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Abstr act

The last years’ developments could show that the rehabilitation 
with hearing implants is a field with the highest potential for 
development and innovation in otorhinolaryngology. New or 
extended indications were seen with developments of im-
plants, new surgical techniques, and respective rehabilitation 
strategies.
With the background of limited resources, the increasing num-
ber of subjects suffering from hearing disorders, the extended 
indications and thus the increasing number of CI carriers as well 
as the need of life-long CI follow-up are one of the major chal-
lenges of the future. In order to cope with this situation, com-

pletely new strategies are required beside a close interdiscipli-
nary cooperation and continuous development of the therapy. 
In this context, digitization of all these processes plays a key 
role.
This manuscript will describe and discuss the current develop-
ments from the perspective of a cochlear implant (CI) providing 
hospital. The contribution will elucidate manifold digital appli-
cations that may be implemented in all phases of CI provision, 
starting with patient information about the possibilities of 
hearing screening and preoperative evaluation up to life-long 
follow-up and clinical research.
The focus is mainly placed on specific applications that play a 
particular role in the development of digital progress and dig-
ital structures in the context of cochlear implantation and that 
are crucial for understanding the further development.
The options of simplified fitting result for example from auto-
mated MAP creation (artificial intelligence); remote care net-
works (telemedicine, apps) foster the active contribution of the 
patients themselves and allow completely new types of loca-
tion-independent healthcare (automated technical implant 
control, individual settings, upgrades). Central databases may 
create backups of the current MAP (for example in cases of 
repair), and document technical data and the hearing perfor-
mance. Some applications described here, are already imple-
mented in the routine, others are currently being developed.
Understanding the possibilities of digitization and their imple-
mentation in the context of hearing rehabilitation with hearing 
implants as well as the recognition of the enormous potential 
for effective, time-efficient structures is essential in order to 
use this potential. We as ENT specialists are important protag-
onists in the healthcare system and beside our high specific 
expertise we have to meet the requirements of our qualification 
with regard to digital applications so that we might actively 
contribute to the success of this process.

S106

Online publiziert: 03.04.2019

mailto:heidi.olze@charite.de


Olze H et al. Hearing Implants in the …  Laryngo-Rhino-Otol 2019; 98: S106–S128

Contents

	 Abstract� 106

1.	 Introduction� 108

1.1.	 Hearing disorders: a worldwide health problem� 108

1.2.	 Cochlear implants� 108

1.3.	 Current development and challenges of cochlear implantation� 108

1.3.1.	 Elderly patients� 108

1.3.2.	 Implantation rate and development� 109

1.3.3.	 Long-term follow-up� 109

1.3.4.	 Change of social and professional structures of  
CI candidates/CI users� 109

1.3.5.	 Technical developments and CI users� 109

1.3.6.	 Quality standards, quality management, and data protection� 109

1.3.7.	 A global problem� 109

1.4.	 Focus on digitization and cochlear implantation� 110

1.5.	 Summary� 110

2.	 Cochlear Implant and Hearing Screening Under the  
Aspect of Digitization� 110

2.1.	 Social media and internet presence� 110

2.2.	 Digitally supported hearing screening� 110

2.3.	 Screening of children� 110

2.4.	 Screening of adults� 111

2.5.	 Screening tools – hearing tests, questionnaires, and apps� 111

2.5.1.	 Screening tools – big data� 112

2.5.2.	 Screening tools – limitations and data protection� 112

2.5.3.	 Screening tools – summary� 112

3.	 Preoperative Evaluation Prior to Cochlear Implantation� 112

3.1.	 Digitization in neuroradiological diagnostics� 112

3.2.	 Planning software “OTOPLAN”� 113

3.3.	 Digitization in audiology� 113

4.	 Surgery and Inpatient Stay Under the Aspect of Digitization� 114

4.1.	 Digitization and cochlear implantation surgery� 114

4.2.	 Intraoperative imaging� 115

4.3.	 Intraoperative audiological measurement� 115

5.	 Digitization in The Context of Cochlear Implant Rehabilitation� 116

5.1.	 Digitization in the postoperative phase� 116

5.1.1.	 Basic therapy� 117

5.1.2.	 Consecutive therapy� 117

5.2.	 Possible solution – digitization� 117

5.2.1.	 Digitization in audiological consecutive therapy� 117

5.2.2.	 Digitalization in hearing therapeutic follow-up� 120

5.2.3.	 Advantages of digitization for patients regarding daily CI usage� 120

5.2.4.	 Improvement of bilateral hearing by digital signal  
processing and control� 121

6.	 Follow-up – Digitization – CI� 121

6.1.	 What does “CI follow-up” mean?� 121

6.2.	 Challenges from the patients’ perspective� 121

6.3.	 Challenges from the hospitals’ perspective� 121

6.4.	 Solutions for CI follow-up� 122

6.5.	 Hearing training in CI follow-up� 122

6.6.	 Remote care networks� 122

6.7.	 Evidence of telemedical CI follow-up� 123

6.8.	 Outcome� 123

6.9.	 Perspectives� 123

7.	 Innovation Cluster on Interactive Micro-implants (INTAKT)� 123

7.1.	 Problem description� 124

7.2.	 Thematic objectives� 124

7.3.	 Objective, role, and project tasks� 124

8.	 Closing Remarks� 125

	 Acknowledgements� 125

	 References� 125

  
Abbreviations
AHL	 Asymmetric hearing loss
ASSE	 Auditory Speech Sounds Evaluation
AutoART	 Auditory response telemetry
AutoNRT	 Automatic neural response telemetry
BERA	 Brainstem evoked response audiometry
CAP	 Compound Action Potential
CBCT	 Cone Beam CT
CDS	 Clinical decision support
CI	 Cochlear Implant
CT	 Computed tomography
DPOAE	 Distortion product otoacoustic emissions
DVT	 Digital volume tomography
eABR	 Electrical evoked auditory brainstem response
eCAP	 Electrical evoked compound action potential
eSRT	 Electrical evoked stapedius reflex test
FOX	 Fitting to Outcomes eXpert
HL	 Hearing loss
HRQoL	 Health-related quality of life
iOs	 Mobile Apple operating system
KDD	 Knowledge Discovery in Databases
LMIC	 Low- and Middle Income Country
MRI	 Magnetic resonance imaging
MVBT	 Master Volume, Bess, Treble
NFS	 Nucleus fitting software
NRT	 Neural Response Telemetry
PET	 Positron Emission Tomography
PTA	 Pure Tone Audiometry
ReHa	 Rehabilitation
SOE	 Spread of excitation
SSD	 Single-sided deafness
TEOAE	 Transitory evoked otoacoustic emissions
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1.  Introduction
Last years’ developments led to a rapid boom in the whole area of 
hearing implants that are a field with highest innovation potential 
in otorhinolaryngology. Developments of implants, new surgery 
techniques, and respective rehabilitation strategies were accom-
panied by new or extended indications. The variety of possible im-
plantations is a new, highly exciting challenge for us as ENT special-
ists. In order to manage and frame this complex process, complete-
ly new strategies are required beside a close interdisciplinary 
cooperation and continuous development of therapies.

The increasing digitization of social life also changes the require-
ments to modern healthcare provision and further it offers chanc-
es for a more efficient healthcare system.

The digital revolution represents great challenges to all parties. 
But on the other hand, it also opens new options, for example in 
the field of hearing rehabilitation which will be dealt with in this ar-
ticle. Understanding the possibilities of digitization and implement-
ing them in hearing rehabilitation with hearing implants as well as 
acknowledging the enormous potential for effective, time-efficient 
structures is essential in order to be able to use this potential and 
to actively contribute to this process.

1.1.  Hearing disorders: a worldwide health problem
According to recent data of the WHO, more than 5 % of the popula-
tion – or 466 million individuals – are affected by hearing disorders 
worldwide (432 million adults and 34 million children). It can be ex-
pected that in 2050 more than 900 million people will have to face 
the problem of hearing disorder, which would be one in ten (adult 
HL > 40 dB; pediatric HL > 30 dB, in the better hearing ear). Most af-
fected individuals are found in so-called “low and middle income 
countries”.

Untreated impaired hearing is associated with significant so-
cio-economic charge and costs, amounting to 750 billion US$ per 
year, according to the WHO [1].

For the patients, it often means a significant impairment regard-
ing communication and social interactions. Hearing disorders have 
a significantly negative impact on the quality of life, and especially 
in older patients, they may cause emotions of loneliness, social iso-
lation, and even symptoms of depression [2–7].

Prevention, diagnostics, and therapy of hearing disorders is not 
only of global interest from the cost-effective aspect, but the affect-
ed individuals have a great benefit beyond improved auditory abili-
ties with regard to manifold psychological and psychosocial areas 
and to a sustainable improvement of the quality of life [8–12].

Depending on the type and severity of the hearing disorder, var-
ious therapy options may be discussed for hearing rehabilitation. 
As ENT specialists in Germany, a country with highest standards of 
healthcare provision, we find ourselves in a very privileged position 
that we cannot only inform our patients extensively, but also offer 
them all options of modern therapy of hearing disorders. The spec-
trum encompasses hearing improving surgery via provision of hear-
ing aids up to different options for hearing implants.

1.2.  Cochlear implants
The provision with electronic inner ear prostheses (cochlear im-
plant, CI) for high-grade hearing impaired or deaf patients which 
represents an enormous progress in the treatment of affected in-

dividuals. This allows many patients to benefit from hearing and 
speech rehabilitation and in case of pediatric patients to learn the 
language (habilitation) [13].

The success story of cochlear implants, an auditory neuro-pros-
thesis, has already been told many times [14]. Generally, postlin-
gually deafened patients achieve an open speech understanding 
and may even answer phone calls. In children, a nearly regular 
speech development can be achieved if the implantation is per-
formed early after onset of deafness [15].

Due to the rapid technical development combined with im-
proved atraumatic surgery methods and modified rehabilitation 
strategies leading to excellent results, implantation could be es-
tablished as standard therapy for sensory hearing loss.

Own investigations revealed the gain in speech understanding 
and quality of life (HRQoL) as well as reduction of stress and tinni-
tus burden up to improved psychological comorbidities in different 
age clusters [5–7, 10–12, 16].

Overall, the cochlear implant may be considered as prototype 
for replacing the auditory sense. Currently, about 300,000 patients 
worldwide are cochlear-implanted [17].

1.3.  Current development and challenges of 
cochlear implantation
The implantation of patients with severe hearing loss is a complex 
process requiring interdisciplinary cooperation of various disci-
plines. Furthermore, the therapy is continuously being developed 
so that the acquisition of information and teaching of most current 
knowledge is essential [13].

Hence, the developments of the last 15 years led to a rapid 
boom in the whole field of hearing implants.

The complexity and variability of possible implantations pre-
sents enormous challenges to the specific expertise of the cochle-
ar implanting hospitals.

Basically, cochlear implantation is suitable for patients in whom 
it seems to be possible to achieve better hearing and speech un-
derstanding with CI compared to common hearing aids [13]. In 
order to allow binaural hearing, it is also necessary to find an opti-
mal therapy option for each ear.

So today, beside bilateral sensory hearing loss and deafness in 
children and adults, the indications are also single-sided deafness 
(SSD) and asymmetric hearing loss (AHL) as well as high-frequency 
hearing loss. Not only an importantly increasing number of possi-
ble CI candidates result from these new or extended indications, 
but also manifold variations appear reaching from binaural CI via 
CI and hearing aid, CI combined with other implants such as Vibrant 
Soundbridge or Bonebridge up to CI with normal hearing on the 
other side.

The extended spectrum of indications in combination with the 
variability of hearing systems presents important requirements to 
the qualification and the expertise of all parties contributing to the 
entire rehabilitation process.

1.3.1.  Elderly patients
Another aspect is the increasing percentage of older patients who 
receive CI today. While in our hospital the first patient beyond the 
age of 70 was cochlear-implanted only in 2006, the percentage 
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today amounts to 25 % of all adult patients receiving CI (own data 
from 2012–2017). This tendency will certainly continue.

Based on surveys of the German Federal Statistical Office, about 
22 million people in Germany were older than 65 years in 2011 [18]. 
Because of the progressing socio-demographic change observed 
in Europe, the percentage of older subjects in our society is expect-
ed to increase significantly. With an incidence of about 2/3 of peo-
ple older than 70 years, hearing disorders are meanwhile consid-
ered as wide-spread diseases [2].

Based on the German guideline on cochlear implantation and 
central auditory implants [19], there is no age limit for CI; and also 
our own study results show that cochlear implantation may be a 
very successful therapeutic option for hearing rehabilitation of pa-
tients who are older than 70 and even 80 years. Older patients do 
not only benefit from an improved HRQoL, but also with regard to 
their cognitive abilities [5–7, 20].

1.3.2.  Implantation rate and development
Despite the important growth rates per year of cochlear-implanted 
patients in Germany, the significance of necessary information and 
consultation has to be emphasized with regard to the worldwide low 
implantation rate of hearing impaired or not adequately treated pa-
tients. According to estimations of the WHO, the prevalence of se-
vere hearing loss (61–80 dB) and the hearing impairment of more 
than 80 dB in adults amounts to nearly 1 % worldwide [21].

In Germany, the percentage of patients having received coch-
lear implants amounts to less than 10 % with regard to the group 
of patients with CI indication [22–24]. Currently, only in Germany 
about 1 million candidates would be suitable for cochlear implan-
tation, actually about 50,000 have received CI [15].

With only 6 % of the patients having a CI indication, the implan-
tation rate in the USA is similarly low [25]. Overall, worldwide only 
about 300,000 CI had been implanted up to now [17].

1.3.3.  Long-term follow-up
With increasing numbers of patients and further expected exten-
sion of the indication spectrum for CI, the problems regarding im-
plantation need versus resources will increase even more. The im-
planting institutions will have to continue bearing the responsibil-
ity for the patients’ entire rehabilitation process. This process starts 
with the preoperative care and information, continues with implan-
tation and postoperative basic and subsequent therapy, and ends 
up with life-long follow-up [13].

1.3.4.  Change of social and professional structures of CI 
candidates/CI users
The percentage of implanted patients, who are very well integrat-
ed in professional and social everyday life, increases also as a con-
sequence of the extended spectrum of CI indications (e. g. SSD).

Especially these patients wish to have appointments for fol-
low-up examinations that are compatible with their professional 
or family-related situation. Ideally, the follow-up should be inte-
grated in their daily life.

In this context, furthermore longer journeys from areas with low 
population density and only few rehabilitation sites represent a 
problem when the respective institution has to be reached.

1.3.5.  Technical developments and CI users
The large variety of possible implantations is accompanied by an ex-
tended portfolio of implants, electrodes, and speech processors. Also 
the field of technical accessories presents enormous options and 
manifold innovations. The patients’ desire and the physicians’ aspi-
ration consist of managing as many as possible complex hearing sit-
uations in an always better way. For this purpose, technical accesso-
ries are sometimes needed that make handling of the CI system more 
complex and thus more difficult especially for older patients.

1.3.6.  Quality standards, quality management, and data 
protection
The efforts of all parties involved in the rehabilitation process aim at 
increasing the quality of cochlear implantation. According to the Ger-
man guideline, cochlear implantation requires an interdisciplinary 
team and a quality-managed concept that reaches from indication 
up to life-long follow-up and that is written down in the German 
AWMF guideline on cochlear implantation [19].

In addition, the white paper on CI lists the scope of the meas-
ures on supplementary quality assurance of cochlear implanting 
institutions [13]. Beside the annual descriptions and assessment of 
organizational, structural, diagnostic, and therapeutic standard 
processes in a quality management system (including manual), also 
the implementation of these processes in a quality management 
certification procedure is mentioned.

Additionally, a continuous survey of the CI registry datasets 
should be performed because quality assurance in the field of coch-
lear implantation obligatorily requires the assessment of im-
plant-related data considering the applicable laws of data protec-
tion. Also these measures, including the requirements of data pro-
tection, bind time- and staff-related resources.

1.3.7.  A global problem
Hearing disorders are a global health-related problem. Worldwide 
cochlear implants are implanted, increasingly also in LMICs where 
the follow-up is insufficiently organized. Also in this context, there is 
a high need of future-oriented concepts that meet these conditions.

In summary, the mentioned developments, i. e.
▪▪ Care for increasing numbers of patients with at the same time 

identical staffing conditions
▪▪ Care for older patients with increased need for treatment and 

comorbidities
▪▪ Extended spectrum of indications and variability of hearing 

systems
▪▪ Requirements to qualification and education
▪▪ Changed social and professional structure of the patients
▪▪ Necessity of life-long follow-up that does not necessarily have 

to take place in highly-specialized institutions for all CI users
▪▪ Observation of quality standards, quality management, and 

data protection represent an enormous challenge with regard 
to always decreasing staffing and financial resources (need 
versus resources).

This starting position forces all parties that are involved in the or-
ganizations, structural, diagnostic, and therapeutic processes to 
perform effective innovations in the context of hearing rehabilita-
tion with CI and other hearing implants.
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1.4.  Focus on digitization and cochlear implantation
The efforts of all parties contributing to the rehabilitation process 
aim at increasing the quality of cochlear implantation with at the 
same time increasing efficiency of the resources deployed.

Hereby, digitization of all these processes plays a key role. The 
WHO defines e-health as the application of information and com-
munication technologies (ICT) in healthcare systems, for example 
in research, teaching, medical diagnostics, or also treatment. The 
possibilities to implement ICT are manifold.

Already today, many patients retrieve online information prior 
to medical consultation, with rising tendency. This makes clear that 
more and more patients wish an active empowerment. Telemedi-
cine and medical apps allow achieving this wish.

The options of simplified fitting (MAP creation) result for exam-
ple from (semi-) automated MAP creation (e. g. NFS, FOX, or other 
artificial intelligence applications).

Due to online connection (telemedicine, remote care, and 
apps), services for CI users close to their home seem to be easier to 
realize. Also in the context of cochlear implantation, telemedical 
remote care concepts allow completely new options of care with 
active involvement of the patients such as automated technical im-
plant control, programming, and technological upgrades. Further-
more, central databases may safe the current MAP for example in 
cases of repair, technical data and the hearing performance may 
be documented.

1.5.  Summary
Some of the above-mentioned applications are already implement-
ed in daily life, others are currently being developed. Data storage 
in central databases as well as networking is common in many areas 
of daily life. Regarding the care for CI patients, such solutions are 
currently developed or even already implemented, as for example 
networking of implanting hospitals with follow-up institutions.

Due to the high number of cochlear-implanted patients and the 
standardized process structure and quality of cochlear implanta-
tion clearly defined by the German guideline and the white paper, 
this article describes and discusses the current developments from 
the perspective of a cochlear implanting hospital.

This process encompasses the stages of preoperative evaluation 
and information/consultation, surgery (implantation) up to post-
operative basic and subsequent therapy, and ends up with the life-
long follow-up provided by the implanting institution. With regard 
to the mentioned implantation rate, also the fields of information 
and screening are important for potential candidates.

Hereby, specific applications are elucidated in a much targeted 
way that play a key role in the development of digital progress and 
digital structures in the context of cochlear implantation and that 
are important for understanding the further development.

Regarding the rapid changes, i. e. so-called digital revolution, 
this review article can only be a snapshot of a rapidly developing 
area – with no claim to completeness.

2.
 
Cochlear Implant and Hearing Screening 

Under the Aspect of Digitization
As already mentioned in the introduction, expected extensions of 
the formerly very strict CI indications will lead to increased health-

care service obligations so that the necessity of sufficient screen-
ing procedures especially for CI candidates will significantly gain in 
importance. With the approach of nation-wide identification of CI 
patients, digital solutions are required due to the data quantity and 
at the same time limited resources.

2.1.  Social media and internet presence
Independently from the age, the exchange in social media is mean-
while an implemented tool in our societies. In particular hearing 
impaired subject benefit from this medium which allows them, be-
side mere online researches, contacting others and retrieving in-
formation. Of course, the industry has already recognized this ten-
dency and provides channels and blogs around the topic of coch-
lear implants because a high number of pre-selected candidates or 
“followers” can be reached with only few clicks. The internet pres-
entations of the four most important cochlear implant manufac-
turers are very professionally designed [26–29].

Aiello et al. [30] examined the impact of social networks on the 
stress level of parents with children who were born deaf with po-
tential cochlear implantation. The authors could not reveal any dif-
ference in the stress levels compared to an online questionnaire in-
ventory of both investigated groups with and without access to 
specific social networks for concerned people. According to an anal-
ysis of English-speaking websites with the content of hearing loss 
and its treatment with cochlear implants, 64 % of the available sites 
are commercial [30]. Only a small percentage of these sites met 
score-based, comparable quality criteria.

The multi-language offer of the Ida Institute [31] is highly inter-
esting, which is an independent non-profit organization that focus-
es on the personalized care for people suffering from hearing dis-
orders. The Ida Community helps patients to better describe their 
impairments and to contribute actively to their treatment. It also 
allows treating physicians to better understand the individual hear-
ing disorder of the patient. Interestingly, mainly older hearing im-
paired subjects use the online platforms more frequently than nor-
mally hearing peers [32].

Consequently, also e-services up to online availability of physi-
cians and remote care are required. This is particularly important 
with regard to pre-medical consultation and screening examina-
tions. Already because of the quantity of questions and the data 
volume that is generated hereby, digital solutions seem to be de-
sirable. Finally, also due to the worldwide rather low implantation 
rate of hearing impaired or not adequately treated individuals, the 
significance of the necessary consultations must be emphasized.

2.2.  Digitally supported hearing screening
In order to meet the requirements of patients, who have the indica-
tion of cochlear implantation, and those of the even larger group of 
subjects who want to know if CI is possible, digital solutions are re-
quired. The primary objective remains the overall identification of CI 
candidates because the evaluation process of implant candidates has 
significantly increased regarding its quantity and complexity.

2.3.  Screening of children
Patient groups that should be included in this digitally supported 
evaluation process, are newborns and small children prior to lan-
guage acquisition and on the other hand the large group of adults.
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By introducing the newborn hearing screening based on a deci-
sion of the German Federal Joint Committee dated January 1, 2009, 
a nationwide primary screening was established in Germany. The 
examinations and also the tracking of the pediatric patients with 
consecutive follow-up examinations aim at preponing the time of 
diagnostics into the first year of life. In this context, uni- or bilater-
al hearing impairments as of 35 dB in the main speech area are con-
sidered as significant. This early detection is associated with pre-
poning the time of treatment – either by prescribing hearing aids 
or rehabilitation by means of CI. Finally, the improvements of the 
surgery techniques as well as the perioperative setting could rela-
tivize the parents’ fears with regard to an early implantation [33].

Digitization will play a key role for tracking and for necessary fol-
low-up examinations. In this context, medical apps might remind 
parents, but also answer arising questions and clarify certain cir-
cumstances. Another option might be the telemedical consulta-
tion of concerned parents.

In summary, the last years could show that children with CI in-
dication are identified very early. In Germany, the rate of newly im-
plantable children will stagnate while the total number of CI pa-
tients will be further growing because more and more older pa-
tients will be treated with CI.

2.4.  Screening of adults
Adults with a sudden uni- or bilateral hearing impairment, for ex-
ample in the context of sudden hearing loss event, specific inflam-
mation, or traumatic origin, and the continuously growing group 
of adult patients with progressive bilateral hearing impairment up 
to deafness in the course of presbyacusis need thorough and reli-
able diagnostics of their hearing disorder.

Already in the subgroup of patients suffering from presbyacu-
sis, the number of possible CI candidates is growing who can no 
longer participate adequately in daily life with hearing aids alone.

The usual way of poorly supplied patients is directly via the ENT 
specialist (a) or previously via the general practitioner (b).

A growing market is the consultation of patients by hearing care 
professionals and hearing aid providers and by manufacturers of 
medical products up to worldwide active CI companies (c). Mean-
while they are prone to cooperate, and also cooperation between 
the groups (a) and (b) can be found.

Other important first contacts are the health insurance compa-
nies (d). Already today, the insured subjects are courted to choose 
the direct digital pathway for consultation in cases of particular 
questions in order to receive “smart solution” via digital and safe 
channels. Consultations via phone calls or apps seem to be an al-
ternative to personal visits in practices in many cases.

Another field that must not be neglected is self-consultation (e) 
by means of conventional media and in particular by means of dig-
ital information with the keyword of active empowerment. The 
bases of reliable digital sources are mainly the groups (a), (d), and 
in particular (c) [26–29].

It seems to be clear that the single groups focus on different as-
pects with regard to the information, depending on socio-econom-
ic backgrounds. It is desired that the information and consultation 
are scientifically sound and evidence-based also in the digital sec-
tor and focus on the patients’ benefit and well-being.

Also in the future, the final consultation and information of the 
CI candidates will be performed by the treating institution or hos-
pital. With regard to expected increasing referral rates [34–36] 
after information on the pathways (a)-(e) it seems to be useful to 
identify patients with an indication of surgical treatment by means 
of screening.

2.5.  Screening tools – hearing tests, questionnaires, 
and apps
Adequate tools will be hearing tests that are available online or sent 
electronically in combination with questionnaires. Both screening 
tools are already available today and are more and more applied 
(groups (c) and (d)). Sending pure tone audiograms (PTA) to the 
service-providing hospital does not seem to be an appropriate solu-
tion since patients with inadequate speech understanding are often 
insufficiently assessed. It appears to be more suitable to addition-
ally measure the hearing ability via speech recognition in noise, e. g. 
as digit-triplet test [37]. This screening procedure assesses how 
speech can be understood in noise.

Another option is the combination of PTA with understanding 
of monosyllables [24]. The resulting classifications correlate well 
with clinical experiences of more extended investigations. In this 
context, the article published by the team around Ulrich Hoppe 
from Erlangen, Germany, seems to be of particular interest [38]: 
318 ears of CI candidates were evaluated retrospectively with re-
gard to their real treatment. After classification into the categories 
of I) introduction of specialized CI pre-diagnostics versus II) contin-
uation or optimization of hearing aid use, the previous cochlear im-
plantation and the postoperative speech recognition were further 
evaluated. From 96 cases classified as CI candidates 34 (35 %) re-
ceived CI after completion of the preoperative diagnostics. Among 
the cases classified as candidates for hearing aids in the screening, 
only 4 patients (2 %) received CI so that the authors correctly state 
a sufficiently specific screening procedure.

It is rather difficult to overlook the enormous number of availa-
ble healthcare apps for android and iOS, among those “hearing test 
apps”, “otoscope apps”, but also “hearing training apps” and oth-
ers are found. In a review on the assessment of the hearing ability, 
Bright and Pallawela found 11 trials on 6 different apps [39]. The 
authors of the study conclude a high variance of the results with 
fluctuating sensitivity. The application of “hearing test apps” to 
substitute the gold standard of pure tone audiometry is not rec-
ommended by the authors of the review. The main problem of such 
apps is the missing calibration, which could be shown by Le Prell 
and co-workers [40]. Depending on the level, higher values of 
5–10 dB were measured compared to a calibrated audiometer. 
Nonetheless, these apps are useful for orienting measurements in 
order to identify occult hearing disorders and to reveal the neces-
sity of treatment for the patient [32]. Due to the low costs, the port-
ability, and the simple access, such apps may be useful for screen-
ing for example in countries with insufficient medical service pro-
vision.

The accuracy of questionnaires that are assessed with adults 
correlates satisfactorily with the result of complex CI pre-diagnos-
tics. It is obvious that in our world with time and resource limits no 
CI candidate wants to pass the complete process of the Charité test 
battery [7, 8, 41] online – this will be reserved to single internation-
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al centers, but subjective questionnaires on speech recognition 
[35, 42] and questionnaires on cognitive abilities [36, 43] may be 
assessed without any problem.

Furthermore, passive monitoring via app, but also data acquisi-
tion via wearables may provide insight about the hearing ability with-
out the need that the user has to actively invest time, e. g. by record-
ing the situation when the user can no longer follow conversations 
due to acoustic reasons or by documenting in which hearing situa-
tion the user repeatedly increases the volume of the device.

2.5.1.  Screening tools – big data
With regard to the compatibility of current and future device gener-
ations and their degree of networking (internet of things), these pa-
rameters may be implemented based on algorithms in the arising 
data flood. Regarding the topic of big data, 2 of the 5 big V seem to 
be important for CI screening: the problem of the “volume”, i. e. each 
user produces an enormous data quantity, and the “variety”, i. e. the 
multitude of gained data types. Both can no longer be analyzed by 
current methods.

As side effect, terminal devices such as smartphones may adapt 
to the individual hearing situation based on the retrieved data. This 
may occur by techniques on signal improvement such as signal 
compression and frequency-related amplification in order to adapt 
the quality of the signals and to reduce the hearing effort under 
unfavorable hearing conditions. Beside the primary benefit of the 
user due to the improved hearing situation, additional data are col-
lected that depict the hearing behavior in the course and thus show 
when CI screening might be appropriate. The prognosis that a 
smart terminal device will then directly order a CI (in analogy to 
smart refrigerators) does not seem to be realistic in the near future.

It might also be attractive to weigh the users’ moods. Assess-
ment and documentation (active and passive) already take place 
today and these data are economically used. In this way, the CI can-
didates’ suffering could be determined: it remains unsatisfactory 
and uneconomic if a patient is correctly identified as CI candidate 
by means of a highly specialized screening procedure, but then no 
relevant treatment desire is expressed in the healthcare providing 
institution.

2.5.2.  Screening tools – limitations and data protection
One weakness of these web-based screenings must be emphasized, 
which is the differentiation between merely sensorineural hearing 
impairments and conductive hearing loss. For an ENT specialist, the 
diagnoses of cerumen obturans, for example, and many other dis-
eases that lead to relevant conductive hearing loss are easy to make. 
Thus, only after verification of the web-based suspected diagnosis 
that CI might be indicated further necessary steps such as imaging 
should be undertaken – in particular from the point of view of ra-
diation protection as well as socio-economic aspects.

Regarding safety and data protection in Germany – which are 
defined by the data protection law, the telecommunication law, 
and the telemedia law – it will be a great challenge to ensure that 
the individual users always keep full control of their data. Already 
today, this aspect becomes apparent with the growing market of 
fitness apps, medical care providers, and social media apps with 
healthcare relation. The current developments in the area of tele-

medicine and apps show that digitization in the medical sector 
booms rapidly.

In this way, patient data are always and everywhere available via 
smartphone apps, but it must be questioned if the individual pa-
tient or the general practitioner will be in a position to manage 
these data adequately or who will assume this “big data” task.

2.5.3.  Screening tools – summary
The digital revolution represents an enormous challenge for all par-
ties such as patients, physicians, or business companies. But on the 
other hand it offers many chances, for example in the context of CI 
screening – that have to be taken.

3.
 
Preoperative Evaluation Prior to Cochlear 

Implantation
The preoperative evaluation and diagnostics prior to cochlear im-
plantation (CI) encompasses ENT-specific history taking and clini-
cal examination, in particular ear microscopy. In addition, audio-
metric measurements (pure tone audiometry, speech audiometry, 
assessment of monosyllabic understanding, sentence tests, verifi-
cation of hearing aids) and objective hearing tests (tympanome-
try, TEOAE/DPOAE, click BERA). Furthermore, vestibular tests are 
performed as well as neuroradiological diagnostics by radiologists.

In the context of cochlear implant diagnostics, digitization plays a 
key role in the field of clinical examination, imaging, and audiology.

3.1.  Digitization in neuroradiological diagnostics
One aspect of digitization in CI diagnostics is the digitization in neu-
roradiological diagnostics. On one hand, a digital correlation of clin-
ical patient data and diagnoses with imaging shall take place in order 
to create algorithms on digital findings by means of artificial intelli-
gence. On the other hand, a central cross-linking of data between 
hospitals and practices may occur and centrally stored by means of 
big data (▶Fig. 1). For treating physicians this facilitates the access 
to image files created in other institutions, facilitates diagnosis and 
further treatment of the patients, and avoids overstraining the ca-
pacities of the department of radiology and thus additional expens-
es. In this way, even the radiation exposure of the patients due to un-
necessary imaging (CT scans, X rays) may be reduced [44, 45].

To avoid over-diagnostics, in the early 2000ies the clinical deci-
sion support (CDS) system was developed in the USA that was in-
tended to ensure a possibly reasonable application of different im-
aging procedures [46, 47]. Hence, referring physicians apply this 
CDS system before indicating CT scan, MRI, and PET-CT which give 
evidence-based recommendations on imaging. This procedure was 
confirmed by President Obama in the “Protecting Access to Medi-
care Act of 2014” and it is currently applied in all US states [45]. In 
Germany, this standardized procedure is not yet fully implement-
ed as support for decision making of radiologists.

One future development in the area of digitization in imaging 
diagnostics is the individual care for patients and assessment of 
findings based on a real-time analysis of radiological images by big 
data techniques. Hereby, patient and imaging data are correlated 
and evaluated with data from clinical trials, medical journals, and 
medical databases [47].
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In the context of CI diagnostics, such a big data correlation of 
radiological imaging may reveal interesting comparative findings, 
especially in cases of complex inner and middle ear malformations. 
So when planning CI surgery the individual anatomical conditions 
of the patients may be taken into account.

3.2.  Planning software “OTOPLAN”
An innovation in the context of preoperative imaging for CI is the 
software called OTOPLAN. It allows evaluating neuroradiological im-
ages (CT scans, MRI, CBT) with new tablet-based planning software; 
the cochlear may be accurately measured and in this way the length 
of the CI electrode is individually adapted to the patient. The OTO-
PLAN software was developed by MedEL and Cascination companies 
(▶Fig. 2). This planning software serves for generating 3D recon-
structions of the temporal bone by means of computed tomography 
or cone beam CT (CBCT). They are adapted to the individual anato-
my of the patient and thus allow a precise preoperative view of the 
surgery site and structures at risk such as the facial nerve.

Another innovative application of this software is the measure-
ment of the cochlear and thus planning the optimal length of the 
CI electrode. Such a personalized planning of cochlear surgery leads 
to a possibly atraumatic implantation and allows expecting a post-
operative improvement of the hearing rehabilitation. Gerber et al. 
[48] were the first who applied the planning tool in an experimen-
tal study with cadavers for robotic, minimally invasive hearing im-
plant surgery. Hereby, surgery could be successfully planned with 
the software in all cases. Another trial published by Ping et al. [49] 
confirmed the mentioned positive results of the planning tool. By 
means of the software, the facial nerve was highlighted on the 
CBCT images in its course through the temporal bone in order to 
protect it during surgery.

Further trials on clinical application of the software tool OTO-
PLAN are currently not available.

3.3.  Digitization in audiology
Not only in the radiological, but also in the audiological sector cen-
tral linkage of patient data is reasonable and possible, as published 
by Mellor et al. [50]. “Data mining” describes the process how 
knowledge is extracted from large data volumes and correlated 
practically and reasonably. This also allows rapid filtering and eval-
uation of data. ▶Fig. 1 summarizes the process called Knowledge 
Discovery in Databases process (KDD).

In the field of audiology, data mining tools are also useful. Cox 
et al. [51] were the first who presented them at the occasion of the 
International Conference on Computational Intelligence in 2004. 
From 180,000 individual audiological findings assessed in 23,000 
patients, heterogenic data such as audiograms, demographic data 
and reports were used and evaluated by means of statistical and 
neural techniques. This project was part of the national “Modern-
ising Hearing Aid Services” initiative of the UK. In the future, such 
a national initiative would also be desirable in the area of cochlear 
implantation.

Another important aspect in the field of audiology concerns the 
centralization of data which is already realized in many hospitals 
and ENT practices in England and Scandinavian countries by the da-
tabases of “AuditBase” from Auditdata company (auditdata.com). 
This database contains information on the patient, audiometric 

▶Fig. 1	 Big data in audiology. Selection = data selection; preproc-
essing = data cleansing; transformation = data transformation into a 
suitable form; data mining = classification and categorization of data; 
interpretation = data interpretation [50].

Selection

Preprocessing

Transformation

Data Mining

Interpretation/Evaluation
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measurements, the implant of CI patients, and the hearing aid in 
hearing aid patients as well as on hearing rehabilitation.

As outlook for CI patients, linkage of audiological data as well 
as a standardized database is possible and feasible in the future. 
Audiometric data may be stored in a standardized way and re-
trieved during consultation, surgery, and in ENT practices.

Data on the implant may also be stored in the database and the 
assessed data may be forwarded to rehabilitation institutions. Thus, 
also the feedback from the rehabilitation institution to the surgeons 
and physicians in hospitals and practices would be easily possible.

Another promising development is a cochlear implant diagnos-
tics app, similar to the already existing “iHealth” app. Hereby, the 
patients may store all their data assessed during diagnostics (clin-
ical findings, audiometry, hearing nerve/PromTest, vestibular tests, 
CT scans, MRI). This topic will be further elucidated in the chapter 
on hearing rehabilitation.

4.
 
Surgery and Inpatient Stay Under the 

Aspect of Digitization

4.1.  Digitization and cochlear implantation surgery
One objective of intraoperative imaging is the dynamic linking of 
different components in the operating room. This topic is discussed 
by another author of this book. In this chapter, however, the intra-
operative digitization in cochlear implant surgery will be described 
in detail.

In this context, the dynamic networking of computer-controlled 
devices and invasive tools such as drill and cutting instruments is of 
major importance. This linkage serves for avoiding errors and opti-
mizing the process. Furthermore, the efficiency of the processes is 
improved and the duration of surgery is reduced, which leads to 
lower consumption of resources and an increased patient safety.

In the operating room, also the “interoperability” should be fos-
tered, which means that the surgeon and his team as well as the 
anesthesiologist and his team may display the same patient data 
on their screens in a centralized and summarized way. Further in-
novations that are relevant for the surgeon are the sterile control 
of different tools such as for example navigation and surgery table 
that are displayed on a central screen. Another helpful innovation 
is the linkage of imaging material such as CT scans or MRIs with the 
surgery microscope so that the screen of the microscope may show 
the preoperative images [52–54].

The central digitized patient record where surgical and anesthe-
siological data as well as preoperative diagnostics are included fa-
cilitates the later creation of reports and data evaluations with re-
gard to complications and avoidance of errors.

This networking process in the operating room is tested and in-
vestigated at the University of Leipzig, Germany, in the Innovation 
Center Computer-Assisted Surgery (ICCAS) in a model OR. Before-
hand, the same objective had been pursued by the project entitled 
OR.NET of the University of Aachen, Germany [52–54]. The pro-
jects were and are supported by the Federal Ministry for Education 
and Research.

▶Fig. 2	 OTOPLAN software. Source: https://blog.medel.pro/otoplan-future-otological-surgery. Mit freundlicher Genehmigung von MED-EL.

S114



Olze H et al. Hearing Implants in the …  Laryngo-Rhino-Otol 2019; 98: S106–S128

One innovation in the field of intraoperative digitization of coch-
lear implantation is robotic CI surgery that was described by Klen-
zner et al. [55] in 2009 and that was also presented later in a clini-
cal trial by Caversaccio et al. [56]. A system for robotic cochlear im-
plant surgery was developed and successfully applied in one 
patient. For this intervention, the access to the cochlear is drilled 
by the robotic system via posterior tympanotomy. This method is 
still very time-consuming with a duration of about 3 h for surgery 
[56]; however, it bears the potential to reduce the duration of sur-
gery in the future. Furthermore, the effectiveness, safety, and fea-
sibility of this method could be confirmed in this trial. In the future, 
advantages of this method might be an individual planning of the 
cochlear access as well as a more careful and thorough insertion of 
the electrode and an accurate positioning of the electrode in the 
cochlea.

4.2.  Intraoperative imaging
In the context of cochlear implantation surgery, intraoperative im-
aging is a useful innovation, especially in cases of complex anatom-
ical circumstances and malformations of the inner ear. Cosetti et al. 
[57] reported about intraoperative imaging by means of x-rays ac-
cording to Stenvers. In few cases, a tip rollover or the extracochlear 
position of the electrode could be detected by intraoperative imag-
ing. In their study, Vittaro et al. [58] also describe the detection of a 
wrong position of the electrode by means of intraoperative x-ray. In 
many hospitals, the intraoperative x-ray image is replaced by C arm 
fluoroscopy [59, 60], which allows making 3D radiological images of 
the electrode position with low radiation exposure after electrode 
insertion during cochlear implantation. In addition, cone beam CT 
or cone beam tomography with image amplification or flat panel de-
tectors is applied during and after surgery for control of the CI elec-
trode position [61]. In current trials, intraoperative CT imaging was 
mainly used in cases of malformations of the inner ear and anatom-
ical particularities such as an aberrant course of the facial nerve [62–
64]. In a case series, Yuan et al. [63] describe intraoperative CT im-
aging in 10 patients. The wrong position of the electrode in two pa-
tients could be detected by means of CT scan and corrected during 
surgery. Stelter et al. [64] report about the successful intraoperative 
CT scan and application of the navigation by means of BrainLAB for 
CI electrode insertion in a patient with posttraumatic sensorineural 
hearing loss.

While postoperative imaging for control of the electrode posi-
tion is the gold standard, imaging during CI surgery is desirable, 
however, it will not be available in many hospitals in the future be-
cause of the expenses and the limited applicability for example of 
CBT in the OR and thus insufficient device utilization. Hence, it is 
desirable to diagnose the possibly wrong position of an electrode 
by means of audiological measurement methods instead of de-
pending from intraoperative imaging.

4.3.  Intraoperative audiological measurement
Audiological quality control during cochlear implant surgery is per-
formed by means of three measurement methods that are usually 
done by an audiologist in the OR.

The impedances of the intracochlear electrodes are determined 
by means of telemetry. In addition, the compound action potential 
of the hearing nerve is measured (electrically evoked compound 

action potential, eCAP) in order to verify the response of the hear-
ing nerve on electrical stimulation. The stapedius reflex is meas-
ured by means of electrical stimulation (electrically evoked stape-
dius reflex test, eSRT).

These measurement procedures may also be performed by re-
mote telemetry, i. e. the audiologist is not in the OR, but at a work-
place with a computer connected to the OR (webcam and loud-
speaker). Such a procedure was first described by Shapiro et al. in 
2008 [65]. Yanov et al. [66] compared this procedure to the classic 
procedure in a current prospective randomized trial. In the context 
of remote telemetrical measurement, computers with network ac-
cess in the OR and at the workplace of the audiologist are needed 
as well as a visual-auditory system (webcam and loudspeaker) in 
addition to the standard equipment. Correct measurements by the 
remote network connection could be confirmed that did not sig-
nificantly differ from the classic measurement method in the OR. 
Furthermore, significant time savings due to the telemetrical pro-
cedure could be revealed (10.04 vs. 18.64 minutes).

Measurement of the eCAP may also be performed automatical-
ly as automated neural response telemetry (AutoNRT) or AutoART 
(auditory response telemetry). The technology of AutoNRT was 
first described by Botros et al. [67] and van Dijk et al. [68] reported 
about the clinical applicability. The Nucleus Cochlear Implant sys-
tem (Cochlear Limited, Australia) or the Maestro system (MedEL, 
Innsbruck, Austria) may automatically determine the thresholds 
triggering the stimulation response of the hearing nerve by means 
of an algorithm that is based on machine learning technique and 
decision tree analysis [69]. Tavartkiladze et al. report about relia-
ble results with the AutoNRT technology compared to manual NRT 
measurement. In addition, the AutoNRT measurement takes sig-
nificantly less time. One negative aspect of this measurement 
method is the limited applicability because not all patients are suit-
able for this measurement method. In AutoNRT, the pulse width 
cannot be modified and so the measurement has to be repeated 
manually in cases of negative stimulus response, and the pulse 
width has to be extended, if needed.

In order to detect a wrong position of the electrode, Grolman et al. 
[70] measured intraoperatively the extension of the neural excita-
tion (so-called “spread of excitation”, SOE). In this trial, the meas-
urement and intraoperative CBT were performed in 72 cochlear im-
plant surgeries. In 4 cases, the electrode had been wrongly posi-
tioned which the experienced audiologist could detect based on SOE 
and identify according to the electrode number. In summary, valu-
able information could be collected on the electrode position in the 
cochlear by means of imaging and SOE measurement.

Because of the extended indication of cochlear implantation, 
also patients with vestibular schwannoma (VS) and deafness un-
dergo hearing rehabilitation by means of CI. In this context, an in-
traoperative testing of the hearing nerve after VS resection is rea-
sonable in order to decide whether CI indication can be made. For 
this purpose, MedEL Company has developed a cochlear test elec-
trode that was conceived for the intraoperative measurement of 
the function of the hearing nerve. If the preservation of the hear-
ing nerve cannot be assured in cases of tumor resection, the “coch-
lear test electrode” (▶Fig. 3) can be inserted into the cochlea like 
a CI electrode and the hearing nerve is stimulated within the coch-
lea. If the hearing nerve is intact, electrically evoked brainstem re-
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sponses (eABR) can be registered. For this measurement, the coch-
lear test electrode is necessary (▶Fig. 3) as well as an ABI connec-
tion cable, ABI stimulator box, eABR measurement device, and EEG 
electrodes (▶Fig. 4).

In their trial, Lassaletta et al. [71] report about the application 
of the intracochlear test electrode in 10 CI patients. After identifi-
cation of the round window, the test electrode was first inserted 
intraoperatively in order to measure the eABR responses, then it 
was removed, the CI was implanted and again the eABR responses 
were measured. The measurement results of the test electrode and 
the CI were compared and no significant differences with regard to 
the latencies and amplitudes could be revealed. In their study, Cinar 
et al. [30] describe the application of the intracochlear test elec-
trode in patients with malformations of the inner ear. The test elec-
trode was used in order to find a decision for cochlear implant or 
for auditory brainstem implant (ABI) based on the measured eABR. 

It could be further revealed that the positive eABR measurements 
decreased with higher degrees of malformation.

In summary, the cochlear test electrode should be applied in 
cases of resections of vestibular schwannomas with unclear status 
of the hearing nerve because positive eABR measurements indi-
cate successful hearing rehabilitation with cochlear implant. Fur-
ther studies on cochlear test electrodes are expected.

5.
 
Digitization in The Context of Cochlear 

Implant Rehabilitation

5.1.  Digitization in the postoperative phase
After successful cochlear implantation, the phase of follow-up fol-
lows that can be divided into three parts according to [13], i. e. basic 
therapy (day 1 after surgery to 6 weeks post-surgery), consecutive 

▶Fig. 3	 Cochlear Test Electrode (courtesy of MedEl).
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therapy (about 6 weeks to 1 year (3 years for pediatric patients) 
post-surgery), and finally the life-long follow-up (▶Fig. 5) with gen-
erally 1 year intervals.

5.1.1.  Basic therapy
After initial healing, the first fitting of the sound processor is per-
formed. Depending on the CI center, the date is chosen individual-
ly and is usually fixed within the first 6 weeks after surgery. Some-
times, the first “test stimulation” is performed on the first or sec-
ond day post-surgery, but generally the first stimulation and the 
first fitting of the speech processor occur in the same session.

This first “hearing” with the cochlear implant is an extremely 
emotional and challenging situation for newly implanted patients. 
They do not know exactly what they will experience. Irrational fears 
and sorrow and great excitement are frequently seen.

With this emotional background, the patients come for first fit-
ting. From here, the patient should be released with a possibly 
promising speech processor; already this procedure requires a high 
amount of concentration and cooperation by the patient. In addi-
tion, the patient receives a lot of information on handling the tech-
nology including extensive accessories that he has to cope with.

How can this challenge be best managed? One possibility could 
be to subdivide the first fitting, which is very time-consuming for 
the implanting institution as well as for the patient, into two or 
more sessions. Another time- and cost-saving option could be the 
reduction of the time required for fitting the speech processor and 
preservation of the patient’s mental capacities by applying fitting 
processes based on objective data, if standard parameters are used. 
In this context, fitting supported by intraoperatively measured 
compound action potential (CAP) turned out to be suitable in chil-
dren as well as in adults. Smoorenburg et al. [73] could show a sig-
nificant correlation between the steepness of the psychophysical 
thresholds and the NRT threshold (r = 0.82) in 27 adult CI24M users. 
The more detailed procedure of individual definition of chan-
nel-specific threshold and comfort levels may take place in later 
sessions for fine-tuning of the fitting.

5.1.2.  Consecutive therapy
After basic therapy, the consecutive therapy follows for about one 
year in adults and about 3 years in pediatric patients that may be 
classified into audiological and hearing therapeutic treatment [13].

The aim of parties contributing to the rehabilitation process is 
the increased quality of the healthcare provision with at the same 

time increased efficiency of the used resources by means of auto-
mation and standardization. As already elucidated in the intro-
duction, growing numbers of patients with reduced staff and finan-
cial resources present an extraordinary challenge. This situation 
forces to find effective innovations in the context of long-term CI 
follow-up. Hereby, digitization of all processes plays a key role.

Some challenges that have already been mentioned will have to 
be faced by the concerned parties (hospitals, rehabilitation insti-
tutions, patients, relatives). Those are for example:

▪▪ Healthcare provision for growing numbers of patients with 
constant staffing

▪▪ Healthcare provision for always older patients for whom the 
frequent way to the rehabilitation institution is a problem

▪▪ Discrepancy between offered appointments in the rehabilita-
tion institution and desired dates of the patients due to 
professional obligations

▪▪ Reduced possibilities/readiness of the patients to seize 
frequent rehabilitation appointments because of important 
professional/family-related stress

▪▪ Difficulty to seize follow-up appointments because of long 
distances in areas with low population density and only few 
rehabilitation institutions

The patients’ wish as well as the claim of the hospitals exists that 
possibly many complex hearing situations may be better managed. 
For this purpose, sometimes additional technology is necessary 
that makes control of the CI system more complex and thus more 
difficult especially for older patients.

Cochlear implants are more and more applied also in “low and 
middle income countries” (LMICs) where the follow-up is insuffi-
ciently organized.

5.2.  Possible solution – digitization
It is obvious that the processes associated with CI follow-up need 
to be optimized.

In the following areas, digital applications are already used or at 
least feasible from a current point of view:

5.2.1.  Digitization in audiological consecutive therapy
The application of objective measurement procedures to assess 
individual variances, e. g. the use of automatically or manually 
measured compound action potentials (CAP) for manual fitting 
[73], may lead to shorter durations of the single fitting process. 

▶Fig. 5	 Process of CI provision.
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Sometimes, fitting may even be performed by less experienced/
qualified staff.

(Semi-)automatic fitting procedures based on individual pa-
tient data combined with expert knowledge gained from large pa-
tient cohorts (big data) are more and more distributed.

In this context, meanwhile for example extensive experiences 
exist with the computer-assisted fitting assistant FOX (Fitting to 
Outcomes eXpert). Artificial intelligence is expected to allow more 
rapid and consistent fitting of cochlear implants and thus better 
hearing quality.

The FOX function is very similar to a navigation system in road 
traffic that knows the starting point and the destination, disposes 
of an immense knowledge about possible pathways, and finally cal-
culates the most effective route, e. g. regarding distance or dura-
tion, from a multitude of possible roads.

FOX uses audiological data such as hearing threshold, phoneme 
discrimination, speech audiogram (e. g. measured by Auditory 
Speech Sounds Evaluation (ASSE, Otoconsult Company)), and loud-
ness scale as basis for an algorithm for optimized implant fitting. 
The audiological test results are the respective starting point for 
automated optimization.

FOX provides the possibility to analyze the test results and older 
MAPs of the patient compared to other anonymized MAPs in order 
to recommend the best possible MAP. In this way the fitting pro-
cess is accelerated and the measurement results are closer to the 
ideal situation. By including new MAPs and performance data in the 
database, the predictive capacities of FOX are continuously im-
proved.

In a multi-center trial with 27 postlingually deafened adult pa-
tients with HiRes90KTM (Advanced Bionics Company), Battmer et 
al. [74] have investigated the difference of the efficiency and dura-
tion of fitting with FOX and a conventional fitting method. They 
could reveal that the required time in the first two weeks after first 
fitting for FOX is significantly lower than conventional fitting. Over 
the further period of the first six months, the needed time of both 
procedures was similar. A reduction of the variability of the fitting 

results between different centers due to the implementation of 
FOX was described.

In a retrospective trial, Meeuws et al. [75] could show the learn-
ing capacity of the FOX algorithm in 25 postlingually deafened 
adult patients (14 with an implant of Cochlear Company, 11 with 
Advanced Bionics) with a middle CI useful life of 10 years. Speech 
understanding could be increased by means of FOX programming 
compared to “own” MAP.

Also Vaerenberg et al. [76] could reveal the advantage of FOX 
in eight newly implanted, postlingually deafened adult patients 
with HiRes90KTM (Advanced Bionics Company). They see the ben-
efit in a systematized CI programming, reduction of the fitting du-
ration, and optimized hearing results.

Simplified fitting procedures based on CAP with use of stand-
ard parameters have proven to be justified. In this context, for ex-
ample the Nucleus Fitting Software (NFS) of Cochlear Company 
must be mentioned that can be very flexibly applied with a tablet 
computer and a wireless POD. So fitting is not obligatorily bound 
to the lab situation in an audiometry room, but it can be performed 
in various environment situations. A fitting expert is not necessar-
ily required; in uncomplicated routine cases, fitting may also be 
performed in the sense of remote fitting by trained staff such as 
hearing care professionals. The bases of fitting are automatically 
determined CAP thresholds as well as punctually measured thresh-
old and comfort levels. Botros et al. [77] could show in 13 patients 
that the outcome after fitting with NFS software was not signifi-
cantly different from the one with Custom Sound.

In this context, questions of quality monitoring to avoid wrong 
fittings have to be solved.

Remote fitting/remote care with video support may assist the 
fitting of patients who live far away. Hereby even wound control via 
photo or video camera might be taken into consideration (▶Fig. 6).

The patient is linked to the interacting center via remote data 
connection. The expert in the implanting department or CI center 
may observe the patient and interact with him. A direct access to 
the implant is possible if needed, via a qualified person on site or 
an interface that is controlled by the patient himself. In this way, 

▶Fig. 6	 Remote fitting.

Phone call (if needed and possible)
Specialist

Interface

Patient

Expert

Internet

S118



Olze H et al. Hearing Implants in the …  Laryngo-Rhino-Otol 2019; 98: S106–S128

fine-tuning in particular in the home environment, technical check-
ups, and software upgrades may be performed [78].

Eikelboom et al. [79] have developed a computer-based remote 
fitting system for patients provided with MedEL implants and eval-
uated it with 11 patients. Remote mapping took 42 minutes on av-
erage compared to conventional fitting that took 37 minutes. In 
the subsequently performed speech test (Ling Six Test, answering 
of questions), no significant difference between both MAPs could 
be found. Six patients preferred none of both MAPs, two preferred 
conventional MAP, and three remote MAP. A delay between audio 
and video channel was reported, which made communication be-
tween the patient and the expert difficult because the mouthings 
could not be used to support communication. Hereby, the help by 
the qualified person on site was required. Ten patients finally stat-
ed that they wanted to make use of remote fitting; all eleven pa-
tients would recommend the procedure.

Kuzovkov et al. [80] report very positively about remote fittings 
in 33 patients in Italy, Sweden, and Russia. Hereby, a fitting expert 
from the hospital, the patient, and a local moderator (trained/qual-
ified person) on the patient’s side were involved. 96.9 % of the pa-
tients were satisfied with the fitting outcome, 100 % agreed to fur-
ther remote fitting.

Also Wasowski et al. [81] confirm the efficiency of remote fitting 
compared to face-to-face fitting. The patients are spared long ways, 
sometimes even the frequency of fittings may be increased.

Using automatized algorithms based on CAP thresholds, the pa-
tients may perform self-fitting. They can adapt volume and fre-
quencies themselves, if needed even the comfort and threshold 
levels.

[77] compares the outcome of self-fitting with the CR110 re-
mote assistant of Cochlear Ltd. with the result of fitting by an au-
diological expert by means of custom sound. Also hereby, no sig-
nificant difference could be revealed.

Irrespective of whether fitting was performed in a hospital or 
rehabilitation institution, remote fitting with home-near second-
ary partners (local trained/qualified person), or self-fitting, wire-

less programming nowadays allows a much more comfortable 
coupling to the fitting system for the patients. Especially for pedi-
atric patients an important step forward in direction of improving 
the acceptance of the fitting situation was achieved.

Due to internet connection, there is the possibility today to 
early detect problems (e. g. increased electrode impedances – pos-
sible hint to labyrinthitis onset [78]).

Remote troubleshooting (e. g. [82]) may help patients to ana-
lyze and handle problems with the sound processor or accessories 
without having to consult a service partner or even the implanting 
institution. Possibly unnecessary sending of spare parts or ex-
change processors can be avoided.

A very charming option of modern CI systems is data logging. 
In the context of fittings, it allows collecting experiences about the 
use of single MAPs, about the variability and timely weighting of 
the patient’s hearing situation, about his hearing habits regarding 
the settings of loudness and sensitivity, and finally also about the 
duration of use. These insights are not only relevant for the hear-
ing professionals and therapists, but also for CI manufacturers.

Success monitoring in the sense of assessing speech under-
standing is also possible telemedically by means of respective com-
puter software/apps. The quality of life may be assessed and eval-
uated via questionnaires in the computer- or app-based way.

“Artificial intelligence”, “cloud connectivity”, and “wireless tech-
nology” are terms that show in which direction CI follow-up will go 
and what is already in use today. As already mentioned in the intro-
duction, a close networking (▶Fig. 5) of all parties involved in the 
rehabilitation process (patient, implanting department, rehabili-
tation institution, manufacturer, service partner, sometimes also 
secondary care institution) with efficient data exchange based on 
applicable regulations of data protection may lead to economic 
savings, rapid and improved treatment outcome, increased patient 
satisfaction, and knowledge gain through big data.

▶Fig. 7 shows the significance that the single elements of CI 
follow-up will have in the future. In particular in the context of life-
long follow-up, remote care and self-care will play a key role. This 

▶Fig. 7	 Maslow’s hierarchy of needs (courtesy of Cochlear Ltd.).
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corresponds to the patients’ need of optimal and safe function of 
their cochlear implant without the necessity to make appointments 
in central institutions that might be far away. Nonetheless, there is 
the wish that the function and possibly arising dysfunctions are 
monitored by experts, which will be possibly based on telemedi-
cine. This is perfectly in line with the objectives of the cost bearers 
regarding cost reduction and the constraints of hospitals and re-
habilitation institutions to optimally use human resources. In this 
way, the “standard patient” with simple needs for provision can be 
cared more comfortably and even more safely on the long term, 
while experts may spend more time on special cases that require 
much individual attention.

It must be critically discussed that the very positive aspects of 
remote and self-fitting only apply for patients without special au-
diological or other particularities. A major part of old and very old 
patients have a high need for individual care and are not able to 
perform self- or remote fitting. According to the authors’ experi-
ence, it is not possible for a significant percentage of the patients 
to use auto-CAP because higher pulse widths are necessary to gen-
erate evaluable CAP responses, which is not provided by the au-
to-routine. In cases of specific problems such as poor acceptance, 
increasing tinnitus with CI therapy, deviations from the regular to-
notopy, discomfort, or co-stimulation of the facial nerve by single 
electrodes etc., automatized procedures cannot be applied.

Moreover, a broadband internet connection as it is necessary 
for remote fitting and care, is not available everywhere.

Nonetheless, the time savings may be important in uncompli-
cated “standard patients” due to simplified fitting procedures or 
remote care, which is then beneficial for “problem patients”.

5.2.2.  Digitalization in hearing therapeutic follow-up
Also in the context of hearing training, the standardization and 
comparability plays a crucial role. This requirement is best met by 
the use of computer-based hearing training programs, as for ex-
ample AudioLog by Flexsoft. The superiority compared to Life 
Speech is obvious since standardized and calibrated speech and 
sound output ensure comparable training and test situations in dif-
ferent sessions and the comparability between different centers.

In particular, isolated training and testing of the implanted ear 
may be very well achieved and defined via wireless accessories by 
direct streaming of hearing training contents into the sound pro-
cessors.

The results of data logging are very helpful to retrieve informa-
tion about the usage habits and the hearing environment of the pa-
tients and to provide tips for program usage and hearing behavior.

Outcome measurement with direct feeding of test material 
into the sound processor (e. g. Auditory Speech Sounds Evaluation 
[ASSE]) allow testing in rooms that do not meet the high acoustic 
preconditions and ensure the isolated testing of the implanted ear 
without co-listening or overhearing of the contralateral ear.

CI users may participate in telemedical rehabilitation programs 
via telephone or internet. The remote rehabilitation sessions are 
similar to face-to-face sessions and allow patients to discuss with 
rehabilitation experts without undertaking long journeys.

5.2.3.  Advantages of digitization for patients regarding 
daily CI usage
Digitization has fundamentally changed the patients’ handling of 
the cochlear implant. While the option of setting loudness param-
eters and the selection between several programs had already been 
possible with pocket speech processors, the controlling options 
were significantly different already with the first remote controls.

Nowadays, the individual options of intervention become more 
and more extensive from one device generation to the next; and 
handling of the CI is increasingly comfortable.

Signal processing, partly even with automatic situation recog-
nition and automatic adaptation with the objective to manage com-
plex hearing situation in the best possible way (e. g. scan program, 
Cochlear Company Ltd.), is successfully applied by most patients.

Manual options of adapting to the respective hearing situation 
via remote control are meanwhile a matter of course.

Today the vast majority of patients disposes of smartphones and 
uses them very actively. Thus, the implementation of smartphones 
in the speech processor control via SmartApps is evident. The op-
tions widely exceed the known parameter settings with traditional 
remote control devices.

▪▪ Program selection
▪▪ Setting of loudness and microphone sensitivity
▪▪ MVBT (Cochlear Ltd.): setting of MasterVolume, Bass, Treble
▪▪ Audiostreaming
▪▪ Availability of using data for the patient (percentage of use 

with speech, number of “coil-offs”)
▪▪ Battery control
▪▪ Sound processor search

Wireless accessories have revolutionized the use of cochlear im-
plants. Whether to find interference-free pleasure in listening to 
music, to gain back the capacity of understanding TV independent-
ly from the distance to it, being able to acoustically reach a CI-wear-
ing child ahead of you, or understanding presenters in lectures 
without worrying about the seating position, the possibilities of 
audiostreaming significantly improve the hearing situation of pa-
tients. For the patients, the easy handling and interference-free 
phoning is a great benefit; with the use of a phone adapter or by 
means of Bluetooth there is no need to take out the phone from 
the pocket. The option to stream the sound signal directly into the 
speech processor has become a standard for hearing training in the 
rehabilitation institution as well as for exercising with audiobooks.

Already in the chapter on hearing screening, the unmanageable 
number of available health apps for android and iOS was men-
tioned, among them for example hearing test apps, otoscope 
apps, hearing training apps.

In the context of basic and follow-up therapy, apps may be used 
for orienting success control, but also hereby the statement for-
mulated by Bright et al. [83] is true that the currently available apps 
cannot replace the gold standard, i. e. PTA performed by special-
ists. Due to the low costs, the portability, and the easy access, such 
apps may be suitable to accompany therapy, in particular in coun-
tries with insufficient healthcare provision.

The hardware plays a crucial role. A calibrated transducer is re-
quired with respective linear or at least known frequency response 
that can be balanced by the app.
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Furthermore, apps are available that allow individual hearing 
training by means of smartphones. The results are documented; 
the training success can be verified with statistical graphs. In Ger-
man speaking countries, the most common apps are Asklepios Hör-
training by the Hanseatic Cochlear Implant Center and Listen Up! 
by MedEl. These apps do not replace the hearing training accom-
panied by specialists in a rehabilitation institution, but if continu-
ously applied, they may support the rehabilitation process and mo-
tivate the patients.

As already mentioned in the introduction, data storage in cen-
tral systems as well as networking is already implemented today 
in the context of caring for CI patients, for example the network of 
implanting hospitals, rehabilitation institutions, service partners 
(e. g. hearing care professionals), and CI manufacturers. In this way, 
for example service queries can be efficiently answered (▶Fig. 8). 
There is no need for the service provider to search where the cur-
rent MAP is stored, to reach the respective contact person, and to 
wait until the data are forwarded – which might lead to a delay in 
delivering the spare part for one or two working days. Of course, 
each type of networking with involved partners where patient-re-
lated data are shared, is subject to the applicable regulations of 
data protection that have to be observed thoroughly.

5.2.4.  Improvement of bilateral hearing by digital signal 
processing and control
The objective of each type of hearing aid provision is binaural hear-
ing as well as possible. Particularly in patients who receive two 
cochlear implants or bimodal hearing solutions (CI in one ear, hear-
ing aid in the other ear), modern digital technique has an enormous 
potential for improvement. It is already possible that two speech 
processors or one hearing aid and one speech processor commu-
nicate and cooperate. In this way, focusing on one speaker in noise 
can be significantly optimized (StereoZoom). The direction from 
where the “sound has to be heard” can be defined comfortably 
(ZoomControl); the sound of the telephone can be easily heard in 
both ears although the receiver is placed only on one side (Duo-

Phone); both sides can be switched with only one keystroke (Quick-
Sync) [84]. (▶Fig. 9)

In cases of bilateral hearing loss where CI provision is only pos-
sible in one ear, there is the possibility to treat with a very comfort-
able CROS device (Naida Link CROS) [85].

6.  Follow-up – Digitization – CI

6.1. What does “CI follow-up” mean?
CI rehabilitation is subdivided into different phases (see chapter on 
“Digitization in the postoperative phase”); the life-long follow-up 
is an integral part. According to the recommendations of the Ger-
man Society of Oto-Rhino-Laryngology, the follow-up starts about 
one year after surgery in adults and about four years post-surgery 
in children. It starts immediately after consecutive therapy and lasts 
for the whole life.

CI follow-up is structured into three parts, the audiological, 
technical, and medical follow-up/control. The objective of fol-
low-up should be the stabilization and optimization of the commu-
nicative abilities [13].

6.2.  Challenges from the patients’ perspective
For the life-long follow-up of cochlear implant patients, important 
logistic and staff-related efforts are required. Possibly, the patient is 
stressed with high timely efforts and associated work loss, cost-in-
tensive transportation as well as disturbed family life [86]. Moreover, 
lifestyle aspects have to be considered, i. e. for personal reasons, pa-
tients prefer follow-up independently from their location.

6.3.  Challenges from the hospitals’ perspective
The increasing number of hearing impaired subjects and the result-
ing number of CI users lead to the necessity of process optimiza-
tion with the background of the increasing cost pressure.

Promising strategies for preservation of a maximal healthcare 
are required. The challenge hereby is to make available high-end 

▶Fig. 8	 Networking in the follow-up process.
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medicine for all patients and to enhance the competences in the 
treating institutions.

Digitization may contribute enormously in this context; howev-
er, regarding the introduction of internet-based services, the ex-
pansion of the internet bandwidth has to be observed. Urban areas 
do not represent a problem, but more rural areas have been repeat-
edly disadvantaged in the last years with regard to bandwidth ex-
pansion [87]. So the defined objective of the current government 
is to establish a nationwide coverage with broadband access until 
2025 [88].

6.4.  Solutions for CI follow-up
Saunders and Chisolm [89] defined four application and develop-
ment areas of tele-audiology (see introduction) that are conceptu-
ally applied in the context of follow-up in order to meet these re-
quirements by using digital media. This tele-audiological options 
overlap in the three follow-up modalities of technical, medical, and 
audiological CI follow-up.

In the context of technical follow-up, for example remote consul-
tations or CAP measurements can be performed online by video or 
phone conferences. Furthermore, consultations as “store and forward” 
(see chapter on “Applications of tele-audiology”) and CAP measure-
ments can be imagined in the context of remote monitoring.

Medical follow-up as merely telemedical offer is subject to spe-
cific regulations that are elucidated by another contribution in this 
manual. Considering the technical options in an isolated manner, 
video conferences with face-to-face contact seem to be suitable. 
Also during follow-up, clinical examinations can be displayed via 
so-called otoscopy apps, as already described in the chapter on 
screening [90].

The probably most interesting possibilities when considering 
digitization are seen in audiological follow-up that regularly takes 
place in cases of peculiarities during technical follow-up. Beside the 

mentioned options of personal patient contact, for example mo-
bile healthcare services for self-control and self-management of 
speech processor settings as well as for hearing and speech test 
controls are helpful.

6.5.  Hearing training in CI follow-up
Hearing training mainly occurs in the context of basic and consec-
utive therapy after cochlear implantation (see chapter on basic 
therapy). However, the provision of life-long hearing training and 
thus the development of hearing training during follow-up are 
highly interesting.

In order to improve speech understanding, the leading CI man-
ufacturers and other institutions offer specific applications [91]. 
They originate from the evidence of auditory rehabilitation of one-
to-one situations and provide the possibility of auditory or audio-
visual training. Computer-based applications prove to increase the 
motivation of hearing training which is most probably the highest 
benefit of these applications for an improved speech perception 
[5, 89].

6.6.  Remote care networks
The expertise of the treatment center can be retrieved via so-called 
remote care networks by associated remote institutions, e. g. less 
specialized hospitals, hearing care professionals, or rehabilitation 
institutions. The exchange may also occur on an interdisciplinary 
level [92]. These connected institutions should cover a primary ser-
vice such as controls of the hearing ability or technical check-ups 
and in cases of problems get the expertise of the hospital. Techni-
cally, this may be realized via a web-based face-to-face contact. 
The connected expert may then perform parameter settings of the 
speech processor and retrieve data such as specific using data.

The following technologies are also used in remote care net-
works:

▶Fig. 9	 Investigations on tinnitus suppression by electronical stimulation applying a multi-electrode array (MEA) at the round window or a mi-
cro-electrode (ds-FILE = double-sided – filament electrode). Quelle: „Forschungsprogramm zur Mensch-Technik-Interaktion: Technik zum Menschen 
bringen“ des BMBF, Verbundprojekt INTAKT, Förderkennzeichen 16SV7875.

Power supply
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▪▪ Wireless technologies, e. g. real-time data exchange with 
smartphones

▪▪ Artificial intelligence, e. g. for automated setting of cochlear 
implants as well as control of parameter settings in the 
follow-up

▪▪ Cloud-based networks for data exchange for example with 
specialized hospitals, patients, rehabilitation institutions, 
subordinate hospitals

The services of remote care networks have to be adapted specifi-
cally to the location. In rural areas the knowledge transfer with a 
broad-scale effect is necessary in order to minimize unnecessary 
transportation of patients and to reduce associated time-consum-
ing and financial efforts. In urban regions, this is also required; how-
ever, due to the high density of specialized healthcare institutions, 
the focus is rather placed on immobile patients or on data exchange 
with distant rehabilitation institutions.

6.7.  Evidence of telemedical CI follow-up
In 2018, the University of Southampton and the team around Cul-
lington [86, 93] performed a two-arm controlled randomized trial 
(RCT) with the objective to evaluate the long-term follow-up via 
internet-based remote follow-up. Both study arms encompassed 
30 patients each and had a duration of 6 months. They tested the 
speech understanding, the patient self-management with CI, the 
self-reported subjective hearing perception, and the quality of life. 
The authors report that the remote care group had a significantly 
better speech understanding and a higher score regarding the 
self-management after 6 months of study onset; this means the 
patients had a better knowledge regarding their CI and reported 
overall better skills for handling the CI. In contrast, the control 
group reported significantly poorer scores for subjective self-as-
sessment of the hearing capacity. After 6 months, the quality of 
life was similar in both groups. The limitation of this first RCT (ac-
cording to the authors) on follow-up of CI patients consisted of the 
fact that telemedical follow-up is no universal option for all coch-
lear implant patients, but rather has to be individually discussed in 
the context of shared decision making.

6.8.  Outcome
The feasibility of internet-based follow-up could be demonstrated, 
which at the same time can be used for assessment of the outcome. 
Questionnaire-assisted evaluations, for example regarding the qual-
ity of life or the subjective hearing perception, can be provided online 
without any problem. Even during an appointment in the hospital it 
is possible to retrieve data electronically for example via tablet and to 
access them via large databases. However, the process of big data re-
quires prior agreements on standardization that should be achieved 
in the context of consensus finding. The problems of too small study 
groups were often mentioned in the past. The significant heteroge-
neity of assessment tools between national and international centers 
is crucial in this context. Repeatedly, we suggested in own publica-
tions to apply the psychometric test battery of the Charité, Berlin 
[5–8, 10–12, 20]; the tool assessing the quality of life (NCIQ) was in-
cluded in the white paper on cochlear implantation in April 2018.

In particular for the definition of small effects, high numbers of 
cases are necessary. Predictors for future cochlear implantations 

might be determined and indications confirmed. In the context of 
“data logging”, the possibility arises to link outcome data with 
other patient-related data and thus to develop individual concepts 
for patients based on detailed analyses, finally even by further de-
velopment of artificial intelligence.

6.9.  Perspectives
Telemedical treatment and follow-up concepts have already 
reached advanced stages in other medical disciplines, e. g. cardiol-
ogy or psychiatrics. In the context of cochlear implantation, this 
development is still at its beginning of a very promising innovation 
of existing follow-up modalities. Based on the statements of Cull-
ington and co-workers, it may be expected that telemedicine in 
cochlear implantation will be an additional tool, however, up to 
now it cannot completely replace the examination on site [86, 93].

7.
 
Innovation Cluster on Interactive Micro-

implants (INTAKT)
Project coordination: Fraunhofer Institute for Biomedical Engineer-
ing IBMT

Tinnitus suppression
Finally, we want to present a research project of our department 

in the context of the INTAKT consortium project that fits perfectly 
in the topic of hearing rehabilitation in the era of digitization. It il-
lustrates how the future might be in the field of hearing implants.

The objective of the INTAKT project is the development, manu-
facturing, characterization, and pre-clinical evaluation of a new gen-
eration of active, networking implants. They dispose of interfaces al-
lowing physicians and patients an easy information access for partic-
ipative decision making. The precondition is the needs-based, 
transparent description of all necessary information about the status 
and the functionality of the implants including their contact to bio-
logical tissue. By adapting the parameters and modes to the respec-
tive needs of the patients, these new interactive options allow im-
proved and expanded functions of the implanted systems and thus 
provide the possibility of personalized, individual patient healthcare.

To realize this innovative approach of the INTAKT project, a net-
work of up to 12 interactive micro-implants is being developed, 
implemented, and pre-clinically tested. The intelligent communi-
cation between the implants themselves as well as with a central 
external communication unit and the evaluation of the assessed 
signals takes place based on the principles of information process-
ing, i. e. filtering of signals, compressing data processing, pattern 
recognition, standard routines etc. This allows a temporally better 
synchronization of a multitude of activities. In this way, the mi-
cro-implants largely approach physiological circumstances in their 
functionality and may thus better and more complexly compen-
sate impairments due to functional deficits.

The intelligence of the system consists of coupling internal and 
external systems on the basis of safe data exchange. Another ad-
vantage regarding traditional implants is that the network of mi-
cro-implants is not only active in one location, but takes into ac-
count the functionality of larger correlated tissue sections and or-
gans as a whole. In this way, pathological changes cannot only be 
influenced punctually, but in a physiological way and interactively 
in several locations with treatment.
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If needed, the networking implants communicate with the pa-
tients and the medical staff via external interfaces. In this way, a 
personalized adaptation of the implant network to the patients’ 
current needs becomes possible. So, interactive control of the 
needs replaces rigid stimulation algorithms. Such individualized, 
multi-local, and interactive implants are the basis for numerous 
relevant application scenarios.

Within this issue, tinnitus suppression by means of micro-im-
plants plays an important role. Due to new technological possibil-
ities, treatment options arise allowing the application for the treat-
ment of patients. Other fields of application concern the treatment 
of functional disorders of the gastrointestinal tract and the devel-
opment of a neuromuscular stimulator for realization of gripping 
functions.

7.1.  Problem description
Tinnitus is defined as subjective perception of noise despite a miss-
ing external acoustic source. It is no clearly defined disease, but a 
symptom that may be caused by several origins (e. g. hearing disor-
ders, cardiovascular or neurological diseases, diabetes, or tumors).

Tinnitus is frequently associated with hearing disorders, but it 
is also observed as independent symptom. Dysfunctions of the 
hearing systems are assumed to be responsible. The guideline on 
chronic tinnitus summarizes the current knowledge regarding the 
pathophysiology of tinnitus [94]. According to most recent psycho- 
and neurophysiological investigations on the mechanisms of neu-
ronal plasticity, peripheral as well as central changes seem to play 
a major role.

The need for treatment is justified by the persistence of an im-
portant level of suffering and existing or developing comorbidities. 
The level of suffering is individually very different and does not cor-
relate with the tinnitus frequency or loudness [95]. The significant 
individual differences can be explained mainly by the variety and 
severity of accompanying symptoms and diseases such as depres-
sions, sleep and concentration disorders etc. [96].

The crucial factor for therapeutic intervention in the chronic 
stage is the severity of tinnitus. For chronic tinnitus, there is no 
causal treatment method. Especially cognitive and multimodal be-
havioral therapies are applied in order to avoid severe complica-
tions caused by tinnitus stress. Furthermore, hearing therapeutic 
interventions such as training, hearing aids, or cochlear implants 
may be applied [94–97].

Nonetheless, patients with a high tinnitus strain may experience 
important impairment of the ability to work and psychological de-
compensation despite the application of all therapeutic options. 
Beside the enormous impairment of the quality of life, this is asso-
ciated with high socio-economic expenses. So, a reliably effective 
procedure for treatment tinnitus complaints would be highly rele-
vant from a medical as well as socio-economic point of view.

7.2.  Thematic objectives
Epidemiological investigations could show that the tinnitus prev-
alence amounts to 5–15 % [98]. In Germany, about 10 million peo-
ple suffer from tinnitus. In 10 % of these individuals, treatment is 
required. In the USA, only the expenses for tinnitus treatment in 
the group of war veterans amount to 1 billion US dollars.

Already since the 1970ies, therapeutic approaches of influencing 
tinnitus by means of electrostimulation of the cochlea are pursued.

The effects of electrical stimulation in the context of cochlear 
implantation on tinnitus have been investigated in numerous tri-
als. The current literature confirms positive effects of CI on tinnitus 
in a high number of CI users [6, 8, 11, 12, 99–105]. Own studies re-
veal that besides improved speech understanding, CI also leads to 
an improved quality of life, tinnitus and stress, and psychological 
comorbidities [5–9, 11, 12, 41, 105].

Consequently, the thematic objectives of the development of 
special extracochlear implants for tinnitus patients are highly rele-
vant – independently from the hearing situation.

The technical possibilities of miniaturization today allow follow-
ing new pathways of transmitting electrostimulation. Physiologi-
cally, the effect on the tinnitus shall be achieved by synchronization 
of the afferent signals of the cochlea as well as the support of cen-
tral neuromodulation by modifying the afferent signals. The indi-
vidually adapted stimulation leads to a needs-appropriate individ-
ualized suppression of the tinnitus. In cases of bilateral audiologi-
cal symptoms, communication of the stimulation units is required 
for adaptation of the stimulation parameters.

7.3.  Objective, role, and project tasks
The following university and non-university research institutions, 
small and medium-sized companies, and major enterprises con-
tribute to this 13.5 million Euro project: Fraunhofer Society (IBMT), 
University of Mainz, Germany, University of Heidelberg, Germany, 
Charité – University Medicine of Berlin, Germany, University of 
Mannheim, Germany, Technical University of Ilmenau, Germany, 
GeSiM (Gesellschaft für Silizium-Mikrosysteme mbH), inomed 
Medizintechnik GmbH, Soventec GmbH, Wilddesign GmbH & Co. 
KG, IL Metronic Sensortechnik GmbH, Glück Engineering GmbH, 
Würth Eletronik GmbH & Co. KG, VARTA Microbattery GmbH, Her-
aeus Medical Components, CeramTec-ETEC GmbH, and CETECOM 
ICT Services GmbH. The Department of Otolaryngology of the 
Charité – University Medicine of Berlin has to accomplish the fol-
lowing tasks:

▪▪ The objective of the project part is the assessment of 
stimulation parameters on electrical suppression of tinnitus as 
well as characterization of the patient cohort.

▪▪ Evaluation of an implant manufactured by the project 
partners with regard to implantation possibility and check of 
the proof of concept.

▪▪ Testing of the stimulation parameters of clinical evaluations in 
an animal model.

▪▪ The role of the ENT Department of the Charité - University 
Medicine of Berlin consists of the clinical assessment of 
stimulation parameters for tinnitus suppression and of 
performing animal experiments.

The task comprises the performance and evaluation of the clinical 
study, the conduction and evaluation of animal experimental trials, 
and the adaptation or interruption of the studies or parts of it de-
pending on the outcome resulting in the context of the project.

The innovation and attractiveness of the approach consist in the 
combination of a clinical study with evaluation and preselection of 
a clinically heterogenic patient cohort (tinnitus patients) and the 
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implementation of these data in an animal model using an innova-
tive implant system.

The particularity of this procedure is testing an implant proto-
type that has to be developed and that may lead to the treatment 
of a nearly untreatable disease in a clinically simple way (unmet 
need).

Even if the idea of electrostimulation for tinnitus treatment has 
already been described for a longer time, the clinical implementa-
tion fell short because of the failing development of clinically ap-
plicable systems for electrostimulation. In the context of the inno-
vation cluster of INTAKT, the implants to be developed might open 
new possibilities.

8.  Closing Remarks
In this article, current and future developments of digital applica-
tion are described and discussed from the perspective of a cochle-
ar implanting hospital.

Due to the increasing number of subjects with hearing disor-
ders, among others based on the demographic development, due 
to the extended CI indications that are associated with a high var-
iability especially in the context of binaural provision with hearing 
systems and resulting higher number of CI users, the necessity aris-
es to find new pathways with the background of limited resources.

Also for the life-long follow-up of patients with cochlear im-
plants, high logistic and staff-related efforts are necessary. Also the 
lifestyle aspects have to be taken into consideration, i. e. many pa-
tients wish a follow-up independently from their location that may 
be integrated into their daily routine. The use of digital media open 
new possibilities of cochlear implantation for mobility-impaired 
people with hearing disorders and for those who have to travel long 
distances to reach the next specialized institution and thus to over-
come the barrier of the face-to-face contact.

The objective of all efforts undertaken by people contributing 
to the rehabilitation process is to increase the quality of CI provi-
sion with at the same time increased efficiency of the applied re-
sources. In this context, digitization plays a key role.

The article illustrates manifold digital applications that may be 
implemented in all phases of cochlear implantation, starting with 
information and screening of potential candidates via preoperative 
evaluation and consultation, surgery and ending up with postop-
erative basic and consecutive therapy and life-long follow-up as 
well as clinical research.

Artificial intelligence, cloud connectivity, and wireless technol-
ogy are terms that show where we are heading in the context of CI 
and where we are already right now.

Many patients retrieve information prior to medical consultations 
and wish an active self-empowerment. This becomes possible by 
telemedicine and medical apps. Simplified fittings (MAP creation) 
can be realized for example by (semi-)automatic MAP (e. g. NFS, FOX, 
or other AI applications). Telemedicine, remote care networks, and 
apps allow local care for CI users. Telemedical concepts provide com-
plete innovations of patients’ care with active participation of the 
patients themselves such as automated technical implant control, 
remote care, self-programming, and technological upgrades. Cen-
tral databases may store current MAP for example in repair cases and 
document technical data and hearing performance.

Some of the applications described above are already reality, 
other are being developed.

The current developments show that digitization in the medi-
cal field progresses rapidly. Even if still many preconditions and de-
tails have to be designed for the implementation of digital media 
in medicine, this innovation is absolutely needed.

Considering the advantages of digitization, also limitations must 
be discussed and patients and other actors of healthcare services 
have to be involved actively into this process. For example remote 
and self-fitting can only be applied for patients without special au-
diological or other particularities.

Regarding safety and data protection in Germany – that are sub-
ject to the specific laws such as data protection law, telecommuni-
cation law, and telemedia law – it will certainly be a challenge that 
the single user always keeps control of his own data.

The discussion about the digital progress may help finding a 
framework for digital regulations because without the expertise of 
the actors in the healthcare system, also quality management of 
medical services with AI will not be possible, at least in the near fu-
ture. So, we are all invited to actively contribute to this process. For 
us as otorhinolaryngologists this means that we have to meet the 
requirements of qualification and education with regard to digital 
applications beside a high specific professional expertise.
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