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Abstract

Background: Nowadays, cochlear implant (CI) patients mostly show good to very good
speech comprehension in quiet, but there are known problems with communication
in everyday noisy situations. There is thus a need for ecologically valid measurements
of speech comprehension in real-life listening situations for hearing-impaired patients.
The additional methodological effort must be balanced with clinical human and spatial
resources. This study investigates possible simplifications of a complex measurement
setup.
Methods: The study included 20 adults from long-term follow-up after CI fitting
with postlingual onset of hearing impairment. The complexity of the investigated
listening situations was influenced by changing the spatiality of the noise sources
and the temporal characteristics of the noise. To compare different measurement
setups, speech reception thresholds (SRT) were measured unilaterally with different CI
processors and settings. Ten normal-hearing subjects served as reference.
Results: In a complex listening situation with four loudspeakers, differences in SRT
from CI subjects to the control group of up to 8dB were found. For CI subjects, this SRT
correlated with the situation with frontal speech signal and fluctuating interference
signal from the side with R2= 0.69. For conditions with stationary interfering signals, R2

values <0.2 were found.
Conclusion: There is no universal solution for all audiometric questions with respect to
the spatiality and temporal characteristics of noise sources. In the investigated context,
simplification of the complex spatial audiometric setting while using fluctuating
competing signals was possible.
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Speech comprehension in realistic
hearing situations

In the clinical care of hearing-impaired pa-
tientswithhearing systems, there is aneed
for measurements of speech comprehen-
sion—especially in follow-up—that cover
various aspects of everyday use. Bymeans
of audiometric examinations in the clinic

or practice, a realistic model of typical
daily communication situations is created.
The results obtained in this way can be
used for the adequate assessment of the
hearing deficiencies resulting from vari-
ous hearing pathologies. Important char-
acteristics of everyday listening situations
include fluent speech presentation, multi-
modal stimuli, realistic speech levels, spa-
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tial separation of signal and noise sources,
reverberation and the occurrence of di-
rect and reflected sound, i.e., competing
noise, and the acoustic characteristics of
different speakers [8, 25, 41].

Patients with a severe degree of hear-
ing loss who can no longer achieve suffi-
cient speech comprehension with a hear-
ingaid have theoptionof (re)gaininghear-
ing through a cochlear implant (CI). After
this surgical therapy, speech understand-
ing must be checked regularly. This serves
to characterize the hearing handicap rele-
vant to everyday life in order to optimize
understanding in the future. It is gener-
ally accepted that speech understanding
in quiet and in noise provides suitable
surrogate parameters for describing the
ability to communicate in everyday life [9,
28].

The inventory of methods available for
this purpose consists of established ex-
amination methods such as the Freiburg
Monosyllabic Word Test in quiet [14, 22,
23]. The assessment of results in the con-
text of other functional diagnostic proce-
dures is supportedbymore thanhalf a cen-
tury of clinical experience [14, 29]. Typical
applications of the Freiburg Monosyllabic
Word Test are the diagnosis of hearing
disorders, the diagnosis of hearing loss
[32], the determination of an indication
for hearing aids [9], and the subsequent
assessment of their success [16, 22, 23]
and use as a target parameter in pharma-
cological studies [35]. As has been shown
in the context of CI provision, monosyl-
labic word tests can be used to identify
factors influencing therapy [4, 19] and for
the individual prognosis of postoperative
speechunderstanding [13, 22]. These tests
are usually carried out under standardized
test conditions, i.e., measurement in free
sound field with frontal sound or head-
phone presentation [3, 7].

Certain supplementary investigations
appear to be especially suitable for an-
swering particular questions regarding
speech comprehension in competing
noise [39, 41]. Here, the audiological
methods were extended by alternative
spatial loudspeaker arrangements [7, 30,
39, 44] and various kinds of interfering
signals [11, 20]. In initially exclusively
scientific investigations, an experimen-
tal setup with increased methodological

effort is justifiable. In the context of pa-
tient care, the space as well as personnel
resources in functional diagnostics may
limit the number and scope of tests to
be performed. Coping with a standard-
ized measurement protocol can also be
a burden for some patients [23].

Further developments in CI processor
technology have improved speech intelli-
gibility in noisy environments [10, 17, 30].
However, clinical implementation shows
that CI users can benefit from a more in-
dividual adjustment of their CI systems
beyond the established level [18, 23, 34,
38]. This results in new test conditions,
which, however, are associated with in-
creased time expenditure for the patient
and the clinic. The fitting method pro-
posed by Rader et al. [38], for example,
offers a useful approach to counteracting
the increased workload for the clinic, en-
abling the workload of the clinic staff to
be reduced by the active and indepen-
dent cooperation of the patient [34]. The
same applies to the simple speech au-
diometric test procedures based on mo-
bile devices, as described recently [26].
For more complex hearing situations, this
workload reduction is currently only pos-
sible to a limited extent. For example,
in the investigation of CI noise suppres-
sion algorithms with directional hearing,
the assessment of hearing improvement
via the required setup with more than two
loudspeakers [10, 17, 30] is notpossibleev-
erywhere. The microphone characteristic
ForwardFocus [17] is an algorithm devel-
oped for the so-called cocktail party situ-
ation [36]. Improved speech intelligibility
was described here especially for demand-
ing (realistic) listening situations [21]. For
these listening situations, an audiometric
setting was created for measuring speech
understanding in fluctuating background
noise, which has a high ecological validity
[25, 41]. This is characterized by the use of
fluent speechmymeans of a sentence test.
Furthermore, spatially distributed signal
sources with frontal speech presentation
and competing noise from several non-
coherent sources in the posterior hemi-
sphere contribute to a realistic setting. The
fluctuating interfering signal is ICRA (In-
ternational Collegiumof Rehabilitative Au-
diology) noise [11], which simulates male
speakers with sound coming from several

directions. The results of the CI patients
are compared with those of normal-hear-
ing people [39]. This was done by using
a reference metric introduced elsewhere
[15, 17].

In the present study we investigated
whether, andtowhatextent, suchcomplex
listening situations may be simplified to
measure speech comprehension in noise.
This simplification is to be considered in
twodimensions. Forthispurpose, different
temporal characteristics of the noise were
chosen, with stationary speech-simulating
Oldenburg noise compared with fluctuat-
ing ICRA noise. Also, simplified spatial
arrangements of the noise source(s) were
investigated, using load speaker constel-
lations with two or only one signal source
compared with the reference configura-
tion with four speakers. The results for
speech reception threshold (SRTs), mea-
sured with the Oldenburg Sentence Test
(OLSA), are compared in different audio-
metric settings and evaluatedwith respect
to their equivalence. In addition, the use
of two generations of speech processors
was investigated, to determine the extent
to which the technical development of
these can contribute to improved speech
understanding in these complex listening
situations.

Methods

Patients

A group of 20 CI patients with postlingual
deafness participated in this study. The
study was approved by the local ethics
committee (D 06/18). All examinations
were conducted in accordance with the
ethical standards of the Institutional and
National Research Commission and the
1964 Declaration of Helsinki and its subse-
quent amendments, or with comparable
ethical standards.

The inclusion criteria for the adult par-
ticipants in the study were postlingual on-
set of hearing loss and use of a CI24RE or
CI5xx cochlear implant (Cochlear Limited,
Australia) with full insertion of the elec-
trode array into the scale tympani. Par-
ticipants were to achieve a speech under-
standingof at least 80%at the initial exam-
ination using the OLSA in quiet (65dBSPL).
Bilateral implantationwasnot anexclusion
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Fig. 18 Speech reception thresholds (SRTs)measuredwith the Oldenburg Sentence Test in fluctuat-
ingnoise (ICRAnoise, InternationalCollegiumofRehabilitativeAudiology)with frontalpresentationof
speechandwithnoise fromthree loudspeakers in theposteriorhemisphere (90, 180, and270°) and for
different cochlear implant (CI) processor configurations.The SRTs of CI patients are presented relative
to the speechunderstandingofnormal-hearingpersonsunder the sameacoustic conditions (see text,
“Patients”; the shaded area shows the range for normal hearers).Boxplots withmedians (solid center
line), 25thand75thpercentiles (box limits), andthe5thand95%percentiles (whiskers)areshown. The
mean is shown as a square.Outliers (those falling outside the 5%/95%percentiles) are shownasdia-
monds. Individual results are shownto the right of each box.CP9 speechprocessorCP9,CP10 speech
processor CP10, FFmicrophone characteristic ForwardFocus, SNR signal-to-noise ratio

criterion, but only one ear per patient was
examined in this study. In 17 patients
all 22 electrodes were activated, in three
cases 21 electrodes were active.

The mean age of the participants was
53 years (minimum: 31 years, maximum:
76 years). Participants had a mean CI ex-
perience of 8.3 years (minimum: 6.0 years,
maximum: 15.4 years). The biographical
details of the participants have been pub-
lished elsewhere [15].

To relate the CI patients’ speech com-
prehension to comparable data for nor-
mal-hearing adults, ten normal-hearing
adults were additionally recruited and ex-
amined monaurally in all test conditions.
The opposite ear was passively masked
by means of earplugs and capsule head-
phones. A tone-audiometric examination
was performed for each of these partic-
ipants to ensure that they had normal
hearing according to DIN ISO 8253:3 [24]
in the frequency range of 250–8000Hz.
For comparisons between impaired and
normal hearers, themean speech-compre-

hension value for the normal hearers was
subtracted ineachcase fromtherespective
value of the hearing-impaired person.

Test procedure

Inthis study, repeatedmeasurementswere
performed on the same individuals. The
tests were performed in three test ses-
sions (randomized order) 2–3 weeks apart
to allow subjects to accustom themselves
to different speech processors and sig-
nal-processing algorithms under everyday
conditions. For testing, the OLSAwas used
throughout.

All tests were performed in an acous-
tically shielded audiometric booth (ISO
8253:227). The loudspeakers were located
1.3m from the patient. The following
speaker configurations were used:
– S0N0—Speech and noise from front
– S0N90—Speech frontal and noise 90°

ipsilateral to the examined CI

– S0N90, 180, 270—Speech frontal and
interfering sound from 90°, 180° and
270° simultaneously

Sentences in noise were presented by us-
ing a computer-based implementation of
theOLSA (Equinoxaudiometer, Interacous-
tics, Denmark, and evidENT 3 software,
Merz Medizintechnik, Germany). The Old-
enburg sentences [43] were presented at
a constant noise level of 65dBSPL. The
noises used were the stationary speech-
simulating Oldenburg noise on the one
hand and the fluctuating ICRA noise on
the other [11]. For the latter, track no. 5
of the ICRA CD was used, which has the
spectral and temporal characteristics of
a single male speaker. For noise pre-
sentation from the posterior hemisphere
(S0N90, 180, 270), the noise from the dif-
ferent directions was presented non-co-
herently. The SRT was measured by using
an adaptive method [5] and was defined
as the signal-to-noise ratio (SNR) that re-
sulted in 50% correct word understanding.
All CI users were accustomed to the adap-
tive testing procedure, having been tested
five or more times in our routine clinical
practice beforehand. To ensure sufficient
reduction of the procedural learning ef-
fect, additional training was given at the
beginning of each test session (30 sen-
tences at 65dBSPL). The measurement of
speech understandingwas alwaysmonau-
ral. The contralateral CI was switched off
for the measurement procedure or con-
tralateral residual hearing was passively
deafened by using earplugs and capsule
headphones.

At each examination appointment in
the clinic, the CI speech processors were
checked technically and if necessary, sys-
tem components were replaced.

All patients used the ACE coding strat-
egy with individually adjusted stimulation
rate and number of maxima. The individ-
ualmapparameters (T andC level) of theCI
speech processors were used unchanged
throughout the study period. However,
the algorithms of the acoustic signal pre-
processingwere changed according to the
study protocol. In each case, the signal
processing was used that was activated
by the scene classifier in noise [30]: CP910
with the microphone characteristic Beam
(CP9Beam) and CP1000, also with Beam
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Table 1 MeanvaluesandstandarddeviationsoftheSRToftheOldenburgSentenceTest innoise
for a reference group of 10 normal-hearing persons for different loudspeaker configurations and
stationary or fluctuating noise.The investigationwas carried outmonaurally in free sound field
Measurement condition Mean value of the SRT (dB SNR) SD of SRT (dB SNR)

S0N0 stationary noise –8.2 1.8

S0N0 fluctuating noise –26.0 2.6

S0N90 stationary noise –8.1 2.0

S0N90 fluctuating noise –24.9 3.5

S0N90, 180, 270 stationary noise –2.2 0.9

S0N90, 180, 270 fluctuating noise –18.1 1.9

SD standard deviation, SRT speech reception threshold, SNR signal-to-noise ratio

(CP10Beam; [40]). These were compared
with the manual setting in the CP1000
processor using ForwardFocus (CP10FF). In
addition, the signal preprocessing ADRO
(automatic dynamic range optimization),
ASC (automatic sensitivity control), and
SNR-NR (noise reduction) were always ac-
tivated [30, 33]. After a 2–3-week adap-
tation period with the respective speech
processor, the audiometric tests were per-
formed.

Data evaluation

To visualize the hearing deficit relevant to
everyday life, the SRTs of CI users were
plotted relative those of normal-hearing
people in the same situation [15, 17]. To
compare the different measurement con-
ditions, pairwise intra-individual compar-
ative analyses with Bonferroni correction
were performed. A significance level of
0.05 was used to determine significance
for two-sided analyses. The results are
presented as boxplots.

Results

All study participants were able to com-
plete the tests in noise successfully. The
speech understanding measured in the
most complex listening situation of this
study is shown in . Fig. 1. The SRT in fluc-
tuatingnoise isplotted for the loudspeaker
setup S0N90, 180, 270 as a function of the
speech processor and its setting relative
to the monaural speech understanding of
normal-hearing people. A significant im-
provement of ≈3dB SNR was found for the
CP10 speech processor when switching
from beam to ForwardFocus with frontal
speech presentation and fluctuating noise
from the rear hemisphere. When using

the CP10 speech processor, some CI pa-
tients were able to reach the monaural
reference range of normal-hearing listen-
ers. For comparison with the results for CI
users, the mean values and standard devi-
ations of the SRTof the reference collective
are listed in . Table 1.

The three speech processor configura-
tions investigated were further examined
with reduced spatial loudspeaker setups
(S0N0 and S0N90) in stationary and fluctu-
ating noise (. Fig. 2), whereby the speech
was always presented from the front. The
results showed better speech understand-
ing in the stationary noise compared with
the fluctuating noise. The majority of CI
patients were able to achieve an even bet-
ter understanding in S0N90 in stationary
noise than that attained by normal-hear-
ing persons.

In . Fig. 3, the SRT in the ecologically
valid situation S0N90, 180, 270 in fluctuat-
ing noise is plotted as a function of com-
prehension in the other study setups (see
. Fig. 2). The correlation with speech un-
derstanding in stationary noise was low,
with R2= 0.17 (S0N0) and 0.19 (S0N90).
The correlationwithunderstanding in fluc-
tuating noise was much stronger, with
R2= 0.38 (S0N0) and showed the highest
value for the loudspeaker configuration
S0N90 of R2= 0.69. In this case, the re-
gression line was largely parallel to the
angle bisector.

Discussion

Methodology of speech audiometry

The starting point of this study was
a complex audiometric setup to investi-
gate speech comprehension in fluctuating
and spatially separated noise (S0N90, 180,

270). The use of more than one loud-
speaker to capture benefit through signal
preprocessing in CI systems is an estab-
lished method [6, 45]. In addition, the
ecological validity for a specific everyday
situation can be increased by selecting
an appropriate interfering noise. In this
way, the characteristics of noisy everyday
listening situations, such as a family cel-
ebration or a visit to a restaurant, can be
reproduced [25, 36, 41]. Here, we inves-
tigated whether and to what extent this
measurement setup may be simplified.
A four-speaker setting with fluctuating
interfering signals from several noncoher-
ent sources in the rear hemisphere served
as a basis. This test setup is not part
of the standard measurements of clinical
speech audiometry. It can be simplified
in two ways: by changing the spatial
location and number of loudspeakers and
by selecting an appropriate interfering
signal. The complex spatial setting was
simplified by using two loudspeakers
(S0N90) for frontal sound presentation
of speech and noise (S0N0) utilizing one
loudspeaker only. In addition, the fluctu-
ating ICRA 5 noise signal, which has the
spectral and temporal characteristics of
a single speaker, was compared with the
clinically established stationary speech-
shaped noise signal (noise of the OLSA).

. Figure 3a and c show that the in-
terfering signal representative of a cock-
tail party situation cannot be replaced by
a stationary noise. The SRTs show only
a weak correlation with the reference set-
ting (S0N90, 180, 270) for the signal source
configuration S0N0 as well as for S0N90.
However, if the competitive signal is re-
tained and only the loudspeaker configu-
ration is simplified to S0N90, a highdegree
of correlation with the reference setting is
shown. A reduction of themethodological
effort to determine speech understanding
in an ecologically valid listening situation
is therefore possible within certain limits.
The correlation of the results in . Fig. 3
in the individual settings shows that the
loudspeaker arrangement can be reduced
from four to two. On the other hand,
a change from fluctuating to stationary
noise is not advisable.

The use of fluctuating interfering sig-
nals is suitabletorepresenteverydaylisten-
ing situations in audiometry [39, 44]. The
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Fig. 28 Speech reception thresholds (SRTs)measuredwith theOldenburg Sentence Test in stationary noise (a,c) and in fluc-
tuating noise (b,d) for the loudspeaker setup S0N0 (a,b) and S0N90 (c,d) for different cochlear implant processor configura-
tions. CP9 speech processor CP9,CP10 speech processor CP10, FFmicrophone characteristic ForwardFocus, SNR signal-to-
noise ratio

“currently used speech audiometric meth-
ods take into account largely standardised
conditions” [31], but thecomparatively low
degree of complexity limits their ability to
represent everyday situations (“ecological
validity”; [31]). Despite the relevance of
complex situations for everyday commu-
nication, which was described very early
[36] for hearing in everyday life, the use
of more complex interfering signals is not
widespread in clinical routine. It can be
assumed that the use of fluctuating in-
terfering signals counteracts a standard-

ization in speech audiometry; this trend
is certainly desirable, since no signal has
currently proven to be universally appli-
cable. So far, depending on the scientific
question, a whole spectrum of different
signals have been used [11, 39, 44]. Only
the use of complex competitive signals en-
ables the assessment of target values for
describing or improving speech compre-
hension in demanding listening situations
[37, 44]. It is therefore encouraging to see
proposals from various research groups

that could promote standardization [11,
12].

Reference to normal hearing

Dealing with complex listening situations
is characterized by special and technically
demanding methodology. In addition, re-
sults obtained by any particular research
group are often difficult for another group
to interpret. This canbe improvedbyusing
normal-hearing individuals as a reference,
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Fig. 38 Scatterplot of speech understanding in stationary noise (a,c) and in fluctuating noise (b,d), as well as in the speaker
setupsS0N0 (a,b)andS0N90 (c,d)asa functionofspeechunderstanding influctuatingnoise (S0N90,180, 270).Thediagonals
are showndotted. NHnormal hearing, SNR signal-to-noise ratio, SRT speech reception threshold

as was done in this and other studies [15,
17, 39, 44].

The SRT of CI users in relation to nor-
mal-hearing subjects is shown in . Fig. 2.
For the CI users, very low SRTs were found
in the setting S0N90with stationary noise,
comparedwith the control groupwithnor-
mal hearing. This is an artificially created
test setting of an everyday hearing situ-
ation. The aim here was to map the im-

provement for the patients through suit-
able signal preprocessing by means of au-
diometric tests. The use of beamformers
here led a very impressive improvement in
SRT in this special situation, even to the ex-
tent that the majority of CI users showed
better understanding than normal-hear-
ing people. The reason for this is the ideal
suitability of the beamformer for this au-
diometric setup. This argument does not

question the benefit of the beamformers,
but in the context of the known problems
of CI patients in noisy environments [1,
42] this result raises doubt concerning the
ecological validity of this particular mea-
surement setup, i.e., S0N90 with station-
ary noise. This contradiction was recently
pointed out by Badajoz-Davila and Buch-
holz [2]: “...standard speech-in-noise tests
overestimate the performance of cochlear
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implant recipients in the real world. To
address this limitation, future assessments
need to improve the realism over current
tests by considering the realism of both
the speech and the noise materials.” In
this respect, concerns about the use of
stationary noise are justified, especially in
discussionsabout theuseof relativelycom-
plex noise signals to describe ecologically
valid hearing situations [31]. However, the
discussion regarding the highest possible
ecological validity should not be limited to
the complexity of a (test) situation or the
signals used in it. It is also, and above all,
related to the listening environment of the
differentpeopleusingaCI. For onepatient,
this may be determined by the noise of
a stationary motor, while others are more
likely to consider a quiet environment as
their daily reality. In their paper, Ober-
hoffner et al. also point out, among other
things, that listening habits and environ-
ments change with age. Furthermore, in
our opinion, it has not yet been conclu-
sively clarified to what extent the mean-
ingless sentences of the OLSA represent
a realistic depiction of the reality of life
of our patients. This issue in particular
should be the subject of further research.

Aims of audiometry

Within the frameworkof audiometric diag-
nostics, adistinctioncanbemadebetween
the following:
1. Audiometric procedures to diagnose

a hearing/understanding deficit and
to describe the extent and localization
of damage. These do not necessarily
have to be ecologically valid. They
are intended to support a therapeutic
decision.

2. Follow-up monitoring during therapy
[9, 27] with the aim of monitoring the
development over time as rehabilita-
tion progresses. This aims not only to
document development over time, but
also to achieve early detection of pos-
sible pathologies to achieve therapy
goals.

3. Audiometric procedures to address
further scientific/clinical questions.
These can serve to optimize the com-
munication ability of the affected
patients in their everyday situations.
They should be oriented closely toward

the acoustic everyday reality of these
patients and thus have the highest pos-
sible ecological validity. It is precisely
everyday reality that implies a constant
change of these methods. Both the
everyday life of the patients and the ex-
panded technical and medical options
determine the methodology.

The current discussions on ecological va-
lidity go back to the beginning of German-
languageaudiometry: “In recent years and
decades, the development of physics and
technology has put a wealth of new di-
agnostic and therapeutic possibilities in
the hands of the physician. [...] In the
field of acoustics, audiometry has today
developed into a fine, indeed the very
finest, diagnostic instrument. Even the
correct handling of pure-tone audiometry
requires knowledge and a lot of practi-
cal experience. The situation is somewhat
more complicated with speech audiome-
try, which on the one hand has the advan-
tage that it can be used to measure the
entirety of the hearing of complex sounds,
but on the other hand has the difficul-
ties of a measuring method the results of
which are influenced by a large number
of factors. Despite the greater expense of
equipment and expertise, this method is
indispensable today both for the assess-
ment of hearing ability in general and of
changes in hearing caused by therapeu-
tic interventions—in particular, for the fit-
ting of hearing aids” (translated from [46]).
This quotation from Zöllner, which is over
60 years old, has lost none of its topical-
ity. It underlines the need for continual
improvement, to develop the best possi-
ble diagnostic methods and therapy. In
the context of evermore highly developed
procedures in ENT medicine, methods in
speech audiometry must be reconsidered
and revised again and again.

Practical conclusion

4 In the diagnosis of hearing disorders that
accompanies therapy, there is no univer-
sal solution for all audiometric questions.

4 In addition to the established standard
procedures such as the Freiburg Monosyl-
labic Word Test and the sentence tests in
stationary noiseused inGerman-speaking
countries, new tests adapted to the spe-
cial questions and therapeutic procedures
are necessary.

4 A complex audiometric setting for speech
understanding, consisting of four loud-
speakers with a fluctuating masker in the
posterior hemisphere, can be reduced to
two loudspeakerswhile retaining the fluc-
tuating masker; this leads to comparable
audiometric results in the context studied
here.

Corresponding address

PD Dr. Matthias Hey
Department of Otorhinolaryngology, Head and
Neck Surgery, Audiology, UKSH, Campus Kiel
Arnold-Heller-Straße 14, 24105 Kiel, Germany
matthias.hey@uksh.de

Acknowledgements. Wewould like to express
our sincere thanks to all patients who kindly took
the time to participate in the examinations. Our
special thanks go to the medical–technical assistants
of the Kiel University ENT Clinic for their reliable
performance of the measurements.

Funding. Open Access funding enabled and orga-
nized by Projekt DEAL.

Declarations

Conflict of interest. This studywas supported inpart
byCochlear Europe Ltd. M. Hey receivedfinancial sup-
port for congress attendance fromCochlear Germany.
T. Hocke is an employee of Cochlear Deutschland
GmbH&CoKG. A.Mewes declares that he has no com-
peting interests. The authors report noother potential
or actual conflicts of interest. The authors are solely
responsible for the content andwriting of this article.

All procedures performed in studies involvinghu-
manparticipants or onhuman tissuewere in accor-
dancewith the ethical standards of the institutional
and/or national research committee andwith the
1975Helsinki declaration and its later amendments or
comparable ethical standards. Informed consentwas
obtained fromall individual participants included in
the study.

The supplement containing this article is not spon-
soredby industry

Open Access. This article is licensedunder a Creative
CommonsAttribution 4.0 International License,which
permits use, sharing, adaptation, distribution and re-
production in anymediumor format, as long as you
give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons li-
cence, and indicate if changesweremade. The images
or other third partymaterial in this article are included
in the article’s Creative Commons licence, unless in-
dicatedotherwise in a credit line to thematerial. If
material is not included in the article’s Creative Com-
mons licence and your intendeduse is not permitted
by statutory regulation or exceeds the permitteduse,
youwill need toobtain permissiondirectly from the
copyright holder. To viewa copyof this licence, visit
http://creativecommons.org/licenses/by/4.0/.

S32 HNO · Suppl 1 · 2023

http://creativecommons.org/licenses/by/4.0/


References

1. Abdel-Latif KHA, Meister H (2022) Speech
recognitionandlisteningeffort incochlear implant
recipients and normal-hearing listeners. Front
Neurosci 15:1–13. https://doi.org/10.3389/fnins.
2021.725412

2. Badajoz-Davila J, Buchholz JM (2021) Effect of test
realism on speech-in-noise outcomes in bilateral
cochlear implant users. Ear Hear. https://doi.org/
10.1097/AUD.0000000000001061

3. Batsoulis C, Lesinski-Schiedat A (2017) Sprachau-
diometrie in der Begutachtung des Hörvermö-
gens. HNO 65:203–210. https://doi.org/10.1007/
s00106-016-0239-2

4. Blamey P, Artieres F, Başkent D, Bergeron F,
Beynon A, Burke E, Dillier N, Dowell R, Fraysse B,
Gallégo S, Govaerts PJ, GreenK, Huber AM, Kleine-
Punte A, Maat B, Marx M, Mawman D, Mosnier I,
O’Connor AF, O’Leary S, Rousset A, Schauwers K,
Skarzynski H, Skarzynski PH, Sterkers O, Terranti A,
Truy E, Van De Heyning P, Venail F, Vincent C,
Lazard DS (2012) Factors affecting auditory
performanceofpostlinguisticallydeafadultsusing
cochlear implants: an update with 2251 patients.
Audiol Neurotol 18:36–47. https://doi.org/10.
1159/000343189

5. Brand T, Kollmeier B (2002) Efficient adaptive
procedures for threshold and concurrent slope
estimates for psychophysics and speech intelli-
gibility tests. J Acoust Soc Am 111:2801–2810.
https://doi.org/10.1121/1.1479152

6. Büchner A, Schwebs M, Lenarz T (2020) Speech
understanding and listening effort in cochlear
implantusers—microphonebeamformers lead to
significant improvements in noisy environments.
Cochlear Implants Int 21:1–8. https://doi.org/10.
1080/14670100.2019.1661567

7. BundesausschussG (2021) Richtlinie. Hilfsmittel-
Richtlinie1–23

8. Devesse A, Van Wieringen A, Wouters J (2020)
AVATAR assesses speech understanding and
multitask costs in ecologically relevant listening
situations. EarHear. https://doi.org/10.1097/AUD.
0000000000000778

9. DGHNO-KHC (2021)WeißbuchCochlea-Implantat
(CI)-Versorgung. DGHNO-KHC2:1–23

10. Dillier N, Lai WK (2015) Speech intelligibility in
various noise conditions with the nucleus® 5
CP810 soundprocessor. Audiol Res 5:132. https://
doi.org/10.4081/audiores.2015.132

11. Dreschler WA, Verschuure H, Ludvigsen C,
Westermann S (2001) ICRA noises: artificial noise
signals with speech-like spectral and temporal
properties for hearing instrument assessment. Int
J Audiol 40:148–157. https://doi.org/10.3109/
00206090109073110

12. Francart T, van Wieringen A, Wouters J (2011)
Comparison of fluctuating maskers for speech
recognition tests. Int JAudiol 50:2–13. https://doi.
org/10.3109/14992027.2010.505582

13. GoudeyB, Plant K, Kiral I, Jimeno-Yepes A, SwanA,
Gambhir M, Büchner A, Kludt E, Eikelboom RH,
SucherC,GiffordRH,RottierR,AnjomshoaH(2021)
A multicenter analysis of factors associated with
hearing outcome for 2,735 adults with cochlear
implants. TrendsHear25:1–17. https://doi.org/10.
1177/23312165211037525

14. Hahlbrock K (1953) Speech audiometry and new
word-tests. Arch Ohren Nasen Kehlkopfheilkd
162:394–431

15. HeyM, Böhnke B, Mewes A, Munder P, Mauger SJ,
Hocke T (2021) Speech comprehension across
multiple CI processor generations: Scene de-

pendent signal processing. Laryngoscope Invest
Otolaryngol 6:807–815. https://doi.org/10.1002/
lio2.564

16. Hey M, Hocke T, Ambrosch P (2018) Sprachau-
diometrie und Datalogging bei CI-Patienten:
ÜberlegungenzugeeignetenSprachpegeln. HNO
66:22–27. https://doi.org/10.1007/s00106-017-
0419-8

17. Hey M, Hocke T, Böhnke B, Mauger SJ (2019)
ForwardFocus with cochlear implant recipients
in spatially separated and fluctuating competing
signals–introduction of a reference metric. Int
J Audiol 58:869–878. https://doi.org/10.1080/
14992027.2019.1638527

18. HeyM, Hocke T, Mauger S, Müller-Deile J (2016) A
clinical assessment of cochlear implant recipient
performance: implications for individualizedmap
settings in specific environments. Eur Arch Oto-
Rhino-Laryngol 273:4011–4020. https://doi.org/
10.1007/s00405-016-4130-2

19. HoldenLK,FinleyCC,FirsztJB,HoldenTA,BrennerC,
Potts LG, Gotter BD, Vanderhoof SS, Mispagel K,
Heydebrand G, Skinner MW (2013) Factors
affectingopen-setword recognition inadultswith
cochlear implants. Ear Hear 34:342–360. https://
doi.org/10.1097/AUD.0b013e3182741aa7

20. Holube I, Fredelake S, Vlaming M, Kollmeier B
(2010) Development and analysis of an inter-
national speech test signal (ISTS). Int J Audiol
49:891–903. https://doi.org/10.3109/14992027.
2010.506889

21. Hoppe U, HeyM (2021) Von der Stimmgabel zum
7T MRT – Der Einsatz objektiver Verfahren in der
Audiologie. ZMedPhys. https://doi.org/10.1016/j.
zemedi.2021.06.001

22. Hoppe U, Hocke T, Hast A, Iro H (2019) Maximum
preimplantation monosyllabic score as predictor
of cochlear implant outcome. HNO 67:62–68.
https://doi.org/10.1007/s00106-019-0648-0

23. Hoth S, Müller-Deile J (2009) Audiologische
Rehabilitation von Kochleaimplantat-Trägern.
HNO 57:635–648. https://doi.org/10.1007/
s00106-009-1924-1

24. ISO 8253-3 (2012) ISO 8253-3: Acous-
tics—Audiometric testmethods—Part 3 : Speech
audiometry. Int Organ Stand 1–31. https://doi.
org/10.31030/1861048

25. Keidser G, Naylor G, Brungart DS, Caduff A,
Campos J, Carlile S, Carpenter MG, Grimm G,
HohmannV, Holube I, Launer S, Lunner T,Mehra R,
Rapport F, Slaney M, Smeds K (2020) The quest
for ecological validity in hearing science: what
it is, why it matters, and how to advance it.
Ear Hear 41:5S. https://doi.org/10.1097/AUD.
0000000000000944

26. Kropp MH, Hocke T, Agha-Mir-Salim P, Müller A
(2021) Evaluation of a synthetic version of the
digits-in-noise test and its characteristics in CI
recipients. Int J Audiol 60:507–513. https://doi.
org/10.1080/14992027.2020.1839678

27. Krueger B, Joseph G, Rost U, Strauss-Schier A,
LenarzT,BuechnerA(2008)Performancegroups in
adult cochlear implant users: speech perception
results from 1984 until today. Otol Neurotol
29:509–512. https://doi.org/10.1097/MAO.
0b013e318171972f

28. Lailach S, Neudert M, Zahnert T (2021) Update
Cochlea-Implantation: Indikationsstellung und
Operation. Laryngorhinootologie 100:652–672.
https://doi.org/10.1055/a-1491-3426

29. Laszig R, Lehnhardt E (1987) Cochlear implant.
Ein elektronische Hörprothese. Dtsch Ärztebl
84(45):3033–3038

30. Mauger SJ, Warren CD, Knight MR, Goorevich M,
Nel E (2014) Clinical evaluation of the Nucleus
6 cochlear implant system: performance im-
provements with SmartSound iQ. Int J Audiol
53:564–576. https://doi.org/10.3109/14992027.
2014.895431

31. Meister H (2019) Speech comprehension and
cognitive performance in acoustically difficult
situations. HNO. https://doi.org/10.1007/s00106-
019-0727-2

32. Mrowinski D, Scholz G, Steffens T (2017) Audiome-
trie. Thieme,Stuttgart

33. Müller-Deile J, Kortmann T, Hoppe U, Hessel H,
Morsnowski A (2009) Improving speech compre-
hension using a new cochlear implant speech
processor. HNO 57:567–574. https://doi.org/10.
1007/s00106-008-1781-3

34. Plesch J, Ernst BP, Strieth S, Rader T (2019) A
psychoacoustic application for the adjustment of
electrical hearing thresholds in cochlear implant
patients. PLoS ONE 14:1–17. https://doi.org/10.
1371/journal.pone.0223625

35. Plontke SK, Girndt M, Meisner C, Probst R,
Oerlecke I, Richter M, Steighardt J, Dreier G,
Weber A, Baumann I, Plößl S, Löhler J, Laszig R,
Werner JA, Rahne T (2016) Multicenter trial for
sudden hearing loss therapy – planning and
concept. HNO 64:227–236. https://doi.org/10.
1007/s00106-016-0149-3

36. Pollack I, Pickett JM (1957) Cocktail party effect.
JAcoustSocAm29:1262. https://doi.org/10.1121/
1.1919140

37. Pyschny V, Landwehr M, Hahn M, Walger M,
von Wedel H, Meister H (2011) Bimodal hear-
ing and speech perception with a competing
talker. J Speech Lang Hear Res 54:1400–1415.
https://doi.org/10.1044/1092-4388(2011/10-
0210)

38. Rader T, Doms P, Adel Y, Weissgerber T, Strieth S,
Baumann U (2018) A method for determining
precise electrical hearing thresholds in cochlear
implantusers. Int JAudiol57:502–509. https://doi.
org/10.1080/14992027.2017.1412519

39. Rader T, Fastl H, Baumann U (2013) Speech
perception with combined electric-acoustic
stimulation and bilateral cochlear implants in
a multisource noise field. Ear Hear 34:324–332.
https://doi.org/10.1097/AUD.0b013e318272f189

40. Spriet A, Van Deun L, Eftaxiadis K, Laneau J,
MoonenM, VanDijk B, VanWieringenA,Wouters J
(2007)Speechunderstanding inbackgroundnoise
with the two-microphone adaptive beamformer
BEAMTM in the nucleus FreedomTM cochlear
implant system. Ear Hear 28:62–72. https://doi.
org/10.1097/01.aud.0000252470.54246.54

41. Steffens T (2017) Die systematische Auswahl
von sprachaudiometrischen Verfahren. HNO
65:219–227. https://doi.org/10.1007/s00106-
016-0249-0

42. Volleth N, Hast A, Lehmann EK, Hoppe U (2018)
Subjektive Hörverbesserung durch Cochleaim-
plantatversorgung. HNO66:613–620. https://doi.
org/10.1007/s00106-018-0529-y

43. WagenerKC,BrandT(2009)Sentence intelligibility
in noise for listeners with normal hearing and
hearing impairment: Influence of measurement
procedure andmaskingparameters La inteligibili-
dadde frases en silencio para sujetos con audición
nor. Int J Audiol 44:144–156. https://doi.org/10.
1080/14992020500057517

44. Weissgerber T, Stöver T, Baumann U (2019)
Speech perception in noise: Impact of directional
microphones in users of combined electric-

HNO · Suppl 1 · 2023 S33

https://doi.org/10.3389/fnins.2021.725412
https://doi.org/10.3389/fnins.2021.725412
https://doi.org/10.1097/AUD.0000000000001061
https://doi.org/10.1097/AUD.0000000000001061
https://doi.org/10.1007/s00106-016-0239-2
https://doi.org/10.1007/s00106-016-0239-2
https://doi.org/10.1159/000343189
https://doi.org/10.1159/000343189
https://doi.org/10.1121/1.1479152
https://doi.org/10.1080/14670100.2019.1661567
https://doi.org/10.1080/14670100.2019.1661567
https://doi.org/10.1097/AUD.0000000000000778
https://doi.org/10.1097/AUD.0000000000000778
https://doi.org/10.4081/audiores.2015.132
https://doi.org/10.4081/audiores.2015.132
https://doi.org/10.3109/00206090109073110
https://doi.org/10.3109/00206090109073110
https://doi.org/10.3109/14992027.2010.505582
https://doi.org/10.3109/14992027.2010.505582
https://doi.org/10.1177/23312165211037525
https://doi.org/10.1177/23312165211037525
https://doi.org/10.1002/lio2.564
https://doi.org/10.1002/lio2.564
https://doi.org/10.1007/s00106-017-0419-8
https://doi.org/10.1007/s00106-017-0419-8
https://doi.org/10.1080/14992027.2019.1638527
https://doi.org/10.1080/14992027.2019.1638527
https://doi.org/10.1007/s00405-016-4130-2
https://doi.org/10.1007/s00405-016-4130-2
https://doi.org/10.1097/AUD.0b013e3182741aa7
https://doi.org/10.1097/AUD.0b013e3182741aa7
https://doi.org/10.3109/14992027.2010.506889
https://doi.org/10.3109/14992027.2010.506889
https://doi.org/10.1016/j.zemedi.2021.06.001
https://doi.org/10.1016/j.zemedi.2021.06.001
https://doi.org/10.1007/s00106-019-0648-0
https://doi.org/10.1007/s00106-009-1924-1
https://doi.org/10.1007/s00106-009-1924-1
https://doi.org/10.31030/1861048
https://doi.org/10.31030/1861048
https://doi.org/10.1097/AUD.0000000000000944
https://doi.org/10.1097/AUD.0000000000000944
https://doi.org/10.1080/14992027.2020.1839678
https://doi.org/10.1080/14992027.2020.1839678
https://doi.org/10.1097/MAO.0b013e318171972f
https://doi.org/10.1097/MAO.0b013e318171972f
https://doi.org/10.1055/a-1491-3426
https://doi.org/10.3109/14992027.2014.895431
https://doi.org/10.3109/14992027.2014.895431
https://doi.org/10.1007/s00106-019-0727-2
https://doi.org/10.1007/s00106-019-0727-2
https://doi.org/10.1007/s00106-008-1781-3
https://doi.org/10.1007/s00106-008-1781-3
https://doi.org/10.1371/journal.pone.0223625
https://doi.org/10.1371/journal.pone.0223625
https://doi.org/10.1007/s00106-016-0149-3
https://doi.org/10.1007/s00106-016-0149-3
https://doi.org/10.1121/1.1919140
https://doi.org/10.1121/1.1919140
https://doi.org/10.1080/14992027.2017.1412519
https://doi.org/10.1080/14992027.2017.1412519
https://doi.org/10.1097/AUD.0b013e318272f189
https://doi.org/10.1097/01.aud.0000252470.54246.54
https://doi.org/10.1097/01.aud.0000252470.54246.54
https://doi.org/10.1007/s00106-016-0249-0
https://doi.org/10.1007/s00106-016-0249-0
https://doi.org/10.1007/s00106-018-0529-y
https://doi.org/10.1007/s00106-018-0529-y
https://doi.org/10.1080/14992020500057517
https://doi.org/10.1080/14992020500057517


Original articles

acoustic stimulation. PLoS One 14(3):e213251.
https://doi.org/10.1371/journal.pone.0213251

45. Wolfe J, Parkinson A, Schafer EC, Gilden J, Re-
hwinkel K, Mansanares J, Coughlan E, Wright J,
Torres J, Gannaway S (2012) Benefit of a commer-
cially available cochlear implant processor with
dual-microphone beamforming: a multi-center
study. Otol Neurotol 33:553–560. https://doi.org/
10.1097/MAO.0b013e31825367a5

46. Zöllner F (1957) Geleitwort. In: Hahlbrock KH (ed)
Sprachaudiometrie: Grundlagen und praktische
Anwendung einer Sprachaudiometrie für das
deutscheSprachgebiet. Thieme,Stuttgart

S34 HNO · Suppl 1 · 2023

https://doi.org/10.1371/journal.pone.0213251
https://doi.org/10.1097/MAO.0b013e31825367a5
https://doi.org/10.1097/MAO.0b013e31825367a5

	Speech comprehension in noise—considerations for ecologically valid assessment of communication skills ability with cochlear implants
	Abstract
	Speech comprehension in realistic hearing situations
	Methods
	Patients
	Test procedure
	Data evaluation

	Results
	Discussion
	Methodology of speech audiometry
	Reference to normal hearing
	Aims of audiometry

	Practical conclusion
	References


