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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
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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.
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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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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.
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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 bound-
aries around the bisectors represent the critical differences, according to Winkler and Holube [20].
Points outside these limits can be interpreted as significant differences in the respective values.

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
compared to word recognition with HA, both at 65 dB SPL. A significant deterioration [20]
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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.
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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%).



J. Clin. Med. 2024, 13, 646 7 of 12J. Clin. Med. 2024, 13, x FOR PEER REVIEW 7 of 12 
 

 

 
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). 

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 
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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%) 
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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).

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%)
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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 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
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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
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
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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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