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ABSTRACT 

Individuals with profound deafness have damages in the inner and outer hair 
cells in the cochlea. For this reason they make only little use of frequency 
information and thus have minimal capacities to perceive speech sound cues. 
Accordingly, speech perception without augmentative means is impossible for 
them. Profoundly deaf children have been deprived of sound from very early 
stages of their lives, which inevitably has an effect on linguistic development.
Cochlear implants (CIs) have proved their advantage in compensating auditory 
deficiency both in adults and children with profound hearing loss. In Helsinki 
University Hospital cochlear implantations started in the early 1980s for 10 
Finnish adults with profound deafness. Since that time, due to the fast 
development of speech processing strategies introduced to CIs, high frequencies 
and temporal features important to the discrimination of consonantal cues and 
understanding continuous speech are now often available. The up-to-date world-
wide estimation of adults using CIs is 200 000, and the respective number of 
children is 80 000. In Finland the estimated number of children with CIs is 
approximately 300, and 500 adults, respectively.

In Studies I and II we followed the development of MMN responses to vowel 
and frequency stimuli in postlingually deafened adults. Plasticity of auditory 
pitch discrimination driven by cochlear implant (CI) use during a 2.5-year 
follow-up was indicated both by an enhancement of the amplitude of mismatch 
negativity (MMN) event-related brain potential (ERP) to vowel contrasts as well 
as to pure tone frequency changes. The MMN was observed in all patients after 
2.5 years of CI use. It was first seen for the larger vowel difference /e/-/o/ and 
later for the smaller one /e/-/ø/. A significant enhancement was observed for the 
MMN elicited by 3200 Hz deviant tones among 4000 Hz standards. Instead, no 
observable mean amplitude MMNs were seen in duration stimuli. The MMN 
results were compared to audiometric speech recognition scores (SRSs) which 
improved over time. Participants with the highest SRSs had the highest MMN 
amplitudes.

Studies III (n = 92) and IV (n = 164) report auditory and spoken language 
development as well as educational settings for Finnish children with cochlear 
implants. The results of the 92 children show that after approximately three 
years of hearing experience (hearing age = HA) at the mean chronological age of 
seven years, children are achieving developed forms of spoken language. The 
favourable age of two to three for early cochlear implantation in respect to good 
spoken language skills development was observed in 55 children. For Study IV, 
two questionnaires were employed; the first, concerning day care and 
educational placement, was filled in by professionals for rehabilitation guidance, 
and the second, evaluating language development (categories of auditory 



 

performance, spoken language skills, and main modes of communication), by 
speech and language therapists in audiology departments. Categories of auditory 
performance and spoken language levels were observed to grow in relation to age 
at cochlear implantation (p < 0.001) as well as in relation to proportional 
hearing age (p < 0.001). The composite scores for language development moved 
to more diversified ones in relation to increasing age at cochlear implantation 
and proportional hearing age (p < 0.001). Furthermore, the results also 
indicated that nearly half of the children were enrolled in normal kindergartens 
and 43% of school-aged children in mainstream schools. Children without 
additional disorders outperformed those with additional disorders. The results 
of Study IV indicate that the most favourable age for cochlear implantation could 
be about the age of two. Compared to other children, spoken language evaluation 
scores of those with additional disabilities were significantly lower; however, 
these children showed gradual improvements in their auditory perception and 
language scores. 

Taken together, the positive effects of cochlear implantation were observed in 
MMN responses in adults and in behavioral results for children with CIs. 



TIIVISTELMÄ

Vaikea-asteisesti kuulovammaisten henkilöiden sisäkorvan aistisolut (sisemmät 
ja ulommat karvasolut) toimivat usein puutteellisesti. Tästä johtuen he saavat 
puutteellisesti taajuusinformaatiota ja heidän on miltei mahdotonta havaita 
puheen tunnistusvihjeitä. Puheen ymmärtäminen ilman avusteisia keinoja on 
heille mahdotonta. Vaikea-asteisesti kuulovammaiset lapset jäävät jo hyvin var-
hain ilman äänimaailman kokemuksia. Tällä on väistämättömiä seurauksia las-
ten kielelliseen kehitykseen.

Sisäkorvaistuteteknologia (SI) on luonut uusia mahdollisuuksia vaikea-
asteisen kuulovamman kompensoimiseksi sekä aikuisten että lasten käyttöön. 
Aikuisten sisäkorvaistutekuntoutus aloitettiin Helsingin yliopistollisessa keskus-
sairaalassa 1980 luvulla (10 aikuista). Sisäkorvaistuteteknologian vauhdikkaan 
kehityksen mukana sekä konsonanttipiirteiden erottamiselle tärkeät tunnistus-
vihjeet että jatkuvan puheen ymmärtämiselle tärkeät suuret taajuudet ovat 
nykyisin SI-käyttäjien saatavilla. Kansainvälisesti on arvioitu, että noin 200 000 
aikuista käyttää sisäkorvaistutteita ja vastaavasti noin 80 000 lasta. Suomessa 
on arviolta noin 300 lasta ja 500 aikuista sisäkorvaistutteiden käyttäjää. 

Osatutkimuksissa I ja II seurattiin vokaaliärsykkeiden ja taajuusärsykkeiden 
aikaansaamien MMN-amplitudien kehitystä aikuisilla SI-käyttäjillä. Tutkimuk-
sissa havaittiin sisäkorvaistutteiden 2.5 vuoden käytön aiheuttamaa auditiivisten 
aistimusten muotoutuvuutta. Äänten (taajuusärsykkeet) ja vokaalien erottelun 
kehittyminen ilmeni 2.5 vuoden seurannassa MMN-vasteiden amplitudien kas-
vuna. Ensin MMN-vaste havaittiin suuremmalle /e/ - /o/ erolle ja myöhemmin 
pienemmälle vokaalilierolle /e/ - /ø/. Merkitsevin MMN-vaste havaittiin 3200 
Hz poikkeaville ärsykkeille, jotka esitettiin 4000 Hz vakioärsykkeiden joukossa. 
Äänten kestoeroille (100 ms vs. 50 ms) sen sijaan ei löytynyt selkeitä MMN-
vasteita. Parhaiten puheaudiometriatesteissä (SRS) menestyneiden tutkittavien 
MMN-vasteiden amplitudit olivat suurimmat.

Osatutkimuksissa III (n = 92) ja IV (n = 164) kuvataan SI:a käyttävien lasten 
puhutun kielen kehitystä ja myös lasten koulu- ja päivähoitoratkaisuja. Havain-
tojen mukaan (n = 92) noin kolmen sisäkorvaistutteen käyttövuoden (kuuloikä, 
HA = hearing age) jälkeen ja noin 7 vuoden kronologiseen ikään mennessä lapset 
alkavat saavuttaa kehittyneemmän puhekielen tason. Optimaalinen sisäkorvais-
tutteen saanti-ikä tässä aineistossa oli 2–3 vuotta suhteessa hyvin kehittyneisiin 
puhekielen taitoihin. Tällainen kehityslinja havaittiin aineiston 55 lapsella. 
Osatutkimusta IV varten kehitettiin kaksi kyselomaketta; lasten kuntoutusohjaa-
jilta kysyttiin SI-lasten koulu- ja päivähoitoratkaisuja ja audiologisten osastojen 
puheterapeuteilta kerättiin tietoa SI-lasten puhutun kielen kehityksestä (SLS) 
(kuulonvaraisten taitojen kehitys CAP, ja kommunikoinnin päämuotoja). 



 

CAP kategoriat ja puhutun kielen tasot muuttuivat ja kehittyivät suhteessa SI:n 
saanti-ikään (p < 0.001) ja suhteutettuun kuuloikään (p < 0.001). Yhdistetyt 
kielen kehitystä kuvaavat arvot muuttuivat monipuolisemmiksi sisäkorvaistut-
teen saanti-iän ja suhteutetun kuuloiän kasvaessa (p < 0.001). Lapset, joilla ei 
ollut lisädiagnooseja, suoriutuivat paremmin kuin lapset, joilla oli jokin lisädiag-
noosi kuulovamman ohella. Noin puolet lapsista osallistui tavallisen päiväkodin 
päivittäiseen toimintaan ja 43 % lapsista sijoittui integroituun kouluratkaisuun. 
Tässä osatutkimuksessa optimaalisin sisäkorvaistutteen saanti-ikä muotoutui 
noin kahden vuoden tienoille. Jos lapsilla oli jokin lisädiagnoosi, heidän puhu-
tun kielen pistemäärät asettuivat alemmaksi kuin muiden tutkimuksessa muka-
na olleiden lasten. Heidän kehityksensä näytti kuitenkin etenevän vähitellen 
omaan tahtiinsa. 

Kokonaisuudessaan tässä tutkimuksessa voidaan havaita sisäkorvaistutteen 
positiivinen vaikutus sekä aikuisten MMN-vasteissa että lasten behavioraalisissa 
tuloksissa.
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 INTRODUCTION 1

Cochlear implants (CIs) have proved their advantage in compensating auditory 
deficiency both in adults and children with profound hearing loss. According to 
Moore and Shannon (2009), CIs are the most effective prostheses ever 
developed. CIs transmit information through the neural pathways to the 
auditory cortex by bypassing the damaged hair cells in the cochlea stimulating 
the auditory nerve directly with electrical pulses (Wilson & Dorman, 2008a). The 
first CIs with simple processing strategies were fitted in profoundly deaf adults 
in the 1970s and 1980s, and from the 1980s in a few children (Wilson & Dorman, 
2008b; Crayden & Clark, 2006). The first multichannel CIs from Melbourne 
Cochlear Ltd were introduced in a clinical trial in 1982. In Helsinki University 
Hospital, cochlear implantations started in the early 1980s for 10 Finnish adults 
with profound deafness (Rihkanen, 1988). Since that time, CI technology has 
made tremendous developmental advances. The up-to-date world-wide 
estimation of adults using CIs is 200 000, and the respective number of children 
is 80 000 (Kral & Sharma, 2012; Kral & O’Donoghue, 2010). In Finland the 
estimated number of children with CIs is approximately 300, and 500 adults 
(according to a national group of speech therapists working in rehabilitation of 
CI recipients).

Interest in the subject dates back to early clinical work at Helsinki University 
Hospital with the first patients with CIs. It has been a privilege to follow the 
trends in rehabilitation and cochlear implant developments working in the 
follow-up programme for profoundly deaf children called Satakieli 
(www.satakieliohjelma.fi/) and a group of speech therapists working with 
children and adults. Though there is a lot of international research concerning 
cochlear implantation, only a few studies in Finland have been conducted. In the 
current thesis I will describe outcomes of Finnish CI users as an overview over 
the lifespan from children to adults.

Interest in the current thesis arises from the difference between adults who 
have lost their hearing rebuilding auditory abilities, and of children who have 
been born deaf and then gradually develop their auditory-based language skills. 
In other words, studying both adults and children with CIs gives the opportunity 
to look for the experience-dependent and deprivation-induced auditory 
outcomes (terms introduced by Sharma & Dorman, 2010). The aim is to follow 
up with the ERP responses (the MMN response) in adults with CIs if there are 
any observable changes which might reflect plasticity. A survey of children with 
CIs overviews their language development and day care/educational placements.



 

This thesis is at a multidisciplinary crossroads. In addition to the mother 
discipline logopaedics, the methods of phonetics, acoustics, audiology and 
cognitive science are used. 

Framework of the current thesis1.1
The CI-driven development can be discussed in the frame of ICF (International 
classification of functioning, disability and health; see Table 1). ICF (ICF, 2004) 
describes human functioning through body structures (s) and their functions (b), 
activity and participation related (d) to personality and physical environment 
(e). ICF can also refer to levels of hearing (e.g., Granberg et al., 2014; Morettin et 
al., 2013; Danemark et al., 2010; Gagne et al., 2009), which is often used in the 
studies of auditory speech perception (originally Erber, 1982; see also Paul & 
Whitelaw, 2011). This progressive development is described as the detection of 
sounds, discrimination of sounds and words, recognition/identification and 
comprehension of spoken language. The hierarchy of hearing development in 
infants after cochlear implantation can be seen as a bottom-up process, and in 
adults who are able to match new hearing experiences against memory 
presentations as a top-down process (e.g., Kral & Eggermont, 2007). There is not 
a consistent agreement about how hearing functions relate to activities and 
participation in ICF codes, however. Long-term following of language 
development inside ICF scales is, however, much more challenging. 



 

Table 1.

Body structures Body functions Activity and
Participation

Environmental 
factors

  

   

  

Various kinds of disabilities, including hearing loss, are risk factors for many 
preventable secondary conditions associated with primary health problems 
(Rimmer, 2006). At the level of functioning, sensory functions might limit access 
to participate. In case of profound hearing loss, missing or damaged hair cells in 
the cochlea cause a deviant health condition, difficulties in hearing, and 
deafness. Hearing functions (b230) are primarily related to sensing the presence 
of sounds and also detecting them (b2300 sound detection, and b1560 auditory 
perception) (e.g., Granberg et al., 2014). Clinically, this is done with pure tone 
audiometry. At the level of sound discrimination (b2301), the listener is able to 
discriminate between two sounds. A more sophisticated skill is speech 
discrimination (b2304), meaning discrimination of words (sounds and words). 
Speech recognition skills call for memory and segmental skills of speech 



 

perception. These skills are measured usually by word recognition (speech 
audiometry), where the respondent has to repeat what he/she hears. The highest 
skill is comprehension/understanding spoken messages (d310, communicating 
with—receiving—spoken messages), which reflects recognition of speech 
features from earlier learnt individual experiences.

The primary goal of hearing aid intervention by using hearing aids or CIs 
(e1251) aims to affect activity and participation at the personal level and at the 
person-in-society level (Rimmer, 2006). Adult-onset sensorineural hearing 
impairment and its consequences are alleviated through hearing aid 
intervention, including such possibilities as d750, informal personal 
relationships, and recreation and leisure (d920).  

The medical model views disability caused by a disease or health condition
whereas the social model differentiates impairment and disability which are 
discussed under complex conditions and social circumstances (Sunnerhagen & 
Lundälv, 2013). An integrated model called the bio-psychological model includes 
activity limitations and participation restrictions under the concept disability. 
Personal factors inevitably have an effect on how disabilities are experienced. 
These factors are more or less vague and not easily identified.

Speech perception and profound hearing impairment1.2

Basics of spoken language perception1.2.1

Auditory theory (general auditory approach) basically explains that speech 
perception is based on auditory properties of speech (Samuel, 2011; Winter, 
2005). Pitch perception related to complex harmonics discrimination is 
important both to processing speech and music. Assumptions of pitch perception 
are of importance concerning CI coding strategies (see p. 7–9). In the human 
auditory system, pitch of a sound is represented tonotopically in the cochlea 
through the auditory nerve up to the auditory cortex. In a healthy auditory 
system the perception of pitch is mainly based on three assumptions (e.g., 
Moore, 2003). The place theory assumes that low-frequency sounds produce 
peak excitation near the apex and high-frequency sounds near the base of the 
basilar membrane. According to the temporal theory, the subject discriminates 
two tones of different frequency by using time intervals between spikes in the 
auditory nerve excitation. A combination of the place theory and the temporal 
theory supposes that that difference limen for frequencies is determined by 
temporal information for low frequencies and by place information for high 
frequencies (Pickles, 2008). Pitch is primarily agreed to relate to the simplest 
waveform of the pure tone composed of a single sinusoid correlated with its 
frequency. 



 

Several theories have contributed to views of how speech is perceived 
(Samuel, 2011). Theories are mainly based on auditory properties or motor 
commands of speech production. Modern theories try to understand the 
dynamic, continuous processes for optimal perception of speech instead of 
perceiving discrete phonemes (Norris & McQueen, 2008). Speech is special in 
the sense that perception is proposed to be resistant to a variety of distortions 
(for a review, see Davis et al., 2005; Summerfield et al., 2005). Speech 
perception by reduced speech or minimal auditory cues has been proven possible 
in hearing adults. Humans are able to understand speech under distorted 
manipulations (temporal and spectral) using their lexical representations of 
language (Davis et al., 2005). When reduced information is supplemented with 
speech-reading, understanding speech is possible by combining both auditory 
and visual cues (Bosman & Smoorenburg, 1997). These observations are 
suggested to add understanding of how a nearly perfect speech perception is 
possible with CIs by their artificial representations. Shannon et al. (2006) 
propose that full detail of peripheral sensory representation is not necessary for 
word recognition, only coarse spectral categories are needed relative to a lexical 
neighbourhood of words. Adults, though they have lost their hearing, use their 
earlier lexical memory traces and reasoning skills with new hearing by CIs. Also 
motor theory of speech perception is proposed to include both perception and 
innate production (speech module with representations of articulation gestures), 
which promotes feedback of speech, playing a role in speech perception (see 
Woodhouse, Hickson & Dodd, 2009).

Concerning speech development in children, foetuses are supposed to utilise 
auditory input during the last trimester of gestational age (Kostovic & Judas, 
2010). Soon after birth infants with normal hearing are supposed to be tuned 
into auditory processing skills which gradually develop side by side with 
experiences and activities (Gogate & Hollich, 2010; also Houston, 2005). A 
critical question concerning how children with CIs learn spoken language is how 
they encode phonological information and restore it in respect to word retrieval 
and semantic cues. Most of the auditory theories suggest how phonetic cues and 
lexical items are perceived. In order to acquire words from fluent speech, infants 
are supposed to use prosodic cues to segment the fluent speech (Jusczyk et al., 
1993). The WRAPSA model (Word Recognition and Phonetic Structure 
Acquisition) describes how the acquisition of lexical items is learnt from fluent 
speech by picking up regularities and restrictions (Jusczyk et al., 1993). Also 
Cogate and Hollich (2010) suggest the importance of invariant detection 
nurtured by caregivers. In such a way they propose that children with CIs might 
learn words starting with relatively narrow lexicons. This is achieved by active 
modelling of parents. A child might treat a new word as a distinct word until 



 

her/his mental lexicon becomes larger and more and more exemplars are 
available for comparison and for detecting invariances. 

Also Cohort theories of speech perception are based on the assumption of 
sharing the same kind of phonetic cues (Samuel, 2011). The Cohort model of 
Marslen-Wilson (1990) suggested that perception of words relies on the 
beginning of the word. Cohort of the words is a bundle of words with similar first 
syllables from which the listener draws the right word in three phases: the 
acoustic phonetic stage, lexical processes and integration when remaining 
candidates are integrated into the broader context (Schwartz et al., 2013). The 
availability of Cohort theory in respect to children with CIs is also discussed by 
Schwartz and the group of how word recognition develops stage by stage as an 
interactive process. The Lexical Neighborhood Activation Model (from Luce, 
1986) resembles that of Cohort model. It is based on the recognition of words in 
the context of words stored in the memory. Word recognition of children with 
CIs is probably dependent on lexical characteristics such as lexical neighborhood 
(Kirk et al., 2012). Also probabilities of occurrences of the perceived, sometimes 
robust segments play a role in perception of the language, which are of 
importance in dynamic theory (Shortlist B) of Norris and McQueen (2008). This 
model of Norris and McQueen seems promising in respect to language learning 
of CI children. Children are influenced by multiple phoneme probabilities in 
continuous stream of speech, which are compared to earlier probabilities of 
occurrences. Research of this theory in respect to speech perception with 
cochlear implants does not exist in the literature, so far. It is however evident 
that the phonetic and lexical cues do not ensure language development. Also 
social contact to caregivers plays an important role (Kolingoff & Hirsh-Pasek, 
2014), especially language elaboration and repetitive actions by the parents for 
children with CIs (e.g., Topping, Dekhinet & Zeedyk, 2014) are extremely 
important. It is worth noticing that children with CIs have already experiences of 
categorizing their visual world, and in this respect their cognitive abilities 
probably build the basics for their language development.

Speech perception with a profound hearing loss 1.2.2

In communication, most people with profound hearing loss have been 
dependent on visual support, such as speech-reading, some form of finger-
spelling and sign-supported speech/sign language (e.g., Hallam et al., 2006). 
Individuals with profound deafness have often lost the inner and outer hair cells 
in the cochlea (Moore, 2004; see Picture 1). For this reason they make only little 
use of frequency information and thus have minimal capacities to perceive 
speech cues (e.g. Coez et al., 2010) and accordingly speech perception without 
augmentative means is impossible for them.



 

Picture 1.

Profoundly deaf children have been deprived of sound from very early stages of 
their lives, which inevitably has an effect on neural development (Moore & 
Shannon, 2009). With CIs, children develop auditory skills via artificial hearing. 
It is worth noting that the concept of imperfect auditory stimulation in CIs 
compared to normal hearing is ambiguous, because a deaf child does not have 
earlier mental representations of sounds and words before cochlear 
implantation. Houston (2005) proposes that infants with CIs are used to visual 
orientation and they pay less attention to speech and have difficulties 
segmenting speech in the beginning of CI use. That is why infant-directed 
speech, known as “motherese” speech with prosodic variance, is important to a 
child as a new CI user (see e.g., Paavola, 2006; for a review, Saint-Gorges et al., 
2013).

Cochlear implant speech processing strategies and 1.3
speech perception
The principle of CI includes an external microphone, which receives the sounds 
in the environment and directs them to the speech processor behind the ear 
(Wilson & Dorman, 2008a). In the next phase, the information is conveyed to a 
radio-frequency transmitter through the skin to a surgically implanted 
receiver/stimulator on the temporal bone (internal components). The signals 
then pass to an array of electrodes in the inner ear (see Picture 2).  



 

Picture 2.

Ongoing advances of speech-processing strategies in CIs have provided access to 
more and more improved speech perception both in adults and children with 
profound hearing loss. As stated earlier, speech perception relies on perception 
of acoustic cues (Sawusch, 2005; Stevens, 1998). The main aim of CI speech-
processing schemes is to mimic normal auditory perception and the tonotopical 
order of pitch on the basilar membrane (Wilson & Dorman, 2008a).

Physiological consequences connected to profound cochlear hearing loss may 
cause changes in pitch perception (Moore & Carlyon, 2005). These consequences 
include non-functional regions within the cochlea, and/or neurons and 
structural abnormalities of the basilar membrane which in turn affect a broader 
than normal excitation pattern of sinusoids, abnormal frequency selectivity and 
phase locking. Also the place of detecting the pure tone may be shifted (Di Nardo 
et al., 2008). CIs stimulate different regions of the cochlea with local electrical 
stimulation at different rates. In modern CIs, frequency selectivity of the normal 
auditory system is placed with band pass filters mapping fast outputs in a 
tonotopically assigned manner (e.g., Baumann & Nobbe, 2006). A clear 
improvement compared to the earliest feature extraction strategies (e.g., F1/F2 

 



 

formant strategy, Multipeak) for speech recognition was the SPEAK (Spectral
Peak Picking) strategy, which is based on spectral speech/voice information. In 
that strategy, 6–10 maximal outputs from 20 band pass filters were coded as a 
place of stimulation for the electrode array, and voicing information was 
provided with the amplitude envelopes from the outputs of the filters (Wilson & 
Dorman, 2008b). 

In the current CI signal processing schemes, the incoming signal undergoes a 
spectral analysis using a set of band pass filters covering the main audible 
frequency range. For each stimulation sequence, the filters with the maximum 
amplitudes determine which electrode channels are to be stimulated. Very fast 
sampling rates (as CIS: continuous interleaved sampling) were first 
implemented in Clarion and Nucleus implants in the USA and MED-EL implants 
in Germany. In CIS strategy, the channels are stimulated sequentially by very 
fast rates, up to 1000 pulses/s/electrode (Wilson & Dorman, 2008a). CI 
strategies are mainly based on Fourier analysis by which any periodic signal is 
represented in asset of sinusoids which have particular amplitude and phases 
(Sawusch, 2005). This mathematical model is applied in CI signal processing 
schemes. The most modern technology aims to better music perception in ACE 
(Advanced Combination Encoders), and especially in F0mod strategies 
(Milczynski et al., 2009; Laneau, Wouters & Moonen, 2006). The ACE strategy 
combines the power efficiency of SPEAK and the ability to stimulate high rates 
(CIS) by using all the spectral cues needed for speech recognition in an optional 
programming of the CI speech processor. The F0mod input signal is presented in 
two blocks; the first splits the signal into 22 channels, and the second estimates 
F0 information. In this way, low frequencies are also represented more 
thoroughly.  

Due to the fast development of speech processing strategies introduced to 
CIs, high frequencies and patterns of fast temporal resolution important to 
discrimination of consonant features and understanding continuous speech are 
now available (Gaylor et al., 2013; Dorman et al., 1998; Parkinson et al., 1998; 
Hedrick & Carney, 1997). Consequently, in a period of about 15 years, the speech 
perception performance of an increasing number of patients using CIs has 
progressed from poor open-set word or sentence recognition to interactive 
conversation relying on audition alone (Gaylor et al., 2013; Fu & Galvin, 2010). 
However, it is suggested that the artificial input on CIs is unnatural in respect to 
normal function (Moore & Shannon, 2009). The debate of how representatively 
the CI electrical impulses are comparable to normal acoustic information is still 
going on, however (Dorman & Wilson, 2008b). Talk of CI strategies is important 
in respect to critical reading of rehabilitation outcomes from the earliest to the 
newest research outcomes.



 

Audiological rehabilitation of cochlear implant 1.4
recipients
Moore and Shannon (2009) have described the use of terminology in CI 
rehabilitation in the literature. The developmental progresses have been labelled 
as accommodation, acclimatisation or adaptation. They conclude to call the 
process ‘learning’ because it depends on an active engagement between the user 
and the environment. Developing hearing by alleviating hearing impairment as 
rehabilitation outcomes, an important question arises how the functions of the 
auditory brain areas adapt to interpret the artificial input. As a consequence of 
new auditory input with CI, the discussion of plasticity is often mentioned as a 
result of behavioural changes (Warraich & Kleim, 2010). Even though 
reorganisation of auditory brain areas is evident in behavioural results, the strict 
definition of plasticity is revealed only by direct measures or measures taken 
across populations of neurons (e.g., EEG/ERP, PET, fMRI: e.g. Lazard et al. 
2012; Proctor et al., 2013).

Children with profound hearing loss are nowadays diagnosed by neonatal 
hearing screening (Sahlberg et al., 2011; also Rohlfs et al., 2010). A clear 
advancement from the spoken language development point of view has been 
perceived as a consequence of the regular screening procedure. In adults, 
profound deafness is usually progressive in nature. Adults with profound 
deafness have visited an audiological clinic several times after their first hearing 
loss diagnosis (see Arlinger et al., 2008). Only a few people have lost their 
hearing suddenly. In an audiological practice before a CI decision, thresholds of 
hearing are bilaterally measured for each frequency (Fielden, 2006) or by 
behavioural audiometry + objective measures in children (Osberger et al., 2006). 
Usually the thresholds before cochlear implantation in adults are approximately 
90 dB/HL and the dynamic range of hearing is minimal (e.g., Paul & Whitelaw, 
2011).  

Rehabilitation of Finnish children with CIs is the responsibility of five 
university hospitals. Also private speech and language therapy is regularly 
available to promote spoken language development. Adaptation of Auditory 
Verbal Therapy by listening to speech is applied in speech and language therapy 
practices (Ronkainen et al., 2014). Rehabilitation of adults after CI activation is 
seldom available in Finland (Välimaa, 2010; Välimaa 2002). Speech and 
language therapy is needed especially if speech perception and production does 
not develop as expected, or when additional needs are important (such as 
problems in vision). Preliminary evidence of the effectiveness of behavioural 
speech therapy programmes for speech sound production has been documented 
by Pomaville and Kladopoulos (2013). Improvement of consonant perception 
using a computer-based self-administered programme was shown by Stacey et 
al. (2010). Deviant features of speech production comparable to those before 



 

cochlear implantation may exist in deaf adults with a long duration of hearing 
loss (Hassan et al., 2011). Using MDVP (Multidimensional voice programme), 
Hassan with his group found significant improvements in speech production.   



 



 

 OUTCOMES OF COCHLEAR IMPLANTATION 2
IN ADULTS

Despite the fast technological development, there still remains individual 
variability in the speech-perception performance of CI users (Wilson & Dorman, 
2008b). Most often the variability is explained by the onset and duration of 
deafness, age at cochlear implantation, and the patient’s cognitive ability to use 
linguistic redundancy for speech recognition. Lyxell et al. (2003; 1998) 
suggested deterioration of phonological representations as a function of the time 
of deafness to be connected with poor speech understanding. The recovery of 
auditory sensations may individually depend also on the physiological correlates 
of deafness. On the cochlear level, the speech-perception ability in CI recipients 
probably depends on the distribution of surviving spiral ganglion cells affecting 
the electrode-to-tissue interface that passes the current to auditory nerves 
(Lintchicum & Fayad, 2009; Liang et al., 1999). The degree of synaptic 
specialisation in the cortical auditory areas after sensory deprivation varying in 
length is supposed to have an effect on the later success of processing auditory 
information both in adults and children (Sharma et al., 2007).

Behavioural evidence2.1
Behavioural methods aim to provide information about various aspects of 
progress in speech-recognition skills of individual CI users. Interest in auditory 
perception and speech recognition was one of the main topics among researchers 
from the beginning of the CI era. It was important to show evidence of the 
benefits of individual recipients for cost-benefit reasons (e.g., Bond et al., 
2009b). The most fundamental ability to recognise suprasegmental features of 
speech, such as stress and envelope cues for syllabic demarcation, was possible 
even with the earliest feature-extraction strategies (such as the F0/F2, 
fundamental frequency/second formant-strategy; Wilson & Dorman, 2008b). 
Recognition scores after cochlear implantation showed significant improvements 
in the recognition of words (e.g., word recognition scores in speech audiometry), 
phonemes and sentences (for a review, see Gaylor et al., 2013; Donaldson & 
Kreft, 2006; Välimaa et al., 2002; Parkinson et al., 1998). Outcome measures 
usually are cross-sectional or cohort studies in nature (Gaylor et al., 2013). 
Speech perception abilities of adult users have shown gradual improvement even 
up to six years of CI use (Lazard et al., 2010; Riss et al., 2009; Damen et al., 
2007). CI users with the most advanced speech-coding strategies have shown a 
normal perception rate of conversation measured by Continuous Discourse 



 

Tracking (Dowell, 1995; see also Okell & Lind, 2012). Speech-recognition skill in 
CI users, reflecting the ability to process continuous speech in an open-set 
situation, also requires the ability to access the auditory long-term memory 
storage and working memory for temporary storage of the presented stimuli 
(Classon, 2013; Lyxell et al., 1998). Krueger et al. (2008) presented outcomes of 
864 German adults with CIs using speech tracking, perception on monosyllabic 
word and sentence tests. All CI users showed gradual development in tests, and 
the fastest development was seen in the group with the most modern CI speech 
processing technology. In addition, development of speech perception was 
identified still 7–10 years after cochlear implantation. 

A comprehensive retrospective review with 15 European centres and 2251 CI 
users was done by Blamey et al. (2013). They stated faster developments of 
speech perception abilities in adults with modern CI strategies and with 
extended candidate criteria including residual hearing.

Electrophysiological evidence2.2
Because of individual differences in behavioural speech recognition skills in 
adult CI users, it is important to follow the ability of the auditory system to adapt 
to the electrical stimulation and the recovery of earlier auditory encoded 
sensations. As mentioned earlier, positive results of behavioural speech 
perception skills have been reported in several studies. Less is known of the 
neural progression of speech perception from the brain stem up to the cortical 
level. An important supplement to behavioural studies is electrophysiological 
methods (for a review, see Cullington & Battmer, 2004). The cortical Event-
Related Potentials (ERPs) are a synchronised portion in the ongoing electrical 
brain activity (EEG). They are generated by repeating the same stimulus from 10 
to 100 times, and they are classified according to latency, polarity, and site of 
localisation (e.g., Crowley & Colrain, 2004). There are only a few studies 
concerning ERPs in adults with CIs. 

The N1-P2 complex is event-related potential reflecting the ability to detect 
signals and auditory cortex activation (Hyde, 1997). The N1 is a response with a 
negative peak latency of 100 ms followed by positivity (P2) in the latency about 
175 ms (e.g., Tremblay et al., 2001). This complex is supposed to reflect spectral 
and temporal cues central to speech perception (Martin, Tremblay & Korczak, 
2008). The mismatch negativity (MMN) and P300 (Kutas & Van Petten, 1994) 
are suggested to indicate discrimination and contrast perception. In cross-
sectional studies, the most evident correlations have been proposed between 
speech-perception abilities and cortical potentials in CI users (e.g. Lonka, Näätänen 
& Alho, 2010). Groenen et al. (1996) found that the N1-P2 complex for pure tones 
was similar in well-performing CI users and normally hearing subjects, whereas 



 

it was altered in the group of moderate CI performers, suggesting a less 
differentiated cochleotopical organisation of the auditory cortex in this group. 
Moderate CI users also had a prolonged P300, a cognitive response which is 
correlated with attentive detection of stimulus novelty. Micco et al. (1995) 
recorded the P300 ERP response for the contrast pair standard /di/ vs deviant 
/da/. No significant differences in latencies and amplitudes were found in "good" 
CI users compared to normally hearing listeners, except in one poor CI user who 
did not show the P300 ERP response even though she could behaviourally 
perceive the stimulus difference.  

The mismatch negativity response (MMN) specifically indicates how 
differences in auditory stimuli are discriminated (Näätänen et al., 2012; 
Näätänen et al., 2007; Näätänen & Alho, 1997). It is elicited by presenting 
infrequent acoustically different stimuli ("deviants") in a series of repetitive 
stimuli ("standards"). The MMN is elicited even in the absence of attention to 
auditory stimuli and thus it is not confounded by attention-related cognitive 
factors. Tervaniemi et al. (1999) have shown a high test-retest reliability of the 
MMN, promoting the usefulness of the method for the assessment of the severity 
and progress of auditory disorders even at the individual level. 

The MMN in CI users can be elicited by two possible stimulus presentation 
modes, acoustical (sinusoidal tones or speech stimuli in sound field) or electrical. 
When stimulation is electrical, fast pulse trains bypassing the CI speech processor 
are directly delivered to the electrode array by the computer programme Diagnostic 
and Programming System (Wable et al., 2000; see also Ponton & Don, 1995). 
MMNs with smaller amplitudes and longer latencies have been found in CI 
recipients with poor auditory abilities, and comparable to those in normally hearing 
controls in CI users with good performances (e.g., Turgeon et al., 2014; Obuchi et 
al., 2012; Zhang et al., 2011; Kelly et al., 2005; Roman et al., 2005; Groenen et al., 
1996; Kraus et al., 1993; see Table 2). The correspondence of the MMN and the 
behavioural discrimination ability has been shown in normally hearing listeners 
(see e.g., Kujala & Näätänen, 2010). 



 

Table 2.

Authors N of CI 
users 
/strategy

N of 
normal 
hearing 
controls

Stimuli for the MMN Stimulus presentation

std dev1 dev2 r/f 
(ms)

du-
ration 
(ms)

ISI 
(ms)

Kraus
et al., 
1993

Groenen
et al., 
1996

Roman
et al., 
2005

Kelly
et al., 
2005

Zhang 
et al.,  
2011

Obuchi 
et al., 
2012

Turgeon 
et al., 
2014



 

Table 2.

Other ERPS

and

Behavioral methods

MMN amplitudes in CI users



 

The effect of severe hearing loss to ERP amplitudes and latencies has been 
documented by Oates et al. (2002) showing that when the severity of hearing 
loss increases, the amplitudes in ERP recordings decrease and latencies become 
longer. Challenges in ERP recordings of CI users are artefacts probably 
generated by the implant hardwire. In many cases the magnitude of artefacts 
contaminates the AEPs to be analysed (McNeill, Sharma & Purdy, 2009; Ponton 
& Don, 2003). Also CI electrical fields may overlap because the electrode is 
situated in a conductive fluid in the cochlear duct (Wilson & Dorman, 2008b).  



 

 CHILDREN WITH COCHLEAR IMPLANTS 3
ACQUIRING SPOKEN LANGUAGE SKILLS 

Before the era of CIs, children with profound deafness were not able to develop 
appropriate speech production and spoken language skills. That in turn has had 
a restrictive effect on daily communication and educational achievements (e.g., 
Kral & O´Donoghue, 2010). In later life, lower levels of academic and 
employment possibilities have been observed in profoundly deaf people mostly 
due to reading and writing problems (Conrad, 1979). 

The first cochlear implantation of a Finnish child with profound deafness 
took place in 1997 (e.g. Lonka et al. 2011). The number of children with CIs has
steadily grown, at approximately 310 in 2013. Considering CI rehabilitation in 
Finland as a period of 16 years, most of the children having their CIs during this 
period are still school-aged, and a few are entering vocational or higher 
education. Research on Finnish children with CIs is still limited. Our survey 
from 2011 is a comprehensive one (Study IV, Lonka et al., 2011). Huttunen 
(2008) has published data on narrative abilities in CI children, and Huttunen 
and Välimaa (2011) on the effect of cochlear implantation experienced by 
parents and teachers. In 2008 (Study III, Lonka, 2008) a review of Finnish 
research concerning children with CIs was published. 

Spoken language skills3.1
The starting point after CI activation is to get an idea of how the child responds 
to sounds. This auditory awareness (detection) is achieved with parental reports. 
Early levels of speech perception are sometimes assessed with the Ling test of 
auditory perception (five sound test: Ling, 1989) in order to check with spoken 
sound formants if the child is able to hear all frequencies. A more developed 
version of auditory perception is CAP (categories of auditory perception; 
Archbold et al., 1998), from a modest reaction to sounds to a conversation with 
unknown person. The LittlEARS questionnaire (Coninx et al., 2009) aims to 
record preverbal auditory development during the first two years of hearing in 
the child’s natural environment, considering reception, understanding, and 
adequate response, and vocal-verbal production of acoustic (linguistic) stimuli. 
The MacArthur (MCDI) scale is used to give a picture of how the child expresses 
and understands short sentences (e.g., Tomblin et al., 2005). In accordance with 
child development, Reynell Scales and pragmatics scales are used.

The age of cochlear implantation in children has gradually shifted to younger 
and younger, even under 12 months of age (for a review, see Vlastarakos et al., 



 

2010; Colletti, 2009; 2005). That contributes to benefits in spoken language 
development because the period of profound deafness becomes shorter, and 
auditory-based communication becomes longer in children. International 
research has shown the favourable age for cochlear implantation is below the age 
of 18 months for both comprehension and expression scores (Niparko et al., 
2010). In Niparko´s (et al.) study, Reynell Developmental Scales/RDLS were the 
main method in that follow-up study of 188 children. The youngest group 
expressed steeper trajectories compared to children implanted between 18–36 
months or even older. Overall, beneficial results of spoken language 
development have been confirmed in children with unilateral CIs in a systematic 
review by Bond et al. (2009a). Variability of spoken language development has 
been proposed to be connected with shorter than normal phonological short-
term memory skills (Willems & Leybaert, 2009), causing also different than 
normal lexical representations (Schwartz et al., 2013). Children with acquired 
deafness outperform those with congenital deafness, however it has been
suggested that the ceiling rates are achieved in five years of CI use in both groups 
(Ahmad et al., 2012).                                                                                                                                      

Development of syntax and morphology and lexical semantics has been 
shown to be the most challenging to children, compared to hearing children of 
the same age (Le Normand & Moreno-Torres, 2014; Schorr & Roth, 2008). 
Lexical and grammatical development is suggested according to Le Normand 
and Moreno-Torres (2014) to be a commensurate of prosodic skills and sound 
pattern learning (also Niparko et al., 2010). Development of syntax and semantic 
skills are also related to educational success (e.g., Johnson & Goswami, 2010). 
As a consequence of delays in early language development, also delays of writing 
and reading skills have been reported in children with CIs (Geers & Hayes, 2010; 
Venail et al., 2010). Successful development favours full-time mainstreaming 
reported in several studies and also later success in higher education has been 
documented (Nadege et al., 2011). Early age at CI with intense parent-child 
intervention favour enrolling in mainstreaming (Moog & Geers, 2010). 

Coexisting disabilities with profound hearing loss have often been reported, 
the proportion being 30% to 40% in different studies (Meinzen-Derr et al., 2009; 
Nikolopoulos et al., 2008; Hawker et al. 2008; Fortnum et al., 2002). In many 
studies, language scores have been reported as a group of profoundly deaf 
children without separating the groups of additional disabilities or postlingual 
deafness. These variables may confuse the findings. Meinzen-Derr et al. (2009) 
are among the first to pay special attention to the needs and development of 
children with CIs and additional disabilities.



 

Speech production3.2
Accuracy of speech production is usually measured with correctly perceived 
words by listeners. Among the first scales for Speech Intelligibility Rating (SIR, 
Dyar, 1994) in children with CIs was based on the evaluation of independent 
listeners in order to assess voice skills of CI users. Peng et al. (2007; 2008) 
suggested that approximately 70% of the children’s utterances were understood 
by unfamiliar listeners with normal hearing after seven years of CI use (n = 24 
children with CIs). The intelligibility of utterances is highly dependent of the 
length of CI use and also of the age of cochlear implantation. Habib et al. (2010) 
in turn reported as high as 93% on open-set intelligibility scores for children 
implanted at 8–24 months of age: the chronological age of children was 5.5 years 
at the time of study. Though speech intelligibility highly depends on articulation 
accuracy, also the production of prosody (rhythm, pauses, and lexical stress) is of 
importance (Ching et al., 2012). Articulation accuracy was examined by Flipsen 
(2011) in 15 children with CIs compared to test norms of typically developing 
children. Of those 15 children, 14 achieved age norms in relation to CI use. 
Prosodic features may also play a role in learning syntactical and morphological 
structure. With the most modern CI technology, children are suggested to 
perceive even 0.5 semitone pitch (Vongpaisal, Trehub & Schallenberg, 2006) for 
more accurate speech production. 

In recent years, from the beginning of the 2000s, more and more children 
have received bilateral CIs (for a review, see Johnston et al., 2009; Litovsky et 
al., 2004). The results of bilateral CIs suggest advantages listening in noisy 
situations and recognition of binaural cues. Also, near normal expressive and 
receptive language abilities have been suggested for children with bilateral CIs 
(Wie, 2010; n = 21 children), and reading skills compared to children with 
unilateral solutions (Boons et al., 2012; n = 25 children with bilateral CIs).



 



 

 CONCLUSIONS4

Adults with CIs usually relearn spoken language skills in a reasonably short time. 
Adults usually have an acquired hearing loss and they have many years’ 
experience from spoken language. In spite of these prerequisites, several factors 
are related to the variability in outcomes:

(1) Effects of the length of profound deafness before implantation have been 
proven to relate to slower development of behavioural skills and the 
event-related potentials with smaller amplitudes and longer latencies 
(Turgeon et al., 2014; Zhang et al., 2011; Rohlfs et al., 2010) 

(2) Also differences in activity in auditory brain cortices (Sharma & Dorman, 
2010) and deviant language processing skills (phonological and lexical 
memory) (e.g., Classon, 2013; Lyxell et al., 2003) have been documented 
after long periods of deafness. 

(3) More improved speech perception skills (e.g., Blamey et al., 2013) have 
been proven in relation to improvements in CI speech processing 
strategies, improvements of processor usability (see also Moctezuma & 
Tu, 2011), modifications of surgical procedures, relaxed patient criteria, 
improved rehabilitation practices, and improved hearing aid technology 
preceding cochlear implantation. 

(4) Hearing aid use and residual hearing preceding cochlear implantation 
have been suggested to relate to better speech perception abilities 
(Blamey et al., 2013). 

International research has shown the importance of early implantation having 
an impact on language outcomes (Peterson, Pisoni & Miyamoto, 2010; a review). 
Most of the children develop spoken language communication, grammatical 
forms being the most challenging, however. 

To conclude, predictive factors for positive results in children with CIs are:

(1) Early identification of hearing loss, and newborn hearing screening 
(Moog & Geers, 2010; Geers et al., 2009).

(2) The period of deafness before cochlear implantation. Most children 
implanted before the age of two are able to develop spoken language 
skills comparable to those of normally hearing children (Moore & 
Shannon, 2009). There is not agreement in the discussion of the exact 
critical or sensitive periods of language development, however (e.g., 
Peterson, Pisoni & Miyamoto, 2010; Vlastarakos et al., 2010). 



 

The challenge for follow-up research is finding which methods are 
effective for measuring prelexical skills in very young children 
(Vlastarakos et al., 2010).

(3) There is evidence of the practice involving parents and environment has 
positive effects on language development. Early listening and spoken 
language intervention (Moog & Geers, 2010; Möller, 2000; auditory-
verbal therapy; Estabrooks, 1998) accelerate spoken language 
development. The best practice for early intervention for children with 
CIs is often provided by working with parents (Ronkainen et al., 2014;
Moog & Geers, 2010).

(4) Extensive follow-up and exposure to language-promoting rehabilitation 
is important up to 3-4 years of CI use (Moog & Geers, 2010) and for 
promoting speech production skills even longer (Habib et al., 2010).

(5) The number of CIs: there is evidence of the bilateral cochlear 
implantation favouring near-normal spoken language development in 
children (Boons et al., 2012; Wie, 2010). Also bimodal stimulation 
(hearing aid, acoustic stimulation + CI electric stimulation) might, 
according to tentative results (Lammers et al., 2014; Looi & Radford, 
2011), promote spoken language skills.



 

GOALS 5

The main aim of this thesis5.1
The current thesis aims to present evidence of auditory based skills after 
cochlear implantation from both Finnish adults and children. It has been well 
documented that a profound hearing impairment without proper Hearing Aid 
technology restricts activities and participation (ICF) in individuals, usually 
meaning lower performance levels (activities) both in objective and behavioural 
measures. Poorer than normal performances have had a restrictive effect on 
academic/educational success and social participation. In communication both 
adults and children have been dependent on visual support (signed speech/sign 
language, fingerspelling, speechreading). Cochlear implants (environmental 
factor facilitator in ICF) have clearly changed the picture of auditory based 
communication and consequently mitigated participation restrictions. 

The current thesis has two main aims. For postlingually deafened adults the 
aim is to reveal empirical evidence of auditory plasticity after cochlear 
implantation. Behavioural studies have revealed successful use of CIs, however 
with highly variable results. One possible explanation for the variation is the 
individual recovery of the neural representations of speech sounds after varying 
periods of impaired hearing before CI. Event Related Potentials, especially MMN 
is supposed to reflect basic auditory perception in CI users. However, follow-up 
studies in adults with CIs are still missing our follow-up studies with the MMN 
paradigm being the first ones so far.  

Numerous studies have documented positive development of spoken 
language skills in respect to age at CI and e.g. speech and language therapy 
available for children with CIs. For children after cochlear implantation, the 
main aim of the current thesis is to give an overall picture of spoken language 
development of all the Finnish CI children at the survey point 2006. This kind of 
comprehensive survey is the first one in Finland. With the survey also 
educational options are collected.



 

Specific aims5.2
(1) To demonstrate auditory perception with objective MMN results in 

adults with CIs. To follow the auditory perception with possible 
changes in the MMN responses during 2.5 years of CI use for (a) 
semisynthetic vowel differences and (b) for four frequency differences 
(I and II). 

(2) To study if any of the background variables (e.g. duration of hearing 
impairment) have explanatory effect on observed MMN amplitudes 
and latencies (I and II).

(3) To follow the development of auditory perception by behavioural 
audiometric results (speech recognition scores and PTA), and to 
compare them with MMN results (I and II).

(4) To study the state of spoken language skills (auditory perception and 
language skills) (III) as well as the educational placement in children 
with CIs in respect to their chronological age, age at CI, and hearing 
age (IV).

(5) To compare language scores of children with no additional disorders 
with those of children with possible additional disorders (IV).



 

 METHODS 6

Characteristics of the methods and participants are presented in Table 3. Note 
that identification symbols (IDs) for one and the same participant are different 
in Studies I (A – E) and II (1 – 5). 

Table 3.

Study Participants Age years
min–max 
M (std)

Design & 
Methods

Cochlear 
implants

 

 

Participants6.1
Participants for Studies I and II were recruited from the audiological 
departments of Turku and Helsinki University Hospital. The participants 
volunteered in these two studies. Originally 11 adults and 1 child with CIs were 
recruited.  The MMN results showing large artefacts in MED-EL CI users (n = 5 
adults + 1 child) were excluded from the studies I and II. The final criterion was 
set for the use of Nucleus/CI (n = 5) in participants from Turku University 
Hospital. Data for both studies (I and II) were collected from the same five 
participants with age dispersion from 31 to 55 years.  Their hearing thresholds 
before CI varied from 49 dB to 56 dB HL, two participants did not have any 
audiometrical responses. Three of them had used Hearing Aids before cochlear
implantation (see also Table 10). Two of the HA users had speech recognition 
scores (14.2 % and 17.5 %) before CI.



 

Data from the participants in Studies III and IV were collected with 
questionnaires which were filled by speech therapists (III and IV) and also by 
rehabilitation consultants (IV) in the five university hospitals (Helsinki, 
Tampere, Turku, Kuopio and Oulu). In this way participants remained totally 
anonymous for the researchers. Children for both studies received their CIs at 1 
to 15 years.  

Procedures6.2

MMN paradigm6.2.1

Stimuli for Study I:

Participants were presented with standard complex semisynthetic sound stimuli 
(Table 4) representing the Finnish /e/ as a repetitive "standard" (p = 0.8, 1600 
stimuli) with randomly interspersed Finnish vowels /ø/ and /o/ as "deviant" 
stimuli (p = 0.1, 200 stimuli of each type). There were two stimulus blocks each 
containing 800 standard stimuli and 100 deviants of each type. All stimuli were 
400 ms in duration (with rise and fall times of 10 ms) and were presented at a 
900-ms stimulus-onset-asynchrony (SOA) through loudspeakers.

Table 4.

Stimuli p F0 Hz F1 Hz F2 Hz F3 Hz F4 Hz

Stimuli for Study II:

The presented sound sequences included four standard frequency tones (p = 
0.8) and two different deviants (p = 0.1 each). Standard frequencies (500, 1000, 
2000 and 4000 Hz ) were chosen according to the European Working Group on 
Genetics and Hearing Impairment (Martini, ed. 1996: http://web.unife.it/
progetti/gendeaf/hear/infoletters/Info_02.PDF), which are clinically used in 
measuring the pure tone average (PTA as Better Ear Hearing Level BEHL). Two 
types of deviants were presented: frequency decrease of 20% and duration 



 

decrease of 50 ms for each standard tone, respectively (in blocks of 1600 stimuli 
for each frequency, Table 5). The difference between standards and deviants was 
chosen at a 20% distance in order to avoid stimulating CI electrodes too close to 
each other (Table 5).

Table 5.

Standards 100 ms Frequency deviants Duration deviants

Experimental conditions

The participants, seated in a sound-shielded room, were reading a self-chosen 
book or watching videos, and were instructed to pay no attention to auditory 
stimulation. For Studies I and II, ERPs were recorded 4 times: at 1 month, 5 
months, 1 year and 2.5 years after the CI activation. The stimuli were presented 
through loudspeakers with the sound level being 70 dB SPL, measured with a 
sound level meter, at the microphone input of CI.

EEG recordings

The EEG was recorded by continuous sampling (passband 0.1–100 Hz and 
sampling rate of 500 Hz) with 2 electrodes attached according to the 
international 10–20 system at Fz and Cz and referred to an electrode at the 
unimplanted osseus mastoideus. Voltage changes in electro-oculogram (EOG) 
caused by vertical and horizontal eye movements and blinks were monitored 
with electrodes at Fpz and at the outer canthus contralateral to the CI.

MMN analyses 

ERPs to the vowel and frequency stimuli contained in all five participants large 
electrical artefacts up to five months. They seemed to vanish by the 1-year 
recordings, however, except in Participant P4/D, where the artefacts were 
present in all but the last recording. The artefacts were similar to the responses 
to the standard and the deviant stimuli, presumably not affecting the MMN 
response of this participant. Consequently, only 1 year and 2.5 years after CI 
activation were reported in our articles. ERPs were obtained separately for the 
standard and deviant stimuli by off-line averaging EEG epochs starting 50 ms 
before and ending 500 ms after stimulus onset. Epochs with EEG or EOG voltage 
changes exceeding 100 μV at any channel were automatically rejected before 



 

averaging. For the subsequent amplitude and latency analysis, ERPs were 
digitally filtered with a band-pass 1–12 Hz (Tervaniemi et al., 1999). For 
difference waves, the ERPs to standard stimuli were subtracted from those to 
deviant stimuli. For the vowel stimuli, the MMN peak amplitude was determined 
as the most negative peak between 100 and 350 ms from stimulus onset in the 
difference wave and respectively between 120–280 ms for the pure tone stimuli.

Audiological tests for Studies I and II

Speech recognition tests were presented to the CI users as a part of the 
evaluation protocol at the Turku University Hospital. The standard version of the 
Finnish Word Audiometry lists (FWA), developed by Jauhiainen (1974), was 
used to assess open-set speech recognition ability (this assessment is reported as 
FWA in Study I and Speech Recognition Score SRS in Study II). Each list is 
composed of 30 bisyllabic words. Speech recognition is scored as the percentage 
of correctly recognized and repeated words. The separate lists were presented in 
a sound-shielded room in a free-field condition by a clinical audiometrist, first 
before cochlear implantation and four times over a period of 2.5 years after the 
cochlear implantation. The level of presentation in the 2.5-year measurements 
was 50–55 dB HL.

Survey paradigm 6.2.2

Questionnaires

For Study III, speech therapists (from Helsinki, Turku, Tampere, Oulu and 
Kuopio university hospitals) filled out questionnaires of CI children. Age at CI, 
chronological age, and hearing age were asked for as background variables. The 
continuum of language use was 

use of sign language

words: 1- to 2-word combinations

or 3- to 5-word combinations 

grammatical sentences

age equivalent, complex forms of spoken language

For the survey (Study IV), two questionnaires were used; one was filled by 
speech therapists (from all five university hospitals) for gathering data of spoken 
language skills and mode of communication in children. The other questionnaire 
was filled by rehabilitation consultants concerning day care and educational 
placement.



 

Categories of auditory perception (CAP) were classified according to 
Archbold et al. (1998). Of the categories, the most basic was no awareness for 
surrounding sounds (0), and the most developed was the ability to use a 
telephone with a known person (7). 

Category Description

 7 Use of telephone with known listener

 6 Understanding of conversation without lip-reading  

 5  Understanding common phrases without lip-reading

 4 Discrimination of some speech sounds without lip-reading 

 3 Identification of environmental sounds 

 2 Responses to speech sounds (eg., “hei” [hi])

 1 Awareness of environmental sounds 

0         No awareness of environmental sounds 

Spoken language scale 

The spoken language scale was adapted from Bracket & Zara (1998) to get an 
idea of what kind of phase the children were in in their spoken language 
expressions (Table 6).

Table 6.

Category Abbreviation Representation



 

Mode of communication

The rehabilitation consultants were asked to classify each child according their 
main mode of communication (MC), distributed in the following categories: 
Signs as the main mode of communication, Signs + speech, Signs as support, 
Speech without signs.

Educational and daycare placement

Rehabilitation consultants were also asked to classify children in the following 
categories for educational placement: Mainstreaming, special class for hearing 
impaired pupils, other kind of special class, and school for the hearing impaired. 
For children below school age, six categories were created for daycare: Home, 
Private daycare, Normal kindergarten, Special group in kindergarten, 
Kindergarten for the hearing impaired, or Other form of daycare. 

Statistical analyses6.3
For statistical analyses in Study I, the amplitude difference between the MMNs 
elicited by the two deviants and between the 1-year and 2.5-year recordings were 
determined with two-tailed t-tests. 

For Study II, statistics were performed using the hierarchical linear model 
(HLM) which is implemented in PASW (SPSS) for Windows 18.0 software as a 
mixed model (Norušis, 2000). Post-hoc tests were carried out with the 
Bonferroni correction. Pearson’s product moment correlation was used to 
estimate the association between Speech Recognition Scores and MMN 
amplitudes.

The results of Study III were depicted qualitatively because a restricted 
number of children were separated into different age groups. Stem and leaf plots 
were generated to describe language use in respect to background variables. This 
way of describing data gives more detailed information of values.

In Study IV, the first phase of the data analysis ranges, central values, 
variability, and shapes of distributions were created. A new additional variable as 
proportional hearing age (PHA, age at cochlear implantation divided by 
chronological age) was named, indicating the length of CI use (hearing age) 
relative to the physical age of the child. In the second phase, the distributions of 
the three dependent variables (scores of spoken language evaluation: CAP, SLS, 
MC) were examined and cross-tabulated using two background variables: age at 
cochlear implantation and additional disability. 

The distributions of each of the three dependent variables were negatively 
skewed, and were processed later as ordered categories. Classical test theory 
(Nunnally & Bernstein, 1994) and especially item response theory (IRT) 
(Embertson & Reise, 2000) were used as tools to treat these variables as 



 

indicators of a more general latent variable called language competency. The aim 
was to raise the reliability and validity of the dependent variable, and to make a 
structural equation model (SEM) (Schumacker & Lomax, 2004) of the three 
manifest indicators together with the four independent variables. 

Multiple regressions were carried out using the CATREG procedure. It is a 
regression with optimal scaling using alternating least squares. No distributional 
assumptions about the variables were made (Van der Kooj et al., 2006). 
Reported results concerning the dependent variables (treated separately) stem 
from CATREG equations. The summary analysis where all the dependent 
variables are treated simultaneously in the IRT/SEM model was done with 
Mplus 4. The four predictors were the same in all analyses.

Additional control was gained using AMOS 17 (Arbuckle, 2009). In these 
analyses the effect of categorical variables was taken into consideration using 
Bayesian estimation. All reported significances were two-tailed.



 



 

RESULTS7

MMN recordings in adults with CIs: follow-up studies7.1

Study I: The MMN response indexing speech perception 7.1.1
recovery 

The ERP difference waves were analysed (the response elicited by the standard 
stimulus subtracted from that elicited by the deviant stimulus, at Fz). The MMN 
amplitudes and latencies for the vowel stimuli are presented in Table 7 
(individual results of the five participants) and in Figure 1 as grand averages. 

The grand-mean MMN peak amplitude was elicited at latency of 158–196 ms 
from stimulus onset by the two deviant vowel types in the 1- and 2.5-year 
recordings. In the 1-year recording, the MMN amplitude was significantly (t = -
3.5, df = 4, p < .03) and in the 2.5-year recording almost significantly (t = -2.8, df 
= 4, p < .06) larger for the larger (/e/-/o/) than for the smaller (/e/-/ø/) vowel 
contrast (Fig. 1). The increase of the MMN amplitude between the 1-year (-0.9 
μV) and 2.5-year (-1.8 μV) recordings was significant (t = -3.0, df = 4, p < .04) 
for the smaller /e/-/ø/ contrast but not for the /e/-/o/ contrast. 

After 1 year of CI use, a larger-amplitude MMN response was identified for 
the vowel /o/ than for the vowel /ø/ in all participants. The amplitude increase 
was thereafter more consistent for the vowel /ø/ than for the vowel /o/. In 
Subject 2, with the longest period of deafness, the MMN increase was clear only 
for the larger phonetic difference /e/-/o/ during the 2.5-year follow-up.

The changes of MMN latencies were inconsistent, in some cases the change 
showed unexpected growth instead of shortening (Table 7). However the grand 
averages for the contrast pair /e/-/ø/ became shorter, even though the change 
was insignificant (Figure 1).

Figure 1.



 

Table 7.

Contrast/ 
Particip.

                
/e/ - /o/

              
/e/ - /ø/

 1 year 2.5 years 1 year 2.5 years

MMN amplitudes (μV)

MMN latencies (ms)

Study II: The MMN response to sound frequency changes 7.1.2

MMNs at Fz were reported. According to Hierarchical Linear Modeling (HLM), 
both Time of Recording (1 year or 2.5 years from CI activation) and Frequency 
Range of deviant and standard tones (deviant and standard frequency: 400 and 
500 Hz, 800 and 1000 Hz, 1600 and 2000 Hz, or 3200 Hz and 4000 Hz) had 
significant effects on the MMN amplitude: F(1,29.5) = 7.26, p < .02 and 
F(3,30.6) = 5.70, p < .005, respectively. There was a general tendency for larger 
MMNs at 2.5 years after CI activation compared to those with 1 year after CI 
activation (Figure 2). However, this effect was significant only for the 3200 Hz 
deviant tones among 4000 Hz standard tones. Although interaction of Time of 
Recording x Frequency Range did not reach statistical significance in HLM 
(Hierarchical Linear Modeling), in post-hoc tests for each Frequency Range, a 

amplitude for 3200 Hz deviant tones.



 

Figure 2.

For duration stimuli (100 ms/50 ms) only minor and inconsistent changes were 
observed in MMN amplitudes and latencies (deviant and standard duration 50 
and 100 ms; Table 8). However, interestingly, two of the Participants, 3 and 5,
(Table 9) showed a slight tendency for amplitude increments between 1 and 2.5 
years for duration stimuli. Subject 3 had a combination of hearing loss and visual 
impairment (Usher syndrome) and Subject 5 scored high in the auditory speech 
recognition test (SRS).

Table 8.

100 ms vs 50 ms 500 Hz 1000 Hz 2000 Hz 4000 Hz

    

Latencies (ms)     



 

Table 9.

Participant Time of
recording

500 Hz 1000 Hz 2000 Hz 4000 Hz

P3   

   

P5  

  

Audiometric results (Studies I and II)7.1.3

Speech-reception thresholds (SRT; column 1) and speech-recognition scores, 
SRS (%) (named also FWA, Finnish Word Audiometry, in Study I) before CI with 
hearing aid (HA) and from 1 month up to 2.5 years with CIs in Participants 1-5
are presented in Table 10. The participants had lost their hearing gradually and 
that is why two of them used hearing aids before the total loss of hearing.

Table 10.

P SRT (dB HL) Speech recognition scores (SRS) (%)

 before 
CI with 
HA

after 2.5 
years CI  
use

before CI 
with HA 

1 mo
  

5 mo
 

1 yr 
 

2.5 yrs 

P1

P2

P3

P4

P5



 

Speech recognition thresholds after 2.5 years of CI use varied from 23 to 42 dB 
HL. The most dramatic improvement in speech recognition was seen 
immediately after CI activation. After 2.5 years of CI use, Participants 1, 3 and 5 
showed remarkable improvements in the open-set speech recognition test (Table 
10). The most modest and slowest speech-discrimination development was seen 
in P2, with profound hearing loss since childhood and the longest period of total 
deafness before CI. She reached a 60% level of open-set speech recognition 
gradually after 2.5 years of CI use. 

After 2.5 years of CI use, a significant improvement in the open-set speech-
discrimination test and a parallel increase in the MMN amplitude for the small 
vowel difference (/e/-/ø/) were found. Significant correlations were found 
between the SRSs and MMN amplitudes for frequency changes: SRSs correlated 
with MMN amplitudes to 3200 Hz deviants among 4000 Hz standards both in 
the 1-year (r = 0.88, p < 0.05) and the 2.5-year (r = 0.91, p < 0.05) follow-up 
measurements. 

Spoken language development in children with cochlear 7.2
implants 

Study III: Children with cochlear implants acquiring the Finnish 7.2.1
language. 

This study describes an overall picture of spoken language skills in children at 
the time of data collection. This survey was planned to give additional 
information to the review of Finnish research on children with CIs at that time 
(2004). Most of the children were implanted between ages two and three (Figure 
3). Also the number of children in the category over six years of age at the time of 
cochlear implantation is relatively high (approximately 16%).



 

Figure 3.

Development of spoken language skills (Table 11) in this group of children 
showed that grammatical forms and age equivalent complex forms begin to 
emerge in 25 children with cochlear implantation under three years of age, and 
respectively in 13 children with CI over three years. Age-equivalent development 
was found especially in CI in the youngest group (CI at < 2 years) with a total of 
12 children (13%). Seven children used sign language as their main mode of 
communication.

 



 

Table 11.

Age at cochlear implantation

Language 
development:

Sign Language

Words 

1- to 2-word 
sentences

3- to 5-word 
sentences

Grammatical 
sentences

Age Equivalent

Study IV: Spoken language skills and educational placement in 7.2.2
Finnish children with cochlear implants.

The majority of the children (n = 164) have received their CIs under the age of 
three (Figure 4). A proportional decrease compared to Study III was seen in the 
groups at CI between five and six years of age (representing 7% of the total 
number) compared to the first survey (Study III).



 

Figure 4.

In this survey, 41 children were reported to have additional disorders which have 
possible effects on spoken language development. Also, 26 children were 
postlingually deaf, their early language development having been obviously in 
normal range. For the final analyses (Figure 5), a criterion score was created 
from all linguistic performances, and also a proportional hearing age (PHA) was 
calculated (chronological age: hearing age) describing the complex picture of 
language development in these children. The growth curve showed that children 
with no additional disabilities develop their spoken language skills in pace with 
their proportional hearing age. There was a steeper developmental trajectory in 
the group of children with their CIs under two years of age. The dashed line 
expresses spoken language development in children with postlingual deafness. 



 

Figure 5.

Postlingually deaf children outperformed congenitally deaf children both 
without and with additional disabilities in respect to their language abilities. It is 
also worth noting that children with disabilities also develop their language skills 
when growing older, though at a slower rate compared with other children.

Of the children, 88 were enrolled in educational programs and 22 had 
additional disabilities. Mainstreaming as an option was chosen for 38 of the 
children whereas a special school for the hearing impaired was the choice for 32. 
Special classes were chosen for 18; 28% of the children received support 
provided by a classroom assistant, 7% received support from an interpreter, and 
33% from a special teacher. Individual teaching plans were tailored for 41% of 
the children.

The majority of the CI children under school age were in normal kindergarten 
programs (n = 35) or enrolled in a special group in normal kindergartens (n =
13). Kindergarten for hearing impaired/deaf children was chosen for 13 children. 
A few children attended other types of daycare programs.

Children with no additional disabilitie s

Children with additional disabilitie s



 



 

 DISCUSSION  8

Recovery of auditory perception in adults with cochlear 8.1
implants
The main aim of Studies I and II were to investigate, using the MMN paradigm, 
if the adult auditory cortices being without stimuli with varying times show any 
plastic changes during the 2.5 years follow-up. Also audiometric speech 
recognition scores were followed. No other follow-up studies using MMN 
paradigm are available at present concerning adults with CIs. There were five 
important findings in the present Studies I and II: 

(1) The MMN response was observed already after 1 year of CI use in all five 
participants, and after 2.5 years of CI use the MMN amplitudes 
increased.

(2) Over the course of CI use, speech recognition scores improved and the 
MMN amplitude increased both for vowel differences and frequency 
differences. 

(3) The MMN was first seen for the larger and later for the smaller vowel 
difference. 

(4) MMN amplitude increased also for frequency differences during the 2.5-
year follow-up, most clearly for the frequency differences 800–1000 Hz 
and 3200–4000 Hz.

(5) There was a significant increase in MMN response for the frequency 
difference 3200–4000 Hz.

During the first year of CI use, large artefacts contaminated the ERPs (also 
McNeill, Sharma & Purdy, 2009; Ponton & Don, 2003). The artefacts probably 
reflect an interaction between the CI and the individual healing processes of the 
tissue after the electrode insertion or by the CI electricity itself. That is why the 
development of the MMN during that time range could not be evaluated in 
Studies I and II. For unknown reasons, the artefact may be particularly 
persistent in the ERPs of some patients like in Subject 4 (D), with artefact-free 
responses only at the end of the study. Promising results with the latest 
developments of artefact removing have been reported, such as changing the 
ISIs (Interstimulus Interval) or using short stimuli (Friesen & Picton, 2009). 
Recording Cortical Auditory Evoked responses is proposed to be difficult in CI 
users especially with sustained stimuli such as speech. This phenomenon was 
also seen in recording MMN with vowel stimuli.



 

The MMN amplitudes were growing during the course of CI use. This 
presumably reflects plastic changes in the auditory cortex while learning to 
better discriminate auditory input. For phoneme discrimination it might also 
reflect a “re-activation” of phoneme memory traces (Study I) formed before the 
deafness. Gradual development of the neural representation indexed by the 
growth of MMN amplitude for complex sounds has also been demonstrated in 
the course of sound-discrimination training in normal hearing subjects, 
reflecting learning-induced neural plasticity (Näätänen & Kujala, 2010; 
Tremblay et al., 1998; Kraus et al., 1995, 1998).  

The MMN amplitudes in Study I show that CI users were comparable with 
those obtained by Näätänen et al. (1997) in 13 normally hearing healthy Finnish 
adults, with their grand average MMN amplitude for the /e/-/ø/ and /e/-/o/ 
vowel difference being approximately –3 μV and latency 130–180 ms. This 
suggests that the recovery of cortical vowel discrimination of the CI users in the 
present study might have reached a level comparable to a normal one.

A prominent MMN response was first elicited by the larger phonetic 
difference (/e/-/o/) and later also by the smaller difference (/e/-/ø/). In 
addition, the MMN amplitude was larger for the larger rather than for the 
smaller phonetic difference. These results are in agreement with those of 
previous studies showing that large differences between deviant and standard 
stimuli elicit earlier and larger MMNs than small differences both for pure tones 
and phonemes (Tiitinen et al., 1994; Kraus et al., 1995). After 2.5 years of CI use, 
a significant improvement in the open-set speech-discrimination test and a 
parallel increase in the MMN amplitude for the small vowel difference (/e/-/ø/) 
was observed in four of the five subjects. In these subjects, the increasingly 
accurate discrimination performance and the growth of the MMN amplitude 
presumably reflects a gradual neurophysiological change of the auditory system. 
The increase was clearly seen in Subject 3’s MMN amplitude. She is particularly 
dependent on her hearing because of a vision problem (retinitis pigmentosa; the 
combination of vision and hearing problems is called Usher syndrome). Also, the 
pre-implant use of hearing aids (in S5) has yielded a 90% speech recognition 
score and MMNs with clearly larger amplitudes during the follow-up.

In MMNs for the frequency stimuli, the most prominent amplitudes were the 
20% contrasts for the 1000 and 4000 Hz standards. This frequency area is 
important for vowel formant transitions for perception of the place of 
articulation in consonants (Eerola et al., 2012; Coez et al., 2010). In addition, 
short duration of spectral cues for consonant recognition in /i/ context has been 
suggested to be challenging for CI-users (Donaldson & Kreft, 2006). It is worth 
noting that after one year of CI use the Pure Tone Averages (PTA: M4) of our 
subjects varied from 30 to 35 dB HL, indicating that they were behaviourally 
able to perceive all the frequencies used as standards for Study II. Novitski et al. 



 

(2004) reported an increase of MMN amplitudes for 20% deviances from the 
500 up to the 4000 Hz standards in healthy young participants. MMN latencies 
instead prolonged after 1000 and 2000 Hz. In CI users the reorientations of 
pitch try to mimic normal, but are more complex compared to that of normal. 
Roman et al. (2005) observed larger MMN amplitudes for a 2000 vs. 1000 Hz 
difference compared to a smaller 2000 vs. 1500 Hz difference; exact values were 
not reported, however. Compared to our follow-up 1-year results, the MMN 
amplitudes are in line with those of Roman et al. (2005) and Zhang et al. (2011).  
In the cross-sectional study by Zhang et al. (2011), the mean peak amplitude of 
the MMN was -1.13 μV in well performing CI users. However, the MMN 
amplitudes in the 2.5-year recordings in our study were larger compared to those 
two reports (see Table 2, page 27). These conclusions are cautious, because the 
frequencies of stimuli in our study were not the same in those two reports, and
also the number of participants was restricted.

The behavioural open-set speech-recognition/discrimination (SRS) scores 
developed most dramatically during the first year of CI use and remained quite 
stable thereafter. According to Välimaa et al. (2005), an average level of 73% 
word recognition scores after two years of CI use were seen, which corresponds 
to the average 72% after one year of CI use in Studies I and II. The behavioural 
results of speech recognition ability during the follow-up were in agreement with 
the MMN results. Three subjects exhibited significant behavioural improvement 
with extended experience with CI. Subject 5 succeeded best in behavioural tests 
(SRS) and the MMN was already seen as early as his second recording after six 
months of CI use. These results are in agreement with those of previous CI 
studies (Turgeon et al., 2014; Obuchi et al., 2012; Zhang et al., 2011; Kelly et al., 
2005; Roman et al., 2005; Groenen et al., 1996; and Kraus et al., 1993: see Table 
2 on page 26), which indicated that subjects demonstrating good behavioural 
discrimination of the stimuli showed the largest MMN. However, in those 
studies, the participants were divided into subgroups of good and moderate–bad 
performers on their behavioural success before MMN recordings. Data of MMN 
recordings after several years of cochlear implant use in respect to speech 
recognition scores is not available. Pre-implant scores and scores aided with CI 
are reported in Turgeon et al.’s (2014) study. Successful use of CI is also 
suggested to be influenced by residual hearing and hearing aid use before 
cochlear implantation (Blamey et al., 2013), which was also observed in 
Participants 1 and 5 in Studies I and II. Use of hearing aids is not discussed in 
connection with MMN reports.

It is important to point out the slow development of the behavioural speech 
discrimination ability in Subject 2 with the longest period of deafness. She 
showed no distinct MMN response for the larger phonetic difference until 2.5 
years of CI use, nor did her open-set speech discrimination ability clearly 



 

improve before this time. This result in turn is in accordance with previous 
studies (Zhang et al., 2011; Groenen et al., 1996). The predictive value of ERPs in 
adults with CIs for behavioural success is obscure especially if they are made on 
bases of amplitudes and latencies shortly after cochlear implantation. In some 
subjects the objective results in line with speech perception development may 
develop later after a longer period of CI use (cf. Krueger et al., 2008).

Children with cochlear implants learning spoken 8.2
language skills
The current study is the first one reporting the cross-sectional demographics of 
profoundly deaf children with CIs in Finland. Spoken language development in 
Finnish CI children was shown to be analogous to that of children with Germanic 
languages in spite of the different structure of the two languages. In Finnish, 
information typically appears as bound morphemes attached to content words. 
Another feature that comes with the rich morphology is its highly flexible word 
order (Karlsson, 1999). 

At present, Finnish children with severe hearing impairment have used CIs 
for about 20 years (from as early as 1995). During recent years, earlier 
identification of hearing impairment (Sahlberg et al., 2011) and ongoing 
development of CI technologies (e.g., Milsczynski et al., 2009) have changed the 
picture of speech perception and spoken language abilities in children with 
profound deafness, favouring implantation at the earliest age possible.  

Main findings of studies III and IV: 

(1) The most favourable CI-at age was around two to three years of age in 
respect to spoken language development (28 children below the CI-at age 
of two in Study III and 23 respectively in Study IV)

(2) A small decrease of the number of children age 5 to 6 years at CI was 
observed (Study III vs. Study IV).

(3) Hearing age correlated significantly with categories of auditory 
perception (CAP, Study IV). The majority of the children could take part 
in a conversation without the support of lip-reading or they could use a 
telephone with a known speaker. 

(4) Both age at CI and duration of CI use (proportional hearing age) had a 
positive effect of language scores (CriV, Study IV).  

(5) Postlingually deaf children outperformed children with prelingual 
deafness because of their spoken language experience before CI (Study 
IV). 



 

(6) Nearly half of the children (43%) were mainstreamed (Study IV).

(7) Daycare settings favoured mainstreaming, representing 73% of the 
children (Study IV).

(8) 25% of the children with CIs had additional disabilities (Study IV)
influencing spoken language development. These children performed 
lower both in CAP categories and SLS scores compared to those children 
without disabilities. Also sign language was favoured.  

The effect of age at CI and duration of CI use on auditory speech perception and 
spoken language abilities evaluated with regression analyses revealed that the 
variance of the composite criterion variable (CriV of language scores: CAP, SLS, 
MC) was explained by proportional hearing age (PHA). These two variables were 
created especially for this study. The dispersion on the criterion variable grew 
according to proportional hearing age, being narrowest in the youngest age 
group under two years at CI. Consequently in our study, the most favourable 
time of CI was around two to three years of age (also Niparko et al., 2010). Age at 
CI has been documented to be predictive in respect to spoken language 
development (Vlastarakos et al., 2010; Habib et al., 2010). However, Bond et al. 
(2009a) presented only 15 papers at the RCT (Randomized Control Trials) level, 
proving early implantation to be predictive. The discussion of the very early 
cochlear implantation and critical periods of language development is still going 
on (e.g., Peterson, Pisoni & Miyamoto, 2010). Kral and Sharma (2012) highlight 
the sensitive periods for cochlear implantation to be up to the age of three to six, 
when the central auditory pathways show maximal plasticity. In their 
conclusions, children having their CIs after seven years of age showed abnormal 
cortical responses even up to many years after implantation.

Postlingually deaf children outperformed children with prelingual deafness 
because of their spoken language experience before CI (Study IV). In several 
international studies, postlingually deaf children are included in the data 
analysis, making the conclusions sometimes too positive. An exception to this is 
the study conducted by Ahmad et al. (2012), proposing clearly better 
performances for the group of children with postlingual deafness compared to 
children with prelingual deafness. These differences were not seen after five 
years of CI use.

Evaluation of the tests one by one showed that hearing age correlated 
significantly with categories of auditory perception (CAP, Study IV). The 
majority of the children could take part in a conversation without the support of 
lip-reading or they could use a telephone with a known speaker. This observation 
is in accordance with that of Nikolopoulos et al. (2006), who stated that after 
three years of cochlear implantation, children achieved the most developed 
categories of auditory perception. A near-normal development of CAP outcomes 



 

in children having CIs by the age of 12 months was proved in Colletti et al.’s 
study (2005). These results favour early implantation for the fast development of 
auditory skills as a foundation for later language development. 

Spoken language skills (SLS) showed that 84% of children having their CIs 
before the age of four used sentence forms (at least three- to five-word 
combinations) in their spoken language. The level of spoken language was also 
correlated with age at CI and individual hearing age. In the current study, more 
than half the children implanted before the age of four produced grammatical 
sentences and the age equivalent, including compound sentences. This is in line 
with the results of Huttunen (2008) who reported speech intelligibility of 81% 
after five years of cochlear implantation in 18 Finnish children. This is in 
concordance with the findings of Nikolopoulos et al. (2008), proving that early 
implantation favours grammatically correct language use.

Speech or sign-supported speech was the mode of daily communication (MC) 
for approximately 80% of the children in the group without additional 
disabilities. In addition, all children implanted before the age of two used spoken 
language. Altogether, 24 families had chosen a bilingual approach, advancing the 
language development of their children by sign language and spoken language. 
The mode of communication is probably dependent on culturally determined 
rehabilitation options, and therefore not easily compared to international 
studies.

Most children with CIs are reported to attend mainstream schools (e.g., 
Archbold et al., 2002) as their educational placement. In the current study (IV), 
the proportion of mainstreamed children was 43%, which is comparable to the 
Norwegian findings by Wie et al. (2007). Also, daycare settings for the children 
seem to favour mainstreaming, representing 73% of the children. Successful 
language development seemed to favour mainstreaming and later educational 
success (e.g., Nadege et al., 2011). Finnish education system has changed during 
the last years. Instead of attending special schools, pupils in need of regular 
support for their learning are recommended with intensified support. Intensified 
support is provided when general support is not sufficient. 

The estimate number of hearing impaired children with additional disabilities 
is approximately 30–40% in international studies (Fortnum et al., 2002). 
Among the group of children with CIs, disabilities are fewer (22%) compared to 
other children with profound hearing impairment. Also in the current study, 
25% of the children with CIs had additional disabilities influencing spoken 
language development. These children performed lower both in CAP categories 
and SLS scores compared to those children without disabilities, and many of 
them favoured sign language as their mode of communication. At the time of the 
survey, 44% of the children were at the level of sounds, few words or two-word 
combinations. Some children with additional disabilities had reached more 



 

developed forms of spoken language, and only four of them used spoken 
language comparable to their chronological age. Wiley et al. (2005) reported that 
88% of children with multiple handicaps had developed their speaking skills 
according to parent reports. Children with additional needs will require a unique 
approach to speech/language therapy and teaching for maximising their learning 
experiences. Also they might need special methods to support their language 
learning (Meinzen-Derr et al., 2009). These children are often included in the 
number of children with CIs, which inevitably has an effect on averaged results. 

Methodological issues8.3
In recording Auditory Evoked Responses, especially MMNs, contamination often 
occurs with CI artefacts (Ponton & Don, 2004). Removing artefacts is a central 
issue. In our follow-up data, artefacts were noted in several data points, however, 
diminishing over time. An even longer follow-up might reveal the possible 
tendency of artefact appearance. Viola et al. (2012) have developed The Cochlear 
Implant Artefact Correction (CIAC) tool for artefact attenuation. They conclude 
this kind of method to be quick and effective. It is also worth discussing the 
length and quality of stimuli presented to CI users. There has also been 
speculation about the effect in changing the Interstimulus Interval (ISI), 
subtracting AEPs with short ISIs from those of longer ISIs (Friesen & Picton, 
2010). These kinds of methods might show the real physiological response 
without artefacts. The chosen stimuli for the study I were vowels differing for 
their 3d formant frequency. This difference was carefully chosen taken into 
consideration that the difference was big enough compared to F2 and F4 not 
stimulating the adjacent CI electrodes (also in respect to the frequency difference 
of 20 % in the study II).

Leaving out the speculation of artefacts, the MMN seems to reveal the 
development of auditory integrity in CI users. The reliability of MMNs has been 
suggested on the basis of correlations of MMN amplitudes and latencies with 
behavioural speech perception skills (Kelly et al., 2005; Roman et. al., 2005). In 
many studies, the MMN recordings have been collected as cross-sectional 
studies. So far, Studies I and II are, to our knowledge, the only ones with a 
follow-up paradigm using the MMNs.

Questionnaires were used both in Studies III and IV. The logical, external, 
and construct validities are high in these studies. The internal validity might 
suffer from differences of conceptual thinking between respondents (speech and 
language therapists and rehabilitation consultants). However, the respondents 
were instructed in detail. Also the categories were planned to be unambiguous. 
Concerning reliability of the questions, they are reliable just in that cross-
sectional point where the answers were given. Another point of data collection 



 

presumably would give another type of profile (replicability). Categories of 
auditory perception, which were included in our questionnaire, have been 
documented as valid and reliable measures in several reports. Our categories of 
speech production skills and educational settings can be considered reliable 
classifiers. 

Theoretical and clinical implications, and future 8.4
directions
Hearing aid technology (ICF e2511), especially cochlear implants, has created 
efficient activity and participation (ICFd) possibilities both for adults and 
children with profound deafness. Also the routes of education compared to 
hearing people up to high school are now reasonably achievable (ICF d820 
school education, d825 vocational training, and d830 higher education). In the 
current study a majority of children with CIs were mainstreamed. The suitability 
of ICF as a framework of the current thesis is important in understanding the 
sphere of hearing functions. A description of measures related to hearing 
functions, instead, is quite demanding. In the current thesis it was not possible 
to change the questionnaire scores into ICF scales. There are, however, newly 
reported articles on the use of ICF in the rehabilitation of people with CIs. The 
Functioning after Pediatric Cochlear Implantation instrument (FAPCI) based on 
the ICF was developed by Lin et al. (2007). Morettin et al. (2013) examined 30 
national medical records of children with CIs. They organised information into 
two parts: functioning and disability, and activity and participation. Clinical test 
results were then described using ICF-CY (CY = children and youth) and related 
to ICF scales 0–9 (0 = No difficulty, 7 = Complete difficulty, 9 = not applicable). 
This study was an important trial for the use of ICF in documenting social and 
educational aspects of CI users. ICF scales are worth considering when gathering 
cross-sectional data, which otherwise often suffer differences in clinical test 
procedures. It is obvious, however, that there are still challenges in ways to link 
auditory outcomes using ICF, and thus using these terms in describing, e.g., 
language development (for a review, see Granberg et al., 2014). 

Lexical development in children with CIs can be discussed in the light of 
Lexical Neighborhood theory. On the bases of their experiments, Kirk et al. 
(2013) proposed that children identified lexically easy words compared to hard 
words. Clinically, in speech therapy practices of CI children, lexically easy words 
with common occurrence are favoured at least shortly after cochlear implant 
activation. Also, the acoustic-phonetic similarity plays a role in recognition and 
is also used in training speech perception skills in children with CIs. The Kirk 
group is aiming to develop spoken word recognition tests for these children in 
trying to reveal the processes that support and explain early recognition skills. 



 

The results of Categories of auditory perception (CAP) as used in the current 
study suggest this kind of categorical development; however, it is possible to 
proceed only with the greatest caution towards this connection to Kirk and the 
group views. The imitative role of speech perception is linked to the motor 
theory. Also, the connection of visual speech perception to motor theory is 
postulated (Woodhouse et al., 2009; Liberman & Whalen, 2000). Woodhouse et
al. (2009) emphasise the importance of visual speech perception training from 
an early age for children with CIs. Both imitation skills and visual features of 
speech are of importance when a child with restricted knowledge of speech 
sounds and words is learning lexical items with parents. Golinkoff and Hirsh-
Pasek (2006) in turn have emphasised the role of social interaction for language 
development in infants. Modifications of auditory-verbal therapy highlight 
parents as elaborators for spoken language development in children with CIs. 
These modifications are in clinical use in Finland and with those children who 
were included in our survey.

Lexical access theories are discussed by Schwartz et al. (2013), doubting that 
the most successful CI children have lexical processes and representations 
differing from those of hearing peers. Lexical access for both perception and 
production are proposed in respect to acoustic-phonetic, phonological, lexical, 
and semantic processing of spoken language. It is worth mentioning that these 
elements are often the tools of SLTs using modifications of auditory verbal 
practice. Schwartz’s group is criticising the standardised test, which reports 
outcomes of language development in children with CIs, omitting ideas of 
detailed cognitive factors in distinguishing variability in outcomes. 

Clinically relevant observations concern adults and children with CIs with 
unexpected development, often with long periods of deafness. Also a few adults 
with CIs may benefit from training procedures, especially those who have been 
deaf for several years before implantation. Our MMN results suggest that their 
perception abilities develop slowly; in addition, according to Hassan et al. (2011), 
some of them also may have problems controlling their voice quality. Promising 
results of auditory training and speech production have been proven by Stacey et 
al. (2010), Pomaville and Kladopoulos (2013), and Fu and Galvin (2010). For 
children implanted very early, speech and language therapy aiming for early 
language skills including prosodic features are recommended in the latest 
research articles. Concerning very young children, more emphasis of 
rehabilitation with prosodic features by motherese speech (infant-directed 
speech) and guiding parents has been emphasised (e.g., Moog & Geers, 2010). 
This is because the initial segmenting skills of speech start with rhyming and 
prosody. Also special interest should be given to the development of grammatical 
skills in children, which are supposed to have an effect on educational and 
academic skills. According to Le Normand and Moreno-Torres (2014), prosodic 



 

skills are a prerequisite for grammatical development. The questions about 
which kinds of academic skills or professional careers children with CIs will later 
achieve remain unanswered so far. These concerns are especially for children 
fitted at a very early age with bilateral CIs because of the lack of experience in 
outcomes of this group so far. Follow-up studies beyond the school years are 
needed. Special attention should also be given to CI children with additional 
disorders delaying their language development.  

In the literature, new explanations for the variability of outcomes have been 
proposed. In recent literature, cognitive factors such as short-term memory, 
phonological skills, and metalinguistic skills have been suggested to reveal the 
reasons for variability both in children and adults (Classon, 2013; Schwartz et 
al., 2013). A conclusion can be drawn that follow-up studies of language 
development in CI children should include a more comprehensive battery of 
items related to language processing. A new look at outcome measures based on 
lexical theories of language development will soon be available (Kirk et al., 
2012). Also collecting data by the means of ICF scores may show possibilities for 
future research. A collaborative research of logopaedics, psychology and 
linguistics is needed to reveal the fine structure of language processes in the 
development of CI children. Longitudinal studies are also needed and they could 
combine current theoretical and empirical advances in neurolinguistics and 
psycholinguistics, and of higher level cognitive processes in cochlear implant 
performance. Comparative research on language development in children with 
normal hearing, children with hearing impairment who use hearing aids, deaf 
children with cochlear implants are still in need. 

Event-related potentials are of growing interest in respect to modern CI 
technologies and bilateral implants. New CI strategies allow musical perception 
and production in more sophisticated ways compared to earlier technologies. 
Many CI users have simultaneous acoustical stimulation with hearing aids in the 
opposite ear. Also, a combination of acoustic and electrical stimuli to one and the 
same ears is now available (Lammers et al., 2014). These factors exhibit 
interesting research views on both behavioural and ERP studies (also feasibility 
of MMN) concerning both adults and children. It is also worth discussing 
whether cross-sectional ERP measurements give a liable picture of the success in 
behavioural speech perception abilities. We observed amplitude changes during 
our follow-ups, and thus the question arises for how these responses might grow 
during several years of CI use. Using MMN for clinical use is challenging as it is a 
time consuming method. Instead, in research attention to special groups of CI 
users (such children with special needs, deaf blind, congenitally hearing 
impaired adults) could be paid. Zhang and his group (2011) proposes MMN and 
LAEP  for monitoring brain plasticity in CI users in helping to choose CI 
processor parameters and identifying contrastive materials for auditory training. 



 

In future new neuroimaging methods, such as functional imaging of the brain 
(fMRI), might give more explanation of the variables such as the ability of the 
implant to activate the central auditory system given that the CI is compatible 
with the chosen method (Lazard et al. 2012). There are also a few studies 
suggesting fMRI as a standard procedure of a CI candidacy assessment (Proctor 
et al., 2013). 

Adequate tools for the assessment of benefits other than speech and 
language after implantation should be applied to gain a better understanding of 
the full effects of CI rehabilitation on the quality of life of implant recipients. In 
addition, functional communication comprises augmentative skills, such as 
linguistic reasoning and speech-reading skills. This also is stated in the ICF 
structure as d350 conversation and interpersonal interaction and relations 
(d710–d729). Identifying successful rehabilitation approaches will facilitate 
extension of these services to all children and adults receiving cochlear implants.

Conclusions8.5
Common factors for both children and adults with cochlear implants are 
degraded speech perception abilities with profound deafness with varying 
lengths. The period without auditory stimuli has consequences for spoken 
language abilities both in children and adults. Adults with CIs usually develop 
their speech perception abilities shortly after activation; there is variability and 
slow development in the cases of long durations of deafness. Even up to 7–10 
years may be needed for full recovery of auditory sensations (for a review, see 
Krueger et al., 2008).

Our MMN studies (Studies I and II) showed that both vowel contrasts and 
frequency contrasts generated MMN responses in both times of measurements. 
The MMN amplitude increase by 2.5 years of CI use can be interpreted as a 
reflection of the developing integrity of the auditory cortex. Furthermore, 
subjects with the best behavioural results were observed to have the most 
prominent MMN responses. Although the present results can be interpreted 
cautiously because of the small number of subjects, the findings are promising in 
suggesting the MMN’s potential in indexing cortical plasticity in the adult 
auditory system when relearning speech features after varying periods of 
deafness. In such studies subjects grouped according to varying lengths of 
deafness and CI use could give more detailed information of the auditory neural 
development. 

Prelingually deaf children with CIs are supposed to develop their spoken 
language abilities during two to three years after CI activation if they are 
implanted before three to six years. After that the steps of development might be 
slow and challenging, reflecting the effects of long periods of deafness (c.f. 



 

Sharma, 2012). The behavioural results of children’s spoken language 
development from minimal auditory input to spoken language skills in Studies 
III and IV reflect experience-driven changes in the auditory memory, and access 
for lexical and syntactical items, even though they were not proven by 
electrophysiological methods. Special interest to children with additional 
disorders should be paid in respect to rehabilitation and follow-up.
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