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Editorial

Management of Audiological Disorders in Cochlear Implants:
Outcomes in Demanding Listening Situations and
Future Perspectives
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2 Department of Audiology, ENT-Clinic, University of Erlangen-Nürnberg, 91054 Erlangen, Germany;

ulrich.hoppe@uk-erlangen.de
* Correspondence: hey@audio.uni-kiel.de

1. Introduction

Severe to profound sensorineural hearing loss can nowadays successfully be treated by
cochlear implantation. However, cochlear implant (CI) recipients still face communication
challenges in several everyday communication situations.

In the early years of provision of deaf patients with a CI, the focus was initially on the
perception of suprathreshold speech in quiet [1–3]. Success was defined as better speech
understanding along with lip reading. There has been great progress over the last three
decades concerning recognition of speech in quiet. Nowadays, the majority of cochlear
implant recipients are scoring highly in open-set speech perception in quiet [4,5].

However, although CI recipients are able to perform well in quiet, they are still
facing a significant disadvantage when noise is present. In noisy environments, speech
understanding of CI recipients deteriorates rapidly as the level of background noise in-
creases [5–7]. With further progress in signal processing in CI systems, suprathreshold
speech intelligibility in noise was the next field of great research activities [5–7].

A common measure for the ability of a listener to understand speech in noise is the
speech reception threshold (SRT), defined as the signal-to-noise ratio (SNR) where 50% of
the speech items are correctly understood. Compared to normal-hearing listeners, the SRT
achievable for CI recipients is typically much poorer [8–10].

Modern CI systems try to improve speech comprehension in a noisy situation by
utilizing digital signal processing algorithms. A range of sophisticated signal processing
algorithms for CI sound processors have been introduced such as conventional beamformer,
dynamic range optimization, and spatial post-filter technologies. Each technical approach
aimed to improve the speech perception in a specific listening situation like speech in
quiet [11,12], speech in noise [13,14], and speech in spatially distributed noise [15–17].
Such noise suppression algorithms are especially successful in stationary noise. For these
conditions, an additional significant improvement was found by bilateral/bimodal hearing
systems [5,18,19]. The majority of the investigation was performed in stationary noise.

Today, CI systems are not only suitable for hearing and understanding in easy-to-
understand dialog situations or in stationary noise. The latter is not representative of
typical acoustic listening situations. Patients want to participate in everyday life where
noises can be quite different. The ‘normal hearing tests’ in quiet or in stationary noise
characterize everyday listening situations only to a certain extent. In order to describe
these demands more precisely, the requirements for ecological validity are summarized
as follows: “In hearing science, ecological validity refers to the degree to which research

J. Clin. Med. 2025, 14, 2089 https://doi.org/10.3390/jcm14062089
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findings reflect real-life hearing-related function, activity, or participation” [20]. The idea
of ecological validity is considered as a concept that investigates to what extent the result
of a specific audiometric investigation is able to draw a relation to outcomes in hearing
situations that can be found in everyday life. One aim of the methodological approach of
ecological validity is to reduce the differences between the measurements in the laboratory
and the everyday listening environment. This can be achieved by using more realistic
acoustic test scenarios [20–22].

Nevertheless, speech comprehension of CI users in contrast to normal hearing listeners
decreases when transferring stationary noisy situation to fluctuating noise types [9,10,23].
It must be considered that temporal fluctuations of the interfering noise diminish speech
comprehension of the hearing impaired. In particular, patients struggle in the presence
of fluctuating babble noise types, commonly found in environments such as schools,
restaurants, parties, and shopping centers.

These situations are often associated with greater listening effort, which affects
the concentration span for auditory perception and is not assessed by audiometric
speech tests [24,25].

According to studies on datalogging in cochlear implant systems, the majority of
speech components are in the range below 60 dBSPL [17]. These levels relate to soft speech
or speech from a distance. In most studies, the standard target value for understanding
monosyllabic words is considered to be 65 or 70 dBSPL. The supplementary comprehension
of softer speech below 65 dB has also been the subject of recent studies [26–28].

2. Conclusions

In summary, ongoing research aims to widen the number of CI users who have
sufficient speech comprehension in quiet and in stationary noise in general [29]. Further
development can be addressed especially in everyday listening situation as follows:

• Enhanced speech comprehension in temporal fluctuating noise, which may also incor-
porate spatially distributed noise sources;

• Reduced listening effort;
• Audiometric test procedures that better reflect everyday listening situations;
• Improved understanding of soft and distant speech.

Author Contributions: Conceptualization, M.H. and U.H.; writing draft, review and editing,
M.H. and U.H. All authors have read and agreed to the published version of the manuscript.
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Abstract: The surgical options for patients with single-sided Menière’s disease and functional deaf-
ness are challenging. Our case series reports the outcomes of surgical treatments of patients with
single-sided Menière’s disease and functional deafness. These patients have undergone a one-staged
occlusion of all semi-circular canals and cochlear implantation. Five patients (four female and one
male; 62 ± 8.2 years with a range from 50 to 72 years) with single-sided Menière’s disease and
functional deafness were included in this study. In all cases, the patients suffered from frequent
rotational vertigo episodes for many years. Other treatment options (e.g., medication) had not yet
been successful. Preoperatively, the Dizziness Handicap Inventory (DHI) of all patients indicated
severe emotional, physical, and functional deficits. Patients showed a functional (near-total) deafness
of the affected ear in all cases. All patients were supplied with cochlear implants in combination with
a triple occlusion of all semi-circular canals in a one-stage procedure. After a short period of increased
dizziness following surgery and after the activation of the cochlear implant and CI rehabilitation
(auditory-verbal therapy), vertigo control and an adequate audiological outcome were achieved.
The DHI showed a constant decrease after surgery. The combination of a triple semi-circular canal
occlusion and cochlear implantation can be an efficient treatment for patients with single-sided
Menière’s disease.

Keywords: cochlear implant; semi-circular canal occlusion; Menière’s disease

1. Introduction

Menière’s disease is characterized by recurrent rotational vertigo episodes, tinnitus,
and sensorineural hearing loss. The baseline therapy in Europe is oral medication with
betahistine or other medication (e.g., calcium antagonists) [1]. In progressive Menière’s
disease, with conservative treatment, intratympanic gentamicin or intratympanic corticos-
teroids application can be an option. To achieve both hearing preservation and vertigo
control, the best pharmacologic treatment option among the interventions compared may
be an IT steroid plus high-dose betahistine, considering that IT gentamicin was found to be
associated with benefits toward vertigo control but with potentially detrimental effects on
hearing preservation [2,3]. Nevertheless, intratympanic medication cannot always reach
an adequate control of the vertigo symptoms [1]. Even more invasive procedures (e.g., en-
dolymphatic sac surgery) cannot safely control the vertiginous episodes in all cases. If those
patients additionally suffer from a profound sensorineural hearing loss, the combination of
a cochlear implant and a labyrinthectomy or occlusion of the semi-circular canals should
be considered [4,5]. Subjects with end-stage Menière’s disease, and consequently unilateral
hearing loss, suffer from the typical audiological disorders. Decreased sound localization,
reduced speech perception abilities, and reduced quality of life due to the loss of binaural
hearing can significantly impact the daily routine in patients.

J. Clin. Med. 2023, 12, 5500. https://doi.org/10.3390/jcm12175500 https://www.mdpi.com/journal/jcm5
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Cochlear implantation (CI) is a worldwide-accepted surgical procedure for an increas-
ing number of patients with severe-to-profound hearing loss. The criteria for cochlear
implantation in Germany have expanded over the past decades, nowadays including recipi-
ents with unilateral aided residual hearing up to 60% of speech understanding at 65 dB SPL.
The plugging of the semi-circular canals can be performed via a transmastoidal approach
or via the middle fossa approach for the superior canal. The approach is established and
well known from semi-circular dehiscence surgery. Surgery can be performed with only
minimal trauma and even without affecting the hearing threshold. Early feasibility studies
on hearing preservation after canal plugging were first observed in guinea pigs and later
proved in humans. Kontorinis et al. showed that 11 out of 30 patients that were enrolled
had significantly improved DHI scores, while hearing did not change significantly. They
concluded that the transmastoid plugging of the superior semi-circular canal can safely
and significantly improve the vestibular symptoms of patients with SCDS, as well as the
auditory symptoms in a substantial number of patients in a hearing-preservation way [6].
The study by the House group showed similar results in a group of 24 ears. Plugging the
semi-circular canal is a safe method with vestibular symptom improvement in 35.7% of
patients, and word recognition scores did not significantly change postoperatively [7].

Combining vestibular surgery and cochlear implantation is quite a new approach to
the neurotological society. Saber et al. performed a single-patient procedure that involved
plugging the posterior semi-circular canal and performing cochlear implantation in the
ipsilateral ear. The patient had benign paroxysmal positional vertigo with single-sided
deafness. The outcome of the procedure was overall successful in terms of vertigo and
auditory rehabilitation, but the tinnitus worsened after surgery [8].

While a labyrinthectomy can efficiently control the episodes of vertigo, the procedure
also results in complete vestibular deafferentation [9]. In a single-center retrospective
study between 2003 and 2019, seventy-two patients underwent unilateral labyrinthectomy.
Indication criteria were mostly drop attacks or failure of treatment with intratympanic gen-
tamicin [10]. The mean preoperative word recognition score was 36.4% in the affected ear.
The Gruppo Otologico investigated the charts of 22 patients undergoing labyrinthectomy
and cochlear implantation in the same ear for intractable vertigo and hearing loss [11]. A
total of 67% of the patients had complete resolution of the vestibular symptoms in their
operated ear, but speech audiometry after cochlear implantation was not significantly
better [11]. They concluded that in Menière’s disease with vertigo and severe hearing loss,
labyrinthectomy and cochlear implantation can be a reasonable solution, but in the elderly,
more failures and postoperative instability are observed.

However, a less destructive approach (canal occlusion) can be particularly helpful
for patients who develop Menière’s disease in the contralateral ear or for the elderly with
an age-related impairment of the balance system. Experimental evidence indicates that a
triple semi-circular canal occlusion could be an effective option for controlling episodes of
rotational vertigo in Menière’s disease [12]. In a small cohort of three patients, Gill et al.
performed a triple semi-circular canal occlusion for the treatment of Menière’s disease. Two
patients showed no effect on hearing whereas one patient suffered a unilateral 30 dB hearing
loss. Vertigo control was excellent in two patients. The aim of our study was to investigate
vertigo control and hearing performance after a triple semi-circular canal occlusion and
simultaneous cochlear implantation in patients with unilateral Menière’s disease.

2. Materials and Methods

After unsuccessful conservative treatment to control the episodes of vertigo, one
male and four female patients with single-sided Menière’s disease [13] underwent surgical
treatment. Inclusion criteria were single-sided Menière’s Disease, age over 18 years, oral
medication for over a year, and severe hearing loss in the affected ear. The mean age was
62 ± 8.2 years with a range from 50 to 72 years. All patients were on medication (from
3 to 19 years) and reported frequent episodes of rotational vertigo as the most impairing
symptom (2–3× week on average). The treatment with gentamicin (intratympanic applica-
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tion) or other procedures was declined by the patients. Exclusion criteria included patients
younger than 18 years of age, a previous operation in the affected ear, and gentamicin
treatment before surgery.

The patients were treated between August 2013 and October 2015 using the identi-
cal surgical technique of one-stage cochlear implantation and the occlusion of all three
ipsilateral semi-circular canals. For cochlear implantation, a posterior tympanotomy and
a round window approach were chosen [14]. Occlusion of the three semi-circular canals
was performed before the implantation by reducing the drill speed to 10,000/min. The
labyrinth was skeletonized to identify all semi-circular canals. The superior bony layer
of the semi-circular canal was drilled down with a diamond burr (2.3 mm) until the en-
dolymphatic duct shone through the last bony layer (blue lining) (Figures 1 and 2). Leaving
the endolymphatic duct intact, the temporalis fascia was pushed down in the canal. After
sealing with fascia, the canal was filled with bone wax (Figure 3). The area of each canal
was covered afterward with a muscle patch and bone pate. Finally, the sealing patch was
secured with fibrin glue (Figure 4) [5,15].

Figure 1. Blue lining of the lateral semi-circular canal with the diamond burr. The arrow points to
the lateral semi-circular canal.

The subjective and objective vestibular findings were assessed preoperatively, directly
postoperatively, as well as 6–8 weeks and 6 months after surgery. For this purpose, the
Dizziness Handicap Inventory (DHI) with its subscales (physical (DHIp), functional (DHIf),
and emotional (DHIe)) was used as a reliable and validated instrument for the functional
outcome–evaluation [16]. Patients filled in the DHI by themselves. The questionnaire was
handed to each patient, who read and filled it by themselves.

Preoperatively, the video head impulse test was performed in two patients (normal
responses for all semi-circular canals). Cervical-evoked vestibular myogenic potentials
(cVEMPs) were recorded in all patients but could only be elicited in two patients. None of
the patients showed spontaneous nystagmus. Caloric tests were not performed.

7
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Figure 2. After blue lining of the lateral semi-circular canal, the canal was filled with fascia. The
arrow points to the lateral semi-circular canal.

Figure 3. Occlusion with bone wax. The arrow points to the wax applied to the canal.
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Figure 4. In the last step, fibrin glue was used to seal the plug. The arrow points to the fibrin glue.

The audiological results of the cochlear implantation were assessed by testing numbers
and monosyllabic words (Freiburger test) (Table 1). The study was approved by the
institutional review board at the BG Klinikum Unfallkrankenhaus Berlin (ukb-hno-2013/4).
The study was conducted according to the principles expressed in the Declaration of
Helsinki. Statistical evaluation was performed using SPSS (Version 22.0; IBM Co., Armonk,
NY, USA). For the comparison between the different DHI scores, a two-way repeated
measures ANOVA was run.

Table 1. Patient demographics.

Patient Age Sex
Episodes of
Vertigo in

1 Year

Mean Pure Tone
Average between
500 Hz and 4 kHz

Word
Recognition

Score
DHI

Patient 1 66 w 24 100 dB 0% 46

Patient 2 50 w 52 95 dB 0% 64

Patient 3 60 m 36 130 dB 0% 46

Patient 4 60 w 20 130 dB 0% 60

Patient 5 72 w 78 130 dB 0% 50

3. Results

Before the surgical treatment was started, the DHI suggested a severe functional, emo-
tional, and physical impairment of all included individuals. Preoperatively, the mean DHI
was quantified as serious, regarding the functional (DHIf 20.8 ± 3.0), and emotional (DHIe
22.4 ± 6.5) as well as moderate, concerning the physical (DHIp 10 ± 6.2) deficits (Table 2).
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Table 2. Time course of mean DHI score.

Quality Preop. Postop. 6 Weeks 6 Months

Physical deficit 10 ± 6.2 8.8 ± 10.7 4.0 ± 4.9 2.8 ± 3.0
Functional deficit 20.8 ± 3.0 16.4 ± 15.9 5.2 ± 5.2 2.4 ± 2.2
Emotional deficit 22.4 ± 6.5 10.8 ± 10.2 5.2 ± 5.8 2.0 ± 3.5

All patients reported a complete cessation of Menière’s typical vertigo episodes, but
one female patient postoperatively described unstableness instead of the pre-existing
vertigo episodes. After revision surgery (labyrinthectomy after three months), she became
free of vertigo episodes. The data of this patient included for statistical analysis were those
after revision surgery.

Three of the five patients reported an immediate improvement in symptoms (vertigo
episodes and unstableness) after surgery. The postoperative DHI of these three patients al-
ready indicated a statistically significant decrease in the functional, physical, and emotional
subscales during the postoperative hospital stay.

After 6 weeks of compensation, four subjects (and one subject after labyrinthectomy)
were almost free of symptoms. Slight vertigo or feelings of insecurity only occurred with
challenging activities like sports or hard physical work, as described by some of the patients.
Ordinary everyday activities could be performed without any limitations. Six months after
the surgery, this status even improved (Figure 5). All subjects did not undergo a specific
vestibular rehabilitation program.

Figure 5. Time course of mean DHI score.

A two-way repeated measures ANOVA was run to monitor the effects over time for
DHIp, DHIf, and DHIe. For the DHIp, there was a statistically significant difference in
DHIp scores between time points, F(3, 12) = 25.580, p < 0.0005. Post hoc analysis with a
Bonferroni adjustment revealed that DHIp scores were statistically significantly decreased
from pre-intervention to six weeks (14.2 (95% CI, 1.238 to 27.162) p = 0.036) and from
pre-intervention to six months (19.4 (95% CI, 6.511 to 32.289) p = 0.011).

For the DHIf scores, there was a statistically significant difference in DHIf scores
between time points, F(1.417, 5.667) = 17.134, p = 0.005. Post hoc analysis with a Bonferroni
adjustment revealed that DHIf scores were statistically significantly decreased from pre-
intervention to six weeks (10.4 (95% CI, 2.638 to 18.162) p = 0.017) and from pre-intervention
to six months (18.2 (95% CI, 14.319 to 22.081) p < 0.005).

For the DHIe scores, there was a statistically significant difference in DHIe scores
between time points, F(3, 12) = 22.580, p < 0.0005. Post hoc analysis with a Bonferroni
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adjustment revealed that DHIe scores were statistically significantly decreased from pre-
intervention to six weeks (14.2 (95% CI, 1.238 to 27.162) p = 0.036) and from pre-intervention
to six months (19.4 (95% CI, 6.511 to 32.289) p = 0.011).

All patients included in this study had profound sensorineural hearing loss. After
cochlear implantation and auditory rehabilitation, all patients reported satisfying speech
recognition (Table 3).

Table 3. Individual speech recognition before and after cochlear implantation.

Preop Monosyl
at 65 dB

Postop Numbers
at 65 dB

Postop Numbers
at 45 dB

Postop Monosyl
Words at 65 dB

Patient 1 0 100% 100% 55%
Patient 2 0 100% 70% 75%
Patient 3 0 100% 50% 65%
Patient 4 0 100% 80% 60%
Patient 5 0 100% 60% 25%

4. Discussion

Treatment of vertigo and hearing rehabilitation in patients with Menière’s disease is
challenging, particularly when the medical treatment options (incl. gentamicin) do not
yield sufficient results. In cases of recurrent episodes of vertigo—an ipsilateral profound
hearing loss—as well as normal or near-to-normal hearing and proper vestibular function
of the contralateral side, ablative inner ear surgery should be considered. Labyrinthectomy
is a well-established method for the effective treatment of vertigo episodes or Tumarkin
crises caused by Menière’s disease with the side effect of cochlear deafness [17]. In a
previous study, we reported the combination of labyrinthectomy and simultaneous cochlear
implantation in five patients with single-sided Menière’s disease and pre-existing ipsilateral
deafness [5].

Transmastoid plugging of the semi-circular canals is one surgical option in patients
with vestibular symptoms caused by the canal dehiscence syndrome or benign paroxys-
mal vertigo, as conservative medical treatment is limited. Results from human studies
show that vertigo control can be achieved via semi-circular canal plugging, and hear-
ing is not affected [15]. Several studies showed that in 10% to 35% of patients with
single-sided Menière’s disease, so-called silent contralateral endolymphatic hydrops can be
detected [18–21]. Therefore, a labyrinthectomy might severely impair the overall balance
and postural control in the long term, so a more selective procedure as described in this
paper seems to be more favorable.

Results of unilateral labyrinthectomy vary. The Gruppo Otologico showed that 67%
of the patients had complete resolution of vestibular symptoms in their operated ear.
On the other hand, speech audiometry after simultaneous cochlear implantation was
not significantly better postoperative [11]. They conclude that in Menière’s disease with
vertigo and severe hearing loss, labyrinthectomy and cochlear implantation can be a
reasonable solution, but in the elderly, more failures and postoperative instability are
observed [11]. Perkins et al. focus their study on audiological results after simultaneous
labyrinthectomy and cochlear implantation in unilateral Menière’s disease. Patients with
unilateral Menière’s Disease who underwent simultaneous labyrinthectomy and cochlear
implantation experienced improvements in sound localization, speech understanding,
tinnitus severity, and quality of life with the device [22]. In contrast to the study by the
Gruppo Otologico, these subjects were younger, but only three subjects were investigated.
Our population was slightly younger than in the study by Sykopetrites et al. and more
comparable to Perkins et al. Regarding the audiological results, our data seem to underline
the data from Perkins et al.

The current data regarding semi-circular canal plugging and simultaneous cochlear
implantation are limited. In a small cohort of three patients, Gill et al. performed a triple
canal occlusion for the treatment of Menière’s disease. Vertigo control was excellent in
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two-thirds of the patients. Saber et al. showed in a single-patient procedure that the
plugging of the posterior semi-circular canal and simultaneously performing cochlear
implantation in the ipsilateral ear led to overall success in terms of vertigo control and
auditory rehabilitation [8].

Conservative and small invasive procedures such as intratympanic glucocorticoids or
gentamicin can be an option in patients with severe vertigo symptoms. Ahmadzai et al.
point out that to achieve both hearing preservation and vertigo control, the best pharmaco-
logic treatment option among the interventions compared may be intratympanic steroid
plus high-dose betahistine, considering that intratympanic gentamicin was found to be
associated with benefits toward vertigo control but with potentially detrimental effects
on hearing preservation [2]. Similar results were found by Hao et al. They support the
findings, by Ahmadzai et al., that intratympanic gentamicin and glucocorticoids both
showed beneficial effects compared with placebo treatment in vertigo management of
Menière’s disease [2,3]. Lee et al. also found similar results but underline that in their
results, a substantial amount of heterogeneity and publication bias was found [23].

Our results underline the hypothesis by Gill et al. and Saber et al. and demonstrate
that the functional outcome is similar to a labyrinthectomy with respect to the control of
Menière’s episodes. The DHI showed a comparable reduction in emotional, functional, and
physical impairment. Both techniques led to a highly significant reduction in the DHI to
nearly normal values in the long term after a period of at least 6 months of compensation [5].
The functional outcome (DHIf) even followed a better time course in those patients of the
labyrinthectomy group [5]. The DHI indicated significantly faster functional improvement
after surgery as compared to labyrinthectomy [5]. However, no significant differences in
the emotional and physical subscales in the time course were found when comparing both
groups. The same holds true for the hearing outcome after cochlear implantation.

The DHI of four out of five patients who underwent triple semi-circular canal oc-
clusion surgery followed a similar time course as the patients who directly underwent a
labyrinthectomy. They preoperatively suffered recurrent episodes of vertigo from twice a
week up to several times a day. Postoperatively, after a few weeks of vestibular compensa-
tion, these patients had a statistically significant reduction in their functional, physical, and
especially, emotional subscales of the DHI to nearly normal. Just in one case, no significant
improvement of vertigo could be achieved, so revision surgery (labyrinthectomy) had to
be performed.

Nevertheless, a triple semi-circular canal occlusion should be chosen as an option
before performing a labyrinthectomy for the reasons outlined above. In four out of the
five patients in this series, the saccule and utricle (gravity receptors) could be successfully
preserved.

Therefore, the least traumatic approach in canal occlusion or revision surgery should
be chosen [24–26]. Furthermore, patients gain a benefit from the auditory rehabilitation of
the hearing loss with a cochlear implant. Our results, as well as those previously published
by Sader et al., strongly advocate for simultaneous cochlear implantation and triple semi-
circular canal occlusion in this population due to their substantial benefits. Similar to the
mentioned studies, our study is limited to a small number of participants. In addition, the
surgeon and the patient are not blinded to the procedure. In all patients, no adverse events
were recorded. Neither facial paresis, cerebral-spinal-fluid leak, nor wound infection or
infection of the cochlear implant were recorded.

Nevertheless, regardless of the small number of patients, our results demonstrate
that simultaneous triple semi-circular plugging and cochlear implantation is a successful
and safe procedure in suppressing vertigo symptoms and restoring hearing in unilateral
Menière’s disease.

5. Conclusions

For patients with single-sided Menière’s disease, functional deafness, and frequent
episodes of vertigo, simultaneous cochlear implantation with the occlusion of all three semi-
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circular canals can be an efficient therapeutical procedure. This procedure is as efficient as
the labyrinthectomy with simultaneous cochlear implantation in vertigo control. However,
the technical aspects of occlusion surgery are more challenging since the preservation of
the otolith organs should lead to better postural control postoperatively and would be a
huge advantage in those patients who develop a bilateral Menière’s disease.
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Abstract: Among hearing aid (HA) users, there is a considerable variability in word recognition scores
(WRSs). This variability is most pronounced among individuals with moderately severe to severe
hearing loss. The variability cannot be adequately explained by factors such as pure-tone audiogram,
audiogram type or age. This prospective study was designed to investigate the relationship between
tone decay (TD) and WRS in a group of HA users with corresponding pure-tone hearing loss. The
study population included 22 patients with hearing loss between 50 and 80 dB HL. Aided WRS,
unaided WRS and TD were assessed for both ears. TD was found to be frequency-dependent. TD
and WRS were correlated, with up to R = −0.66. The TD test was revealed to be a feasible method for
explaining variability in WRS among HA users with hearing loss below 80 dB. This may contribute
to improved differential diagnostics. The TD test may thus offer a better understanding of the
limitations of HA use in the context of cochlear implant candidacy assessment for HA users.

Keywords: tone decay; suprathreshold diagnostics; retrocochlear disorders; cochlear implant;
hearing aid

1. Introduction

Addressing hearing loss and effectively managing it with hearing aids is vital for
improving the quality of life of individuals with hearing impairments. This is especially
crucial in cases of severe hearing loss, where the impact on speech comprehension is sig-
nificantly heightened. A particularly interesting aspect within this field is the variation in
speech comprehension among a specific subgroup of individuals characterised by a pure-
tone average for thresholds at 0.5, 1, 2 and 4 kHz (4FPTA) ranging from 60 to 80 dB HL,
as recent studies have shown [1,2]. It is important to note that this variability in speech
comprehension persists even in the presence of adequate hearing aid (HA) intervention.
This variability has been found with respect to two measures, namely (i) the 4FPTA and
(ii) the difference between the maximum word recognition score, WRSmax, and the aided
score, WRS65(HA), at a conversational level [1,3–5]. The first concepts to address the
discrepancy between WRS and pure-tone thresholds were introduced by Carhart [6]: for
word recognition in quiet, this was referred to as “loss of acuity”, and a second component
caused by impaired processing of audible speech signals was referred to as “loss of clarity”.
Plomp [7] named these components of hearing loss “attenuation” (class A) and “distortion”
(class D). Attenuation can be quantified by pure-tone audiometry. The distortion com-
ponent characterises the negative impact of reduced temporal and frequency resolution.
Furthermore, Plomp [7] stated that the distortion component has a detrimental effect on
WRS in quiet as well. Consequently, the distortion component explains the deterioration in
speech comprehension that is not expressed by attenuation (4FPTA).
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The term “distortion” can be applied to denote individuals who exhibit deficient
speech comprehension within the above-mentioned subgroup (persons with 60–80 dB
HL 4FPTA). These deficits are thought to have their root causes in disturbed temporal
processing and limited frequency resolution of the auditory periphery. A plausible explana-
tory framework for this phenomenon involves the notion of perceptual decay. In such
instances, the perception of loudness diminishes over a brief period, despite consistent
sound-level presentation. The tone decay test (TDT), introduced by Carhart [8], entails the
presentation of a continuous tone at 5 dB SL (sensation level), with successive increments
in intensity until a stable perceptual threshold is achieved. The cumulative increase in
intensity resulting from this procedure is termed tone decay (TD).

Abnormal TD may be inferred when attenuation exceeds the threshold of 15 dB.
Huss et al. [9] found that abnormal TD becomes more prevalent when hearing loss exceeds
50 dB HL. Importantly, TD is not manifested uniformly across all frequencies and inten-
sities; rather, it is particularly pronounced at higher frequencies compared with lower
ones. A decline in loudness perception, known as loudness adaptation, can also occur at
higher sound levels, although with less prominence in comparison with stimuli near the
perceptual threshold.

The underlying physiological cause of TD has yet to be definitively elucidated. How-
ever, the initial observation that low levels and high frequencies are more susceptible to
TD led to the formulation of the “restricted pattern” hypothesis [10,11]. This hypothesis
suggests that for tones with minimal sensation levels or frequencies that stimulate the
basal end of the cochlea, the spatial excitation pattern on the basilar membrane evoked by
continuous tones is highly confined. Nonetheless, Wynne et al. [12] posit that TD can be
attributed either to direct damage to inner hair cells or to the auditory nerve. Their findings
suggest that TD at low frequencies arises from disruptions in ribbon synapses, while high-
frequency TD is more likely to be associated with auditory nerve disruptions. Nevertheless,
a consensus seems to have formed in that either inner hair cells or retrocochlear structures
are involved in the TD phenomenon.

As TD increases, a corresponding decline in both unaided and aided speech recog-
nition can be expected. However, it remains unclear to what extent this decrease can
be attributed solely to perceptual decay. Furthermore, it is unclear whether this effect
persists even after the provision of an HA and, if so, which frequency range is particularly
susceptible to heightened challenges in speech comprehension.

To our knowledge, up to now, there has been no investigation of TD in order to explain
the variability in WRSmax and WRS65(HA) beyond the impact of 4FPTA. This study was
therefore undertaken to investigate a patient cohort characterised by hearing loss (4FPTA)
ranging from 50 to 80 dB HL and, after the completion of measurements and discharge of
patients, to compare TD with unaided and aided word recognition scores.

2. Materials and Methods

2.1. Patient Characteristics

Twenty-two patients were included in this prospective study: ten males and twelve
females. Their mean age was 67.6 ± 14.5 years, ranging from 37 to 88 years. Five subjects
had both ears included in this study, resulting in a total of 12 left ears and 15 right ears.
The patients visited the clinic for one of two reasons: they were recruited in one of the local
hearing aid shops or they visited our clinic for HA evaluation between November 2021
and June 2023. A hearing care professional ensured that the hearing aids were properly
fitted for all participants. A technical fitting with an ear mould suitable for the individual’s
hearing loss was conducted to minimise any impact of processor fitting on performance.
The single exclusion criterion was single-sided deafness according to the definition given
by Arndt et al. [13].
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2.2. Audiological Parameters

All participants underwent audiometric tests in both ears using a clinically calibrated
audiometer (AT900, Auritec GmbH, Hamburg, Germany). Pure tones were presented at
frequencies of 0.125, 0.25, 0.5, 0.75, 1, 2, 3, 4, 6 and 8 kHz through a headphone (DT48; Beyer,
Heilbronn, Germany). To prevent the perception of pure tones through bone conduction
in the contralateral ear, masking was initiated when there was a difference of 40 dB
between the ipsilateral hearing threshold and the contralateral bone conduction threshold.
Subsequently, speech recognition was evaluated by measuring the word recognition score
(WRS). In the unaided condition, different sound levels were presented, also through
the headphone, to find the highest word recognition score (WRSmax). The participant′s
discomfort threshold served as the upper limit for the levels. A minimum level of 95 dB
SPL was presented to all participants. The aided word recognition score, WRS65(HA), was
measured in quiet unilaterally at a presentation level of 65 dB sound pressure level (SPL) in
free field. The contralateral ear was masked appropriately. The speech test signal (Freiburg
Monosyllable Test) was presented frontally in a soundproof room (5 × 6 × 2.5 m).

2.3. Tone Decay Test

For the tone decay test (TDT) [8], an AT900 audiometer was used according to routine
procedures, as follows. Before TD testing, an audiogram is obtained. The patient is then
familiarised with the TDT measurement procedure: “You will hear a very soft sound. Press
the button as soon as the sound is no longer audible” [14].

The TDT is then performed for the frequencies 1, 1.5, 2, 3 and 4 kHz, if possible. This
depends on the corresponding threshold with respect to the audiometer limits of 110 dB
HL. For the AT900 we used, this procedure is integrated according to the recommendations
of Lehnhardt [15]: At each frequency, the starting level is set at 5 dB SL (dB sensation
level). The test begins with the presentation of a continuous tone at the starting level for a
maximum of 60 s. The patient confirms briefly that this level is audible. When the patient
presses the button to indicate that the tone is no longer audible within 60 s, the procedure
is repeated. For this, a new starting level increased by 5 dB is presented. The test ends
when the patient continues to report audibility for at least 60 s, or when the maximum
permissible volume of 110 dB has been reached. The difference between the starting level
and the resulting level at the end of this procedure is referenced as TD.

Figure 1 shows an example of measurement in a study participant (right ear) with a
very strong tone decay. The left-hand panel (A) shows pure-tone hearing loss (air and bone
conduction together with the contralateral masking noise). The right-hand panel (B) shows
tone decay, here for 1 kHz, over time. In this example, the last presentation level heard for
at least 60 s was 50 dB, and TD at 1 kHz was 25 dB.

A B 

 

Figure 1. Representative tone decay test performed at 1 kHz and final stimulation at 50 dB HL,
30 dB above hearing threshold. (A) Hearing threshold (red circle), the bone conduction threshold (red
arrow pointing to the right), and the contralateral masking level (blue wave). (B) Change if sound
level over time during the tone decay test (TDT).
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The performance of the test is limited by the degree of hearing loss due to the 110 dB
level limitation and, in the case of asymmetrical hearing loss, by the side difference of the
threshold as determined by audiometry conducted before the test (>40 dB was considered
excessive). This is because a test involving active masking of the contralateral ear is likely
to be less reliable. In addition, with severe hearing loss, auditory fatigue is not always
maximally detectable due to the level limitation. This sealing effect must be taken into
account when interpreting the results. If tinnitus is present, the test cannot be performed
for the frequencies affected.

2.4. Possible Characteristics of Tone Decay Measurements

Figure 2 illustrates a selection of possible characteristics of TD measurements. It
underlines the degree to which all the information contained in the TDT is reduced in this
first feasibility study, where only the final extent of TD [dB] is evaluated.

A 

 
B 

 
C 

D 

 

Figure 2. Case examples of different tone decay test (TDT) characteristics. (A–D) Case examples.
For right-ear cases (red), the graph on the left shows the pure-tone audiogram and that on the right
shows the time course of the TDTs. The ordinate corresponds to the presentation level in dB HL. The
colours red and blue correspond to measurements of the right and left ear, respectively. The actual
test frequency is indicated by a black square symbol on the left while the precise course of TDT is
displayed on the right for right ears and vice versa for left ears. The highlighted squares in red and
blue in the upper right and left corner visualize the measurement condition.
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In case example A, a patient (right ear) with pantonal hearing loss of 4FPTA = 74 dB is
presented. TD, here assessed at 4 kHz as indicated by the small black square on the left, is
apparently larger than the audiometer limits allowed for measurement. In this case, the
TDT yields 25 dB, thereby underestimating the impact of disturbed processing on tone
perception. The test time for 4 kHz can be seen in the right-hand part of the figure and
was more than 3 min. Case example B shows a patient (right ear) with a steep sloping
audiogram and a TD of 30 dB. A special characteristic of this case is the rapid speed of
threshold deterioration, as indicated in the right-hand part of Figure 2B. Sometimes, the
test tone of 1 kHz was audible more or less for 2 s. Case example C (left ear) shows that
this kind of rapid decline is not necessarily connected to a threshold of 75 dB, as in case
example B, but may already be apparent at a threshold of 30 dB. As shown in Figure 2C, the
test tone was heard for longer with increasing presentation level. However, an audibility of
at least 60 s was only reached at 30 dB SL. Finally, case example D shows a patient (left ear)
with a moderate sloping audiogram without any TD.

3. Results

The demographic and audiometric data of the study patients are displayed in Table 1.

Table 1. Summary of participants′ demographic and audiometric data.

Subjects Age Sex Ear
Ipsilat.
4FPTA

[dB HL]

Contralat.
4FPTA

[dB HL]

WRSmax

[%]
WRS65(HA)

[%]

Tone Decay
at 1, 1.5, 2, 3, 4 kHz

[dB]

1 51 f L 58.8 76.3 0 0 45—n.c.—n.c.—n.c.—n.c.

2 68 m L 68.8 60.0 55 30 0—n.c.—0—0—n.c.

3 76 m L 80.0 60.0 90 50 0—10—15—n.c.—n.c.

4 63 m R 62.5 65.0 65 35 15—n.c.—0—5—10

5 45 m R 72.5 41.3 75 10 0—0—5—10—30

6 59 m R 71.3 102.5 0 25 35—10—0—0—25

7 51 f R 78.8 76.3 45 40 15—n.c.—n.c.—n.c.—n.c.

8 72 f R 58.8 63.8 75 65 0—5—20—25—20

9 70 f R 52.5 63.8 90 65 5—5—5—15—15

10 41 m R 56.3 55.0 65 45 0—n.c.—0—n.c.—5

10 41 m L 57.5 56.3 85 30 0—n.c.—0—n.c.—0

11 38 f R 70.0 71.3 80 65 10—0—0—0—10

12 76 f R 73.8 57.5 15 0 5—15—40—n.c.—20

13 77 m R 78.8 51.3 75 45 0—0—10—20—10

14 78 f R 65.0 63.8 65 5 15—n.c.—40—n.c.—45

14 78 f L 63.8 65.0 45 0 10—n.c.—45—n.c.—55

15 71 f L 72.5 120 80 75 5—5—5—15—30

16 76 f R 76.3 63.8 70 0 10—20—25—25—45

16 76 f L 63.8 76.3 70 15 5—15—30—25—10

17 88 f R 73.8 38.8 60 35 10—5—5—15—25

18 79 f R 66.3 62.5 65 10 10—10—20—25—45

18 79 f L 62.5 66.3 80 25 5—10—20—20—20

19 81 f R 61.3 57.5 85 60 5—0—0—0—0

19 81 m L 57.5 61.3 75 45 5—5—5—0—0

20 75 m L 58.8 52.5 75 70 5—5—5—n.c.—n.c.
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Table 1. Cont.

Subjects Age Sex Ear
Ipsilat.
4FPTA

[dB HL]

Contralat.
4FPTA

[dB HL]

WRSmax

[%]
WRS65(HA)

[%]

Tone Decay
at 1, 1.5, 2, 3, 4 kHz

[dB]

21 57 f L 72.5 83.8 60 40 0—10—10—0—0

22 78 m L 63.8 41.3 25 35 0—0—5—20—45

n.c.: not conducted.

The clinical characteristics of the patients did not exhibit any correlation with WRSs.
We examined factors such as age, sex, and ear side, comparing them with both WRSmax
and WRS65(HA). No significant correlation was identified between age and either WRSmax
or WRS65(HA). Similarly, a two-sided t-test for ear and sex characteristics revealed no
significant differences.

3.1. Pure-Tone and Speech Audiometry

All ears had moderate to severe hearing loss (Figure 3) and a 4FPTA between 50
and 80 dB HL, with an average 4FPTA of 66.6 ± 7.7 dB HL (mean ± standard deviation).
A 4FPTA of at least 30 dB HL was present in the contralateral ear, with an average of
65 ± 17.2 dB HL (Figure 4A). The word recognition score at 65 dB with HA (WRS65(HA))
was 34.1% ± 23.5% (Figure 4B), whereas the maximum word recognition score (WRSmax)
was 61.9% ± 25.2% (Figure 4C). In almost all cases, WRS65(HA) was below WRSmax
(Figure 4D).

Figure 3 shows the pure-tone thresholds for the ears included in this study. According
to the inclusion criteria, the 4FPTA ranged from 50 to 80 dB.

Figure 4A shows the relationship between the 4FPTAs of the ipsilateral (included case)
and contralateral ears. The vast majority of cases show asymmetric 4FPTAs of up to 70 dB.
Figure 4B shows WRS65(HA) vs. 4FPTA. The majority (24) of cases exhibit a WRS65(HA)
below WRSmax. Despite the narrow 4PTFA inclusion band (50 to 80 dB HL), we see a
highly variable WRSmax, from 0 to 90%, with a variability of the aided scores from 0 to 75%
(Figure 4C). Figure 4D shows the relationship between WRS65(HA) and WRSmax. For the
majority of cases (24/27) WRS65(HA) did not reach WRSmax.

Figure 3. Pure-tone thresholds of the study participants.
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A B 

C 

 

D 

Figure 4. Relationship between four-frequency pure-tone average (4FPTA) and the two word recog-
nition scores. (A): Ipsi- and contralateral 4FPTA. (B): The aided score, WRS65(HA), plotted against
4FPTA; the grey area shows the average WRSmax(HA) as a function of 4FPTA with the corresponding
95% confidence interval [16], and the hatched line shows the logistic regression of the data of this
study. (C): The maximum word recognition score, WRSmax, plotted against 4FPTA; grey area and
hatched line as in upper right. The solid line shows the logistic regression of the data of this study.
(D): Relationship between WRS65(HA) and WRSmax.

3.2. Tone Decay

Figure 5 shows the results of TD measurement for the example in Figure 1. The
majority of cases showed a TD with higher incidence and amplitude at higher frequencies.
The measured TD increased at higher frequencies and resulted in TD1kHz = 8.0 ± 10.6 dB,
TD1.5kHz = 6.8 ± 5.8 dB, TD2kHz = 12.4 ± 14.0 dB, TD3kHz = 12.2 ± 10.3 dB and TD4kHz =
21.1 ± 17.2 dB.

Figure 5. Tone decay at different test frequencies.

The correlations between the TDs for each frequency and speech recognition for
both WRS65(HA) and WRSmax were investigated. Significant correlations were found for
WRS65(HA) and TD1.5kHz (R = −0.60, p < 0.01) and TD2kHz (R = −0.63, p < 0.001) (Figure 6)
as well as WRSmax and TD1kHz (R = −0.66, p < 0.001). The same result was obtained from
the frequency-specific comparison after the subjects had been grouped into normal and
abnormal TD, resulting in WRS65(HA) and TD1.5kHz (p = 0.005) and TD2kHz (p = 0.006) as
well as WRSmax and TD1kHz (p = 0.006).
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Figure 6. Relation between maximum and aided word recognition scores (WRSmax and WRS65(HA))
and tone decay (TD) at different frequencies. The red diamonds and lines correspond to the rela-
tionship between TD and WRSmax, while the green circles and lines correspond to the relationship
between TD and WRS65(HA).

Figure 5 shows the relationship between the two WRSs (WRSmax and WRS65(HA))
and TD for various test frequencies.

4. Discussion

4.1. Tone Decay and Speech Comprehension

In this study, we explored the relationship between speech comprehension in individ-
uals with moderately severe to severe hearing loss (4FPTA = 50–80 dB HL) and tone decay
within the frequency range 1–4 kHz. Our hypothesis posits that a portion of the consid-
erable variability in speech comprehension within this threshold range for hearing loss
could be elucidated by factors such as tone decay (TD). The large variability (90 percentage
points for WRSmax and 75 percentage points for WRS65(HA)) in the inclusion range for this
study (50–80 dB HL) corresponds to previously reported WRSs in a larger population of
HA users [1,3–5,17,18]. This applies also to the difference between maximum and aided
WRSs. We conclude that the results of our study are applicable to the population of hearing
aid users typical for an ENT department of a maximum-care hospital with a cochlear
implant programme.

The key finding of this study is the negative correlation between TD and speech
comprehension. A consistent trend is evident across all frequencies, with the 1–2 kHz range
demonstrating the most clearly significant correlation. This finding aligns with expectations,
considering the critical importance of this frequency range for speech comprehension.
Moreover, our investigation may indicate that the impact of TD on speech comprehension is
more pronounced when using HAs compared with situations without them in the frequency
range between 1.5 and 3 kHz. Notably, during the unaided speech comprehension test, we
examined WRSmax at levels typically reaching the discomfort level, whereas in the aided
test, speech was assessed at 65 dB SPL in free field. In cases with unstable thresholds, which
correspond to higher tone decays, the fitting of the HA to the threshold becomes imprecise,
resulting in inaccurate assumptions for frequency-specific amplification in the presence of
TD. Additionally, TD occurs more rapidly with active HAs, as they consistently stimulate
close to and beyond the threshold. In contrast, WRSmax appears more resilient against TD,
possibly owing to the consideration of several levels within the measurement paradigm.

This outcome highlights the constraints of traditional approaches to HA programming
when confronted with TD, shedding light on why this particular patient group may no
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longer be deemed suitable for HA fitting and might be more inclined toward consideration
for cochlear implant (CI) fitting. Nevertheless, exploring alternative fitting strategies that
take TD into account is a plausible avenue. Such strategies would require the recalibration
of thresholds and corresponding amplification, tailored to the frequency-specific challenges
posed by TD. To achieve this, the frequency- and level-specific temporal trajectory of
TD would need to be recorded individually, coupled with an understanding of possible
threshold recovery processes.

4.2. Application of Tone Decay Assessment in a Changing Patient Population

One important aspect of HA evaluation in our clinic is the assessment of cochlear im-
plant (CI) candidacy. The most recent German CI guidelines [19] support CI implantation
up to WRS65(HA) ≤ 60% regardless of pure-tone thresholds. In the past decade, this has led
to a growing number of CI candidates among cases with considerable aided WRS [20–23].
Together with a higher preoperative WRS65(HA), this also extends CI provisions to some
patients with a 4FPTA of 50 dB HL [20–23]. These patient characteristics would allow for
improved preoperative differential diagnoses in CI candidates with good 4FPTA and poor
WRS. Since some of these diagnostic tests for CIs (of which TDT is one example) require a
sufficient amount of residual hearing, TDT may offer a chance—and may meet the clinical
need—to explain the variability in WRS65(HA). If, for instance, a CI candidate shows a PTA
and disproportional loss in aided speech recognition, a TDT should be applied. A consider-
able TD may limit the residual dynamic of the patient’s HA or alternative hearing system
to such a degree that a CI can be considered a better alternative [16,24–26]. Potentially, the
decision to conduct another HA trial can be based on such differential diagnostics.

Additionally, the nature of poor performance in a CI-fitted population is not yet under-
stood [27]. For example, recent studies [28–30] have devoted considerable effort to showing
that various factors—including genetic disposition, aetiology, and comorbidities—have
an effect on CI outcome. Furthermore, preoperative audiometric assessment in clinical
routine [19] potentially provides prognostic value [20–23]. However, we still see an urgent
need for further improvement in preoperative audiometric assessments. Supra-threshold
diagnostic tests, such as TDT and other measurements, as earlier applied for topodiag-
nostics [31,32] in the presence of less sophisticated imaging resources, could experience a
renaissance in the preoperative assessment of CI candidates. Retrocochlear lesions can be
ruled out by modern imaging, which is superior to audiometry for this purpose [33]. Other
retrocochlear deficits can be quantified by the reapplication of established supra-threshold
tests and available objective measures [27,34,35]. In the long term, it might be possible
to determine a correlation between these additional preoperative diagnostic results and
speech recognition with a CI. A clustering according to different patient characteristics
may help to solve the enigma of poor performance [27]. If preoperative TD also partially
explains the variability in word recognition with CI, then it should be included in future
studies. In the past, TDTs were already performed in CI recipients [36,37]. Wable et al. [36]
concluded that TD might facilitate further study of the condition of the auditory system
in CI recipients as well as help to follow up on possible retrocochlear damage and to
link TD to neural survival. Wasman et al. [37] highlighted the potential use of TDTs to
explain the spread of outcomes in CI recipients but, because of the small number of study
participants, they did not draw clear conclusions. It appears that, together with TD in CI
recipients, the preoperative assessment of TD can contribute to a better understanding of
the above relationships.

4.3. Limits of this Study and Feasibility

The assessment of TD was essentially feasible in our study population. However, the
TD assessment took up to 1.5 h. The procedure was perceived as demanding by some
of the more elderly study participants. In our experience, some patients may require a
more extensive introduction to the test procedure as well as a training run. Furthermore,
before the TDT, a precise determination of audiometric thresholds is required; this too

23



J. Clin. Med. 2023, 12, 500

can be a challenging task for some patients. Some recipients had difficulties in listening
to pure-tone presentations for longer periods. Additionally, tinnitus can be expected to
have a detrimental influence on the precision of TDTs. For some patients, the perception
of the (pure) test tone may change into a noise-like perception, which can be considered a
symptom of possible neural pathologies [14]. Finally, in some patients, two ceiling effects
potentially limit the diagnostic value. The first refers to the ceiling of the speech test,
while the second may occur in cases where 4FPTA is already poor and the full impact
of TD cannot be assessed owing to audiometer limits or the fact that an uncomfortable
presentation level has already been reached. To follow up on the results reported here,
we plan to continue this study. An increased number of study participants would allow
for analysis with respect to even more different patient characteristics, as indicated by the
measurement examples in Figure 2.

5. Conclusions

The tone decay test is a feasible method for determining tone decay and may con-
tribute to explaining the variability of word recognition scores in hearing aid users with
hearing loss in the range 50–80 dB. In cases of disproportionally low aided scores, the
tone decay test represents a valuable complement for differential diagnostics. It may
provide a better understanding of the limits of hearing aid use in patients considered for
cochlear implantation.
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Abstract: Background: By using outcome prediction scores, it is possible to distinguish between
good and poor performers with cochlear implants (CI) after CI implantation. The reasons for poor
performance, despite good basic conditions, can be manifold. On the one hand, the postoperative
fitting may be inadequate; on the other, neurophysiological disease processes may impair speech
understanding with a CI. These disease processes are not yet fully understood. In acoustics, it
is known that the auditory brainstem responses (ABR) and their latencies and amplitudes allow
differential diagnosis based on reference values for normal-hearing individuals. The aim of this study
was to provide reference values for electrically evoked brainstem responses (EABRs) in terms of
rate-dependent latencies and amplitudes. Methods: 20 ears of 18 experienced adult CI recipients with
a predicted and measured good postoperative word recognition score were recruited from the clinic’s
patient pool. In the same stimulation mode and intensity we measured latencies and interpeak-
latencies of EABRs and electrically evoked compound action potentials (ECAPs). With a defined
supra-threshold stimulation intensity above the individual ECAP threshold, we applied stimulation
at several rates between 11 and 91 stimuli per second. Results: We found rate dependences for EABR
latency t3 and t5 in the order of 0.19 ms and 0.37 ms, respectively, while ECAP was not affected by rate.
Correspondingly, the interpeak intervals’ rate dependences for t5 − t1, t5 − t3 and t3 − t1 were of the
order of 0.37 ms, 0.18 ms and 0.19 ms. Comparing the EABR amplitudes between the stimulation rates
11/s and 81/s, we found that at 81/s the amplitudes were significantly reduced down: to 73% for
A3 and 81% for A5. These rate dependences of latency and amplitude in EABR have characteristics
comparable to those of acoustic ABR. Conclusions: These data may serve to provide reference values
for EABR and ECAP latencies, interpeak intervals and amplitudes with respect to stimulation rate.
Altered response patterns of ECAPs and EABRs to normalised stimulation modes could be used in
the future to describe and classify neuropathological processes in a better-differentiated way.

Keywords: objective measurement; cochlear implant; differential diagnostics

1. Introduction

Cochlear implantation is an established therapy for sensorineural hearing loss if
hearing aids and other solutions fail to restore speech recognition [1,2]. Recent studies
reported on successful cochlear implant (CI) provision for patients with hearing losses
from 50 to 80 dB [3–6]. However, even in these patients, with good preconditions for
postoperative word recognition—and even more in the established patient population with
no preoperative word recognition [6]—some challenges still remain. Recent studies and
opinions [3,7–10] indicate a lack of audiological differential diagnosis in these patients
and highlight the observation that “the broad array of factors that contribute to speech
recognition performance in adult CI users suggests the potential both for novel diagnostic
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assessment batteries to explain poor performance, and also new rehabilitation strategies
for patients who exhibit poor outcomes” [7].

To our knowledge, there is no generally agreed classification of CI recipients with
respect to performance or to speech perception in general. A prediction model recently
introduced by Hoppe et al. [3] for the expected postoperative word recognition score at
conversation level, WRS65(CI), after six months of CI use would allow such a classification.
Thus, failure to reach this goal can easily be assessed by routine clinical audiometry [3,6].
“Unexplained poor performance” may be defined as applying to CI recipients whose
WRS65(CI) does not meet the predicted score according to this model. Such cases can be
observed with an incidence of around five percent in a population with residual preopera-
tive word recognition score (WRS) [6] on the basis of a 20-percentage-points (pp) difference
(WRSGAP) between prediction and measurement in monosyllable test scores. Users who
reach the predicted score later than six months after implantation (e.g., twelve months later)
would not be covered by this definition [6]. More recently, in a study by Dziemba et al. [11]
such a definition was applied in order to identify systematic differences in postoperative
fitting of CI systems in a group of well and poorly performing CI recipients, namely the dif-
ferences in audibility and the loudness growth function measured by categorical loudness
scaling. An additional application of the prediction model [3] could be the interpretation of
electrophysiological measurements based on prior classification of groups of recipients in
respect of the WRSGAP. Other recent work [8,12–15] led to the proposal and use of a setting
for electrically evoked auditory brainstem responses (EABR) mimicking the established
acoustic broadband click. Reference values for latencies were assessed by including only CI
recipients with word recognition score with cochlear implant at 65 dB (WRS65(CI)) of 50%
or more [13]. This approach led to improved differential diagnosis for CI recipients and
improved intraoperative assessment by using objective methods like electrically evoked
compound action potentials (ECAP) and EABR [13,15,16].

Some characteristics of CI recipients, such as rate dependence of electrophysiological
measurements, indicate a potential for improvement in differential diagnostics. In the
acoustic modality, rate effects in auditory brainstem responses (ABR) are already well
described [17,18]. Jiang et al. [18] reported age-dependent latencies and interpeak intervals
in children as consequences of developmental effects. In our opinion, this measure of
auditory synaptic efficacy [18] can be transferred to differential diagnostics in CI recipients
to provide further explanation of unexpectedly poor WRS65(CI) values. We expect that
certain damage mechanisms in hearing-impaired subjects and CI recipients may have a
similar effect on rate dependence of EABRs.

Consequently, the goal of this study was to provide reference values for rate-dependent
EABR in CI recipients. By including only CI users who met the predicted values of
WRS65(CI), we aimed to open a window for differential diagnostics in CI recipients with
unexpected and unexplained poor postoperative WRS65(CI).

2. Materials and Methods

2.1. Research Subjects

This prospective investigation included five subjects in the pilot phase, and thereafter
a further 20 subjects, according to a power calculation based on the results of the pilot
phase. The power calculation was based on a effect size of 0.45 ms, which was the mean of
the rate dependence of latency t5 of the pilot measurements (standard deviation of 0.22).
We used a balanced one-way analysis of variance power calculation. The significance level
was set to 0.05 and the power was set to 0.95.

The study was approved by the Ethics Committee at the University Medicine Greif-
swald on 10 August 2021 (BB 120/21), and all procedures were in accordance with the ethical
standards of the institutional and national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards. The study was
registered in the German Clinical Trials Register (DRKS00026195 https://drks.de/search/
de/trial/DRKS00026195 (accessed on 16 October 2023)).
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Participants were recruited from the clinic’s patient population. Inclusion criteria were:

• Adulthood (minimum age 18 years) at implantation;
• Implant type: CI24RE, CI400 series, CI500 series, or CI600 series (Cochlear™ Limited,

Sydney, Australia);
• Implant in specification according to European Consensus Statement on Cochlear

Implant Failures and Explantations [19];
• WRS65(CI) in the upper three quartiles according to classification of Hoppe et al. [20];
• Willingness and ability to participate in the study.

Exclusion criteria were:

• Known mental handicap;
• Known central hearing disorders;
• Short cut or open circuit of intracochlear electrodes 11 and/or 18.

Demographic information for these patients is provided in Table 1. Bilateral implan-
tation was not an exclusion criterion; in those two cases, both ears were included in the
analysis separately (#098/#107 and #271/#275). The mean age at the time of inclusion in
the study of the participants was 59 years (minimum age 38 years, maximum age 74 years).
The participants had a mean hearing experience, usage of CI, of 51.4 months (min. = 1
month, max. = 146 months).

Table 1. Biographical data of participants.

ID
Age

(Years)
Usage of CI

(Months)
Side Gender

Implant
Type

Electrode
Type

WRS65(CI)
(%)

#098 62 146 r f CI512 CA 75.0
#107 62 140 l f CI512 CA 85.0
#140 59 104 r f CI24RE CA 92.5
#160 65 97 r f CI24RE CA 67.5
#193 58 81 r f CI422 SS 75.0
#234 57 71 l m CI522 SS 55.0
#242 53 26 l f CI522 SS 87.5
#247 53 25 r m CI532 SM 85.0
#251 72 52 l f CI532 SM 75.0
#262 45 61 l f CI512 CA 75.0
#269 55 13 l f CI512 CA 77.5
#271 73 8 l m CI532 SM 80.0
#275 73 3 r m CI532 SM 60.0
#279 62 28 r f CI532 SM 82.5
#281 56 27 r f CI532 SM 87.5
#288 57 19 r f CI622 SS 82.5
#315 38 7 r f CI622 SS 75.0
#341 64 3 r m CI622 SS 87.5
#348 74 116 l f CI612 CA 82.5
#350 59 1 l f CI622 SS 60.0

‘Age’ is the recipient’s age at the time of inclusion in the study. Side is coded right (r) or left (l) for ear receiving the
implant. Recipient’s sex is indicated, (f) or (m). Electrode types were: Contour Advance® (CA), Slim Modiolar (SM),
and Slim Straight (SS).

2.2. Electrophysiological Measurements

To measure rate dependences of latencies and inter-peak latencies of EABRs, a quasi-
simultaneous measurement of ECAPs and EABRs is needed. Here, it is essential to use the
same stimulation mode and the same stimulation intensity for both assessments, to ensure
compatibility of the data. Therefore, Dziemba et al. [12] introduced an intracochlear
stimulation mode for the Nucleus® CI system (EABRCIStim). They used electrode 11 as
a stimulation-active and electrode 18 as a stimulation-indifferent electrode, with a pulse
width of 100 μs. This EABRCIStim facilitates an electrical excitation covering a median
length of about 80% of the length of the implanted CI electrode array. Since ECAP and EABR
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are recorded with opposite polarity, the inter-peak latencies were determined between the
negative peak of the ECAP and the corresponding positive peaks in the EABR, measured
at the same stimulation intensity.

In order to avoid possible intensity-dependent effects, a defined supra-threshold
stimulation intensity of 20 current levels (CLs) above the individual ECAP threshold,
measured with the EABRCIStim, was set. The measurements in all subjects followed the
same procedure, as described below.

2.2.1. ECAP Measurements

For the unconditional avoidance of uncomfortable loud stimulation the loudest ac-
ceptable presentation level (LAPL) using the EABRCIStim was estimated subjectively in a
first step.

The second step was the identification of the most appropriate recording-active elec-
trode according to Dziemba et al. [12]. Therefore, ECAP was measured at LAPL by stimu-
lating all intra-cochlear electrodes, except electrodes 11 and 18, sequentially by using the
extracochlear electrode (plate) MP2 as recording-indifferent electrode. The electrode with
the largest ECAP amplitude at LAPL was selected as the best recording-active electrode.

In the third step, an ECAP amplitude-growth function was measured up to LAPL with
the values found previously. The visual ECAP threshold was read out, taking into account
a minimum signal-to-noise ratio for ECAP measurements according to Hey et al. [21].

Finally, the rate-dependent ECAPs were measured by using a stimulation intensity of
20 CL above the previously found threshold at stimulation rates of 11, 41, 81 and 91 stimuli
per second.

2.2.2. EABR Measurements

All EABR measurement series were performed in the same stimulation mode as for
the rate-dependent ECAP, using the EABRCIStim described above. The Eclipse system
(Interacoustics, Middelfart, Denmark) was used to record the rate-dependent EABRs.
Synchronisation between the CI system and the EABR device was achieved through a
TTL-compatible trigger signal. This was sent via a commercially available cable (3.5 mm
jack) from the programming interface of the CI system to the EABR recording system. The
marking of all the measured potentials (ECAP and EABR) was performed according to
Atcherson and Stoody [22]. To avoid ambivalence in picking peaks, they recommended
that the rightmost sample be used for marking the positive peaks and the leftmost sample
be used for marking the negative peaks. The labelling and numbering of the marked
potentials was performed according to Jewett and Williston [23].

2.3. Statistical Analysis

We used boxplots, as defined by Tukey [24], for the graphical representation of the
measured values.

For each user, the set of measurement data are a connected, non-normally distributed
sample. Furthermore, there is no variance homogeneity of the data. Therefore, a non-
parametric test must be used; we chose the Friedman rank sum test as being the most
appropriate. As a post hocanalysis, we used the test of multiple comparison after Fried-
man test.

All statistical tests and figures were conducted with R [25] and RStudio [26].

3. Results

3.1. Latencies

The latencies t1, t3 and t5 of rate-dependent ECAP and EABR are shown in Figure 1.
While no rate effect on latency t1 was seen for the ECAP (p = 0.07), we found significant
mean rate effects for latency t3 (0.19 ms) and t5 (0.37 ms) The post hoc analyses of the rate
effects of t3 and t5 are summarised in Tables 2 and 3.
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Figure 1. Latencies of all measured potentials. The boxes show medians and quartiles; the whiskers
show the maximum value within 1.5 IQR (1.5 times the interquartile range). Filled circles show
the outliers.

Table 2. Friedman rank sum test of latency t3 (p = 2 × 10−10), post hoc analysis.

obs diff critical diff stat signif p

11–41 13.5 21.5 FALSE 0.98
11–81 30.5 21.5 TRUE 0.001
11–91 52.0 21.5 TRUE 2 × 10−9

41–81 17.0 21.5 FALSE 0.37
41–91 38.5 21.5 TRUE 2 × 10−5

81–91 21.5 21.5 FALSE 0.08

Table 3. Friedman rank sum test of latency t5 (p = 3 × 10−10), post hoc analysis.

obs diff critical diff stat signif p

11–41 4.0 21.5 FALSE 1.0
11–81 29.5 21.5 TRUE 0.003
11–91 48.5 21.5 TRUE 3 × 10−8

41–81 25.5 21.5 TRUE 0.02
41–91 44.5 21.5 TRUE 5 × 10−7

81–91 19.0 21.5 FALSE 0.19

3.2. Interpeak Intervals

The interpeak intervals t5 − t1, t5 − t3 and t3 − t1 of rate-dependent ECAPs and
EABRs are shown in Figure 2. We found significant rate effects for all the interpeak
intervals analysed. The interpeak interval t5 − t1 shows a rate effect of 0.37 ms, while the
interpeak interval t5 − t3 is shows a rate effect of 0.18 ms. The mean rate effect on interpeak
interval t3 − t1 is 0.19 ms. The analyses are summarised in Tables 4–6.

Table 4. Friedman rank sum test of t5 − t1 interpeak interval (p = 3 × 10−10), post hoc analysis.

obs diff critical diff stat signif p

11–41 4.0 21.5 FALSE 1.0
11–81 29.5 21.5 TRUE 0.003
11–91 48.5 21.5 TRUE 3 × 10−8

41–81 25.5 21.5 TRUE 0.02
41–91 44.5 21.5 TRUE 5 × 10−7

81–91 19.0 21.5 FALSE 0.20
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Table 5. Friedman rank sum test of t5 − t3 interpeak interval (p = 1 × 10−8), post hoc analysis.

obs diff critical diff stat signif p

11–41 3.5 21.5 FALSE 1.0
11–81 29.5 21.5 TRUE 0.003
11–91 38.0 21.5 TRUE 3 × 10−5

41–81 33.0 21.5 TRUE 5 × 10−4

41–91 41.5 21.5 TRUE 4 × 10−6

81–91 8.5 21.5 FALSE 1.0

Table 6. Friedman rank sum test of t3 − t1 interpeak interval (p = 2 × 10−10), post hoc analysis.

obs diff critical diff stat signif p

11–41 13.5 21.5 FALSE 0.99
11–81 30.5 21.5 TRUE 0.002
11–91 52.0 21.5 TRUE 2 × 10−9

41–81 17.0 21.5 FALSE 0.37
41–91 38.5 21.5 TRUE 2 × 10−5

81–91 21.5 21.5 FALSE 0.08

Figure 2. Interpeak intervals of all measured potentials. The boxes show medians and quartiles; the
whiskers show the maximum value within 1.5 IQR. Filled circles show the outliers.

3.3. Amplitudes

The amplitudes A1, A3 and A5 of rate-dependent ECAPs and EABRs are shown in
Figure 3. While for ECAP, there is no rate effect on A1 (p = 0.26), we found significant
detrimental rate effects, for A3 and A5, with respective mean reductions of 73% and 81%.
The post hoc analyses of the rate effects of A3 and A5 are summarised in Tables 7 and 8.

Table 7. Friedman rank sum test of amplitude A3 (p = 9 × 10−5), post hoc analysis.

obs diff critical diff stat signif p

11–41 2.0 21.5 FALSE 1.0
11–81 21.0 21.5 FALSE 0.10
11–91 29.0 21.5 TRUE 0.004
41–81 23.0 21.5 TRUE 0.048
41–91 31.0 21.5 TRUE 0.001
81–91 8.0 21.5 FALSE 1.0
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Table 8. Friedman rank sum test of amplitude A5 (p = 2 × 10−5), post hoc analysis.

obs diff critical diff stat signif p

11–41 16.0 21.5 FALSE 0.50
11–81 17.0 21.5 FALSE 0.37
11–91 19.0 21.5 FALSE 0.20
41–81 33.0 21.5 TRUE 5 × 10−4

41–91 35.0 21.5 TRUE 2 × 10−4

81–91 2.0 21.5 FALSE 1.0

Figure 3. Amplitudes of all measured potentials. The boxes show medians and quartiles; the whiskers
show the maximum value within 1.5 IQR. Filled circles show the outliers.

4. Discussion

In accordance with the study’s goals, we investigated the rate dependences in our
population of CI recipients, all of whom had monosyllabic word recognition within the
upper three quartiles according to the classification put forward by Hoppe et al. [20]. We
found rate dependences for EABR latency t3 and t5 in the order of 0.19 ms and 0.37 ms,
respectively, while ECAPs were not affected by rate. Correspondingly, the interpeak
intervals’ rate dependences for t5 − t1, t5 − t3 and t3 − t1 were found to be in the order of
0.37 ms, 0.18 ms and 0.19 ms. Jiang et al. [18] described the change in rate dependence in
acoustic ABR as an effect of the maturing auditory pathway in children of various ages. In
adults, the latency changes with rate are probably related to synaptic adaptation [17]. With
respect to the amplitudes, Campbell et al. [27] have stated that the change in wave V of
acoustic ABR does not decrease at 81/s by more than 28% compared with the amplitude at
11/s. However, in our population, we found significant detrimental rate effects: a reduction
down to 73% for A3 and down to 81% for A5. This is within the range for rate-dependent
changes found for wave V in acoustic ABR [27]. To summarise, these reference values for
EABR and ECAP latencies, interpeak intervals and amplitudes provide a basis for possible
differential diagnoses after cochlear implantation.

We hypothesize that in postlingually deafened adults with CI, larger changes in am-
plitudes and latencies due to rate (in comparison with references values) can be interpreted
as pathological effects. The values shown above can be regarded as reference values.
Pathologies may then be revealed in significant deviations from them. For example, in pa-
tients with auditory neuropathy spectrum disorder the dyssynchronous neural activity
may affect temporal encoding of electrical stimulation from a cochlear implant [28]. Even
though Fulmer et al. [28] investigated the recovery function of ECAP, one may reason-
ably assume that EABR measurements and their rate dependences will be affected by
these pathological mechanisms as well. Continuing this line of thought, we would argue
that, compared with ECAP, EABR assesses the higher levels of the auditory pathway as
well, and therefore appears to offer a valuable complement within differential diagnostics.
However, while ECAP can be considered to provide tonotopic information, the EABR as
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applied in this study will provide integrated information about the status of the auditory
pathway. This differential diagnostic pattern is especially important for the most recent CI
population [3–6] with higher preoperative speech recognition scores. In this patient pop-
ulation, a highly predictive outcome was observed [3,6] compared with the established
patient population with no preoperative speech perception [6,29]

Consequently, if in the patient population with good audiometric preoperative con-
ditions [6] the prediction cannot be achieved, an underlying pathology of the auditory
pathway may be suspected. Moreover, approaches utilising advanced measurements of
ECAPs [8,30–33], and the assessment of EABR and its rate dependences might be suitable
in analogy to the findings in acoustic ABR. With values up to 0.28 ms the standard deviation
for the interpeak interval t5 − t1 seems to be slightly higher than the 0.23 ms found by
Campbell et al. [27]. A more thorough analysis will be needed in future studies.

Assuming a higher standard deviation (which still has to be confirmed), this may
have its root cause in the inclusion criteria of the CI population. For acoustic stimulation,
normative values, and the population in which to assess them, are easy to define as one has
by definition to include normal-hearing subjects. In the case of CI recipients, the definition
of a reference group is far more challenging. There are no generally agreed criteria for
the derivation of a reference group. Consequently, the reference values provided by this
study can potentially be improved by better outcome prediction models and, based on this,
a narrower patient selection.

Recently, Hoppe et al. [6] applied the criterion “unexpectedly poor speech perception”,
defined as monosyllabic speech recognition ≥ 20 pp lower than predicted after six months,
in order to discuss the time course of such cases. The six months were derived from study
which found that 90% of the final score is achieved after 6.9 months. Even if in that study [6]
the majority of subjects who were poor perfomers after six months nonetheless reached the
target value after a longer time period, there remain 5% of cases in which the prediction
is not reached in the long run. The aim of differential diagnostics using EABR would
be to differentiate between a patient’s intrinsic root causes for unexpectedly poor speech
perception (pathologies) or causes in which the fitting of CI system also plays a part [11].
Future studies with a focus on the time course of postoperative speech recognition with
respect to different pathologies (once these are confirmed) will be needed to refine the
diagnostics using EABR.

5. Conclusions

The rate-dependences of latency and amplitude in EABR have characteristics compa-
rable to those of acoustic ABR. Consequently, EABR may potentially support differential
diagnosis in CI recipients with an outcome below expectation. The results of this study may
serve to provide reference values. Pathological issues of the peripheral auditory pathway
hindering a postoperative increase in speech perception and CI outcome in general can be
excluded or confirmed.
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Abbreviations

ABR auditory brainstem responses
CI cochlear implant
CL current level
critical diff critical differences
EABR electrically evoked auditory brainstem responses
ECAP electrically evoked compound action potentials
EABRCIStim EABR stimulation mode according to [12]
IQR interquartile range
LAPL loudest acceptable presentation level
obs diff observed differences
pp percentage-points
stat signif statistical significance (boolean value)
WRS word recognition score
WRS65(CI) word recognition score with cochlear implant at 65 dB
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Abstract: Background: The cochlear implant (CI) is an established treatment option for patients with
inadequate speech understanding and insufficient aided scores. Nevertheless, reliable predictive
models and specific therapy goals regarding achievable speech understanding are still lacking.
Method: In this retrospective study, 601 cases of CI fittings between 2005 and 2021 at the University
Medical Center Freiburg were analyzed. We investigated the preoperative unaided maximum
word recognition score (mWRS) as a minimum predictor for post-interventional scores at 65 dB
SPL, WRS65(CI). The WRS65(CI) was compared with the preoperative-aided WRS, and a previously
published prediction model for the WRS65(CI) was reviewed. Furthermore, the effect of duration
of hearing loss, duration of HA fitting, and etiology on WRS65(CI) were investigated. Results: In
95.5% of the cases, a significant improvement in word recognition was observed after CI. WRS65(CI)
achieved or exceeded mWRS in 97% of cases. Etiology had a significant impact on WRS65(CI). The
predicted score was missed by more than 20 percentage points in 12.8% of cases. Discussion: Our
results confirmed the minimum prediction via mWRS. A more precise prediction of the expected
WRS65(CI) is possible. The etiology of hearing loss should be considered in the indication and
postoperative care to achieve optimal results.

Keywords: cochlear implant; speech audiometry; word recognition; hearing loss; hearing aid;
maximum word recognition

1. Introduction

In recent decades, the cochlear implant (CI) has become an established treatment
option for patients with severe to profound hearing loss or impairment, for whom the
fitting of a hearing aid (HA) or other hearing amplification measures no longer ensure ade-
quate speech understanding [1–5]. Progressive improvements in surgery, technology, and
rehabilitation measures have led to a constant expansion of the indication criteria [6–11],
so that, since 2020, the S2k guideline in Germany recommends cochlear implantation of
a patient from the point of monosyllabic word recognition of ≤60% at a sound level of
65 dB SPL after optimized HA fitting [2]. This specific value for the audiological indication
has not yet been matched by a value of speech understanding that should be achieved
postoperatively in German-speaking countries. According to the guidelines for cochlear
implant treatment of the German Society of Oto-Rhino-Laryngology, an improvement in
speech understanding of at least 20 percentage points with cochlear implantation can be
expected [5]. In addition, initial studies highlight preoperative maximum word recognition
(mWRS) as a suitable individual predictor for postoperative word recognition with CI at
65 dB SPL [12–14], referred to as WRS65(CI) in the following. In the typical German clinic
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population of the last decade, approximately 96% of patients can be assumed to have a
WRS65(CI) that achieved or exceeded the preoperative mWRS [12].

Model approaches are available for the expected outcomes of care, which appear
suitable for determining an expectation corridor for a patient population [15,16], which
aims to provide individual predictions of expected postoperative WRS [17,18]. Hoppe
et al. [17] have so far achieved a prediction error in the order of 11–14 percentage points (pp)
with their model for sample sizes of about 100 patients with preoperatively measurable
mWRS [19]. In this model, mWRS, monosyllabic word recognition with a HA at 65 dB
SPL, WRS65(HA), and the patient’s age at the time of CI surgery are taken into account
according to Equation (1):

WRS65(CI) [%] =
100

1 + e−(ß0+ß1·mWRS+ß2·Age+ß3·WRS65(HA))
(1)

where ß0 = 0.84 ± 0.18, ß1 = (0.012 ± 0.0015)/%, ß2 = (−0.0094 ± 0.0025)/years, and
ß3 = (0.0059 ± 0.0026)/%.

However, this prediction is limited to patients with a preoperative mWRS greater than
zero [19]. Until now, factors such as etiology, duration of hearing loss, duration of HA use,
and duration of untreated hearing loss have not been taken into account in relation to the
equation, and insufficient case numbers have also been problematic [17,19].

The aim of this study was to evaluate both approaches: the minimum prediction of
the WRS65(CI) based on the mWRS [12] and the model according to Equation (1). Both
result “in a corridor within which the postoperative word recognition score with CI should
be” [19], in the largest group of patients (to our knowledge) with a mWRS greater than
0%. The influence of etiology, duration of hearing loss, and duration of HA fitting on
WRS65(CI) and the deviation from the prognosis according to Equation (1) was additionally
investigated.

2. Materials and Methods

The present retrospective study was performed with the approval of the Ethics Com-
mittee Freiburg (EK-Freiburg: 23-1029-S1-retro) (DRKS00029966) and in compliance with
national law and the Declaration of Helsinki of 2013 (in the current revised edition).

2.1. Patients

The present data were collected between January 2005 and December 2021 within
the framework of CI pre-evaluation and during basic and follow-up therapies of CI care
in the Department of Otolaryngology at the University Medical Center Freiburg. The
inclusion criteria were defined as uni- or bilateral implantation, age over 18 years at the
time of implantation, measurable preoperative unaided monosyllabic word recognition in
the implanted ear greater than 0%, together with available data on preoperative speech
understanding with HA, CI experience of at least 6 months, and completed CI rehabilitation
in Freiburg. Data from patients with neurological or psychiatric concomitant diseases
relevant to speech understanding were excluded. Medical history data included age,
gender, duration of subjective hearing loss, and etiology.

A total of 601 ears (cases) from 531 patients, 70 of whom were fitted bilaterally with
CI, were identified to meet the inclusion criteria and were included. The demographic
distribution of this study population is summarized in Table 1. The information on the
duration of hearing loss and HA usage was collected through a questionnaire and is based
on the subjective assessment of the patients. Figure 1 presents the distribution of etiologies
of hearing loss. The “childhood disease” category includes mumps, measles, and rubella.
Causes such as acoustic neuroma, medulloblastoma, and superficial siderosis have been
grouped into cerebral diseases.
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Table 1. Demographics of the patient population.

Male Ears Female Ears

Sex 271 330
Mean age at cochlear implantation [years] 56.2 51.4

Mean value Standard deviation

Duration of hearing loss [years] 26.3 16.9
Presumed duration of hearing aid fitting
[years] 20.4 14.1

Implant side Right Left

290 311
Yes No Unknown

Tinnitus 363 214 24
Vestibulopathies 98 477 26

Figure 1. Distribution of etiologies of hearing loss.

2.2. Audiometry

Hearing loss in air conduction was averaged over the four octave frequencies (500,
1000, 2000, and 4000 Hz) and is reported here as a four-frequency-pure tone average (4PTA).
The hearing thresholds were measured with headphones in a soundproof room for each ear
separately. The opposite ear was masked, if necessary. For hearing thresholds exceeding
the performance limit of the audiometers, a value of 120 dB HL was used in the analysis.

Speech understanding was assessed as word recognition in silence using the Freiburg
monosyllabic test. Preoperatively, the mWRS and the WRS65(HA) were measured. Postop-
eratively, the WRS65(CI) was assessed after a period of at least six months after initial fitting.

2.3. Data Analysis

The statistical analysis of the data and the creation of the figures were carried out
with R (R version 4.2.1; R Core Team (2023). R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, URL. https://www.R-project.
org/ accessed on 15 February 2023).

To check for a normal distribution, the data sets were assessed using a Q-Q plot.
We performed statistical analysis to investigate the impact of (1) duration of hearing

loss and (2) etiology.
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(1) To investigate the impact of duration on hearing loss, we applied unpaired t-tests.
Using the unpaired t-test, we compare the mean values of WRS65(CI) between the
group with a hearing loss > 20 years and the group with a hearing loss ≤ 20 years.

(2) The effect of etiology on WRS65(CI) was analysed using a Kruskal–Wallis test. To
further investigate the impact of etiology on postoperative outcome, post hoc compar-
isons were made between the various causes of severe to profound hearing loss using
Dunn’s test. To correct for multiple testing, a Holm adjustment was applied.

Missing data were not imputed. Cases with missing preoperative aided scores were
excluded from model calculations according to Equation (1) but used for the evaluation of
the minimum prediction via mWRS.

3. Results

3.1. Preoperative Results

Figure 2 illustrates the distribution of the duration of hearing loss and age at cochlear
implantation and the duration of unaided hearing loss [duration of hearing loss − duration
of hearing aid fitting]. The duration of hearing loss was defined retrospectively as the
duration between the anamnestic onset and the time of the preoperative assessment of
this loss.

  
 

(a) (b) (c) 

Figure 2. Patient characteristics. (a) Distribution of duration of hearing loss. (b) Distribution of
duration of unaided hearing loss. (c) Distribution of age at cochlear implantation.

On average, patients reported a duration of hearing loss of 26.3 ± 17.0 years and a
duration of HA fitting of 20.4 ± 14 years. Data were missing in 62 cases.

Based on the calculation of the duration of unaided hearing loss, an unaided period
of >10 years was determined for 111 ears. Of these, 46 cases had unaided hearing loss for
more than 20 years.

On average, the cases with unaided hearing loss for >20 years (n = 46) achieved a
mean WRS65(CI) of 68.6% ± 25.0%, whereas the cohort with untreated hearing loss for
≤20 years (n = 493 cases) achieved 74.2% ± 20.4%. The WRS65(CI) was 74.0% ± 21.0% for
the entire study population (n = 601).

(1) Applying an unpaired t-test between subjects with a duration of hearing loss >20 years
and those with ≤20 years, we found no significant difference in the WRS65(CI)
(p > 0.05).

Figure 3 illustrates the relationships between different preoperative measurements.
Figure 3a shows the relationship between the 4PTA and the mWRS. Overall, 43 ears (7.2%)
had a 4PTA of <70 dB HL. Among these, 20 ears (3.3%) only achieved an mWRS of ≤50%,
despite showing a low 4PTA. One hundred ears showed a 4PTA between 70 and 80 dB HL,
144 between 80 and 90 dB HL, and 308 greater than 90 dB. In five cases, these measurements
are missing. Figure 3b shows the WRS65(HA) versus the 4PTA, whereas Figure 3c plots the
WRS65(HA) versus the mWRS.
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(a) (b) (c) 

Figure 3. Scatterplots of pre- and postoperative word recognition in relation to different preopera-
tive measurements. (a) Four-frequency pure-tone average, 4PTA, versus mWRS; (b) 4PTA versus
WRS65(HA). (c) Preoperative mWRS versus WRS65(HA). The boundaries around the bisectors repre-
sent the critical differences, according to Winkler and Holube [20]. Points outside these limits can be
interpreted as significant differences in the respective values.

The group results of the preoperative measurements are illustrated in Table 2.

Table 2. Preoperative four-frequency pure-tone average, 4PTA, and pre- and postoperative word
recognition scores.

Preoperative Minimum Maximum Mean Standard Deviation

4PTA (dB HL) 49.8 120.0 91.0 14.2
mWRS (%) 5.0 100.0 33.2 22.6
WRS65(HA) (%) 0.0 60.0 10.4 14.2

3.2. Postoperative Results

Figure 4a shows the relationship between the WRS65(CI) and the preoperative 4PTA,
whereas Figure 4b relates the WRS65(CI) to the WRS65(HA). Figure 4c presents the relation-
ship between the postoperative WRS65(CI) and the preoperative mWRS.

(a) (b) (c) 

Figure 4. Scatterplots of postoperative word recognition in relation to preoperative measure-
ments. (a) Postoperative WRS65(CI) versus preoperative four-frequency pure-tone average, 4PTA.
(b) WRS65(CI) versus preoperative WRS65(HA). (c) WRS65(CI) versus preoperative mWRS. The
boundaries around the bisectors represent the critical differences, according to Winkler and Hol-
ube [20]. Points outside these limits can be interpreted as significant differences in the respective val-
ues.

Until 2012, it was standard practice in our clinics, as in many other clinics in Germany,
to measure monosyllabic word recognition with a HA at 70 dB SPL because of the otherwise
often lack of speech recognition at lower sound pressure levels. Therefore, data concerning
monosyllabic word recognition at 65 dB SPL with a HA were only available for 494 ears.
Of these, 95.5% (n = 472) ears showed significantly improved word recognition with CI
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compared to word recognition with HA, both at 65 dB SPL. A significant deterioration [20]
was only observed in one case (Figure 4b). The average speech understanding increases
overall from an WRS65(HA) of 10% to an WRS65(CI) of 74%/65 dB. This corresponds to an
improvement of 74%.

The scatterplot of the mWRS and the WRS65(CI) in Figure 4c shows that the mWRS
was achieved or exceeded by the WRS65(CI) in 97% (n = 582) of cases. Thus, only 3%
(n = 19) of cases yielded a WRS65(CI) below the minimum predictor for the outcome with
CI.

3.3. Effect of Etiology on Postoperative Speech Understanding

Figure 5 shows box-whisker plots of word recognition with CI for the different eti-
ologies of hearing loss. In the comparisons of WRS65(CI) between the different etiologies,
the group with an unknown cause of deafness was excluded from the analysis in order to
identify specific and clinically relevant differences between the known etiologies.

 
Figure 5. Box-whisker plots of WRS65(CI) for different etiologies of hearing loss. The order of the
plots is based on the ascending median values from left to right. The density and dispersion of
the data points demonstrate the frequency of each etiology and the distribution of postoperative
outcomes. Data points represent individual ears. * represents p < 0.05, ** represents p < 0.01 and
*** represents p < 0.001.

(2) In the Kruskal–Wallis-Test, a statistically significant effect of the etiology of hearing
loss on WRS65(CI) (χ2 = 36.75, p < 0.05) was found. Five out of the 55 pairwise com-
parisons of the etiologies (corrected with Holm) showed a significant difference in
WRS65(CI). On the group median, cases with the etiology “Congenital”, “Trauma”,
“Meniere’s disease”, “Otitis media” or “Perinatal asphyxia” revealed worse postoper-
ative speech understanding compared to genetic hearing loss.

3.4. Validation of the Prediction Model

Figure 6 shows the frequency distribution of the prediction error calculated as the
difference between the actual word recognition with CI after at least 6 months and the
predicted word recognition according to Equation (1). In all cases with a positive differ-
ence, the predicted word recognition was exceeded, whereas all cases with a negative
difference did not achieve the prediction. In the present population of 601 cases with a
mWRS > 0%, the prediction was missed by more than 20 percentage points (pp) downward
in 77 cases (12.8%).
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Figure 6. Frequency distribution of the differences between measured and predicted WRS65(CI)
based on Equation (1). In all cases with negative values, the prediction was not achieved.

The median absolute error of the prediction according to Equation (1) is 16.1 pp. Table 3
summarizes the effect of the etiology on selected location parameters of the distribution
with respect to the results of the total population (left columns “Absolute” and ”Relative
to Model”; the latter have been corrected by the above-mentioned 9.9 pp to improve the
visualization of the lower dispersion attributable to etiologies). Cases with genetic hearing
loss exhibited significantly better WRS65(CI) than the whole population. In contrast, cases
with perinatal asphyxia showed significantly below-average WRS65(CI). Regarding model
error, only cases with perinatal asphyxia were found to have significantly worse than
predicted WRS65(CI). Overall, consideration of etiology with respect to the model leads
to a significantly lower deviation from the prediction for the total population (sign test:
p = 5 × 10−4, expressed by the model error). From the difference in p-values for WRS65(CI)
and model error, it follows that preoperative mWRS and WRS65(HA) partly include the
effect of etiology on WRS65(CI).
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Table 3. Effect of etiology on word recognition with CI at 65 dB SPL on the model error and its
interquartile range.

Absolute Relative to Model

Etiology
Number of

Cases
Mean

WRS65(CI)

Difference to
Median

WRS65(CI)

Median Error
[pp]

Adjusted
Median Error

[pp]

Interquartile
Range of Error

Number of
Cases Where
Prediction Is

Missed by More
than 20 pp

Genetic hearing
loss 14 95 15 15. 5 5.5 17.3 0 (0%)

Sudden hearing
loss 66 80 0 11.0 1.0 21.2 3 (5%)

Childhood
illness 16 75 −5 10.8 0.9 26.5 3 (20%)

Congenital
syndrome 54 75 −5 9.5 −0.5 31.9 10 (19%)

Meningitis 11 80 0 15.0 5.1 14.6 2 (18%)
Ménière’s

disease 15 65 −15 −1.8 −11.7 33.7 2 (13%)

Otitis media 23 65 −15 2.2 −7.7 35.7 5 (22%)
Otosclerosis 21 90 10 16.3 6.3 22.7 1 (5%)

Perinatal
asphyxia 12 65 −15 −6.8 −16.8 29.7 4 (33%)

Trauma 6 60 −20 −6.2 −16.1 34.0 1 (17%)
Unknown 358 80 0 10.7 0.8 23.1 45 (13%)

Cerebral diseases 5 70 −10 6.2 −3.7 35.8 1 (20%)
Total 601 80 0 9.9 0 17.3 77 (13%)

For some etiologies (perinatal asphyxia, Menière’s disease, genetic hearing loss, otitis
media, trauma, and cerebral disease), interquartile ranges of model error greater than 30 pp
can be identified. These are not equivalent to a worse prediction on average but indicate
much greater variability that cannot be explained by the model within the corresponding
patient groups.

4. Discussion

Of the 494 cases with available data on word recognition with HA at 65 dB SPL,
472 (95.5%) had significantly better speech understanding with CI at at least six months
compared with preoperative HA, and one case showed a significantly poorer outcome.
Overall word recognition improved by 64 pp to 74%.

The clinical relevance of maximum monosyllabic word recognition as a minimum
outcome predictor was confirmed within this retrospective study in the largest patient
population to date using the inclusion criterion of a preoperative mWRS greater than zero
percent. In only 3% of the cases, the mWRS could not be achieved with CI.

The model for estimating the postoperative WRS65(CI) according to Equation (1)
were confirmed by the data of our patients. The median absolute error of the prediction
according to Equation (1) is 16.1 pp. This is a higher deviation than the 11 or 14 pp reported
by Hoppe et al. [17,19]. However, the median error of 9.9 pp found in our study reveals
that this higher absolute error can be justified by the overall result above prediction and,
thus, by an even better result than predicted. The model according to Equation (1) refers
to six-monthly values for the WRS65(CI), whereas six-month and later time points were
analyzed in the present retrospective study.

As previously described in a very large patient collective with 2251 patients [15],
etiology had a significant effect on postoperative speech understanding in the present
study. For the subpopulation with a genetic cause of hearing loss, both studies found a
relatively small but significant positive effect on WRS65(CI). In contrast, Blamey et al. [15]
determined above-average results for Menière’s disease, whereas we report a median
WRS65(CI) of 15 pp below the value for the total population for the included 15 cases. This
might be attributable to one inclusion criterion. Whereas Blamey et al. probably included
mainly cases without preoperative speech understanding, i.e., presumably with inactive
Menière’s disease, we only included cases with mWRS greater than zero, i.e., Menière’s
disease was still active. This particular cohort of patients presents a challenge in the
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context of postoperative rehabilitation and programming because of persistent distortions
in auditory perception [21]. Fluctuations in speech understanding with CI are to be expected
in patients with persistent auditory fluctuations because of active disease. Although long-
term care outcomes for inactive Menière’s disease have been described as good [21], active
Menière’s still requires considerable clinical or individual resources [22,23]. The impact
on WRS65(CI) and subjective hearing-related impairment might be substantial [21,22,24].
Previous studies have demonstrated that patients with active Menière’s and fluctuating
hearing have increased impedances and require continuous adjustments to the CI sound
processor [25]. Kanona et al. [21], suggest that patients with Menière’s disease are likely to
require a longer rehabilitation period after cochlear implantation.

4.1. Etiology and Modeling

Compared with the differences in WRS65(CI) between the individual etiologies and
the total population, the model errors for the results of the WRS65(CI) for the various
etiologies show significantly lower variability (see Table 3). This lower variability suggests
that much of the variability, as described by Blamey et al. [15] for the different etiologies,
are explained by the preoperatively collected data. In addition, we assume that, especially
for the negative-impact etiologies, our patient population represents a positive selection.
For example, the included cases of meningitis represent rather mild courses because, as
per inclusion criteria, a preoperative mWRS greater than zero was still measurable, and
thus no ossification of the cochlea or no or only limited degeneration of the spiral ganglion
cells was present. As a rule, CI patients who become deaf following meningitis have worse
long-term hearing and speech results [15,26].

We observed the largest negative deviations between measured and predicted WRS65(CI),
i.e., the largest negative model errors for the etiologies of Menière’s disease, perinatal
asphyxia, and trauma, which were accompanied by comparatively higher interquartile
ranges of this error. The highest rate of cases missing the prognosis by more than 20 pp was
detected in patients with perinatal asphyxia (33%). The lowest deviations in this respect
are to be expected for cases with genetic hearing loss, hearing loss, and otosclerosis.

The few patients with a comparatively good 4PTA (<70 dB HL, n = 43) and conspicu-
ously low speech understanding represent a constellation that is currently still insufficiently
explained. The same applies to cases with very high mWRS, which cannot be approxi-
mately achieved with HA at 65 dB SPL. Although we and other clinics [13,14,17,19] can
report successful cochlear implantation in this small group of patients, the reasons for
this discrepancy between the preoperative unaided pure-tone average hearing threshold
and speech understanding remain largely unknown and need to be clarified. There are
indications that these cases are to be expected more frequently with increasing age [27].
The objective clarification of these cases appears difficult, as findings that can be clearly
interpreted, e.g., via electrocochleography, seem to show a lower incidence with increasing
age [28]. Deprivational processes within the auditory periphery offer a possible explana-
tion [29]. Reduced top-down functions, such as impaired linguistic and neurocognitive
abilities, should also be considered as a possible cause [30]. To the best of our knowledge,
however, no established or scalable methods exist for assessing these functions in routine
clinical practice. In summary, despite the currently limited understanding of the patho-
genesis and differential diagnosis and the lack of alternative forms of therapy, cochlear
implantation is, in the majority of cases, a successful therapy for improving the limited
speech understanding obtained with HA preoperatively.

4.2. Limits of This Study

In this retrospective study, we were unable to assess the individual WRS65(CI) at
the six-month time point in all cases suggested by Hoppe et al. [17]. In addition, the
COVID pandemic made the scheduled collection of postoperative speech understanding
difficult [31]. A meta-analysis of the development of speech understanding showed rapid
and significant improvement within the first three months after the first fitting, with no
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further statistically significant improvement after three months for the average patient [32].
Firszt et al. [16] have also stated that 90% of the final score can be expected after six to
seven months. Thus, compared with Hoppe et al. [17], the various measurement times of
our work do not bring into question the validity of the mWRS as a minimum predictor, the
applicability of the prediction according to Equation (1), or the influence of etiology.

We were also unable to examine the influence of the rehabilitation process on postop-
erative speech understanding at our clinic, including the sound processor fitting, due to
the retrospective study design. It can be assumed that in the case of known comorbidities,
there will be greater deviations in the CI rehabilitation and consequently in the WRS65(CI).
A possible negative influence of comorbidities on postoperative speech understanding
could thus be mitigated. A recent study [33] successfully applied the model [17] to system-
atically relate WRS65(CI) deviations from prediction to postoperative audiometry results.
By extending the model, the results of Dziemba et al. [33] may offer an explanation for the
observed poorer WRS65(CI) via significantly poorer audibility in the high-frequency range
and possibly insufficient or incorrectly weighted loudness in the different frequency ranges.

Hoppe et al. [19] point out that the prediction via the model or individual deviations
from it now influence the processes within postoperative rehabilitation at their clinics. This
was not the case in the present retrospective study with cases that were partly treated
18 years ago. In this respect, the number of cases reported here, which miss the prognosis
by more than 20 pp, is rather an upper estimate. This means that, fortunately, the prognosis
is exceeded by the majority of patients, and only a small proportion of patients do not
achieve the prognosis for postoperative speech understanding.

Even though bilateral hearing does play a role in the context of CI provision, this study
treated ears separately according to the German CI guidelines and clinical practice [1,5,12–
14,17,19,34]. To our knowledge, there is no validated model for predicting WRS that can
be populated with our baseline audiometric data from the CI ears of both unilateral and
bilateral implanted patients. There is a certain but yet unknown variability due to the
neglection of contralateral hearing. Within this retrospective study, the corresponding data
are not available to a sufficient degree. Further studies are needed to investigate the impact
of contralateral hearing loss with respect to outcome prediction.

Further pre- and postoperative studies, including a larger number of patients with
rare etiologies and the inclusion of early intervention based on the clear formulation of
therapeutic goals for the WRS65(CI), therefore seem very reasonable.

5. Conclusions

Cochlear implantation of patients with preoperatively measurable speech understand-
ing with optimized HA having sufficient amplification power (HA classified as WHO 4)
and a WRS with a HA below 60% represents a promising therapy option. This treatment
should even be considered for patients with an average pure tone hearing loss of 60 dB HL
(in some individual cases, even below this value) if the fitting of a HA is not successful.

We can confirm the use of preoperative maximum word recognition as a minimum
predictor for the postoperative word recognition achievable with CI at 65 dB SPL in our
extensive patient population. Moreover, this prediction can be further refined with the
model used here. Part of the large interindividual variability in postoperative speech
understanding attributable to various etiologies can be explained by the preoperative
speech understanding included in the model. For some etiologies, greater variability in
outcomes and deviations from prediction have been observed. These should be considered
when counseling patients and planning postoperative rehabilitation.
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meningitic Deafness. J. Int. Adv. Otol. 2021, 17, 500–507. [CrossRef] [PubMed]

27. Hoppe, U.; Hocke, T.; Iro, H. Age-Related Decline of Speech Perception. Front. Aging Neurosci. 2022, 14, 891202. [CrossRef]
[PubMed]

28. Riggs, W.J.; Roche, J.P.; Giardina, C.K.; Harris, M.S.; Bastian, Z.J.; Fontenot, T.E.; Buchman, C.A.; Brown, K.D.; Adunka, O.F.;
Fitzpatrick, D.C. Intraoperative Electrocochleographic Characteristics of Auditory Neuropathy Spectrum Disorder in Cochlear
Implant Subjects. Front. Neurosci. 2017, 11, 416. [CrossRef] [PubMed]

29. Walger, M.; Foerst, A.; Beutner, D.; Streicher, B.; Stürmer, K.; Lang-Roth, R. Auditory synaptopathy/neuropathy: Clinical findings
and diagnosis. HNO 2011, 59, 414–424. [CrossRef]

30. Moberly, A.C.; Bates, C.; Harris, M.S.; Pisoni, D.B. The Enigma of Poor Performance by Adults With Cochlear Implants. Otol.
Neurotol. 406, 2014; 1522-1528. [CrossRef]

31. Aschendorff, A.; Arndt, S.; Kröger, S.; Wesarg, T.; Ketterer, M.C.; Kirchem, P.; Pixner, S.; Hassepaß, F.; Beck, R. Quality of cochlear
implant rehabilitation under COVID-19 conditions. HNO 2021, 69, 1–6. [CrossRef]

32. Ma, C.; Fried, J.; Nguyen, S.A.; Schvartz-Leyzac, K.C.; Camposeo, E.L.; Meyer, T.A.; Dubno, J.R.; McRackan, T.R. Longitudinal
Speech Recognition Changes After Cochlear Implant: Systematic Review and Meta-analysis. Laryngoscope 2023, 133, 1014–1024.
[CrossRef]

33. Dziemba, O.C.; Merz, S.; Hocke, T. Evaluative audiometry after cochlear implant provision. German Version. HNO 2023, 72,
56–62. [CrossRef]

34. Patro, A.; Lindquist, N.R.; Holder, J.T.; Tawfik, K.O.; O’Malley, M.R.; Bennett, M.L.; Haynes, D.S.; Gifford, R.; Perkins, E.L. Further
Evidence for Individual Ear Consideration in Cochlear Implant Candidacy Evaluation. Otol. Neurotol. 2022, 43, 1033–1040.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

48



Journal of

Clinical Medicine

Article

Word Recognition with a Cochlear Implant in Relation to
Prediction and Electrode Position

Annett Franke-Trieger *, Susen Lailach, Joshua Shetty, Katrin Murrmann, Thomas Zahnert and Marcus Neudert

Department of Otorhinolaryngology, Head and Neck Surgery, Faculty of Medicine Carl Gustav Carus, Technische
Universität Dresden, Fetscherstraße 74, 01307 Dresden, Germany; thomas.zahnert@ukdd.de (T.Z.)
* Correspondence: annett.trieger@ukdd.de

Abstract: Background: the word recognition score (WRS) achieved with cochlear implants (CIs)
varies widely. To account for this, a predictive model was developed based on patients’ age and
their pre-operative WRS. This retrospective study aimed to find out whether the insertion depth of
the nucleus lateral-wall electrode arrays contributes to the deviation of the CI-achieved WRS from
the predicted WRS. Materials and methods: patients with a pre-operative maximum WRS > 0 or a
pure-tone audiogram ≥80 dB were included. The insertion depth was determined via digital volume
tomography. Results: fifty-three patients met the inclusion criteria. The median WRS achieved with
the CI was 70%. The comparison of pre- and post-operative scores achieved with a hearing aid and
a CI respectively in the aided condition showed a median improvement of 65 percentage points
(pp). A total of 90% of the patients improved by at least 20 pp. The majority of patients reached
or exceeded the prediction, with a median absolute error of 11 pp. No significant correlation was
found between the deviation from the predicted WRS and the insertion depth. Conclusions: our data
support a previously published model for the prediction of the WRS after cochlear implantation. For
the lateral-wall electrode arrays evaluated, the insertion depth did not influence the WRS with a CI.

Keywords: cochlear implant; WRS prediction; insertion depth; word recognition score; lateral wall;
digital volume tomography

1. Introduction

Cochlear implantation is an established treatment option for patients with hearing loss
for which hearing aids (HAs) or other less invasive options have failed to restore speech
perception to a sufficient degree [1]. The vast majority of cochlear implant (CI) recipients
show improved word recognition scores (WRSs) if the pre-operative-aided scores at a
conversational level of 65 dB (WRS65(HA)) and post-operative scores with a CI (WRS65(CI))
are compared [2–9]. A number of pre-, intra- and post-operatively assessed outcome-
predicting factors have been identified [2–7]. Blamey et al. found five intrinsic factors
that had an impact on the post-operative word recognition score: the duration and age
of onset of severe-to-profound hearing loss, age at the time of surgery, aetiology, and
implant experience. Additionally, Holden et al. [3] identified extrinsic factors, such as scalar
location, insertion depth, array insertion depth, angular position of the basal electrode’s
contact, and wrapping factor as affecting word recognition.

Recent studies [10–12] have revealed the variability in electrode array positioning.
This is partially due to differences in cochlear size, scalar shifts, and different electrode
designs [13–15]), causing different electrophysiological findings [16] and different intra-
cochlear trajectories of the electrode array [17]. In measurements in vivo, the insertion
depth angle (AID) was found to vary by up to 300◦ for certain electrode arrays [10].

Placement shift due to scalar shift did not result in coherent findings with respect
to speech comprehension. Liebscher et al. [12] did not find measurable differences in the
WRS, whereas Aschendorff et al. [18] reported a detrimental effect of dislocation of up to
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10 percentage points (pp) for the WRS of patients with scalar dislocations. Furthermore,
the surgeon represents another source of variability in the electrode’s position; this might
be intended for certain techniques, such as the pull-back technique [19,20], or be due to the
placement of the electrode array in the markings specified by the implant manufacturers,
which can cause variability in the distance between the first electrode’s contact and the
round window, depending on the electrode array.

The position of the electrode array does affect electrophysiological measures, such as
electrically evoked compound action potential, ECAP [11]. Therefore, the question arises
of whether the electrode position has an influence on a CI’s performance.

However, for the comparison of both perimodiolar and lateral-wall electrode arrays
and the influence of insertion depth, no consistent results have been shown; this may be
due in part to the inhomogeneity of the patient groups analysed.

To account for the variability in audiological outcomes, significant efforts in recent
years have focused on developing valid and reliable predictive models. In recent studies,
Hoppe et al. proposed [5] and validated [9] a prediction model with a comparatively low
prediction error (mean absolute error, MAE) of 11.5 pp [7,9].

WRS65(CI)[%] =
100

1 + e−(β0+β1·WRSmax+β2·age+β3·WRS65(HA))
(1)

with β0 = 0.84 ± 0.18 β1 = 0.012 ± 0.0015 1/% β2 = −0.0094 ± 0.0025 1/years β3
= 0.0059 ± 0.0026 1/%.

The model is based on pre-operative audiometric measures only: the maximum
word recognition score (WRSmax), the WRS65(HA), and the recipient’s age at implanta-
tion. This outcome prediction model can facilitate the pre-operative counselling of HA
users [5,21]. Furthermore, Hoppe et al. found that the WRSmax is a highly reliable mini-
mum predictor [4]. Both of these measures can be used within post-operative CI aftercare
to set an expectation value (and post-operative objective) for WRS65(CI). This predicted
WRS65(CI) can be used to monitor and reference the patient’s progress and, if appropriate,
to reallocate clinical resources to improve outcomes [9]. In a recent study [22], the model
was applied to investigate the systematic differences between CI recipients’ reaching or
missing the predicted WRS65(CI). For this purpose, Dziemba et al. [22] expanded the expo-
nential term in Equation (1) with additional factors representing post-operative audibility
and loudness growths. They found that there are systematic differences between poor- and
well-performing subjects; these differences are basically due to CI system fitting.

To our knowledge, this model has not yet been used to investigate contributing factors
such as electrode positioning [3].

In the evaluation of the electrode array position, a distinction must be clear between
lateral-wall and perimodiolar electrode arrays. While Liebscher et al. [12] determined the
relationships between surgical technique, speech perception, electrophysiological param-
eters, and scalar translocations for perimodiolar electrode arrays, no information exists
yet on the influence of surgical insertion on outcomes when a lateral-wall electrode of
the same implant generation is used. On one hand, prediction models can contribute to
more precise patient counselling, and on the other, they can be used for quality assurance
measures, since a precise therapy target can be defined. In cases of deviation from the
prognosis, pre-operative parameters (anamnesis, aetiology, and anatomy), intra-operative
factors (electrode array insertion), and post-operative aspects (fitting and rehabilitation
strategy) have to be examined.

Consequently, this study aimed to answer the question of whether optimising intra-
operative process quality (i.e., in this case, by optimising the insertion depth) can reduce
the deviation from the predicted WRS. Furthermore, one must ask whether the insertion
depth contributes to the variability in the deviation from the prediction. The relationship
between angular insertion depth and cochlear size, as well as the influence of the surgeon,
was investigated. By varying the insertion depth alone, the surgeon could potentially
contribute to the variability in the outcome of cochlear implantation.
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In this study, we analysed the WRS to determine the influence of electrode position
(the angular insertion depth and the distance between the most basal electrode contact and
the round window).

2. Materials and Methods

2.1. Subjects

We reviewed all adult patients who received a Cochlear™ Nucleus® implant (Cochlear
Ltd., Sydney, Australia) with lateral-wall electrode arrays (CI522 or CI622) at the University
Hospital of Dresden between May 2015 and June 2021. The two implant types have
identical lateral-wall electrode arrays and functions. The receiver/stimulator housings
differ. The inclusion criteria for this study were: sensorineural origin of hearing loss,
post-lingual onset of deafness, native German speaker, imaging of the cochlea without
pathological findings or malformations, age at implantation ≥18 years, and regular visits to
the rehabilitation centre for fitting, audiometric testing, and hearing therapy. The hearing
loss for air conduction was determined as the mean value over the frequencies 0.5, 1, 2,
and 4 kHz (PTA4). For hearing thresholds beyond the maximum possible presentation
levels of the audiometers, a value of 120 dBHL was assigned. With respect to pure tone and
speech audiometry, only patients with WRSmax > 0% or PTA4 ≥ 80 dBHL were included.
Furthermore, only patients with correct intracochlear electrode positioning were included.
This was verified using a digital volume tomography image.

This study was conducted in accordance with the Declaration of Helsinki (2013) on
research involving human subjects and was approved by the local ethics committee (SR+BO-
260052021). The study was also registered under DRKS00026741 with the German register
of clinical studies.

2.2. Audiometric Measures

Speech audiometry was performed using the Freiburg monosyllabic word test. The
pre-operative WRS was measured with headphones in the unaided condition. To identify
WRSmax, the presentation level was increased in steps of 10 dB until the maximum score
achievable (WRSmax) below the patient’s loudness discomfort level was reached [5]. The
WRS in the aided condition, i.e., with hearing aids (WRS65(HA)) and with the cochlear
implant (WRS65(CI)) was measured in an anechoic soundproof booth at a loudspeaker
presentation level of 65 dB SPL, with the patient seated 1.0 m in front of the loudspeaker.
The measurements were performed monaurally. If necessary, the contralateral ear was
appropriately masked with wideband noise presented through the headphones (DT48;
beyerdynamic GmbH & Co. KG, Heilbronn, Germany). Speech audiometry was performed
with an AT900 or AT1000 clinical audiometer (Auritec GmbH, Hamburg, Germany). The
WRS with the cochlear implant referred to the score measured twelve months after the first
activation of the CI system. To calculate the prognoses of the WRS65(CI), Equation (1) was
used. Significant differences between WRSs were determined according to their critical
differences according to Winkler and Holube [23].

2.3. Imaging

The flat panel volume tomography (digital volume tomography, DVT) examinations
were carried out on the first day after implantation using a Flat Panel Computer Tomograph
3D Accuitomo 80 (J. Morita MFG. CORP., Kyoto, Japan). The imaging was performed
with a tube current of 8 mA and a tube voltage of 90 kV. The raw projection images were
reconstructed using i-dixl software (version 2.8., J. Morita MFG. CORP. Kyoto, Japan),
resulting in a voxel size of 125 μm.

2.4. Measurement of Cochlear Diameter and Electrode Position

The angle and length measurements were performed according to the consensus
paper [24] using the cochlear view, which is defined as the plane through the basal turn
and perpendicular to the modiolus. Figure 1 shows an example of this measurement. The
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zero-degree reference angle was chosen at the centre of the round window according to
the consensus paper. To quantify the cochlear size, the diameter of the basal turn of the
cochlear was measured. This diameter is illustrated with the line that starts at the centre of
the round window and crosses the position of the helicotrema and the ends of the lateral
wall on the opposite side, as shown in earlier studies [25]. The distance, d, between the
round window and the most basal electrode contact, was measured as shown in Figure 2.
d is a parameter that describes how deeply the surgeon inserted the electrode array into
the cochlea.

 

Figure 1. Cochlear view of the DVT image with the red dots indicating the position of the modiolus
and the position of the round window. (a) Measurement of the insertion depth angle. (b) Measure-
ment of the diameter of the cochlear basal turn (A) and the distance between the round window and
the most basal electrode contact (d).

  

Figure 2. Relationship between pre- and post-operative audiometric measures. (a) Box plot compar-
ing the pre-operative WRS65(HA) and post-operative WRS65(CI); the boxes show the quartiles and
the whiskers show the 5th and 95th percentile; the median for HA lies on the lower edge of the box.
(b) Scatter plot showing the same comparison. (c) Comparison between the pre-operative WRSmax

and post-operative WRS65(CI). In (b,c), the overlapping points are shifted apart horizontally, with a
small vertical line representing their actual position.

2.5. Data Analysis

All analyses and figure creations were produced using OriginLab (version 2019, Origin-
Lab software, Northampton, MA, USA). The correlation analysis was performed using
Spearman’s rank correlation method.
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3. Results

3.1. Study Cases

Of 312 cochlear implantations carried out in the study period, 53 cases (i.e., individual
ears; 34 right, 19 left) were identified that met the inclusion criteria. In all cases, implantation
was carried out via round window insertion or via the extended round window approach.
The implanted device was the CI522 in 37 cases and the CI622 in 16 cases. The age of the
patients at implantation ranged from 26 to 80 years (mean: 61.4 years). The mean hearing
loss for air conduction using the PTA4 was 80 ± 15 dBHL.

Figure 2 shows the relationship between the pre- and post-operative WRSs. The
median score achieved with the CI was 70% with the first quartile at 60% and the third
quartile at 80%, as shown in Figure 2. Comparing the pre- and post-operative scores
achieved in the aided condition showed a median improvement of 65 pp. In all cases, 90%
improved by at least 20 pp. With respect to the minimum prediction, 96% of the recipients
reached or exceeded the WRSmax while 83% of the recipients significantly exceeded the
pre-operative WRS65(HA) [23].

Figure 3 shows the distribution of differences between the measured and predicted
WRSs (measured minus predicted). The differences range from −57 pp to +35 pp. The
MAE was 11 pp. Three patients missed the predicted score by more than 20 pp.

Figure 3. Distribution of differences (in percentage points) between the measured and predicted
word recognition scores. Negative differences correspond to cases in which the measured scores were
below the predictions.

3.2. Insertion Depth and Cochlear Size

Figure 4 shows the angular insertion depth as a function of the diameter (A) and of
the distance, d, as defined in Figure 1. The diameter ranged from 8.05 mm to 10.34 mm.
The median diameter was 8.96 mm. The distances, d, ranged from 1.5 mm to 8.3 mm. The
median distance was 4.7 mm. The angular insertion depth ranged from 365◦ to 568◦. The
median angle was 460◦.

A positive correlation was found between the distance, d, and the resulting angular
insertion depth. A negative correlation was found between the cochlear diameter and
angular insertion depth. The data show that the correlation between d and the angular
insertion depth was stronger (r = 0.673, p < 0.0001) than the weak correlation between the
angular insertion depth and cochlear diameter (r = 0.306, p = 0.0254).
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Figure 4. (a) Angular insertion depth as a function of the diameter of the basal turn A. (b) An-
gular insertion depth as a function of the distance, d, both defined in Figure 2. r, Spearman rank
correlation coefficient.

3.3. Dependence of the WRS on the Electrode’s Position and Cochlear Size

Figure 5 shows the difference between the measured and predicted WRSs as a function
of the distance, d, and the angular insertion depth. The correlation analyses showed no
significant correlation between the deviation from the predicted WRS and the distance d
(r = −0.256, p > 0.05) and the angular insertion depth (r = −0.185, p > 0.05).
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Figure 5. The difference between the measured and predicted word recognition scores as a function
of (a) the distance, d, and (b) the angular insertion depth. r, Spearman rank correlation coefficient.

4. Discussion

The extension of the CI indication to patients who still have a capacity for speech
perception inevitably creates enormous demands on the quality of care. In addition to pre-
operative selection and counselling based on current audiological performance with and
without a hearing aid, knowledge of potential surgical influencing factors and electrode
array characteristics potentially contribute to the best possible hearing result by modulating
these factors as necessary.

This study showed that 83% (44/53) of patients had clinically significantly ([23]; see
also Methods) better WRSs after cochlear implantation than before with conventional
hearing aids. The median improvement was 65 pp, and 90% of the patients showed
an improvement of at least 20 pp. This is consistent with the results of earlier studies
that also analysed word recognition with CIs in patients with residual hearing [4,8,26].
WRS65(HA) alone is not suitable for predicting WRS65(CI) post-operatively. Regression
models only explain up to 10 pp of the WRS65(CI) [5]. More than half of our patients had
a pre-operative WRS65(HA) of 0% even though the WRSmax was larger than zero. This
finding, i.e., that the WRSmax is not met by the WRS65(HA), is in accordance with the results
of previous studies [4,5,8]. However, even this patient group was able to achieve a mean
WRS65(CI) of 65%, with a range from 0% to 90%. The inclusion of additional pre-operative
speech audiometry measures may help to improve outcome prediction in this subgroup
of recipients [26]. In contrast to WRS65(HA), a stronger association of WRS65(CI) with
the pre-operative WRSmax was shown. Other research groups have already been able to
identify this correlation [4,8,26]. These results suggest that patients with a pre-operatively
great difference between WRS65(HA) and WRSmax (speech perception gap) benefit from
cochlear implantation [27]. Especially in patients with severe hearing loss, sufficient hearing
aid fitting often fails, owing to technical limitations (feedback), the lack of acceptance of
high sound levels, and a low dynamic range [28]. In our study, the WRS65(CI) was below
the WRSmax in only two patients. With respect to the minimum prediction, 96% of the
recipients reached or exceeded their WRSmax.

The majority of patients achieved or exceeded the WRS65(CI) predicted according to
Equation (1). Three patients missed the predicted score by more than 20 pp. The prediction
model was thus also confirmed with our study. In the validation process of the prediction
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model, Hoppe et al. [9] determined an MAE of 11.5 pp in a patient group with a WRSmax
above zero. Additionally, they reported that 14 out of 85 patients missed the predicted
score by more than 20 pp. For all patients with WRSmax = 0%, they reported an MAE of
23 pp. In our study, in cases with WRSmax > 0 or PTA4 ≥ 80 dB HL, the MAE was 11 pp.

The modelling of prognosis prediction by Hoppe et al. was based on a group of
patients fitted with a perimodiolar electrode array. Our investigations confirm that the
model can also be applied to patients with lateral-wall electrode arrays. In the current
literature, no significant difference in speech comprehension between perimodiolar and
lateral-wall electrode arrays can be found, although the heterogeneous quality of the studies
does not allow a conclusive evaluation [29,30]. Especially for perimodiolar electrode arrays,
the optimisation of the electrode array position is aimed at improving surgical techniques,
e.g., the pullback technique, to achieve the smallest possible distance between the electrode
array and the modiolus [19,31]. The results of our study suggest that such procedures
are probably not necessary for the CI522/CI 622 implants, as the electrode array position
ultimately has no influence on the audiological outcome.

While the pre-operative WRSmax could be confirmed as a strong minimum predictor,
the insertion depth had no influence on the post-operative WRS65(CI) in our study. The
cochlear coverage could be influenced by the cochlear duct length (CDL) and the insertion
depth of the electrode array. For CI systems with different available electrode lengths, the
coverage is of course influenced by the chosen electrode’s length. For the CI622/CI522
implants, the cochlear coverage is determined basically only by the CDL and the distance,
d (first electrode contact to the round window). Up to now, no information has become
available on the extent to which d, which ultimately is determined by the surgeon, influ-
ences post-operative performance. According to the physician’s guide [32] provided by the
implant company, the white markers, which are positioned 20 mm and 25 mm away from
the apical tip of the electrode array, are currently used as a guide for insertion depth, and
a maximum insertion depth of 25 mm is assumed. Deeper insertion was not considered
necessary by the implant company, although no study data were presented to support
this recommendation.

For other electrode manufacturers, especially those with different electrode lengths in
their portfolio, the exact pre-operative planning of the electrode array position based on
the CDL and the residual hearing was discussed [33]; however, this does not seem to be
necessary for the CI622/CI 522 implants with normal cochlear anatomies. The influence of
insertion depth on word recognition after implantation is frequently discussed in the current
literature. While some authors have demonstrated better word recognition with deeper
insertion in lateral-wall electrode arrays [34–37], this effect has been disputed by other
research groups [38–40]. Some studies even showed a worse speech audiometric outcome
with deeper insertion [38,41]. In most of these studies, all lateral-wall electrode arrays of all
the available manufacturers were combined, so that no implant-specific recommendations
could be derived from them. Other studies focused exclusively on implants from other
manufacturers so the results cannot be applied to Nucleus implants, especially to the
CI522/CI622 implants used in this study. Last but not least, the level of evidence of
the current studies on the influence of insertion depth on audiological performance is
currently not satisfactory [42]. Often, there is a lack of adequate consideration of additional
known confounding factors and an adequate control group. The practice of switching
off the apical electrode contacts to simulate a shortened insertion depth must also be
critically questioned [40] since it is known that the number of active electrode contacts also
contributes to word recognition.

Various hypotheses exist to explain the possible influence of insertion depth on post-
operative word recognition. On the one hand, a greater insertion depth is considered
to afford a better coverage of the spiral ganglia in the low-frequency range and a more
physiological frequency assignment [40,43]. However, other authors presume a greater
trauma for cochlear structures with deeper insertion [44]. In the case of shorter electrode
arrays, individual authors have found a poorer outcome with deeper insertion, since the
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basal region is not sufficiently covered, owing to the greater distance between the first
electrode contact and the round window [3,41]. This could not be confirmed in our study
for the investigated electrode array of the CI622/CI 522 implants with an active length
of 19.1 mm. Here, however, we should point out that these results cannot simply be
transferred to electrode arrays from other companies. It should finally be observed that
the debate regarding the ideal length of an electrode array and its ideal cochlear coverage,
which has been going on for years (partly for reasons of marketing strategy) cannot at
present be resolved.

The distance, d, from the first electrode contact to the round window, is the aspect
of the insertion depth of the electrode array that can be determined and controlled by
the surgeon himself. In our study, d was found to vary from 1.5 mm to 8.5 mm. When
evaluating the scatter of d and insertion depth, the measurement error of the angle and
length measurement based on the post-operative DVT must also be taken into account. In
the literature, interrater differences of −0.5 to 0.5 mm for length measurements and 12◦ to
30◦ for angle measurements can be found [45].

In addition to the insertion depth, the aspect of structural preservation through atrau-
matic electrode insertion is currently under discussion. Therefore, studies are currently
being performed to evaluate the influence of insertion speed and insertion force on the
outcome of cochlear implantation. The preservation of residual hearing is primarily evalu-
ated as a correlation of structural preservation. In recent years, electrocochleography has
been implemented as a system for monitoring residual hearing in individual clinics [46–50].
Structural preservation as a function of insertion depth or residual hearing preservation
was not assessed in our study. In the literature, the influence of insertion depth on resid-
ual hearing preservation is currently a topic of controversy. While some authors see the
advantages of a lesser insertion depth, which is associated with less severe intracochlear
trauma [44], other research groups have been able to demonstrate satisfactory residual
hearing retention even with deeper insertion [51–53]. To summarise, at the moment is not
clear how the WRS is affected by the factors discussed above. More studies are needed on
the effect of these different factors on the WRS. To mention one example, Dalbert et al. [54]
demonstrated better long-term speech understanding in patients with residual hearing
than in the group of patients without residual hearing for patients with electrical stimula-
tion alone. However, the significant positive effect in the study group was not seen until
18 months after CI activation.

Owing to the great heterogeneity of these studies, it is not currently possible to
conduct a high-quality meta-analytical review of the relationship between insertion depth
and speech comprehension. In a systematic review published in 2021 including seven
studies with results of speech comprehension after one year, the effect of insertion depth
could not be reliably assessed [42]. Because of the improvement in word recognition
within the rehabilitation process, an assessment after less than 12 months does not seem
to be very meaningful; however, after 12 months, stable speech comprehension can be
assumed [3]. Interestingly, Büchner et al. [55] observed that the initially positive effect of
a longer electrode array length diminished over the course of rehabilitation. The authors
attributed this to cortical plasticity, which can compensate for any possible frequency
mismatch present [55].

One limitation of our study is the lack of a systematic analysis of the fitting. Some
studies have already shown the strong effect of fitting quality on the outcome of cochlear
implantation. Thus, currently, high variability in audiological outcomes due to a less-than-
optimum fitting is possible [22,56,57]. However, standardised quality indicators for the
evaluation of fitting quality must be developed and analysed in further studies with the
help of a prediction model. For example, by basing the adjustment on the electrode-specific
ECAP or a categorical loudness scale, it should be possible to reduce the error caused by
the adjustment.

It should also be mentioned that the sole outcome parameter was the WRS at 65 dB;
speech perception in noise and subjective hearing perception, e.g., music hearing, were
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not assessed. In further studies, one might investigate to what extent the position of the
electrode array affects these other outcome parameters since a frequency mismatch could
possibly be more important here.

5. Conclusions

Our results support the previously published model for predicting outcomes after
cochlear implantation. WRSmax plays a more important part than WRS65(HA), by allowing
the prediction of the outcome of cochlear implantation. With the help of the prediction
model, improved pre-operative counselling of patients on the expected outcome can be
provided for patients with a pre-operative WRSmax greater than zero. For the implants used
(CI622 and CI522) the insertion depth did not influence the post-operative outcome. The
surgeon did not influence the outcome positively or negatively according to the distance
(d) from the first electrode contact to the cochlear window within the observed range.
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Abstract: (1) Background: The aim of the present study was to assess the impact of reverberation on
speech perception in noise and spatial release from masking (SRM) in bimodal or bilateral cochlear
implant (CI) users and CI subjects with low-frequency residual hearing using combined electric–
acoustic stimulation (EAS). (2) Methods: In total, 10 bimodal, 14 bilateral CI users and 14 EAS users,
and 17 normal hearing (NH) controls, took part in the study. Speech reception thresholds (SRTs) in
unmodulated noise were assessed in co-located masker condition (S0N0) with a spatial separation of
speech and noise (S0N60) in both free-field and loudspeaker-based room simulation for two different
reverberation times. (3) Results: There was a significant detrimental effect of reverberation on SRTs
and SRM in all subject groups. A significant difference between the NH group and all the CI/EAS
groups was found. There was no significant difference in SRTs between any CI and EAS group. Only
NH subjects achieved spatial release from masking in reverberation, whereas no beneficial effect
of spatial separation of speech and noise was found in any CI/EAS group. (4) Conclusions: The
subject group with electric–acoustic stimulation did not yield a superior outcome in terms of speech
perception in noise under reverberation when the noise was presented towards the better hearing ear.

Keywords: cochlear implant; electric–acoustic stimulation; reverberation; speech perception; spatial
release from masking

1. Introduction

Cochlear implants (CIs) can help many users with severe to profound sensorineural
hearing loss to achieve good speech perception in quiet within a range that is often compa-
rable to that of individuals with normal hearing (NH) [1]. However, CI users oftentimes
struggle to understand speech in everyday listening conditions that comprise noise sources
and/or reverberation [2,3].

For NH listeners, speech perception in noisy environments improves when the signal
and noise sources are spatially separated compared to co-located speech and masker
conditions. This effect is called spatial release from masking (SRM) which is primarily
caused by binaural (i.e., spatial) hearing (interaural level differences and interaural time
differences) in combination with monaural better ear effects [4,5]. Previous studies have
shown that the improvement in speech perception using SRM is reduced or even absent in
bilateral CI users or bimodal CI users using a hearing aid in the contralateral ear [6,7].

Another effect which deteriorates speech perception in NH as well as in CI users
is reverberation. While speech perception in quiet is hardly affected by reverberation
in people with normal hearing, there is a significant reduction in speech perception in
cochlear implant users [2,8–10]. On the other hand, it was reported that reverberation
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has comparable detrimental effects on speech perception in noise for both NH and CI
subjects [11,12]. However, it has to be noted that CI users are by far more affected by
reverberation in everyday life since their performance (measured as speech reception
threshold, SRT, measured in dB SNR) in the free-field is already up to 10 dB worse than in
NH [11]. Studies investigating the effect of reverberation on speech perception in CI users
were oftentimes conducted in simulated reverberation via headphone presentation or by
using the direct audio input of the CI [3,8,10,13–15]. Furthermore, oftentimes CI listening
with vocoder simulation instead of testing real CI subjects was performed [2,7,8,10,13–17].

Only a few studies investigated the effect of reverberation on speech perception in CI
recipients using a real sound field by means of a loudspeaker array, allowing every tested
person to use their individual head-related transfer functions [11,12,18]. It was shown
that the impact of reverberation on SRTs in CI users was weaker than in studies using less
complex room simulation methods without real loudspeakers. Therefore, the aim of the
present study was to compare the impact of reverberation on speech perception in noise
and SRM for different groups of CI users with and without residual hearing in one or both
ears in a loudspeaker-based sound reproduction setup.

A special focus will be placed here on the group with combined electric–acoustic
stimulation (EAS), which has been insufficiently studied in the past since many of the afore-
mentioned studies only compared speech perception performance between NH listeners,
bimodal CI listeners and bilateral CI listeners. EAS is a well-accepted therapeutic treatment
for CI users with residual hearing in the low frequencies but severe to profound hearing
loss in the high frequencies [19]. The unilateral combination of the electric stimulation of
the high frequencies via a CI and acoustic stimulation of the low frequencies via a hearing
aid enables users to achieve better speech perception in quiet [20,21], in noise [20–26],
and better sound localisation [26,27] than electric-only stimulation does. It is assumed
that the benefit of the EAS listeners comes from access to frequency fine structure and F0
information, which facilitates the identification of low-frequency acoustic landmarks such
as the onset of voicing and the syllable structure [28,29]. In a study with simulated CI and
EAS listening, the largest SRM that was closest to the NH listeners was found in the group
of bilateral EAS users [7]. To the knowledge of the authors, no studies comparing speech
perception in reverberation between CI and EAS in loudspeaker-based sound reproduction
setups have been published so far.

2. Materials and Methods

2.1. Subject Demographics

A total of 10 unilateral CI users with a hearing aid in the contralateral ear (i.e., bimodal
CI users; 6 female, mean age: 52.5 ± 19.2 years), 14 bilateral CI users (8 female, mean
age: 49.9 ± 16.4 years) and two groups of EAS users (bimodal group with hearing aid
or CI in contralateral ear: n = 8, 5 female, mean age: 60.1 ± 8.5 years; bilateral group:
n = 6, 3 female, mean age: 61.5 ± 12.4 years) took part in the study. All participants were
implanted with MED-EL (Innsbruck, Austria) devices with either SONNET or OPUS 2 (or
DUET 2 for EAS) sound processors. The minimum experience with their CI was 2.4 months
and the mean duration of cochlear implant use was 5.2 years, ranging from 2.4 months
to 17.4 years. The inclusion criterion was that the individual monosyllable score in quiet
(Freiburg monosyllables at 65 dB sound pressure level, [30]) and in the ipsilateral ear (or
in cases with bilateral CI/EAS in the better hearing ear) had to be better than 50%. For
lower speech perception scores in quiet, no measurement of speech reception thresholds
in noise would be feasible. All subjects were tested with their everyday fitting map. The
proper fitting of sound processors and hearing aids was assessed using aided free-field
audiometry (hearing thresholds) and speech audiometry (Freiburg monosyllable score). In
case of the use of the SONNET sound processor, the microphone directionality was set to
omnidirectional. Detailed information on all CI/EAS users can be found in Tables 1–4.
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Table 1. Data of the bimodal subject group. FMS: Freiburg monosyllable score. PTA: pure-tone aver-
age of frequencies 0.5/1/2/4 kHz. Used hearing aids were from manufacturers Unitron (Kitchener,
ON, Canada), Phonak (Stäfa, Switzerland), Audio Service (Löhne, Germany), ReSound (Ballerup,
Denmark), and Widex (Lynge, Denmark).

ID
Implant Type

(Ear)
Age
[yrs]

Sound
Processor

CI Listening
Experience

[yrs]

Hearing Aid
Type

FMS CI [%]
FMS HA

[%]

PTA
(Contralateral)

[dB HL]

BM 1 Concerto Flex24
(right) 57.3 OPUS 2 4.2 Unitron Moda

2 95 95 35.0

BM 2 Concerto Flex24
(right) 73.6 OPUS 2 3.6 Phonak Dalia

SC 75 25 88.8

BM 3 Pulsar Standard (left) 23.6 OPUS 2 16.3 Phonak Naida
S 90 0 106.3

BM 4 Concerto Flex28
(right) 71.9 OPUS 2 4.3 Phonak Naida

S3 55 85 47.5

BM 5 Synchrony Flex28
(left) 67.6 SONNET 2.2 Audio Service

Mezzo Duo 70 0 77.5

BM 6 Synchrony Flex28
(left) 34.7 SONNET 2.0 ReSound Preza 80 40 103.8

BM 7 Concerto Flex28 (left) 73.0 OPUS 2 5.0 Phonak Naida
S V UP 85 55 77.5

BM 8 Synchrony Flex28
(left) 33.0 OPUS 2 2.1 Phonak Naida

5 S1 65 60 61.3

BM 9 Sonata Flex24 (right) 55.2 OPUS 2 7.1 Widex Inteo 60 30 101.3

BM 10 Synchrony Flex28
(left) 35.7 SONNET 1.6 Phonak Naida

Q50-SP 80 80 43.8

Table 2. Data of the bilateral subject group. FMS: Freiburg monosyllable score, ipsilateral ear for
noise presentation in S0N60 test condition is indicated bold.

ID
Implant Type
(Left/Right)

Age
[yrs]

Sound
Processor

CI Listening
Experience
Left [yrs]

CI Listening
Experience
Right [yrs]

FMS
Left [%]

FMS
Right [%]

BL 1 Concerto
Flex28/FlexSoft 63.3 OPUS 2 4.1 5.2 70 85

BL 2 Concerto
FLEXsoft/FLEX28 57.6 OPUS 2 5.0 4.0 95 95

BL 3 Concerto
FLEXsoft/FLEX28 70.1 OPUS 2 4.2 5.4 85 85

BL 4 Sonata FLEXsoft
Pulsar Standard 50.1 OPUS 2 6.3 9.9 90 80

BL 5 Concerto FLEX24 59.5 OPUS 2 3.7 2.9 75 80

BL 6 Concerto FLEX28
C40+ Standard 38.1 OPUS 2 4.4 13.6 85 90

BL 7 Sonata Standard
Sonata FLEXsoft 65.7 OPUS 2 8.7 6.2 80 55

BL 8 Concerto FLEX28 47.1 OPUS 2 3.4 3.4 75 65

BL 9 Concerto FLEX28 27.3 OPUS 2 3.6 2.3 90 35

BL 10 C40+ Standard 30.0 SONNET 14.4 14.6 100 100

BL 11 Synchrony FLEX28
Concerto FLEX28 63.2 OPUS

2/SONNET 1.0 3.6 60 80

BL 12 C40+ Standard 19.2 OPUS 2 15.3 17.4 95 85

BL 13 Concerto FLEX28 41.5 OPUS 2 3.9 3.9 80 70

BL 14 Concerto FLEX28 66.3 OPUS
2/SONNET 2.0 3.6 80 95
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Table 3. Data of the bimodal EAS group. FMS: Freiburg monosyllable score. PTA: pure-tone average
of frequencies 0.5/1/2/4 kHz. PTAlow: pure-tone average of frequencies 125/250/500 Hz. Used
hearing aids were from manufacturers Phonak (Stäfa, Switzerland, Oticon (Smørum, Denmark), and
Siemens (Erlangen, Germany).

ID
Implant Type

(Ear)
Age
[yrs]

Sound
Processor

EAS
Listening

Experience
[yrs]

Hearing Aid
Type

FMS
Score

EAS/Contra
[%]

PTA
EAS/Contra

[dB HL]

PTAlow EAS
[dB HL]

EAS_BM1 Sonata FLEX24
(left) 55.8 SONNET

EAS 5.3
Phonak

Naida S IX
UP

70/70 117.5/81.3 73.3

EAS_BM2 Sonata FLEX24
(right) 53.5 SONNET

EAS 5.8
Phonak

Piconet 2 P2
AZ

85/20 102.5/101.3 43.3

EAS_BM3 Sonata FLEX20
(right) 73.8 SONNET

EAS 5.9 SONNET
(CI) 65/55 86.3/94 61.7

EAS_BM4 Synchrony
FLEX24 (left) 70.8 SONNET

EAS 2.0 Oticon Chili
SP9 70/30 82.5/76 71.7

EAS_BM5 Synchrony
FLEX24 (right) 59.7 SONNET

EAS 4.1 SONNET
(CI) 85/80 107.5/120 53.3

EAS_BM6 Concerto
FLEX24 (right) 63.4 SONNET

EAS 4.4 Siemens
Nitro 95/35 98.8/84 38.3

EAS_BM7 Sonata FLEX24
(right) 52.7 SONNET

EAS 6.8 - 85/25 101.3/110 31.7

EAS_BM8 Concerto
FLEX24 (right) 51.3 OPUS 2

EAS 4.1 Siemens
Motion P 50/30 98.8/98 51.7

Table 4. Data of the bilateral EAS group. FMS: Freiburg monosyllable score; ipsilateral ear for
noise presentation in S0N60 test condition is indicated bold. PTA: pure-tone average of frequencies
0.5/1/2/4 kHz. PTAlow: pure-tone average of frequencies 125/250/500 Hz.

ID
Implant Type
(Left/Right)

Age
[yrs]

Sound
Processor

(Left/Right)

EAS
Listening

Experience
Left [yrs]

EAS
Listening

Experience
Right [yrs]

FMS Score
Left/Right

[%]

PTA L/R
[dB HL]

PTAlow

L/R
[dB HL]

EAS_BL1 Synchrony
FLEX24 72.9 SONNET

EAS 1.1 1.9 100/80 106.3/93.8 66.7/46.7

EAS_BL2 Sonata
FLEX20/FLEX24 73.9 OPUS 2

EAS 6.2 7.6 70/80 106.3/100 85/73.3

EAS_BL3
Sonata FLEX24

Synchrony
FLEX24

60.5
DUET 2

SONNET
EAS

5.1 1.1 85/70 120/108.8 81.7/48.3

EAS_BL4 Concerto FLEX24 47.8 SONNET
EAS 2.6 4.2 100/70 77.5/106.3 16.7/53.3

EAS_BL5 Concerto FLEX24
Sonata FLEX24 68.1

DUET 2
SONNET

EAS
3.6 5.0 75/65 112.5/111.3 68.3/56.6

EAS_BL6 Synchrony
FLEX24 45.6 SONNET

EAS 0.2 0.3 90/80 106.3/88.8 23.3/21.7

A group of 17 subjects (14 female, mean age: 26.7 ± 8.0 years) with normal hearing
(i.e., no pure-tone hearing loss >25 dB HL in any test frequency between 0.125 and 8 kHz)
served as a control group.
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2.2. Speech Perception Test in Reverberation

Testing was performed in an anechoic chamber using 128 custom-built loudspeakers
which were mounted in the horizontal plane at a height of 1.20 m. The distance between ad-
jacent loudspeakers was 8.6 cm. Further information about the loudspeakers setup is given
in [31]. Speech tests were conducted in free-field conditions and under loudspeaker-based
reverberation simulation. Reverberation was created with a custom room simulation tool
combining the nearest speaker method for early reflections and a feedback delay network
to simulate late reflections [32]. For the room simulation in the present study, a three-
dimensional model of a lecture hall simulated with two different degrees of absorption
corresponding to reverberation times of 0.35 s and 0.51 s was used [32].

Speech perception in noise was measured with the German Matrix Test (Oldenburg
Sentence Test, OlSa, [33]). The noise level was kept constant at 65 dB SPL. The speech level
was adaptively changed to measure the speech reception threshold (SRT) for a 50% correct
word understanding. The speech signal was always presented from frontal direction (0◦
azimuth). The noise signal was the continuous noise of the OlSa test which was either
presented from the front (i.e., co-located masker at 0◦, S0N0) or from the side (either from
+60◦ or −60◦ azimuth, S0N60). In the S0N60 condition, the noise was always presented on
the side of the CI/EAS system in the case of bimodal CI/EAS users or on the side of the
better ear in the case of bilateral CI/EAS fitting. Both spatial configurations of S0N0 and
S0N60 were tested in free-field and in reverberation with 0.35 s and 0.51 s reverberation
time, respectively. One OlSa list with 20 sentences each was used for each test condition.
Prior to testing, one practice list was presented to the subject to familiarise the subject with
the test procedure and the speech material. The test was conducted in a closed-set mode
and the order of the test lists was randomised.

All study tests in this prospective study were performed for each subject on a single
appointment. The test duration was approximately 90–120 min.

2.3. Statistics

Boxplots and median values were used for descriptive analyses throughout the
manuscript. Nonparametric tests were utilised for statistical analyses of SRT differences
(group differences: Kruskal–Wallis H test; impact of test condition within subject groups:
Friedman test). Post hoc tests were performed using the Mann–Whitney U-test (group
differences) or the Wilcoxon test (within-group). Correlations were tested via Spearman
rank correlation. A p value < 0.05 was considered significant. IBM SPSS Statistics 27 (IBM,
Armonik, New York, NY, USA) was used for the analysis.

3. Results

3.1. Impact of Reverberation on SRTs

The boxplots of the SRT measurement results in the S0N0 condition in free-field and
reverberation are shown for all participants in Figure 1. There was a significant effect of
reverberation in all subject groups (NH: X2 = 28.4, p < 0.001; CI bimodal: X2 = 20.0, p < 0.001;
CI bilateral: X2 = 23.3, p < 0.001; EAS bimodal: X2 =8.9, p = 0.012; EAS bilateral: X2 = 10.3,
p = 0.006; all df = 2; Friedman test) showing higher SRTs with increasing reverberation time.
The median SRT difference between the free-field condition and test condition with the
highest reverberation time was between 2.2 dB (bilateral EAS group) and 3.4 dB (bimodal
CI group).

There was also a significant effect of subject group on SRTs (free-field: H = 35.5; 0.35 s
reverberation: H = 36.3; 0.51 s reverberation: H = 37.2; all p < 0.001; all df = 4; Kruskal–Wallis
H test). Non-parametric post hoc tests found significant differences in SRT between the NH
group and all CI/EAS groups (all p < 0.001). The SRTs in the NH group were 4.2–5.2 dB
better than the SRTs in the CI and EAS groups. However, no significant difference in the
SRTs was found between any CI/EAS group in test condition S0N0.
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Figure 1. Boxplots of the SRT measurement results for all five subject groups in the S0N0 condition
in free-field (white boxes) and reverberation with reverberation time of 0.35 s (light grey boxes) and
0.51 s (dark grey boxes). Each outlier that is more than 1.5 times the interquartile range is indicated
with a circle.

The boxplots of the SRT measurements in the S0N60 condition of all participants
in free-field and reverberation are shown in Figure 2. There was a significant effect of
reverberation in all subject groups (NH: X2 = 30.5, p < 0.001; CI bimodal: X2 = 18.2, p < 0.001;
CI bilateral: X2 = 26.1, p < 0.001; EAS bimodal: X2 = 14.0, p < 0.001; EAS bilateral: X2 = 12.0,
p = 0.002; all df = 2). The SRTs increased with increasing reverberation time. The median SRT
difference between the free-field condition and test condition with the longest reverberation
time was between 4.9 dB (bilateral EAS group) and 7.6 dB (bimodal CI group).

Figure 2. Boxplots of the SRT measurement results for all five subject groups in the S0N60 condition
in free-field (white boxes) and reverberation with reverberation time of 0.35 s (light grey boxes) and
0.51 s (dark grey boxes). Each outlier that is more than 1.5 times the interquartile range is indicated
with a circle.

There was also a significant effect of subject group on SRTs (free-field: H = 36.5,
p < 0.001; 0.35 s reverberation: H = 37.7, p < 0.001; 0.51 s reverberation: H = 40.1, p < 0.001).
Post hoc tests found significant differences in SRT between the NH group and all the
CI/EAS groups (all p < 0.001). The SRTs in the NH group were 7.2–11.8 dB better than the
SRTs in the CI and EAS groups. This was the same as the condition S0N0; no significant
difference in SRTs was found between any CI and EAS group in test condition S0N60.
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3.2. Impact of Reverberation on Spatial Release from Masking

The boxplots of spatial release from masking (SRM, i.e., individual SRT difference
between S0N0 and S0N60) are shown in Figure 3. There was a significant effect of reverber-
ation on SRM in the NH group (X2 = 30.2, p < 0.001), the bimodal groups with CI (X2 = 13.3,
p = 0.001) and EAS (X2 = 14.3, p = 0.001), and in the bilateral groups with CI (X2 = 9.0,
p = 0.011) and EAS (X2 = 12.3, p = 0.002).

Figure 3. Boxplots of spatial release from masking (SRM, individual SRT difference between S0N0
and S0N60 results) for all five subject groups in free-field (white boxes) and reverberation with
reverberation time of 0.35 s (light grey boxes) and 0.51 s (dark grey boxes). Each outlier that is more
than 1.5 times the interquartile range is indicated with a circle.

There was also a significant effect of subject group on the SRM (free-field: H = 37.6,
p < 0.001; 0.35 s reverberation: H = 38.9, p < 0.001; 0.51 s reverberation: H = 30.3, p < 0.001).
Post hoc tests found significant differences in SRM between the NH group and all CI/EAS
groups (all p < 0.001). SRM in the NH group was 2.3–7.6 dB higher than SRM in the CI and
EAS groups.

No significant difference in SRM was found between any CI and EAS group. It should
be noted, that only in the bilateral CI and EAS groups, the majority of subjects could benefit
from a spatial separation of speech in noise to improve speech perception (but only under
free-field conditions). In contrast, approximately 50% of subjects in the bimodal groups
had no SRM at all (i.e., a SRM score lower or equal 0 dB).

3.3. Impact of Acoustic Hearing on SRT and SRM

For the bimodal CI and EAS groups, correlations were calculated between the pure-
tone average (PTA, frequencies 0.5/1/2/4 kHz) or the low-frequency pure-tone average
(PTAlow, frequencies 0.125/0.25/0.5 kHz) and SRT/SRM scores. There was no significant
correlation between PTA or PTAlow and SRT or SRM scores in any subject group.

4. Discussion

4.1. Impact of Reverberation on SRTs

All subject groups showed a deterioration in SRTs in continuous noise with increas-
ing reverberation time in both co-located S0N0 and spatially separated S0N60 conditions
assessed in a loudspeaker-based room simulation setup. The detrimental effect of reverber-
ation on SRT was 2.2–3.4 dB in the S0N0 condition and 4.9–7.6 dB in the S0N60 condition,
depending on subject group. The detrimental effect of reverberation on SRTs was compara-
ble in all subject groups. However, the baseline (i.e., SRT in free-field) was considerably
higher (worse) in all CI groups, especially in the S0N60 condition (up to 12 dB).
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To the knowledge of the authors, this is the first study that assessed the impact of
reverberation on SRTs in noise in a population of EAS in comparison with the NH and
CI groups using a loudspeaker-based sound reproduction setup. Helms-Tillery et al.
investigated the effect of reverberation on speech perception in EAS using vocoder studies
in NH subjects [17]. They found a significant “EAS effect” (better speech perception) in
reverberation compared to simulated CI.

Kokkinakis and Loizou [8] reported for CI users a decrease in word recognition from
84% in an anechoic condition to 20% in reverberation (reverberation time: 1.0 s) at a source–
receiver distance of 1 m. Kokkinakis et al. [34] extended this study by various reverberation
times. They found that mean word recognition performance decreased exponentially with
increasing reverberation time. In the present study, the relationship between reverberation
time and SRT was rather linear. It must be taken into account that the method of room
simulation differs significantly in many of the studies. Kokkinakis et al. used the static
filtering of non-individualised head-related transfer functions (i.e., binaural and head-
phone based approach). Differences in sound reproduction could have a higher impact
on the results. Many studies did not take place in a real room or loudspeaker-based room
simulation, but were presented via a direct audio output (e.g., [8,10,13–15,34]), or, the
participants did not wear their own processors but research processors, which may have
varied from their everyday processor (e.g., [8,13,15,34]). It is assumed that by using the
user’s everyday CI system in a real sound field, more realistic spatial cues and natural
reverberation can be included to reach results closer to real-life situations.

It should also be considered that reverberation is not the only room-acoustic parameter.
In the present study, the reverberation time was modulated by changing the absorption
properties of the surfaces inside the room while keeping the room geometry and the source
and listener positions constant. Therefore, an increase in reverberation time goes along
with a decrease in the direct-to-reverberant energy ratio (DRR). This means that the level of
reverberation in relation to the direct sound is also increased. Thus, there were two acoustic
parameters which could account for the deterioration in SRT.

In a real room, the reverberation time is almost place-independent, whereas the DRR is
defined by the distance between source and listener. The influence of the distance between
the talker and CI users was investigated by Kressner et al. [12] in a loudspeaker-based
reproduction setup with three different room sizes and different receiver positions (1 m,
3 m, 6 m). They found a significant effect of the source–receiver distance, but no effect
of the reverberation time on speech perception. Furthermore, no effect of the number of
late reflections on speech perception was found. For a small source–receiver distance of
1 m (i.e., high DRRs), all participants except one showed speech perception scores better
than 90%, even in a simulation of a large room (reverberation time: 1.7 s). These results
contradict the data of Kokkinakis and Loizou [8] and Kokkinakis et al. [34], with a high
impact of reverberation also at a small source–receiver distance, but measured with a
binaural sound reproduction method. In the model of Kressner et al., an effect became
significant with a source–receiver distance of 3 m and particularly worse in the big room
auditorium simulation with a source-receiver distance of 6 m.

Badajoz-Davila et al. [18] also reported that speech perception does not necessarily
decay with increasing reverberation time. The data were also obtained using loudspeaker-
based sound reproduction. Speech perception in a smaller but more reflective room
(reverberation time: 1.55 s) was more affected than in a bigger room (car park) with a
higher reverberation time of 2.42 s. Badajoz-Davila et al. [18] assume that the quite strong
effect of reverberation on speech perception in CI users that was observed in previous
studies [2,3,8,14,34] is caused since small reverberant rooms were considered, containing
an unrealistically high amount of reverberation.

In the present study, results close to everyday performance were expected since
loudspeaker-based room simulation was used, which was shown to be beneficial compared
to binaural sound reproduction methods in CI users. However, further studies should also
assess the effect of DRR and reverberation time independently.
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4.2. Impact of Reverberation on Spatial Release from Masking

Spatial release from masking as the effect of spatial separation of speech and contin-
uous noise (measured as SRT difference between S0N0 and S0N60) was investigated for
free-field conditions and two different reverberation times. In contrast to other studies, the
separation was only 60◦ (i.e., no maximum head shadow effect as for 90◦) and the noise
was presented to the better hearing ear. A significant effect of reverberation on SRM was
found for all subject groups. However, it has to be noted that even in free-field conditions,
considerable differences in SRM between NH and all CI groups were found. The mean SRM
in the NH group was higher than 7 dB, whereas in the bilateral CI and EAS groups only
75% of the subjects had a small SRM at all (median: 1.25–1.75 dB). In the bimodal groups,
only 50% of the subjects achieved a small SRM in free-field conditions. No beneficial effect
of EAS use on SRM was found.

The results are in line with data from Gifford et al. (2014). They found no beneficial
effect of hearing preservation on SRM [6]. As in our study, the highest amount of SRM was
in the bilateral CI group. Williges et al. [7] used vocoder studies to assess SRM in simulated
CI and EAS subjects. SRM in the bilateral CI group was about 6 dB lower than in NH,
which is in line with the data presented in our study. In contrast to the present results and
the data reported in Gifford et al., a beneficial effect of EAS on SRM compared to bilateral
CI was found.

SRM was severely deteriorated by reverberation in the NH group, showing decreasing
SRM with increasing reverberation time. Rennies and Kidd [35] found that increasing
reverberation not only leads to decreased SRM, but also to a strong deterioration of spatial
release from listening effort.

None of the EAS or CI groups achieved any SRM in reverberation at all. The reason
is probably that the noise was presented to the better ear. Since the subjects could benefit
from the head shadow effect only in the poorer ear, SRM was already small in the free-
field. By increasing diffusiveness due to reverberation, the head shadow effect was further
diminished. It could be hypothesised that SRM in CI or EAS users would be higher in a
symmetric noise/reverberation setup, where the better ear effect would be useable. The
study of Weissgerber et al. [36] investigated SRM in a symmetric diffuse noise condition,
showing that SRM in bimodal and the bilateral CI groups was comparable (2.1–2.2 dB) and
close to NH (2.9 dB).

It has to be noted that the noise used in the present study was continuous noise.
Further studies using temporally modulated noise were of interest to assess the combined
effect of glimpsing and SRM in EAS vs. electric CI stimulation only.

4.3. Impact of Subject Group

There was a significant effect of subject group in all test conditions. However, post
hoc tests revealed that only the results from the NH group were significantly different (i.e.,
better) compared to all EAS/CI groups, whereas no significant differences between the
EAS or CI subject groups were found in any test condition.

These findings are in contradiction to other previous studies. The average EAS benefit
in free-field is reported to be in the range of 5% to 30% in quiet [37] and 26% in noise [38].
Rader et al. [25] compared bilateral CI users and bimodal EAS users in the co-located
masker condition S0N0 and in a diffuse multi-source noise field condition. In all test
conditions, the EAS subject group demonstrated a significantly better outcome than the
bilateral CI group. Some top-performing EAS users came very close to the results of
normal-hearing listeners.

Turner et al. [39] could not find better SRTs in simulated EAS listening compared
to simulated CI stimulation in a continuous noise condition, whereas in a more complex
scenario with competitive talkers, better SRTs were found in the EAS group. The results
were confirmed in a small sample of EAS users compared to a group of CI users.

In the present study, the noise in the spatially separated noise condition S0N60 was
directed towards the better ear. In the conditions in either noise or reverberation, there
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was a clinically relevant tendency of better SRTs in the bilateral groups (either EAS or
CI) compared to the bimodal CI/EAS groups. For all EAS/CI subject groups, pairwise
comparisons revealed a significantly lower monosyllable recognition score in the worse
ear. However, this difference was larger in the bimodal CI (28.5%) and EAS (36.4%) groups
than in the bilateral CI (12.2%) and EAS (15.8%) groups.

The mean age of the groups with bimodal or bilateral CI stimulation was almost
10 years lower than in the respective EAS groups. It is known that speech perception scores
in noise decrease with increasing age, even in normal hearing subjects and when partialling
out a potential age-related hearing loss [40]. Furthermore, a recent study reported that age
is the only predictive factor for speech perception performance in noise in CI subjects [41].
Therefore, the EAS effect found in previous studies was probably absent in the present
study because the age of the CI subject groups was lower. However, testing age-matched
subject groups is oftentimes hard to realise in studies with EAS subjects since this is a rather
rare subject population.

It has to be noted that in the spatially separated speech in the noise condition, the
best performing subject showing SRTs and SRM closest to the NH subjects was in the
bilateral EAS group with exceptionally good residual hearing in both ears (subject EAS_BL6
in Table 4).

4.4. Limitation of the Study

The presented work is not without limitations. As the group of EAS users is generally
a small population, the number of cases tested in this study is correspondingly low. Studies
with larger case numbers would be desirable, so that a stronger correlation between residual
hearing and hearing performance in the reverberation could possibly be shown. This was
also the reason why it was not possible to match the age of the different study groups (see
previous section). Furthermore, the test in the spatially separated condition was always
conducted presenting the noise on the EAS ear. Further experiments with the presentation
of noise in the contralateral ear were of interest, as SRM would probably be higher in such
a test condition.

5. Conclusions

The test procedure, which employed loudspeaker-based room simulation, revealed
that reverberation has a detrimental impact on SRT across all subject groups. Only NH
subjects achieved spatial release from masking in reverberation, whereas no beneficial
effect of spatial separation of speech and noise was found in any CI/EAS group, when
noise was presented towards the better hearing ear.

No beneficial effect of combined electric–acoustic stimulation compared to electric
stimulation on speech perception in reverberation was found. Further studies on this
research question using age-matched subject groups are desirable.
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Abstract: Background: Hearing in noise is challenging for cochlear implant users and requires
significant listening effort. This study investigated the influence of ForwardFocus and number of
maxima of the Advanced Combination Encoder (ACE) strategy, as well as age, on speech recognition
threshold and listening effort in noise. Methods: A total of 33 cochlear implant recipients were
included (age ≤ 40 years: n = 15, >40 years: n = 18). The Oldenburg Sentence Test was used to
measure 50% speech recognition thresholds (SRT50) in fluctuating and stationary noise. Speech
was presented frontally, while three frontal or rear noise sources were used, and the number of
ACE maxima varied between 8 and 12. Results: ForwardFocus significantly improved the SRT50
when noise was presented from the back, independent of subject age. The use of 12 maxima further
improved the SRT50 when ForwardFocus was activated and when noise and speech were presented
frontally. Listening effort was significantly worse in the older age group compared to the younger
age group and was reduced by ForwardFocus but not by increasing the number of ACE maxima.
Conclusion: Forward Focus can improve speech recognition in noisy environments and reduce
listening effort, especially in older cochlear implant users.

Keywords: age-related hearing loss; cochlear implant; ForwardFocus; hearing effort; hearing in noise;
speech recognition

1. Introduction

Hearing is one of the most essential prerequisites for communication [1] and an
important component of social interaction and quality of life [2,3]. Untreated hearing
disorders can impair cognitive performance and even contribute to the development of
dementia [4–6]. If conventional hearing aid treatment is insufficient or not indicated,
cochlear implants (CIs) may be an alternative to facilitate hearing by bypassing the inner
ear and stimulating the auditory nerve electrically [7]. CI-mediated hearing differs from
normal hearing in quality and timbre [8] and also speech perception is still not comparable
to normal hearing.

Besides speech recognition in quiet [9], cochlear implantation also aims for good
speech recognition in noise [10–12]. Hey et al. [13], however, showed that CI users with
high levels of open-set speech recognition in quiet may still have poor hearing in noise
compared to normal-hearing listeners [14]. To overcome this deficit, noise reduction
algorithms were developed to improve the signal-to-noise ratio (SNR) and thus hearing
with a CI [15]. The benefit of noise reduction technologies was, however, reduced with
a reduction in the number of competing speakers [14,16,17]. A typical situation is the
so-called cocktail party setting [18]. Normal hearing listeners can focus their listening
attention on one specific speaker, even if there are other conversations in their immediate
surroundings. In contrast, CI users need special noise reduction technologies to focus on
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the speaking person. Wimmer et al. [19] showed that in those situations speech recognition
and SNR can be improved by using directional microphones.

A relatively new CI sound-processing algorithm is ForwardFocus (FF). ForwardFocus
attenuates sounds from behind while preserving sounds from the front, in order to increase
speech recognition in noise by increasing the SNR. To help CI users in focusing on frontal
speakers more than directional microphones can do, FF was first implemented in the audio
processor of the Nucleus 7 system (Cochlear, Sydney, Australia) [14].

Hey et al. [14] showed a superiority of 5.8 dB SNR with FF in comparison to directional
microphone technology if the noise was presented from behind (90◦, 180◦ and 270◦). The
impact of FF on speech perception in frontal noise presentation has not been investigated in
detail. Since fluctuating noise signals are considered to have high ecological validity [20,21],
an effect of FF on speech perception in icra5, a noise signal developed for audiological
testing resembling the sound of a single speaker with pauses of 250 ms [22], would be
expected as well.

Another option to increase speech recognition in Nucleus CI users is the Advanced
Combination Encoder (ACE) strategy, which selects only the channels with the highest
spectral energy in each stimulation cycle (number of maxima). It has been shown that the
ACE algorithm is sensitive to noise since the wrong maxima could be selected, especially
in speech gaps [23]. Berg et al. [24], however, showed that the maxima selection strategy
of ACE improved sentences in noise discrimination and spectral modulation detection
compared to a 16-channel continuously interleaved samples (CIS) strategy. Using sixteen
versus eight maxima led to a significantly better understanding of monosyllables and
sentences in a 20-talker babble noise signal for presenting speech and noise from the
front (S0N0).

While a decrease in hearing in general underlies a degradation of peripheral hearing
and cognitive decline, it is still unclear how age affects hearing with CIs. So far, only a few
studies have examined aging in CI users and no study has investigated aging effects for FF
and ACE maxima conditions. Shew et al. [25] examined two groups of bimodal CI users
aged below and above 65 years. No difference between the age groups was found when
hearing in quiet was measured, but the addition of noise resulted in a disproportional
decline for the older participants. As a possible explanation, Füllgrabe [26] found that
temporal processing deteriorates with age, starting in early midlife. The first significant
deficits were observed in normal-hearing participants between the ages of 40 and 49 years,
even in the absence of peripheral hearing loss. Above the age of 40 years, the maximum
word recognition score also starts to decline, as observed in a large cohort [27].

Since CI outcome depends on cognitive factors, listening effort, as measurement of
these factors, has been introduced as an important assessment [28]. After cochlear implan-
tation, the available acoustic and spectro-temporal cues are limited, which would cause
an increased listening effort [9]. This assumption was recently confirmed by a review
of 24 studies that showed higher levels of listening effort in CI users when compared to
normal-hearing controls using scales, questionnaires, and electroencephalogram measure-
ments [29]. Nevertheless, the main factors leading to this difference still need to be clarified.
It is hypothesized that the technical parameters of cochlear implants greatly impact listen-
ing effort, more than age or cognitive factors do [9]. Other studies discussed the effects
of cognitive factors such as working memory capacity or inhibitory control on listening
effort [29,30] and found effects of aging on listening effort in CI users [31]. According to a
study by Perrau et al., other variables, such as the duration of CI use and the age of onset
of hearing loss, were not significantly related to listening effort [31].

This study aimed to evaluate the effects of FF and number of ACE maxima on speech
recognition and listening effort in spatial conditions when fluctuating noise is presented
from the front or the back. A younger group and an older group of CI users were included
and compared to age-matched reference data of normal-hearing listeners [32]. We hypothe-
sized that an increased number of ACE maxima would increase the spectral information of

74



J. Clin. Med. 2023, 12, 1399

the CIs and therefore could reduce listening effort in noise and that the increased SNR by
using FF would reduce listening effort in noise as well.

2. Materials and Methods

In a prospective, non-interventional exploratory cohort study, CI users between 18 and
80 years of age were included and allocated to the age groups of ≤40 years and >40 years.
Inclusion criteria were a post-lingually acquired CI indication; use of a Nucleus CI24RE,
CI5xx, or CI6xx device (Cochlear, Sydney, Australia) with at least 20 active electrode
contacts; use of the ACE coding strategy for at least six months; being a German native
speaker; and having a CI-aided monosyllabic word recognition score (WRS) in quiet of
at least 50% at 65 dB SPL. This study was conducted in a laboratory of experimental
audiology at a university hearing and implant center. This study was approved by the local
ethical review board (approval number 2021-044) and conducted in compliance with the
Declaration of Helsinki. Informed written consent was obtained from all participants.

All measurements were performed in a unilateral setting with the same Nucleus
7 audio processor. For bilaterally implanted CI users, the side with the better WRS was
chosen. Each individual patient’s device fitting was used as base for the study settings:
eight maxima without FF (M8/FF−), eight maxima with activated FF (M8/FF+), and
twelve maxima with activated FF (M12/FF+). If the individual setting did not allow for
twelve maxima, the largest possible number of maxima was used instead.

Participants were positioned in a circle at a distance of 1 m from the loudspeakers in
a sound-attenuated room. The head was fixed with a papillon head fixation system. The
German matrix sentence test OLSA (HörTech, Oldenburg, Germany) [9,33,34] was utilized
to measure the 50% speech recognition threshold (SRT50) in noise with a constant sound
pressure level of 65 dB. Figure 1 shows the three spatial configurations of speech and noise
presentation. The speech signal (S) of the target speaker was always presented in front (0◦,
S0). Noise signals (N) were either the generic noise of the OLSA with a male voice (olnoise)
or the icra5 fluctuating noise of the OLSA. In the frontal noise condition, the noise signals
were presented from 0◦, +45◦, and −45◦ (S0Nfront). The rear noise presentation locations
were 180◦, +135◦, and −135◦ (S0Nrear). The S0N0 condition was used as the reference and
training condition. Participants were presented with lists of 20 sentences with adaptive
speech levels in continuous noise. Within the adaptive measurement of SRT50, after every
sentence, the sound pressure level was adjusted based on the participant’s response to
the preceding sentence. Two training lists, one for olnoise and one for icra5, were used
before the 12 test runs started in a pseudorandom sequence. For the spatial conditions
of S0Nfront and S0Nrear, the test runs comprised olnoise with M8/FF− and icra5 with
M8/FF−, M8/FF+, and M12/FF+.

Figure 1. Experimental conditions with speech presented from the front (0◦): (A) frontal noise
condition with noise signals presented from 0◦, +45◦, and −45◦ (S0Nfront); (B) rear noise condition
with noise signals presented from 180◦, +135◦, and −135◦ (S0Nrear); and (C) S0N0 reference condition
with only one frontal noise source (0◦).

Listening effort was measured using the “Adaptive Categorical Listening Effort Scal-
ing” (ACALES) test (Hörtech, Oldenburg, Germany) [9,35,36] in the S0N0 condition. The
participants were asked to rate their listening effort on a scale of eight response categories
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ranging from ‘no effort’ to ‘only noise’ following the frontal presentation of two sentences
from the OLSA test in 65 dB SPL icra5 noise. Based on the previous rating, the SNR was
changed adaptively for every set of two sentences. SNR limits of −40 dB and +20 dB were
applied. The SNRcut, which is the SNR at which a moderate effort (4 effort scale categorical
units, ESCUs) was measured, was assessed for all experimental conditions.

The SRT50 and SNRcut distributions were descriptively reported and analyzed. Nor-
mality was assessed through the Shapiro–Wilk test. To compare the distributions of SRT50
between the spatial configurations, the signal processing settings, and age, an ANOVA for
repeated measures with the within-subject factors of ‘spatial condition’, ‘FF’, and ‘Maxima’
and the between-subject factor of ‘age group’ was used. Mauchly’s test was utilized to
verify the assumption of sphericity and Greenhouse–Geisser correction was applied if
necessary. The effect of the age group on the SNRcut was analyzed with an ANOVA for all
used experimental conditions. Bonferroni correction was applied to adjust the degrees of
freedom for all post hoc comparisons. The required sample size was based on the SRT50
as the primary endpoint with an assumed standard deviation of 2 dB. To calculate the
95% confidence intervals with an assumed length of 2 dB, a sample size of 18 participants
per age group resulted. This is comparable to studies that have already been successfully
conducted with similar methodologies and research questions. The statistical analyses
were performed using version 28 of the SPSS software from IBM in Ehningen, Germany.
The level of significance was set to p = 0.05.

3. Results

Thirty-three participants were recruited. One participant with SRT50 values above
30 dB SNR was excluded from the analysis. Table 1 provides the demographic and implan-
tation data of all analyzed participants. Electrode insertion was mostly through the round
window, in four cases after a partial or subtotal cochleoectomy, and in two cases through
a cochlestomy.

Table 1. Anamnestic data and baseline characteristics.

Age Groups

Characteristics ≤40 Years >40 Years All

Number 14 18 32

Age, mean (SD), years 28.6 (7.9) 70.0 (7.2) 51.9 (22.1)
Median [25th, 75th percentiles] 27.0 [20.0, 36.3] 69.5 [62.8, 76.3] 61.0 [29.5, 71.5]

Men/women, N 9/5 13/5 22/10

Right/left CI, N 5/9 8/10 13/19

Word recognition, mean (SD), %
correct at 65 dB SPL

Ipsilateral 71 (17) 73 (15) 72 (15)
Median [25th, 75th

percentiles] 73 [58, 85] 75 [60, 85] 75 [60, 85]

Contralateral 65 (40) 59 (23) 62 (31)
Median [25th, 75th

percentiles] 78 [34, 100] 65 [53, 75] 68 [48, 84]

Active electrodes, mean (SD), n 21.8 (0.8) 21.8 (0.5) 21.8 (0.6)
Median [25th, 75th percentiles] 22.0 [22.0, 22.0] 22.0 [22.0, 22.0] 22.0 [22.0, 22.0]

Pulse width, mean (SD), ms 35.5 (13.7) 29.7 (7.5) 32.3 (10.9)
Median [25th, 75th percentiles] 37.0 [25.0, 37.0] 25.0 [25.0, 37.0] 25.0 [25.0, 37.0]

Stimulation rate, mean (SD), Hz 921.4 (80.2) 977.8 (186.5) 953.1 (150.2)
Median [25th, 75th percentiles] 900.0 [900.0, 900.0] 900.0 [900.0, 1200.0] 900.0 [900.0, 900.0]

CI usage per day, mean (SD), hours 11.5 (5.5) 13.7 (2.3) 12.8 (4.1)
Median [25th, 75th percentiles] 13.0 [8.8, 15.3] 14.0 [12.0, 15.2] 14.0 [11.3, 15.0]

CI experience, mean (SD), years 5.9 (4.9) 5.1 (3.2) 5.4 (4.0)
Median [25th, 75th percentiles] 4.5 [1.7, 9.5] 4.0 [2.8, 7.0] 4.0 [2.0, 9.0]
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Figure 2 shows the SRT50 for all spatial and noise conditions for the two age groups.
The respective mean SRT50 and standard deviations are shown in Table 2. The ANOVA of
SRT50 shows no effect of the age group (F(1,30) = 2.3; p = 0.142). The effects of spatial condi-
tion (F(1.5,45.3) = 35.5; p < 0.001), noise (F(1,30) = 7.6; p = 0.010), and the interaction of spatial
condition and noise (F(1.5,45.5) = 11.7; p < 0.001) were significant. Post hoc comparisons
show better SRT50 for olnoise (−4.53 dB SNR) as compared to icra5 (−2.45 dB SNR). The
SRT50 for S0Nrear (−5.69 dB SNR) was significantly better than for S0N0 (−2.63 dB SNR),
all other differences were not significant. Since age group had no effect on the SRT50 results,
both groups were combined for further analysis.

Figure 2. Speech recognition threshold (SRT50) for all spatial and noise conditions for the two age
groups, ≤40 years (white) and >40 years (grey), presented as boxplots for all analyzed participants
with deactivated FF and using 8 ACE maxima (M8/FF−). The whiskers show minimum and
maximum values.

Table 2. Speech recognition and listening effort in noise outcomes.

Age Group, Years Age Group, Years

Outcome ≤40 >40 Total

Speech recognition in noise
SRT50 in dB SNR, mean (SD)

olnoise
M8/FF− S0N0 −3.2 (2.9) −2.3 (2.4) −2.7 (2.6)

S0Nfront −3.9 (3.0) −3.1 (1.9) −3.5 (2.4)
S0Nrear −7.5 (4.4) −7.0 (2.8) −7.2 (3.5)

icra5 M8/FF− S0N0 −5.1 (10.6) 0.1 (5.1) −2.2 (8.2)
S0Nfront −2.6 (7.1) 1.0 (3.8) −0.6 (5.7)
S0Nrear −5.3 (6.8) −2.9 (4.1) −4.0 (5.5)

icra5 M8/FF+ S0N0 −4.7 (9.9) 0.7 (5.5) −1.6 (8.1)
S0Nfront −2.8 (6.6) 1.0 (3.7) −0.7 (5.4)
S0Nrear −9.7 (4.0) −8.7 (2.9) −9.1 (3.4)

icra5 M12/FF+ S0N0 −5.9 (8.8) −0.2 (5.0) −2.7 (7.4)
S0Nfront −3.1 (6.6) 0.5 (4.1) −1.1 (5.5)
S0Nrear −10.3 (4.6) −9.5 (2.4) −9.8 (3.5)

Listening effort in noise
SNRcut in dB SNR (SD)

icra5 M8/FF− S0N0 −4.8 (7.8) 4.7 (5.7) 0.1 (8.2)
icra5 M8/FF+ S0N0 −4.3 (7.4) 2.3 (4.8) −0.9 (6.9)
icra5 M12/FF+ S0N0 −3.7 (7.0) 3.5 (5.4) 0.1 (7.1)

Abbreviations: SNR: signal-to-noise ratio; SD: standard deviation; SPL: sound pressure level; SRT50: 50% speech
reception threshold; SNRcut: signal-to-noise ratio at moderate listening effort.
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The effect of FF on the SRT50 is shown in Figure 3, together with reference data of
normal-hearing listeners [32]. FF improved the SRT50 in the S0Nrear condition from −4.0 dB
SNR (SD: 5.5) to −9.1 dB SNR (SD: 3.4) (p < 0.001), but not in the other spatial conditions.

Figure 3. (A) Effect of ForwardFocus and (B) number of ACE maxima on the speech recognition
threshold in noise (SRT50) for different spatial conditions of signal and noise presentations. Individual
data are presented together with the means ± SD. Significant differences are marked with an asterisk
(p < 0.05); ns: not significant. The reference data for normal hearing listeners [32] are displayed as
grey bars (means ± SD).

The effect of an increased number of ACE maxima is also shown in Figure 3. The
missing values of two participants were imputed based on the respective mean SRT50 of the
age group (S0N0: −2.69 dB, S0Nfront: −1.09 dB, S0Nrear: −9.81 dB). The increased number
of ACE maxima improved the SRT50 in the S0N0 condition from −1.6 dB SNR (SD: 8.1) to
−2.7 dB SNR (SD: 7.4) (p = 0.033), but not in the other spatial conditions.

All participants participated in the ACALES test. The test was terminated if the SNR
of the stimulus presentation exceeded 16 dB. This affected four participants in the younger
age group and six participants in the older age group. In addition, five more participants in
the older age group could not complete the test for only one or two of the three conditions.
In these cases, the missing values were replaced by a value of 10 dB SNR.

Figure 4 shows the SNRcut results of the ACALES test for listening effort. The mean
values are reported in Table 2. The ANOVA of SNRcut shows an effect of age group in
the M8/FF− condition (F(1,21) = 11.5; p = 0.003), the M8/FF+ condition (F(1,21) = 6.7;
p = 0.017), and the M12/FF+ condition (F(1,21) = 7.6; p = 0.012). In the older age group,
SNRcut showed a significant increase of 9.5 dB for M8/FF−, 6.6 dB for M8/FF+, and 7.2 dB
for M12/FF+. In the younger group, no significant differences in SNRcut were measured
between the FF and ACE maxima conditions. FF significantly improved the SNRcut by
2.4 dB (p = 0.027) in the older age group; however, the additional increase in ACE maxima
worsened it by 1.2 dB (p = 0.0495).
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Figure 4. Listening effort in noise displayed as boxplots for different signal processing conditions
and age groups. Significant differences are marked with an asterisk (p < 0.05). The reference data for
normal hearing listeners [32] are displayed as grey bars (means ± SD).

4. Discussion

The results show that FF improves speech recognition in noise when fluctuating noise
is presented from rear directions and has no effect on SRT if noise is frontally presented.
Since noise sources from behind often occur in daily life, this result is relevant for CI users.
However, not all CI users benefited from activated FF, and 4 of the 32 analyzed participants
even achieved worse results. Possible reasons for this are that two of these four participants
reported very short daily CI wearing times (1 h/d) and were potentially not used to hearing
with the CI in general. For another participant, we suspect that cognitive factors interacted
with performance in our study.

Apparently, there is a slight trend that participants with poor speech recognition in
noise profited more from FF than participants with good speech recognition in noise. An
analysis of two previous studies [14,37] indicates similar characteristics in the correspond-
ing patient cohorts. However, this needs to be confirmed in a dedicated future investigation.
Overall, the FF-induced improvement in speech recognition in noise for the S0Nrear condi-
tion is in line with the results of Hey et al. for the S0N90,180,270 condition [14]. The present
study complements those findings by showing similar results with the Nucleus 7 audio
processor. As expected from the signal processing design of FF [14], speech recognition in
noise could not be improved if noise came from the front (S0Nfront, S0N0).

A limitation of this unilateral study design is that in bilaterally implanted CI users, FF
was only activated in one CI. Those participants reported a somehow unbalanced hearing
and would potentially benefit even more from FF being activated in both audio processors.
Also, the duration of deafness before CI implantation and CI experience could influence
speech recognition in noise. To avoid a resulting bias, both age groups were balanced
according to CI experience.

When the number of ACE maxima was increased to 12, the results show significant
SRT50 improvements only for the S0N0 condition. We hypothesize that in less complex
listening situations, such as the S0N0 condition, spatial cues cannot be utilized to separate
speech and noise. An increased number of maxima would then potentially provide more
speech-related information, which helps to better discriminate speech from noise. If noise
comes from three directions (S0Nfront or S0Nrear) and speech only from one, ACE maxima
selection would also pick up signals from all three directions based on their amplitudes
and increase the difficulty of discriminating the speech signal from noise based on spatial
information alone.

These results are in line with those of Berg et al. [24], who showed significant im-
provements using 16 versus 8 maxima in the ACE strategy for sentence recognition in
noise. The S0N0 condition is suitable for standardized audiometry but with questionable
impact for everyday hearing. We assume that FF and increased ACE maxima could be
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used simultaneously to achieve better speech recognition in such less-complex situations.
Nevertheless, for difficult listening conditions (S0Nrear), which often appear in real-life
settings, the results show that increasing the number of maxima from 8 to 12 does not
provide significant benefits over FF in speech perception overall. In the present study,
however, some participants could only be measured with 9 to 11 maxima instead of 12,
and other parameters such as electrode-to-modiolus distance depending on the type of
electrode carrier used also varied between participants. We recommend future studies to
investigate the number of ACE maxima independently of FF in different spatial conditions.
Also, in our data, we could see some that patients improved their results and could observe
a trend that the best mean value for speech perception (−9.8 dB), whenever not significant,
was found in the S0Nrear condition using 12 maxima.

In our study, age group did not affect speech recognition thresholds in noise. In
contrast to a study by Füllgrabe et al. [26], which described a decreased processing of
temporal fine structure cues with age, starting between 40 and 49 years, even without
peripheral hearing loss in normal hearing listeners, we did not find a deterioration in
SRT50 in fluctuating noise with age. Also contrasting with our results, Shew et al. [25]
demonstrated that the addition of noise disproportionally affects the speech recognition of
adults over 65 years old. Either age did not have a significant impact in our test setting at
all or the detrimental effect of age has a later onset than reflected in our age groups, which
had a cutoff at 40 years, or even neither is true. The time of implantation and daily wearing
time likely affect hearing in CI users more than age does [38,39].

Compared with age-specific reference data for the same spatial signal and noise
configurations [32], the present results demonstrate that some CI users are able to perform
similar to normal-hearing listeners. Thus, despite the fact that studies often overestimate
the performance of CIs due to the experimental design [40,41], we conclude that FF provides
a tool that significantly reduces hearing deficits in some situations.

Compared to olnoise, the results show poorer SRT50 for fluctuating icra5 noise. This
confirms that fluctuating competing signals are more difficult for CI users. [7,14,42] In the
same experimental design as in the present study, normal-hearing listeners showed better
SRT50 in icra5 noise compared to olnoise. While normal-hearing people can benefit from
the so-called gap listening [43], CI users could possibly not detect the speech signals in the
pauses of only 250 ms within the icra5 noise signal. This is consistent with a study by Rader
et al. [44], who were also unable to detect gap listening in CI users in modulated noise.

Although hearing tests in noise are becoming more relevant in everyday clinical
practice, their ecological validity needs to be improved [41]. Several studies have shown
that fluctuating interfering signals or competing talkers [45] can best reflect everyday
situations [42,46]. Hey et al. [41] recently revealed that a stationary noise cannot replace
interfering signals if used in speech audiometry. The results of our study are based on
the recommended icra5 noise [22,47] and can thus contribute to the standardization of
clinical measurements, especially in comparison with the recently published data of normal-
hearing subjects [32].

In contrast to the results for speech intelligibility in noise, we found a significant
age dependency in listening effort across all experimental conditions. Older CI users
(>40 years) showed a larger listening effort in noise than those in the age group ≤40 years.
Although speech recognition measurements were possible in these participants, some in
the group >40 years could not even complete the ACALES test because even the largest
possible SNR was rated as too exhausting. This was not observed in the younger age group.
The differences between the age groups might result from the deterioration in temporal
fine structure processing with age [26] or other cognitive factors like processing speed,
executive control, and working memory capacity, which exhibit known age effects [9,30].

We found that FF reduced listening effort only in the group >40 years. From this, we
conclude that reducing background noise might reduce cognitive effort and thus listening
effort. This finding might be explained by the “Framework for Understanding Effortful
Listening” (FUEL) model, which describes listening effort as a multifactorial construct,
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consisting of cognitive, motivational, and input-related demands. It suggests that speech
recognition and listening effort can differ due to individual cognitive factors [9,48]. We
assume that the input-related benefits of the FF microphone technology decreased the
cognitive demand for speech comprehension, which is considered to be higher in older
listeners [49], and led to reduced listening effort in that group. Based on this theory, younger
CI users might have more cognitive resources, e.g., better temporal processing, that make
listening effort more independent from input-related speech recognition. However, since
this study was powered for speech perception in noise, future studies should address the
effects of age on listening effort in noise in more detail.

Additionally, FF reduced listening effort for older CI users in the S0N0 condition, for
which no improvements in speech recognition could be expected. This confirms the theory
that speech recognition and listening effort are not aligned, and FF can improve listening
effort independently from an improvement in speech recognition.

Another limitation of this study is that some participants were experienced FF users
and others activated it for the first time, which could have introduced bias to the results.
While data on this subject are very limited, it is being discussed that experienced FF users
may have advantages in speech recognition, also in noise, due to training effects comparable
to an acclimatization effect of new coding strategies [50].

It was also observed that most CI users had a markedly higher listening effort than
normal-hearing listeners, which was reflected in the relatively high dropout rates in the
ACALES test. We suggest that future investigations include more spatial conditions, in-
vestigating the relation between improved speech recognition scores as for the S0Nrear
condition and reduced listening effort, including training with FF to examine this observa-
tion more concisely.

Age-mediated cognitive factors or other, not examined, factors linked with auditive
processing, such as age at the time of implantation, which can be associated with decreased
neuronal plasticity or the time of deafness before implantation, could explain the observed
effects of age on listening effort. Our groups, however, were not matched with respect
to these factors. Age-dependent listening effort based on cognitive changes should also
have affected the normal-hearing reference group of Rahne et al. [32]. However, these
data show an age effect only on speech recognition in noise but not on listening effort.
This might be explained by the finding of Abdel-Latif and Meister [9] showing that the
outcomes of cognitive tests (processing speed, executive control, and working memory
capacity) were correlated with age, but no impact of age and cognitive abilities on listening
effort in CI users was found. The authors concluded that listening effort was dominated
by device-related, technical factors. The results of our study suggest that FF decreases
listening effort independently from speech recognition. As a consequence, the assessment
of listening effort should be included into clinical routine assessment after CI provision.

To summarize, we conclude that FF can significantly improve speech recognition
in the presence of multiple noise sources presented from the rear, which can improve
hearing in daily life. ForwardFocus reduced listening effort in older CI users, for whom the
listening effort is larger compared to younger and normal-hearing listeners. The number
of ACE maxima decreased the speech recognition threshold in noise if speech and noise
were frontally presented and did not affect listening effort. Generally, speech recognition
in noise was not found to be age-dependent. However, future studies should focus on
individual effects of aging and age-related cognitive effects on listening effort in CI users.
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Abstract: (1) Background: The fitting of cochlear implants (CI) is an established treatment, even in cases
with considerable residual hearing but insufficient speech perception. The aim of this study was to
evaluate a prediction model for speech in quiet and to provide reference data and a predictive model for
postoperative speech perception in noise (SPiN) after CI provision. (2) Methods: CI candidates with
substantial residual hearing (either in hearing threshold or in word recognition scores) were included in a
retrospective analysis (n = 87). Speech perception scores in quiet 12 months post-surgery were compared
with the predicted scores. A generalized linear model was fitted to speech reception thresholds (SRTs)
after CI fitting to identify predictive variables for SPiN. (3) Results: About two-thirds of the recipients
achieved the expected outcome in quiet or were better than expected. The mean absolute error of the
prediction was 13.5 percentage points. Age at implantation was the only predictive factor for SPiN
showing a significant correlation (r = 0.354; p = 0.007). (4) Conclusions: Outcome prediction accuracy for
speech in quiet was comparable to previous studies. For CI recipients in the included study population,
the SPiN outcome could be predicted only based on the factor age.

Keywords: word recognition; speech reception threshold; generalized linear model; CI SPiN outcome

1. Introduction

In the past decades, the provision of cochlear implants (CI) has become an established
therapy for patients without sufficient word recognition with hearing aids (HA) or other
acoustic hearing solutions [1,2]. The expansion of indication criteria [2–4] with respect to
preoperative pure-tone audiograms and aided word recognition scores (WRS) at a con-
versational level of 65 dB SPL, WRS65(HA), and postoperative word recognition with CI,
WRS65(CI), improved in comparison to a patient population with poorer preoperative
hearing [5,6]. Especially in subjects within the transition range between hearing aid and
cochlear implant indication, e.g., with pure tone thresholds of around 60 to 80 dB and
WRS65(HA) scores up to 60%, an individual prediction of expected WRS65(CI) is of increas-
ing importance. In this subject population, there is a high demand for outcome prediction
with CI during the consultation since they oftentimes struggle if they are potentially still “to
good” for cochlear implantation and would potentially perform better with their hearing
aids than with CIs.

In first attempts, some studies have shown that the preoperative maximum word recog-
nition score, WRSmax, is one predicting factor for WRS65(CI) [6–8]. The WRSmax should
be exceeded by the WRS65(CI) in most CI recipients. This finding is of special impor-
tance for individual counselling of CI candidates since the information-carrying capacity
WRSmax [9] is oftentimes not achieved by using hearing aids [10–16]. Especially in the
transition range between HA and CI indication, i.e., for pure-tone thresholds between
60 and 80 dB, the WRS65(HA) is on average only half of the WRSmax in a patient cohort
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typically for a maximum care hospital [13]. Additionally to the WRSmax, recent studies
found [17] and confirmed [18,19] that the age at implantation and the WRS65(HA) signifi-
cantly contribute to the prediction of the WRS65(CI). This relation can be characterized as

WRS65(CI)[%] =
100

1 + e−(β0+β1·WRSmax+β2·Age+β3·WRS65(HA))
(1)

with β0 = 0.84 ± 0.18, β1 = 0.012 ± 0.0015, β2 = −0.0094 ± 0.0025 year−1, and
β3 = 0.0059 ± 0.0026; all WRS scores are expressed in %. The application of this gen-
eralized linear model (GLM) results in a prediction error (median absolute error, MAE) of
13.5 percentage points in CI recipients with a preoperative WRSmax larger than zero. If this
measure for outcome prediction is implemented in the postoperative process, a possible
mismatch between the reached and predicted WRS65(CI) can have an impact on the clinical
aftercare process, leading to a further decrease in the MAE down to 11.5 percentage points
in this patient group [18]. Reliable prediction allows for the early identification of cases
with unexpectedly poor speech perception and the start of early intervention within basic
and follow-up therapy. After pathophysiological causes and technical malfunctions were
excluded, CI sound processor adjustments [20], intensification of therapies, review of user
behavior [21,22], and appropriate counseling [23] must be considered.

To summarize, the outcome prediction for WRS65(CI) has reached a level of relia-
bility at which it can be used in both preoperative counseling of CI candidates [17,18]
and postoperative process management [18,19]. The restriction to a patient group with
preoperative WRSmax (which is in Germany around 2/3 of most recent CI provisions [18])
led to considerable progress in outcome prediction for WRS65(CI). However, to our knowl-
edge, a similar useful outcome prediction for speech perception in noise (SPiN) based
on preoperative routine data has not been established, neither in research nor in clinical
routine. Additionally, CI indication criteria for WRS in quiet were formulated in all recent
guidelines, e.g., [2,4,24], whereas no reliable data are yet available for speech perception in
noise. However, speech perception in noise is oftentimes the main problem in everyday
life. This is the main reason to ask about possible options for hearing improvement during
patient counseling.

Consequently, there is a need to provide more reference data for SpiN after CI provi-
sion. Therefore, the goal of this study is to provide reference data and a predictive model for
postoperative SpiN. To do so, the approach from Hoppe et al. [17,18] was used, including
only CI candidates with a preoperative WRSmax larger than zero or substantial pure-tone
residual hearing. The outcome for WRS65(CI) will be compared to the predicted scores [17]
to further evaluate the GLM according to Equation (1). Particularly, the SpiN, here assessed
as speech reception thresholds (SRT) in noise, will be evaluated. A corresponding GLM
will be derived from the data of this study. Finally, both measures will be put into relation.

2. Materials and Methods

The clinic records from 2005 to 2022 were analyzed for subjects provided with
CI systems of type Nucleus Freedom or later (Cochlear, Sydney, Australia) with a pre-
operative WRSmax larger than zero or a four-frequency (test frequencies: 0.5/1/2/4 kHz)
pure-tone average (4FPTA) in air conduction of better or equal 80 dB. For higher reliability
of the ipsilateral post-operative free-field measures, subjects with contralateral normal
hearing (i.e., single-sided deafness, SSD) were excluded. The indication criteria were
fulfilled by 87 subjects (mean age: 58.3 ± 16.6 years); 30 of them used contour electrodes
(5 CI24RE(CA), 11 CI512, 14 CI612); 27 subjects were implanted with straight electrodes
(12 CI422, 4 CI522, 11 CI622); and 30 subjects were implanted with slim modiolar electrodes
(11 CI532, 19 CI632). All study participants were provided with a CI within the current
CI Guidelines [2] in Germany.

The 4FPTAs ranged between 53.8 and 102.5 dB HL (mean: 75.0 ± 8.7 dB HL),
70 of the 87 subjects had a 4FPTA better or equal to 80 dB. WRSmax ranged between
0% and 90% (mean: 34.0 ± 22.8%); 79 of the 87 subjects (91%) had a WRSmax larger than
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zero. The aided monosyllable score WRS65(HA) (measured at 65 dB SPL, hearing aid
in ipsilateral ear with contralateral masking, if necessary) ranged between 0% and 90%
(mean: 21.7 ± 20.9%).

Study measures used for the prediction model pre-surgery included pure-tone audiom-
etry (4FPTA), unaided speech audiometry in quiet (WRSmax), and aided speech audiometry
in quiet (WRS65(HA). Study measures post-surgery were speech audiometry in quiet,
WRS65(CI), and speech reception threshold in noise, SRT(CI).

All speech scores in quiet were assessed with the Freiburg monosyllable test [25].
Speech perception in noise was assessed with the German matrix test (Oldenburg sentence
test, OlSa, [26–28]). The speech level was adaptively adjusted to measure the SRT for 50%
correct word recognition, while the noise level was kept constant at 65 dB SPL. The speech
and noise signals were presented from 0◦ azimuth. One OlSa list (20 sentences each) was
used. Prior to testing, one practice list was presented to the subject to familiarize the subject
with the test procedure and the speech material. The test was conducted in closed-set mode.
The test subjects indicated the words on a touch-screen monitor. The test was conducted
only in a unilateral setting with contralateral blocking of the ear canal and additional
ear muffs (if necessary).

All included recipients were able to perform the postoperative speech in quiet test.
The speech-in-noise test was completed by two-thirds of the recipients (57 of 87).

3. Results

3.1. Preoperative Pure Tone and Speech Audiometry

Figure 1a,b relate the pure-tone thresholds to WRSmax and WRS65(HA). Figure 1c
relates both word recognition scores in quiet. About 80% of the CI recipients had a
preoperative 4FPTA of 80 dB or less (better). About 9% (8 of 87) of the recipients had a
WRSmax higher than 60%. However, as illustrated in Figure 1c, these patients were not able
to fully utilize this potential information-carrying capacity [9] with HA.

Figure 1. Scatterplots of preoperative pure-tone audiometry and speech audiometry:
(a) Maximum word recognition score, WRSmax, as a function of pure tone average, 4FPTA;
(b) Aided word recognition score, WRS65(HA), as a function of 4FPTA; (c) Relation between
WRS65(HA) and WRSmax.

3.2. Postoperative Speech Audiometry

Figure 2a–c relate the preoperative word recognition scores WRSmax and WRS65(HA)
to the postoperative scores WRS65(CI) and SRT(CI). No correlation was found between
WRS65(HA) and WRS65(CI). A weak but significant correlation was found between WRSmax
and WRS65(CI) (rspearman = 0.226; p = 0.036, Figure 2b). There was no correlation between
the postoperative SRT in noise and any of the preoperative audiometric measures, neither
WRSmax, WRS65(HA) nor the 4FPTA.
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Figure 2. Postoperative pure-tone and speech audiometry after twelve months: (a) Word recognition
score with CI, WRS65(CI), as a function preoperative aided word recognition score WRS65(HA);
(b) WRS65(CI) as a function of maximum word recognition score, WRSmax; (c) Relation between
speech reception threshold in noise, SRT(CI), and WRSmax.

Within our study group with preoperative 4FPTA better or equal to 80 dB and/or
WRSmax greater than zero, the mean improvement in word recognition scores in quiet with
CI compared to HA prior to surgery was 45.9 percentage points. An improved WRS of at
least 20 percentage points in 86% of all cases was observed. There was only one case with a
significant decrease in word recognition after the CI provision.

3.3. Prediction for Word Recognition in Quiet

Figure 3a,b show the differences between measured and predicted (according to
Equation (1)) WRS65(CI) after twelve months. About 63% of the recipients achieved the
expected outcome or were better than expected. In about 37% of the cases, there was
a difference between measured and predicted scores greater than 20 percentage points
(i.e., an outcome that was worse than expected). The error in WRS prediction (MAE) was
13.5 percentage points.

Figure 3. Measured versus predicted word recognition scores in quiet twelve months after CI surgery:
(a) Relation between measured and predicted scores with CI, WRS65(CI); (b) differences between
measured and predicted WRS65(CI). Negative/positive values correspond to poorer/better word
recognition than predicted.
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3.4. Prediction for Speech Recognition in Noise

A GLM was fitted to the data. In analogy to a previous study [17], WRSmax, WRS65(HA),
age, and 4FPTA were tested as predictive variables for SRT(CI). The results of the statistics
of the GLM for the four tested predictive variables are summarized in Table 1.

Table 1. Results of the regression analysis (generalized linear model, GLM) with the four tested input
variables (WRSmax, WRS65(HA), age, and 4FPTA) based on twelve months data for SRT estimation.

Estimate Standard Error T Statistics p

Constant, η0 −0.7434 2.6145 −0.2843 0.7772
WRSmax −0.0030 0.0141 −0.2180 0.8282

WRS65(HA) −0.0102 0.0147 −0.6911 0.4925
age, η1 0.0408 0.0177 2.2976 0.0256
4FPTA −0.0213 0.0311 −0.6857 0.4959

Included are 57 observations with 52 degrees of freedom. F-statistics vs. constant model: 3.96, p = 0.0949.

The age at implantation was the only significant contributing factor. Three of the four
tested input variables do not significantly contribute to the SRT (Table 1). Consequently, the
GLM has to be reduced to the one predicting variable age. This results in a GLM according
to Equation (2):

SRT[dB] = η0 + η1·Age (2)

with η0 = −2.8774 ± 0.915 and η1 = 0.0438 ± 0.0161. There was a significant correlation
between age at implantation and SRT (rspearman = 0.354; p = 0.007).

Figure 4a,b show the differences between measured and predicted SRTs. The largest
difference was 7.6 dB. In a third of the recipients (34%), the test was not performed. The
MAE was 1.3 dB. The prediction covers a range of 3.3 dB (−2.4 to 0.9 dB), while the
measured SRTs differ between −4.6 and +6.4 dB.

Figure 4. Measured and predicted speech recognition thresholds in noise (SRT) twelve months post-
operatively: (a) Relation between measured and predicted SRT; (b) differences between measured and
predicted SRT; negative/positive values correspond to poorer/better word recognition than predicted.

4. Discussion

4.1. Speech Recognition Scores in Quiet

The results of this retrospective study strongly support the indication criteria for
CI provision according to the German guideline [2] in patients with considerable preopera-
tive word recognition scores up to 60%. In our study group of CI recipients, preoperative
maximum word recognition scores of up to 90% were observed. In this group, a mean
improvement from WRS65(HA) to WRS65(CI) of 45.9 percentage points was achieved, with
only one case showing a significant decrement. In 86% of all cases, speech perception in
quiet with CI improved by at least 20 percentage points compared to the pre-surgery per-
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formance with a hearing aid, which is in the order of results described in other studies [29].
There was one outlier with a WRS65(HA) of 90% and a WRS65(CI) of 40%.

With respect to both the preoperative CI candidacy assessment [16] and the achieved
postoperative results, our findings are consistent with those of other studies [7,8,17,18,29].
Overall, the measured WRS65(CI) correspond to the predicted WRS65(CI) with a MAE of
13.5 percentage points. Our retrospective study confirms the results of Hoppe et al. [17],
who reported a MAE of 13.5 percentage points as well.

However, there were also some differences in results compared to other studies
observed. The WRS65(HA) did not correlate with the WRS65(CI), whereas according
to Hoppe and coworkers, the preoperative WRS65(HA) would explain at least around
5 percentage points of the WRS65(CI). The lower number of subjects (n = 87) in the present
study compared to Hoppe et al. (n = 128, [17]) potentially contributed to this different
finding. Furthermore, both studies slightly differ in the inclusion criteria. Hoppe et al. [17]
included all recipients with 4FPTA ≤ 80 dB, while in our study we included all patients
with 4FPTA ≤ 80 dB and/or WRSmax > 0%. This resulted in around 20% of the study
population showing a 4FPTA poorer than 80 dB. The rationale for this different inclusion
criterion was that the 4FPTA was found to be no predictor for WRS65(CI) [17]. The results
of a recent study [18] also suggest that WRSmax is a better predictive variable than 4FPTA.

Rieck et al. [8] found no correlation between WRS65(HA) and WRS65(CI) but between
WRS80(HA) and WRS65(CI). They included all adult CI patients in their analysis. There
is no contradiction in the different study results since a clear and restricted definition of
the study population with respect to their preoperative characteristics seems to be a key
element for better outcome prediction.

4.2. Prediction Model for Speech Perception Threshold in Noise

Up to now, guidelines for CI candidacy typically only refer to speech in quiet scores [2,4,24],
with some including pure-tone thresholds as a criterion [4,24]. Even though some clinics in CI
candidacy evaluation already refer to SpiN performance, e.g., [4], this is not common clinical
practice yet. The availability of a predictive model for SpiN could have an effect on both the
preoperative candidacy evaluation and patient counseling. Furthermore, a model could impact
the post-operative evaluation of hearing performance in such a way that, for example, hearing
therapy is continued or intensified if hearing success is too poor compared to the prediction. As
speech perception in noise is usually the main problem in everyday life for people with hearing
loss, this is often the reason for them to ask about possible options for hearing improvement.
Accordingly, they would also like to obtain some information during the consultation about how
much SpiN could potentially be improved by the intervention. This is of special importance
for subject groups with substantial residual hearing and speech perception in quiet, since they
often struggle to decide on a cochlear implant due to the risk of losing their residual hearing.

To our knowledge, no model predicting SpiN (SRTs) after CI provision based on
preoperative data has been published. Therefore, the aim of this work was to find a
prediction model for SpiN based on pre-operative measures. A particular challenge here
is that in this population, speech perception pre-surgery is usually not sufficient, such
that SRTs in noise (i.e., 50% speech perception in noise) could be determined, and this
potentially valuable input variable for the predictive model is not available.

The recipients in which the SRT was measured (two-thirds of all subjects) showed
SRTs within a range of −4.6 to 6.4 dB. This range is comparable to the data published by
Kießling et al. [30], where 75% of the CI users who were able to perform the OlSa showed
SRTs of 1.3 dB SNR or lower (i.e., better). In the presented study, the SRTs of the tested
subjects were better or equal to 1.3 dB SNR in 81% of the cases.

In the investigated cohort of CI recipients, certain SRTs can be expected (see Figure 4).
For the SpiN prediction with CI, the regression analysis yielded a GLM with the prediction
variable age, which was the only variable contributing to the SpiN prediction out of the
four tested input variables: WRSmax, WRS65(HA), 4FPTA, and age. The GLM for SRT
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prediction according to Equation (2) resulted in a MAE of 1.3 dB. This prediction is just
slightly larger than the test-retest reliability of the Oldenburg matrix test [28].

It seems rather disappointing that the factors that already proved valuable for speech
in quiet prediction do not contribute to the GLM for SpiN but only age. However, the weak
correlation (r = −0.37; p = 0.004) between post-operative WRS65(CI) and post-operative
SRT is in accordance with this finding, showing that even after CI provision, speech
performance in quiet (at least assessed with the Freiburg monosyllable test) is no reliable
predictor for speech perception in noise. Cognitive deficits potentially associated with
age appear to play a greater role for speech perception in noise [31,32] than for speech
perception in quiet [10,13,17]. This is in line with results from Füllgrabe et al. [33] and
Weissgerber et al. [34], showing a significant impact of age on speech perception even in
subjects with normal hearing [33] or subjective normal hearing [34]. Weissgerber et al.
reported a significant correlation between age and SRT (r = 0.539, p < 0.001), which was still
significant after partialing out a potential high-frequency hearing loss (r = 0.44, p = 0.03).

4.3. Limitations of this Study

It must be noted that Hoppe and coworkers used post-operative data assessed 6 months
after CI surgery to fit their prediction model, whereas in the present study, data obtained
12 months after surgery were compared with the prediction. The reason was that an assess-
ment of post-operative data already at six months had potentially resulted in an even higher
number of not measurable SRTs in noise. However, the observed difference between the
median WRS65(CI) six months (70%, [17]) and 12 months (75%, present data) after surgery was
only 5 percentage points. This corresponds to a study by Holden et al. [35], which concludes
that on average, about 90% of the final performance is reached after 6.3 months.

The implementation of a prediction model for SRTs in noise was restricted to only
two-thirds of the patient population. For the remaining one-third of subjects, there was
no SRT data after surgery available. The main reason for this is probably that the speech
perception in quiet was not good enough (either measured or expected) to allow reliable
convergence of the SRT to 50% speech perception. This quite high number of subjects
without SRT data could also be due to the fact that the present retrospective study analyzed
patient data dating back to 2005. Other studies, including more recent CI candidates with a
typically better expected outcome than in the last decades, e.g., due to the shorter duration
of deafness and oftentimes better residual hearing, found that the speech-in-noise test could
be performed in 78% of the study population [36]. The fact that not all recipients were
able to perform adaptive measurements of SRT resulted in the clinical practice of assessing
speech-in-noise abilities using tests at fixed signal-to-noise ratios (typically 0 or 10 dB) [37].
This practice was discontinued by many clinics as the results improved and more patients
were able to perform adaptive SRT measurements. Another aspect for predicting SpiN
performance could be to use a test procedure with simpler test material as a measure, e.g.,
the digits-in-noise test [38]. Maybe simpler test procedures in noise could also be used as a
measure and potential predictor pre-surgery in cases of sufficient residual hearing.

In the present study, the age at the date of surgery was found to be a predictor of
SRT performance after CI provision. Since speech perception in noise decreases with
age in even normal hearing subjects, the predictive model could be adjusted to include
the age at intended testing (e.g., 6, 12, 24 months after CI provision) for performance
prediction in future models. The predictive model could also be extended, including the
etiology and duration of deafness as potential predictors, as these parameters were not
assessed in the present work. However, etiology is oftentimes unknown, and, therefore,
only a subpopulation could potentially benefit from etiology as a predictive factor. Czurda
and coworkers investigated the impact of the etiology and duration of hearing loss on
WRS65(CI) [39]. In 60% of the 601 analyzed ears, they reported that the etiology was
unknown. For the remaining subjects, they showed that etiology had a significant impact
on WRS65(CI). The largest negative deviations between measured and predicted WRS65(CI)
were found for the etiologies of perinatal asphyxia, Menière’s disease, and trauma, with
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perinatal asphyxia showing the highest rate of cases (33%) missing the prognosis by more
than 20 percentage points. It could be assumed that subjects with these etiologies could
expect lower outcomes in WRS65(CI) than the average CI user. On the other hand, superior
outcomes (i.e., better than the outcome prediction) were found in subjects with genetic
hearing loss, hearing loss, and otosclerosis. In the same study, subjects were divided into
two groups with a duration of hearing loss of more or less than 20 years. No significant
difference in WRS65(CI) was found between these two subgroups. Hoppe and co-workers
included “duration of hearing impairment” and “duration of unaided hearing impairment”
as model input variables for the prediction of WRS65(CI) [29]. In the subgroup of subjects
with WRSmax greater than zero, the inclusion of both variables did not result in a lower
prediction error of WRS65(CI).

5. Conclusions

The word recognition in quiet outcome in the presented study strongly supports the
results found in the previous studies for outcome prediction after cochlear implantation.
Different from other studies, the word recognition scores with a hearing aid prior to surgery
had no impact on outcome after CI provision. For most of the CI recipients in the included
study, speech perception in noise could be predicted only based on the factor age.
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Abstract: The aim of this study was to measure how age affects the speech recognition threshold
(SRT50) of the Oldenburg Sentence Test (OLSA) and the listening effort at the corresponding signal-
to-noise ratio (SNRcut). The study also investigated the effect of the spatial configuration of sound
sources and noise signals on SRT50 and SNRcut. To achieve this goal, the study used olnoise and icra5
noise presented from one or more spatial locations from the front and back. Ninety-nine participants
with age-related hearing loss in the 18–80 years age range, specifically in the 18–30, 31–40, 41–50,
51–60, 61–70, and 71–80 age groups, participated in this study. Speech recognition and listening
effort in noise were measured and compared between the different age groups, different spatial
sound configurations and noise signals. Speech recognition in noise decreased with age and became
significant from the age group of 50–51. The decrease in SRT50 with age was greater for icra5 noise
than for olnoise. For all age groups, SRT50 and SNRcut were better for icra5 noise than for olnoise. The
measured age-related reference data for SRT50 and SNRcut can be used in further studies in listeners
with age-related hearing loss and hearing aid or implant users.

Keywords: hearing in noise; age-related hearing loss; reference values; hearing effort; speech recognition

1. Introduction

Human hearing typically deteriorates with age. Regarding the correlation of the
age-related decline in outer hair cells and later in inner hair cells, the pure-tone hearing
thresholds are negatively affected. In addition to pure-tone hearing loss, speech recog-
nition thresholds in noise increase with age and may be correlated with reduced outer
hair cell function [1]. Even individuals with normal pure-tone hearing thresholds (i.e.,
normal hearing listeners) may experience reduced speech recognition in noise with age [2],
which may be caused by cognitive decline. Both peripheral dysfunction and cognitive
factors contribute to age-related hearing loss and communication deficits, and are difficult
to disentangle.

To assess speech recognition in noisy environments in relation to age, the HÖRSTAT
study examined 1903 adults using the Göttingen Sentence Test (GÖSA) and pure-tone
audiometry. The study found a gradual decline in pure-tone and speech recognition thresh-
olds (SRTs) as age increases [2]. As part of the UK Biobank, around 500,000 individuals aged
40–69 years were evaluated for speech-in-noise hearing and cognition. The data show that
speech-in-noise hearing decreases exponentially with age after the age of approximately 50.
This contrasts with earlier audiogram data, which indicate a more linear decline in men
under 40 years and consistently less hearing loss in women [3].

The decline in the ability to understand speech in older listeners cannot be solely
attributed to the effects of aging on the auditory periphery and cognition [4,5]. Furthermore,
cognitive abilities play a significant role in understanding speech in noisy settings [6,7].
It is important to take into account the contributions of central auditory processing at
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the brainstem and cortical levels. According to the hypothesis, age-related alterations in
the balance between inhibitory and excitatory neural mechanisms modify the production
of gamma oscillations, thereby influencing perceptual binding [8]. Consequently, speech
comprehension in noisy environments is also affected. Among older adults, central auditory
processing at the level of sensation, as indicated by sensory gating, has a minimal effect on
speech recognition in noise. However, it significantly impacts perceptual organization [8].

Although hearing loss and age have been identified as the main contributors to de-
creased speech recognition in noisy environments [9], hearing in noise deficits could also
start from an early age. There are also non-speech psychoacoustic aspects to consider, like
dichotic signal detection, multi-burst masking, stream segregation, and modulation detec-
tion influencing speech recognition in noise, even when hearing aids are employed [10]. In
a study carried out on young and elderly people with normal hearing conditions, Füllgrabe
and Moore [11] proved that there is a strong correlation between the understanding of
speech in noisy environments and sensitivity to temporal fine structures.

Speech perception in noise can be assessed using matrix sentence tests [12]. The
Oldenburg Sentence Test (OLSA, HoerTech, Oldenburg, Germany) is a commonly used
matrix test available for several languages, and it is accessible for clinical use [12–14]. It
enables the evaluation of speech intelligibility in noisy scenarios for people with different
levels of hearing loss. It includes a variety of noise signals that can be utilised to generate
complex listening conditions with multiple sources of speech and noise. Various noise
signals are utilised in clinical practice and research to measure speech reception thresholds
(SRTs). Noise that has the same spectrum as speech (e.g., the olnoise employed in the
OLSA) can provide effective masking. The SRT measured in fluctuating noise can be
higher than that measured in stationary noise [15]. Weißgerber et al. [16] conducted a
study on amplitude-modulated Fastl noise and assessed the speech recognition of a group
of bimodal cochlear implant users, comparing their results to age-matched hearing aid
users, individuals without subjective hearing loss, and a young normal hearing control
group. The researchers observed that speech recognition in modulated noise was more
considerably impacted than in continuous noise with an increase in hearing loss. In this
study, olnoise generated by a male speaker and icra5 noise, which simulates speech with
pauses, were used. The icra5 noise was originally developed using live English speech
from the EUROM database by the International Collegium of Rehabilitative Audiology
(ICRA) [17].

In clinical practice, speech recognition in noisy situations is measured using various
parameters. The number and spatial positioning of speech and noise sources, as well as the
type of speech material and adaptive procedures used, can all vary between measurements
of speech recognition in noise [18–20]. This makes it difficult to compare results, due to the
absence of reference data for individuals with normal age-related hearing across different
age groups. For the first time, Decambron et al.’s study [21] has presented objective signal-
to-noise ratio (SNR) values for varied age cohorts. The study assessed the 50% speech
recognition threshold (SRT50) in noise via the ‘Vocale Rapide dans le Bruit’ test among
200 patients. The exam incorporated five noise sources with frontal speech presentation.
The median values for SRT ranged from −0.37 dB (SNR) for those aged between 20–30 years
to 6.84 dB (SNR) for individuals above 70 years of age. Mukari et al. [22] conducted a study
on speech recognition in noisy environments using the Hearing in Noise Test (HINT). The
researchers compared the Speech Reception Threshold (SRT) values obtained from three
different noise sources: frontal, right and left. The study found evidence of an age-related
decline in speech recognition ability, with older adults demonstrating poorer performance.
Additionally, the research indicates that hearing thresholds have a significant impact on
speech recognition ability in quiet conditions for older adults. However, it indicates that
additional factors, including central auditory processing and cognitive abilities, could be
more significant determinants in speech recognition performance in noisy environments.

In addition to assessing speech perception in noisy conditions, it is also important to
evaluate listening effort. Active listening requires cognitive resources such as focus and

96



J. Clin. Med. 2023, 12, 6133

attention. Decreased speech levels in quiet environments or the Signal-to-Noise Ratio (SNR)
in noisy situations increase the demand on cognitive resources [23]. It is anticipated that
age-related drops in pure-tone thresholds or hearing deficits beyond will lead to heightened
listening effort, which may subsequently impact numerous daily communication scenarios
with greater demands [23]. Listening effort increases with age regardless of hearing
sensitivity [24]. According to the study by Kwak and Han [25], older adults experience a
greater amount of listening effort compared to younger people as a result of background
noise, directionality and ageing. A direct correlation was found between participants’
listening effort and their working memory and processing speed performance whilst
understanding speech in background noise. Thus, it can be inferred that older adults
require more cognitive resources to comprehend speech in such conditions [26].

Listening effort can be measured objectively by pupillometry. However, it was ob-
served that pupil dilatation was less affected by SNR variation than subjective measures of
listening effort [27]. The Adaptive Categorical Listening Effort Scaling Test (ACALES) is
a subjective clinical procedure that has recently emerged offering an excellent means of
measuring listening effort in noisy environments [24]. The sentential stimuli are presented
alongside varying levels of background noise, quantified by signal-to-noise ratios (SNRs).
The evaluation of listening effort is based on subjective responses and utilises either a
7-point or 14-point categorical scale that spans from a ‘no effort’ response to one indicating
‘extreme effort’. The SNRs of ACALES are adjusted presentation-by-presentation, based
on prior subjective ratings. This guarantees comprehensive coverage across all possible
categories and ultimately determines the moderate-level listening effort SNRcut [26,28].
ACALES has been effectively employed to measure listening effort in individuals with
hearing implants within a challenging acoustic environment [18,20].

This study aimed to evaluate the influence of age on the SRT50 of the Oldenburg
sentence test (OLSA). For the first time, reference values for different age groups will
be provided, including different spatial speech and noise configurations as well as noise
signals. Noise will be presented in front (S0N0; reference and training condition) or behind
(S0N180), as well as in a semicircle in front (S0N0,45,−45) or behind (S0N135,180,−135) of the
participant. The study also examined for the first time how age affects listening effort when
hearing in noisy environments.

2. Materials and Methods

This study consisted of exploratory cohorts and was prospective and non-interventional.
It focused on adult volunteers with age- and sex-related pure-tone thresholds. The subjects
were recruited in Halle (Saale), Germany, through personal contacts of the authors. The
inclusion criteria required age-related hearing in both ears, fluency in German (native
speakers), and to be between 18 and 80 years of age. Age-related hearing was confirmed
when the bilateral pure-tone thresholds for air-conduction, averaged over 0.5, 1, 2, and
4 kHz (4PTA), were not worse than the age- and sex-related 95th percentile of the ISO
7026 [29] and there was symmetry between both ears. The Freiburg Monosyllables Test
was used to measure the Word Recognition Score (WRS) of both ears, at a sound pressure
level of 65 dB via headphones. Audiological evaluations were performed using an AT100
audiometer (Auritec, Hamburg, Germany).

Participants were excluded if they were unable to visit the study site, lacked fluency in
the German language, demonstrated a lack of comprehension of the study procedures (also
to ensure mental health), were pregnant, or did not meet the inclusion criteria. Informed
written consent was obtained from all participants for their participation in the study.
The study was conducted at the Audiology Lab of University Medicine Halle, Germany,
after receiving ethical approval from the Medical Faculty of the Martin Luther University
Halle-Wittenberg (approval number 2021-044) and was conducted in compliance with the
Declaration of Helsinki.

The participants were selected from six age categories (18–30, 31–40, 41–50, 51–60,
61–70, 71–80 years). The sample size was calculated assuming an alpha of 0.05 and a power
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of 80%. The slope of the speech discrimination function at the reflection point, i.e., the
SRT50, was about 17% per dB [13]. For sample size estimation in this study, a difference of at
least 2 dB (SD = 2 dB) was considered necessary to account for a relevant SRT50 difference.
Therefore, each age required at least 16 participants in the sample size.

For testing speech recognition in noisy environments, the German Matrix Sentence
Test OLSA (Hörtech, Oldenburg, Germany) was used, which was played through four
loudspeakers. Signal generation and presentation were conducted using the Oldenburger
Measurement Application 2.2 R&D software from Hörtech in Oldenburg, Germany, along
with a Gigaport eX audio interface from ESI Audiotechnik in Leonberg, Germany, and
a PLMRA400 amplifier from Pyle in Brooklyn, NY, USA. Continuous noise signals were
presented at a sound pressure level of 65 dB. The stimuli utilised were either the generic
noise of the Oldenburg Logatome Speech Corpus with a male voice (olnoise) or the icra5
noise. Lists of 20 sentences were presented in front (S0N0; reference and training condition)
or behind (S0N180), as well as in a semicircle in front (S0N0,45,−45) or behind (S0N135,180,−135),
of the participant, all at a distance of 1 metre from the head centre (refer to Figure 1). In
clinical practice, many different spatial configurations of speech and noise sources are used.
Since many hearing aid or cochlear implant algorithms aim for a better understanding
of speech coming from the front and to mitigate noise coming from frontal and other
directions, we focus on speech coming from the front in this study. This is also relevant for
the elderly who are to be included in this study. For each sentence, the sound pressure level
was adjusted based on the participant’s response to the preceding sentence. This technique
was performed to measure the open-set speech recognition threshold (SRT) for 50% correct
recognition (SRT50), which was the primary endpoint for the S0N0 condition using olnoise,
as well as a secondary endpoint for all other spatial conditions and the icra5 noise.

Figure 1. Experimental setup for speech and noise presentation. Speech signals were presented
frontally, while noise signals were presented in a frontal (A) or backward (B) configuration.

Listening effort was assessed utilizing ACALES v2.2 software (Hörtech, Oldenburg,
Germany). The participants received a sequence of two consecutive sentences from the
OLSA, with diverse signal-to-noise ratios (SNRs), presented frontally, in a background
noise continuously played at 65 dB SPL (either olnoise or icra5) either from the frontal
(S0N0) or rear (S0N180) loudspeaker after two training runs. Following the presentation
of two OLSA sentences in noise, participants were instructed to rate their listening effort
on a scale of eight response categories, ranging from ‘no effort’ to ‘only noise’. The signal-
to-noise ratio (SNR) was changed adaptively for every round of two sentences, based on
the previous assessment of the subjectively perceived listening effort, and was presented
at a different SNR ranging between −40 dB and +20 dB. A listening effort function was
computed by the software. The SNRcut, which represents the signal-to-noise ratio (SNR)
at which a moderate effort was measured (called SNRcut), was assessed as a secondary
endpoint for all experimental conditions by identifying the cutting point at 4 ESCU.

All the participants were seated and their heads were immobilised with a Papillon
head fixation system (Focal Meditech, Tilburg, The Netherlands). After completing two
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OLSA and two ACALES training sessions, all participants accomplished 15 testing runs in
which the noise signals and spatial conditions were applied in a pseudorandom sequence.

The primary and secondary endpoints were analysed descriptively in this exploratory
study and normality was assessed using the Shapiro–Wilk test. An ANOVA for repeated
measures was used to compare the distributions of SRT50 and SNRcut across both the
‘noise signal’ and ‘spatial configuration’ experimental conditions, as well as the ‘age group’
factor among subjects. Mauchly’s test was used to verify the assumption of sphericity.
The Bonferroni correction was employed to adjust degrees of freedom for all post hoc
comparisons. Statistical analyses were conducted using version 28 of the SPSS software
(IBM, Ehningen, Germany). Linear regression analysis was performed to measure the
influence of the variables ‘age’ and ‘binaurally averaged PTA’ on the SRT50 and SNRcut.

3. Results

All participants successfully completed the experiment. The demographic data of
participants from all age groups are presented in Table 1. Figure 2 provides a comparison
of SRT50 and SNRcut across all spatial configurations of signal and noise sources for all
participants. All spatial conditions demonstrated a better SRT50 and reduced listening
effort for icra5 noise compared to olnoise.

Table 1. Demographic data.

Age Group, Years
Characteristics 18–30 31–40 41–50 51–60 61–70 71–80

Number 18 16 15 18 16 16

Age, mean (SD), years 24.6 (3.9) 34.5 (2.7) 46.8 (2.7) 53.0 (1.5) 66.2 (2.9) 75.8 (2.9)

Men/women,
N 14/4 13/3 8/7 12/6 12/6 13/3

Hearing, mean (SD), dB PTA
Right ear 8.0 (4.7) 8.3 (3.6) 13.3 (5.2) 17.1 (7.4) 22.3 (9.5) 25.9 (8.8)

Median [25th, 75th percentiles] 7.5
[5.0,10.0]

6.9
[6.3,11.3]

13.8
[10.0,17.5]

15.6
[11.3,20.0]

19.4
[15.0,29.7]

25.3
[19.4,34.1]

Left ear 6.8 (5.1) 8.4 (4.5) 14.1 (5.1) 17.1 (6.4) 22.6 (8.2) 27.3 (11.2)

Median [25th, 75th percentiles] 6.3
[3.8,7.5]

7.5
[5.0,12.2]

11.3
[10.0,18.8]

15.6
[12.2,22.8]

22.5
[13.1,28.8]

30.0
[17.8,36.9]

Average over both ears 7.5 (5.3) 8.5 (3.8) 14.4 (4.5) 17.5 (6.8) 23.1 (8.4) 26.6 (9.7)

Median [25th, 75th percentiles] 6.8
[4.4,9.4]

8.8
[5.6,11.3]

14.1
[10.5,18.3]

17.2
[12.5,20.8]

21.3
[15.0,30.0]

27.8
[18.6,35.6]

Word recognition, mean (SD), % correct @
65dB SPL

Right ear 99.0 (2.1) 99.0 (2.1) 97.9 (3.2) 96.3 (4.3) 88.3 (14.4) 87.8 (8.2)

Median [25th, 75th percentiles] 100
[100,100]

100
[100,100]

100
[95,100]

95
[95,100]

95
[80,100]

90
[81.3,93,8]

Left ear 99.0 (2.8) 98.3 (3.1) 98.2 (2.5) 96.6 (5.7) 90.0 (11.6) 84.0 (13.8)

Median [25th, 75th percentiles] 100
[100,100]

100
[95,100]

100
[95,100]

100
[95,100]

95
[80,100]

87.5
[72.5,95]

Abbreviations: SD: standard deviation; dB PTA0.5-4: Decibel pure tone average over 0.5, 1, 2, and 4 kHz; SPL:
Sound pressure level.

The box plots in Figure 3 depict the SRT50 distributions across all age groups. Table 2
provides the specific means and standard deviations for all conditions. The ANOVA
conducted on the SRT50 distribution demonstrated significant main effects of noise signal
(F(1,89) = 1730.8, p < 0.001), spatial configuration (F(2.41,223.5) = 488.5, p < 0.001) and the
between-subjects factor of age group (F(5,89) = 270.3, p < 0.001). Interactions between
the noise signal and age group (F(5) = 18.3, p < 0.001), spatial configuration and age
group (F(12.6) = 2.1, p < 0.01), noise signal and spatial configuration (F(2.43,216.6) = 738.9,
p < 0.001) and noise signal and spatial configuration × age group (F(12.2) = 3.35, p < 0.001)
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were also significant. The post hoc comparison showed a better (lower) SRT50 for icra5
noise than for olnoise overall and in all age groups. The mean SRT50 was lowest (best)
for the S0N180 presentation, significantly different between all spatial configurations with
an increase to S0N180,135,−135, S0N0 and S0N0,45,−45. The post hoc comparison showed a
significant increase between the age groups 18–50 and 61–80 years when olnoise was used.
However, when icra5 noise was used, the difference was significant between the age groups
18–30 years, 51–80 years and between the age groups 31–50 years and 61–80 years.

Figure 2. Speech recognition (A) and listening effort (B) in noise for all spatial conditions with olnoise
(white) or icra5 noise (grey), presented as box plots (median, min, max), for all included participants.

Table 2. Outcome measures of speech perception and listening effort in noise.

Age Group, Years
Outcome 18–30 31–40 41–50 51–60 61–70 71–80

Speech perception in noise
SRT50 in dB SNR, mean (SD)

Olnoise, S0N0 −6.64 (0.75) −6.53 (0.65) −6.54 (0.58) −6.18 (0.78) −5.95 (1.38) −4.91 (0.60)

Olnoise, S0N180
−11.43
(1.58)

−11.11
(1.63)

−11.19
(1.62)

−10.46
(2.32) −9.75 (1.48) −9.54 (1.84)

Olnoise, S0N0,45,−45 −8.51 (0.74) −8.19 (0.85) −8.14 (0.60) −7.74 (0.71) −7.10 (0.87) −6.91 (0.91)

Olnoise, S0N180,135,−135
−12.35
(1.58)

−11.57
(1.26)

−11.06
(1.47)

−11.04
(1.11)

−10.40
(1.38)

−10.23
(1.69)

Icra5, S0N0
−18.53
(2.67)

−18.66
(2.27)

−17.39
(1.73)

−16.39
(2.28)

−14.11
(3.47)

−11.60
(2.37)

Icra5, S0N180
−22.52
(2.34)

−21.41
(2.81)

−20.44
(3.05)

−19.98
(2.58)

−16.87
(3.10)

−15.78
(3.53)

Icra5, S0N0,45,−45
−12.41
(1.27)

−11.89
(1.68)

−11.01
(1.52) −1.13 (1.37) −9.25 (1.78) −7.95 (1.77)

Icra5, S0N180,135,−135
−16.20
(1.74)

−14.67
(1.75)

−14.26
(1.95)

−13.34
(1.57)

−12.33
(2.05)

−11.20
(2.25)

Listening effort in noise
SNRcut in dB SNR, mean (SD)

Olnoise, S0N0 −3.2 (2.4) −2.5 (2.6) −2.4 (1.8) −2.5 (3.0) −3.6 (2.1) −4.6 (2.5)
Olnoise, S0N180 −7.9 (2.6) −5.8 (3.6) −6.8 (3.6) −6.8 (3.5) −8.2 (3.1) −7.6 (2.4)
Icra5, S0N0 −10.3 (4.6) −7.6 (4.1) −7.9 (3.9) −6.8 (5.1) −9.1 (5.4) −8.7 (4.4)
Icra5, S0N180 −13.5 (4.4) −10.4 (4.9) −10.6 (3.7) −10.7 (5.8) −12.8 (4.5) −12.0 (6.0)

Abbreviations: SD: standard deviation; SRT50: 50% speech reception threshold, SNR: signal-to-noise ration;
SNRcut: signal to noise ratio at moderate listening effort.
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Figure 3. Speech recognition in noise as box plots (median, min, max) for all age groups for the spatial
conditions of (A) S0N0, (B) S0N180, (C) S0N0,45,−45, and (D) S0N180,135,−135. The SRT50 is shown as
box plots for the use of olnoise (white) or icra5 noise (grey).

Figure 4 shows the SNRcut distributions for all age distributions, used noise signals
and spatial distributions. The specific means and standard deviations are summarised
in Table 2. The ANOVA of the SNRcut distribution revealed significant main effects of
noise signal (F(1,92) = 266.9, p < 0.001), spatial configuration (F(1,92) = 228.2, p < 0.001),
but not for the between-subjects factor of age group. Only the interaction between noise
signal and spatial configuration was significant (F(1,92) = 8.12, p < 0.01). The post hoc
comparison showed a lower SNRcut for icra5 noise than for olnoise overall and for all
spatial configurations. The mean SNRcut was better for the S0N180 presentation compared
to the S0N0 condition.

Table 3 lists the linear regression results for the variables of age and the binaural
PTA. For the S0N0 condition with olnoise, a significant linear regression was observed
between age and SRT50, and age and SNRcut. The linear regression between age and speech
perception in noise was also significant for the S0N0,45,−45 conditions, but not for all other
conditions. Binaurally averaged PTA was correlated with speech perception in noise for all
conditions except for the S0N0 condition. The linear regression between binaural PTA and
listening effort in noise was not significant.
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Figure 4. Listening effort in noise as box plots (median, min, max) for all age groups for the spatial
conditions of (A) S0N0 and (B) S0N180. The SNR5cut is shown as box plots for the use of olnoise
(white) or icra5 noise (grey).

Table 3. Linear regression report for the outcome variables.

Dependent Variable Age PTA, Binaural Average

Outcome b SE β T p b SE β T p

Speech perception in noise
Olnoise, S0N0 0.025 0.007 0.438 3.42 <0.001 0.013 0.014 0.124 0.97 0.335
Olnoise, S0N180 0.006 0.015 0.055 0.40 0.689 0.087 0.027 0.441 3.23 0.002
Olnoise, S0N0,45,−45 0.018 0.007 3.240 2.74 0.007 0.037 0.013 0.348 2.94 0.004
Olnoise, S0N180,135,−135 0.010 0.011 0.114 0.88 0.384 0.069 0.021 0.421 3.22 0.002
Icra5, S0N0 0.035 0.019 0.172 1.89 0.063 0.253 0.035 0.663 7.26 <0.001
Icra5, S0N180 0.031 0.020 0.140 1.49 0.140 0.276 0.038 0.689 7.34 <0.001
Icra5, S0N0,45,−45 0.042 0.012 0.341 3.43 <0.001 0.109 0.023 0.469 4.70 <0.001
Icra5, S0N180,135,−135 0.026 0.015 0.176 1.70 0.093 0.161 0.028 0.591 5.70 <0.001

Listening effort in noise
Olnoise, S0N0 −0.044 0.022 −0.301 −2.04 0.044 0.026 0.041 0.094 0.64 0.524
Olnoise, S0N180 −0.031 0.027 −0.175 −1.16 0.248 0.015 0.050 0.045 0.30 0.766
Icra5, S0N0 −0.032 0.041 −0.117 −0.78 0.441 0.092 0.076 0.181 1.20 0.232
Icra5, S0N180 −0.042 0.043 −0.149 −0.98 0.330 0.079 0.080 0.149 0.98 0.331

Bold: significant linear regression, p < 0.05.

4. Discussion

The aim of this study was to provide age-related reference signal-to-noise ratios at
which 50% speech recognition in noise (SRT50) and moderate listening effort (SNRcut) are
assessed by participants. A decline in speech recognition in noise was observed with
increasing age. This decrease was significant from the age group of 51–60 years and
above. The decrease in SRT50 with age was greater when icra5 noise was used than
when olnoise was used. Overall, speech could be discriminated at lower SNRs with icra5
noise than with olnoise. Since icra5 allows for listening into gaps in the noise signal
(‘gap listening’ [30]), this finding is consistent with previous results using other speech-
modulated noise signals [16,31,32]. For olnoise, the decrease from 18–30 to 71–80 years was
smallest for the S0N0,45,−45 condition (1.6 dB) and largest for the S0N180,135,−135 condition
(2.12 dB). Using icra5, this difference was also smallest for the S0N0,45,−45 condition (4.46 dB),
but largest for the S0N0 condition (6.93 dB). The spatial configuration itself also influenced
the age-related SRT50 and was observed in all age groups. When speech was presented
from the front and noise from the back, the best SRT50 was observed for both noise signals
used. This is consistent with spatial release from masking due to the separation of speech
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and noise sources [33,34]. However, the measured improvements are still smaller than in a
similar study by Decambron et al. [21].

For olnoise, the SRT50 was −6.64 dB (SD: 0.75) for the 18–30-year-olds, which is within
the range originally reported for the OLSA matrix test [13] and later research [14]. Adding
more noise sources improved speech recognition in noise, as the spatial release of masking
was increased by adding more correlated noise signal. However, in icra5, the addition of
two more noise sources decreased speech intelligibility and thus worsened the SRT50. This
finding may be due to the uncorrelated noise signals used in this condition.

Listening effort in noise was influenced by the noise signal used. Speech recognition
in icra5 was rated as less demanding, resulting in a lower (better) SNRcut compared to the
olnoise conditions. Apparently, the gaps in the speech-modulated noise resulted in better
speech recognition, which was rated as less demanding. The presentation of speech and
noise from separate sources resulted in less listening effort. No age effect was observed for
all spatial and noise conditions.

The observed standard deviations of the SNRcut were larger than those of the SRT50.
This may be due to the difficulty of the task. Although the ACALES task was explained in
detail, it cannot be excluded that some participants focused more on the speech recognition
rating than on the actual listening effort. In such cases, a different internal scale would have
been used. The resolution of the scale, with only seven levels, may also have contributed to
the larger standard deviation.

Age correlates with increased pure-tone thresholds. It is therefore difficult to disen-
tangle the influence of both factors on speech perception and listening effort in noise. In
this study, the influence of the binaurally averaged PTA on both endpoints was assessed
by regression analysis. As expected, a correlation between this PTA and the SRT50 was
observed for most conditions. For the clinically relevant condition of S0N0 presentation
of noise and speech, this correlation was not significant, but the effect of age was. We
conclude that both age and PTA may influence speech perception in noise, at least partially
independently. However, the study design, especially the inclusion criteria, has limitations
for such an analysis. At younger ages, only participants with good PTA thresholds were
included, whereas participants with poorer PTA were only included at older ages. This is
reflected in the larger standard deviations and percentiles in the older age groups. This
means that younger participants with increased PTA were excluded from the study, which
limits a sufficient analysis of the influence of PTA. Also, a specific analysis of high frequency
hearing loss, which may correlate with speech-in-noise difficulties, was not performed in
this study. Both pure-tone thresholds and age are correlated, but are not the only factors
in speech recognition in noise that decline with age. However, many of these factors
have to be taken into account when age-related reference values are provided for different
age groups.

As speech recognition in noise and listening effort are measured in clinical routines
with different spatial configurations and noise signals, this study provides reference data
for normal hearing listeners of all ages. The reference values will be useful for comparisons
with patient groups such as those with idiopathic sudden hearing loss [35]. In addition to
speech recognition in quiet conditions, improved hearing in noise conditions is one of the
goals of cochlear implantation and can be used as an indication criterion [36,37]. Especially
in patients with unilateral deafness, hearing in noise can be significantly improved by a
cochlear implant [38–42] and may be cost-effective compared to no intervention or other
interventions [43]. A study of patients with different indications for speech recognition
in quiet and noise conditions showed that those patients undergoing cochlear implant
candidacy testing who qualified only by a poor hearing in noise had improved hearing
in both quiet and noise conditions [44]. As these effects may also be caused by the pre-
processing technology in cochlear implants, hearing aid or active middle-ear implant users,
different spatial configurations will be required to demonstrate benefits. The age-related
reference data reported here may also serve as a benchmark in these cases.
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The study results are limited to the German language, as only German-speaking
participants were included. In addition, other spatial configurations of speech and noise
as well as different noise signals are not covered by the study results. The study did
not specifically analyse frequency-specific pure-tone thresholds, which may have differed
between age groups.

In conclusion, this study provides reference data on speech perception and listening
effort in noise for listeners with age-related hearing loss. In addition to the clinically
most relevant spatial condition with frontal speech and noise presentation, this study also
provides reference data for more complex spatial conditions and different noise signals.
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Abstract: Background: Cochlear implantation is an efficient treatment for postlingually deafened
adults who do not benefit sufficiently from acoustic amplification. Implantation is indicated when it
can be foreseen that speech recognition with a cochlear implant (CI) is superior to that with a hearing
aid. Especially for subjects with residual speech recognition, it is desirable to predict CI outcome on
the basis of preoperative audiological tests. Purpose: The purpose of the study was to extend and
refine a previously developed model for CI outcome prediction for subjects with preoperative word
recognition to include subjects with no residual hearing by incorporating additional results of routine
examinations. Results: By introducing the duration of unaided hearing loss (DuHL), the median
absolute error (MAE) of the prediction was reduced. While for subjects with preoperative speech
recognition, the model modification did not change the MAE, for subjects with no residual speech
recognition before surgery, the MAE decreased from 23.7% with the previous model to 17.2% with
the extended model. Conclusions: Prediction of word recognition with CI is possible within clinically
relevant limits. Outcome prediction is particularly important for preoperative counseling and in CI
aftercare to support systematic monitoring of CI fitting.

Keywords: word recognition; CI outcome; prediction; generalised linear model; adults

1. Introduction

Cochlear implantation is an efficient treatment for postlingually deafened adults with
severe and profound hearing loss. In particular, a cochlear implant (CI) is indicated when
the benefit from acoustic amplification is insufficient [1–7]. For mild and moderate hearing
loss, a hearing aid (HA) is the option of choice, while for higher degrees of hearing loss,
it must be carefully considered which approach is better. Especially in the transition
range, i.e., hearing thresholds better than 80 dBHL (dB hearing loss), the variability of the
aided speech recognition is substantial [8–17]. Nevertheless, in individual cases the speech
recognition with HA can be assessed preoperatively. However, the large variability in CI
outcome as assessed by word recognition scores with CI [18–22] represents a major obstacle:
for the patient population with benefit from HAs, the individual prediction is of major
importance, as the patient and the professional have to balance the residual aided word
recognition with the HA, the expected word recognition with CI, the expected improvement
in quality of life, and the impact of CI surgery. Some studies have also included subjects
with lesser hearing loss (e.g., <80 dBHL) who were considered likely to benefit from cochlear
implantation [5,6,17,23–29]. A retrospective analysis [22] of 312 postlingually deafened
adult CI recipients yielded the preoperative maximum word recognition score (WRSmax) as
a predictor for the minimum WRS with CI at conversation level, WRS65(CI). The importance
of this preoperative measure was confirmed by two studies including, respectively, 128 [28]
and 664 [17] cases. In an earlier study we addressed explicitly the prediction of WRS65(CI)
in a population with hearing losses of less than 80 dBHL only [6]. This retrospective analysis
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led to a generalised linear model (GLM) that provides an estimated prediction of WRS65(CI)
six months after implantation on the basis of three preoperatively known factors: WRSmax,
the patient’s age at implantation, and the aided WRS at conversation level, WRS65(HA),
according to Equation (1).

WRS65(CI)[%] =
100

1 + e−(β0+β1·WRSmax+β2·Age+β3·WRS65(HA))
(1)

withβ0 = 0.84± 0.18,β1 = 0.012± 0.0015,β2 =−0.0094± 0.0025 year−1, andβ3 = 0.0059 ± 0.0026;
all WRS expressed in %.

Figure 1 illustrates the characteristics of this GLM. WRSmax accounts for up to 27 per-
centage points (pp) in WRS65(CI) differences. WRS65(HA) influences the prediction by up
to 9 pp, while age at implantation is associated with a deterioration of up to 17 pp. The
GLM resulted from an analysis based on a population of 128 postlingually deafened adult
CI recipients, all with a preoperative hearing loss equal to or less than 80 dBHL as measured
by the hearing loss at 0.5, 1, 2, and 4 kHz (four-frequency pure-tone average, 4FPTA).

Figure 1. Output characteristics of the generalised linear model as a function of the three input
variables within a reasonable input range. The predicted word recognition score WRS65(CI) after six
months is shown as a function of (A) preoperative maximum word score WRSmax, (B) preoperative
aided score WRS65(HA), and (C) age at implantation. In each panel the remaining two factors are kept
constant at the selected values indicated, covering the observed range, and the thin black curves show
the variation in WRS65(CI). The thick grey curves represent the model’s results for the most recent
population means at our clinic: WRSmax = 50%, WRS65(HA) = 9%, and age = 66 years. Dotted lines
indicate a rather unlikely combination of input factors, namely a high WRS65(HA) in the presence of
much lower WRSmax.

The prediction error of the model as described by the median absolute error (MAE)
was found to be 13.5 pp [6], with one-quarter of the study population scoring 12 pp or more
below prediction. A subsequent prospective study [29] confirmed the applicability of the
model for CI recipients within certain boundary conditions: for a patient population with a
preoperative WRSmax greater than zero, a prediction error of 11.5 pp was found. Only 6%
(5/85) of the recipients missed the predicted score by more than 20 pp within one year after
implantation. As shown in Figure 1, the output range is limited to scores between 49% and
90%. This is due to the fact that patients with significant residual hearing are most likely to
perform in this range [6,17,22,28,29]. This is not the case for the application of the model
in a population with preoperative WRSmax = 0%, which, as expected, resulted in a higher
prediction error of 23.2 pp. If both WRSmax and WRS65(HA) are zero, the prediction from
Equation (1) is based solely on the patient’s age, represented by β2, and the population
mean outcome, represented by β0.

While in some previous analyses duration of deafness (DoD) played a significant
role [19], DoD was not included in the model (Equation (1)). This is due to the fact that
only subjects with hearing threshold better than 80 dBHL were included in the previous
study [6]. Holden et al. [20] showed that the duration of hearing impairment (DHI) is a
factor that contributes to speech recognition with CI. Additionally, DHI is applicable for
subjects with residual hearing, regardless of the degree of hearing loss.
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The goal of this study was the extension and evolution of the model [6] in order
to improve prediction, especially for patient populations with a preoperative WRSmax
of zero and all degrees of hearing loss. The design requirements for the model were
defined as follows: Since Equation (1) has proved its applicability [29,30], the coefficients
β0–3 remained fixed. Only preoperative measures were to be included in the model.
Additionally, these measures were to be subsets of clinical routine measurements within
the CI candidate assessment according to the German CI Guidelines [3] and the German
white book CI provision [4].

2. Materials and Methods

2.1. Patients

In this study we evaluated data from all postlingually deafened adult patients who
were provided with a Nucleus CI (Cochlear Ltd., Sydney, Australia) in the period April
2020 to December 2022 at the Ear, Nose, and Throat Clinic within the department of
Head and Neck Surgery at the University Hospital of Erlangen. All study participants
were native German speakers. The CI indication was in accordance with the current
German CI guidelines [3]. All participants suffered from sensorineural or mixed hearing
loss in the ear to receive the implant. They took part in our rehabilitation programme
for a minimum of six months. Rehabilitation was performed in accordance with the
most recent recommendations [3,31,32]. Rehabilitation includes speech processor fittings,
auditory training, psychological counselling, and medical checks on a regular basis. Usually,
rehabilitation is performed for more than twelve months.

Exclusion criterion was cognitive impairment that would have influenced the perfor-
mance of the speech audiometry. Reimplantations were excluded. Postoperative WRS65(CI)
for a period of at least six months after surgery and CI fitting were available for 165 patients.
The patient population consisted of 90 men and 75 women. Their mean age at the time of
surgery was 66 ± 14 years. The hearing loss for air conduction was determined as the mean
value over the four octave frequencies 0.5, 1, 2, and 4 kHz (4FPTA). For hearing thresholds
beyond the maximum possible presentation levels of the audiometers, a value of 130 dBHL
was imputed. The resulting mean preoperative hearing loss was 94 ± 21 dBHL. The 165 CI
recipients used either the behind-the-ear processor CP1000 (or later) or the off-the-ear
processor CP950 (or later). CI-aided listeners were divided into two groups according to
their preoperative WRSmax. Group 1 (n = 109) comprised individuals with WRSmax > 0%,
while group 2 (n = 56) comprised those with WRSmax = 0%. While there were no significant
differences between these groups in age or in duration of hearing impairment, audiometric
data differed owing to the group definitions. Demographic details are summarised in
Table 1. Figure 2 complements the characteristics in Table 1 by representing the individual
data for age, duration of hearing loss, and duration of unaided hearing loss. Age was not
correlated with either duration of hearing impairment (DHI) or duration of unaided hear-
ing impairment (DuHI), while DHI and DuHI were strongly correlated (RSpearman = 0.68
with p = 5 × 10−24).

Figure 2. Distribution of age, duration of hearing impairment, and duration of unaided hearing
impairment in the two patient groups with preoperative maximum word recognition (WRSmax) of
zero (left) or above zero (right).
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Table 1. Patient characteristics.
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SRTnum

[dBSPL]

Group 1
WRSmax > 0% 109 67 ± 14 83 ± 14 42 ± 23 15 ± 16 24 ± 18 9 ± 13 85 ± 15

Group 2
WRSmax = 0% 56 64 ± 14 114 ± 17 0 0 ± 1 20 ± 22 10 ± 16 124 ± 10

total 165 66 ± 14 94 ± 21 27 ± 27 10 ± 15 22 ± 20 9 ± 14 98 ± 23

SRTnum, speech recognition threshold for 50% number recognition; SPL, sound pressure level; for other abbrevia-
tions, see text above. Means ± standard deviations are shown.

2.2. Speech Audiometry

Speech recognition was assessed by the Freiburg monosyllable and Freiburg two-digit-
number tests. The monosyllable test comprises 20 groups of 20 monosyllabic German
nouns each; the number test comprises multisyllabic two-digit numbers in 10 groups of
10 numbers each (e.g., 98 was read as “achtundneunzig”) [33,34]. Usually, the numbers
are understood much better than the monosyllabic words. Recognition rates correspond
to low-frequency hearing thresholds [35]. The monosyllable test was used to determine
the maximum word recognition score (WRSmax), i.e., the word recognition score at the
greatest just-tolerable sound pressure level or, in case of 100%, at lower levels. Additionally,
WRS65(HA) was defined as the word recognition score with hearing aid measured at
65 dBSPL. The hearing aids were checked technically in advance. In particular, in situ
measurements were performed to ensure that the settings yielded the necessary gains [16].

For the Freiburg two-digit numbers, the sound levels were adjusted individually in
the range from 30 to 120 dBSPL in 5 dB steps in order to find the sound pressure level
for 50% recognition (SRTnum). For SRTs above the maximum possible presentation levels
of the audiometers, a value of 120 dBHL was imputed. All audiometric measurements
were performed monaurally with the ear that was intended for the implant, while the
contralateral ear was masked appropriately when necessary.

The 4FPTA was calculated from the pure-tone audiometry data as the mean value of
the hearing threshold at 0.5, 1, 2, and 4 kHz.

For the postoperative measurements, the word recognition score with CI system in free
field at 65 dBSPL, WRS65(CI) was assessed. The free-field measurements were conducted
in a soundproof cabin measuring 6 × 6 m. The loudspeaker was placed 1.5 m in front of
the patient (0◦ azimuth). The contralateral ear was masked appropriately with broadband
noise introduced through headphones, if necessary.

2.3. Data Analysis

The software Matlab (MathWorks, Natick, MA, USA) version R2019b was used for all
calculations and figures. A GLM was applied to the data to predict WRS65(CI); this model
represented a further development of our earlier model (see Section 1) and is described
below. Significant differences in word recognition scores were determined according to the
characteristics of the Freiburg monosyllable test [36].

3. Results

3.1. Preoperative Measurements

Figure 3A–C show the interrelationships between word recognition scores, WRS65(HA)
and WRSmax, and the average pure-tone hearing loss, 4FPTA. Figure 3D–F show how
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speech recognition thresholds for numbers in quiet (SRTnum) are related to the 4FPTA
and the two WRS. The curves in Figure 3A,B represent WRS as a function of 4FPTA
in a population of HA users from previous studies [8,14]. In all cases the preoperative
WRS65(HA) was within the current German CI guidelines [3], which recommend a cut-off
at 60% for preoperative WRS65(HA). Figure 3D–F illustrate the relationship between the
audiometric measures WRS65(HA), WRSmax, 4FPTA, and SRTnum. Even for cases where
WRS65(HA) and WRSmax are zero, SRTnum can still be measured: there were 95 of 165 cases
with WRS65(HA) = 0%, of which 53 (56%) had a measurable SRTnum. Among the 56 cases
in group 2 (preoperative WRSmax = 0%), a measurable SRTnum was still found in 12 cases
(21%). All speech recognition measures were highly correlated: WRSmax with SRTnum
(RSpearman = −0.72 with p = 6 × 10−28), WRS65(HA) with SRTnum (RSpearman = −0.58 with
p = 2 × 10−16), and WRSmax with WRS65(HA) (RSpearman = −0.62 with p = 1 × 10−18).

Figure 3. Preoperative audiometry of the 165 cases: (A) The aided word recognition score,
WRS65(HA), as a function of average pure-tone hearing loss, 4FPTA; (B) the maximum word recog-
nition score, WRSmax, as a function of 4FPTA; (C) relation between WRS65(HA) and WRSmax. The
black curves in panels (A,B) represent the average relation between WRS values and 4FPTA in a
population of HA users [8,14]. The lower panels (D–F) show the relationship between SRTnum and
4FPTA, WRS65(HA), and WRSmax, respectively.

3.2. Postoperative Measurements

Figure 4 illustrates the relationship between the two preoperative WRS and WRS65(CI)
six months after surgery. The two groups with WRSmax above zero (group 1, black) or
equal to zero (group 2, blue) show WRS65(CI) ranging from 0 to 100%. Both groups have
their peak in Figure 4C at a WRS65(CI) of 70%, and the median for WRS65(CI) is 70% for
both groups. However, the variabilities differed considerably: the standard deviation
of WRS65(CI) was 19 pp for group 1 and 30 pp for group 2. Postoperative results are
summarised in Table 2.
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Figure 4. Relationship between preoperative and postoperative word recognition scores for the
165 cases: (A) word recognition score with CI after six months (WRS65(CI) vs. the preoperative
aided score, WRS65(HA)); (B) WRS65(CI) vs. the maximum preoperative word recognition score,
WRSmax; (C) distribution of WRS65(CI) for the two patient groups (black, group 1 with a preoperative
WRSmax > 0%; blue, group 2 with WRSmax = 0%). This colour code applies to panels (A,B) as well.

Table 2. Variability of word recognition with CI six months after surgery with respect to preoperative
maximum word recognition.

Group Size
WRS65(CI) [%] No. of Cases with a Score of . . .

Mean ± SD Median WRS65(CI) = 0% WRS65(CI): >0–<50% WRS65(CI): 50–100%

Group 1
WRSmax > 0% 109 68 ± 19 70 1 (1%) 12 (11%) 96 (88%)

Group 2
WRSmax = 0% 56 59 ± 30 70 7 (13%) 9 (16%) 40 (71%)

total 165 65 ± 24 70 8 (5%) 21 (13%) 136 (82%)

With respect to the minimum predictor [22] for WRS65(CI), this study yielded the
following results for group 1: Six months after surgery, 6 cases (5.5%) did not reach WRSmax,
while in 64 cases (58.7%) WRSmax was significantly [36] exceeded. The remaining 39 (35.8%)
cases reached WRSmax within the confidence intervals yielded by the Freiburg test [36].

3.3. Model Expansion

GLMs were applied to the complete data set. As additional input variables to the
previous model [6] (see Equation (1)), the duration of hearing impairment (DHI), the
duration of unaided hearing impairment (DuHI (a subperiod of DHI)), and SRTnum were
considered. The strong correlations between SRTnum and WRSmax and between SRTnum and
WRS65(HA) (see Section 3.1) indicate that the linear equation system is over-determined.

All regressions with SRTnum included resulted in a GLM with a corresponding posi-
tive βi. Such an equation would result in a poorer prediction for WRS65(CI) with better
preoperative SRTnum. The ablation analysis [37] did not yield an improvement with respect
to the overall MAE with SRTnum included (12 pp) compared with the final GLM (12 pp).
Consequently, the regression analysis was continued with DHI and DuHI only. The ablation
analysis yielded the best results applying the two predictors with an interaction term [38]:
The overall MAE was 12.3 pp, while for group 1 it was 11.1 pp and for group 2 it was
17.0 pp. Table 3 summarises the results of the regression analysis.

On the basis of Table 3 and with removal of the two non-significant contributors DHI
and the interaction term DHI:DuHI, Equation (1) expands to

WRS65(CI)[%] =
100

1 + e−(β0+β1·WRSmax+β2·Age+β3·WRS65(HA)+β′
0+β4·DuHI)

(2)
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with β0 = 0.84 ± 0.18, β1 = 0.012 ± 0.0015, β2= −0.0094 ± 0.0025 year−1, β3 = 0.0059 ± 0.0026,
β′

0 = 0.35 ± 0.04, and β4 = −0.0171 ± 0.0056 year−1 (all WRS expressed in %), as shown in
Table 3.

Table 3. Results of regression analysis with two additional predicting variables and their interaction
term, duration of hearing impairment (DHI), and duration of unaided hearing impairment (DuHI).
The coefficients from the previous model [6] were fixed.

Estimate Standard Error t Statistic p

Constant, β′
0. 0.35 0.04 8.44 3 × 10−17

DHI [year−1] −0.0027 0.0019 −1.41 0.16

DuHI, β4 [year−1] −0.0171 0.0056 −3.05 0.002

DHI:DuHI [year−2] −4.20 0.0001 −0.41 0.68

Included are 6600 observations, 6596 error degrees of freedom. χ2 statistic vs. constant model: 152, p = 1 × 10−32.

The application of Equation (2) to the study population yields prediction errors as
shown in Figure 5, separately for the two groups. A comparison with the previous model [6]
is displayed as well.

Figure 5. Distribution of differences between predicted and measured word recognition with CI
and WRS65(CI), six months after surgery: (A) prediction errors in percentage points (pp) for group 1
(preoperative WRSmax > 0); (B) prediction errors for group 2 (WRSmax = 0). In both panels the
dotted line indicates the prediction error resulting from the application of the previous model [6]
(Equation (1)). The solid line indicates the prediction error resulting from the advanced model
(Table 3). The MAE was 11.1 pp in group 1 and 17.1 pp in group 2 according to Equation (2). The
previous model resulted in MAEs of 11.3 pp for group 1 and 23.7 pp for group 2.

In cases where DuHI is not available in the clinical data set, a regression analysis with
DHI would be helpful. Consequently, this was done. Table 4 summarises the results of this
analysis. On the basis of Table 4, Equation (1) expands to

WRS65(CI)[%] =
100

1 + e−(β0+β1·WRSmax+β2·Age+β3·WRS65(HA)+β′
0+β4·DHI)

(3)

with β0 = 0.84 ± 0.18, β1 = 0.012 ± 0.0015, β2= −0.0094 ± 0.0025 year−1, β3 = 0.0059 ± 0.0026,
β′

0 = 0.41 ± 0.04, and β4 = −0.0125 ± 0.0013 year−1 (all WRSs expressed in %), as shown in
Table 4.
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Table 4. Results of regression analysis with one additional predicting variable only: duration of
hearing impairment (DHI). The coefficients from the previous model [6] were fixed.

Estimate Standard Error t Statistic p

Constant, β′
0. 0.41 0.04 10.75 6 × 10−27

DHI, β4 [year−1] −0.0125 0.0013 −9.73 2 × 10−22

Included are 6600 observations, 6598 error degrees of freedom. χ2-statistic vs. constant model: 96.4, p = 1 × 10−22.

The resulting MAEs are 11.3 pp for group 1 and 18.8 pp for group 2, with an overall
MAE of 14.0 pp.

4. Discussion

The vast majority (89%) of the patients included in this study showed signifearim-
proved speech recognition without any patient experiencing a lower WRS six months after
cochlear implantation.

Both populations (patients with preoperative WRSmax larger than zero, group 1, and
patients with preoperative WRSmax equal to zero, group 2) showed a median WRS65(CI) of
70%. However, as illustrated by Figure 4, the variability of the outcome was greater for
group 2, and the mean WRS65(CI) was smaller: 59% in group 2, compared with 68% in
group 1. Additionally, group 2 includes seven subjects (13%) with WRS65(CI) = 0, while in
group 1, only one subject (1%) scored 0%. These subjects clearly indicate the demand for
future studies dealing with unexpected low speech perception.

The extension of the prediction model for CI outcome in CI recipients with preop-
erative WRSmax = 0 is feasible. It was shown that for group 2 an improved prediction is
possible without impairment of the prediction for group 1. Most remarkably, the inclusion
of just one additional input variable (the duration of unaided hearing impairment, DuHI) in
the previous prediction model for the WRS65(CI) [6] resulted in a decreased prediction error
for group 2: the new GLM (Equation (2)) resulted in a decreased MAE of 17.0, compared
with the MAE of the previous model (Equation (1)) of 23.7 pp. The prediction error for
group 1 remained almost unchanged: the new model indicates a slightly decreased MAE
of 11.1 pp, compared with 11.4 obtained from the previous model [6].

The results demonstrate that it is possible to use one model for both groups. This
enables a seamless application for all CI candidates independently from the preoperative
speech recognition. It may be used as a baseline for further refinements of the model for
specific candidate groups. However, this would require by far a greater number of cases.
The durations of hearing impairment and unaided hearing impairment, DHI and DuHI,
were found to be strongly correlated (RSpearman = 0.7). Hence, they may provide similar
information on the CI outcome. The ablation analysis showed that the MAE was not greatly
increased when DHI or DuHI was omitted. We decided to retain the latter because DHI
was found as not significant (p = 0.16) in the presence of DuHI. Additionally, the MAE was
smaller for both groups when DuHI was used instead of DHI (Equation (2)). However,
the DHI offers some advantages. The DHI is just defined by one time point, the time
of onset of hearing loss, while determination of DuHI requires knowledge of two time
points: HA provision and onset of hearing loss. Yet both factors depend on the patient’s
ability to remember or reconstruct events which may well have occurred decades earlier. In
summary, the model according to Equation (3) inherits larger MAE. However, Equation (3)
and therefore the DHI may be used in cases where DuHI is not available.

In this study, the DHI replaces the previously used duration of deafness, DoD. Though
DoD was frequently used in CI studies, it is not well defined; regarding DoD, an obso-
lete classification [39] refers to a cut-off of 81 dBHL for the grade “profound impairment
including deafness”. A more recent classification from WHO [40] defines “Complete or
total hearing loss/deafness” as hearing threshold in the better ear of 95 dBHL or greater.
Those authors explicitly explain that the PTA should not be used as the “sole determinant
for rehabilitation” and that “the classification and grades are for epidemiological use” [40].
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For prediction models and clinical process management, to our knowledge, there is a lack
of applicable, defined criteria for cut-off relating to the duration of deafness and hearing
impairment. Additionally, in the presence of a decentralised hearing health care system
(e.g., in Germany), the chance of obtaining all necessary data retrospectively is rather
low. In our population of consecutive Nucleus CI provisions in adults within a period of
2.5 years, the majority is not deaf using this definition, so a broader application of DoD
in a regression model is not relevant. In addition, about one-third of the patients defined
as “deaf” using the above WHO criterion [40] had a measurable ipsilateral maximum
recognition score for Freiburg words, and slightly under one-half had a measurable speech
recognition threshold for Freiburg numbers in quiet. This supports the preference for
functional, speech-related variables instead of DoD.

There was a slight decrease in MAE for group 1 only (preoperative WRSmax > 0).
This can be interpreted as giving strong support to the use of WRSmax for predictive
purposes [6,17,22,28], as it accumulates the detrimental effects of long DHI (or DuHI).
The situation is different in group 2 (preoperative WRSmax = 0), where such functional
assessment with the established test WRSmax and WRS65(HA) is not possible. Here, the
additional information of DuHI or DHI considerably reduces the prediction error.

According to the design requirements, the regression analysis using the GLM was
conducted across all data by using all data in a first attempt. The effects of these three
variables upon the prediction error are different. It was found that SRTnum did not decrease
MAE. Hence, SRTnum was not taken into account any longer, which however does not
necessarily mean that this variable is unimportant. Together with the strong correlation with
WRSmax and WRS65(HA), this indicates an over-determined equation system. Nevertheless,
especially for cases with no preoperative monosyllable speech perception, it might be a
useful addition. In our population only about one-quarter of group 2 had a measurable
SRTnum. Perhaps an additional split beyond groups 1 and 2 will improve the prediction
with the help of SRTnum in a clearly and more narrowly defined population. On the other
hand, other model approaches—such as random forest regression—would induce such a
split per se. However, more data would be needed for such an approach. In a recent study,
Rieck et al. [17] used the Freiburg numbers and found a predictive value in a population
of nearly 500 recipients. Two characteristics of their study population would support
the assertion of a positive impact of SRTnum on prediction error in a population with
low preoperative speech perception in general. The mean values obtained in their study
represent the characteristics of an established patient population with a preoperative mean
WRS65(HA) of 4.2% compared with 9.7% and a WRSmax of 11.8 compared with 27.6% in this
population. Rieck et al. [17] included clinical data with implantations dating from 2002 to
2019, while the inclusion period of the present study was from 2020 to 2022. Consequently,
this relationship should be reconsidered in future studies that include more CI candidates
who are in group 2 but who have measurable SRTnum.

5. Conclusions

Cochlear implantation can be considered if speech recognition with hearing aids is
insufficient. This applies also for patients with pure-tone hearing loss in the range of
60 dBHL. The preoperative prediction of expected word recognition after CI provision is
possible within clinically relevant limits.

Less variable results for postoperative word recognition were observed in patients
with preoperative maximum word recognition greater than zero (group 1) compared with
patients without preoperative maximum word recognition (group 2).

The inclusion of additional model input variables—‘duration of hearing impairment’
or ‘duration of unaided hearing impairment’—to the variables ‘word recognition scores‘
and ‘age at implantation‘ already used in the model resulted in decreased prediction errors
for group 2. However, the prediction error in group 2 was still larger than in group 1. In
group 1 the inclusion of additional input variables did not result in a lower prediction error.
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We believe that this model will be applicable in preoperative counseling (with a higher
accuracy in group 1 than in group 2) and will also be useful in CI aftercare to support the
systematic monitoring of CI fitting that is conducted to optimise postoperative adjustment.
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Abstract: Background: In cochlear implant (CI) treatment, there is a large variability in outcome. The
aim of our study was to identify the independent audiometric measures that are most directly relevant
for describing this variability in outcome characteristics of CI recipients. An extended audiometric
test battery was used with selected adult patients in order to characterize the full range of CI outcomes.
Methods: CI users were recruited for this study on the basis of their postoperative results and divided
into three groups: low (1st quartile), moderate (medium decentile), and high hearing performance
(4th quartile). Speech recognition was measured in quiet by using (i) monosyllabic words (40–80
dB SPL), (ii) speech reception threshold (SRT) for numbers, and (iii) the German matrix test in
noise. In order to reconstruct demanding everyday listening situations in the clinic, the temporal
characteristics of the background noise and the spatial arrangements of the signal sources were varied
for tests in noise. In addition, a survey was conducted using the Speech, Spatial, and Qualities (SSQ)
questionnaire and the Listening Effort (LE) questionnaire. Results: Fifteen subjects per group were
examined (total N = 45), who did not differ significantly in terms of age, time after CI surgery, or CI
use behavior. The groups differed mainly in the results of speech audiometry. For speech recognition,
significant differences were found between the three groups for the monosyllabic tests in quiet
and for the sentences in stationary (S0◦N0◦) and fluctuating (S0◦NCI) noise. Word comprehension
and sentence comprehension in quiet were both strongly correlated with the SRT in noise. This
observation was also confirmed by a factor analysis. No significant differences were found between
the three groups for the SSQ questionnaire and the LE questionnaire results. The results of the
factor analysis indicate that speech recognition in noise provides information highly comparable to
information from speech intelligibility in quiet. Conclusions: The factor analysis highlighted three
components describing the postoperative outcome of CI patients. These were (i) the audiometrically
measured supra-threshold speech recognition and (ii) near-threshold audibility, as well as (iii) the
subjective assessment of the relationship to real life as determined by the questionnaires. These
parameters appear well suited to setting up a framework for a test battery to assess CI outcomes.

Keywords: cochlear implant; speech recognition; signal processing; speech audiometry

1. Introduction

Cochlear implants (CIs) represent an option for patients with profound hearing
loss [1–3] or with insufficient residual speech recognition [4,5] and today, in some countries,
even for asymmetrical hearing loss of various degrees [6].

At the very beginning of CI provision, the observed postoperative word recognition
scores (WRS) were rather low because most patients had long-standing and high-degree
hearing loss before the implantation [7]. CI candidacy has changed from the beginning of
clinical cochlear implant care [2,7–10] to nowadays, where the vast majority of CI recipients
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show improved speech perception after CI provision [11–16], as up to two-thirds of the
patients have a preoperative residual speech recognition [17,18].

As soon as larger populations were investigated, the enigma of (unexplained) poor
performance [19,20] became evident, and it still persists [17,18]. Several attempts have
been made to identify predictive factors for WRS after CI provision [12,14,19,21,22]. Those
studies focussed on the relationships between various preoperative and postoperative
measurements in order to predict the results of the latter ones. Supra-threshold presentation
of monosyllabic words at 65 dB in quiet was mainly considered [14,19,21,23].

For the postoperative assessment of implantable hearing systems, a large number of
measures may be feasible [4,24–26]. Supra-threshold measures of monosyllabic words at
the conversational presentation level are widely used [12,19,21,24]. Everyday listening
situations include speech in quiet as well in noise [27–29]. Recent data logging studies
with speech processors indicate that low-level speech is also present to a substantial
extent [30–32]. Audiometric surrogate parameters for low-level speech include word or
sentence recognition scores at 40 and/or 50 dB SPL and speech reception thresholds (SRT)
of numbers [24,33–36].

An aspect that has more recently been a focus in speech audiometry research is
the increased focus on ecological validity. As a result, tests using sentences in noise are
nowadays also obligatory in aftercare [6]. Matrix tests using different spatial loudspeaker
configurations and competing signal conditions are in wide use [37–40].

Complementing the audiometric assessment, patient-reported outcome measures have
become an established tool in the aftercare of recipients of implanted hearing systems. Nu-
merous questionnaires, visual analog scales, and ecological momentary assessments [41,42]
are available. These have been adapted to the special requirements of patients with hear-
ing systems.

The availability of so many audiological methods raises the question of which ones
should be chosen for use in routine clinical audiometry. Together, all these measures
represent a statistically overdetermined system, an assertion that is supported by the many
correlations found among the various outcome measures [24,43,44]. Two aspects are worth
considering in view of such overdetermination: (i) the burden of time and concentration for
the patient limits the daily available time frame; (ii) clinical resources should be allocated
with maximum efficiency.

The aim of this study was to identify the most relevant measures, specifically those
that provide information independent of other measures, for the purpose of describing as
completely as possible the outcome characteristics of CI recipients. It was not the aim of
this study to investigate the causes of the poor performance, but to describe the reliable
audiological assessment of this performance with regard to the available methods.

Therefore, a test battery based on Hoth and Müller-Deile [24] was extended to measure
numerous different outcome parameters in CI patients. The test battery consisted of speech
recognition in quiet for numbers and the performance intensity function of words in quiet,
which are known to provide useful information for postoperative rehabilitation, system
fitting [24,34,36,45], and its considerable importance for everyday life as derived from data
logging studies [28,32]. Furthermore, sentences in quiet, sentences in noise with different
kinds of noise and different loudspeaker configurations, and questionnaires for subjective
patient feedback on speech recognition, directional hearing, hearing quality, and listening
effort were included in the test battery.

This test battery was investigated with patients representing the whole range of
best, moderately, and poorly performing patients, following the classification proposed
by Rieck et al. [23]. An exploratory principal component analysis (PCA) was used to
investigate the variability within the three groups with respect to this test battery. Since
the portion of poorly performing patients is relatively low [11,18,21,46] to allow for a PCA,
all poor-performing subjects had to be included. Afterward, the resulting group size was
matched by the moderately and best-performing groups.
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2. Materials and Methods

2.1. Research Participants and Classification

Forty-five participants were recruited for this study, which was approved and conducted
in accordance with local university ethics approval (study ID 444/23; 23 February 2023). All
procedures involving human participants were performed in accordance with the ethical
standards of the institutional and national research committee, as well as the 1964 Helsinki
Declaration and its later amendments or comparable ethical standards.

All patients were adults with post-lingual onset of deafness. They had received
Nucleus cochlear implants (Cochlear Limited, Macquarie Park, NSW, Australia) and had
been using them for at least one year [12,47,48]. They were recruited from our clinical
database, which included 538 individuals [23].

The patients were classified on the basis of their performance in the Freiburg monosyl-
labic test at 70 dB SPL conducted two years (instead of one case at 1 year) after receiving
the CIs.

Those who scored above the third quartile were considered to have good speech
recognition performance and were termed ‘high performers’ (HP). Patients who scored
below the first quartile were termed ‘low performers’ (LP). Patients in the median range
(45th to 55th percentile) were referred to as ‘moderate performers’ (MP). The classification
was performed monaurally and excluded patients who received binaural treatment with
different outcome levels (one side HP and one side LP) as well as CI recipients with normal
hearing in the other ear.

2.2. Audiometric Test Procedures

The tests were conducted in a sound-shielded audiometric test booth [49] using
calibrated loudspeakers placed 1 m away from the patient. Participants with bilateral or
bimodal hearing were tested on one ear with the contralateral sound processor switched
off and the non-tested ear masked if necessary. If both ears were in the same performance
group, patients were allowed to choose which ear to use.

All speech comprehension tests were presented through a computer-based audiometer
(Equinox; Interacoustics, Middelfart, Denmark with evidENT 3 software, Merz Mediz-
intechnik, Reutlingen, Germany). For speech in quiet, the Freiburg monosyllabic words
were applied frontally [50] at presentation levels of 40, 50, 65, and 80 dB SPL. Items from
each list were presented in randomized order to minimize any repetitive learning effect.
Additionally, the SRT for Freiburg two-digit numbers was measured. The “percent correct”
score of a measured list of 10 numbers (greater or smaller than 50%) was used to increase
or decrease the presentation level in 5 dB steps for the subsequent list. The SRT was
determined by interpolation.

For speech recognition in noise, the Oldenburg sentences (a German version of a Matrix
test) were used [37], containing 30 sentences for each list. An adaptive procedure [51] was
applied aiming to determine the SRT (the signal-to-noise ratio (SNR) yielding a 50% words
correct score). All of the CI users in this study were accustomed to this adaptive test
procedure. To reduce the procedural learning effect with the Oldenburg sentence test [52],
training was conducted (one list of 30 sentences) before each session. Afterward, the
words correct score for the Oldenburg sentences in quiet was measured at 70 dB SPL using
30 sentences. For investigation in noise, according to Hey et al. [52], only recipients with an
SRT in S0N0 (speech and stationary Oldenburg noise from front) better than 5 dB SNR were
included. If a patient was unable to meet this criterion, the SRT was set to 5 dB SNR for
further analysis. In addition to this measurement, which is the widely used quasi-standard
for measurements in noise [53,54], we used a setup aiming for more ecological validity.
This implemented the Oldenburg sentences with fluctuating Icra5 noise [55] and separated
signal sources: speech coming from the front and the competing signal coming from the
side of the CI (S0NCI) [56].
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2.3. Questionnaires

To obtain individual subjective feedback on the sound quality obtained with the
CI sound processors, the German version of the SSQ questionnaire [57,58] was used,
which is known to show a high test–retest accuracy [59]. Additionally, the listening effort
questionnaire [60] was used on the same day as speech testing.

Hearing quality in the patients’ everyday lives was determined by using the short
version of the German SSQ questionnaire [58]. This questionnaire contains a total of
17 items for the categories of speech recognition, directional hearing, and hearing quality.
The rating scale for the SSQ questionnaire items ranges from not at all (0) to perfect (10). A
high scale value corresponds to a good assessment of the corresponding hearing situation.

To rate the listening effort of CI patients, the questionnaire of Schulte et al. [58] was
chosen. This questionnaire focuses on the categories ‘understanding in noise’, ‘understand-
ing with impaired signal quality’, and ‘understanding in quiet and with lip-reading’, with
a total of 17 questions. It shows results on a rating scale ranging from not stressful (0) to
extremely stressful (10); thus, a high scale value corresponds to a poor assessment of the
corresponding hearing situation.

2.4. Analysis

Data are presented as boxplots. Each boxplot shows the median (solid center line),
the 25th and 75th percentiles (box limits), and the 5th and 95th percentiles (whiskers) on
the left, with individual scores indicated on the right. The Kruskal–Wallis test was used
for group comparison. Subsequent post hoc analyses were carried out using the Wilcoxon
rank sum test.

The PCA was carried out using the maximum likelihood method. The analysis of
the data using the multivariate Henze–Zirkler test for normal distribution showed that a
multivariate normal distribution can be assumed, which is a prerequisite for this analysis
method [61]. Analysis was performed using Matlab (Mathworks Inc., Natick, MA, USA).
If a patient was unable to perform the sentence test adequately in stationary noise, this
SRT was set to +5 dB SNR in order to take account of missing data [52]. A comparable
procedure was used for the sentence test in fluctuating background noise, where the SRT
was set to 10 dB SNR if a value was missing.

3. Results

A total of 45 CI patients were recruited for the study. They were assigned to three
groups: LP, MP, and HP. The study measurements for speech audiometry in quiet and
the questionnaires were successfully completed for all users examined except one LP
subject who did not do the questionnaire. Table 1 provides further information about the
participants. The mean age of the subjects in the LP group was noticeably lower than in
the HP and MP groups, and the mean time since CI implantation was shorter in the MP
group than in the HP and LP groups. The usage time of CIs differs only slightly between
the groups. However, these differences for age, time after CI surgery, and usage time of CI
per day were not statistically significant (Kruskal–Wallis test; χ2 = 5.14, p = 0.08; χ2 = 0.85,
0.66 and χ2 = 0.82, p = 0.66, respectively) and are not considered likely to have influenced
the study’s result.
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Table 1. Patient details. For age, duration of fitting, and use time per day, mean values and standard
deviations are given. The side in hearing solution characterizes the tested ear. Groups are assigned as
follows: LP—low performer, MP—moderate performer, and HP—low performer.

Study Population LP Group MP Group HP Group

Group Size 45 15 15 15

Age (years) 61.4 ± 12.6 55.7 ± 12.9 63.7 ± 14.0 64.8 ± 9.3
Time after CI surgery (years) 6.2 ± 4.1 7.0 ± 5.3 4.8 ± 1.6 6.9 ± 4.3

Use time of CI per day (h) 13.7 ± 3.0 13.0 ± 3.7 13.4 ± 2.5 14.7 ± 2.7

Hearing solution
binaural (right) 14 4 5 5
binaural (left) 9 4 1 4

bimodal (right) 14 5 5 4
bimodal (left) 4 0 2 2

monaural (right) 2 1 1 0
monaural (left) 2 1 1 0

Speech processor
CP1100 2 1 0 1
CP1000 37 13 13 11

CP1000 Hybrid 2 0 0 2
CP910 3 1 2 0

CP910 Hybrid 1 0 0 1

Cochlear implant
CIx32 33 9 14 10
CIx12 4 2 0 2

CI24RE(CA) 8 4 1 3

The results for speech recognition for the Freiburg WRS are shown as box plots
depending on stimulation level for the three patient groups examined in Figure 1. The
grouping of the patients was based on postoperative speech recognition with CIs [23]. All
patients confirmed their allocation to the LP, MP, and HP groups in the Freiburg word
test [62] according to its test–retest accuracy. Patients of the low-performing group showed
higher variability in speech test data, as the first quartile of the performance includes
monosyllabic words correct score from 0% up to 55%.

Figure 1. Speech recognition in quiet is presented as boxplots. (Left) Grouped data of words correct
score for Freiburg monosyllabic words depending on presentation level. (Middle) SRT for two-digit
numbers. (Right) Words correct score for Oldenburg sentences. Groups are assigned as follows:
LP—low performer, MP—moderate performer, and HP—high performer.
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For a presentation level of 80 dB SPL, the median speech recognition was 90% for
the HP group, 75% for the MP group, and 35% for the LP group. The Kruskal–Wallis test
revealed significant differences between the groups, as confirmed by the Wilcoxon rank
sum test in a post hoc analysis for HP–LP (p < 0.001, zvalue = 4.45) and MP–LP (p < 0.001,
zvalue = −4.44) pairs and, less clearly significant, HP–MP (p = 0.03, zvalue = 2.12). At
65 dB SPL, the median speech recognition for the HP, MP, and LP groups was 90%, 75%,
and 40%, respectively. Significant differences between the groups were also found at
this level with the Kruskal–Wallis test, and the Wilcoxon rank sum test confirmed these
differences between all groups with p < 0.001 (HP-LP zvalue = 4.68, HP-MP zvalue = 4.23,
MP-LP = −4.65). At 50 dB SPL, the Kruskal–Wallis test also showed significant differences
between the groups, which were confirmed by the Wilcoxon rank sum test between HP
and LP (p < 0.001, zvalue = 4.36) and MP and LP (p < 0.001, zvalue = −3.46); however, the
HP and MP groups (p = 0.16, zvalue = 1.42) did not differ significantly at this SPL level.
The measurement results at 40 dB SPL showed significant differences in speech recognition
between the three groups. However, the post hoc analysis showed a significant difference
only between HP and LP (p < 0.001, zvalue = 3.83).

The results of the SRT for Freiburg numbers are shown in Figure 1 (middle). The
Kruskal–Wallis test confirms a significant difference between the three groups (χ2 = 11.11,
p < 0.01) and the following post hoc analysis HP–LP (p < 0.01, zvalue = −3.12) and MP–LP
(p = 0.03, zvalue = 2.22).

The results of the Oldenburg sentences in quiet are shown in Figure 1 on the right. The
Kruskal–Wallis test showed that there were significant differences between the three groups.

Figure 2 (left) shows the results of the SRT for the Oldenburg sentences in stationary
noise and frontal presentation of speech and noise as boxplots. The median SRT for the HP
group was –2.8 dB SNR, with a range of 0.25 to –5.45 dB SNR. Figure 2 (right), in contrast,
shows speech recognition in fluctuating noise with spatially separated signal sources. The
HP and MP groups revealed no significant difference (p = 0.06, zvalue = −1.85).

Figure 2. Speech recognition in noise presented as boxplots. (Left) SRT for the Oldenburg sentences
in stationary noise; speech and noise from the front. (Right) SRT for the Oldenburg sentences in
fluctuating noise; speech from the front and noise from the side of the CI.

The results of the patients’ subjective feedback using two questionnaires are shown in
Figure 3. No significant differences were found between the performance groups. It should
be added that the performance groups did not differ significantly in the SSQ subdomains
(Kruskal–Wallis for speech understanding χ2 = 3.3; p = 0.20, for spatial orientation χ2 = 2.8;
p = 0.25, listening quality χ2 = 3.3; p = 0.19, and listening effort χ2 = 5.3; p = 0.07).
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Figure 3. Results of the questionnaires for the three sub-groups as boxplots. (Left) SSQ questionnaire.
A high SSQ value corresponds to a positive evaluation for the situations surveyed. (Right) Listening
effort questionnaire. A high value on the listening effort questionnaire scale corresponds to a negative
evaluation for the situations surveyed.

A PCA was carried out using the maximum likelihood method. The analysis of
the data with the multivariate Henze–Zirkler test for normal distribution showed that a
multivariate normal distribution (p = 0.21, HZ lognormal variance = 0.02, HZ statistic =
0.98) can be assumed, which is a prerequisite for this analysis method [61]. The Kaiser–
Meyer–Olkin measure for determining the intercorrelation between the variables was
0.87. According to Klopp [61], this corresponds to a good suitability of the data for a
factor analysis. The results of the factor analysis are shown in Table 2. The analysis of the
eigenvalues revealed that no more than three factors should be selected for calculation, as
the eigenvalue for the fourth factor is clearly below one at 0.51. This indicates that most
of the observed variances can be well explained by the first three factors. Analysis of the
eigenvalues showed that 84% of the variability is explained by the first three components,
with 60% for the 1st, 14% for the 2nd, and 10% for the 3rd component.

Table 2. PCA after Varimax rotation for data from speech audiometry and questionnaires. Bold
numbers indicate relevance for a given factor.

1st Component 2nd Component 3rd Component

SRT for numbers −0.24 −0.75 −0.17

Words 40 dB SPL 0.22 0.68 0.05

Words 50 dB SPL 0.47 0.86 0.05

Words 65 dB SPL 0.82 0.45 0.20

Words 80 dB SPL 0.88 0.26 0.25

Sentences in quiet 0.81 0.32 0.27

SRT in stationary noise (S0N0) −0.79 −0.41 −0.19

SRT in fluctuating noise (S0NCI) −0.81 −0.22 −0.13

Questionnaire ‘SSQ’ 0.14 0.10 0.98

Questionnaire ‘listening effort’ −0.21 −0.07 −0.53
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Results for supra-threshold speech audiometry (WRS at 65 and 80 dB SPL, sentences
in quiet as well as in stationary and fluctuating noise) show high absolute value loadings
on factor 1, with the highest value for monosyllabic words at 80 dB SPL. Near-threshold
speech tests (numbers, words at 40 and 50 dB SPL) are dominant for the 2nd factor. The
questionnaires show a clear loading for the 3rd factor; this applies in particular to the SSQ.

4. Discussion

In our investigation, we measured audiometric and subjective outcome parameters
for a group of 45 experienced CI patients. To address the issue of poor performance, we
weighted the share of poor performers equally with the shares of excellent and medium
performers, allowing reliable differentiation between those groups.

The basic audiometric characteristics of a CI recipient can be described by three main
components: (1) Supra-threshold speech recognition, (2) near-threshold audibility, and the
subjectively perceived benefit referred to as (3) patient-reported outcome. Most remarkably,
speech recognition in noise did not load a separate component but was the same as supra-
threshold speech recognition in quiet.

All patients in the HP and MP groups were able to perform all audiometric and
subjective outcome tests of the complete test battery, unlike some patients in the LP group,
in which nine persons were unable to perform the two sentences tests in noise. Their
correct score in noise was too low to allow the performance of the adaptive procedure [52].
However, responses for patient-reported outcome measures and ‘numbers in quiet’ were
adequate, as all patients were able to respond. For monosyllabic words at different test
levels, the measurement procedure could be performed for all patients, although some
of the recipients showed a score of ‘no words correct’. Nevertheless, for this test, it was
an adequate measure in the LP group, and this result corresponds well with the overall
performance of such recipients, as has also been described elsewhere [18].

Browning et al. [63] stated that good speech comprehension can be achieved in differ-
ent ways. The way in which this is achieved is not the focus of the present study, which
primarily concerns an adequate description of the outcome in relation to speech recognition,
which is the main goal of CI therapy for high degrees of hearing loss.

According to the Kaiser–Meyer–Olkin value of 0.86, the data collection of this test
battery provides a good basis for PCA and the further interpretation presented here.

4.1. 1st Component—Supra-Threshold Speech Recognition

The following considerations arise in the interpretation: The first component is de-
scribed by supra-threshold comprehension. This applies to word comprehension at 65 and
80 dB SPL as well as to the sentence tests in quiet and in noise, which were also carried
out at a presentation level of 65 dB SPL. The highest loading of the first component was
observed for the monosyllabic word test at 65 and 80 dB SPL and sentences in quiet and
noise at 65 dB SPL. On the basis of the present findings and the other investigations [64,65],
we would have expected a separate component for comprehension in noise. Surprisingly,
to account for variability, speech recognition in noise does load on the same component
as conversational level speech in quiet. Weissgerber et al. [46] found that age is the only
predicting factor for SRT in noise in a selected group of CI patients with a preoperative
maximum WRS greater than 0%. In the present study, the three groups did not differ
significantly in age. This may explain the fact that speech in noise did not contribute
additional information in our PCA.

4.2. 2nd Component—Audibility

Instead of speech recognition in noise, the second component is loaded by monosyl-
labic WRSs and multisyllabic numbers at lower levels of speech at 50 dB SPL and below.
This can be interpreted as audibility [34,45]. The highest representation in this second
component is WRS at 50 dB SPL. However, we would recommend the SRT for numbers
or an equivalent measure, as this is free of floor effects, while the WRS at low stimulation
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level yielded in a very large portion of the LP a value of 0%. Additionally, the assessment
of the SRT is less frustrating for the CI users while still yielding the information contained
in the 2nd component. Furthermore, the numbers are highly redundant. Consequently, the
number test represents more audibility and less lexical effects than the monosyllabic test
material. The correlation between all near-threshold scores should not be misinterpreted
as an argument for omitting assessment of the discrimination function: in this study, we
included patients who, in our opinion, were well aided (fitted) [24]. They had completed
postoperative rehabilitation and showed stable fitting of their speech processor. However,
in order to identify any fitting issues, a mismatch between scores at different levels within
the discrimination function of monosyllables can give valuable hints for optimizing the
speech processor settings [24,34,36]. Additionally, WRS at medium and even low levels is
important for everyday communication [32].

4.3. 3rd Component—Patient-Reported Outcome

The third component is loaded by the patient’s perspective on everyday life as as-
sessed by questionnaires. This component is loaded most strongly by SSQ and to a much
lesser degree by listening effort. For the German AWMF guideline [53], this is taken into
account by the recommended use of the Nijmegen Cochlear Implantation Questionnaire
(NCIQ) [66]. The 3rd component can be considered a valuable addition in postoperative
quality assurance. Patient-reported outcome measures represent an important part of
the outcome measure, but one cannot completely determine the outcome by question-
naires. It has to be mentioned that audiometric measures are not a reliable predictor of
patient-reported outcomes in CI patients [67]. On the other hand, audiometric measures
of performance prior to CI surgery do not show a reliable correlation to postoperative
quality-of-life scores [68]. In the 3rd component, the three groups are hardly distinguishable
(see below and in the paragraph Limitations).

Nevertheless, the measure explains the additional variability of 10%. The different
preoperative baselines of the individual recipients may provide a rationale for this finding.
It is reasonable to assume that a recipient with poor preoperative audiological condition
may perceive a great subjective benefit even if his/her WRS is poor compared with that
of other recipients [69]. Consequently, the smaller share of variability explained by the
third component should not be misinterpreted as implying that subjective rating is only of
low importance.

4.4. Limitations of the Study

Study participants were grouped according to their former WRS, as this score is
the audiometric hub for all therapeutic decisions according to the AWMF guidelines.
Consequently, this measure loads the 1st component strongly.

A limited set of audiometric procedures was applied in this study. There is a variety of
other German-language tests, such as the following tests in quiet and in noise: the Sotscheck
test, the Göttingen and HSM sentences tests, and the digit-triplet test. Furthermore, more
spatial settings—as used in recent studies [13,35,40,70]—were not included here. The subset
of possible audiometric tests was selected by consideration of the limited time available for
concentrated testing of the patients.

The present study did not analyze objective procedures such as electrode impedances,
or electrophysiological [71], anatomical [11], and mapping parameters [34,36,45,64]. The
focus here was not on fitting but on describing independent determinants of outcome. These
additional variables provide the basis for the subject of further, currently ongoing studies.

The selection of patients for this study was based on speech recognition as the dom-
inant target parameter, as described in the AWMF guidelines [53] and various earlier
studies [12,19,72]. The audiometric test procedures used separated the LP, MP, and HP
groups well. However, this separation was not recognized for patient-reported outcome
measures. This may have been due to the fact that other aspects are tested here. For
example, the listening effort for HP patients can be high, as they may be integrated into a
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normal acoustic listening environment through their occupation and are exposed to more
background noise than LP patients.

There are also other approaches for defining poor performance in characterizing CI
outcomes. In the present study, absolute postoperative performance was used. Another way
would have been to consider postoperative performance in comparison with preoperative
auditory status—i.e., relative performance, as described by Hoppe et al. [18,23], according
to whom specifications for poor performance are hard to meet because they apply to only
very few patients of the total collective.

However, the aim here was not to describe the treatment of the LP but only to charac-
terize it. This tool can now be used for patient collectives at other centers and with different
CI systems. This test battery might be used for further evaluation of poor-performing
patients. This topic of cases with unexpectedly poor speech perception was motivated
by Moberly [20] and was described in more detail with respect to speech recognition by
Hoppe et al. [18].

5. Conclusions

Within the outcome-measure framework for CI patients used here in relation to
the specific research or clinical question, a proposal for a test battery for evaluating the
therapeutic success of a CI was developed. The three components of audiometrically
measured supra-threshold comprehension and audibility, as well as subjective rating of
relationship to real life through the questionnaires, are well suited for such a framework.

Results of the study suggest the use of (i) monosyllabic words at 65 and/or 80 dB
SPL, (ii) monosyllabic words at 50 dB SPL and/or SRT of numbers, and (iii) the SSQ
questionnaire as a minimum test inventory.
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