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Summary
The worldwide prevalence of dementia has increased dramatically in
recent decades and is expected to nearly double every 20 years. Due to
the epidemic scale, the enormous social and economic burden and the
current lack of cures or disease-modifying therapies, dementia has been
recognized as a public health priority by the World Health Organization.
In the near future, curing or preventing dementia appears unachievable,
but delaying the onset of the disease and tempering its progression may
be attainable through eliminating risk factors, such as smoking, physical
inactivity, low education, diabetes etc. Recently, hearing loss has also
been identified as a risk factor for accelerated cognitive decline, cognitive
impairment and dementia in older adults.
The current research was inspired by the question whether compensating for hearing loss could alleviate the accelerated cognitive decline
and the progression to dementia in hearing-impaired older adults. As the
speed of cognitive decline has been found to be associated with the degree
of the hearing loss, older adults with a severe or profound hearing loss are
particularly at risk for accelerated cognitive decline. For individuals with
this degree of hearing loss, a cochlear implant (CI) may be the preferable
hearing solution. Consequently, the key rationale, which acted as starting
point for the present work, was to find out whether cochlear implantation
could decrease the accelerated cognitive decline in older adults with a
severe to profound hearing loss and as such, could reduce the prevalence
of dementia.
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This doctoral thesis aimed to contribute to a deeper understanding
of the cognitive outcomes after cochlear implantation in older adults.
Research was centered around the following two objectives:
1. How to assess cognition in hearing-impaired individuals?
2. How does cognition evolve in older adults after cochlear implantation?
Concerning the first objective, a thorough systematic review of the literature on the longitudinal change in cognitive functioning after cochlear
implantation in older adults was performed. Five of the six selected studies reported improvements in cognition after implantation. However, due
to high risks of bias in the methodology, there is no conclusive evidence
of improved cognitive functioning after cochlear implantation in older
adults. The main shortcomings were (1) the use of inappropriate cognitive
tests to assess cognition in hearing-impaired individuals, whereby the
confounding effect of improved hearing on cognitive performance was
not adequately controlled for, (2) the lack of control for practice effects and
(3) the use of inappropriate statistical tests. Consequently, measures were
taken to reduce these three risks of bias as well as possible in the design
of a new longitudinal study in order to examine cognitive outcomes in
older adults after cochlear implantation more accurately. The protocol
includes measurements of cognition, audiological capabilities, quality of
life and self-reliance prior to implantation, at six and twelve months after
implantation and annually thereafter. A cognitive test to assess cognition
in hearing-impaired individuals, the Repeatable Battery for the Assessment of
Neuropsychological Status for Hearing-impaired individuals (RBANS-H), was
developed and implemented. This test provides audiovisual presentation
of the instructions and test items. Furthermore, the RBANS-H yields
one total score of cognition, as well as an index score for each of the following cognitive domains: Immediate memory, Visuospatial/constructional,
Language, Attention and Delayed memory. In addition, it has two equivalent
forms. By using the RBANS-H and its two equivalent forms alternately
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and by performing the appropriate statistical tests, it was aimed to
minimize the abovementioned risks of bias.
The second part of this doctoral thesis reports on three studies exploring the cognitive change in older adults after cochlear implantation.
The first study focused on the short-term surgical and anesthetic impact of cochlear implantation on cognition in 26 older adults. It was
found that, at one week after implantation, 11.5% of the participants
suffered from postoperative cognitive dysfunction, a subtle prolonged
deterioration in cognition after surgery, usually lasting for weeks or
months.

A routine cognitive screening before and after implantation

is therefore recommended in older adults and tailored postoperative
care and assistance should be provided. The second study involved a
cross-sectional investigation comparing the RBANS-H cognitive performances of 61 older CI recipients with 1 to 18 years of CI experience to the
RBANS-H performances of 81 normal-hearing (NH) older adults. The
CI recipients appeared to perform significantly poorer on the RBANS-H
than the NH participants, taking into account differences in age, sex
and education.

These findings point out that, despite the auditory

rehabilitation by means of a CI, older CI recipients present significantly
poorer cognitive functioning than would be expected based on their
age, sex and education.

The last study reported on the preliminary

data of the longitudinal study, of which the protocol was described in
the previous paragraph. Twenty older adults were followed up to one
year after implantation. Besides expected improvements in audiological
capabilities (speech perception in quiet and in noise), hearing handicap,
quality of life and states of depression and anxiety, also a significant
improvement in RBANS-H cognitive performance was observed at one
year postimplantation, compared to preimplantation. This increase in
overall cognition was mainly attributable to significant improvements
in the Immediate memory and Delayed memory domain. This may indicate
that cochlear implantation positively impacts upon cognition in this
population.

However, practice effects were only partially controlled

for, as only two RBANS-H equivalent forms were used across three
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measurements. Therefore, future research must consider the elimination
of practice effects, for instance by including a control group, to further
elucidate the effects of cochlear implantation on cognition in older adults.
By providing a cognitive assessment tool to examine cognition in
hearing-impaired individuals and by implementing this test in crosssectional and longitudinal studies, this doctoral thesis set the stage
for future research to answer the key rationale, as to whether cochlear
implantation could alleviate the accelerated cognitive decline in severely
hearing-impaired older adults and as such, could reduce the prevalence
of dementia.

v

Samenvatting
De voorbije decennia nam de prevalentie van dementie wereldwijd enorm
toe. Bovendien verwacht men dat het aantal personen met dementie elke
20 jaar bijna zal verdubbelen. Gezien het epidemische karakter van de
ziekte, de immense sociale en economische gevolgen en het gebrek aan
genezende behandelingen, heeft de World Health Organization dementie
uitgeroepen tot een wereldwijde gezondheidsprioriteit. Op korte termijn
lijkt genezing of preventie van dementie niet realiseerbaar. Echter, het
begin van de ziekte uitstellen en de progressie van de ziekte vertragen
kan mogelijk wél verwezenlijkt worden door risicofactoren, zoals roken,
fysieke inactiviteit, laag onderwijsniveau, diabetes etc, aan te pakken.
Recent werd vastgesteld dat ook gehoorverlies een risicofactor is voor een
versnelde cognitieve achteruitgang en dementie bij oudere volwassenen.
Het huidige onderzoek werd geïnspireerd door de vraag of het behandelen of corrigeren van gehoorverlies de versnelde cognitieve achteruitgang
en de ontwikkeling van dementie zou kunnen vertragen. Voorgaand onderzoek heeft uitgewezen dat de snelheid van de cognitieve achteruitgang
in relatie staat tot de ernst van het gehoorverlies. Oudere volwassenen
met een ernstig tot diep gehoorverlies –voor wie een cochleair implantaat
(CI) een veilige en goede hooroplossing kan zijn– lopen daarom méér
risico op een versnelde cognitieve achteruitgang dan mensen met een
mild gehoorverlies.

Bijgevolg was de hoofdonderzoeksvraag, waarin

dit doctoraatsonderzoek kadert, of cochleaire implantatie de versnelde
cognitieve achteruitgang bij oudere volwassenen met een ernstig tot diep
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gehoorverlies kan vertragen en zodoende de prevalentie van dementie
kan verminderen.
Dit onderzoek had tot doel de eerste cruciale stappen te zetten die
in de toekomst kunnen leiden tot het beantwoorden van de zonet vermelde onderzoeksvraag. Het onderzoek richtte zich op de volgende twee
vragen:
1. Hoe kan cognitie onderzocht worden bij personen met een
gehoorverlies?
2. Hoe verandert cognitie bij oudere volwassenen na cochleaire implantatie?
Om de eerste vraag te beantwoorden werd een systematische review
van de literatuur uitgevoerd betreffende de longitudinale veranderingen
in cognitie bij oudere volwassenen na cochleaire implantatie. Ondanks
de gerapporteerde verbeteringen in cognitie na implantatie in vijf van
de zes studies, werd toch geconcludeerd dat er géén afdoend bewijs is
van postoperatieve verbeterde cognitie. De redenen hiervoor waren de
volgende beperkingen in de methodologie van de studies: (1) Er werden
testen gebruikt die ongeschikt waren om cognitie op te meten bij mensen
met een gehoorverlies. Hierdoor kon niet uitgesloten worden dat de
opgemeten verbetering in cognitie (deels) te wijten was aan verbeterd
horen en verstaan ten gevolge van het CI (bv. met behulp van het CI
konden de instructies van de cognitieve test beter verstaan worden na de
implantatie). (2) Leereffecten, door het meermaals afleggen van dezelfde
test, werden niet (voldoende) gecorrigeerd of gecontroleerd. (3) De keuze
van de statistische testen was suboptimaal. Bij het protocol ontwerp
van een nieuwe longitudinale studie werd rekening gehouden met deze
drie tekortkomingen, om zo de cognitieve uitkomsten na cochleaire
implantatie nauwkeuriger te kunnen opmeten.

Het protocol omvat

metingen van cognitie, audiologische vaardigheden, kwaliteit van leven
en zelfredzaamheid vòòr de implantatie, op zes en twaalf maanden nà
de implantatie en nadien jaarlijks. Deze metingen worden uitgevoerd
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bij personen die omwille van tweezijdige ernstige slechthorendheid
geïmplanteerd worden en die preoperatief géén dementie hebben. Om
cognitie zowel voor als na de implantatie betrouwbaar te kunnen opmeten werd een cognitieve test ontwikkeld speciaal voor personen met
gehoorverlies, genaamd de Repeatable Battery for the Assessment of Neuropsychological Status for Hearing-impaired individuals (RBANS-H). In deze
test worden de instructies en bepaalde test items audio-visueel (simultaan
auditief en visueel) aangeboden. De RBANS-H levert een totale score
van cognitie op, maar ook een indexscore voor elk van de vijf cognitieve
domeinen: Inprentingsgeheugen, Visuospatieel/constructioneel, Taal, Aandacht
en Uitgesteld geheugen. Daarnaast is de test voorzien van twee equivalente
versies. Door gebruik te maken van een aangepaste test voor mensen
met gehoorverlies, door twee equivalente versies afwisselend af te nemen en door de juiste statistische testen te gebruiken, werd getracht om
de drie bovenvermelde tekortkomingen zo goed mogelijk te compenseren.
Het tweede deel van dit proefschrift omvat drie onderzoeken die de
verandering in cognitief functioneren na cochleaire implantatie bij
oudere volwassenen bestudeerden.

De eerste studie richtte zich op

de heelkundige en anesthesie-gerelateerde impact van de cochleaire
implantatie op cognitie bij 26 oudere volwassenen. Op één week na de
implantatie werd bij 11.5% van deze mensen postoperatieve cognitieve
disfunctie vastgesteld. Dit is een subtiele, aanhoudende verslechtering
van de cognitie die optreedt na een operatie en meestal enkele weken
tot maanden duurt. Omwille van dit prevalentiecijfer wordt een standaard cognitieve screeningstest voor en na de implantatie aangeraden
bij oudere volwassenen, in combinatie met aangepaste postoperatieve
zorg. Het tweede onderzoek was een cross-sectionele studie, waarin de
RBANS-H prestaties van 61 oudere CI-gebruikers met 1 tot 18 jaar CI
ervaring vergeleken werden met de prestaties van 81 normaalhorende
oudere personen. Hieruit bleek dat de CI-gebruikers significant zwakker
scoorden dan de normaalhorende personen, onafhankelijk van verschillen
in leeftijd, geslacht en onderwijsniveau. Deze bevindingen wijzen erop
dat oudere CI-gebruikers, ongeacht de auditieve revalidatie door middel

viii
van het CI, toch minder goed cognitief functioneren dan verwacht zou
worden op basis van hun leeftijd, geslacht en onderwijsniveau.

De

laatste studie geeft de preliminaire data weer van de longitudinale
studie, waarvan het protocol in de vorige paragraaf besproken werd. Het
hoofddoel was om de veranderingen in het cognitief functioneren bij
oudere personen met een ernstig tot diep gehoorverlies na de cochleaire
implantatie op te meten. De resultaten van de eerste twintig personen
tot op één jaar na de implantatie wezen op significante verbeteringen
op vlak van audiologische vaardigheden (spraakverstaan in stilte en in
ruis), subjectieve beperkingen met betrekking tot het gehoor, kwaliteit
van leven, angst en depressieve gevoelens. Bovendien werd ook een
significante verbetering vastgesteld van de totale score van de RBANS-H
na één jaar CI-gebruik. Deze verbetering was hoofdzakelijk te wijten
aan significante verbeteringen in de domeinen Inprentingsgeheugen en
Uitgesteld geheugen. Dit suggereert dat cochleaire implantatie mogelijk
een positief effect heeft op cognitie in deze populatie. Echter, leereffecten
werden slechts gedeeltelijk gecontroleerd, aangezien er twee RBANS-H
versies gebruikt werden voor drie metingen (preoperatief, 6 maanden
en 12 maanden postoperatief). Toekomstig onderzoek zou zich daarom
moeten richten op het volledig corrigeren en/of controleren van leereffecten, bijvoorbeeld door het includeren van een controlegroep, om te
achterhalen wat de effecten van cochleaire implantatie op cognitie bij
oudere volwassenen zijn.
Door het ontwikkelen van een cognitieve test voor personen met
gehoorverlies en het implementeren van deze test in verschillende onderzoeksprotocollen, heeft dit doctoraatsproject belangrijke eerste stappen
gezet in het onderzoek naar de effecten van cochleaire implantatie op
cognitie bij oudere volwassenen.
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In this general introduction, several aspects of hearing are summarized
first (1.1), followed by an overview of cognition (1.2). The focus is upon
both normal-functioning and impaired hearing and cognition. In the third
part, the association between hearing and cognition is discussed and the
reader is introduced into the field of cognitive hearing science (1.3). Several hypotheses on the relationship between hearing loss and cognitive
decline are put forward. Finally, the objectives of this doctoral research
project are outlined (1.4).

1.1

Hearing

Hearing, the act of perceiving sounds, is an essential part of our communication, of our leisure activities, of our lives. Although hearing occurs
automatically, without specific attention, the process of hearing is highly
complex. In the following section, we take a closer look at the anatomy
and physiology of the human auditory system (1.1.1). In the subsequent
sections, impaired hearing (1.1.2) and a hearing solution for severe to profound hearing impairment, namely cochlear implantation (1.1.3), is discussed.

1.1.1

The auditory system

The auditory system comprises two main parts: the auditory periphery
and the central auditory pathway. These two systems are described consecutively (Bear et al., 2007).
Auditory periphery The auditory periphery can be divided into the
outer, the middle and the inner ear (Figure 1.1). The outer ear includes the
pinna and the auditory canal and the tympanic membrane or eardrum.
Sound waves enter the auditory system through the pinna, which acts as a
sort of funnel collecting sounds from a wide area, and are further directed
into the auditory canal. The auditory canal extends approximately 2.5 cm
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F IGURE 1.1: Anatomy of the human ear: the outer, middle and inner ear (Bear et al., 2007).

inside the skull, leading to the tympanic membrane. Due to the resonance
properties of the pinna and the auditory canal, the sound pressure level
of certain high frequencies is slightly increased as the sound wave passes
through the outer ear. In addition, the pinna plays an essential role in the
localization of sounds in the vertical plane.
The tympanic membrane is connected to the ossicular chain, which
consists of the malleus (or hammer), incus (or anvil) and stapes (or
stirrup). These three interconnected ossicles, and their associated muscles, tendons and ligaments, are located in the middle ear, an air-filled
cavity. One end of the pharyngotympanic tube or Eustachian tube is also
located in the middle ear. This tube aerates the middle ear, equalizes
atmospheric pressure, and clears mucus from the middle ear into the
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nasopharynx. The footplate of the stapes is connected to the oval window
membrane, a membrane that divides the middle ear from the inner ear,
more specifically, the cochlea. The cochlea is filled with fluid, which
has a greater inertia than air and consequently needs more pressure to
vibrate. It is therefore crucial that the sound pressure transmitted from
the tympanic membrane to the oval window is increased. This is carried
out in two ways: (1) the force is greater at the oval window because the
ossicles act like levers and (2) the surface of the oval window is many
times smaller than that of the tympanic membrane. Since the pressure on
a membrane is defined as the force divided by the surface area, these two
factors cause the pressure to be multiplied by 20 once it arrives at the oval
window. Thanks to this amplification in the middle ear, the membrane at
the oval window will adequately vibrate to sounds.
The inner ear is composed of the labyrinth, which has an auditory
part, i.e. the cochlea, and a vestibular part, i.e. the otolith organs (sacculus
and utriculus) and the semi-circular canals. Both parts of the labyrinth
are connected and the same fluid runs through both systems. The otolith
organs detect changes of head angle, as well as linear acceleration of the
head, whereas the semi-circular canals detect turning movements and
angular acceleration of the head. A detailed description of the vestibular
system is beyond the scope of this introduction to hearing. The interested
reader is redirected to additional literature (e.g. Bear et al., 2007, p.
376-385). The auditory part of the labyrinth, the cochlea, has a spiral
shape, resembling a snail’s shell. It is wrapped two and a half times
around a conical bony structure, the modiolus. The cochlear tube is
divided into three fluid-filled cavities: the scala vestibuli, the scala media
and the scala tympani (Figure 1.2). The two former scalae are separated
by the Reissner’s membrane, whereas the latter two are separated by
the basilar membrane. The scala vestibuli, divided from the middle ear
by the oval window membrane, and the scala tympani, divided from
the middle ear by the round window membrane, merge at the apex of
the cochlea. These scalae are filled with perilymph, a fluid with low K+
(potassium) and high Na+ (sodium) concentrations, while the fluid in
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the scala media is endolymph, characterized by high K+ and low Na+
concentrations.

These ionic concentration difference is generated by

active transportation of K+ and Na+ against the concentration gradients
and causes the endolymph to have a more positive electrical potential
than that of the perilymph. This is the endocochlear potential.

F IGURE 1.2: The three scalae of the cochlea, viewed in
cross-section (Bear et al., 2007).

When sounds enter the ear, the stapes moves the oval window in and
out, causing the perilymph in the scala vestibuli and tympani to flow.
Consequently, also the endolymph in the scala media is displaced and
makes the basilar membrane bend near its base, starting a wave that
propagates towards the apex. The basilar membrane has two structural
properties: gradually the membrane becomes (1) wider and (2) less stiff
from base to apex, determining the way it responds to sounds. High
frequencies produce the maximum amplitude deflection near the base,
where the membrane is narrow and stiff. In contrast, low frequencies
produce a wave that propagates all the way to the apex before dissipating.
This spatial arrangement where high frequencies are encoded at the
base and low frequencies at the apex of the basilar membrane is called
tonotopic organization.
The organ of Corti is located on the basilar membrane, with the tectorial membrane hanging over it. It contains the auditory receptor cells

1.1. Hearing

9

or hair cells, which have stereocilia extending from its top. There are two
types of hair cells: (1) the inner hair cells, which form one single row
near the modiolus and (2) the outer hair cells, which form three rows and
are slightly farther out from the modiolus. The hair cells are compressed
between the basilar membrane and the reticular lamina, whereas the
stereocilia extend above the reticular lamina into the endolymph, with
their tips either in the tectorial membrane (outer hair cells) or just below
it (inner hair cells). When the basilar membrane bends in response to
sounds, the entire foundation around the hair cells is moving along, but
the tectorial membrane is not. In addition, the length of the outer hair cells
changes in response to the vibrations of the basilar membrane, amplifying
its movements (see next paragraph). This causes the stereocilia to bend
back and forth. Due to the endocochlear potential, displacement of the
stereocilia in one direction induces an increased influx of K+ , while a
displacement in the opposite direction prevents K+ influx. The inward
K+ movement generates a depolarization of the hair cell, and this, in
turn, triggers the release of excitatory neurotransmitter from the base of
the hair cell into the synapses of the spiral ganglion fibers. These spiral
ganglion fibers then fire electrical pulses, i.e. action potentials, which
travel along the neuronal pathway up to the brain. However, when the
K+ influx into the hair cell is blocked by deflection of the stereocilia in
the opposite direction, the hair cell hyperpolarizes, leading to a greatly
decreased release of neurotransmitter to the synapses and, in turn, a
decreased rate of action potentials in the spiral ganglion cells. In this way,
the hair cells in the cochlea transform the physical motion of the oval
window membrane into a neuronal response.
More than 95% of the spiral ganglion cells receive synaptic input from the
relatively small number of inner hair cells, and barely 5% receives input
from the large number of outer hair cells. It is therefore believed that the
inner hair cells play a predominant role in the transmission of auditory
information to the brain. The outer hair cells on the other hand, mainly
act as cochlear amplifier. Thanks to motor proteins in the membrane of
the outer hair cells, not only the electrical potential, but also the length
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of these hair cells changes in response to sounds. As such, the response
of the basilar membrane is amplified and the stereocilia on the inner hair
cells will bend more, producing a greater response in the spiral ganglion
cells.
Central auditory pathway

The afferents from the spiral ganglion cells

enter the brain stem in the auditory nerve. At the level of the medulla
oblongata, the axons innervate the dorsal and ventral cochlear nuclei.
From this point on, there are multiple parallel pathways. The most important pathway projects to the auditory cortex. From the ipsilateral ventral cochlear nucleus axons are connected to the superior olivary nucleus
bilaterally. Subsequently, axons ascend in the lateral lemniscus up to the
inferior colliculus of the midbrain. From there, axons project to the medial
geniculate nucleus in the thalamus, and finally, to the auditory cortex. The
primary auditory cortex is located on the superior temporal lobe, Brodmann’s area 41. The central auditory pathway is presented in Figure 1.3.
The tonotopic organization of the basilar membrane is also reflected in
the neurons along the auditory pathway. This is because most spiral ganglion cells receive synaptic input from a single inner hair cell at a particular location at the basilar membrane. The frequency at which the neuron
presents the highest firing rate, or in other words, to which the neuron is
most responsive, is the characteristic frequency of that specific neuron. In
addition to this tonotopic organization, another strategy to encode sound
frequency is present in the auditory system: phase locking. This is the consistent firing of a nerve fiber at the same phase of a sound wave. In case
of low-frequency sounds, the neurons will fire action potentials at every
phase of the sound wave (phase-locked response, at every cycle). Yet, in
case of higher-frequency sounds, the neurons will respond with action potentials on a lower, but consistent percentage of the cycles (phase-locked
response, not on every cycle). Above 4kHz, the action potentials cannot
accurately represent the timing of the cycles anymore. These frequencies
are therefore mainly encoded by tonotopy. The intensity of a sound is also
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F IGURE 1.3: The central auditory pathway (Bear et al.,
2007).

represented in two ways: (1) the firing rates of neurons and (2) the number of active neurons. When a loud sound enters the auditory system,
the basilar membrane will vibrate with greater amplitude, leading to an
increased level of hyper- and depolarization in the hair cells and in turn
an increased firing rate of the excited neurons. Additionally, the basilar
membrane will vibrate over a greater distance, thereby activating more
hair cells and thus, more neurons.
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Impaired hearing

Hearing loss, or hearing impairment, is the partial or complete inability
to hear. Diseases or factors affecting any one of the structures in the
auditory periphery or central auditory pathway will ultimately result in
hearing loss. Hearing losses are typically categorized into three main
types, based on the location of the cause: conductive, sensorineural
and mixed hearing loss. Conductive hearing loss is almost exclusively
caused by a deficit in the outer or middle ear, for instance malformation
of the outer ear or the ossicular chain, otitis media, perforated tympanic
membrane, otosclerosis, a foreign body in the auditory canal, etc. This
type of hearing loss is beyond the scope of this introduction and thus,
will not be further discussed. Sensorineural hearing loss originates from a
pathological condition affecting the cochlea or the neurons in the central
auditory pathways. Possible causes are age-related hearing loss, noise
exposure, genetic factors, benign nerve tumor, infections, etc. Mixed
hearing loss is a combination of both hearing loss types. In this doctoral
thesis, sensorineural hearing loss with peripheral cochlear damage, i.e.
endocochlear hearing loss, will be focused upon.
In endocochlear hearing loss, structures within the cochlea are affected, most often the hair cells. This may be due to aging, external
factors, such as noise exposure, trauma, infection, ototoxic drugs (e.g.
aminoglycoside), and genetic factors. In the vast majority of cases, the
hearing loss is permanent, and cannot be cured.

The most common

intervention for endocochlear hearing loss is a hearing aid (Dillon,
2012). Because of the highly complex function of the sensory cells in the
cochlea, individuals with this type of hearing loss do not only experience
decreased audibility, they also experience decreased dynamic range (i.e.
the amount by which the discomfort threshold exceeds the threshold of
audibility), decreased temporal resolution and decreased frequency resolution. This is because damage to the outer hair cells reduces the cochlear
amplification system and, consequently, the frequency selectivity of the
cochlea. To overcome the problem of decreased audibility and dynamic
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range, hearing aids are very useful. They provide adequate amplification
to make soft sounds audible and apply compression to squeeze a large
dynamic range of levels in the environment into a smaller range of levels
at the output of the hearing aid. This prevents the moderate to loud
sounds from becoming excessively loud. The decreased temporal and
frequency resolution however, are only partly addressed by hearing aids.
In conclusion, endocochlear hearing loss, in contrast to a conductive
hearing loss, does not only affect audibility, but also affects more complex
perceptive aspects that are crucial for speech intelligibility in difficult listening situations (e.g. speech in background noise). Although adequately
fitted hearing aids can partly compensate for the experienced problems
and improve communication and quality of life, they cannot replace the
function of the inner ear. Moreover, the more severe the hearing loss
becomes, the more communication difficulties the person will encounter
and the less benefit from hearing aids he will experience. For profoundly
hearing-impaired individuals with deficits in the cochlea, but with intact
central auditory pathways, a cochlear implant (CI) is a viable hearing
intervention.

1.1.3

Cochlear implantation

Cochlear implant system Although a CI is theoretically a type of hearing aid, it differs in many aspects from a conventional hearing aid. It is a
surgically implanted, electronic hearing device that comprises two parts
(Zeng et al., 2008): (1) an external part: the speech or sound processor and
the coil, and (2) the internal part: the implant, embedded in the mastoid
bone behind the ear, and the electrode array, inserted into the cochlea
(Figure 1.4). The external part of a CI is worn behind the ear. The speech
processor comprises the microphone, the processing unit and the battery
housing unit.

The microphone picks up sounds, converts them into

digital signals and sends them to the processing unit. Here, the signals
are selected, arranged, and processed and directed as a radio frequency
signal to the magnetic transmitter coil. This coil is attached to the internal
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receiver magnet, implanted beneath the skin in the mastoid bone, and
transfers the signal through the skin. The stimulator, which is part of
the implant, contains active electronic circuits. It derives power from
the radio frequency signal and converts the signal into electric currents.
These currents are sent along wires to the corresponding electrodes in the
cochlea, based on a stimulating strategy or speech coding strategy. This
strategy determines the sequence in which the electrodes are stimulated
and is extremely important for maximizing the users’ speech perception
(Choi et al., 2012). Subsequently, these currents excite the nerve fibers,
which are connected to the central auditory pathways, and are ultimately
perceived as sounds (Zeng et al., 2008). By stimulating electrodes at the
basal end of the cochlea to indicate the presence of high-frequency sounds
and stimulating electrodes at the apical end in case of low-frequency
sounds, the tonotopic organization of the basilar membrane and the
auditory pathways is mimicked.
In contrast to a conventional hearing aid, a CI (partially) restores
hearing by bypassing the damaged structures in the cochlea and directly
stimulating the spiral ganglion cells. As such, a CI is capable of making
the deaf hear again and understand speech again, which is impossible
for a conventional hearing aid. However, since a CI can only process
and transmit a subset of the total information contained in the sound
signal, it does not completely restore hearing. Instead, it gives the profound hearing-impaired individual access to representations of sounds
by carefully selecting and transmitting critical parameters of the sound
signal.

The representations are crucial to understand speech, but do

not reflect the full informational and redundant content of the original
sound signal. Consequently, CI recipients perform, in general, reasonably
well in easy listening situations (e.g. a conversation with one talker in a
quiet environment), but encounter more difficulties in complex listening
situations (e.g. a conversation with multiple talkers in a restaurant, a
telephone conversation, listening to music, etc.). Moreover, the process
of learning and/or relearning to hear and understand through a CI takes
time and effort, and eventually, CI recipients reach varying levels of
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performance.

F IGURE 1.4: A cochlear implant system.
This electronic hearing device consists of two parts: (1)
the speech processor, which is worn on the head, and (2)
the implant, which includes the internal magnet and transmitter, and the electrode array, which is inserted into the
cochlea (MED-EL, Innsbruck, Austria).

Cochlear implant candidacy

Considerations for CI candidacy vary from

country to country, but are generally along similar lines. In the following
section only the candidacy criteria for adults in Belgium are explained,
as these criteria are of importance for the conducted research in this doctoral thesis. In adults (above the age of 12), one CI is reimbursed by the
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Rijksinstituut voor Ziekte- en Invaliditeitsverzekering (RIZIV), if the person meets all of the following criteria: (1) The average of the audiometric
thresholds at 500, 1000 and 2000 Hz is at least 85 dB HL in both ears. (2)
The threshold of peak V in brainstem evoked response audiometry is at
least 90 dB nHL in both ears. (3) Speech audiometry in free field, using
monosyllabic words (consonant-vowel-consonant) at 70 dB SPL, results in
a phoneme score of 30% or less. In addition, the general health condition
of the candidate must not impose any contraindications to the implantation or to the use of the device. Compared to 16 other countries around
the globe, Belgium appears to have rather conservative criteria (Vickers et
al., 2016). In the present research project, only CI recipients who received
reimbursement, based on the abovementioned criteria, were included, to
obtain a level of homogeneity as high as possible within the research sample.

1.2. Cognition
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Cognition

The Oxford dictionaries define cognition as the mental action or process of
acquiring knowledge and understanding through thought, experience, and the
senses. It is also more generally described as thought and multiple related
processes (Sachdev et al., 2014). Cognition is closely related to intelligence.
However, the key difference is that intelligence is always expressed as a
numerical value (intelligence quotient, IQ), and is typically static throughout adulthood. Cognition on the other hand, is not necessarily expressed
numerically, and is more dynamic. Furthermore, intelligence refers to
knowledge and to the ability to understand, learn or reason, whereas cognition refers to the process of thinking and understanding. As such, one
cannot show his intelligence without cognitive abilities. In the following section, the classification of cognitive functioning into key domains is
explained (1.2.1), and subsequently, normal age-related cognitive decline
(1.2.2) and significant impairments in cognitive functioning are discussed
(1.2.3).

1.2.1

Cognitive functioning

According to the 5th edition of the Diagnostic and Statistical Manual of
Mental Disorders (DSM-5) (American Psychiatric Association, 2013), cognitive functioning is classified into six domains: complex attention, executive function, learning and memory, language, perceptual-motor function
and social cognition (Figure 1.5) (Sachdev et al., 2014). These cognitive
domains will be further explained in the next paragraphs.
Complex attention Attention is the concentration of mental activity
(Matlin, 2005). It involves sustained, divided and selective attention, and
processing speed. Sustained attention is the ability to focus cognitive activity on a single stimulus or task over a long period of time. Divided
attention comes into play when one has to perform two or more simultaneous tasks, and has to pay attention to all of them. Selective attention also
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F IGURE 1.5: Key cognitive domains defined by the DSM5 (Adapted from Sachdev et al. (2014)).

emerges when two or more tasks are performed simultaneously. However, one has to perform only one task, while ignoring the other. Finally,
processing speed refers to the time it takes to complete mental tasks. An
example of an attention assessment tool is the d2 test of attention (Brickenkamp et al., 1998). This test is a measure of selective and sustained
attention. It consists of a piece of paper with 658 items on it, organized in
14 lines with 47 characters each. The items are composed of the lower-case
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letters d or p with one, two, three or four dashes arranged either individually or in pairs above and below the letter. The participant is given 20
seconds to scan each line and cross out all d with two dashes (Figure 1.6).
In total the test takes 280 seconds, or approximately 5 minutes.

F IGURE 1.6: An extract of the d2 test of attention.
Every letter d with either one dash above and one dash
below the letter, or two dashes above or below the letter
must be marked.

Executive function Executive function refers to cognitive processes and
behavioral competencies including verbal reasoning, problem-solving,
planning, decision-making, utilization of feedback, multitasking, cognitive flexibility and inhibition (Chan et al., 2008). Also working memory
is classified as an executive function. This is the brief, immediate storage
and manipulation of material, e.g. repeating digits backwards. For an extensive description of working memory, we refer to Baddeley (2012). A
well-known test of executive function, more specifically of cognitive flexibility and inhibition, is the word-color-interference test, better-known as
the Stroop test (Stroop, 1935). This test involves three to four conditions.
In the first, names of colors are presented to the subject printed in black
ink and he has to read these color-words. In a second phase of the test,
the subject is asked to name different color patches. These are the congruent conditions. In the third, incongruent part, color-words are presented
again. Yet, this time, the color of the ink is inconsistent with the colorword. For instance, the word ‘red’ is printed in blue ink. The subject has
to name the color of the ink, while inhibiting the interference arising from
the more automated task, namely reading the color-word. In some versions of the test, a fourth condition is added, in which either the color of
the ink must be named or the color-word must be read, depending on the
presence of a frame around the word (Figure 1.7).
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F IGURE 1.7: An example of the 4th condition in the colorword-interference test.
The color of the ink in which the word is printed should
be named, unless the word is in a frame. In that case, the
color-word should be read. This test measures cognitive
inhibition and flexibility.

Learning and memory The cognitive domain learning and memory
refers to short-term memory, including free and cued recall and recognition memory, long-term memory and implicit learning. Long-term memory is for convenience further split into autobiographical (⇡ episodic)
memory, semantic memory and procedural memory (Matlin, 2005). The

former type of long-term memory involves memories that relate to ourselves, for example an event that happened to you a few years ago. Semantic memory indicates knowledge about factual information, including the meaning of words. The last category is procedural memory and
this refers to implicit knowledge about how to do something. In cognitive
tests, short-term memory is typically assessed by means of a list of semantically unrelated words or a story, which is read out loud by the examiner.
Afterwards, the subject has to retell as many words from the list as possible. This is free recall. Cued recall happens when a cue is given by the
examiner to enhance the number of recalled words, for instance “It is an
instrument” for “piano”. A list of words, containing the target words but
also a number of distractors, may be presented to the subject to measure
recognition memory. These are all examples of explicit memory tasks. Implicit memory, or implicit learning, occurs when previous experience with
the material facilitates performance on a task, although the task does not
explicitly ask for recall or recognition (Matlin, 2005).
Language Language comprises both comprehension (receptive language) and production (expressive language). In addition, several psycholinguistic domains can be studied, the most important being semantics,
syntax and pragmatics, which refer to the meaning of words, knowledge
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about grammatical rules and knowledge about social rules, respectively
(Matlin, 2005). Language tests can be very diverse. Expressive vocabulary
is often measured by picture naming tests, e.g. the Boston naming test
(Kaplan et al., 1983) and word fluency tests, either semantic or phonemic.
More complex language tasks may involve word knowledge, syntax and
grammar, following simple or multiple orders, etc.
Perceptual-motor function

Perceptual-motor function relates to visual

perception, visuoconstructional reasoning and perceptual-motor coordination and integration. These capabilities may be evaluated by complex
figure copy task, such as the Rey complex figure test (Rey, 1941) and the
rebuilding of block building designs.
Social cognition Social cognition is a less typical cognitive domain and
was for the first time adopted in the most recent edition of the DSM. It
refers to the degree to which socially appropriate behavior is presented.
Appropriate behavior is characterized by the inhibition of unwanted behavior, the recognition of social cues, reading facial expressions, motivating oneself, alter behavior in response to feedback, developing insight, etc.
(Sachdev et al., 2014). Theory of mind is also an aspect of social cognition.
It refers to the ability to understand the mental states (beliefs, feelings,
thoughts, desires, knowledge, etc.) of others, and to appreciate that these
mental states might differ from our own (Henry et al., 2016). False-belief
tasks are validated measures of theory of mind. These are usually animated stories about two characters (Wimmer et al., 1983): the protagonist
puts an object into a location x and then disappears. In the absence of the
protagonist, the antagonist moves the object into a location y. The examinee has to indicate where the protagonist will look for the object at his
return. At this point, the own knowledge of the correct location of the
object has to be disregarded, and the different, erroneous belief of the protagonist must be considered.
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Cognition develops throughout the lifespan. During infancy and childhood, the progresses in cognition are enormous, but also during adulthood and old age cognition changes greatly. In the following section
(1.2.2), we will take a closer look at the normal evolution of cognition during late adulthood. A pronounced decline, which is more severe than the
normal age-related decline, in one or more of the abovementioned cognitive domains characterizes neurocognitive disorders (American Psychiatric Association, 2013). This will be elaborated upon in section 1.2.3.

1.2.2

Age-related cognitive decline

The popular stereotype for elderly people is that they are likely to be
forgetful and a bit confused. Yet, the question is to what extent is this
forgetfulness and confusion part of the normal aging process, and when
should we be alerted to abnormal cognitive decline? In the following
paragraphs, normal cognitive aging will be described in more detail.
It should be noted that this discussion taps into cognitive aging in the
general older population. Individual differences in level of education,
culture, verbal ability, etc. influence the cognitive development in older
adults (Matlin, 2005), but these effects are not further discussed.
If we take a look at the normative data of three intelligence tests,
Kaufman brief intelligence test (KBIT), Wechsler abbreviated scale of intelligence (WASI) and Woodcock-Johnson III tests of achievement (WJIII)
(Figure 1.8), some interesting points emerge (Verhaeghen, 2013): During
childhood and adolescence, cognition steeply improves, reaching a peak
approximately at the age of 20. From then onwards, a steady decrease
is observable in most cognitive functions (Figure 1.8A), except verbal
functions, which remain relatively stable throughout middle adulthood
(Figure 1.8B). Around the age of 60 however, a steady and accelerated
decline sets in for all cognitive abilities. These data are derived from
cross-sectional investigations, and may therefore be confounded by generational differences, such as differences in access to education, differences
in health conditions and childhood nutrition, etc. Longitudinal cohort
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studies, which are not susceptible for generational difference but may be
confounded by practice effects, largely observe the same data. Yet, peak
performances appear to occur later in life.

F IGURE 1.8: Lifespan trends in cognition.
Data are based on the normative data of the Kaufman
brief intelligence test (KBIT), Wechsler abbreviated scale
of intelligence (WASI) and Woodcock-Johnson III tests of
achievement (WJIII) (Verhaeghen, 2013).

Furthermore, Verhaeghen et al. (1997) conducted a meta-analysis of
relations between age and cognition in adulthood (16 to 101 years).
The analyzed cognitive functions were speed of processing, reasoning,
spatial ability, working en episodic memory and primary memory (i.e.
short-term memory of items, without manipulation). Negative linear
associations existed between age and all cognitive functions, indicating
that the cognitive functions decline with advancing age. The correlation
between speed of processing and age was found to be the strongest
(r =

0.52). The age-cognition associations were similar in magnitude

for measures of reasoning, spatial ability, working memory and episodic
memory (r =

0.40, r =

0.38, r =

0.36 and r =

0.33, respectively).

The impact of age on primary memory was somewhat less pronounced
(r =

0.19). Moreover, evidence for an accelerating decline over the

adult lifespan was established for speed of processing and reasoning by a
significant negative quadratic age-cognition correlation. This trend was
also observable for the other cognitive measures, but the correlation did
not reach significance. The influence of age on cognitive performance
was generally greater in the group aged 50 or over than in the group
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under 50 years old. Yet, in the younger group as well significant relations
were present. This points out that even before the age of 50 cognitive
functioning decreases.
In another meta-analysis (Verhaeghen et al., 2002), age-related differences in selective and divided attention were examined. No age-related
deficits were demonstrated specific to selective attention, cognitive
inhibition or simple task-switching. Yet, when the complexity of the task
increased, as is the case in dual-task assessments, age-related differences
were present. A possible explanation for these findings is that age-related
deficits only emerge in the case of multiple task-set maintenance, or
in other words, when two or more distinct mental tasks need to be
performed, and not when the task only involves active selection of
relevant information (Verhaeghen, 2013).

The same explanation may

be applied for working memory, for which the age-related differences
are also more pronounced when tasks are more complex.

Small but

significant differences are already present for simple tasks that only tap
into storage, such as a digit span task (7.1 digits remembered by older
adults, compared to 7.6 digits by younger adults (Bopp et al., 2005)), but
the differences enlarge on tasks that require simultaneous storage and
processing (Verhaeghen, 2013). With regard to long-term memory, cognitive aging is expressed differently along the different types of memory
(Verhaeghen, 2013). Indeed, cognitive aging is characterized by large
declines in episodic memory, but no or slight declines in semantic memory.
In conclusion, aging goes hand in hand with gradual declines in
cognition. However, not all cognitive domains are affected (e.g. semantic
long-term memory), neither are the affected domains impacted upon in
the same way or to the same degree. Moreover, in some individuals,
certain cognitive aspects even continue to improve in late adulthood (e.g.
vocabulary). In the next section (1.2.3), cognitive declines that go beyond
the normal cognitive aging process are described.
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Neurocognitive disorders

According to the DSM-5, a neurocognitive disorder is an acquired disorder (not congenital or developmental), of which the key element is a decline in cognitive performance compared to an earlier level of performance
and which has an underlying neurological cause. An extinction is made
between delirium, major neurocognitive disorder (⇡ dementia) and mild
neurocognitive disorder (⇡ mild cognitive impairment). Delirium is de-

fined as disturbances in attention and awareness developing over a short
period of time (usually hours to a few days) and representing an acute
change from baseline. Since this disorder is transient and reversible, it is
not further discussed in this thesis. In the following paragraphs, major
and mild neurocognitive disorder are explained.
Major and mild neurocognitive disorder

Four elements determine the

presence of major neurocognitive disorder in an individual (American
Psychiatric Association, 2013). (1) There must be evidence of significant
cognitive decline from a previous level of performance in at least one of
the six cognitive domains, namely complex attention, executive function,
learning and memory, language, perceptual-motor function and social
cognition. The evidence of decline is based on concern of the individual,
a knowledgeable informant, or the clinician and on a substantial impairment in cognitive performance, documented by a quantified clinical
assessment. (2) The cognitive deficits interfere with independence in
everyday activities, such as paying bills or managing medications. At a
minimum, assistance should be required. (3) The cognitive deficits do not
occur exclusively in the context of a delirium. (4) The cognitive deficits are
not better explained by another medical disorder (e.g. major depressive
disorder).
The four diagnostic criteria of major neurocognitive disorder also
apply for mild neurocognitive disorder, except for some adjustments in
the first and second criterion: (1) there must be evidence for a moderate,
not significant, cognitive decline and (2) the cognitive deficits do not
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interfere with independence in everyday activities. Yet, compensatory
strategies and accommodations to help maintain independence and
perform activities of daily living may be required.
Major and mild neurocognitive disorder exist along a continuum of
cognitive and functional impairment. Clear distinctions between both are
therefore difficult to define. However, suggested cut-offs are provided by
the DSM-5: for major neurocognitive disorder, the individual typically
performs 2 standard deviations or more below appropriate norms for that
given standardized test (3rd percentile or below). For mild neurocognitive
disorder, the performance is 1 to 2 standard deviations below the norms
(3rd to 16th percentile). Both major and mild neurocognitive disorders
may be caused by several different diseases or factors.

Some of the

causes are potentially reversible, as is the case for traumatic brain injury,
medication, depression, etc. The most common causes of neurocognitive
disorder are, however, irreversible and progressive. These causes include
Alzheimer’s, vascular, Lewy body and frontotemporal disease (Dening
et al., 2015). Furthermore, many diseases can lead to neurocognitive
disorders in the later stages, such as Parkinson’s disease, Huntington’s
disease, multiple sclerosis, HIV-infection, etc. Importantly, individuals
with a mild neurocognitive disorder progress to major neurocognitive
disorder at a higher rate than individuals without mild neurocognitive
disorder. Nonetheless, reconversion from mild neurocognitive disorder
to normal cognition is also possible (Gordon et al., 2013).
Dementia and mild cognitive impairment Throughout this dissertation, the terms major neurocognitive disorder and mild neurocognitive
disorder will be replaced by the more commonly used terms dementia
and mild cognitive impairment respectively. Neurocognitive disorder is
a broader term, including acquired disorders in both older and younger
adults, whereas dementia and mild cognitive impairment mainly refer to
degenerative disorders in the elderly population (Simpson, 2014), making
the latter two terms more appropriate for the present work.
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The prevalence of dementia and mild cognitive impairment has increased dramatically during the past decades. This increase is mainly
driven by the global phenomenon of population aging (United Nations
- Department of Economics and Social Affairs, 2015). Worldwide, 47.5
million people have dementia and this number is projected to nearly triple
by 2050 to 135.5 million. Yet, despite the epidemic scale of dementia and
the enormous economic costs, up till now no cure or disease-modifying
therapy has been identified (Alzheimer’s Disease International, 2015;
World Health Organization, 2016). It is against this background that the
relationship of hearing loss to cognitive decline and dementia has become
increasingly interesting. In section 1.3, the link between hearing loss and
cognitive decline is dealt with.
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Hearing and cognition

The interdisciplinary research concerning the interactions between hearing and cognition is called cognitive hearing science (Arlinger et al., 2009).
Although the interactions between hearing and cognition in individuals
with both normal hearing and cognition are numerous and highly important for speech perception in complex listening situations, the following
paragraphs mainly focus upon the relationship between impaired hearing
and cognition (1.3.1) and the underlying mechanisms of this relationship
(1.3.2).

1.3.1

Association between hearing loss and cognitive decline

A significant association between peripheral hearing loss and cognitive
functioning has been demonstrated in multiple cross-sectional studies
(Loughrey et al., 2018). For instance, in a cross-sectional study by Harrison Bush et al. (2015), peripheral hearing accounted for a significant
amount of the variance in measures of global cognitive status, as well
as processing speed, executive function, and memory. The amount of
explained variance in cognitive measures was, however, very small,
ranging from 0.5% for executive function to 2.2% for memory. In this
study, nearly 900 older adults were enrolled and hearing was quantified
as the mean threshold in the better-hearing ear at 500, 1000 and 2000
Hz. Age, gender, education and other known risk factors of hearing loss
and cognitive decline, such as diabetes en hypertension, were examined
as covariates. Numerous other studies also established significant, but
small, associations between hearing loss and cognitive functioning in
older adults, independent of age, sex, education and other confounding
variables (Lin, 2011; Lin et al., 2011b; Quaranta et al., 2014; Sugawara
et al., 2011; Tay et al., 2006). Yet, some could not confirm these findings
(Bucks et al., 2016; Gussekloo et al., 2005). In a meta-analysis by Loughrey
et al. (2018), including 26 cross-sectional studies with 15 620 participants,
significant correlations were found between age-related hearing loss,
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assessed by pure-tone audiometric assessment, and both global cognition
(r =
r =

0.15) and all cognitive domains of interest (range: r =

0.08 to

0.18). These negative correlations indicate that increased hearing

thresholds, i.e. worse hearing, are significantly, though poorly, associated
with weaker cognitive performances.

Furthermore, the meta-analysis

demonstrated that age-related hearing loss was significantly related to
the presence of cognitive impairment and dementia (odds ratio: 2.00 and
2.42, respectively).
Also in longitudinal cohort studies, these associations are present.
For example, Lin et al. (2013) studied nearly 2000 older adults without
cognitive impairment at baseline during a six-year period. Individuals
with hearing loss at baseline, defined as a pure-tone average of thresholds
at 0.5, 1, 2 and 4 kHz greater than 25 dB HL for the better ear, presented
faster rates of decline on the cognitive measures compared to those
with normal hearing at baseline. More specifically, the hearing-impaired
individuals had a 41% greater decline on the Modified Mini-mental State
Examination (3MS), which assesses global cognition, and a 32% greater
decline on the digit symbol substitution test, which is a non-verbal test of
executive function. In these analyses, demographic and cardiovascular
risk factors were adjusted for, namely age, sex, race, education, hypertension, diabetes mellitus, stroke history, smoking status and hearing
aid use. In addition, the incidence of dementia was recorded during the
last evaluation, determined by a 3MS score lower than 80 points or a
decline in 3MS score of more than 5 points compared to baseline. The
individuals with a hearing loss were found to have a 24% increased risk
of incident cognitive impairment compared to the normal-hearing participants. Moreover, the rate of cognitive decline and the risk of incident
cognitive impairment were log linearly associated with the severity of
baseline hearing loss. In other words, individuals with severe hearing
loss are at greater risk of accelerated cognitive decline and cognitive
impairment than individuals with a mild hearing loss. Gurgel et al. (2014)
obtained very similar results in a prospective, population-based study of
approximately 4500 cognitively-normal subjects: a more rapid decline on
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the 3MS was observed among the older adults with a hearing impairment
than among those without hearing loss. The difference in rate was 0.26
points/year, which is comparable to the difference in rate reported by
Lin et al. (2013) (0.65

0.46 = 0.19 points/year). Also analogously to the

results of Lin et al. (2013), hearing loss appeared to be an independent
risk factor for the development of dementia, with hearing-impaired older
adults having a 27% greater risk of dementia than normal-hearing peers
(hazard ratio: 1.27). In the second meta-analysis of Loughrey et al. (2018),
nine longitudinal cohort studies with 8233 participants were included. In
general, significant but slightly poorer correlations were reported, compared to the meta-analysis of the cross-sectional studies, of age-related
hearing loss to global cognition (r =
of interest (range: r =

0.06 to r =

0.14) and to all cognitive domains
0.14) except fluency (no significant

correlation). Moreover, age-related hearing loss presented a significant
association with both cognitive impairment and dementia (odds ratio:
1.22 and 1.28, respectively).
In conclusion, hearing loss is a possible modifiable risk factor for accelerated cognitive decline, cognitive impairment and dementia in older
adults (Loughrey et al., 2018). Although the associations are weak, they
are comparable in size and significance with other more commonly
researched risk factors of Alzheimer’s disease, such as diabetes, hypertension and smoking (Barnes et al., 2011). The underlying causal mechanism
of the association between hearing loss and accelerated cognitive decline
however, is still to be elucidated, since observational, correlational
studies are not capable of assessing causation. In the next section (1.3.2),
hypotheses on the causal mechanism are discussed.

1.3.2

Hypotheses on the underlying mechanism

Four hypotheses on the causal relationship between peripheral hearing
loss and cognitive decline have been proposed and studied (Arlinger
et al., 2009; Baltes et al., 1997; Lindenberger et al., 1994; Wayne et al.,
2015). First of all, both hearing impairment and cognitive decline may
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result from one common genetic or environmental mechanism, for
instance widespread neural degeneration.

This is called the common

cause hypothesis. Another hypothesis is the cognitive load on perception
hypothesis. This states that reduced cognitive capacity places a heavier
load on perception, and thus, affects sensory processing. However, little
evidence is available in support of this view and the finding that older
adults benefit more than younger adults from top-down processing
does even interfere with the premises of this hypothesis (Pichora-Fuller,
2003; Wayne et al., 2015). The other two hypotheses concern a causal
relationship in the opposite direction. According to the sensory deprivation
hypothesis peripheral hearing loss causes a permanent cognitive decline.
Direct evidence is barely available for this hypothesis. Yet, some studies
provided indirect evidence. Deafferentation and atrophy of the auditory
system and subsequent functional reorganization of cortical areas after
auditory deprivation may mediate the association between hearing
loss and permanent cognitive decline. Another potential mechanism is
depression and social isolation (Wayne et al., 2015). The impact of hearing
loss on cognition may also be reversible, as is the case in the information
degradation hypothesis. This hypothesis posits that perceptual difficulties
cascade upwards, compromising higher-level cognitive processing. As
more cognitive resources are diverted to perceptual processing, the
available resources for the cognitive task are reduced, manifesting as a
decline in cognitive performance. This view has gained considerable
support from several studies pointing out that cognitive performances
decrease when the speech signal is degraded, for instance by introducing
background noise (e.g. McCoy et al., 2005; Piquado et al., 2010).
Especially the last hypothesis is of interest, as this implies that compensating for the perceptual difficulties through auditory rehabilitation
may reduce the compromising effect of the perceptual difficulties on
cognitive processing and thus, may improve cognitive performance.
Indeed, a study of Amieva et al. (2015), following-up 3670 individuals
aged 65 and over during a 25-year period, has indicated that the cognitive
decline in hearing-impaired adults wearing hearing aids did not differ

32

Chapter 1. Introduction

from that in normal-hearing controls. In contrast, the cognitive decline
in hearing-impaired adults without hearing aids was accelerated. This
suggests that hearing aids may have a protective effect against accelerated
cognitive decline. An alternative explanation however, is that individuals
who are cognitively more intact opt for hearing aids more frequently than
individuals who are prone for cognitive impairments. In general, studies
investigating the impact of hearing aid use on cognition among older
adults with moderate hearing loss yield mixed results, with some studies
observing a positive effect of hearing aids on cognition (e.g. Acar et al.,
2011; Dawes et al., 2015) and others finding no effect (e.g. Valentijn et al.,
2005; van Hooren et al., 2005).
According to Lin et al. (2013), individuals with a greater degree of
hearing loss are prone to higher risks of accelerated cognitive decline and
incident cognitive impairment. Older CI recipients have typically a bilateral severe to profound hearing impairment and thus, are particularly at
risk for accelerated cognitive decline. The present doctoral thesis focuses
on cognitive functioning in this specific population of older CI recipients.

1.4. Research objectives and thesis outline
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Research objectives and thesis outline

This doctoral thesis aims to gain insight into the complexity of cognitive
functioning in severely to profoundly hearing-impaired older adults with
a CI. This overarching goal has been broken down into two main research
questions, each relating to three specific objectives:
RESEARCH QUESTION 1:

HOW TO ASSESS COGNITION IN

HEARING-IMPAIRED INDIVIDUALS?
Objective 1 To systematically review the current status of the literature with regard to the cognitive outcomes after cochlear implantation in older adults.
Objective 2

To develop a cognitive assessment tool to measure

cognition in hearing-impaired individuals, eliminating the negative
effect of the hearing impairment itself on the cognitive performance.
Objective 3 To develop an alternate form B and investigate its
equivalency to form A of the newly developed cognitive assessment
tool for hearing-impaired individuals.

RESEARCH QUESTION 2: HOW DOES COGNITION EVOLVE IN
OLDER ADULTS AFTER COCHLEAR IMPLANTATION?
Objective 4 To measure the incidence of postoperative cognitive
dysfunction at one week after cochlear implantation in older adults.
Objective 5 To evaluate cognitive functioning in experienced older
CI users, compared to normal-hearing controls.
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Objective 6

To provide information about the cognitive devel-

opment in severely to profoundly hearing-impaired older adults
before, and six and twelve months after cochlear implantation.
The first research question will be covered in part II of this thesis, including chapters 2, 3 and 4, whereas the second research question will
be handled in part III, including chapters 5, 6 and 7. In the following
paragraphs, a short outline of the chapters, each corresponding to one of
the six objectives, is given.

PART II: HOW TO ASSESS COGNITION IN HEARING-IMPAIRED
INDIVIDUALS?
Objective 1 In chapter 2, the existing literature concerning the cognitive
outcomes after cochlear implantation in older adults is collected, summarized and critically assessed. Six out of the 2716 studies retrieved from
MEDLINE (PubMed) and Cochrane Library are found eligible. Five of
the selected studies reported improvements in cognition postimplantation
and one study did not observe significant changes. The risk of bias for
each individual study is evaluated with respect to the following topics:
(A) the suitability of the cognitive tests to examine cognition in hearingimpaired subjects, (B) the control of practice effects, (C) statistical methods, and (D) other sources of bias.
Objective 2 In the following chapter, chapter 3, a protocol for a prospective, longitudinal cohort study investigating cognition before and after
cochlear implantation in older adults is outlined. In this protocol, a cognitive test battery developed specifically for hearing-impaired individuals is
presented. This battery is called the Repeatable Battery for the Assessment
of Neuropsychological Status for Hearing-impaired individuals (RBANSH).
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Objective 3 The development of alternate form B of the RBANS-H is
discussed in chapter 4. The equivalency of RBANS-H form B is investigated in a cross-over study involving 48 normal-hearing adults aged 50
and over.

PART III: HOW DOES COGNITION EVOLVE IN OLDER ADULTS
AFTER COCHLEAR IMPLANTATION?
Objective 4

Chapter 5 deals with the surgical and anesthetic impact of

cochlear implantation on cognition in the very short term. In other words,
it focuses on postoperative cognitive dysfunction (PCD) at one week after
cochlear implantation in older adults. PCD is a subtle prolonged deterioration in cognition after surgery, usually lasting for weeks or months.
Whereas much research has been devoted to the incidence of PCD after
major, cardiac and non-cardiac surgery, the incidence after cochlear implantation has never been investigated before.
Objective 5 Chapter 6 reports on the cognitive performances, as measured on the RBANS-H, in 61 older CI recipients with at least one year
of CI experience. These cross-sectional data are compared to the cognitive
performances of 81 normal-hearing older adults. It is investigated whether
the CI recipients performed significantly different from the controls on the
RBANS-H, independently of age, sex and education.
Objective 6

The last chapter, chapter 7, provides the preliminary data of

the prospective, longitudinal cohort study, introduced in chapter 4. The
cognitive, speech intelligibility and quality of life outcomes of 20 CI recipients up to one year after implantation are reported. In this study, the
RBANS-H forms A and B are used to reduce practice effects.

Part II

HOW TO ASSESS
COGNITION IN
HEARING-IMPAIRED
INDIVIDUALS?

Chapter

2

Cognitive outcomes after
cochlear implantation in older
adults: A systematic review

This chapter has been accepted for publication:
Claes, A. J., Van de Heyning, P., Gilles, A., Van Rompaey, V., & Mertens, G.
(2018). “Cognitive outcomes after cochlear implantation in older adults:
A systematic review”. In: Cochlear Implants International. (in press). DOI:
.
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Abstract

Objectives

To critically assess the current status of the literature on cog-

nitive outcomes after cochlear implantation in older adults.
Materials and methods Studies were identified by searching MEDLINE
(PubMed) and Cochrane Library, and checking reference lists of relevant
articles. No restrictions were imposed regarding language, publication
date, or publication status. Eligibility criteria were as follows: (1) the study
sample included older adults aged 50 or over with severe to profound bilateral hearing loss, (2) the participants received a multi-electrode cochlear
implant, and (3) a cognitive test was performed before and after implantation. Risk of bias was assessed with respect to: (A) the suitability of the
cognitive tests to examine cognition in hearing-impaired subjects, (B) the
control of practice effects, (C) statistical methods, and (D) other sources of
bias.
Results Out of 2716 retrieved records, six were found eligible, examining a total of 166 patients. Five of these studies reported improvements
in cognition postimplantation and one study did not observe significant
changes. Control of practice effects and the statistical methods were the
most common origin of observed bias.
Discussion The currently reviewed studies performed pioneering work
and are indispensable for the field. However, they do not provide conclusive evidence of improved cognitive outcomes after cochlear implantation
in older adults.
Conclusion Well-designed studies with long follow-up periods are imperative to verify whether cochlear implantation influences cognition in
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older adults. New research is stimulated to use appropriate cognitive assessment tools for hearing-impaired individuals, to control for practice effects, and to perform appropriate statistical tests.

2.2. Introduction

2.2

43

Introduction

The relation between hearing loss and cognitive decline in older adults
has been established by an increasing number of prospective, longitudinal
studies, indicating that older hearing-impaired adults present an accelerated cognitive decline compared to normal-hearing peers (Gallacher et al.,
2012; Lin et al., 2011a; Lin et al., 2013; Valentijn et al., 2005). For instance,
Gallacher et al. (2012) demonstrated that baseline auditory threshold is
associated with incident dementia and cognitive decline in more than
1000 older men over a period of 17 years. Moreover, the association
between degree of hearing loss and rate of cognitive decline appeared
to be linear, suggesting that individuals with a severe hearing loss are at
greater risk of cognitive decline than mildly hearing-impaired peers (Lin
et al., 2013). Although these studies point out that hearing loss is a risk
factor of cognitive decline, the underlying explanatory mechanism of this
relation remains an open question. Hearing loss may be a determinant
of dementia or may negatively affect performance on cognitive tests,
but alternatively, prodromal dementia may cause hearing loss as well.
Another explanation is that hearing loss and cognitive decline share a
common neurodegenerative etiology (Gallacher et al., 2012).
Given the relation between hearing loss and cognitive decline, researchers have been interested in the effect of restoring hearing ability
on cognitive functions in older adults. Some articles reported promising
results with hearing aids (Acar et al., 2011; Amieva et al., 2015; Choi et al.,
2011; Dawes et al., 2015). However, other studies did not find any effect
of hearing aids on cognition (Valentijn et al., 2005; van Hooren et al.,
2005). For persons with advanced hearing loss, for whom hearing aids
do not provide sufficient benefit (anymore), a cochlear implant (CI) may
be a good solution. Although this requires surgery and anaesthesia, it is
considered a safe and efficient treatment, even in the elderly (Castiglione
et al., 2015; Clark et al., 2012; Cosetti et al., 2015). As individuals with
severe hearing loss are at greater risk of cognitive decline than individuals with a mild or moderate hearing loss (Lin et al., 2013), cochlear
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implantation has a greater potential of positively affecting cognition than
hearing aids. With regards to the effects of cochlear implantation on
cognitive decline in older adults, the authors propose three hypotheses,
schematically presented in Figure 2.1. According to the first, receiving a
CI does not influence the cognitive trajectory in hearing-impaired older
adults. The accelerated cognitive decline continues in the same way as it
did prior to the implantation and the distinction in cognitive performance
between normal-hearing and hearing-impaired individuals continues to
increase (Figure 2.1A). The second hypothesis involves a more positive
effect of hearing rehabilitation on cognition. The CI stops the acceleration
of the cognitive decline and induces an age-expected speed of decline.
However, the hearing-impaired older adults do not bridge the gap with
the normal-hearing older adults in terms of cognition (Figure 2.1B).
The third hypothesis states that the use of a CI improves cognition and
induces a catching-up with the normally-hearing older adults, resulting
in an age-expected cognitive trajectory (Figure 2.1C). In this systematic
review, the current status of the literature on the cognitive outcomes after
cochlear implantation in older adults is evaluated and the evidence for
any of the three proposed hypotheses is critically assessed.

2.3

Materials and methods

This systematic review was performed using the Preferred Reporting
Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines
(Liberati et al., 2009). It aims to review the existing literature on the cognitive outcomes of cochlear implantation in older adults.

2.3.1

Eligibility criteria

The following items were used as criteria for eligibility:
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F IGURE 2.1: Schematic representation of the three hypotheses on the effect of cochlear implantation on cognitive decline in older adults.
The solid line indicates normal cognitive decline in the aging normally-hearing population and the dashed line indicates the cognitive evolution before and after cochlear implantation (marked by the grey dot) in hearing-impaired
older adults. (A) no effect of cochlear implantation on the
cognitive trajectory in the older hearing-impaired population. The accelerated cognitive decline continues equally
as prior to the implantation, resulting in an increasing gap
with the normally-hearing population. (B) the acceleration
in cognitive decline is stopped after cochlear implantation
and an age-expected speed of decline is induced. The gap
with the normally-hearing population is not bridged. (C)
cochlear implantation improves and restores cognition to
an age-expected level, with an age-expected speed of decline.

• Participants: The study population consists of, or includes, older
adults aged 50 or over with severe to profound bilateral hearing loss
with postlingual onset, for which a CI is indicated according to national criteria.
• Intervention: Cochlear implantation with a multi-electrode implant.
• Comparator: No constrictions are imposed.
• Outcomes: Change in performance on cognitive tests (not questionnaires), that assess cognition in general or one or more cognitive domains, after cochlear implantation compared to baseline.
• Study design: Longitudinal studies with at least one baseline measurement before implantation and one follow-up measurement after
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implantation. Studies may be either prospective or retrospective and
may - but must not - include a control group.

Only primary research was accepted to avoid including duplicate data.
Reviews and letters to the editor were excluded. No restrictions were imposed with regard to language, publication date, or publication status.

2.3.2

Search strategy

Studies were identified by searching electronic databases, MEDLINE
(PubMed) and Cochrane Library, and checking reference lists of relevant
articles. Literature search started on the 30th of January, 2018 and was completed on the 8th of February, 2018. The following search string was used
in the MEDLINE (PubMed) database:
(“Cognitive

Aging”[Mesh]

OR

“Aging”[Mesh]

OR

“Aged”[Mesh] OR “Geriatrics”[Mesh] OR elder[Text Word]
OR elderly[Text Word] OR elders[Text Word] OR old[Text
Word] OR older[Text Word] OR aged[Text Word] OR aging[Text Word] OR ageing[Text Word] OR senior[Text Word]
OR seniors[Text Word] OR geriatric[Text Word] OR geriatrics[Text Word]) AND (“Cognition”[Mesh] OR “Cognition
Disorders”[Mesh] OR “Dementia”[Mesh] OR “mental processes”[Mesh] OR cognit*[Text Word] OR memor*[Text
Word] OR attent*[Text Word] OR dement*[Text Word] OR
mental[Text Word]) AND (“Cochlear Implants”[Mesh] OR
“Cochlear Implantation”[Mesh] OR (cochlear implant*))
The following search string was used in the Cochrane Library database:
(cochlear NEXT implant*) AND (cognitive OR cognition OR
cogniti*) AND (old* OR adult OR aging OR aged OR senior
OR elder* OR elderly)
Title and abstract of the obtained records were screened and full texts were
retrieved and analyzed if the record passed the screening phase. Study
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selection was conducted independently by two authors, AC and GM. Potential disagreements were resolved by consensus.

2.3.3

Information extraction

Information was extracted from the selected studies on (1) study design,
(2) characteristics of the participants (number, sex, age, hearing impairment, duration of hearing loss, use of hearing aids, level of education
etc.), (3) type of outcome measurements (cognitive test, cognitive domains
tested by the test, adaptation for hearing-impaired individuals), (4) statistical method, and (5) results (change in cognitive performance after
cochlear implantation). The risk of bias (i.e quality) in individual studies was assessed with respect to four topics. The first topic involves the
suitability of the cognitive tests to assess cognition in severely hearingimpaired individuals (A). A severe hearing impairment may negatively
affect the performance on a cognitive test (Dupuis et al., 2015), as the tobe-repeated or to-be-remembered items may not be well perceived by the
participant. Furthermore, given the improvement in hearing abilities after
cochlear implantation, a possible increase in performance on these cognitive tests may rather be attributed to the improved hearing than to an
increase in cognition. Therefore, a cognitive tool which can be validly administered to hearing-impaired subjects should be selected or an existing
cognitive test should be adequately adjusted for the sample. The second
risk of bias discussed in this review is the control of practice effects (B).
Indeed, all participants are at least assessed twice, once before and once
after implantation. Hence, a possible improvement in cognition may be
biased by a practice effect. Next, the statistical methods are considered as
risk of bias (C) and finally, other sources of bias (D) are taken into account.
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Results
Study selection

Electronic database searching resulted in 2716 records, of which the vast
majority was retrieved from MEDLINE (n = 2706). No additional records
were obtained by scanning the reference lists of the relevant articles. Four
duplicates were identified and removed. After screening the title and abstract, 2690 records were found irrelevant and were therefore excluded.
The full-text of 22 articles was further analyzed, applying the eligibility
criteria listed above. Sixteen articles did not meet the inclusion criteria.
Eleven of these studies only examined cognition before implantation, but
not after implantation (Aplin, 1993; Gantz et al., 1993; Heydebrand et al.,
2007; Holden et al., 2013; Knutson et al., 1991; Kropp et al., 2000; Li et al.,
2017; Parkin et al., 1989; Shipp et al., 1997; Summerfield et al., 1995; van
Dijk et al., 1999). Only qualitative measurements were performed in one
study (Hogan, 1997) and another study was not longitudinal, but crosssectional (Capretta et al., 2016). Crary et al. (1982) performed cognitive
tests before and after cochlear implantation. However, the CIs used were
single-electrode implants. Two other records were removed, since they
did not involve primary research (Knopke et al., 2017; Miller et al., 2015).
Eventually, six articles met the full inclusion criteria and thus, were included in the review (Ambert-Dahan et al., 2017; Castiglione et al., 2016;
Cosetti et al., 2016; Jayakody et al., 2017; Mosnier et al., 2015; Sonnet et al.,
2017) (Figure 2.2).

2.4.2

Information extraction

All selected studies investigated cognition in severely to profoundly
hearing-impaired older adults before and after cochlear implantation.
Most studies were longitudinal cohort studies, assessing cognition among
a cohort of CI recipients before and once or twice after implantation
(Ambert-Dahan et al., 2017; Cosetti et al., 2016; Mosnier et al., 2015;
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F IGURE 2.2: Flowchart of the study selection process.

Sonnet et al., 2017). The follow-up period ranged from 1 to 3.7 year.
Castiglione et al. (2016) included a cross-sectional normal-hearing control
group, to which the CI recipients were compared postoperatively in terms
of cognitive performance. In the study of Jayakody et al. (2017) on the
other hand, a control group was included and assessed longitudinally.
The control group consisted of CI candidates, who met the criteria for
cochlear implantation, but had to wait six to twelve months to receive
their implant through the subsidized system. Overall, 166 patients were
included, of which 77 (46.4%) were men and 89 (53.6%) were women. Five
studies reported improvements in cognition after cochlear implantation
(Ambert-Dahan et al., 2017; Castiglione et al., 2016; Cosetti et al., 2016;
Jayakody et al., 2017; Mosnier et al., 2015). Only Sonnet et al. (2017) described a stability of cognitive performances before and after implantation.
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First, a summary of the six articles is given.

Besides the change in

cognition after cochlear implantation, some studies also investigated
change in speech perception and quality of life and the predictive impact of preoperative cognition on the postoperative speech perception
outcomes. Yet, these results are not discussed in this review, as the aim
is to review literature concerning the impact of cochlear implantation
on cognition (see eligibility criteria).

In addition, the risk of bias in

the individual studies is discussed with respect to the following topics:
(A) suitability of cognitive tests to assess cognition in severely hearingimpaired individuals, (B) control of learning effect, (C) statistical methods,
and (D) other sources of bias. A structured overview of the characteristics
of the participants and the risk of bias for each study is presented in
Table 2.1. Table 2.2 contains the cognitive outcome measurements used
in the individual studies, along with the outcomes. The cognitive tests
are classified according to the cognitive domain they mainly assess. The
list of key cognitive domains is based on the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5) (Sachdev et al., 2014).
Ambert-Dahan - 2017 Ambert-Dahan et al. (2017) included 18 adults
between 23 to 83 years old, with postlingual severe to profound sensorineural hearing loss. The mean duration of profound hearing loss was
6.5 (± 2.1) year (range: 0.3 to 35 year). The participants were excluded

from the study in case of neurological, psychiatric or visual illness. Most
participants underwent unilateral cochlear implantation and one participant underwent bilateral implantation. All entered a specific auditorycognitive training program, which was an integral part of the routine
auditory rehabilitation. This training program was aimed at developing
speech perception with the CI and cognitive abilities involved in verbal
processing (e.g. attention, verbal memory and mental flexibility). Participants’ cognition was assessed prior to and 12 months after implantation
by means of the COgnitive Disorders Examination (CODEX) (Belmin et
al., 2007) and the Montreal Cognitive Assessment (MoCA) (Nasreddine et
al., 2005). The CODEX is a three-minute test, which consists of three tasks:
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a clock drawing task, short-term memory word recall and spatiotemporal
orientation. Performance is categorized into four categories: A, B, C en D,
corresponding to a very low, low, high and very high risk of developing
dementia respectively. The MoCA is a one-page 30-point screening tool
for mild cognitive impairment. It is administered in 10 to 15 minutes and
assesses short-term memory, visuospatial abilities, executive functions,
phonemic fluency, verbal abstraction, attention, concentration, working
memory, language and orientation to time and place. Presumably due to
the small sample size and the ordinal character of the CODEX results, no
statistical analyses were performed with respect to the change in cognitive
performance. The qualitative analyses indicated that four of the eight participants with abnormal scores before implantation, improved their cognitive performance into the normal range 12 months after implantation.
On the other hand, three of the ten participants with normal preoperative
cognitive scores demonstrated a decrease in performance, but remained in
the normal range.
A Suitability of cognitive test for HI individuals
Both the CODEX and the MoCA were adapted with visual adaptation on a screen, suggesting that the tests were adequately adjusted.
However, more detailed information on the visual adaptation is not
reported.
B Control of practice effect
No control group was included to account for a possible practice
effect.
C Statistical methods
No statistical analyses were conducted on the change in cognitive
scores across both evaluations, only qualitative descriptions were
given. It is therefore unclear whether the described changes are significant or just reflect natural variation in performance.
D Other sources of bias
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The auditory-cognitive rehabilitation program itself may have a positive effect on cognition, as it is aimed at optimizing cognitive abilities needed for communication. Thus, it is not clear whether improvements in cognition could be attributed to the cochlear implantation, to the rehabilitation program or to both.

Castiglione - 2016 Castiglione et al. (2016) investigated the effects of
restoring hearing ability through hearing aids and CIs on cognitive functioning in older adults with varying degrees of hearing loss. The group of
CI recipients, consisting of 15 participants, was administered the MoCA
(Nasreddine et al., 2005) before and 12 months after implantation (for a
description of the MoCA, see ‘Ambert-Dahan - 2017’). Prior to implantation, the mean MoCA score was 25.7 (± 3.6) and after implantation 27.2
(± 3.7), which was a significant improvement (p < 0.01). Twenty normal-

hearing older adults took part in the study as the control group and were
administered the MoCA once. The postimplantation MoCA scores of the
CI recipients did not significantly differ from the MoCA score of the NH
listeners.
A Suitability of cognitive test for HI individuals
Evaluation schedules and materials were tailored to the individual
according to the hearing loss and hearing treatment program. However, no more information is given on this topic. Ten out of thirty
points to be obtained in the MoCA rely on hearing, making this
test susceptible for underestimating the cognitive performance in
hearing-impaired individuals, particularly prior to implantation.
B Control of practice effect
Although a control group was included, this control group only
completed the MoCA once (cross-sectionally). By comparing the
MoCA scores obtained in the CI recipients to those obtained in the
control group, a possible learning effect was not ruled out.
C Statistical methods
Student’s t test for paired data was used to analyze the difference in
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MoCA scores. However, a parametric test is suboptimal, given the
small sample size of 15 CI recipients.
D Other sources of bias
No other sources of bias.
Cosetti – 2016 In the longitudinal study of Cosetti et al. (2016) seven elderly women with postlingual deafness were examined prior to implantation and on average 3.7 year (range: 2 to 4.1 year) after implantation.
Patients with known neurologic disease, including dementia, cerebrovascular disease, or any process known to impair cognitive function were excluded. The most prevalent morbidity was thyroid disease (n = 6, 85.7%)
and history of breast cancer (n = 4, 57.1%). Twenty-nine years was the
mean duration of severe hearing loss (range: 8 to 53 year). All participants underwent unilateral cochlear implantation (6 right, 1 left) without
entering a postoperative rehabilitation program. An extensive cognitive
test battery was administered, comprising the Wechsler Abbreviated Scale
of Intelligence (WASI) (Wechsler, 1997), Trail Making Test (TMT) part A
and B (Tombaugh, 2004), controlled oral word association test, the Boston
naming test (Kaplan et al., 1983) and the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) (Randolph, 2012). The
WASI comprises four subtests, two of which assessing language related
abilities (Vocabulary and Similarities) and two assessing visuospatial and
constructional abilities (Block design and Matrix reasoning). The TMT is a
paper-and-pencil task in which 25 circles are distributed over a sheet of paper. In part A, the circles are numbered 1 to 25 and the participant is asked
to connect the circles in ascending order. In part B, the circles include
both numbers and letters and the participant should connect the numbers
and letters alternatively and in ascending order (1-A-2-B-3-C etc.). The
controlled oral word association test is a semantic and phonemic verbal
fluency test. The participant has to name as many exemplars of a given semantic category (animals) or as many words beginning with a given letter
(F - A - S) within one minute. The RBANS consists of twelve subtests: List
learning and Story memory (Immediate memory domain), Figure copy
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(i.e. Complex figure) and Line orientation (Visuospatial/ constructional
domain), Picture naming and Semantic fluency (Language domain), Digit
span (i.e. Digits forward) and Coding (Attention domain), List recall, List
recognition, Story recall and figure recall (i.e. Visual memory) (Delayed
memory domain). The picture naming subtest was not administered in
the study of Cosetti et al. (2016). Test results of all the subtests, 20 in total, were categorized on a 13-point ordinal continuum (-6 to 0 to +6) using
standardized age-based norms. The change in score on this ordinal scale
for each subtest was qualitatively analyzed both at the individual level
and at the sample level (i.e. averaged over the seven participants). In 14
of 20 subtests (70%) improvements were observed at the sample level.
A Suitability of cognitive test for HI individuals
Preoperatively, test instructions were given in oral and written format to avoid misunderstanding due to hearing loss. No further adjustments to the tests were reported, making it unclear whether the
required adjustments were done. Adjustments to the test items are
imperative in case of several RBANS subtests, for instance List learning (remembering 10 words), Story memory (remembering a short
story) and Digit span (recalling series of digits).
B Control of practice effect
No control group was included to account for a possible practice
effect. However, due to the long test interval of two to four years, a
significant learning effect is rather unlikely.
C Statistical methods
Only qualitative analyses were performed. It is therefore unclear
whether described changes are significant or only reflect natural
variation in performance.
D Other sources of bias
Twenty-seven patients were administered the cognitive test battery
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preimplantation, whereas only seven patients also took the postoperative assessment. Moreover, even among the seven included participants, only three completed the full test battery at both evaluations. Therefore, missing data should be considered as a risk of bias.
Jayakody – 2017 Thirty-nine participants took part in the study of
Jayakody et al. (2017): 16 CI recipients and 23 CI candidates who
had met the criteria for cochlear implantation but were to wait 6 to
12 months to receive the CI through the subsidized system.

Cog-

nition was evaluated by means of six subtests of the Cambridge
Neuropsychological Test Automated Battery (CANTAB) (Cambridge
Cognition Ltd., 2012) at baseline and six and twelve months later.
The CANTAB is a non-verbal, computerized cognitive test battery
(http://www.cambridgecognition.com/cantab). The Attention switching
task provides a measure of cued attentional set shifting. In the Delayed
matching to sample subtest a complex visual pattern is shown, followed
by four similar patterns, after a delay of 0, 4 or 12 seconds. The pattern that
exactly matches the target must be selected. The Paired associates learning
task involves memorizing the location of specific visual patterns, whereas
the Verbal recognition memory task involves memorizing 12 words under
free recall and forced recognition. In the Reaction time subtest one (for the
simple mode) or five (for the five-choice mode) circles are presented at the
top of the screen. The participant must select the circle in which a yellow
dot appears as fast as possible. The last subtest is Spatial working memory,
which measures the retention and manipulation of visuospatial information. At the twelve-months measurement, only 11 out of 16 CI recipients
and 11 out of 23 CI candidates completed the evaluation. This decrease
in sample size was partly due to CI candidates receiving their CI after 6
months of waiting. The change in performance between baseline and 6
months differed significantly between both groups (CI recipients versus
CI candidates) for the Reaction time task (simple mode) (p = 0.01) and
for two parameters of the Spatial working memory subtest (p = 0.02 and
p = 0.04). At the 12 months evaluation, the change in performance compared to baseline, was also significantly different between both groups for
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the Attention switching task (mean latency) (p = 0.04), for the Paired associates learning (p = 0.03) and the third parameter of the Spatial working
memory task (strategy) (p = 0.02). Only the change on the Verbal memory recognition task and on one parameter of the Attention switching task
(percent correct trials) did not significantly differ between the groups.
A Suitability of cognitive test for HI individuals
The CANTAB is a computerized, non-verbal test battery of cognitive
function, suitable for both normal-hearing and hearing-impaired
subjects.
B Control of practice effect
The practice effect is taken into account by including a control group
with CI candidates. Both the CI recipients group and the CI candidates group are assumed to be comparable. However, no statistical tests are performed to analyze whether the groups are indeed
comparable. Baseline hearing thresholds appear to be considerably
lower in the CI candidates compared to the CI recipients (average
baseline threshold at 0.5, 1, 2 and 4 kHz: 77.3 dB HL (± 28.3) for CI
candidates and 96.4 dB HL (± 13.1) for CI recipients) and also the duration of hearing loss is lower in the CI candidates (mean: 24.0 year
(± 21.8)) compared to the CI recipients (mean: 34.4 year (± 18.6)).
C Statistical methods
Parametric tests are used, without correction for multiple testing.
Furthermore, no mean outcomes are reported for each group, making it impossible to judge the clinical relevance of the observed significant difference between both groups.
D Other sources of bias
No other sources of bias.
Mosnier – 2015 Mosnier et al. (2015) were the first to systematically
investigate the cognitive outcomes after cochlear implantation in older
adults with modern, multi-electrode CIs.

All CI recipients entered,
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by default, the postactivation aural rehabilitation program, which involves speech perception tasks and semantic and cognitive tasks that engage memory, attention span, speed of processing, and mental flexibility.
Ninety-four older adults between the age of 65 and 85, without any major
cognitive impairment, were enrolled in the study. The average duration of
profound hearing loss at the implanted ear was 11 years (± 15.1). All but
one participant were implanted unilaterally. Only one participant received
two implants simultaneously. A cognitive test battery was administered
prior and at 6 and 12 months after surgery. The test battery consisted of
the MMSE (Folstein et al., 1975), the Five-Word Test (FWT) (Dubois et al.,
2002), Clock drawing test, d2 test of attention (Brickenkamp et al., 1998)
and TMT part A and B (Tombaugh, 2004). The MMSE is a brief quantitative assessment of cognitive function. It takes approximately 10 minutes
to administer and provides a total score ranging from 0 (impaired) to 30
(normal). Various cognitive domains are assessed: short-term memory,
orientation to time and place, attention and calculation, naming, repetition, language and visual construction. The FWT is a verbal memory test
in which a list of five words written on a sheet is given to the participant.
He or she has to read the words out loud and try to memorize them. Four
basic scores, namely free and cued immediate recall and free and cued
delayed recall (after two to five minutes), are calculated and summed to
obtain the total score. In the Clock drawing task, the subject is asked to
draw, in a circle, all the numbers as a clock face, and to set the two hands
indicating twenty minutes to four. The d2 test of attention is composed of
14 lines with 47 characters each for a total of 658 items. The items are composed of the letters d and p with one, two, three or four dashes arranged
either individually or in pairs above and below the letter. The participant
is given 20 seconds to scan each line and mark all d with two dashes. TMT
parts A and B are explained above in ‘Cosetti - 2016’. Results on each test
were classified as either normal or abnormal with respect to the normative
data. Participants were categorized in two groups for each individual test,
based on the preimplantation score for that test: participants with normal
and participants with abnormal preoperative scores for the test (number of
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participants in each group varies for each test). The participants with preoperative abnormal scores showed significant improvements in all tests
except for the Clock drawing test. The improvement was significant as
early as 6 months for the MMSE (p = 0.02), the FWT (p = 0.004), the d2
test of attention (speed) (p = 0.008), and the TMT part B (p = 0.03), and
became significant at 12 months for the TMT part A (p = 0.02) and the
number of errors on the d2 test of attention (p < 0.001). The participants
with normal preoperative scores remained stable over time for most tests.
A significant decline was observed, however, in performance on the FWT
at 6 and 12 months (p = 0.002). Also the clock-drawing test presented a
significant decline at 12 months after implantation (p = 0.046).
A Suitability of cognitive test for HI individuals
Written instructions were given. Yet, no additional adjustments at
item level were reported. In case of the MMSE, four points to be
obtained rely on hearing, which possibly causes a slight underestimation of the preoperative performance on this test.
B Control of practice effect
No control group was included to correct for a possible practice effect.
C Statistical methods
Paired-samples t test is adequate given the large sample size and the
repeated measures in the same subject. However, no correction for
multiple testing is applied. Furthermore, splitting the group based
on measurements that are part of the outcome measurements induces regression to the mean, a statistical phenomenon (Barnett et
al., 2005).
D Other sources of bias
The auditory-cognitive rehabilitation program itself may have a positive effect on cognition, as it is aimed at optimizing cognitive abilities needed for communication. Thus, it is not clear whether possible improvements in cognition could be attributed to the cochlear
implantation, to the rehabilitation program or to both.
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Sonnet – 2017 Sonnet et al. (2017) evaluated cognition among 16 older
adults with postlingual severe to profound hearing loss prior to, at 6 and at
twelve months after unilateral implantation. The mean duration of deafness was 17 years and the mean duration of hearing aid use was approximately 15 years. The cognitive test battery comprised the Mini-Mental
State Examination (MMSE) (Folstein et al., 1975), the Rey complex figure
test (Osterrieth, 1944; Rey, 1941), TMT part A and B (Tombaugh, 2004),
FWT (Dubois et al., 2002) and test de dénomination orale d’image (DO80)
(Deloche et al., 1997). A description of the MMSE, TMT part A and B and
FWT is given above in ‘Mosnier - 2015’, ‘Cosetti – 2016’ and ‘Mosnier 2015’ respectively. In the Rey complex figure test the participant is asked to
reproduce a complicated line drawing. First the participant has to make a
copy, while the figure remains on display, and after a certain interval he or
she has to redraw it from memory. In the last part of the test the participant
has to recognize the correct drawing from several similar exemplars. The
DO80 is a picture naming test. Overall, no significant changes were found
in performance on any of these cognitive tests across the three measurements. For instance, the mean MMSE score was 27.1 (± 2.1), 26.0 (± 3.0)
and 27.7 (± 1.6) prior to, at 6 months and 12 months after surgery respectively.

A Suitability of cognitive test for HI individuals
Sonnet et al. (2017) stated that, for the MMSE, written instructions
were provided to avoid wrong answers due to hearing loss. Additionally, in some patients, item 24 of the MMSE was removed, because this item involves the repeating of a sentence. Some patients
could not complete this item, possibly due to their hearing loss. The
other three items of the MMSE that rely on hearing were not removed for analysis. The other tests used in the study did not rely
on hearing, except for the instructions.
B Control of practice effect
No control group was included to account for possible practice effects.
C Statistical methods
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The use of student’s t tests for independent samples is suboptimal
due to the small sample size. Moreover, given the repeated measures
in the same subjects, tests for related samples would have been more
appropriate.
D Other sources of bias
No other sources of bias.

TABLE 2.1: Participants’ characteristics and risk of bias for the individual studies.
Ambert-Dahan
– 2017

Castiglione – 2016

Cosetti – 2016

Jayakody – 2017

RISK OF BIAS

PARTICIPANTS’
CHARACTERISTICS

6m after baseline

n
male
female
Age (year) mean (± SD)
Duration of deafness
Duration of HA use
Number of uni-/bilateral CI
Side of implantation
Level of education
(A) Suitability for HI?
(B) Control of practice effect?
(C) Statistical methods?
(D) Other sources of bias?

18
11 (61.1%)
7 (38.9%)
64 (± 3.5)
range: 23-83
3
7
3
7
7
+?
–
–
Auditorycognitive
rehabilitation
program

CI recip.

NH control

15
8 (53.3%)
7 (46.7%)
median: 71
range: 67-75
7
7
7
7
7

20
9 (45%)
11 (55%)
median: 70
range: 65-80
N/A
N/A
N/A
N/A
7
+?
–
+/–
N/A

7
0 (0%)
7 (100%)
73.6 (± 5.82)
range: 67-81
3
7
3
3
3
+/–
–
–
Many missing
data

Mosnier – 2015

Sonnet – 2017

94
45 (47.9%)
49 (52.1%)
72 (± 5.0)
range: 65-85
3
3
3
7
3

16
6 (37.5%)
10 (62.5%)
72.5 (± 5.3)
range: 65-80
3
3
3
7
7

+/–
–
+/–
Auditorycognitive
rehabilitation
program

+/–
–
+/–
N/A

12m after baseline

CI recip.

CI cand.

CI recip.

CI cand.

16
7 (43.8%)
9 (56.3%)
61.8 (± 15.6)

23
8 (34.8%)
15 (65.2%)
69.0 (± 12.4)

11
6 (54.5%)
5 (45.5%)
67.3 (± 15.9)

11
6 (54.5%)
5 (45.5%)
72.2 (± 8.3)

3
7
7
7
7

3
7
7
7
7

3
7
7
7
7

3
7
7
7
7

+
+
+/–
N/A

3: information reported, 7: information not reported, N/A: not applicable, +: no risk of bias, –: high risk of bias, +/-: moderate
risk of bias, CI cand.: cochlear implant candidate, CI recip.: cochlear implant recipient, HI: hearing-impaired, NH: normal-hearing.

TABLE 2.2: Cognitive tests and outcomes of each study, classified according to the DSM-5 neurocognitive domains.
In the outcomes column, light grey shading indicates improvement, no shading indicates no change and dark grey
shading indicates deterioration. In the last column (Specific adaptation for hearing-impaired individuals?), dark
grey shading indicates that adjustments to the test are required but not reported, whereas no shading indicates
that adjustments were not needed, or were adequately performed and reported. 1 Ambert-Dahan et al. (2017); 2
Castiglione et al. (2016); 3 Cosetti et al. (2016); 4 Jayakody et al. (2017); 5 Mosnier et al. (2015); 6 Sonnet et al. (2017) ;
COGNITIVE TESTS

OUTCOMES

SPECIFIC
ADAPTATION
FOR
HEARING-IMPAIRED INDIVIDUALS?

RBANS – List learning3

3

On average, pronounced improvement (qualitative analyses).

3

RBANS – Story memory3

3

On average, pronounced improvement (qualitative analyses).

3

On average, moderate improvement (qualitative analyses).

RBANS – List recognition3

3

On average, pronounced improvement (qualitative analyses).

RBANS – Story recall3

3

On average, moderate improvement (qualitative analyses).

CANTAB – Verbal recognition memory4

4

Learning and memory

RBANS – List

recall3

No significant change in free recall score, immediate recognition score or delayed recognition score among CI recipients, compared to CI candidates, neither at 6 or 12m post-CI.

Pre-CI, instructions were given in oral
and written format.
No additional
test adjustments were reported, although
these are needed to avoid underestimating the cognitive performance of a hearingimpaired individual.
4

Use of non-verbal test battery of cognitive function (words presented visually on
a computer screen)
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COGNITIVE TESTS

OUTCOMES

SPECIFIC
ADAPTATION
FOR
HEARING-IMPAIRED INDIVIDUALS?

Five-Word Test (FWT)5,6

5

Significant improvements at 6 and 12m post-CI (p = 0.004 and
p < 0.001, resp.), among patients with abnormal pre-CI FWT
scores. Significant decline at 6 and 12m post-CI (p = 0.002
and p = 0.002, resp.), among patients with normal pre-CI FWT
scores.

5

6 No significant change.

6

Instructions presented visually. Test items
are presented in written format in this test
(originally, no adjustments needed).

No test adjustments were reported. If patients understood the instructions, no additional adjustments were required, as the
test items are presented in written format
in this test.
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COGNITIVE TESTS

OUTCOMES

SPECIFIC
ADAPTATION
FOR
HEARING-IMPAIRED INDIVIDUALS?

WASI – Vocabulary3

3

On average, minimal improvement (qualitative analyses).

3

WASI – Similarities3

3

On average, minimal decline (qualitative analyses).

test3

3

On average, minimal improvement (qualitative analyses.

3

On average, moderate improvement (qualitative analyses).

language

Boston naming

Verbal fluency test
(semantic)3,5

5

Verbal fluency test
(phonemic)3,5

3

Pre-CI, instructions were given in oral
and written format. No additional test adjustments required.

No comparison between pre-CI and post-CI evaluation possible, due to changed lists of words (animals, vegetables, etc.).

5

3

3

On average, no change (qualitative analyses).

5

Test de dénomiation orale
d’image (DO80)6

Pre-CI, instructions were given in oral
and written format. No additional test adjustments required.

Written instructions were given. No additional test adjustments required.
Pre-CI, instructions were given in oral
and written format. No additional test adjustments required.

No comparison between pre-CI and post-CI evaluation possible, due to changed letters (P, R and V).

5

6

6

No significant change.

Written instructions were given. No additional test adjustments required.
No test adjustments were reported. If patients understood the instructions, no additional adjustments were required.
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OUTCOMES

SPECIFIC
ADAPTATION
FOR
HEARING-IMPAIRED INDIVIDUALS?

WASI – Block design3

3

On average, moderate improvement (qualitative analyses).

3

WASI – Matrix reasoning3

3

On average, moderate improvement (qualitative analyses).

RBANS – Figure copy3

3

On average, pronounced decline (qualitative analyses).

3

On average, minimal improvement (qualitative analyses).

RBANS – Figure recall3

3

On average, moderate decline (qualitative analyses).

CANTAB – Delayed matching to sample4

4

No significant change among CI recipients, compared to CI candidates, neither at 6 or 12m post-CI.

4

CANTAB – Paired-associate
learning4

4

4

Perceptual-motor function

RBANS – Line

orientation3

Significant improvement 12m post-CI (p = 0.03) in total errors
among CI recipients, compared to CI candidates.

Pre-CI, instructions were given in oral
and written format. No additional test adjustments were required.

Use of non-verbal test battery of cognitive function (words presented visually on
a computer screen).
Use of non-verbal test battery of cognitive function (words presented visually on
a computer screen).
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OUTCOMES

SPECIFIC
ADAPTATION
FOR
HEARING-IMPAIRED INDIVIDUALS?

CANTAB – Spatial working
memory4

4

Changes between baseline (pre-CI/baseline) and both 6m and
12m later were significantly different between CI recipients and
CI candidates for between errors (p = 0.02 at 6m and p = 0.03
at 12m) and for between errors four to eight boxes (p = 0.04 at
6m and p = 0.05 at 12m). CI recipients performed significantly
better. Strategy use improved significantly 12m post-CI among
CI recipients, compared to CI candidates (p = 0.02).

4

Rey complex figure test6

6

6

No significant change.

Use of non-verbal test battery of cognitive function (words presented visually on
a computer screen).

No test adjustments were reported. If patients understood the instructions, no additional adjustments were required.
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OUTCOMES

SPECIFIC
ADAPTATION
FOR
HEARING-IMPAIRED INDIVIDUALS?

RBANS – Digit span3

3

On average, minimal improvement (qualitative analyses).

3

Trail making test (TMT)
A3,5,6

3

On average, moderate decline (qualitative analyses).

3

Executive function

5

Pre-CI, instructions were given in oral
and written format.
No additional
test adjustments were reported, although
these are needed to avoid underestimating the cognitive performance of a hearingimpaired individual.
Pre-CI, instructions were given in oral
and written format. No additional test adjustments required.

Significant improvement at 12m post-CI (p = 0.02) among patients with abnormal pre-CI TMT A scores. No significant change
in patients with normal pre-CI TMT A scores.

5

6

6

No significant change.

Written instructions were given. No additional test adjustments required.
No test adjustments were reported. If patients understood the instructions, no additional adjustments were required.
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OUTCOMES

SPECIFIC
ADAPTATION
FOR
HEARING-IMPAIRED INDIVIDUALS?

Trail making test (TMT)
B3,5,6

3

3

On average, moderate decline (qualitative analyses).

5

CANTAB
–
switching task4

Attention

Clock drawing test (CDT)5

Pre-CI, instructions were given in oral
and written format. No additional test adjustments required.

Significant improvements at 6 and 12m post-CI (p = 0.03 and
p = 0.03, resp.) among patients with abnormal pre-CI TMT
B scores. No significant change in patients with normal pre-CI
TMT B scores.

5

6

6

No significant change

Written instructions were given. No additional test adjustments required.

No test adjustments were reported. If patients understood the instructions, no additional adjustments were required.

4

Significant improvement 12m post-CI (p = 0.04) in latency
among CI recipients, compared to CI candidates. No significant
change in percent correct among CI recipients, compared to CI
candidates, neither at 6 or 12m post-CI.

4

5

5

No significant change in patients with abnormal pre-CI CDT
scores. Significant deterioration at 12m post-CI (p = 0.046) in
patients with normal pre-CI CDT scores.

Use of non-verbal test battery of cognitive
function.

Written instructions were given. No additional test adjustments required.
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OUTCOMES

SPECIFIC
ADAPTATION
FOR
HEARING-IMPAIRED INDIVIDUALS?

RBANS – Coding3

3

On average, pronounced improvement (qualitative analyses).

3

CANTAB – Reaction time
(simple)4

4

Changes between baseline (pre-CI/baseline) and both 6m and
12m later were significantly different between CI recipients and
CI candidates (p = 0.01 at 6m and p = 0.03 at 12m). CI recipients
performed significantly better.

4

CANTAB – Reaction time
(five-choice)4

4

No significant change among CI recipients, compared to CI candidates, neither at 6 or 12m post-CI.

4

d2 test of attention5

5

5

Complex attention

Significant improvements in speed at 6 and 12m post-CI (p =
0.008 and p < 0.001, resp.) and significant improvement in number of errors at 12m post-CI (p < 0.001) among patients with abnormal pre-CI d2 scores. No significant change in patients with
normal pre-CI d2 scores.

Pre-CI, instructions were given in oral
and written format. No additional test adjustments required.
Use of non-verbal test battery of cognitive
function.

Use of non-verbal test battery of cognitive
function.
Written instructions were given. No additional test adjustments required.
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COGNITIVE TESTS

OUTCOMES

SPECIFIC
ADAPTATION
FOR
HEARING-IMPAIRED INDIVIDUALS?

1

Overall cognition
CODEX1

1

2/4 patients with abnormal pre-CI CODEX score, obtained normal post-CI score (no statistical analyses).

CODEX was adapted with visual presentation on a screen (no more information).

MoCA1,2

1

1

MMSE5,6

4/8 patients with abnormal pre-CI MoCA score, obtained normal post-CI score (no statistical analyses).

MoCA was adapted with visual presentation on a screen (no more information).

2

2

Significant improvement (p < 0.01).

Test materials were tailored for the individual according to their hearing loss and
hearing treatment program (no more information).

5

Significant improvements at 6 and 12m post-CI (p = 0.02 and
p = 0.01, resp.) among patients with abnormal pre-CI MMSE
scores. No significant change in patients with normal pre-CI
MMSE scores.

5

6

6

No significant change (on average: decrease at 6m, increase at
12m post-CI).

Written instructions were given. No additional test adjustments were reported, although these are needed to avoid underestimating the cognitive performance of a
hearing-impaired individual.
Written instructions were provided. Item
24 (repeating a sentence) removed in some
patients. No additional adjustment reported.
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Discussion

The aim of this review was to assess the existing literature on the cognitive
outcomes after cochlear implantation with a multi-electrode implant in
older adults. Six pioneering articles have been found eligible, including
a total of 166 CI recipients. Of the six selected articles, five reported
improvements in cognition after the implantation across all cognitive
domains: learning and memory, language, perceptual-motor function,
executive function and complex attention (Ambert-Dahan et al., 2017;
Castiglione et al., 2016; Cosetti et al., 2016; Jayakody et al., 2017; Mosnier
et al., 2015). Only one study, the one by Sonnet et al. (2017), observed no
significant change in cognitive performance after implantation. However,
the risk of bias appeared to be considerably high in most studies.
First of all, the suitability of the cognitive tests utilized to examine
cognition among hearing-impaired subjects could not be assessed thoroughly in several studies, due to the lack of detailed information on
the adaptation of verbal (sub)tests. Only for one study (Jayakody et al.,
2017) we could state with certainty that the used cognitive test battery
was adequate for the hearing-impaired.

In this study, a non-verbal,

computerized cognitive test battery was used, the CANTAB. In another
study (Ambert-Dahan et al., 2017), the two cognitive tests (MoCA and
CODEX) were reported to be adapted with visual presentation on a
screen. More detailed information is missing however, which makes it
difficult to evaluate the appropriateness of the adaptation. Castiglione
et al. (2016) reported that test materials were tailored for the individual
according to their hearing loss and hearing treatment program, without
any more detail about this tailoring.

Does this mean that both the

instructions and the test items that rely on hearing were presented in
written format, or that just the test instructions were presented visually,
or something else? In the three other studies, at least one (sub)test was not
appropriate for hearing-impaired participants, based on the information
obtained from the manuscript. In general, the instructions appeared to
have been adequately visually presented to the hearing-impaired subjects
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in all studies (except for Sonnet et al. (2017), who did not describe this
adaptation in the manuscript). Yet, in most studies at least one (sub)test
was not entirely appropriate for hearing-impaired participants or for at
least one (sub)test it was unclear whether the required adaptations were
adequately done.
If, for instance, a verbal memory test is administered to a person
with a hearing loss, this person may not perceive the to-be-remembered
words and may, as a consequence, not perform at his level (Dupuis
et al., 2015). Moreover, even if the hearing-impaired person can hear the
words, it may have required more effort to correctly perceive them, which
leaves less cognitive resources available for the process of remembering
(Pichora-Fuller et al., 2016). This, in turn, may also lead to an underestimation of the cognitive abilities of a hearing-impaired person. Since a
CI improves hearing and speech perception (Clark et al., 2012; Cosetti
et al., 2015), the negative effect of the hearing loss is likely to be greater
before than after implantation. Therefore, by selecting an inadequate
cognitive assessment tool or by not adequately modifying an existing
test, an improvement in postimplantation test score may be generated by
improved hearing rather than by improved cognition.
A second risk of bias relates to the control of practice effects.

Since

the CI recipients were tested more than once, the test scores may be inflated due to practice effects. One study (Jayakody et al., 2017) controlled
for the practice effect by including a control group of CI candidates who
were tested at the same intervals. Significant differences were observed
in change of cognitive performance between the interventional and the
control group. The authors assumed both groups to be similar, but the
baseline hearing thresholds were considerably lower and the duration of
hearing loss was substantially shorter in the control group compared to
the interventional group of CI recipients. Despite these noticeable differences, no statistical tests were run to explore the similarity of both groups.
As a consequence, it remains unclear whether both groups were indeed
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comparable in terms of preoperative hearing capabilities and hearing status, cognition, etc. Castiglione et al. (2016) also included a control group,
consisting of normal-hearing older adults. However, this control group
was only tested once and was not enrolled to control for possible practice
effects. The other four studies did not include a control group (AmbertDahan et al., 2017; Cosetti et al., 2016; Mosnier et al., 2015). Especially the
studies of Mosnier et al. (2015) and Sonnet et al. (2017) are susceptible for
practice effects, because of the three measurements within a 1-year period.
It is important to note however, that the inclusion of a comparable
control group is not at all straightforward. A randomized controlled design, in which eligible CI candidates are randomly assigned to either the
interventional group or the control group, would be ideal to investigate
the effect of cochlear implantation on cognition. Yet, not giving a CI to
patients who do meet the criteria for cochlear implantation is far from
ethical. Another way of implementing a control group, is making use
of the existing waiting period for CI subsidy, as Jayakody et al. (2017)
did. Patients who are waiting for the subsidy take part in the control
group and are tested at the same interval as the CI recipients. This closely
resembles a delayed-start study design (D’Agostino, 2009). Although this
design is superior to a cohort study, it has several limitations. The most
important being the lack of long-term follow-up data. Indeed, the waiting
period is limited to six up to twelve months. This makes a comparison
between CI candidates and CI recipients more than one year after the
baseline evaluation impossible, as the CI candidates are all CI recipients
themselves by then. Enrolling patients into the control group who almost,
but not yet, meet the inclusion criteria for cochlear implantation, may be
another way to control for practice effects. Yet, this holds an intrinsic bias,
as the control group and the interventional group are not exactly the same
in terms of hearing capabilities. Nevertheless, this may yield interesting
information. Another, more feasible method to minimize practice effects
is the use of equivalent alternate forms of a cognitive test. However, no
use of alternate forms was reported in any of the six studies, except for
the verbal fluency test in Mosnier et al. (2015). However, this test was
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eventually excluded from the analyses, exactly because of the different
normative data for each version, which made comparison of the scores
impossible.
The statistical methods involve a third risk of bias.

First of all, two

studies (Ambert-Dahan et al., 2017; Cosetti et al., 2016) did not perform
statistical analyses to investigate the change in cognition after cochlear
implantation. They only described the results qualitatively. It is therefore
not possible to decide whether the observed improvements in cognition
are significant, or simply resemble variation by nature and other confounding effects, such as practice effects. All other studies performed
parametric analyses, although this was only appropriate in the study of
Mosnier et al. (2015). To be precise, the sample sizes of the other three
studies were too small to use parametric tests (Castiglione et al., 2016;
Jayakody et al., 2017; Sonnet et al., 2017). In two studies (Jayakody et al.,
2017; Mosnier et al., 2015), correction for multiple testing was required,
but not applied. Furthermore, Jayakody et al. (2017) reported significant
differences in the change in performance between the CI recipients and
the CI candidates. However, descriptive data of the cognitive variables
(e.g. the mean and standard deviation before and after implantation
for each group) were not reported, making it impossible to compare the
performance of both groups at the start and end point and to estimate the
clinical relevance of these significant differences between the evolution
of both groups. Finally, Mosnier et al. (2015) split the sample of 94 CI
recipients into two subgroups based on preoperative measurements for
each individual test: one group with normal preoperative results for the
given test, and one group with abnormal preoperative results for that
test. Categorizing the participants into groups based on their baseline
measurements compounds the effect of regression to the mean (Barnett
et al., 2005). This statistical phenomenon happens because measurements
are observed with random error. Consequently, unusually poor or superior performances tend to be followed by performances that are closer to
the mean. This can make natural variation in repeated data look like real
change or can make the real change being overestimated. For instance,
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for the Five-word test in the study by Mosnier et al. (2015) a significant
increased performance was demonstrated in the preoperatively poorest
performing group and a significant declined performance in the preoperatively best performing group. Considering the effect of regression to
the mean, it is fairly well possible that one analysis for the whole group
ended up in stable results. Analogously for the other tests, the observed
change in the preoperatively poorest performing group is likely to be
affected by regression to the mean.
Other sources of bias are the large number of missing data in the
study of Cosetti et al. (2016) and the postoperative auditory-cognitive
rehabilitation program in the studies of Ambert-Dahan et al. (2017) and
Mosnier et al. (2015). This program is an integral part of the clinical
practice involving cochlear implantation. It focuses on optimizing speech
perception with the CI speech processor and improving cognitive abilities
required for communication. It is not improbable that this program has
a direct positive influence on cognitive performance (Martin et al., 2011;
Sharma et al., 2016; Verhaeghen et al., 1992). Furthermore, the follow-up
period of all studies is rather short, ranging from 1 year (in all but one
study) to 3.7 year (Cosetti et al., 2016). As age-related cognitive decline
progresses gradually, a longer follow-up period is essential to understand
the cognitive evolution after cochlear implantation in older adults.
In Figure 2.1, three hypotheses are presented with regard to the cognitive outcomes after cochlear implantation. The results, as reported by
the authors of the six selected articles, best match the third hypothesis, in
which an increase in cognition and an age-appropriate speed of decline is
induced by the cochlear implantation. However, after critically reviewing
these studies, the risk of bias is found to be high in most studies. Detailed
information on the adaptation of the cognitive tests for hearing-impaired
subjects is frequently lacking, practice effects are not taken into account in
most studies and statistical analyses are missing or suboptimal. One study
appears to stand out, in that it made use of a clearly defined non-verbal
cognitive test battery and that it enrolled a control group. However, even
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in this study the statistical data are incomplete and the sample size is too
small to provide conclusive evidence of an increase in cognitive outcomes
after cochlear implantation in older adults. More, well-designed studies
with long follow-up periods are, therefore, imperative to verify whether
(and how) cochlear implantation influences cognition in older adults.

2.6

Conclusion

Although five out of six studies investigating the cognitive outcomes after
cochlear implantation in older adults reported improved cognition after
implantation across a variety of cognitive domains, the results were exposed to several risks of bias and are, therefore, considered inconclusive.
By highlighting the limitations of the existing literature, this reviews aims
to stimulate new research to (1) use appropriate cognitive assessment tools
in hearing-impaired individuals and, if applicable, to describe the modifications in detail, (2) to attempt to control for practice effects, for instance
by using alternate forms of a test, and (3) to perform appropriate statistical tests, given the characteristics of the sample, and to report both the
outcomes of the statistical tests and the descriptive values (e.g. mean and
standard deviation).
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Abstract

Background Currently, an independent relationship between hearing
loss and cognitive decline in older adults is suggested by large prospective studies. In general, cochlear implants improve hearing and quality
of life (QoL) in severely to profoundly hearing-impaired older persons.
However, little is known about the effects of cochlear implantation on the
cognitive evolution in this population.
Aim of the study The primary goal of this prospective, longitudinal cohort study is to explore the cognitive profile of severely to profoundly
postlingually hearing-impaired subjects before and after cochlear implantation. In addition, the current study aims to investigate the relationship
between the cognitive function, audiometric performances, QoL and selfreliance in these patients.
Materials and methods Twenty-five patients aged 55 or older, scheduled
for cochlear implantation, will be enrolled in the study. They will be examined prior to implantation, at six and twelve months after implantation
and annually thereafter. The test battery consists of (1) a cognitive examination, using the Repeatable Battery for the Assessment of Neuropsychological Status adapted for Hearing-impaired persons (RBANS-H), (2)
an audiological examination, including unaided and aided pure tone audiometry, speech audiometry in quiet and speech audiometry in noise, (3)
the administration of three questionnaires evaluating QoL and subjective
hearing benefit and (4) a semi-structured interview about the self-reliance
of the participant.
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Discussion Up until now only one study has been conducted on this
topic, focusing on the short-term effects of cochlear implantation on cognition in older adults. The present study is the first study to apply a comprehensive neuropsychological assessment adapted for severely to profoundly hearing-impaired subjects in order to investigate the cognitive capabilities before and after cochlear implantation.
Trial registration The present protocol is retrospectively registered at
Clinical Trials (ClinicalTrials.gov) on June 9th , 2016. The first participant
was enrolled on June 22nd , 2015. The protocol identifier is NCT02794350.
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Introduction

Over the past decade the relationship between hearing loss and cognitive
decline in the older population has gained more research interest. Large
prospective studies have found an independent relationship between
hearing loss on the one hand and age-related cognitive decline and
incident dementia on the other hand (Gallacher et al., 2012; Gurgel et al.,
2014; Lin et al., 2011a; Lin et al., 2013). The basis of this association
remains unclear. For instance, hearing loss may accelerate cognitive decline in older adults and therefore may be a risk factor of this pathology.
Alternatively, hearing loss could be an early symptom of cognitive decline
and could be an effect rather than a cause of the cognitive impairment. A
common cause that influences both pathologies may be a third underlying
mechanism of the association between hearing loss and cognitive decline
(Martini et al., 2014; Peracino, 2014). As hearing aids can improve the
hearing and contribute to reestablishing the individual’s participation
in society, they could have a positive effect on the expected trajectory
of cognition. However, the results of studies investigating the effect of
hearing aids on cognitive function in older adults are variable (Acar et al.,
2011; Allen et al., 2003; Amieva et al., 2015; Dawes et al., 2015; Kalluri
et al., 2012; Magalhaes et al., 2011; Meister et al., 2015; van Hooren et al.,
2005). Moreover, in case of a positive relationship between hearing aid use
and cognition, the direction of causality is not clear. Rather than hearing
aid use improving cognitive abilities, individuals who are cognitively
well-functioning, may tend to seek and obtain hearing aids more often
(Dawes et al., 2015). Very limited research has been conducted concerning
the impact of cochlear implantation on the cognitive capabilities of older
adults. Miller et al. (2015) provided an overview of existing literature on
the question as to whether cochlear implantation in older adults with a
severe to profound hearing loss modifies the expected evolution of cognitive decline. Based on the reviewed articles, the authors concluded that
there is a lack of well-designed prospective studies evaluating changes
in cognition after cochlear implantation. Recently, Mosnier et al. (2015)
published a multi-center, prospective, longitudinal study concerning
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the impact of cochlear implantation on the cognitive capabilities in 94
adults aged 65 to 85 years. The investigators established improvements in
preoperatively impaired cognitive capabilities at six months and one year
after implantation.
The first goal of this longitudinal cohort study is to explore prospectively the cognitive profile of severely to profoundly hearing-impaired
patients aged 55 or more, before and after cochlear implantation, both in
the short term and the long term. Secondly, the aim is to investigate the
relationship between the cognitive function, audiometric performances,
quality of life (QoL) and self-reliance in these patients.

3.3
3.3.1

Materials and methods
Study protocol

This is a single-center, currently ongoing study, conducted at the Rehabilitation Center for Communication Disorders of the Department
of Otorhinolaryngology of the Antwerp University Hospital, Belgium.
Subjects are invited to participate in the study if they meet the following
inclusion criteria: (1) The subject meets the Belgian national criteria for
reimbursement of a cochlear implant (CI), (2) the subject suffers from a
postlingual hearing impairment, (3) the subject is scheduled for a first
cochlear implantation and (4) the subject is aged 55 or older. The national
criteria for reimbursement of a CI are (A) bilateral severe to profound
hearing loss (pure tone average at 500, 1000 and 2000 Hz equal to or
exceeding 85 dB HL), (B) brainstem evoked response audiometry results
in a threshold of peak V at 90 dB nHL or more and (C) speech recognition
scores of 30% or less for Dutch open-set monosyllabic words presented
at 70 dB SPL in quiet in the best-aided condition. Subjects who do not
meet the national criteria for reimbursement and pay the implantation
themselves are not included in the study. The case is multidisciplinary
evaluated, all contra-indications for cochlear implantation are to be taken
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TABLE 3.1: Overview of the preoperative and postoperative assessments.
Preoperatively

Postoperatively
(6 months, 12 months, yearly)

Cognition

RBANS-H

RBANS-H

Tone audiometry

Tone audiometry

- unaided (inserts)

- unaided (inserts)

- aided (free field)

- aided (free field)

Speech audiometry in quiet (NVA)

Speech audiometry in quiet (NVA)

- unaided (headphones)
MOM

- aided (free field)

- aided (free field)

Speech audiometry in noise (LIST)

Speech audiometry in noise (LIST)

- unaided (headphones)
- aided (free field)

- aided (free field)

HISQUI19

HISQUI19

Questionnaires

Questionnaires

Subjective benefit

- NCIQ

- NCIQ

Self-reliance

- SSQ12

- SSQ12

CI usage

- HADS

- HADS

Interview

Interview

into account and the expectations of the person towards the rehabilitation
process and the outcomes are thoroughly discussed by the clinician to
remain realistic.
The participants are evaluated by an experienced, Good Clinical Practice
certificated audiologist (Master of Science) prior to implantation and
subsequently six months and twelve months after activation of the speech
processor and annually from then on (Table 3.1). The test battery consists
of a cognitive assessment to evaluate five different cognitive domains, an
audiological examination, three questionnaires to assess the impact of the
hearing disability and QoL, and a semi-structured interview in which the
self-reliance of the patient is discussed.
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Primary outcome measurement: RBANS-H

The primary outcome measurement is the change in cognitive capabilities following implantation, as measured by means of the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) (Randolph
et al., 1998), adjusted to test Hearing-impaired subjects (RBANS-H). The
RBANS assesses five cognitive domains, i.e. Immediate memory, Visuospatial/constructional, Language, Attention and Delayed memory (Table 3.2). The
test consists of twelve subtests and the score on each subtest contributes to
one of the five domains. The Dutch version of the original English RBANS
is obtained by the process of forward-backward translation. In order to
test subjects with a severe hearing impairment a number of adjustments
to the standard RBANS had to be made (Phillips, 2016). The administration of the test is accompanied by the use of a PowerPoint presentation
shown on an external computer screen connected to a laptop. By means
of this presentation all the oral instructions are supported by written explanations to ascertain that the subject understands the instruction even
though he or she does not hear what is being said. In addition, the stimuli
in the subtests List learning, Story memory, Digit span and List recognition
are not only presented auditorily but also visually, making it possible to
test the subject in the same reliable way before and after implantation. All
the adjustments were made in accordance to the guidelines of the RBANS,
as discussed in the manual on page 15 ‘Testing Examinees With Physical
or Language Impairments’ (Randolph, 2012). The RBANS was ordered
on the website of Pearson Clinical (www.pearsonclinical.com). RBANS-H
record form A can be found in Appendix A.
The domain Immediate memory consists of two subtests: List learning and
Story memory. In the first subtest, ten semantically unrelated words are
orally and visually presented to the subject. The words are presented
on an external screen in lowercase letters at a two-second rate. Within
the two-second period the item is visible to the subject for 1.25 seconds,
followed by a 0.75-seconds interval between the items. The examiner
reads the words aloud when they appear on the screen so the subject
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TABLE 3.2: The five cognitive domains and twelve subtests of the RBANS.
Immediate memory
List learning (1)
Story memory (2)

Visuospatial/
constructional
Figure copy (3)
Line orientation (4)

Language

Attention

Delayed memory

Picture naming (5)
Semantic fluency (6)

Digit span (7)
Coding (8)

List recall (9)
List recognition (10)
Story recall (11)
Figure recall (12)

receives audio-visual information. The subject is asked to repeat as many
words as possible after each of four learning trials. In the second subtest,
Story memory, a twelve-item short story is presented over two trials.
The story is presented visually in three separate parts and read aloud
simultaneously at a slow reading speed. After each presentation the
subject is asked to recall as much of the story as he or she can remember.
A verbatim criterion is used.
The next two subtests, Figure copy and Line orientation (Appendix B,
Figure B.1 and Figure B.2, resp.), contribute to the second cognitive
domain Visuospatial/constructional. The first subtest involves copying a
geometric figure comprising ten parts, each evaluated for correctness and
completeness on the one hand and proper location in relation to the rest of
the figure on the other hand. The figure remains visually available while
copying. In the second subtest of the Visuospatial/constructional domain,
a series of thirteen identical lines, radiating out from a single point and
spanning 180 degrees, are shown. Below this semi-circular, fan-shaped
pattern of numbered lines (1 - 13), two lines of equal length that match
two of the lines from the array are displayed. The subject is asked to give
the numbers or point to the two lines that are identical in orientation to
the two target lines.
The cognitive domain Language includes the subtests Picture naming
(Appendix B, Figure B.3) and Semantic fluency. In the first subtest, ten
line drawings are to be named by the subject. In case of an obvious
misperception, a semantic cue is given. The second subtest involves
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the generation of as many examples as possible from a given semantic
category such as fruits and vegetables within one minute.
The subtest Digit span and the subtest Coding contribute to the domain Attention. The first of these two subtests is comparable to the subtest
Digits forward on the Wechsler Adult Intelligence Scale (WAIS) (Wechsler,
1955). In this test, a string of digits is read aloud and simultaneously
shown on the computer screen. Each digit is visible for one second with
a 0.75-second interval between the digits. The subject is asked to repeat
the string in the same order. The length of the string increases by one,
from two to nine digits. Two strings are provided for each length, but
the second string of the same length is only read if the first one failed.
In the subtest Coding, a page filled with symbols is presented to the
subject and the subject is asked to fill in the number corresponding to
each symbol using the key on top of the page. In this key the nine simple
symbols are represented horizontally with the corresponding number (1
- 9) underneath it. The score is calculated as the total number of items
correctly completed within 90 seconds.
The domain Delayed memory comprises four subtests: List recall, List
recognition, Story recall and Figure recall. In the List recall subtest, the
subject is asked to recall as many words as he or she can remember from
the list of ten words learned previously in the List learning subtest. In the
subtest List recognition, twenty words are audio-visually presented to the
subject of which ten words were on the original list (targets) and ten were
not (distractors). The twenty words in this test are transcribed on the
screen. The examiner shows the next word at a variable speed depending
on the reaction speed of the subject and reads the word aloud when it is
shown on the screen. The subject is asked to declare whether each word
was on the original list or not. In the Story recall subtest, the subject is
asked to recall as many details as he or she can from the story learned in
the Story memory subtest. In the last subtest, Figure recall, the subject is
asked to draw all the elements of the figure from the Figure copy subtest
that he or she can recall without visual display of the figure.
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Secondary outcome measurements

Audiological examination
In all subjects an audiological follow-up test is performed which is called
the Minimal Outcome Measurements (MOM) (Kleine Punte et al., 2013)
(Table 3.1). This examination includes pure tone audiometry, speech audiometry in quiet, speech audiometry in noise performed in a sound booth
and the Hearing Implant Sound Quality Index (HISQUI19) (Amann et al.,
2014).
Unaided and aided hearing thresholds According to current clinical
standards (ISO 8253-1, 2010), unaided pure tone audiometry for air conduction is performed at 125, 250, 500, 1000, 2000, 3000, 4000, 6000 and
8000 Hz using a 2-channel Interacoustics AC-40 audiometer and insert earphones in a sound treated booth. Bone conduction thresholds are tested
at 250, 500, 1000, 2000, 3000 and 4000 Hz. The best-aided thresholds with
hearing aid(s) and/or CI are measured through free field audiometry with
warble tones. The loudspeaker is placed at a distance of one meter in front
of the subject at ear level. The thresholds are tested at 125, 250, 500, 1000,
2000, 3000, 4000, 6000 and 8000 Hz. If the subject wears two hearing systems, either two hearing aids (preoperatively) or a hearing aid and a CI
(postoperatively), the benefit with each hearing system separately is measured as well.
Speech audiometry in quiet Speech reception in quiet is measured using the Dutch open-set NVA lists developed by the Nederlandse Vereniging voor Audiologie (NVA) or Dutch Society for Audiology (Bosman et
al., 1995; Wouters et al., 1994). Each list consists of twelve monosyllabic
words (consonant-vowel-consonant) of which one is a training item. One
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list is presented at 65 dB SPL, by means of headphones (unaided, preoperatively) or in free field (aided, pre- and postoperatively) with a loudspeaker at 0 azimuth. The speech recognition score is the percentage of
correctly identified phonemes.
Speech audiometry in noise The speech reception in noise is assessed by
means of the Leuven Intelligibility Sentences Test (LIST) using an adaptive
procedure (van Wieringen et al., 2008). This speech material is developed
to quantify the speech understanding in subjects with severely impaired
hearing. The frequency spectrum of the noise signal is equal to the longterm average speech spectrum of the sentences. The level of the noise is
fixed at 65 dB SPL, while the level of the speech signal is altered depending
on the response of the patient. If the subject repeats the keywords of the
sentence correctly, the level of the next sentence is decreased by 2 dB SPL.
If the subject fails to repeat the keywords, the level is increased by 2 dB
SPL. Each list consists of ten sentences and the speech reception threshold
(SRT) is calculated as the mean level of the last five sentences together with
the level of the imaginary 11th sentence of the list. This speech in noise test
is performed preoperatively in an unaided situation using headphones
and both pre- and postoperatively in an aided, free field situation with the
loudspeaker in front of the subject at a distance of one meter.
Questionnaires
HISQUI19 The HISQUI19 is a 19-item questionnaire to quantify the degree of self-perceived auditory benefit experienced by CI users in everyday communication situations (Amann et al., 2014). The 19 items are rated
on a 7-point Likert scale ranging from always (99%) to never (1%). To calculate the overall score the corresponding numerical value of each item
(from always = 7 to never = 1) is added. Uncompleted items and the response option ‘not applicable’ correspond to 0 in this calculation. A total
score of less than 30, 30 to 59, 60 to 89, 90 to 109 and 110 to 133 is respectively classified as a very poor, poor, moderate, good and very good
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self-perceived auditory benefit. The validated Dutch version of the questionnaire is used (Mertens et al., 2015).
NCIQ

The Nijmegen Cochlear Implant Questionnaire (NCIQ) is a Dutch

self-assessment health-related QoL instrument developed for use in CI
users (Hinderink et al., 2000). The questionnaire consists of sixty questions divided into three principal domains: Physical, Psychological and
Social. The first domain comprises three subdomains, namely Basic sound
perception, Advanced sound perception and Speech production. The Psychological domain contains the subdomain Self-esteem and the Social domain handles questions about Activity limitations and Social interactions.
Each subdomain covers ten statements. Each statement is rated on a 5point Likert scale ranging from ‘Never’ to ‘Always’ (Statement 1 – 55) or
from ‘No’ to ‘Quite well’ (Statement 56 – 60).
SSQ12

The SSQ12 (Noble et al., 2013) is a short form of the Speech, Spa-

tial and Qualities of Hearing scale (Gatehouse et al., 2004). It is developed
for use in clinical research and rehabilitation settings to measure a range of
hearing disabilities across several domains such as speech in noise, speech
in speech, localization, distance and movement, segregation and listening
effort. The twelve items of this questionnaire are rated on a visual analog
scale from 0 to 10 and the overall score is calculated by taking the average
of the scores on these twelve items.
HADS To detect states of depression and anxiety the Hospital Anxiety
and Depression Scale (HADS) is used (Zigmond et al., 1983). This selfassessment questionnaire consists of seven items in the subscale Depression and seven items in the subscale Anxiety and distinguishes clearly
between both emotional disorders.
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Interview
In a semi-structured interview, the following topics are covered: Hearing
loss, Education and profession, Rehabilitation, Self-reliance and Family. A
detailed overview of the different items discussed in the interview is given
in Table 3.3.

Hearing loss

Education and profession

Onset

Years of formal education

Preoperative

Housing

Birth order

Cause

Degree of studies

Postoperative

Mobility

Number of (grand)children

Device use

Profession

Eating and cooking

Number of siblings

Tinnitus

Rehabilitation

Self-reliance

Family
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TABLE 3.3: The five main topics and the different items discussed in the semi-structured interview.

Personal hygiene
House holding
Sense of danger
Communication
Activities
Participation in society
Mental and fysical health
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Stepwise procedures

The MOM, consisting of unaided and aided audiometry, speech audiometry in quiet, speech audiometry in noise and the HISQUI19, are part
of the standard clinical practice of care and follow-up of CI users in
the Antwerp University Hospital. These measurements are performed
preoperatively, at three, six and twelve months after activation of the
speech processor and from then on annually. If the subject agrees to
participate in the study, the RBANS-H, the semi-structured interview
and the three questionnaires, NCIQ, SSQ12 and HADS, are added to the
standard follow-up procedure preoperatively, at six and twelve months
after activation of the speech processor and annually onwards, without
additional appointments.
The three questionnaires are sent by mail to the participants two
weeks prior to the appointment. The participants are asked to fill out
these questionnaires at home and return them at the time of the testing.
During the appointment the MOM are performed first, in the previously
listed order. The MOM is followed by the cognitive assessment and the
semi-structured interview. At the end of the appointment the examiner
verifies whether the questionnaires are fully completed by the participant.
The complete testing takes approximately one and a half to two hours. In
the case of a postoperative appointment, the speech processor is fitted, if
needed, prior to the MOM.

3.3.5

Ethics

This study is carried out in accordance with the recommendations of
the ethics committee of the Antwerp Univerity Hospital with written informed consent from all subjects. All subjects give written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the ethics committee of the Antwerp University Hospital (protocol number 15/17/181) on June 15th , 2015.
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Statistics and anticipated results

The sample size calculation is based on the primary outcome variable,
RBANS-H total score. A sample of 19 persons is needed to obtain 80%
power using a paired t test to detect a Cohen’s d of 0.7 at an alpha level
of 0.05. Due to the age of the study population and the duration of the
longitudinal study, a 20% dropout rate is taken into account. The targeted
total sample size is therefore adjusted to 25.
Descriptive statistics will be used to summarize the mean/median,
standard deviation and possible ceiling or floor effects of the different
variables. The effect of the treatment on the primary outcome will be modeled using linear mixed models. Post-hoc comparisons will be carried out
to test for differences in outcomes between the different time points, using
Tukey’s correction for multiple comparisons. In order to avoid statistical
threats such as regression towards the mean, data will be analyzed as a
whole, and not split up into groups based on the cognitive performances.
The most recent version of IBM SPSS Statistics (IBM; Armonk, NY) and R
(R Development Core Team; Vienna, Austria) will be used for the analyses.
Given the previous study conducted by Mosnier et al. (2015) it is
hypothesized that, in general, the cognitive abilities of the older adults
will increase at six and twelve months after implantation. After this
initial increase a gradual decrease in cognition is expected, similar to the
age-related cognitive decline in normal hearing subjects. In other words,
the authors expect the RBANS-H total percentile to increase during
the first year after implantation, i.e. the hearing-impaired participants
will catch-up with the normal hearing norm group of the RBANS, and
stabilize over the next nine years, i.e. the hearing-impaired participants
will show a cognitive decrease similar to the norm group.
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Data management

In order to enter and store the data in a secure, efficient and clean manner, OpenClinica LLC is used. This is a software package for electronic
data capture and data management developed for clinical research. This
database is protected by a combination of user IDs and passwords and is
only accessible to the principal investigators. Validation checks (e.g. range
checks) for data values are programmed in order to minimize the number
of mistakes while entering data. The information collected from this study
is kept confidential. Individual information and results in the database are
coded and only the researcher knows which code refers to which subject.
The information is not shared with or given to anyone.

3.4

Discussion

The primary aim of this prospective, longitudinal cohort study is to
investigate the cognitive profile in older adults aged 55 or more with a
profound hearing loss before and after cochlear implantation, both in
the short and the long term. Secondly, due to the extensive audiological,
cognitive and qualitative examination, the current study also provides
the opportunity to explore the relationship between the cognition, audiometric performances, QoL and self-reliance in these patients. Before these
research questions can be tackled, the feasibility and the validity of the
RBANS-H to test hearing-impaired older adults will be evaluated with
regard to the following three questions: Are the written instructions clear
to the participants? Do the modifications in the subtests List learning, Story
memory, Digit span and List recognition make it possible for the patients
to fulfill these subtests? Is the RBANS-H sufficiently sensitive to detect
changes in this population?
To the best of our knowledge, only one study, conducted by Mosnier et al.
(2015), investigated the effect of cochlear implantation on cognition in 94
subjects aged 65 or older. They used a test battery comprising six tests:
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Mini-Mental State Examination (MMSE) (Derouesne et al., 1999; Folstein
et al., 1975; Lechevallier-Michel et al., 2004), 5-word test (Cowppli-Bony
et al., 2005; Dubois et al., 2002; Grober et al., 1988), clock-drawing test
(Solomon et al., 1998), verbal fluency test (Cardebat et al., 1990), d2 test
of attention (Brickenkamp et al., 1998), and trail making test (Tombaugh,
2004). By means of these tests, attention, memory, orientation, executive
function, mental flexibility and fluency were assessed. These tests were
performed preoperatively and at six and twelve months postoperatively.
Mosnier et al. (2015) concluded that hearing rehabilitation through
cochlear implantation results in improvements of cognitive abilities:
more than 80% of the subjects with the poorest cognitive scores preoperatively improved their cognitive function significantly one year after
implantation. In contrast, the cognitive capabilities of the majority of the
subjects with normal scores preoperatively did not change significantly
postoperatively. However, in 24% of these subjects a slight but significant
decline in cognitive function was observed after the implantation.
The current study shares a comparable purpose as the study of Mosnier
et al. (2015). Therefore, the study protocol of the current study is similar to
the study protocol of Mosnier et al. (2015) with regard to the overall study
design: both are prospective, longitudinal cohort studies concerning
the cognitive functions of hearing-impaired older adults with fixed test
moments before implantation and at six and twelve months after implantation. Cognition, audiological performances and QoL are investigated
in both studies.

However, the current study aims to investigate the

cognitive trajectory not merely in the short term, but also in the long
term, up to ten years after implantation. Furthermore, in order to detect
mild cognitive impairments at an early age, subjects of 55 to 65 years
old are included as well. Finally, the major added value of the current
study is that it does not make use of a composite test battery, but that it
uses instead a comprehensive test, the RBANS-H, a cognitive assessment
adjusted for use in hearing-impaired subjects. This test makes it possible
to calculate one total score of overall cognition, and also provides the
opportunity to calculate the index scores per domain Immediate memory,
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TABLE 3.4: A schematic representation of the comparison between MoCA and RBANS.
MoCA

RBANS

Languages

>50 languages

English and Spanish

Public domain?

Yes

No

Duration

10 to 15 minutes

Differentation
in
level of cognition

Normal OR mild cognitive
impairment (screening)

Index scores per cognitive domain

No

± 30 minutes
Normal TO moderately severe dementia (scaled scores
and percentiles with extensive normative data)
Yes (5)

Sensitivity to change

Limited

Good

Visuospatial/constructional, Language, Attention and Delayed memory. The
RBANS is sensitive to detect mild cognitive impairments in individuals
aged 12 to 89 providing extended normative data per age category (12-13,
14-15, 16-19, 20-39, 40-49, 50-59, 60-69, 70-79, 80-89). The test effectuates
the possibility to differentiate in a wide range from normal to moderately
severe cognitive impairments. Another major advantage of the RBANS
is that this test has a good sensitivity to change with 90% and 95%
confidence intervals provided for the total score as well as each index
score. The test is validated and available in English and Spanish, and easy
to translate to other languages through the process of forward-backward
translation. It takes around 30 minutes to administer the RBANS.
In contrast to the RBANS, the screening test Montreal Cognitive Assessment (MoCA) merely takes 10 to 15 minutes to administer and can
be downloaded online for free (www.mocatest.org). However, screening
tests such as MoCA are less sensitive and only differentiate between
normal and abnormal cognitive function. In Table 3.4 a summary is given
of the advantages and the limitations of the MoCA and the RBANS.
Adding visual support to the subtests List learning, Story memory, Digit
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span and List recognition was considered necessary to test the hearingimpaired subjects in a reliable and identical manner before and after
implantation and to ascertain that a possible improvement on the cognitive test cannot be attributed to the improved hearing with the CI
(Phillips, 2016).

According to the study of Delogu et al. (2009), the

addition of visual stimulation in a verbal auditory memory task has no
significant effect on the number of words repeated by the subjects. Since
the auditory presentation is dominant in the case of verbal stimuli and
there is no additional benefit from a bimodal (written and spoken) encoding of words, the modifications performed in this study are hypothesized
to have little impact on the results. Nevertheless, these modifications may
still have a small effect on the test scores and may invalidate the rigid use
of the norms. By exploring the change in test and index scores, rather
than the test and index scores per se, the effects of the modifications are
reduced to the minimal.
In the proposed study, no control group is included. The discussion
concerning the control group has to be situated in the background of
increasing the level of evidence-based medicine for surgical procedures.
Due to the absence of a control group, the effect of cochlear implantation
on the cognition can, theoretically, not be separated from any change in
cognition that occurs over time and no conclusion with regard to the
causality of any observed changes can be rigorously taken. In order
to answer the causality question whether cochlear implantation affects
cognition and whether cochlear implantation can decelerate the agerelated cognitive decline a different study design is required, such as a
randomized clinical trial design. Obviously, due to ethical restrictions
and the invasive nature of the intervention, it is impossible to randomly
assign subjects, who all meet the criteria for reimbursement of cochlear
implantation, to either the interventional or to the non-implanted control
group.
Another option is a randomized delayed-start design, in which half
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of the participants are randomly assigned to either the immediateintervention group or the delayed-intervention group.

The Belgian

national criteria for reimbursement of cochlear implantation are stricter
than the internationally accepted minimal criteria for reimbursement. As
a consequence, in the current study subjects with more severe hearing
losses are recruited than would be the case in other countries. Even more
postponing the implantation of a given participant would be unethical
and would not be accepted by the patient, making it impossible to include
the necessary number of subjects in a reasonable amount of time.
Furthermore, even without a random assignment of each participant
to either the control group or the interventional group, the inclusion of
a control group involves a number of problems which may either way
bias the results. The subjects in the control group would ideally have
the same audiological profile as the subjects in the interventional group
but must not be implanted in the next ten years. Since these subjects,
like the subjects in the interventional group, do meet the criteria for
reimbursement of cochlear implantation, the reason why they will not
be implanted after all, may be also the reason why they should not be
included in a control group, for instance because of a severe cognitive
dysfunction or a complex health problem.
Therefore, the present study does not include a control group, but
neither aims to point out whether cochlear implantation can decelerate
the age-related cognitive decline or not. Instead, the study’s purpose is to
explore the cognitive profile of profoundly hearing-impaired older adults
before and after cochlear implantation using a comprehensive cognitive
assessment and to investigate the relationship between cognition, audiometric performances, QoL and self-reliance. Moreover, the current study
may incite the design of more studies concerning cochlear implantation
and cognition, such as studies assessing cognitive function in severely
hearing-impaired older adults who are not implanted and comparative
simultaneous multicenter case-control studies taking advantage of the international differences between the criteria for reimbursement of cochlear
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implantation.

3.5

Conclusion

The proposed exploratory study aims to give more insight into the cognitive profile of severely to profoundly hearing-impaired older adults before
and after cochlear implantation and into the relationship between their
cognitive capabilities, audiometric performances, QoL and self-reliance.
The study may be a next step for future research investigating the relationship between hearing loss and cognition and the effects of cochlear
implantation on this relationship, as to whether cognitive tests are important during the CI selection process and the rehabilitation and whether
cochlear implantation could extend the period of independence in the
older population.
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Abstract

Background When repeated evaluations are performed in the same subject, equivalent alternate forms of a cognitive test are necessary to minimize practice effects.
Aim To assess form equivalency of the RBANS-H forms A and B in
healthy persons.
Materials and methods

Forty-eight older adults aged 50 to 89 took part

in the study. They had no history of neurological diseases and had no uncorrected vision impairment. Their hearing was normal for their age and
sex. A cross-over study design was implemented: 24 participants were
administered the RBANS-H form A first, followed by form B, whereas the
other 24 participants took the RBANS-H form B first, followed by form A.
Results There was no significant carry-over or practice effect (p = 0.229
and p = 0.225, resp.). Adjustments to the raw score of the Story memory and Semantic fluency subtests of form B were required to obtain form
equivalency: a constant of +2 and +4 points was added respectively. The
RBANS-H total scores of form A and B presented an excellent absolute
agreement (ICC = 0.814). Also the index scores of both forms were fairly
to excellently correlated.
Discussion After applying two correction constants in form B, both
forms are statistically equivalent.
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Introduction

The Repeatable Battery for the Assessment of Neuropsychological Status
for Hearing-impaired individuals (RBANS-H) (Claes et al., 2016) is a cognitive assessment tool for the hearing-impaired. It is an adaptation of
the Repeatable Battery for the Assessment of Neuropsychological Status
(RBANS) (Randolph, 2012). For serial evaluations in the same subject,
equivalent alternate forms are necessary to minimize practice effects. The
original RBANS has four such alternate forms: form A, B, C and D. After
applying a small correction in the Semantic fluency subtest, the alternate
forms B, C and D were found to be equivalent to original form A of the
RBANS (Randolph, 2012). More specifically, in the Semantic fluency subtest a constant of +4, +4 and +2 points was added to the subtest raw score
of form B, C and D, respectively. To obtain alternate forms for the RBANSH, the RBANS Forms A and B were converted into Dutch by a process of
careful translation and back-translation. In addition, a PowerPoint presentation was made accordingly for both forms. The aim of the present
study was to assess form equivalency of the RBANS-H forms A and B in
healthy persons.

4.3
4.3.1

Materials and methods
Study design

A cross-over study design was implemented: one group of participants
was administered the RBANS-H form A first, followed by form B, whereas
the second group took the RBANS-H form B first, followed by form A
(Figure 4.1). The anticipated interval between both measurements was 16
weeks. All forms were administered by one and the same audiologist,
author AC.
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F IGURE 4.1: Cross-over study design.

4.3.2

Participants

The inclusion criteria were as follows: participants (1) were Dutchspeaking, (2) were 50 years old or over, with a maximum age of 89 and
(3) were normal-hearing given their age and sex. Participants with a
history of neurological diseases and uncorrected vision impairments,
which impeded performance in visually-based subtests, were excluded
from the study. Prior to inclusion, participants’ hearing thresholds were
measured by means of insert earphones at 0.125, 0.250, 0.500, 1, 2, 3, 4, 6
and 8 kHz. Participants were included if the thresholds for both ears at
0.250 up to 8 kHz were within the normal range based on age and sex, as
defined by the BS 6951:1988, EN 27029:1991 and ISO 7029-1984 standards.
The second part of the screening involved a questionnaire in which the
following aspects were assessed: activity (still working or not?), number
of years of formal education (starting from the age of 6), highest degree,
handedness, history of (neurological) diseases, history of ear surgery,
hearing aid use, tinnitus and dizziness. In case the participant reported
tinnitus, the annoyance was indicated on a scale of 10 (0: no annoyance
up to 10: extreme annoyance). In case the participant reported to have
experienced dizziness problems in the past four weeks, the Dizziness
Handicap Inventory (DHI) (Jacobson et al., 1990) was administered.
Participants of group 1 were recruited from an earlier study in which the
RBANS-H form A was validated in older adults with normal hearing for
their age. The same inclusion and exclusion criteria were applied in both
the earlier and the present study. Participants of the earlier study were
semi-randomly selected for the present study. Only participants, who
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TABLE 4.1: Number of participants (male/female) within
each age category.
Overall (n = 48)

Group 1 (n = 24)

Group 2 (n = 24)

Total

Male

Female

Total

Male

Female

Total

Male

Female

50-59

12

5

7

7

4

3

5

1

4

60-69

10

5

5

5

3

2

5

2

3

70-79

13

5

8

6

2

4

7

3

4

80-89

13

8

5

6

4

2

7

4

3

All

48

23

25

24

13

11

24

10

14

were administered the RBANS-H form A by author AC, were qualified.
In addition, it was attempted to obtain a uniform distribution across
age and sex. All 24 participants who were selected by this semi-random
procedure, were contacted and agreed to participate in an additional
study. No additional screening was required in the participants of group
1. Participants of group 2 were recruited by advertisements in the hospital
and by approaching friends, family and acquaintances, put in by several
colleagues and students working in the hospital. Thirty participants were
recruited, of whom 24 passed the screening phase. Analogously to group
1, the participants of group 2 were not informed about a second visit.
After the first visit, these participants were contacted again and asked
to participate a second time. None of the participants refused. In total,
48 participants took part in the study, 24 in each group. In Table 4.1 the
distribution across the four age categories is presented for the total of 48
participants, and for each group separately.

4.3.3

Outcome measurements

The main outcome was the level of absolute agreement between the total
scaled score obtained with RBANS-H form A and the one obtained with
form B. In addition, also the agreement between the index scores and the
subtest scores were investigated. An overview of the five index scores and
the twelve subtests of the RBANS-H is given in Table 4.2, along with a
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comparison between form A and B for each individual subtest. Tests were
administered in a quiet room by a trained audiologist.

4.3.4

Ethics

This study was conducted in accordance with the recommendations of
the ethics committee of the Antwerp University Hospital/University of
Antwerp. The protocol was approved on November 21st , 2016 (protocol
number 16/43/450). All participants gave written informed consent in
accordance with the Declaration of Helsinki prior to participation, at each
visit.

4.3.5

Statistical methods

OpenClinica LLC (Waltham, MA, USA), a password protected online
database for electronic data capture and data management developed for
clinical research, was used for data storage. Statistical analyses were performed with IBM SPSS Statistics version 24 (IBM Corp., New York, NY).
First of all, independent-samples t tests were used to compare both groups
with respect to female/male ratio, age, working status, number of years of
formal education (starting from the age of 6), handedness, prevalence of
tinnitus, prevalence of dizziness, the interval between both visits, RBANSH total score at visit 1 and RBANS-H total score at visit 2. Generalized linear models for repeated measures were run on the RBANS-H total scaled
score in order to explore if a carry-over effect was present from one condition to the other. Also a practice effect was investigated by means of
a paired-samples t test with RBANS-H total scale at the first visit (paired
variable 1) and at the second visit (paired variable 2). Next, descriptive
statistics (mean and standard deviation, and median and range) are used
for RBANS-H form A and B separately to describe the scores on the individual subtests and indices and the total score. Finally, intraclass correlations coefficients (ICC) (two-way mixed model) using an absolute agreement definition were performed to examine the agreement between the
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TABLE 4.2: Description of the RBANS-H subtests, and a
comparison between form A and B.

Subtest

Description

Form A

Form B

(1) List learning

A list of ten words is presented bimodally. The participant is asked to recall as many words as possible
after each of four learning trials.

A list of ten semantically
unrelated
words

A new list of ten semantically unrelated
words

(2) Story memory

A short story of two sentences is presented bimodally
and has to be repeated as accurately as possible after
each of two learning trials. The story contains: day of
the week, date, city, a natural disaster and details of
the damage that includes some sort of quantifier (e.g.
number of people injured).

Story about a fire

Story about a storm

Delayed memory

Visuospatial/constructional
(3) Figure copy

The participant has to copy a geometric figure, while
this figure remains on display.

Both figures in form
A and B consist of
the same 10 elements, but these are
arranged differently.

Both figures in form
A and B consist of
the same 10 elements, but these are
arranged differently.

(4) Line orientation

A semi-circular, fan-shaped pattern of thirteen lines is
shown. The lines are identical, except for their orientation. Below this pattern are two lines that match the
orientation of two of the lines from the pattern. The
participant is instructed to identify those two matching lines.

Ten different combinations of two lines

Ten new combinations of two lines

(5) Picture naming

Ten line drawings of objects are to be named by the
participant.

Ten line drawings

Ten new line drawing

(6) Semantic fluency

The participant has to list as many exemplars as possible from a given semantic category within 60 seconds.

Fruits and vegetables

Animals in a zoo

(7) Digit span

The participant is instructed to repeat a string of digits, presented bimodally, in the same order. The length
of the strings increases by one on each trial, starting
from two up to nine digits.

Strings of digits

New strings of digits

(8) Coding

A form with symbols is given to the participant. He
or she has to fill out the corresponding number below
each symbol, using the key on top of the page. The
time limit is 90 seconds.

Nine symbols corresponding to digits 1
up to 9.

The same nine symbols, but different
symbol – digit combinations

Ten distractors

Ten new distractors

Language

Attention

Delayed memory
(9) List recall

The participant is asked to recall as many words as
possible from the list of words learned earlier in the
List learning subtest.

(10) List recognition

Twenty words, of which ten are targets and ten are
distractors, are presented bimodally to the participant.
The participant has to indicate which words were on
the original list.

(11) Story recall

The participant is asked to retell the story learned earlier from memory.

(12) Figure recall

The geometric figure shown earlier in the Figure copy
subtest has to be drawn from memory as accurately as
possible.
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subtest scores, index scores and total score of form A and B. The following
guidelines for interpretation of ICCs were used (Cicchetti, 1994):
ICC < 0.4

poor

0.40  ICC < 0.60

fair

0.75  ICC

excellent

0.60  ICC < 0.75

4.4

good

Results

None of the participants reported a history of ear surgery or hearing
aid use. Groups did not significantly differ from each other in terms
of female/male ratio, age, working status, education, handedness or
prevalence of tinnitus and dizziness (Table 4.3). The overall maximum
score of tinnitus annoyance was 4/10, and this was also the maximum
in each group.

For participants reporting tinnitus, the overall mean

annoyance score was 2.5 (± 1.21), and 2.7 (± 1.5) and 2.4 (± 1.2) in group
1 and 2, respectively. Seven participants reported dizziness problems
during the past four weeks, and were, therefore, administered the DHI.
Six of these seven participants had low DHI scores between 2 and 12. One
participant, in group 2, obtained a DHI score of 42, indicating moderate
vestibular dysfunction.
The interval between both visits did not differ significantly between
the groups (Table 4.3).

In group 1, the second appointment of two

participants, who came together to the hospital, was multiple times
postponed due to personal events (illness, last-minute holiday). Because
of this, the interval between both visits was for these two participants
almost 6 months (175 days), instead of the anticipated 3.5 to 4 months.
This explains the higher standard deviation of the interval between both
visits in group 1.
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TABLE 4.3: Descriptive data for the total group, and for
group 1 and 2 separately.
In case of dichotomous and ordinal variables, the number and
percentage is listed. The mean (± standard deviation) is given
for continuous variables (age, number of years of formal education, and interval between both visits). As indicated by the p
value (> 0.05), the groups did not significantly differ from each
other in terms of sex ratio, age, working status, education, handedness, tinnitus presence, dizziness presence or interval between
both visits.
Total

Group 1

Group 2

n = 48

n = 24

n = 24

Female

25 (52.1%)

11 (45.8%)

14 (58.3%)

Male

23 (47.9%)

13 (54.2%)

10 (41.7%)

Age (year)

69.9y (± 11.5)

69.6y (± 12.3)

70.2y (± 10.9)

Yes

14 (29.2%)

9 (37.5%)

5 (20.8%)

No

34 (70.8%)

15 (62.5%)

19 (79.2%)

13.8 (± 3.2)

13.6 (± 3.7)

14.0 (± 2.7)

p value

Sex
0.397
0.857

Still working
0.212

Education
Number of years
Primary school

3 (6.3%)

3 (12.5%)

Lower secondary school

6 (12.5%)

3 (12.5%)

3 (12.5%)

Upper secondary school

18 (37.5%)

7 (29.2%)

11 (45.8%)

College/ University

21 (43.8%)

11 (45.8%)

10 (41.7%)

Right

42 (87.5%)

20 (83.3%)

22 (91.7%)

Left

4 (8.3%)

3 (12.5%)

1 (4.2%)

Both

2 (4.2%)

1 (4.2%)

1 (4.2%)

Yes

11 (22.9%)

3 (12.5%)

8 (33.3%)

No

37 (77.1%)

21 (87.5%)

16 (66.7%)

Yes

7 (14.6%)

4 (16.7%)

3 (12.5%)

No

41 (85.4%)

20 (83.3%)

21 (87.5%)

Interval (days)

111.5 (± 21.0)

110.5 (± 27.2)

112.4 (± 12.6)

0.624

0 (0%)

0.424

Handedness
0.550

Tinnitus
0.090

Dizziness
0.690
0.767
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TABLE 4.4: Mean RBANS-H total scores (± standard deviation) for each group and visit and for the total sample.
The mean change (± standard deviation) is listed per group and
for the total sample. The change is calculated as the difference
between RBANS-H total score at visit 2 and at visit 1. The letters
‘A’ and ‘B’ indicate which RBANS-H form was used.
Group 1
Visit 1

A

Visit 2

B

Change

104.5 (± 14.7)
105.5 (± 13.3)

Group 2
B
A

1.0 (± 8.2)

Total

107.8 (± 13.8)

106.2 (± 14.2)

2.1 (± 9.3)

1.5 (± 8.7)

110.0 (± 15.5)

107.7 (± 14.5)

For the RBANS-H total scaled scores, no significant difference was found
between group 1 and 2 at visit 1 (t(46) =
2 (t(46) =

0.800, p = 0.428), nor at visit

1.069, p = 0.291). The means and standard deviations for

the RBANS-H total score per group and visit, and for the total sample
at each visit are listed in Table 4.4. Repeated measures for a cross-over
design revealed that there was no significant interaction between RBANSH version and Group (F (1) = 1.487, p = 0.229). A carry-over effect was
therefore ruled out. On average, the scores increased slightly at the second
evaluation, compared to the first (mean change: 1.5 (± 8.7) points) (Table
4.4). Nevertheless, a significant practice effect from the first to the second
measurement was excluded: paired-samples t test with RBANS-H total
scale at the first visit (paired variable 1) and at the second visit (paired
variable 2) was not significant (t(47) =

1.230, p = 0.225).

ICCs were used to evaluate the absolute agreement between scores on
RBANS-H form A and B (Table 4.5). The RBANS-H total score presents
an excellent ICC of 0.814 (p < 0.001). The ICCs of all subtests scores are
significant and are categorized as fair to excellent, ranging from 0.441
(Story memory) to 0.887 (Coding). Only the ICC for Line orientation appears
to be weak (0.320), but still significant (p = 0.012). The mean difference
between form A and B on this subtest is 0.4 (± 2.3). Since adding 0.4 to

the subtest score or subtracting 0.4 from this score, does not change the
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interpretation of the subtest raw score, neither affects the domain score,
or the total score, this difference is not considered clinically relevant. All
ICCs of the index scores are fair to excellent, ranging from 0.483 (Language)
to 0.794 (Attention). The ICC for the Language domain is somewhat lower
than for the other index scores. This is mainly due to the low ICC for
the Picture naming subtest (ICC = 0.480). For this subtest, all but seven
participants obtained the highest score of 10 on form A (six participants
had a score of 9, one had a score of 8) and all but five participants obtained
a score of 10 on form B (five participants with a score of 9). Three of the
seven participants with a score < 10 on form A also had a score < 10 on
form B, which indicates a good correlation. However, due to the small
variation in scores and the very skewed distribution, small deviations
have a large, negative impact on the ICC.
In all aforementioned analyses, a correction factor was applied in
the Story memory and Semantic fluency subtests to ascertain the equivalency of form A and B. More specifically, on form B 2 points were added
to the total raw score of the Story memory subtest and 4 points to the total
score of the Semantic fluency subtest, with a maximum score of 24 and 40
respectively. These corrections are analogous to the corrections in form B
of the original RBANS (Randolph, 2012).

4.5

Discussion

The RBANS-H total scores of form A and B presented an excellent absolute agreement (ICC = 0.814). Also the domain and the subtests scores
of both forms were fairly to excellently correlated. Only the ICC for the
Line orientation subtest was found to be poor. Nevertheless, the ICC was
significant and moreover, the mean difference in total raw score between
form A and B was only 0.4, which is clinically not relevant. In conclusion,
after applying two correction constants in form B, +2 points in the Story
memory subtest and +4 points in the Semantic fluency subtest, forms A and
B were statistically equivalent.
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TABLE 4.5: Descriptive data and intraclass correlation coefficients (ICC) between form A and B for the RBANS-H
subtests scores, index scores and total score.
Descriptive data include mean and standard deviation (SD), and
median and range. 95% confidence interval (conf. interval) and
significance (p value) of the intraclass correlation coefficients is
listed. Index scores and the total score are in bold.
FORM A

List
learning
Story memory
Immediate
memory
Figure copy
Line
orientation
Visuospatial/
constructional
Picture
naming
Semantic

FORM B

EQUIVALENCY

mean (± SD)

median (range)

mean (± SD)

median (range)

ICC

95% conf. interval

p value

30.2 (± 4.9)

30.0 (17-38)

30.9 (± 4.7)

32.0 (19-38)

0.818

0.696-0.894

< 0.001

20.1 (± 3.6)

22.0 (10-24)

20.1 (± 2.8)

20.0 (15-24)

0.441

0.179-0.644

< 0.001

116.8 (± 14.5)

120.0 (81-144)

117.6 (± 13.1)

117 (90-144)

0.739

0.577-0.845

< 0.001

16.9 (± 2.1)

17.0 (10-20)

16.3 (± 2.6)

17.0 (9-20)

0.612

0.402-0.761

< 0.001

17.9 (± 1.8)

18.0 (14-20)

17.4 (± 2.3)

18.0 (12-20)

0.320

0.046-0.551

0.012

100.9 (± 13.1)

100.0 (75-131)

98.0 (± 14.6)

101.0 (64-126)

0.624

0.418-0.770

< 0.001

9.8 (± 0.5)

10.0 (8-10)

9.9 (± 0.3)

10.0 (9-10)

0.480

0.232-0.670

< 0.001

21.0 (± 5.4)

20.0 (10-37)

20.8 (± 5.1)

21.0 (12-34)

0.580

0.356-0.741

< 0.001

Language

103.4 (± 10.6)

101.0 (86-134)

103.3 (± 10.0)

102.5 (87-130)

0.483

0.231-0.674

< 0.001

Digit span

9.2 (± 2.4)

9.3 (± 2.1)

fluency

Coding
Attention
List recall
List
recognition
Story recall
Figure
recall
Delayed
memory
TOTAL SCORE

44.0 (± 12.1)

99.2 (± 17.0)

9.0 (5-16)
45.5 (17-78)
100.0 (64-135)

8.5 (6-14)

0.659

0.463-0.794

< 0.001

43.8 (± 11.3)

45.0 (20-64)

0.887

0.807-0.935

< 0.001

100.4 (± 14.9)

100.0 (75-132)

0.794

0.660-0.879

< 0.001

6.3 (± 2.6)

6.5 (0-10)

6.7 (± 2.3)

7.0 (2-10)

0.654

0.459-0.790

< 0.001

19.5 (± 0.9)

20.0 (16-20)

19.3 (± 1.4)

20.0 (13-20)

0.576

0.355-0.737

< 0.001

9.5 (± 1.8)

10.0 (5-12)

9.4 (± 2.0)

10.0 (5-12)

0.491

0.240-0.679

< 0.001

12.7 (± 4.3)

13.0 (3-19)

13.1 (± 3.4)

13.0 (4-20)

0.551

0.319-0.720

< 0.001

104.6 (± 14.1)

106.0 (64-124)

104.9 (± 13.5)

106.0 (64-126)

0.693

0.510-0.815

< 0.001

107.3 (± 15.2)

107.0 (78-146)

106.7 (± 13.4)

106.0 (82-148)

0.814

0.691-0.891

< 0.001
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Abstract

Purpose

Postoperative cognitive dysfunction (PCD) is a subtle, pro-

longed deterioration in cognition after surgery. This complication has
been frequently investigated, mainly after major (cardiac) surgery. However, the incidence after cochlear implantation is unknown. Therefore, the
aim of the study was to investigate the incidence and possible risk factors
of PCD in severely hearing-impaired older adults after cochlear implantation.
Materials and methods In a prospective cohort study, 26 older participants (age: M = 70, SD = 8 years), scheduled for cochlear implantation,
were assessed prior to and one week after implantation by means of the
Montreal Cognitive Assessment (MoCA). The incidence of PCD was calculated. In addition, the following possible risk factors were recorded:
age, sex, education, duration of hearing impairment, preoperative signs
of depression and anxiety, duration of anesthesia, anesthetic and surgical
events and postoperative complications.
Results The incidence of PCD was 11.5%, defined by a Z-score of change
in MoCA scores

1.96 (i.e. a decrease of

4 points). The incidence of

PCD was corrected for practice effects by incorporating data from a reference group. Besides an effect of age on the postoperative cognitive performance, no significant risk factors were identified.
Conclusion The incidence of PCD after cochlear implantation is lower
than after major surgeries, but higher than after other minor surgeries.
Routine cognitive screening before and after cochlear implantation is recommended to identify patients with PCD and to provide additional care
for these patients.
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Introduction

Due to the improvements of health and living standards during the past
century, the world population has been growing and aging (Roser et al.,
2017). In 2015, twelve percent of the global population was aged 60
years or over and by 2050, this percentage of older adults is expected to
more than double (United Nations - Department of Economics and Social
Affairs, 2015). Since overall life expectancy and the number of older
adults is increasing, the number of older adults undergoing anesthesia is
growing as well. By the age of 65, half of all people may have had one or
more operations (Fodale et al., 2010; Hazen et al., 1997). However, older
adults are more vulnerable to adverse effects of surgery, anesthesia and
perioperative care than younger adults due to the pathophysiological
changes of aging (Chambers et al., 2017). In terms of neurological adverse
effects, older adults demonstrate a higher incidence of postoperative
cognitive dysfunction (PCD) (Strom et al., 2014b).
PCD refers to a subtle prolonged deterioration in cognition after surgery,
with limitations in memory, intellectual ability and executive function,
usually lasting for weeks or months (Chambers et al., 2017 ; Deiner et al.,
2009; Strom et al., 2014b). PCD is distinct from delirium, in that delirium
either occurs during the transition from anesthesia to wakefulness and
resolves within minutes or hours (emergence delirium) or develops as
an acute brain syndrome within the first few postoperative days after an
initial lucid period (postoperative delirium) (Strom et al., 2014a). Delirium is characterized by a fluctuating mental status, reduced awareness
of the environment, disturbances in attention and hallucinations, and
was previously known as psychosis (Deiner et al., 2009; Krenk et al., 2011).
Although the exact pathophysiology of PCD remains to be elucidated,
central neuroinflammation after surgery, cerebrovascular white matter
disease and pre-existing Alzheimer’s disease pathology may play a role
(Berger et al., 2015). The diagnosis of PCD entails a comparison between
pre- and postoperative neuropsychological testing. However, which tests
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are required to assess PCD and how much of a decline is required to
define PCD is yet to be determined (Berger et al., 2015). The absence
of formal diagnostic criteria for PCD is illustrated by the lack of a PCD
code in the 10th revision of the International Classification of Disease and
Related Health Problems (ICD-10) (World Health Organization, 1992) and
by the fact that PCD is not listed in the 5th edition of the Diagnostic and
Statistical Manual of Mental Disorders (DSM-5) (American Psychiatric
Association, 2013). Nonetheless, an important step towards consensus
regarding the diagnostic criteria of PCD was made by the International
Study of Postoperative Cognitive Dysfunction (ISPOCD) research group,
which set diagnostic guidelines (Rasmussen et al., 2001) and applied it in
a large number of multi-centric studies (e.g. Canet et al., 2003; Johnson
et al., 2002; Moller et al., 1998; Rasmussen et al., 2003; Steinmetz et al.,
2009). Some key elements of these guidelines are the use of objective
neuropsychological tests (no questionnaires), preferably with equivalent
alternate forms, good sensitivity and without floor and ceiling effects.
The evaluation must be performed before surgery, most optimally one to
two weeks preoperatively, and after surgery, for instance one week and
three months postoperatively (Johnson et al., 2002; Moller et al., 1998).
Also data from a control group using the same test battery and the same
intervals should be available and should be incorporated in a Z-score
calculation in order to correct for practice effects. A Z-score larger than
1.96 corresponds to a severe and unexpected deterioration in cognition,
as only 2.5% of the controls presents such a large Z-score.
By means of these diagnostic criteria, an association has been established between PCD and decreasing activities of daily living (Moller et al.,
1998). Moreover, PCD also has long-term effects: PCD after non-cardiac
surgery has been related to increased mortality, risk of leaving the labor
market prematurely, and dependency on social transfer payment over
a period of eight years (Steinmetz et al., 2009). The incidence of PCD
was found to be higher after cardiac and certain types of orthopedic
surgery (i.e. hip replacement) than after non-cardiac surgery (Sauer et al.,
2009; Steinmetz et al., 2016; van Harten et al., 2012). Incidence is also
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higher after major surgical procedures compared to minor procedures,
defined by an anticipated hospital stay of only one night, and in case
of complications (Sauer et al., 2009; Strom et al., 2014a). Irrespective of
the type of surgery, the predominant risk factor for PCD is advanced
age. Johnson et al. (2002) investigated the incidence of PCD after major
non-cardiac surgery in middle-aged adults between 40 and 60 years
old and found an incidence of 19%, compared to 26% in adults older
than 60 years (Moller et al., 1998), both using the same, abovementioned
criteria for PCD. Additionally, the patient’s medical conditions play a
role in the pathogenesis of PCD: possible patient-related risk factors are
hypertension, modifications in thyroid hormone functioning, history
of cerebrovascular accident, history of substance abuse, preoperative
cognitive impairment, etc.

Lower educational level is another major

predisposing factor for PCD (Fodale et al., 2010; Strom et al., 2014b).
Whereas PCD after cardiac and non-cardiac major surgery has been
fairly well documented, the incidence of PCD after minor surgery has
only been investigated by few researchers. For instance, the ISPOCD2
investigators demonstrated an incidence of PCD of nearly 7% in 372 older
patients 7 days after minor surgery under general anesthesia (Canet et al.,
2003). Moreover, on the first day after minor surgery a PCD incidence
of as much as 47% in 30 older adults was reported by Rohan et al.
(2005), using the ISPOCD criteria. The incidence was the same for both
intravenous (propofol) and inhaled anesthesia (sevoflurane). Cochlear
implantation is also considered a minor, routine surgical procedure for
the management of severe to profound sensorineural hearing loss. In
most cases, surgery is performed under general anesthesia and requires
an anticipated hospital stay up to one night. Two to four weeks after the
implantation, the external part, i.e. the speech processor, is activated and
from then onwards, sounds are transmitted electrically to the hearing
nerve. Cochlear implantation has been reported to be a safe and efficient
hearing solution, even in older adults, with no major and only few minor
surgical complications (Benatti et al., 2013; Coelho et al., 2009; Lundin
et al., 2013).

Therefore, it was concluded that cochlear implantation
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should not be denied to older adults with severe to profound hearing loss
who are otherwise in good health (Cosetti et al., 2015). However, earlier
research has not investigated PCD as a possible complication of cochlear
implantation, leaving the incidence of PCD after this type of surgery
unknown.
Therefore, the present study aims to investigate the incidence of
PCD in older, severely to profoundly hearing-impaired older adults at
one week after cochlear implantation. Furthermore, the effect of several
possible risk factors on the incidence of PCD is explored, namely age,
sex, years of education, occurrence of surgical and anesthetic events and
complications, and duration of anesthesia, as these have been put forward
as risk factors in previous research. Additionally, the possible effect of
duration of hearing loss and preoperative states of anxiety and depression
are examined.

These factors are specifically of interest in a severely

hearing-impaired population, since hearing deprivation may affect
general mental health and mood and, in turn, cognitive performance.

5.3
5.3.1

Materials and methods
Participants

CI candidates who met the following inclusion criteria were enrolled in
the study: Every participant (1) was Dutch-speaking, (2) was at least 55
years old, (3) was scheduled for unilateral cochlear implantation in the
Antwerp University Hospital, (4) had bilateral severe to profound hearing
loss (mean threshold at 0.5, 1 and 2 kHz

85 dB HL in the better-hearing

ear), fulfilling the national criteria for reimbursement of cochlear implantation in Belgium and (5) had a postlingual onset of the hearing impairment. Participants were excluded in the case of serious uncorrected vision
impairments which would impede the bimodal administration of the cognitive assessment and if the implantation involved a re-implantation or a
contralateral implantation. Preoperatively present cognitive impairment
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was not a reason for exclusion from the study. Twenty-six consecutive
participants (16 males, 10 females) were invited to participate in the study,
and all of them agreed. The median age was 70.5 years, ranging from 55
to 83 years. Participants had between 8 and 16 years of formal education,
starting to count from the age of 6 (median: 12 years). The median duration of severe hearing loss was 21 years, ranging from 0.3 to 50 years. Prior
to implantation, 8 participants used hearing aids bilaterally (30.8%), 12
unilaterally (7 right, 5 left) (46.2%) and 6 did not use hearing aids (23.1%).
Of the 12 preoperatively unilaterally aided participants, 7 were implanted
in their better, i.e. aided, ear and five were implanted in their worse, i.e.
non-aided, ear. Participants’ demographics are given in Table 5.1.

TABLE 5.1: Demographics and results of the participants (n = 26).
Sex

Age (year)

Duration
of HL
(year)

Formal
education
(year)

HA use
preop.

Side of
implantation

Better or
worse ear
implanted?

Pre-CI
HADS
score: Depression

Pre-CI
HADS
score:
Anxiety

Duration
of anesthesia

Post-CI
hospital
stay (days)

Pre-CI
MoCA
score

Post-CI
MoCA
score

Change in
MoCA score
(post – pre)

1

f

70

20

13

No

Left

Undefined

10

6

3:08

1

24

24

0

2

m

76

50

8

Bilateral

Right

Undefined

5

12

3:24

1

21

25

4

3

f

69

30

10

Right

Right

Better

11

12

4:26

1

12

15

3

4

m

83

40

9

No

Left

Undefined

14

7

3:42

2

18

18

0

5

m

76

45

12

Left

Left

Better

9

6

3:09

1

19

19

0

6

m

70

10

10

Right

Left

Worse

0

1

3:59

1

26
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Study design

In this observational, prospective study, participants were assessed twice,
shortly before and at one week after cochlear implantation. Assessments
were planned at the day of the preoperative appointment (typically one
to two weeks prior to surgery) and the one-week postoperative appointment with the surgeon, in accordance with the guidelines of Rasmussen et
al. (2001). During the preoperative assessment a cognitive test, the Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005), was performed and one questionnaire, the Hospital Anxiety and Depression Scale
(HADS) (Zigmond et al., 1983), was administered to evaluate states of anxiety and depression shortly before implantation. During the postoperative
assessment the MoCA was repeated. The preoperative assessment was
performed at a median of nine days (range: 0 to 70 days) before surgery
and the second at a median of eight days after surgery (range: 5 to 20
days). In each participant, the postoperative assessment was performed
prior to the activation of the speech processor, meaning that the participant could not yet hear trough the cochlear implant. The median number
of days between both measurements was 19 days (range: 10 to 87 days).
For one participant the implantation was postponed, resulting in a longer
interval between both measurements. An overview of the study design is
provided in Figure 5.1.

F IGURE 5.1:

Schematic overview of the prospective
study design.
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Ethics

This study was conducted in accordance with the recommendations of
the ethics committee of the Antwerp University Hospital/University of
Antwerp. The protocol was approved on June 15th , 2015 (protocol number
15/17/181). All participants gave written informed consent in accordance
with the Declaration of Helsinki prior to participation.

5.3.4

Cognitive assessment

The MoCA was used to assess cognition in the present study. The MoCA is
a one-page 30-point screening tool to identify mild cognitive impairment.
It is administered in 10 to 15 minutes and assesses short-term memory, visuospatial abilities, executive functions, phonemic fluency, verbal abstraction, attention, concentration, working memory, language and orientation
to time and place. Higher scores indicate better cognition. Consistent with
Nasreddine et al. (2005), a correction for education effects was applied by
adding one point to the total score for participants with 12 years of formal education or less. The cognitive assessment was carried out in a quiet
room and only the participant and the investigator were present. Visual
support by means of a time-fixed PowerPoint presentation was added in
order to prevent the participants’ hearing loss from negatively affecting
the cognitive performance (Dupuis et al., 2015). The PowerPoint presentation was presented on an external screen in front of the participant and
displayed the written instructions for each task. In addition, the written
equivalent of the items for the Memory task, the Attention task (Forward
and Backward Digit Span and Vigilance) and the Sentence Repetition task
was presented, providing simultaneous, bimodal (both visual and oral)
stimulation to the participant. Where needed, the slides were time-fixed
in accordance to the administration guidelines. Since the MoCA has been
demonstrated to be susceptible to practice effects, particularly between
the first and second administrations (Cooley et al., 2015), version A and
alternate version B were used in the present study.
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Hospital Anxiety and Depression Scale (HADS)

In order to identify depression and anxiety prior to implantation, the
HADS was administered. This is a reliable instrument for detecting states
of depression and anxiety (Zigmond et al., 1983). This self-assessment
questionnaire consists of seven items in the subscale Depression (e.g.: “I
still enjoy the things I used to enjoy.”) and seven items in the subscale
Anxiety (e.g.: “I get a sort of frightened feeling as if something awful is
about to happen.”).

5.3.6

Cochlear implantation

In all study subjects, structure preservation surgery was intended (Kiefer
et al., 2004). All patients underwent general anesthesia with intravenous
infusion of propofol and remifentanil and the duration of anesthesia
was recorded. There was standard monitoring of blood pressure, pulse
oxymetry, continuous electrocardiogram monitoring and monitoring of
ventilation and end tidal carbondioxide. Prior to the skin incision, 1g
amoxicillin/clavulanic acid and 80mg methylprednisolone were administered. Postoperatively, oral methylprednisolone therapy was continued
for 14 days in a daily decreasing dosage. Peri- and postoperative events
and complications were recorded, for instance perioperative hypotension
(defined as a deviation of 10% from the preoperative value) and facial
nerve paralysis, pain, fever, vertigo, etc. after surgery.

5.3.7

Statistical methods

OpenClinica LLC (Waltham, USA) was used for data storage. This is a
password protected online database for electronic data capture and data
management developed for clinical research. The presence of PCD is defined by a Z-score of the change in MoCA scores of 1.96 or more (a positive Z-score corresponds to a deterioration in MoCA scores), as described
in the guidelines by Rasmussen et al. (2001). According to this method,
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the Z-scores are calculated by subtracting the average learning effect (i.e.
mean change in MoCA scores of a reference group) from the individual
changes, and dividing the result by the standard deviation for the MoCA
score changes of the reference group. Data from the test-retest reliability study by Nasreddine et al. (2005) are used as reference in the present
study, since the characteristics of the study design and the participants
were similar: Nasreddine et al. (2005) performed the MoCA in 26 participants, on average, 35 (± 17.6) days apart, compared to 26 participants ex-

amined, on average, 24 (± 19.6) days apart in the present study. Statistical
analyses were performed using IBM SPSS Statistics version 24 (IBM Corp.,
New York, NY). General linear models with either MoCA post-CI scores
or change in MoCA scores as the independent variable, and possible risk
factors as covariates or fixed factors were run to explore associations. Statistical significance was defined as p < 0.05.

5.4

Results

Preoperatively, the mean MoCA score was 22.3 (± 4.1) points. The highest
score was 29 and the lowest 11. Postoperatively, the mean MoCA score

was 22.7 (± 4.5) points, ranging from 7 to 29 (Figure 5.2A). Five participants (19%) had the same MoCA score on both measurements. Eight of
the participants (31%) showed a decrease in MoCA score at the post-CI
measurement, whereas thirteen participants (50%) showed an increase in
MoCA score (Figure 5.2B). The increase in MoCA scores is presumably due
to practice effects and natural variation. The mean change in MoCA scores
was 0.4 (± 2.5) points and the maximal change was -4 and +4 points. The
MoCA pre-CI scores were strongly correlated to the MoCA post-CI scores

(r = 0.84, p < 0.001). These data are similar to the MoCA test-retest reliability data, collected from 26 participants and reported in Nasreddine et
al. (2005): the mean change was 0.9 (± 2.5) points, compared to 0.4 (± 2.5)
points in the present study, and the correlation between the two evalua-

tions was r = 0.92 (p < 0.001), compared to r = 0.84 (p < 0.001) found in
the current study. Participants’ individual results are given in Table 5.1.
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F IGURE 5.2: Distribution of the MoCA scores (A) and the
individual change in MoCA scores (B) prior to implantation (pre-CI) and after implantation (post-CI).
(A) The box of the box-and-whiskers plot represent the 1st
quartile, median and 3rd quartile. The mean score is indicated by the diamond. The whiskers connect the minimal and maximal score within 1.5 ⇥ interquartile distance
from the 1st and the 3rd quartile. Scores outside this range
(outliers) are indicated by asterisks. (B) Solid lines indicate
an increase in MoCA score, dashed lines represent stable
scores and dotted lines indicate decreased MoCA scores.

Incidence of PCD was 11.5% (3 out of 26 participants).

These three

participants (ID number 14, 20 and 24 in Table 5.1) demonstrated a
decrease of 4 points postoperatively. They had an initial MoCA score of
24, 11 and 25 respectively, indicating that a clinically significant decline
was both present in good and poor performers. There were no unusual
events or complications in the patients with PCD. In each of these three
participants, the duration of anesthesia was lower than the overall
average: respectively 3h 18min., 3h 12min. and 3h 27min., compared to
the overall mean of 3h 29min (± 34 min.). In one of these three participants, no anesthetic or surgical complications occurred. In one of them,
brief periods of hypotension were observed during anesthesia, but no
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postoperative complications, and in the third patient, the anesthesia was
uneventful, but the patient reported some pain at the surgical site when
blowing his nose. In the general group of 26 CI recipients, brief periods of
hypotension occurred in 23% and postoperative pain at the surgical site
was reported by 19% of participants. For the three patients with PCD the
hospital stay was one night, as anticipated. None of these participants
was implanted in the better ear. They were either implanted in the worse
ear, i.e. the ear without hearing aid, or in one of similar performing ears,
in the case of bilateral hearing aid use or no hearing aid use. Moreover,
not all participants who performed very poorly prior to surgery presented a decrease postoperatively, as is shown by the participant with an
initial MoCA score of 12 and a subsequent MoCA score of 15 (Figure 5.2B).
A general linear model with MoCA post-CI scores as dependent
variable and MoCA pre-CI scores and age as covariates, indicated that
both covariates had a significant effect on the MoCA post-CI results,
independently of each other’s effect and independently of the interaction
effect (MoCA pre-CI score: p = 0.029 and age: p = 0.005). Higher MoCA
pre-CI scores were associated with higher post-CI scores, and higher
age with lower post-CI scores. None of the other possible risk factors
appeared to be significant (duration of anesthesia, education, HADS
results, sex or duration of hearing loss). A second general linear model
included the change in MoCA scores as dependent variable. Only the
MoCA post-CI scores were significantly associated to the change in MoCA
scores (p = 0.022). The other factors, namely duration of anesthesia,
MoCA pre-CI score, education, age (Figure 5.3), HADS results, sex or
duration of hearing loss did not present a significant effect.

5.5

Discussion

The aim of the study was to determine the incidence of PCD at one week
after cochlear implantation under general anesthesia. This kind of surgery
is categorized as minor because of the expected postoperative stay of
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F IGURE 5.3: Change in MoCA score across both measurements (MoCA post-CI minus MoCA pre-CI) in relation to age.
Improvements result in positive differences and declines
result in negative difference.

up to one night. Currently, no formal diagnostic criteria for PCD are
available and many different methodologies have been used to determine
how much dysfunction or decline is clinically significant (Deiner et al.,
2009). However, extensive research by the ISPOCD group has increased
the conformity regarding the diagnosis of PCD and their guidelines
(Rasmussen et al., 2001) have been adopted as well as possible in the
present study. The incidence of PCD was found to be 11.5% after cochlear
implantation, determined by a Z-score of the change of 1.96 or more
compared to a reference group (equal to a deterioration

4 points on the

MoCA, in the present study). These results highlight that a considerable
number of patients suffers from PCD, even after relatively minor surgery.
The participants who developed PCD did not appear to be deviating from
the overall group in terms of number of surgical or anesthetic events and
complications, duration of anesthesia, duration of hospital stay or side of
implantation (better or worse ear). Concerning the latter factor, all three
participants with PCD had been implanted either in the worse ear, i.e.
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the ear without a hearing aid, or in one of similar performing ears, in the
case of bilateral hearing aid use or no hearing aid use. In other words,
in these participants the hearing capabilities had not drastically been
decreased after implantation. Therefore, based on these limited data, it
seems unlikely that the side of implantation impacts upon the incidence
of PCD.
The definition of PCD, based on Z-scores was also adopted by Rohan et al. (2005) and Canet et al. (2003), who investigated the incidence
of PCD respectively on the first day, and seven days and three months
after minor surgery. On the first day after minor surgery an incidence of
47% was observed (Rohan et al., 2005), whereas the incidence at one week
and three months postoperatively was 6.8% and 6.6% (Canet et al., 2003).
Compared to the one week postoperative results of Canet et al. (2003), the
incidence of PCD is found to be somewhat higher in the present study
(6.8% vs 11.5%). Several differences between both studies may explain
the distinction in incidence. First of all, surgery and anesthesia types may
impact on cognition to a different extent. Cochlear implantation requires
a hospital stay of at least one night, whereas the surgical procedures in
the study of Canet et al. (2003) could either be performed on an in- or
an out-patient care basis according to local practice at each participating
hospital. This may imply that cochlear implantation is slightly more
burdensome than the surgeries in Canet et al. (2003), possibly impacting
cognition to a greater extent. In addition, Canet et al. (2003) excluded
participants with dementia as defined by a Mini-Mental State Examination score lower than 24, in contrast to the present study, in which no
exclusion criteria were applied with regard to preoperative cognition.
As preoperative cognitive impairment has previously been related to
postoperative cognitive dysfunction (however, this is not demonstrated
in the current study), not excluding participants with poor preoperative
cognition in this study may have led to a higher incidence compared to
Canet et al. (2003). Out of the three participants who showed a decline in
performance of four points in the current study, one participant indeed
had a poor preoperative performance of 11 points on the MoCA.
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How the incidence of PCD evolves in the long term, for instance at
three or six months after cochlear implantation, was not investigated
in the present study. The reason for this is the possible positive effect
of cochlear implantation on cognition in hearing-impaired older adults,
after the external part (i.e. the speech processor) has been activated to
transmit auditory signals to the auditory nerve. The speech processor
is usually activated two to four weeks after surgery, once the surgical
wound has healed sufficiently.

Indeed, some studies suggest that a

cochlear implant improves cognition as early as six and twelve months
after the implantation (Cosetti et al., 2016; Mosnier et al., 2015). In order
to avoid the impact of using the speech processor, it was decided to
only investigate the incidence of PCD shortly after implantation and
prior to the activation of the speech processor, namely at one week after
implantation. In our opinion, it is ethically unreasonable to determine
the pure incidence of PCD after cochlear implantation at a longer interval
than several weeks, as this would imply that the activation of the speech
processor has to be significantly postponed and the participant remains
severely hearing-impaired for a longer period than needed.
The secondary goal of the study was to investigate the association
between possible risk factors of PCD and cognitive performance after
cochlear implantation. Prior studies found advanced age as the predominant risk factor for PCD (Deiner et al., 2009; Fodale et al., 2010;
Sauer et al., 2009). Indeed, age significantly accounted for variability
in postoperative cognition, beyond the effect of preoperative cognitive
functioning. However, it did not impact upon the amount of change
in cognitive performance. As PCD is defined by a significant decline in
cognitive functioning, rather than by a certain cut-off in postoperative
functioning, the findings of the present study do not completely confirm
the effect of age on PCD. Other possible risk factors of PCD, namely
duration of anesthesia, years of formal education, duration of hearing
loss, preoperative depression and anxiety, and sex, were also investigated,
but no significant effect on postoperative cognition, neither on the change
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Larger sample sizes are needed to

further investigate the effect of these factors on the occurrence of PCD
after cochlear implantation. On the other hand, peri- and postoperative
administration of methylprednisolone may have been a protective factor
against PCD in the present study, as it suppresses the immune system
and decreases inflammation. This is supported by a study of Qiao et al.
(2015), in which treatment with methylprednisolone was associated with
a lower incidence of PCD in elderly patients undergoing major surgery.
However, it may as well have a negative effect on the occurrence of PCD
by deregulating glucose levels (Tamez Perez et al., 2012).
In the present study, cognition was assessed by means of the MoCA.
Although this is a short cognitive screening tool, the MoCA scores did
not present ceiling or floor effects and were roughly normally distributed
prior to and after surgery. This suggests that the MoCA was not too easy
neither too difficult for the study population. A major advantage of the
MoCA over other screening tests is the breadth of cognitive domain coverage: besides short-term memory, also visuospatial abilities, executive
functions, phonemic fluency, verbal abstraction, attention, concentration,
working memory, language and orientation to time and place are assessed
(Appels et al., 2010; Vogel et al., 2015). Furthermore, because of the short
administration time, the negative effect of fatigue is kept to the minimum.
The MoCA is also easy to administer and provides alternate versions,
which have been proven to be equivalent (Costa et al., 2012; Costa et al.,
2014; Wu et al., 2017). Since the patients of the current study were all to
undergo cochlear implantation, they all suffered from severe to profound
hearing loss. Considering the negative effect of sensory impairment on
the performance of cognitive tests (Dupuis et al., 2015) and the specific
characteristics of the study population, a cognitive test modified for
hearing-impaired individuals was necessary. As no cognitive assessment
tool for the hearing-impaired was available at the start of the present
study, it was decided to adapt the MoCA by providing bimodal stimulation (both visual and oral). However, very recently the Hearing-Impaired
MoCA (HI-MoCA) has been developed and validated in cognitively intact
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adults over the age of 60 (Lin et al., 2017). The HI-MoCA is a version
of the MoCA specifically for the hearing-impaired without any verbal
cues. Future research should consider the HI-MoCA as a reliable tool for
screening cognitive impairment in severely hearing-impaired individuals.
Even though the present study has some limitations, such as the
small sample size and the lack of long-term assessments (due to ethical
limitations, as discussed above), it also has several strengths. First of all,
there were no missing data. Missing data, especially if they are due to
unwillingness to participate, are difficult to handle, because the reason
for unwillingness may be a cognitive problem.

Therefore, excluding

these participants runs the risk of underestimating the PCD incidence
(Rasmussen et al., 2001). Another strength of the study is the wide variety
in preoperative cognitive function by not excluding participants if they
performed lower than a given cut-off. This leads to a representative
sample of older adults undergoing unilateral cochlear implantation under
general anesthesia.

5.6

Conclusion

Given the considerably high incidence of PCD of 11.5% at one week after cochlear implantation, a routine cognitive screening before and after
surgery in older adults is recommended. In some hospitals, a cognitive
screening is already part of the CI candidacy evaluation, but a second evaluation should be implemented postoperatively to evaluate the occurrence
of PCD. Tailored postoperative care and assistance must be provided for
patients who present a relevant decline in postoperative cognitive performance and presence PCD should be considered in deciding whether the
patient can be discharged. As minor surgeries are being performed more
often on an out-patient basis or with a strictly minimal duration of hospitalization, a pre- and postoperative cognitive screening becomes more
important. Indeed, the presence of PCD may go unnoticed without appropriate screening, both for the clinician and the patient. Once the patient
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is discharged from the hospital, the consequences of PCD for the patient
may, however, be more pronounced, whereas care and treatment are less
readily available at home.
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Abstract

Primary objective

To compare cognitive functioning among cochlear

implant (CI) recipients and normal-hearing (NH) controls.
Materials and methods Sixty-one post-lingually and bilaterally severely
hearing-impaired older CI recipients (mean age: 72.0 (± 8.3) year) with

at least one year of CI experience (mean: 9.8 (± 5.7) year) and 81 control
participants with normal hearing for their age and sex (mean age: 69.4
(± 10.7) year) took part in this cross-sectional study. Cognition was as-

sessed by means of the Repeatable Battery for the Assessment of Neuropsychological Status for Hearing-impaired individuals (RBANS-H).
Results The RBANS-H total score was significantly lower in older CI recipients than in NH older adults, independently of age, sex and education
(general linear model: p = 0.003). The mean corrected difference between
both groups was 7.2 (± 2.4) points. Analyses at domain level revealed
that the CI recipients performed significantly poorer than the NH older

adults for the Immediate memory (p < 0.001), Language (p = 0.001) and Attention (p = 0.002) domain, independently of age, sex and education. The
Visuospatial/constructional and Delayed memory index scores did not differ
significantly between groups.
Discussion Older CI recipients perform approximately 0.5 standard deviations lower on the RBANS-H than NH peers, irrespective of age, sex
and education.
Conclusion Despite the auditory rehabilitation by means of a CI, cognitive functioning in older hearing-impaired CI recipients is subnormal.
Long-term prospective and longitudinal investigations are imperative to
improve our understanding of cognitive development in older severely
hearing-impaired individuals who receive a CI.
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Introduction

Recently, large cross-sectional studies have established a persisting
correlation between hearing loss and poorer cognitive performances in
the older population (Harrison Bush et al., 2015; Lin, 2011; Lin et al.,
2011b; Quaranta et al., 2014; Wayne et al., 2015). Furthermore, evidence
from several longitudinal studies pointed out that baseline hearing loss is
associated with accelerated cognitive decline and incident dementia over
time (Gallacher et al., 2012; Gurgel et al., 2014; Lin et al., 2011a; Lin et al.,
2013). More specifically, in a prospective, longitudinal study including
nearly 2000 community-dwelling older adults, Lin et al. (2013) found that
this association was independent of demographic and cardiovascular risk
factors, such as age, sex, education and stroke history. Individuals with
hearing loss, defined as a pure tone average of hearing thresholds at 0.5
to 4 kHz above 25 dB HL in the better ear, had a 30 to 40% accelerated
rate of cognitive decline and a 24% increased risk of incident cognitive
impairment over a six-year period compared to individuals with normal
hearing. The causal mechanism underlying the link between hearing loss
and cognitive decline, however, is still a matter of debate (Roberts et al.,
2016; Wayne et al., 2015).
One hypothesis is that a common cause, for instance widespread
neural degeneration, generates the decline in both hearing and cognition.
This is the common cause hypothesis (Baltes et al., 1997; Lindenberger et al.,
1994). An alternative is the cognitive load on perception hypothesis (Arlinger
et al., 2009; Wayne et al., 2015). According to this hypothesis, cognitive
decline results in hearing loss, as it reduces the cognitive resources that
are available for auditory perception. However, little evidence is available
in support of this view and the finding that older adults benefit more than
younger adults from top-down processing does even interfere with the
premises of this hypothesis (Pichora-Fuller, 2003; Wayne et al., 2015).
Another explanation involves a causal relationship in the opposite
direction; hearing loss leads to cognitive decline that is either permanent
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in the case of the sensory deprivation hypothesis, or potentially reversible
and remediable in the case of the information degradation hypothesis
(Pichora-Fuller, 2003). Direct evidence is barely available for the former
hypothesis. Yet, some studies provided indirect evidence for the sensory
deprivation hypothesis; deafferentation and atrophy of the auditory
system and subsequent functional reorganization of cortical areas after
auditory deprivation may mediate the association between hearing
loss and permanent cognitive decline.

Another potential mechanism

of the sensory deprivation hypothesis is depression and social isolation
(Arlinger et al., 2009; Wayne et al., 2015). As regards the information
degradation hypothesis, older hearing-impaired adults have to compensate for impoverished auditory input through increased reliance on
cognitive resources. As the perceptual difficulties cascade upwards, more
cognitive resources are diverted to perception and this, in turn, reduces
the available cognitive resources for other tasks. This eventually results in
compromised cognitive performance. This view has gained considerable
support from several studies pointing out that cognitive performances
decrease when the speech signal is degraded, for instance by introducing
background noise (e.g. McCoy et al., 2005; Piquado et al., 2010). A
crucial implication of this information degradation hypothesis is that the
impairment in cognitive performance could be alleviated and the onset
of dementia postponed by auditory interventions (Arlinger et al., 2009;
Pichora-Fuller, 2003; Wayne et al., 2015). Therefore, many studies investigated the effect of hearing aids on cognition in older hearing-impaired
adults. These studies, however, generated conflicting results.
For instance, Acar et al. (2011) found a decrease of depressive signs
and an increase of cognitive functions on the Mini-Mental State Examination (MMSE) (Folstein et al., 1975) after using hearing aids for three
months. In this prospective, single-arm interventional study 34 older
adults over the age of 65 with a moderate to severe hearing impairment
were included. Choi et al. (2011) also demonstrated an improvement in
speech-related cognitive function, assessed by means of a computerized
visual verbal learning test, after six months of hearing aid use in 18 older
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participants. In the control group no change was present between the
baseline measurement and the second measurement six months later.
In addition, Amieva et al. (2015) followed-up 3670 individuals aged 65
and over during an exceptionally long period of 25 years. The results
indicated that the cognitive decline, as measured on the MMSE, in
hearing-impaired adults without hearing aids was accelerated compared
to participants who reported normal hearing. In contrast, the cognitive
decline in hearing-impaired adults who did use hearing aids did not differ
from the control participants. On the other hand, van Hooren et al. (2005)
did not find any improvement in cognitive performance after a follow-up
of twelve months among a group of older adults receiving hearing aids
compared to a group of control participants with an equivalent hearing
impairment but without hearing aids. Unexpectedly, the intervention
group even had a poorer performance on one measure of the Stroop
colour-word test than the control group one year after the hearing aids
were fitted. Mixed results may be explained by the wide variety of study
designs (e.g.: with or without control group), outcome measures, and the
selection and characteristics of participants.
Only very recently, the effect of auditory rehabilitation by means of
a cochlear implant (CI) on cognition in older profoundly hearingimpaired adults became a subject of research. In a pioneering study with
94 participants, Mosnier et al. (2015) found that intervention by means of
cochlear implantation in older adults was associated with improvements
in preoperatively impaired cognitive capabilities after six and twelve
months of CI use. These results were confirmed by Cosetti et al. (2016)
in a study population of seven women and by Castiglione et al. (2016)
in a group of 15 individuals, receiving a CI. The authors suggest that
correction for hearing loss by the use of CIs may have a protective effect
against reduced cognitive function.
Although considerable research has been devoted to the effects of
hearing solutions on cognitive functioning in older, hearing-impaired
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adults, it remains unexplored whether severely hearing-impaired experienced CI users perform age-expected in terms of cognition or not.
Therefore, the aim of the present study is to assess cognitive functioning
in older CI recipients with at least one year of CI experience by means
of the Repeatable Battery for the Assessment of Neuropsychological Status for
Hearing-impaired individuals (RBANS-H) (Claes et al., 2016). This test is a
modification of the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) (Randolph, 2012), a widely used and well-accepted
neuropsychological test battery for the clinical diagnosis and tracking of
dementia and mild cognitive impairment. The RBANS-H scores obtained
in the CI group will be compared to the RBANS-H scores obtained in
a normal-hearing (NH) control group, with correction for age, sex and
education. As Lin et al. (2013) reported a linear association of rates of
cognitive decline with the severity of an individual’s hearing loss, one
may hypothesize that older CI users, who are all severely to profoundly
hearing-impaired, are particularly prone to higher rates of cognitive
decline and cognitive impairment and may, therefore, present lower
cognitive performances than expected based on age. However, if auditory
rehabilitation by means of a CI indeed protects against reduced cognitive
functions, which is suggested by Mosnier et al. (2015), Cosetti et al. (2016)
and Castiglione et al. (2016), then age-normal cognitive performances
are expected in this population. In addition, the association between
cognitive performanceon the one hand and demographic factors and
hearing capabilities on the other hand is explored.

6.3
6.3.1

Materials and methods
Study design

With regard to the first objective, whether older, experienced CI recipients
perform age-expected on a cognitive test battery, the RBANS-H scores of
the CI recipients were compared to the RBANS-H scores of a NH control
group, with correction for age, sex and education. The second objective
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relates to the associations between cognitive functioning and hearing capabilities within the CI recipients group and the NH group separately.

6.3.2

Participants

All participants were assessed once, under the supervision of a single experienced, Good Clinical Practice certified audiologist (Master of Science).
For the CI recipients, examination consisted of a cognitive and an audiological assessment, which took one to one and a half hour to complete.
For the control participants, an audiological examination was part of the
screening phase. The ones who passed the screening phase completed the
cognitive assessment.
CI recipients Participants of the CI group were randomly recruited
from the Otorhinolaryngology, Head and Neck Surgery department of the
Antwerp University Hospital (UZA), Belgium. The inclusion criteria were
as follows: the person (1) was Dutch-speaking, (2) was at least 55 years
old, (3) was post-lingually, bilaterally and severely to profoundly hearingimpaired, (4) had received a CI in accordance to the Belgian national reimbursement criteria (i.e. the person had a mean preoperative hearing loss
at 0.5, 1 and 2 kHz of 85 dB HL or worse at the better-hearing ear), (5)
had at least one year of experience with the CI and (6) was a daily CI user.
Patients were excluded from the study if they were unable to complete
the test protocol due to uncorrected vision impairment (n = 1), had incomplete data (n = 1) or had a prevalent diagnosis of dementia (n = 6).
Sixty-one participants (28 male, 33 female) were included. The mean age
of the participants was 72.0 (± 8.3), ranging from 57.1 to 93.9 years and
the mean age at implantation was 62.2 (± 9.1) years. CI experience ranged

from 1.1 to 18.6 years (mean: 9.8 (± 5.7) years). The participants had had

7 to 20 years of formal education with a mean of 11.3 (± 3.1) years. All
participants were tested with their normal everyday processor settings, as
fitted by an experienced audiologist. Forty-eight CI recipients (79%) had
a CI unilaterally and did not use a hearing aid contralaterally (30 right, 18
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TABLE 6.1: The number of participants (total, male and
female) and the distribution of age for the total sample
of 81 participants and within each age category.

Age category

AGE (year)

NUMBER

mean

median

SD

min.

max.

total

male

female

50-59

55.6

55.1

3.0

50.1

59.9

60-69

65.8

66.6

3.8

60.1

69.9

21

9

12

21

10

70-79

74.9

74.9

2.9

70.2

11

79.9

21

12

9

80-89

83.3

82.8

2.1

TOTAL

69.4

69.9

10.7

80.2

87.1

18

8

10

50.1

87.1

81

39

42

left). Eleven participants (18%) used a contralateral hearing aid (9 hearing
aid right, CI left and 2 hearing aid left, CI right) and two participants used
bilateral CIs (3%).
Control group

A population-based sample of 103 participants aged 50 to

89 was recruited by means of the population registries, made available by
the local city councils in southern Antwerp (Belgium), by advertisements
in the hospital and by approaching friends, family and acquaintances, put
in by several colleagues and students working in the hospital. Participants
were excluded if any of the following criteria was not met: participants (1)
were Dutch-speaking, (2) were between the age of 50 and 89 years old (50
and 89 included), (3) had normal hearing thresholds at 0.250 up to 8 kHz,
based on age and sex, as defined by the BS 6951:1988, EN 27029:1991 and
ISO 7029-1984 standards, (4) had no history of any neurological disease
(e.g.: dementia, Parkinson’s disease, cerebrovascular accident, etc.) and
(5) had no uncorrected vision impairment. After a screening phase, in
which hearing was examined by means of pure-tone audiometry and the
medical history was questioned, 81 participants (39 males and 42 females)
were eventually included (mean age: 69.4 (± 10.7) year). The majority of

the NH controls did not use hearing aids (n = 76, 94%). Five participants
(6%) used bilateral hearing aids, although their hearing was within the
normal range for their age and sex. The number of participants within
each age category and the distribution of sex is presented in Table 6.1.
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Outcome measurements

Cognitive assessment
Cognitive function was assessed by means of the RBANS-H (Claes et al.,
2016). The RBANS-H is a modification of the Repeatable Battery for the
Assessment of Neuropsychological Status (RBANS) (Randolph, 2012),
which is a neuropsychological test battery for the clinical diagnosis
and tracking of dementia and mild cognitive impairment.

A major

advantage of the RBANS is that it yields one total score of cognition,
which can be converted to an age-corrected standard score, of which
the distribution has a mean of 100 and a standard deviation of 15. In
addition, the RBANS assesses five cognitive domains: Immediate memory,
Visuospatial/constructional, Language, Attention and Delayed memory. The
index scores are also scaled to a normal distribution with a mean of 100
and a standard deviation of 15. The RBANS is provided with normative
data for the following age categories: 12–13, 14–15, 16–19, 20–39, 40–49,
50–59, 60–69, 70–79, 80–89 years. Due to its short administration time
(approximately 20 to 30 minutes), the test is suitable for neuropsychological testing in a clinical setting (Appels et al., 2010; Karantzoulis et al.,
2013; Randolph et al., 1998). The RBANS is a complete cognitive test
battery with a good sensitivity to change, which is also capable of tracking
change in individuals with normal cognition. This greatly contrasts with
cognitive screening tools such as the Mini-Mental State Examination
(MMSE) (Folstein et al., 1975) and the Montreal Cognitive Assessment
(MoCA) (Nasreddine et al., 2005).
Similarly, the modified RBANS-H is a neuropsychological test battery for examining cognitive function specifically in hearing-impaired
individuals. As examinees with a hearing impairment are at a disadvantage if the RBANS is administered in a standardized manner with oral
instructions and item presentation, developing a cognitive test battery for
hearing-impaired subjects was necessary. In contrast to the RBANS, in
which the instructions are given orally, the RBANS-H provides written
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instructions, presented on a PowerPoint presentation, in combination
with the standard oral instructions.

Furthermore, four of the twelve

subtests that are solely orally presented in the RBANS, are adjusted
in the RBANS-H by providing a combination of visual and auditory
stimulation. An extensive and detailed description of the RBANS-H and
the modifications can be found in Claes et al. (2016).
Audiological assessment
Speech audiometry in quiet and in noise were performed according to the
Minimal Outcome Measurements (Kleine Punte et al., 2013). All the audiological measurements were done using a two-channel Interacoustics
AC-40 audiometer in a sound-treated booth. For free field measurements,
a loudspeaker was positioned at one-meter distance in front of the participant, at ear level (0° azimuth). Speech audiometry in quiet and in noise
were performed in free field, in the best-aided condition. For CI recipients
the best-aided condition was either with CI only (possibly with contralateral functional residual hearing), with CI in combination with contralateral hearing aid or with bilateral CI. For the NH group, the best-aided free
field speech audiometry was performed either unaided (when the participant did not use any type of hearing aid in daily life) or with unilateral or
bilateral hearing aid(s).
Speech audiometry in quiet Speech audiometry in quiet was performed
in free field at 65 dB SPL. The speech materials used were the Dutch openset NVA lists developed by the Nederlandse Vereniging voor Audiologie (NVA) or Dutch Society for Audiology (Wouters et al., 1994). Each
list consists of twelve monosyllabic words (consonant-vowel-consonant)
of which the first one is a training item. The speech recognition score is
the percentage of correctly identified phonemes.
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Speech audiometry in noise Speech reception in noise was assessed in
free field, using the Leuven Intelligibility Sentences Test (LIST) in an adaptive procedure (van Wieringen et al., 2008). This Dutch speech material
consists of 35 lists of ten sentences and has been developed and validated
for use with severely hearing-impaired individuals and CI recipients. The
level of the noise was fixed at 65 dB SPL. The starting level of the speech
was also 65 dB SPL, but the level was altered in steps of 2 dB depending
on the response of the participant. If all the keywords of a given sentence were repeated correctly, the level of the speech was decreased by
two decibels. The level of the speech was increased by 2 dB if the keywords were not correctly repeated. The speech reception threshold (SRT)
was calculated as the mean level of the last five sentences and the level of
the imaginary eleventh sentence. The lower, or the more negative, the SRT
(dB SNR), the better speech in noise is perceived.

6.3.4

Ethics

This study was conducted in accordance with the recommendations of
the ethics committee of the Antwerp University Hospital/University of
Antwerp. The protocol for the CI recipients was approved on August
10th , 2015 (protocol number 15/25/268) and the one for the NH control participants was approved on November 21st , 2016 (protocol number
16/43/450). All participants gave written informed consent in accordance
with the Declaration of Helsinki prior to participation.

6.3.5

Data management and statistical methods

Data were stored in OpenClinica LLC (Waltham, MA, USA), a password
protected online database for electronic data capture and data management developed for clinical research. IBM SPSS Statistics 24 (IBM; Armonk, NY) was used for the statistical analyses. Descriptive statistics
(mean, standard deviation, median and range) were used to summarize
the distribution of RBANS-H total and index scores. In addition, it was
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investigated whether the RBANS-H total scores differed significantly between both groups (CI recipients versus control participants), after correction for age, sex and education. This was done by means of a general linear
model, with RBANS-H total scores as dependent variable, group and sex
as independent fixed factors, and age and education (i.e. the number of
years of formal education starting from the age of 6) as covariates. Also
the estimated marginal mean difference (NH group minus CI group) was
calculated, i.e. the mean difference on the RBANS-H total score between
both groups, corrected for age, sex and education. These analyses were repeated for the five RBANS-H index scores. A significance level of a = 0.05
was applied. Descriptive statistics were also performed for the speech in
quiet and speech in noise scores. In addition, correlations were calculated
to assess the association between the RBANS-H total scores and (1) age, (2)
number of years of experience with the CI (CI experience), (3) education,
(4) score for speech in quiet (percentage correct) and (5) score for speech in
noise (SRT). Since most variables were not normally distributed (CI experience, education, speech perception in quiet and SRT in noise), Pearson
correlations were calculated for all correlations. Due to the explorative
character of the correlational analyses, no correction for multiple testing
was applied.

6.4

Results

The RBANS-H results are presented for the CI recipients and the NH
control group separately in Figure 6.1. Among the CI recipients, the
mean RBANS-H total score was 90.1 (± 13.4) (median: 88.0, range: 62 to

119). The mean total score among the control group was 100.5 (± 13.2)
(median: 100.0, range: 72 to 136). A general linear model pointed out that

the CI recipients performed significantly poorer than the NH participants,
after controlling for age, sex and education differences (p = 0.003). The
estimated marginal mean difference (EMMD) of the RBANS-H total score
between both groups was 7.2 (± 2.4) points, taking age, sex and education
into account.
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With regard to the index scores, significant differences were established between both groups for the Immediate memory, Language and
Attention domain, independently of age, sex and education (p < 0.001,
EMMD: 10.3 (± 2.9) points; p < 0.001, EMMD: 6.7 (± 2.0) points;
p = 0.002, EMMD: 9.2 (± 2.9) points, resp.). The Visuospatial/constructional

and Delayed memory index scores did not differ significantly between
groups, when taking age, sex and education into account (p = 0.524,
EMMD: -1.8 (± 2.9) points; p = 0.270, EMMD: 2.5 (± 2.3) points, resp.).

F IGURE 6.1: Boxplots of the RBANS-H total scores and
index scores for the NH group (normal-hearing, grey
boxplots) and the CI group (cochlear implant, black box
plots).
The boxplots represent the minimum, 1st quartile, median,
3rd quartile and maximum of the RBANS-H total and index scores. IMM MEM: Immediate memory, VISUOSP: Visuospatial/constructional, DEL MEM: Delayed memory.
* indicates p < 0.05, ** indicates p < 0.01, *** indicates
p < 0.001 and **** indicates p < 0.0001.

As expected, the RBANS-H total scores, which are age-corrected, were not
significantly correlated to age in the NH group (r =

0.092, p = 0.414).

However, in the CI recipients the negative correlation was borderline
significant (r =

0.227, p = 0.079). This may indicate that cognition in
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older CI recipients tends to decrease faster than in NH peers. CI experience did not present an association with RBANS-H total score (r = 0.140,
p = 0.281). With regard to education, the correlation to RBANS-H total
score depended on the group. In the control group, no association was
demonstrated (r = 0.095, p = 0.398), but in the CI recipients a significant
positive association was found (r = 0.399, p = 0.001).
For the CI recipients, the mean speech intelligibility score in quiet at
65 dB SPL was 73% (± 20.4) (median: 79%, range: 0% to 97%). The speech
intelligibility scores at 65 dB SPL in the NH group were on average 93%,

with only three participants obtaining a score less than 90%. Because of
the lack of variability in performance at 65 dB SPL among the control
group, the SRTs, or the level at which 50% of phonemes was correctly
received, was used instead. The mean SRT in quiet was 30 (± 9.1) dB SPL

(median: 28 dB SPL, range: 14 to 51 dB SPL). In both groups, better speech
intelligibility in quiet correlated with better RBANS-H total scores (CI:
r = 0.347, p = 0.006 and NH: r =

0.256, p = 0.021). This association

remains significant with correction for age (CI: r = 0.309, p = 0.016
and NH: r =

0.269, p = 0.016) and with correction for both age and

education (CI: r = 0.257, p = 0.049 and NH: r =

0.260, p = 0.020).

Among the CI recipients, the mean SRT in noise was +7.7 (± 7.3) dB
SNR (median: +4.7 dB SNR, range: -2.7 to +20.0 dB SNR). The mean SRT

in noise in the control group was -3.1 (± 2.5) (median: -3.7 dB SNR, range:
-7.0 to 3.0 dB SNR). SRT in noise demonstrated a significant association
with RBANS-H total score in both groups (CI: r =
NH: r =

0.354, p = 0.001). This association remains significant with

correction for age in both groups (CI: r =
r=

0.336, p = 0.008 and

0.280, p = 0.030 and NH:

0.362, p = 0.001) and with correction for both age and education in

the NH group, but not in the CI recipients (CI: r =
NH: r =

0.357, p = 0.001).

0.240, p = 0.067 and
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Discussion

The present study aimed at investigating cognitive performance by means
of the RBANS-H in older CI recipients with at least one year of CI experience, compared to a NH control group with correction for age, sex and
education differences. In addition, the correlations between cognitive capabilities on the one hand and demographic factors and speech perception
performance on the other hand were explored in both groups.

6.5.1

Neuropsychological performance of older CI recipients

The results with the RBANS-H demonstrated that overall cognitive
functioning among older adults is significantly poorer in CI recipients
than in NH individuals, regardless of age, sex and education. The mean
difference in RBANS-H total score between both groups, corrected for the
effect of these three demographic factors, was 7.2 (± 2.4) points. Since
the RBANS-H total score is scaled to a normal distribution with a mean

of 100 and a standard deviation of 15, a difference of 7.2 points indicates
that the CI recipients perform approximately 0.5 standard deviations
lower than the NH peers. Therefore, the observed difference is not only
statistically significant, but also clinically relevant. Analyses at domain
level revealed that the CI recipients performed significantly poorer than
the NH older adults for the Immediate memory, Language and Attention
domain, independently of age, sex and education. The mean corrected
difference was 10.3 (± 2.9) points, 6.7 (± 2.0) points and 9.2 (± 2.9) points,
respectively.

The Visuospatial/constructional and Delayed memory index

scores did not differ significantly between groups. In conclusion, despite
the auditory rehabilitation by means of a CI, the cognitive functioning in
severely to profoundly hearing-impaired CI recipients is subnormal.
These findings contradict the outcomes of Castiglione et al. (2016),
who demonstrated no significant difference on the MoCA between 20 NH
older listeners and 15 older CI users with one year of CI experience. Yet,
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several aspects of the MoCA, as opposed to the RBANS, may account for
the lack of observed difference in the study of Castiglione et al. (2016). The
MoCA is a cognitive screening tool to detect mild cognitive impairment
and takes approximately 10 minutes to administer (Nasreddine et al.,
2005). It is less sensitive to change than the RBANS and is likely to present
ceiling effects in cognitively normal individuals. These characteristics
may have obscured a possible difference between the CI recipients and
the NH participants.
The obtained findings in the present study are expected based on
the study of Lin (2012), in which an association is reported of rates of
cognitive decline with the severity of an individual’s hearing loss: persons
with a more severe hearing loss tend to be at greater risk of accelerated
cognitive decline and cognitive impairment than those with a less severe
or no hearing impairment. This is also in line with the results of Baltes
et al. (1997), in which poorest intellectual abilities were observed among
the hearing-impaired individuals, as compared to the NH individuals,
in 70- to 103-year olds. Both aforementioned studies comprised a large,
population-based sample of participants, including persons with severe
hearing losses, but not exclusively. As the present study only includes
severely to profoundly hearing-impaired older adults, the cognitive
deviation from the norm may, indeed, be more pronounced.
A possible protective effect of cochlear implantation against accelerated cognitive decline, as is suggested by Mosnier et al. (2015), Cosetti
et al. (2016) and Castiglione et al. (2016), cannot be confirmed neither
ruled out based on the present results. It is demonstrated however, that
hearing rehabilitation through cochlear implantation does not cause a
cognitive improvement that completely bridges the gap with NH peers in
the long term. If cochlear implantation indeed positively affects cognition
in older adults, then this effect is, in all probability, not big enough to
catch-up with the NH peers and to maintain a normal cognitive aging
process.
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As the cognitive test battery, the RBANS-H, was modified for the hearingimpaired by providing bimodal stimulation, the hearing impairment
it self could not have placed the participants at a disadvantage during
test administration. It is therefore unlikely that the hearing-impaired
participants underperformed as a result of the hearing impairment. Alternatively, the finding that the CI recipients demonstrated overall poorer
cognitive performance compared to the NH older adults is ought to be
explained by the fact that a CI provides someone who is deaf or severely
hearing-impaired with a sense of sound, but does not restore hearing
completely. Furthermore, the vast majority of participants (97%) only
received one CI, although they were bilaterally severely to profoundly
hearing-impaired, making the perception of binaural cues impossible.
Irrespective of the reasons for this cognitive deviation in older CI recipients, it is clearly pointed out that their cognition is below expectation
and that a CI is not capable of bringing cognition (back) to normal. This
fact has major implications for auditory rehabilitation after cochlear
implantation and should be taken into account to optimize rehabilitation.
Moreover, future research should investigate the effects of additional rehabilitative, cognitive training especially customized for hearing-impaired
older adults.

6.5.2

Association between demographic factors, speech perception and cognition

Age did not correlate with the RBANS-H total scores among the NH
group. This was expected, since the RBANS-H total score incorporates an
age correction. Among the CI recipients however, the correlation between
age en total score was negative and borderline significant (p < 0.010).
This may be an indication of a faster cognitive decline in older CI recipients than in NH peers. Yet, the evidence is very weak and caution
should therefore be applied. Future longitudinal research is necessary
to investigate the cognitive development of older CI recipients and to
compare this to the cognitive development of NH peers. The correlation
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of education to cognition also differed along both groups. In the control
group, no association was found, whereas, in the CI group, a significant
positive correlation was demonstrated.
Furthermore, the correlations of speech perception and cognition
were examined. In both groups, speech intelligibility in quiet appeared to
correlate with better overall cognitive functioning, irrespective of age and
education. Also speech perception in noise was significantly associated
with overall cognition in both groups. In the CI group, this correlation
remained significant with correction for age. Moreover, in the NH group,
this correlation remained significant with correction for both age and
education.
Hua et al. (2017) also investigated the relationship between speech
perception and cognitive performance in CI recipients cross-sectionally.
Yet, in contrast to the present study, the 17 included bimodal CI users were
younger adults, aged 28 to 74. They performed two speech recognition
tests, one in quiet and one in noise, and two cognitive tests, the Reading
Span Test (RST) and the Trail Making Test (TMT) assessing working
memory capacity, and processing speed, attention, executive control
and task-switching ability respectively. Both the TMT and the RST were
found to correlate with some, however not all, of the speech recognition
measures. After correction for age however, the speech test in noise was
not correlated to any of the cognitive tests, but the speech test in quiet
did show a substantial correlation to the RST and the TMT. As speech
understanding in noise is considered more cognitively demanding, based
on the Ease of Language Understanding model (Ronnberg et al., 2013),
a stronger link of cognitive performance to speech understanding in
noise than to speech understanding in quiet was expected, contradicting
both the results of Hua et al. (2017) and the results of the present study.
However, the speech understanding test in noise in both studies involved
semantically meaningful sentences, whereas in the speech test in quiet,
the participants had to repeat short, monosyllabic words. The amount
of contextual and semantic information available in the former test was
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therefore larger than in the latter, making the speech test in noise possibly
less cognitively demanding in the case of the Hua et al. (2017) study
and equally demanding in the present study compared to the speech
in quiet test. In addition, the differences in associations in both studies
could be accounted for by the difference in age of the participants, as
the association between cognition and speech perception is reported to
change with age (Sommers, 1997).
Limitations of the present study involve the cross-sectional design
of the study, which is not suitable for making statements about the
cognitive evolution of CI patients over time and for determining cause
and effect. Therefore, more prospective, longitudinal research is needed
to investigate the evolving relationship between cognitive performance
and hearing-related capabilities in CI patients and to explore the effects
of cochlear implantation on this relationship. Another limitation is the
lack of correction for multiple testing in the case of the correlational
analyses. However, these analyses are exploratory in nature and further
investigations, either focusing on one aspect of these correlations or
including more participants, are necessary to evaluate the association
between demographic factors, audiometric capabilities and cognitive
performance in CI recipients.

6.6

Conclusion

The present cross-sectional study demonstrated that older CI recipients have generalized poorer cognitive functioning, as measured on the
RBANS-H, in comparison to NH older adults, independently of age, sex
and education. This difference of 0.5 standard deviations is both statistically and clinically significant. At subdomain level, a significant poorer
performance was observed for the Immediate memory, Language and Attention domain, again regardless of age, sex and education. Additionally, a significant correlation was established between overall cognition
and speech understanding, both in quiet and in noise, irrespective of age.
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The fact that older CI recipients have poor cognitive functioning has major implications for auditory rehabilitation after cochlear implantation and
therefore, it is suggested to take into account the cognitive functioning of a
CI recipient to optimize postoperative rehabilitation. Long-term prospective and longitudinal investigations are imperative to improve our understanding of cognitive development in older severely hearing-impaired individuals receiving CIs and its association with hearing performance and
speech understanding.

Chapter

7

RBANS-H performance before
and after cochlear implantation:
Longitudinal data

This chapter has been accepted for publication:
Claes, A. J., Van de Heyning, P., Gilles, A., Van Rompaey, V., & Mertens,
G. (2018). “Cognitive performance of severely hearing-impaired older
adults before and after cochlear implantation: Preliminary results of a
prospective, longitudinal cohort study using the RBANS-H”. in: Otology
& Neurotology. (accepted).

7.1. Abstract

7.1

163

Abstract

Objective To evaluate cognitive development in severely hearingimpaired older adults after cochlear implantation.
Study design Prospective, longitudinal cohort study with assessments
prior to, and at 6 and 12 months after implantation.
Patients

Twenty older adults (median age: 71.5 years).

Main outcome measures Change in the Repeatable Battery for the Assessment of Neuropsychological Status for Hearing-impaired individuals (RBANS-H) total score and index scores were used to assess cognitive evolution. In addition, change in best-aided speech audiometry in
quiet (monosyllabic words) and in noise (Leuven Intelligibility Sentences
Test) was examined, as well as patient-reported measures of health-related
quality of life (NCIQ), self-perceived hearing disability (SSQ12), sound
quality (HISQUI19) and states of anxiety and depression (HADS).
Results The RBANS-H total scores improved significantly after 12
months CI usage (p < 0.001). At index level, significant improvements
were observed in the Immediate memory and Delayed memory domain (p =
0.005 and p = 0.002, resp.), and to a lesser extent also in the Attention
domain (p = 0.047). Furthermore, speech perception in quiet and in
noise improved significantly after 6 months and remained stable after 12
months. Similarly, a significant improvement was observed on all patientreported measures after 6 months of CI usage. These results remained
stable after 12 months, except for the HADS.
Conclusion A significant improvement in overall cognition after 12
months of CI usage was established. However, future research is imperative to further disentangle possible practice effects from the effects of
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the cochlear implantation. The significant, positive effect of cochlear implantation on speech perception and patient-reported measures was confirmed.

7.2. Introduction
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Introduction

Several researchers have found a persisting correlation between hearing
and cognition in the aging population, with age-related hearing loss being
linked to poorer cognitive functioning (Fortunato et al., 2016; Humes
et al., 2016; Lin, 2011; Lin et al., 2011b; Quaranta et al., 2014; Wayne et al.,
2015). However, the nature of the link between hearing loss and cognitive
decline is still ambiguous (Roberts et al., 2016).

Several longitudinal

studies indicated that sensory changes precede the onset of cognitive
impairments. Furthermore, sensory deficits, more specifically hearing
impairments, were put forward as a possible modifiable risk factor for
the development of dementia (Gallacher et al., 2012; Lin et al., 2011a; Lin
et al., 2013; Loughrey et al., 2018; Valentijn et al., 2005). If hearing loss is
indeed a risk factor for or an early marker of accelerated cognitive decline
and dementia, improving hearing by means of auditory rehabilitation
may potentially alleviate the accelerated cognitive decline observed
in hearing-impaired older adults. However, studies investigating the
impact of hearing aid use on cognition among older adults with moderate
hearing loss yield mixed results, with some studies observing a positive
effect of hearing aids on cognition (e.g. Acar et al., 2011; Amieva et al.,
2015; Dawes et al., 2015) and others finding no effect (e.g. Valentijn et al.,
2005; van Hooren et al., 2005).
According to Lin et al. (2013), the rate of cognitive decline is linearly
associated with the severity of an individual’s hearing loss, suggesting
that someone with profound hearing loss tends to have a more accelerated
cognitive decline than someone with a mild hearing loss. For individuals
with profound hearing loss a cochlear implant (CI) is considered a safe
and viable solution with good outcomes in terms of speech perception
and quality of life, even in older adults (Clark et al., 2012; Lin et al., 2012;
Vermeire et al., 2005). Recently, Mosnier et al. (2015) investigated the effect
of hearing rehabilitation through cochlear implantation on cognition in
94 older, profoundly hearing-impaired adults. In this longitudinal cohort
study cognitive and audiometric assessment was performed prior to
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implantation and at six and twelve months after implantation.

The

cognitive assessment comprised the Mini-Mental State Examination
(MMSE), the 5-Word Test, the Clock-Drawing Test, the Verbal Fluency
Test, the d2 Test of Attention, and the Trail Making Test. The authors
found that intervention by means of cochlear implantation was associated
with improvements in preoperatively impaired cognitive capabilities after
six and twelve months of CI use. Since then, five other research groups
have investigated the cognitive outcomes after cochlear implantation in
older adults, with the majority confirming the results of Mosnier et al.
(2015). For instance, Cosetti et al. (2016) demonstrated improvements in
cognitive functioning among a study population of seven women. The
neuropsychological test battery consisted of the Wechsler Abbreviated
Scale of Intelligence, the Trail Making Test, the Controlled Oral Word
Association tests, the Boston Naming Test and the Repeatable Battery for
the Assessment of Neuropsychological Status (RBANS). Also Castiglione
et al. (2016) established a significant increase in cognition, measured on
the Montreal Cognitive Assessment (MoCA), in a group of 15 individuals
one year after implantation. Furthermore, Jayakody et al. (2017) revealed
significant improvements, compared to a control group of CI candidates,
at six and twelve months after implantation on several subtests of the
Cambridge Neuropsychological Test Automated Battery, which is a
non-verbal, computerized cognitive test battery. Finally, Ambert-Dahan
et al. (2017) confirmed the previously reported results in a sample of 18
subjects by means of the COgnitive Disorders EXamination (CODEX) and
the MoCA. These authors suggest that hearing rehabilitation by means of
CIs may have a protective effect against reduced cognitive functioning in
older adults with a severe to profound hearing impairment. Only Sonnet
et al. (2017) did not find any significant change in cognition after one year
of CI usage, as evaluated on the MMSE, Rey’s complex figure test, Trail
Making Test, 5-word test and the test de dénomination orale d’images
(DO80).
The present study aims to elaborate on earlier work by investigating
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the cognitive evolution of severely hearing-impaired older adults receiving a CI by means of a complete cognitive test battery specifically
adjusted for the hearing-impaired.

This cognitive test battery is the

Repeatable Battery for the Assessment of Neuropsychological Status for
Hearing-impaired individuals (RBANS-H) (Claes et al., 2016), an adaptation of the Repeatable Battery for the Assessment of Neuropsychological
Status (RBANS) (Randolph et al., 1998). In addition, the change in speech
perception in quiet and in noise, and in health-related quality of life,
self-perceived hearing disability and sound quality, and anxiety and
depression is examined after implantation.

7.3

Materials and methods

The methodology of the present longitudinal study is described in detail
in Claes et al. (2016). A summary is given below.

7.3.1

Study protocol

This prospective, longitudinal cohort study investigated the cognitive performance of severely hearing-impaired older adults before implantation
and at six and twelve months after implantation. In addition, the change
in speech perception performance in quiet and in noise, health-related
quality of life, subjective hearing disability and sound quality, and states
of anxiety and depression were explored across the three test intervals.

7.3.2

Participants

Twenty consecutive, older participants (twelve males and eight females)
with a postlingual bilateral severe to profound hearing impairment were
enrolled in the study and unilaterally implanted in the Antwerp University Hospital (Belgium). Every participant met the Belgian criteria for
reimbursement of the CI. The preoperative aided and unaided hearing
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thresholds (dB HL) for the to-be-implanted ear and the contralateral ear
are shown in Figure 7.1. The median age at implantation was 71.5 years,
ranging from 54.8 to 84.8 years. The number of years of formal education
ranged from seven to sixteen years (median: 10 years). Prior to implantation, six of the participants (30%) used bilateral hearing aids, nine unilateral (45%) (six right, three left) and five participants (25%) did not use
hearing aids at all. More information on the demographics can be found in
Table 7.1. The speech processor was activated approximately four weeks
after implantation and during regular programming sessions the processor settings were optimized. In addition, a postactivation aural rehabilitation program was offered to every CI recipient. This program consists
of individual training sessions with a speech therapist one hour a week
for at least three months. During these sessions, speech perception tasks
are given in order to improve communication skills with the CI. Although
this rehabilitation program is strongly recommended, three of the twenty
participants (15%) did not enter the program.

7.3. Materials and methods

F IGURE 7.1: The preoperative unaided and aided thresholds for the implanted and the non-implanted
ear (n = 20).
The dotted line indicates the median preoperative unaided thresholds (n = 20) and the solid line the
median preoperative aided thresholds for the implanted (n = 12) and non-implanted ear (n = 9). The
boxplots represent the minimum, 1st quartile, median, 3rd quartile and maximum of the unaided thresholds. The shaded area shows the maximum output level of the audiometer.
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TABLE 7.1: Characteristics of the twenty participants.
Sex

Years of hearing
loss

Cause of
hearing loss

HA use preop.

Education
(year)

Age at
implantation

Side of
implantation

Type of CI and
electrode

Type of audio
processor

1

m

2

f

3
4
5

Contralateral
HA use postop.

Rehabilitation?

15

Trauma

Bilateral

11

71.5

Left

Concerto flex28

SONNET

No

No

11

Unknown

Bilateral

16

71.4

Left

Concerto flex28

SONNET

Yes

Yes

f

47

DFNA9

Bilateral

8

76.0

Left

Concerto flex28

SONNET

Yes

Yes

f

20

DFNA9

No

13

70.7

Left

Concerto flex28

RONDO

N/A

No

m

30

Unknown

Right

9

84.8

Right

Synchrony flex28

SONNET

N/A

Yes

6

f

18

Unknown

Bilateral

11

72.1

Right

Synchrony flex28

SONNET

No

Yes

7

m

50

Unknown

Bilateral

8

77.0

Right

Synchrony flex28

SONNET

No

Yes
Yes

8

f

30

Trauma

Right

10

69.1

Right

Synchrony flex28

SONNET

N/A

9

m

38

Unknown

Bilateral

10

54.8

Right

Synchrony flex28

SONNET

No

No

10

m

40

Unknown

No

9

83.9

Left

Synchrony flex24

SONNET

N/A

Yes

11

m

45

Unknown

Left

12

76.7

Left

Synchrony flex28

SONNET

N/A

Yes

12

m

10

Unknown

Right

10

70.1

Left

Synchrony flex28

SONNET

Yes

Yes

13

f

55

Ototoxicity

Left

7

67.3

Right

Synchrony flex28

SONNET

Yes

Yes

14

f

35

Otosclerosis

No

9

65.8

Right

Synchrony flex28

SONNET

N/A

Yes

15

m

10

Unknown

No

14

57.1

Left

Synchrony flex28

SONNET EAS

N/A

Yes

16

m

16

Unknown

Right

10

77.8

Right

Synchrony flex28

SONNET

N/A

Yes

17

f

18

Unknown

Right

8

80.4

Left

Synchrony flex28

SONNET

No

Yes

18

m

45

Unknown

Right

10

63.9

Right

Synchrony flex28

SONNET

N/A

Yes

19

m

4

Unknown

Left

8

62.8

Left

Synchrony flex24

SONNET

N/A

Yes

20

m

0.3

Trauma

No

13

76.5

Right

Synchrony flex28

SONNET

N/A

Yes
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Primary outcome measurement: RBANS-H

The primary outcome measurement is the change in cognitive performance across the three test moments; preoperatively and at six and twelve
months after cochlear implantation. Cognition was assessed by means of
the Repeatable Battery for the Assessment of Neuropsychological Status
for Hearing-impaired individuals (RBANS-H) (Claes et al., 2016). The
RBANS-H is a modification of the RBANS (Randolph et al., 1998), and
was especially developed to examine cognition in individuals with a
hearing impairment. This cognitive test battery consists of twelve subtests
and assesses five cognitive domains, namely Immediate memory, Visuospatial/constructional, Language, Attention, and Delayed memory (Table 7.2). In
contrast to the original RBANS, the RBANS-H provides a PowerPoint
presentation presenting the written instructions to the participant on an
external screen, along with the standard oral instructions. In addition,
simultaneous auditory and visual stimulation is provided in four of the
twelve subtests, in which the items are originally presented solely orally.
These four subtests are List learning, Story memory, Digit span and List
recognition.

A detailed description of the modified RBANS-H can be

found in Claes et al. (2016). RBANS-H alternate forms A and B were used
in the present study.
The score for each of the twelve subtests contributes to one of the five cognitive domains. The raw total scores of two subtests are needed for the
conversion to an index score for the domains of Immediate memory, Visuospatial/constructional, Language and Attention. For the index score of the
domain Delayed memory, the subtest raw scores of the subtests List recall,
Story recall and Figure recall are summed. This sum, in combination with
the total raw score for the List recognition subtest, is used to derive the
Delayed memory index score. The RBANS-H total score is computed by
combining the five index scores. The index scores and the total score are
age-corrected standard scores, scaled to a normal distribution with a mean
of 100 and a standard deviation of 15.
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TABLE 7.2: Description of RBANS-H domains and subtests.
Subtest

Description

Delayed memory
(1) List learning

A list of ten unrelated words is presented bimodally to the participant and he or
she is asked to recall as many words as possible after each of four learning trials.

(2) Story memory

A short story of two sentences is presented bimodally to the participant and he
or she has to retell the story as accurately as possible after each of two learning
trials.

Visuospatial/constructional
(3) Figure copy

The participant has to copy a geometric figure, while this figure remains on display.

(4) Line orientation

A semi-circular, fan-shaped pattern of thirteen lines is shown to the participant.
The lines are identical, except for their orientation. Below this pattern are two
lines that match the orientation of two of the lines from the pattern. The participant is instructed to identify those two matching lines.

Language
(5) Picture naming

Ten line drawings of objects are to be named by the participant.

(6) Semantic fluency

The participant has to list as many exemplars as possible from a given semantic
category, e.g. fruits and vegetables, within one minute.

Attention
(7) Digit span

The participant is instructed to repeat a string of digits, presented bimodally, in
the same order. The length of the strings increases by one on each trial, starting
from two up to nine digits.

(8) Coding

A form with symbols is given to the participant. He or she has to fill out the
corresponding number below each symbol, using the key on top of the page. The
time limit is 90 seconds.

Delayed memory
(9) List recall

The participant is asked to recall as many words as possible from the list of words
learned earlier in the List learning subtest.

(10) List recognition

Twenty words, of which ten are targets and ten are distractors, are presented
bimodally to the participant. The participant has to indicate whether each word
was on the original list or not.

(11) Story recall

The participant is asked to retell the story learned earlier from memory.

(12) Figure recall

The geometric figure shown earlier in the Figure copy subtest has to be drawn
from memory as accurately as possible.
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Secondary outcome measurements

Audiometric assessment An audiometric follow-up test battery was
performed prior to implantation and at six and twelve months after
implantation.

The test battery consisted of aided and unaided pure

tone audiometry, best-aided speech audiometry in quiet and speech
audiometry in noise. All audiological measurements were performed
using a two-channel Interacoustics AC-40 audiometer in a sound-treated
booth. For free field measurements, a loudspeaker was positioned at a
one-meter distance in front of the participant, at ear level (0° azimuth).
The best-aided situation preoperatively was either unaided or with
unilateral or bilateral hearing aid(s) and postoperatively either with
unilateral CI or with unilateral CI and contralateral hearing aid.
Unaided pure tone thresholds for air conduction were measured using insert earphones at 125, 250, 500, 1000, 2000, 3000, 4000, 6000 and 8000
Hz (ISO 8253-1, 2010). Best-aided thresholds were measured in free field
with warble tones at 125, 250, 500, 1000, 2000, 3000, 4000, 6000 and 8000
Hz.
Speech audiometry in quiet was performed in the best-aided condition in free field at 65 dB SPL. The speech material used were the Dutch
open-set NVA lists developed by the Nederlandse Vereniging voor Audiologie (NVA) or Dutch Society for Audiology (Wouters et al., 1994). Each
list consists of twelve monosyllabic words (consonant-vowel-consonant)
of which the first one is a training item. The speech recognition score is
the percentage of correctly identified phonemes.
Speech reception in noise was assessed in the best-aided condition
in free field. The Leuven Intelligibility Sentences Test (LIST) was used in
an adaptive procedure (van Wieringen et al., 2008). This Dutch speech
material consists of 35 lists of ten sentences and has been developed
and validated for use with severely hearing-impaired individuals and
CI recipients. The level of the noise was fixed at 65 dB SPL. The starting
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level of the speech was also 65 dB SPL, but the level was altered in steps
of 2 dB depending on the response of the participant. If all the keywords
of a given sentence were repeated correctly, the level of the speech was
decreased by two decibels. The level of the speech was increased by 2
dB if the keywords were not correctly repeated. The speech reception
threshold (SRT) was calculated as the mean level of the last five sentences
and the level of the imaginary eleventh sentence. The lower, or the more
negative, the SRT (dB SNR), the better speech in noise is received.
Nijmegen Cochlear Implant Questionnaire

The Nijmegen Cochlear Im-

plant Questionnaire (NCIQ) assesses health-related quality of life in CI
users (Hinderink et al., 2000). The questionnaire comprises six subdomains, each covering 10 statements; Basic sound perception, Advanced
sound perception, Speech production, Self-esteem, Activity limitations
and Social interactions. The total score and subdomain scores range from
0 (worst quality of life) to 100 (best quality of life). In the present study,
the NCIQ scores were calculated according to the corrected code book,
published in the corrigendum (Hinderink et al., 2017).
Speech, Spatial and Qualities of hearing Scale – 12

The Speech, Spatial

and Qualities of hearing Scale – 12 (SSQ12) (Noble et al., 2013) is a 12-item
questionnaire assessing hearing disabilities. It is a short form of the SSQ
(Gatehouse et al., 2004). The total score ranges from 0 to 10, with a lower
score indicating a higher degree of hearing disability.
Hearing Implant Sound Quality Index – 19 The Hearing Implant Sound
Quality Index – 19 (HISQUI19) (Amann et al., 2014) is used to quantify the
self-perceived level of auditory benefit experienced by hearing implant
users in everyday listening situations. The HISQUI19 consists of 19 items
scored on a 7-point Likert scale, ranging from always (= 7) to never (= 1).
The total score is calculated by adding the scores on the 19 items with a
maximal score of 133. Based on the achieved total score, the subjective
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sound quality is classified as very poor (< 30), poor (30 – 59), moderate
(60 – 89), good (90 – 109) and very good (110 – 133).
Hospital Anxiety and Depression Scale The Hospital Anxiety and Depression Scale (HADS) is used to quantify states of anxiety and depression
(Zigmond et al., 1983). This questionnaire consists of 14 items, of which 7
relate to anxiety and 7 to depression. A higher score represents a higher
degree of anxiety and depression.

7.3.5

Ethics

This study was conducted in accordance with the recommendations of
the ethics committee of the Antwerp University Hospital/University of
Antwerp. The protocol was approved on June 15th , 2015 (protocol number
15/17/181). All participants gave written informed consent in accordance
with the Declaration of Helsinki prior to participation. The study is registered at Clinical Trials (ClinicalTrials.gov) on June 9th , 2016. The protocol
identifier is NCT02794350.

7.3.6

Statistics

Data were stored in OpenClinica LLC (Waltham, MA, USA) a password
protected online database for electronic data capture and data management developed for clinical research. IBM SPSS Statistics version 24 (IBM
Corp., New York, NY, USA) was used for the statistical analyses. Linear
mixed models (LMM) were run across the three measurements (preoperatively, 6 months and 12 months postactivation) for the RBANS-H total
score, index and subtest scores, NCIQ total score and subdomain scores,
SSQ12 total score and HISQUI19 total score. When a significant result
was found using an alpha level of 0.05, pairwise comparisons were performed to investigate in which of the three pairs a significant difference
was present (preoperatively <> 6 months postoperatively; 6 months postoperatively <> 12 months postoperatively; preoperatively <> 12 months
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postoperatively). Bonferroni correction was applied to correct for multiple
testing within the multiple comparisons (p-value multiplied by three). For
the speech recognition scores in quiet (percentage correct) and the speech
reception thresholds (SRTs) in noise, Friedman’s tests and Wilcoxon pairwise comparisons with Bonferroni correction were used in order to account for the non-parametric distribution of these variables.

7.4
7.4.1

Results
Primary outcome measurement: RBANS-H

The RBANS-H total scores and index scores for the three test moments are
illustrated in Figure 7.2. The mean RBANS-H total score was 89.6 (± 15.2)

prior to implantation and changed to 93 (± 12.8) and 95.3 (± 13.7) at respectively six and twelve months after implantation. The mean change be-

tween the preoperative and the 12-months postoperative evaluation was
5.7 (± 7.8). The change in RBANS-H total score across the three measurements was significant (LMM: p < 0.001). Pairwise comparisons with Bonferroni correction indicated that the preoperative RBANS-H total score
was not significantly different from the total score at 6 months after implantation (p = 0.057). Neither did the 12-months measurement differ
significantly from the 6-months measurement (p = 0.332). In contrast,
the 12-months total scores were significantly improved compared to the
preoperative evaluation (p < 0.001).

RBANS-H scaled score
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F IGURE 7.2: The RBANS-H total scores and index scores.
The boxplots represent the minimum, 1st quartile, median, 3rd quartile and maximum of the RBANS-H
total scores and index scores prior to implantation (pre) and at six and twelve months after implantation
(resp. 6m post and 12m post) (n = 20). The dotted line connects the median scores. Higher scores
indicate better cognition. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001 and ****
indicates p < 0.0001.
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Additionally, the change of the five index scores was explored. Immediate memory improved significantly (LMM: p = 0.005) from a mean score
of 91.4 (± 16.3), to 98.4 (± 17.9) and 101.4 (± 19.3) across the three test

intervals. Only the change between the preoperative and the 12-months
postoperative evaluation was significant (p = 0.005) (mean change: 10.0
(± 14.5)). Significant improvement was present in both the List learning

and the Story memory subtest (LMM: p = 0.038 and p = 0.006, resp.).
For the List learning subtest this improvement was only significant after
12 months of CI use (pairwise comparison with Bonferroni correction:
p = 0.033), whereas the improvement on the Story memory subtest was
significant after both 6 months (p = 0.020) and 12 months of CI usage
(p = 0.012) (Table 7.3). The Visuospatial/constructional and Language index scores remained stable across the measurements (LMM: p = 0.390
and p = 0.379 resp.). The Attention index scores changed significantly
with mean scores improving from 82.1 (± 21.0) to 83.9 (± 15.2) and 88.1
(± 13.8) (LMM: p = 0.047). Only a significant improvement was observed

between preoperative and 12-months postoperative scores (p = 0.050)
(mean change: 6.0 (± 11.5)). However, none of the Attention subtests presented a significant improvement (p = 0.181 and p = 0.079, resp.). Finally,

the fifth domain, Delayed memory, also presented a significant improvement. The mean scores changed from 94.1 (± 13.2) preoperatively, to 97.6

(± 12.1) and 101.5 (± 14.2) at 6 and 12 months postoperatively (LMM:
p = 0.002). Pairwise comparisons with Bonferroni correction revealed

a significant change between the Delayed memory score prior to implantation and at 12 months after the implantation (p = 0.002) (mean change: 7.4
(± 9.1)). A significant increase was observed in the List recall and the Story
recall subtest (LMM: p = 0.002 and p < 0.001). Again, the improvement

was only significant after 12 months of CI usage in case of the List recall
subtest (pairwise comparison with Bonferroni correction: p = 0.001). Yet,
in case of the Story recall subtest, the improvement was significant both at
6 (p = 0.005) and 12 months postoperatively (p < 0.001).
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TABLE 7.3: RBANS-H subtest outcomes.
Mean and standard deviation are listed for the preoperative
(pre), 6 months postoperative (6m post) and 12 months postoperative (12m post) evaluation for each RBANS-H subtest (n = 20).
The maximum number of points to be obtained for a given subtest is listed in the column ‘Maximum’. The p value of the linear
mixed model (LMM), determining the significance of the change
in subtest scores across the three evaluations, is given in the last
column.
Subtest

Pre

6m post

12m post

Maximum

LMM

24.6 (± 5.5)

25.9 (± 6.1)

27.2 (± 6.4)

40

p = 0.038

16.5 (± 4.3)

24

p = 0.006

16.8 (± 2.4)

16.1 (± 2.2)

20

p = 0.124

20

p = 0.550

Immediate memory
(1) List learning
(2) Story memory

14.0 (± 4.5)

16.4 (± 4.2)

Visuospatial/constructional
(3) Figure copy
(4) Line orientation

17.2 (± 2.3)

16.5 (± 3.4)

17.0 (± 3.1)

17.2 (± 2.5)

Language
(5) Picture naming
(6) Semantic fluency

9.7 (± 0.5)

16.7 (± 4.5)

9.8 (± 0.4)

17.7 (± 4.3)

10

p = 0.577

17.6 (± 5.9)

9.8 (± 0.4)

36

p = 0.387

8.3 (± 1.8)

16

p = 0.181

89

p = 0.079

Attention
(7) Digit span
(8) Coding

7.6 (± 2.4)

35.7 (± 12.3)

7.7 (± 1.6)

36.6 (± 11.5)

38.0 (± 11.2)

Delayed memory
(9) List recall
(10) List recognition
(11) Story recall
(12) Figure recall

10

p = 0.002

18.9 (± 1.7)

4.0 (± 2.9)

19.0 (± 1.3)

19.0 (± 1.6)

20

p = 0.747

12

p < 0.001

12.2 (± 4.0)

12.8 (± 3.7)

12.6 (± 4.1)

20

p = 0.742

6.1 (± 2.3)

4.9 (± 2.3)
7.9 (± 2.6)

5.9 (± 2.6)
8.5 (± 2.1)
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Secondary outcome measurements

Audiometric assessment

Both at six and twelve months after activation

of the speech processor, all twenty participants used the speech processor each day and all day long. Four of the nine participants who could
continue to use the contralateral hearing aid, actually did (Table 7.1).
The best-aided speech recognition scores for the speech test in quiet
are presented in Figure 7.3. The median speech score in quiet was 18%
(range: 0% to 85%) prior to implantation and improved to respectively
79% (range: 39% to 94%) and 75% (range: 42% to 88%) at six and twelve
months after implantation. Friedman’s test revealed that the speech scores
in quiet significantly changed across the three time points (c2 (2) = 21.494,
p < 0.0001). Wilcoxon post hoc comparisons with Bonferroni correction
pointed out that speech recognition in quiet significantly improved at six
months after the implantation (Z =

3.865, p < 0.001) and remained

stable between six and twelve months postoperatively (Z =

1.350,

p = 0.531).
The best-aided speech reception thresholds (SRTs) in noise are shown in
Figure 7.3. Preoperatively, seventeen of the twenty participants (85%)
could not perceive the LIST sentences at the highest, i.e. easiest, signal to
noise ratio of +20 dB SNR (median SRT: +20.00 dB SNR; range: +5.00 to
+20.00 dB SNR). In contrast, at six and twelve months after implantation
all but one participants (95%) could finish the test at a speech-noise ratio
lower than +20 dB SNR. The median SRT at 6 months postoperatively
was +6.00 dB SNR (range: 0.00 to +20.00 dB SNR) and at 12 months
postoperatively +4.33 dB SNR (range: 0.00 to +20.00 dB SNR). Using a
Friedman’s test, a significant change in SRT was found (c2 (2) = 30.658,
p < 0.0001). More specifically, Wilcoxon pairwise comparisons with
Bonferroni correction revealed a significant decrease, i.e. improvement,
in SRT at six months postoperatively (Z =

3.825, p < 0.001) and no ad-

ditional improvement at twelve months after implantation (Z =
p = 0.669).

1.219,
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F IGURE 7.3: The results of the speech audiometry in
quiet (A) and speech audiometry in noise (B).
The boxplots show the minimum, 1st quartile, median,
3rd quartile and maximum of (A) the speech recognition
scores for the speech test in quiet using the NVA material
and (B) the speech reception thresholds (SRT) for the adaptive speech test in noise using the LIST, preoperatively
(pre), and 6 and 12 months postoperatively (resp. 6m post
and 12m post) (n = 20). The dotted line connects the
median scores. (A) Higher scores indicate better speech
recognition. (B) A lower SRT reflects better speech in noise
perception. * indicates p < 0.05, ** indicates p < 0.01, ***
indicates p < 0.001 and **** indicates p < 0.0001.

Nijmegen Cochlear Implant Questionnaire The NCIQ total score, as
well as all six subdomain scores, at the preoperative, 6-months and 12months postoperative time point are presented in Figure 7.4. NCIQ data
were missing for two participants prior to implantation and for one participant at twelve months after the implantation. Preoperatively, the mean
NCIQ total score was 31.8 (± 11.4), ranging from 11.7 to 57.0, indicating a
poor to moderate health-related quality of life in all twenty participants.

The subdomains with the poorest scores were Basic sound perception
(mean: 21.0 (± 17.6), range: 0.0 to 55.0) and Advanced sound perception

(mean: 19.1 (± 11.8), range: 0.0 to 50.0). All mean subdomain scores were
below 50, expect for Speech production (mean: 50.1 (± 22.0), range: 22.50
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to 95.00). Both the total score and the subdomain scores increased considerably after six months of CI use. For instance, the mean NCIQ total score
was 31.8 (± 11.4) (range: 11.7 to 57.0) at the first measurement and im-

proved to 64.3 (± 10.5) (range: 42.7 to 81.7) and 64.0 (± 12.2) (range: 43.5
to 84.1) at the second and the third measurement respectively. LMM analy-

sis indicated a significant change (p < 0.0001). Post hoc comparisons with
Bonferroni correction pointed out that the NCIQ total scores increased significantly between the preoperative and the 6-months postoperative measurement (p < 0.0001) and remained stable afterwards (p = 1). The exact
same pattern of a significant improvement at six months after implantation and no additional improvement at twelve months after implantation
was observed in all six subdomains.

7.4. Results

F IGURE 7.4: NCIQ results.
The minimum, 1st quartile, median, 3rd quartile and maximum of the NCIQ total score and subdomain
scores are presented as boxplots at the preoperative (pre), six months postoperative (6m post) and twelve
months postoperative (12m post) measurement. The dotted line shows the median change. A higher
NCIQ score reflects a better health-related quality of life. * indicates p < 0.05, ** indicates p < 0.01, ***
indicates p < 0.001 and **** indicates p < 0.0001.
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Speech, Spatial and Qualities of hearing Scale - 12

The change in

SSQ12 scores across the three test moments is shown in Figure 7.5. The
SSQ12 was not filled out by one participant prior to implantation. The
preoperative scores marked a high degree of self-perceived hearing disability (mean: 1.4 (± 1.0), range: 0.4 to 4.1). The mean SSQ12 increased
to 4.4 (± 1.8) (range: 0.7 to 7.1) after six months and 4.3 (± 1.5) (range:
0.9 to 7.3) after twelve months of CI usage, indicating a moderate degree

of hearing disability. This change was significant (p < 0.0001). Pairwise
comparison with Bonferroni correction pointed out that the SSQ12 scores
improved significantly at six months postoperatively (p < 0.0001) and stabilized afterwards (p = 1).
Hearing Implant Sound Quality Index - 19 Figure 7.5 shows the results
of the HISQUI19 questionnaire. Prior to implantation, two participants
did not complete the HISQUI19 and both at six and twelve months after
implantation, one participant did not complete the questionnaire. Preoperatively, the mean score was 30.9 (± 9.0) (range: 16 to 53), classified
as poor subjective sound quality. After six and twelve months of CI us-

age, the mean score increased to 69.3 (± 18.9) (range: 42 to 112) and 67.1
(± 14.6) (range: 36 to 101), which indicates moderate sound quality. Over-

all, the change in HISQUI19 scores was significant (LMM: p < 0.0001). The
improvement between the first and the second assessment was significant
(p < 0.0001), but no significant additional improvement was observed between the second and the third assessment (p = 1).
Hospital Axiety and Depression Scale (HADS)

The change in the

HADS subscale scores, anxiety and depression, are presented in Figure 7.6.
There was one missing value at the preoperative evaluation for the HADS.
Mixed linear models revealed a significant change in anxiety scores across
the three evaluations (p = 0.003), reporting a mean score of 6.6 (± 3.2) preoperatively, 4.3 (± 2.0) at 6 months postoperatively and 5.7 (± 2.2) at 12
months postoperatively. Pairwise comparisons with Bonferroni correction
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F IGURE 7.5: The SSQ12 (A) and HISQUI19 results (B).
The boxplots represent the minimum, 1st quartile, median, 3rd quartile and maximum of the SSQ12 scores at
the preoperative (pre), six months postoperative (6m post)
and twelve months postoperative (12m post) assessment.
A lower SSQ12 score reflects a higher degree of hearing
disability. (B) The boxplots represent the minimum, 1st
quartile, median, 3rd quartile and maximum of HISQUI19
scores at the preoperative (pre), six months postoperative
(6m post) and twelve months postoperative (12m post) assessment. Subjective sound quality is classified as very
poor (< 30), poor (30 – 59), moderate (60 – 89), good (90 –
109) and very good (110 – 133). * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001 and **** indicates
p < 0.0001.

indicated a significant decrease in anxiety between the first and the second measurement (p = 0.002) and stable results between the second and
the third measurement (p = 0.116). Also the overall change in signs of
depression was significant (LMM: p = 0.003), with a significant decrease
in depression scores at the 6 months postimplantation (p = 0.002) and stable results at 12 months postimplantation (p = 0.391). The mean score at
the first evaluation was 6.9 (± 4.0), followed by 4.1 (± 2.6) and 5.2 (± 3.5).
The results at 12 months did not differ significantly from the results at 6
months postoperatively for both subscales, but neither did these data differ significantly from the preoperative data. This suggests that the anxiety
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and depression signs decrease significantly after 6 months of CI use. Yet,
this initial increase is only partly sustained after 12 months of CI usage.

F IGURE 7.6: Change in the anxiety and depression subscales of the HADS.
The boxplots represent the minimum, 1st quartile, median,
3rd quartile and maximum of the HADS scores at the preoperative (pre), six months postoperative (6m post) and
twelve months postoperative (12m post) assessment. A
higher HADS score reflects a higher degree of anxiety and
depression. * indicates p < 0.05, ** indicates p < 0.01, ***
indicates p < 0.001 and **** indicates p < 0.0001.

7.5

Discussion

The present prospective, longitudinal cohort study aimed to investigate
the cognitive evolution of severely hearing-impaired older adults receiving a CI by means of the RBANS-H, a cognitive test battery specifically
adjusted for the hearing-impaired. Additionally, the change in speech
perception in quiet and in noise, and in health-related quality of life, selfperceived hearing disability and sound quality, and states of anxiety and
depression after implantation was examined.

7.5. Discussion
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Primary outcome measurement: RBANS-H

A significant improvement in overall cognition was observed at twelve
months after cochlear implantation, based on the results of twenty older
severely to profoundly hearing-impaired participants. More specifically,
in three of the five RBANS-H subdomains a significant increase was
established after one year of CI usage, namely in the Immediate memory,
Attention and Delayed memory domain.

The Visuospatial/constructional

and Language domain remained stable across the three measurements.
In the Immediate memory domain, a list of ten words (subtest 1) and a
short story consisting of two sentences (subtest 2) had to be remembered
and repeated by the participant.

Scores on both subtests increased

significantly. The Attention domain includes a Digit span task (subtest 7),
in which series of digits with increasing length need to be repeated in
the same order, and a symbols-to-numbers substitution task (subtest 8).
This domain taps into working memory, processing speed and sustained
attention. Although the change in any of these subtest scores did not
reach significance, the change in Attention index score was just below
the threshold of significance (p < 0.05). Delayed recall of the list of
words (subtest 9), recall of the story (subtest 11), recall of the complex
figure (subtest 12), and recognition memory of the words (subtest 10) are
assessed in the Delayed memory domain. Only the List recall and Story recall
subtests presented a significant change in scores. Scores on the other two
subtests remained stable. Thus, the significant improvement in overall
cognition could mainly be attributed to improvements in immediate and
delayed memory for lists of words and stories, and to a lesser extent also
to changes in working memory, processing speed and sustained attention.
In general, these findings are consistent with the results of previous
research, indicating improvements in cognitive performance after
cochlear implantation in older adults (Ambert-Dahan et al., 2017; Castiglione et al., 2016; Cosetti et al., 2016; Jayakody et al., 2017; Mosnier et al.,
2015). Improvements after cochlear implantation have been reported on
measures of overall cognition, for example on the MoCA (Ambert-Dahan
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et al., 2017; Castiglione et al., 2016), the MMSE (Mosnier et al., 2015) and
the CODEX (Ambert-Dahan et al., 2017). Yet, Sonnet et al. (2017) did not
establish significant changes in MMSE scores after 12 months of CI usage.
With regard to memory measures, the results are more mixed with two
studies finding improvements (Cosetti et al., 2016; Mosnier et al., 2015)
and two finding no change (Jayakody et al., 2017; Sonnet et al., 2017). It
must be noted however, that comparisons between the present study and
previous studies are difficult due to differences in tests and methodology,
and, more strikingly, due to differences in statistical analyses. Indeed,
two studies did not analyze the change in cognition statistically. Instead,
they only described the changes qualitatively (Ambert-Dahan et al., 2017;
Cosetti et al., 2016), which makes it impossible to differentiate between
significant and non-significant changes. For instance, Cosetti et al. (2016)
used the RBANS, which is very similar to the RBANS-H used in the
present study, and reported moderate and pronounced improvements
on almost all subtests of Immediate memory and Delayed memory. This is
in line with our results, but more detailed information is lacking as to
whether these changes reflect a significant improvement in cognition
generated by the cochlear implantation or merely reflect natural variation,
learning effects and/or the influence of improved hearing on cognitive
performance. Moreover, one study split the initial group of 94 participants into a good performing and a poor performing group for each test
separately, based on the preoperative results of that given cognitive test
(Mosnier et al., 2015). In the vast majority of the cognitive tests, significant
improvements were demonstrated in the poor performers, but not in the
good performers. In contrast, in the present study the group is analyzed
as a whole, consisting both of preoperatively poor and good performers.
Again, this difference makes comparison between studies more difficult.
The negative effect of hearing loss on the cognitive performance was kept
to the minimum in the present study, by using a cognitive test battery
that provides bimodal presentation especially for the hearing-impaired.
Indeed, if such an adaptation was not done, participants with a severe
hearing impairment may underperform prior to implantation, due to
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the hearing impairment (Dupuis et al., 2015), and may improve their
performance to their actual level after implantation, when the hearing
capabilities are improved with the CI. Thanks to the RBANS-H, it is
unlikely that the improvements in cognitive performance observed in the
present study were due to improved hearing after implantation. Another
possible confounding effect is a practice effect generated by multiple
testing. By making use of RBANS-H alternate forms A and B the practice
effect was minimized in the present study. Yet, the confounding effect of
practice cannot be ruled out completely. Indeed, a control group which is
assessed along the same time line as the interventional group is required
to measure this effect, and to correct for it.
Nevertheless, the present study provides evidence of significant improvements in immediate and delayed memory after cochlear implantation
in older adults, even after Bonferroni correction for multiple testing.
Future research is necessary to disentangle the possible confounding
effect of practice from the effects of the auditory rehabilitation. Moreover,
even if the auditory rehabilitation is responsible for the improvements
in cognition, it is not clear to what extent this effect is generated by
the CI or by the additional care and auditory rehabilitation program.
Although this program is exclusively geared towards improving auditory
perception with the CI, it may indeed indirectly influence cognition as
well. Alternatively, it may also be interesting to investigate the effect of
specific cognitive training among poor performing CI recipients on their
speech perception capabilities with the CI.

7.5.2

Secondary outcome measurements

Also for the secondary outcomes significant improvements were established. Speech perception, both in quiet and in noise, improved significantly after six months and remained stable after twelve months of CI
usage. These speech perception results are in line with many previously
reported studies establishing a benefit in terms of speech perception after
cochlear implantation, in older adults as well (e.g. Budenz et al., 2011;
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Castiglione et al., 2015; Clark et al., 2012; Ghiselli et al., 2016; Lee et al.,
2017; Lin et al., 2012; Vermeire et al., 2005). Furthermore, health-related
quality of life, assessed by the NCIQ, self-perceived hearing disability, assessed by means of the SSQ12, and subjective sound quality, as measured
on the HISQUI19, all showed a significant progress six months postoperatively and no further change at twelve months after the implantation. All
these results are consistent with previous research (e.g. Clark et al., 2012;
Contrera et al., 2016; Di Nardo et al., 2014; Mosnier et al., 2015; Vermeire et
al., 2005). For instance, Clark et al. (2012) systematically reviewed studies
investigating CI outcomes in older adults. They concluded that cochlear
implantation in older adults is safe, improves speech understanding and
communication, and mental health within the first six months after implantation. In addition, the degree of anxiety and depression, as quantified by the HADS, decreased, i.e. improved, significantly at six months
postoperatively in the current study. Yet, in contrast to the outcomes of the
other questionnaires, these results did not remain significant after twelve
months of CI usage, indicating that the initial positive effect at six months
after implantation diminishes slightly, however not significantly, at twelve
months after implantation. This corresponds to the clinical experience of
audiologists in the hospital. During the first months after activation of
the speech processor, CI recipients are in general very happy with their
hearing abilities. Yet, later on, CI recipients may be more faced with the
limitations of the implant, possibly resulting in slightly higher degrees of
anxiety and depression at one year after implantation. These results express the need of prolonged counseling and assistance throughout the rehabilitation process.

7.6

Conclusion

The present study established a significant improvement in overall cognition after 12 months of CI usage among older CI recipients. This improvement was mainly attributable to significant improvements in the Immediate memory and Delayed memory domain, and to a lesser extent also to
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changes in working memory, processing speed and sustained attention.
By using two alternate forms of the RBANS-H, an attempt was made to
control for practice effects. However, future research is imperative to further disentangle possible practice effects from the effects of the cochlear
implantation and the auditory rehabilitation. Finally, current data confirm
the significant positive effect of cochlear implantation on speech intelligibility, quality of life, self-perceived hearing handicap and hearing quality,
and states of anxiety and depression in the older population.
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Research outcomes
Synopsis

This doctoral thesis gained insight into the complexity of cognitive functioning in severely to profoundly hearing-impaired older adults with a
CI. Two main research questions were handled in this work. An overview
of the research outcomes related to these two questions is given below.
RESEARCH QUESTION 1:

HOW TO ASSESS COGNITION IN

HEARING-IMPAIRED INDIVIDUALS?
Outcome 1 The current status of the literature with regard to the
cognitive outcomes after cochlear implantation in older adults was
systematically reviewed.
Outcome 2

A cognitive assessment tool to measure cognition in

hearing-impaired individuals was developed: the Repeatable Battery for the Assessment of Neuropsychological Status for Hearingimpaired individuals (RBANS-H).
Outcome 3

The equivalency of RBANS-H forms A and B was

demonstrated.

RESEARCH QUESTION 2: HOW DOES COGNITION EVOLVE IN
OLDER ADULTS AFTER COCHLEAR IMPLANTATION?
Outcome 4 The incidence of postoperative cognitive dysfunction
at one week after cochlear implantation in older adults was found
to be 11.5%.
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Outcome 5

Older CI recipients with at least one year of CI expe-

rience perform significantly poorer on the RBANS-H, compared to
normal-hearing peers, independently of age, sex and education.
Outcome 6

Overall cognition, as measured on the RBANS-H, sig-

nificantly increased after one year of CI use in older CI recipients.

8.1.2

Summary

Outcome 1

A systematic review of the existing literature on cognitive

outcomes after cochlear implantation in older adults was described in
chapter 2. Out of the 2716 records retrieved from MEDLINE (PubMed)
and Cochrane Library, six studies were selected, based on the eligibility
criteria, and further analyzed. Five of these studies reported improvements in cognition after implantation and one study did not observe significant changes. However, the risk of bias was high in most studies, especially with regard to control of practice effects and statistical analyses.
Therefore, it was concluded that these studies did not provide conclusive
evidence of improved cognitive outcomes after cochlear implantation in
older adults. Well-designed studies with long follow-up periods are imperative to verify whether cochlear implantation indeed influences cognition in older adults or not. Future research is stimulated to (1) use appropriate cognitive assessment tools in hearing-impaired individuals and, if
applicable, to describe the modifications in detail, (2) to attempt to control
for practice effects, for instance by using alternate forms of a test, and (3)
to perform suitable statistical tests, given the characteristics of the sample.
These three key elements were adopted in the protocol of a new longitudinal study.
Outcome 2 To investigate the cognitive development among severely to
profoundly hearing-impaired older adults before and after cochlear implantation, a longitudinal, prospective cohort study was introduced in
chapter 3. This protocol proposed the assessment of cognitive functioning,
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audiological capabilities, quality of life and self-reliance prior to implantation, at six and twelve months after implantation and annually thereafter. The administration of the RBANS-H is part of this protocol and was
described in detail. The RBANS-H is a cognitive test battery developed
specifically for hearing-impaired individuals. It is an adaptation of the
RBANS, a well-accepted and widely used cognitive assessment tool. By
providing audiovisual presentation of the instructions and the test items,
the possible negative effect of the hearing loss on cognitive performance
is minimized. Therefore, it is hypothesized that cognition could be adequately measured both before and after cochlear implantation by means
of the RBANS-H.
Outcome 3 Chapter 4 reported on the development of RBANS-H alternate version B. In a cross-over study including 48 normal-hearing adults
aged 50 to 89, the equivalency of RBANS-H forms A and B was examined. Twenty-four participants were administered first form A, then form
B and the other 24 participants were administered form B first, followed by
form A, with an interval of approximately 3.5 to 4 months. Analogously
to form B of the original RBANS, two correction constants were necessary in RBANS-H form B to ascertain form equivalency: +2 points in the
Story memory subtest and +4 points in the Semantic fluency subtest. After
applying these corrections, forms A en B presented an excellent absolute
agreement (ICC = 0.814) and can therefore be used interchangeably.
Outcome 4 PCD refers to a subtle prolonged decline in cognition after
surgery, marked by confusion and limitations in memory, executive function and intellectual ability. It usually lasts for several weeks or months
and is more prevalent in older adults than in younger ones. It has been
associated with prolonged hospitalization, delays in the rehabilitation
process, and, moreover, with increased mortality. However, PCD may go
unnoticed both for the clinician and for the patient, without appropriate
screening before and shortly after surgery. For instance, one week after
major, non-cardiac surgery, approximately one out of four older adults
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suffers from PCD. Moreover, one week after major, cardiac surgery, this
ratio even increases to one out of two older adults. The incidence of
PCD at one week after cochlear implantation, which is considered minor
surgery, had never been investigated before.
In chapter 5, a prospective study which measured the incidence of
PCD at one week after cochlear implantation by means of the MoCA
was outlined. The incidence was 11.5%. Given this considerably high
number, a routine cognitive screening before and after implantation is
recommended in older adults, as well as tailored postoperative care and
assistance for patients who appear to suffer from PCD. This screening is
especially of importance because of the anticipated hospital stay of only
one night. Indeed, once the patient is discharged from the hospital, the
consequences of PCD for the patient may be more pronounced, whereas
care and treatment are less readily available at home. More research is
needed to establish the incidence of PCD and to investigate its risk factors
in larger sample sizes.
Outcome 5

In chapter 6, the RBANS-H performances of 61 older CI

recipients with at least one year of CI experience were cross-sectionally
compared to the RBANS-H performances of 81 NH older adults. Overall, the CI recipients appeared to perform significantly poorer on the
RBANS-H than the NH participants, taking age, sex and education into
account. The corrected mean difference was 7.2 points, or 0.5 standard
deviations, which indicates that the observed deviation was not only
statistically significant, but clinically relevant as well.

At RBANS-H

subdomain level, significant differences with respect to the NH controls
were demonstrated for the Immediate memory, Language and Attention
domain, again independently of age, sex and education. The corrected
mean difference was 10.3 points, 6.7 points and 9.2 points, respectively.
The Visuospatial/constructional and Delayed memory index scores did not
differ significantly between both groups.

In conclusion, despite the

auditory rehabilitation by means of a CI, the cognitive functioning in
severely to profoundly hearing-impaired CI recipients was found to be
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subnormal. This study does not allow conclusions to be drawn as to
whether cochlear implantation positively impacts upon cognitive aging
in severely hearing-impaired older adults or not. However, it does point
out that older CI recipients underperform on measures of cognitive
functioning, regardless of age, sex and education, in comparison to NH
peers.
Also the correlation of RBANS-H total score to several demographic
factors and speech perception performance in quiet and in noise was
investigated in both the CI group and the NH group.

Age was not

correlated with the RBANS-H total scores among the NH group, which
is expected since the RBANS-H total score is age-corrected. Among the
CI recipients, the association between age and RBANS-H total score was
not significant either, although a trend towards a significant negative
correlation was observable (p < 0.010). This may suggest that older CI
recipients present a faster cognitive decline than NH peers. Yet, the evidence for this is weak and additional longitudinal studies are imperative
to investigate cognitive aging in older CI recipients relative to NH older
adults. Moreover, RBANS-H total score correlated to speech perception
in quiet in both groups, when age and education were controlled. Also
speech perception in noise demonstrated a significant association to
RBANS-H total score in both groups, with correction for age. In the NH
group, this correlation even remained significant after correction for both
age and education.
Outcome 6

Chapter 7 discussed the preliminary results up to one year

after cochlear implantation of the longitudinal, prospective cohort study,
presented in chapter 4. Since the RBANS-H was administered multiple
times to the same subjects, two RBANS-H forms were used, form A and
B. This was an attempt to reduce possible practice effects. In contrast to
the significant cognitive decline at one week after implantation in some
older adults, as demonstrated in chapter 5, cognitive functioning after one
year of CI usage significantly increased, compared to the preoperative performances. This increase in overall cognition was mainly attributable to
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significant increases in immediate and delayed memory. In this longitudinal study, the cognitive assessment tool was adequately adjusted for the
hearing-impaired sample, reducing the confounding effect of improved
hearing after implantation on the cognitive performance. Also the statistical analyses were suitable, given the characteristics of the study design
and the participants, and Bonferroni correction for multiple testing was
applied. Yet, practice effects were only partly controlled for by using two
equivalent RBANS-H forms, and thus, the effect of cochlear implantation
on cognition could not completely be disentangled from possible practice
effects. Cochlear implantation and the associated auditory rehabilitation
may positively influence on cognitive functioning in older adults, but future research should first focus on the elimination of practice effects to
further elucidate the change in cognitive functioning after cochlear implantation in older adults.

8.2

Future perspectives

As is the case for almost every research project, the present work provided answers to some questions on the one hand, but raised many more
questions on the other hand. To name just a few: Could the occurrence
of PCD after cochlear implantation be predicted in a single individual? Could
the incidence of PCD be reduced or prevented by altering surgical or anesthetic
techniques? What is the effect of cochlear implantation on cognition in the
long term, for instance after 10 years? What is the influence of postoperative
auditory rehabilitation programs on cognition? How does cognition develop in
severely hearing-impaired older adults who receive bilateral cochlear implants?
Further research is imperative to gain more insight into the complexity of
cognitive changes both in the (very) short and the (very) long term after
cochlear implantation among older adults. This doctoral work provided
crucial first steps in investigating the cognitive aging process in severely
hearing-impaired older adults before and after cochlear implantation,
and aimed to boost future research to focus on this topic. In the following
sections of this doctoral thesis, future perspectives are discussed with
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respect to cognitive outcomes after cochlear implantation in older adults.
Future research ought to focus on the question how to eliminate the
confounding effect of practice in longitudinal studies examining the effect
of cochlear implantation on cognitive functioning in older adults. Several
methods to either reduce practice effects or correct for them are proposed
(Goldberg et al., 2015).
One way to reduce practice effects is to decrease the number of evaluations, or to stretch the interval between subsequent measurements.
Using different alternate forms at every evaluation is another option
(Beglinger et al., 2005), which could be combined with the first method.
Naturally, these alternate forms should be equivalent to each other to
guarantee valid repeated testing. However, not all cognitive tests provide
equivalent parallel forms.

Another limitation of this strategy is that

practice effects go beyond the level of test items. For example, the fact
that the participant knows from the previous administration that he
will have to remember words and that he will be asked to repeat them
again at the end of the test, may change the strategy of remembering
and may improve the performance, even though the words may have
changed. Since most learning occurs between the first few assessments
(Beglinger et al., 2005), a pre-baseline approach may be helpful to reduce
practice effects. In this approach, tests are administered multiple times
in a short period in order to reach a task familiarity-based asymptote
prior to the actual start of the trial (Goldberg et al., 2015). However,
after multiple pre-baseline testing, ceiling effects may limit additional
change due to treatment. Also a false decline in performance can be
observed as a result of using a different equivalent form that was not
used during the pre-baseline testing. Furthermore, statistical methods can
be applied to estimate the practice effect and to account for it (Goldberg
et al., 2015). For instance, the reliable change index estimates how much
improvement or decline is needed for an individual to demonstrate
change that is, e.g. with 95% probability, beyond a practice effect. Also
regression models may be useful. Yet, these techniques are applicable to

204

Chapter 8. General discussion

individual cases, but not to group means. Finally, the implementation
of a control group, which is assessed along the same time line as the
interventional group, may provide information about practice effects
and thereby, allows correction for it.

A limitation of this approach

however, is that practice effects may be confounded with treatment effects
and that large effect sizes are needed to compensate for the practice effects.
Many of these strategies can -and must- be applied in future longitudinal study assessing the impact of cochlear implantation on cognition in
the elderly. With regard to the longitudinal study described in the present
doctoral thesis, the following optimizations are recommended: First of
all, the interval between successive evaluations could be prolonged. The
test moment at six months after implantation could, for instance, be
canceled, and instead of annual evaluations up to ten year postimplantation, biennial appointments could be implemented. Furthermore, more
equivalent alternate forms should be translated and back-translated, and
validated. The original RBANS provides four equivalent alternate forms,
two of which have already been carefully translated and adapted for the
RBANS-H (forms A and B). A cross-over study was conducted to confirm
the equivalency of both RBANS-H forms. It is recommended that forms
C and D are translated, adapted and validated as well, and implemented
in the longitudinal study before and after cochlear implantation. Administration of the alternate forms must be counterbalanced. One of the four
RBANS-H forms could be used for repeated pre-baseline assessments
in order to increase task familiarity related to comprehension of the
instructions, development of simple strategies and testing sequence.
Consequently, another RBANS-H alternate form may serve as baseline
assessment. Finally, a control group consisting of older adults with similar
hearing profiles need to be assessed along the same intervals. A randomized controlled trial (McCarthy, 2011) in which CI candidates, who all
meet the criteria for reimbursement of a CI, are randomly assigned either
to the control group (not implanted with a CI) or to the interventional
group (implanted with a CI), simply cannot be ethically justifiable.
Neither is a delayed-start design appropriate (D’Agostino, 2009), in which
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the implantations in half of the CI candidates is postponed for a certain
period. Yet, it is possible to take advantage of the worldwide differences
in CI candidacy criteria in a multi-centric study. Individuals with similar
hearing and demographic profiles may meet the criteria for implantation
in one country, but do not meet the criteria in other countries. Therefore,
these individuals may be valuable case-control matches. As Belgium
has rather conservative candidacy criteria, compared to other countries
globally (Vickers et al., 2016), persons who do not meet the strict criteria,
may be included in the control group and compared to persons with a
similar hearing profile who are indeed implanted in countries such as
Germany, Australia and Italy. By applying and combining these strategies, the effects of practice will be greatly reduced and/or corrected for,
allowing the accurate measurement of the effect of cochlear implantation
on cognition among older adults in the future.

8.3

The broader context

The worldwide prevalence of dementia has increased dramatically over
the past century and is projected to grow even faster in the future.
Nowadays, almost 50 million people live with dementia worldwide and
this number is expected to nearly triple by 2050. The increasing number of
people with dementia and the current lack of cures or disease-modifying
therapies triggered the ambition to develop prevention strategies as one
way to reduce the worldwide burden of dementia (Alzheimer’s Disease
International, 2015; World Health Organization, 2016). Yet, in the near
future, preventing dementia appears unachievable, but delaying the onset
of the disease and tempering its progression may in fact be attainable
through eliminating risk factors, such as smoking, physical inactivity, low
education, diabetes, etc.
Brookmeyer et al. (2007) evaluated the potential impact of interventions that delay the onset of Alzheimer’s disease, the most common type
of dementia, and the progression from early-stage to late-stage Alzheimer’s
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disease. Based on a multistate model, the authors estimated the effect
of interventions begun in 2010 on the worldwide prevalence in 2050 in
six scenarios. These scenarios were compared to the baseline scenario of
no intervention, in which a worldwide prevalence of 106 million cases is
expected in 2050 (59 million cases with early-stage and 47 million cases
with late-stage disease). If disease onset could be delayed by two years,
the prevalence in 2050 could be decreased by 23 million cases. Even
a modest 1-year delay could result in 12 million fewer cases by 2050.
Interventions may also slow disease progression. If, for instance, the
disease progression from early-stage to late-stage is delayed by 1 or 2
years, but not the onset, the overall prevalence of Alzheimer’s disease
may increase by 3 or 5 million cases respectively. This overall prevalence
is marked by a considerable increase in the number of people with
early-stage Alzheimer’s disease (+7 or +12 million cases, respectively) and
a modest decrease in the number of people with late-stage Alzheimer’s
disease (-4 or -7 million cases, respectively).

The last two scenarios

represent combinations of interventions that both delay the onset and
the progression of the disease. These scenarios illustrate that preventive
strategies that only result in modest delays in disease onset and/or
progression may have a large, positive impact on the global burden of
Alzheimer’s disease, and, more generally, dementia.
Up to 50% of the dementia cases worldwide may be attributable to
modifiable risk factors (Barnes et al., 2011). Important modifiable risk
factors (with their worldwide relative risk) are diabetes mellitus (1.39),
midlife hypertension (1.61), midlife obesity (1.60), depression (1.90),
physical inactivity (1.82), smoking (1.59) and low education (1.59) (Barnes
et al., 2011). Due to the relative high prevalence of smoking and low education among the global population, reduction of these two risk factors
is assumed to have the highest potential to lower the worldwide number
of cases with dementia. As was previously discussed in paragraph 1.3.1,
also hearing loss has recently been identified as a significant risk factor
of accelerated cognitive decline and dementia (Loughrey et al., 2018). If
compensation for hearing loss or the elimination of any other risk factor
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could delay the onset of dementia, then this may indeed reduce the prevalence and, consequently, the social and economic burden of dementia.
However, this line of reasoning assumes a causal relationship between the
risk factor on the one hand and the prevalence of dementia on the other
hand, which is not (yet) proven. Moreover, dementia is a multifactorial
disease and risk factors are likely to be interrelated. For instance, obesity,
hypertension and physical inactivity frequently co-occur. Therefore, it is
argued that strategies must target the reduction or removal of multiple
risk factors in order to lower the number of cases with dementia (Barnes
et al., 2011).
The present doctoral thesis adopted the information degradation hypothesis as the starting point of the research (paragraph 1.3.2).

This

hypothesis states that hearing loss has a reversible negative impact upon
cognitive performance, and that compensating for the hearing loss may
improve cognitive functioning or delay the onset of cognitive impairment.
This corresponds to the concept of a causal link between the risk factor
and the reduction of cognitive impairment, as discussed in the previous
paragraph. The significant improvement in cognitive performance at one
year after cochlear implantation, observed in the longitudinal study, may
indeed be in line with this hypothesis. The improvement in cognition
could be effectuated directly by the improved hearing or by, for instance,
improved communication and quality of life and reduced depression
and loneliness, which is observed after cochlear implantation (Clark
et al., 2012; Contrera et al., 2016; Di Nardo et al., 2014; Vermeire et al.,
2005). However, it must be noted that the present work does not –and
did not aim to– provide evidence to confirm or reject any of the four
hypotheses, namely the common cause, cognitive load on perception,
sensory deprivation or the information degradation hypothesis. These
four hypotheses are probably not mutually exclusive, and maybe different
mechanisms underlie the relation between hearing loss and cognitive
impairment across individuals.
It is crucial to further monitor cognitive aging in older adults who
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received a cochlear implant for many years, to enlarge the existing cohort
of participants and to compare their cognitive functioning with control
participants. By doing so, it may become clear whether compensating for
severe hearing loss may actually delay the onset and/or progression of
dementia.

8.4

Final considerations

During the past 3.5 years, several accomplishments were made. A cognitive test battery for hearing-impaired individuals with two equivalent
alternate forms was developed and adopted in multiple studies. It was
established that surgical and anesthetic impact of cochlear implantation
may negatively affect cognition in some older adults. After one year of
CI usage however, no decrease in cognitive performance was observed
compared to the preoperative performance of the CI recipients. Instead,
a significant increase in overall cognition was demonstrated, mainly
attributable to increases in immediate and delayed memory. Furthermore, experienced CI users appeared to perform significantly poorer on
cognitive tasks compared to NH peers, with correction for age, sex and
education. Thus, even if cochlear implantation and auditory rehabilitation
are capable of improving cognition in the short term, older CI recipients
with more than one year of CI experience still underperform based on
their age, sex and education.
A conceptual illustration incorporating these research outcomes is
given in Figure 8.1. In this figure, the cognitive aging process of NH
older adults is presented (solid line) and compared to that of severely
hearing-impaired older adults who receive a cochlear implant (dashed
line).

The dotted grey line represents the cognitive aging process in

hearing-impaired older adults who do not receive any compensation for
their hearing loss. Part I of the illustration refers to the one-to-two-weeks
postoperative period, in which a PCD prevalence of 11.5% was detected.
Part II indicates the short-term change in cognition after activation of the
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speech processor: A significant increase in cognitive performance was
observed at one year after implantation. The last part, part III, represents
the long-term postoperative change in cognition. Although no long-term
longitudinal data are available yet, the cross-sectional data revealed
significantly poorer cognition in CI recipients compared to NH peers.
Moreover, CI recipients tended to present a faster cognitive decline than
the average cognitive decline in NH peers.
Although crucial accomplishments were made in the present work, not all
pieces of the puzzle have been slotted into place yet. Therefore, it is important to bear in mind that Figure 8.1 aims to depict a conceptual framework
that is in line with the current findings, rather than being completely empirically correct. For this purpose, individual variation has not been taken
into account. By providing a cognitive assessment tool to examine cognition in hearing-impaired individuals and by implementing this test in
both cross-sectional and longitudinal studies, this doctoral thesis set the
stage for future research to elucidate the effects of cochlear implantation
on cognition and to further adjust and improve the presented conceptual
framework.
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F IGURE 8.1: A conceptual representation of the research
outcomes relating to cognitive functioning before and
after cochlear implantation in older adults.
Part I refers to the period between the implantation and
the activation of the speech processor, in which 11.5% of
the older adults presented postoperative cognitive dysfunction. Part II indicates the short-term change in cognition and part III the long-term change in cognition after
implantation.
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Subject ID

……………………………………………………….

Study Title:

RBANS-H HEARRING Study

Study ID:

………………………………………..

Study site:

………………………………………..

RBANS-H
RECORD FORM A
Examiner identification
Person conducting the assessment:
Date of assessment:
(01JAN2012)

Day

Month

Year

Subject identification
Gender
Date of birth:
(01JAN2012)

Male

Day

Month

RBANS-H Record Form – Version 1.0 – 11 JULY 2016

Female

Year

1

Subject ID

……………………………………………………….

SCORE CONVERSION PAGE

Total
score
I.

Index
score

Immediate memory
1.
2.

II.

Total
score

List learning
Story memory

Visuospatial-Constructional
3.
4.

Figure copy
Line orientation

III. Language
5.
6.

Picture naming
Semantic fluency

IV. Attention
7.
8.
V.

Digit span
Coding

Delayed memory
9. List recall
10. List recognition
11. Story recall
12. Figure recall
sum
Sum of
index scores

Percentile

RBANS-H Record Form – Version 1.0 – 11 JULY 2016

Total scale

2

Subject ID

……………………………………………………….

1. LIST LEARNING

LIST

TRIAL 1

TRIAL 2

TRIAL 3

TRIAL 4

Market
Package
Elbow
Apple
Story
Carpet
Bubble
Motorway
Saddle
Powder
Number correct
Total score
(range=0-40)

RBANS-H Record Form – Version 1.0 – 11 JULY 2016

3

Subject ID

……………………………………………………….

2. STORY MEMORY

STORY

RESPONSES

1.

On Tuesday,

2.

fourth

3.

of May,

4.

in Grasmere, Cumbria

5.

a serious

6.

fire broke out.

7.

Two

8.

hotels

9.

and a restaurant

TRIAL 1
SCORE
(0 or 1)

TRIAL 2
SCORE
(0 or 1)

ITEM
SCORE
(0,1 or 2)

10. were destroyed
before the firemen
(firefighters)
were able to put it
12.
out (extinguish it).
11.

Total score
(range=0-24)

RBANS-H Record Form – Version 1.0 – 11 JULY 2016

4

Subject ID

……………………………………………………….

3. FIGURE COPY

DRAWING
(0 or 1)

ITEM
1.

Rectangle

2.

Diagonal cross

3.

Horizontal line

4.

Circle

5.

Three small circles

6.

Square

7.

Curving line

8.

Outside cross

9.

Triangle

PLACEMENT
(0 or 1)

SCORE
(0, 1 or 2)

10. Arrow
Total score (range=0-20)

RBANS-H Record Form – Version 1.0 – 11 JULY 2016

5

Subject ID

……………………………………………………….

3. FIGURE COPY DRAWING PAGE

RBANS-H Record Form – Version 1.0 – 11 JULY 2016

6

Subject ID

……………………………………………………….

4. LINE ORIENTATION

ITEM
0.

1, 7

1.

10, 12

2.

4, 11

3.

6, 9

4.

8, 13

5.

2, 4

6.

1, 6

7.

3, 10

8.

5, 8

9.

1, 3

10.

11, 13

RESPONSE

SCORE
(0, 1 or 2)

(sample item)

Total score (range=0-20)

RBANS-H Record Form – Version 1.0 – 11 JULY 2016
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Subject ID

……………………………………………………….

5. PICTURE NAMING

ITEM

SEMANTIC CUE

1.

Chair

A piece of furniture

2.

Pencil

Used for writing

3.

Well

You get water from it

4.

Giraffe

An animal

5.

Sailing boat

Used on the water
(if “boat”, query: “what kind?”)

6.

Cannon

A weapon, used in war

7.
8.
9.

Pliers
(nutcrackers)
Trumpet
(cornet)
Peg

10. Kite

RESPONSE

SCORE
(0 or 1)

A tool
A musical instrument
Used to hold laundry/washing on
a line
It’s flown in the air
Total score
(range=0-10)

RBANS-H Record Form – Version 1.0 – 11 JULY 2016
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Subject ID

……………………………………………………….

6. SEMANTIC FLUENCY

1.

11.

21.

31.

2.

12.

22.

32.

3.

13.

23.

33.

4.

14.

24.

34.

5.

15.

25.

35.

6.

16.

26.

36.

7.

17.

27.

37.

8.

18.

28.

38.

9.

19.

29.

39.

10.

20.

30.

40.

Total score
(range=0-40)

RBANS-H Record Form – Version 1.0 – 11 JULY 2016

9

Subject ID

……………………………………………………….

7. DIGIT SPAN

ITEM

FIRST STRING

SCORE
(0 or 2)

SECOND STRING

1.

4-9

5-3

2.

8-3-5

2-4-1

3.

7-2-4-6

1-6-3-8

4.

5-3-9-2-4

3-8-4-9-1

5.

6-4-2-9-3-5

9-1-5-3-7-6

6.

2-8-5-1-9-3-7

5-3-1-7-4-9-2

7.

8-3-7-9-5-2-4-1

9-5-1-4-2-7-3-8

8.

1-5-9-2-3-8-7-4-6

5-1-9-7-6-2-3-6-5

SCORE
(0 or 1)

Total score
(range=0-16)

8. CODING

Total score (range=0-89)
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Subject ID

……………………………………………………….
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Subject ID

……………………………………………………….

9. LIST RECALL

LIST (Do not read)

RESPONSE

SCORE
(0 or 1)

Market
Package
Elbow
Apple
Story
Carpet
Bubble
Motorway
Saddle
Powder
Total score (range=0-10)

RBANS-H Record Form – Version 1.0 – 11 JULY 2016
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Subject ID

……………………………………………………….

10. LIST RECOGNITION

LIST (circle one)

LIST (circle one)

1.

Apple

YES

no

11.

Bubble

YES

no

2.

Honey

yes

NO

12.

Grassland

yes

NO

3.

Market

YES

no

13.

Motorway

YES

no

4.

Story

YES

no

14.

Oyster

yes

NO

5.

Fabric

yes

NO

15.

Student

yes

NO

6.

Sailor

yes

NO

16.

Saddle

YES

no

7.

Velvet

yes

NO

17.

Powder

YES

no

8.

Carpet

YES

no

18.

Angel

yes

NO

9.

Valley

yes

NO

19.

Package

YES

no

10.

Elbow

YES

no

20.

Meadow

yes

NO

Total score
(range=0-20)

RBANS-H Record Form – Version 1.0 – 11 JULY 2016
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Subject ID

……………………………………………………….

11. STORY RECALL

STORY (Do not read)
1.

On Tuesday,

2.

fourth

3.

of May,

4.

in Grasmere, Cumbria

5.

a serious

6.

fire broke out.

7.

Two

8.

hotels

9.

and a restaurant

RESPONSE

SCORE
(0 or 1)

10. were destroyed
11. before the firemen (firefighters)
12. were able to put it out (extinguish it).
Total score (range=0-12)

RBANS-H Record Form – Version 1.0 – 11 JULY 2016
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Subject ID

……………………………………………………….

12. FIGURE RECALL

DRAWING
(0 or 1)

ITEM
1.

Rectangle

2.

Diagonal cross

3.

Horizontal line

4.

Circle

5.

Three small circles

6.

Square

7.

Curving line

8.

Outside cross

9.

Triangle

PLACEMENT
(0 or 1)

SCORE
(0, 1 or 2)

10. Arrow
Total score (range=0-20)

RBANS-H Record Form – Version 1.0 – 11 JULY 2016

15

Subject ID

……………………………………………………….

12. FIGURE RECALL DRAWING PAGE

RBANS-H Record Form – Version 1.0 – 11 JULY 2016
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RBANS-H: Examples of visual
test items

Appendix B. RBANS-H: Examples of visual test items

F IGURE B.1: Figure copy subtest.

F IGURE B.2: Line orientation subtest.
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Appendix B. RBANS-H: Examples of visual test items

F IGURE B.3: Picture naming subtest.
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