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 Introduction 

 With inclusion criteria broadening over the years [Gif-
ford et al., 2010; Hughes et al., 2014], the number of co-
chlear implant (CI) candidates keeps increasing. Many 
still have useful residual hearing in the non-implanted ear 
and can therefore be fitted with a conventional hearing 
aid (HA). When electric hearing by means of a CI in 1 ear 
is supplemented with acoustic hearing by use of a conven-
tional HA in the opposite ear, one speaks of bimodal hear-
ing. This gives several advantages: the use of 2 ears (bilat-
eral), the opportunity to centrally combine the input in 
both ears (binaural) and access to complementary infor-
mation. It has been repeatedly demonstrated that bimod-
al hearing can provide benefit for speech recognition in 
noise, sound source localization, sound quality and music 
appreciation [Ching et al., 2007; Olson and Shinn, 2008; 
El Fata et al., 2009; Schafer et al., 2011].

  Many researchers have demonstrated benefit from the 
HA in bimodal patients. Yet survey studies show that how 
patients perform in laboratory tests is not always related 
to how they rate their abilities in everyday situations [No-
ble et al., 2008]. Thus, more research into stated patient 
preference regarding bimodal hearing is warranted. For 
instance, few studies have examined the number and type 
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 Abstract 

 The goal of this study was to investigate contralateral hear-
ing aid (HA) use after unilateral cochlear implantation and to 
identify factors of influence on the occurrence of a unilateral 
cochlear implant (CI) recipient becoming a bimodal user. A 
retrospective cross-sectional chart review was carried out 
among 77 adult unilateral CI recipients 1 year after implan-
tation. A bimodal HA retention rate of 64% was observed. 
Associations with demographics, hearing history, residual 
hearing and speech recognition ability were investigated. 
Better pure-tone thresholds and unaided speech scores in 
the non-implanted ear, as well as a smaller difference in 
speech recognition scores between both ears, were signifi-
cantly associated with HA retention. A combined model of 
HA retention was proposed, and cut-off points were deter-
mined to identify those CI recipients who were most likely to 
become bimodal users. These results can provide input to 
clinical guidelines concerning bimodal CI candidacy. 
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of patients who choose to use bimodal hearing in daily life 
[Cowan and Chin-Lenn, 2004; Fitzpatrick et al., 2009;
Yamaguchi and Goffi-Gomez, 2013]. 

  There is uncertainty about the rates of contralateral 
HA use after unilateral implantation. Most studies report 
bimodal rates of only 10–25% [Syms et al., 2002; Tyler et 
al., 2002; Fitzpatrick et al., 2009; Yamaguchi and Goffi-
Gomez, 2013]. This was countered by a demographic 
study among 71 adult CI recipients, showing that 75% 
tried wearing an HA and 59% continued using bimodal 
devices in daily life [Cowan and Chin-Lenn, 2004]. Then 
again, a recent survey study in CI centres around the 
world revealed that, within the total population of adult 
unilateral CI recipients, on average 32% are bimodal users 
[Scherf and Arnold, 2014]. 

  Divergent bimodal rates could pertain to particular 
patient populations or point to differences in clinical 
practices [Siburt and Holmes, 2015]. There is no con-
sensus on which patients are good candidates for the 
simultaneous use of a CI and a contralateral HA [Scherf 
and Arnold, 2014], except the presence of usable resid-
ual hearing [Offeciers et al., 2005]. The degree of resid-
ual hearing in CI patients however has progressively in-
creased over the years, therefore lower bimodal rates 
may be related to stricter CI candidacy criteria in the 
past [Ching, 2005]. A study by Fitzpatrick et al. [2009] 
showed a significant difference in time since implanta-
tion between the unilateral and bimodal patient groups. 
This study also considered age at implantation, duration 
of deafness and severity of hearing loss as possible con-
tributing factors. They found a small but significant as-
sociation between unaided hearing thresholds in the 
non-implanted ear and the likelihood of using a contra-
lateral HA. 

  It is known that the prolonged lack of amplification 
has an effect on functional hearing performance with an 
HA [Silman et al., 1993]. In that light, it is conceivable 
that the amount of HA experience before implantation 
could play a role in subsequently retaining the HA in the 
contralateral ear. From questionnaire results, it appears 
that a patient’s satisfaction with CI results also influences 
the bimodal decision process [Fitzpatrick and Leblanc, 
2010]. Van Hoesel [2012] showed that the bimodal ben-
efit increased as the HA performance improved relative 
to that with the CI alone. A study by Yoon et al. [2014] 
recently suggested that the benefit of a bimodal fitting is 
facilitated when the performances of both modalities, 
electric and acoustic, are similar. Therefore, it is plausible 
that the outcome difference between both ears could in-
fluence bimodal HA retention as well.

  Current Study 
 Studies investigating the added value of an HA in bi-

modal patients are numerous. Meanwhile, little research 
is carried out to assess which unilateral CI recipients are 
most likely to become bimodal users in the first place. 
Addressing this question is however very relevant in 
counselling unilateral CI recipients and providing them 
with a tailored fitting. The primary goal of the current 
study was therefore to further investigate the (dis)con-
tinuation of contralateral HA use after cochlear implan-
tation and to identify factors contributing to bimodal HA 
retention. 

  A retrospective study with a cross-sectional design was 
carried out within a recent patient population, investigat-
ing a large set of factors related to bimodal HA use. De-
mographic information and HA history were factored in 
the study. Aside from residual hearing thresholds, it was 
assumed that also the functional hearing status of the 
contralateral ear, referring to speech recognition ability, 
played a role in bimodal HA retention. Furthermore, the 
outcome with CI and the difference in speech recognition 
ability between ears were hypothesized to be related to 
bimodal HA use as well. 

  The secondary aim of this study was to determine 
which threshold values best discriminate between HA re-
tention and HA termination. Their determination could 
be a first step towards clinical guidelines to identify which 
unilateral CI patients are most likely to retain their HA 
after receiving a CI and hence become bimodal users.

  Materials and Methods 

 Ethics 
This study was conducted in accordance with national legisla-

tion, the medical-ethical standards of the local institutional review 
board and the principles stated in the Declaration of Helsinki. Pa-
tients included in the study population declared no objection to 
the use of clinically obtained data for medical research. 

 Subjects 
 The clinical charts of the adult patients of the CI team South-

East Netherlands were reviewed. A potential bimodal candidate 
was defined as a unilateral CI recipient who reported to regularly 
(more than 50% of the time) use a conventional HA in the non-
implanted ear prior to receiving the CI. All patients who had re-
ceived a unilateral CI of the brand Advanced Bionics (Hires 90K 
CI system) in the period 2004–2013 and had come to the CI centre 
for yearly follow-up were selected (n = 86). Within this group, 77 
subjects (89.5%) were identified as potential bimodal candidates 
and were therefore included in the study population. In addition 
to demographic information (sex and age at implantation), details 
on hearing history were collected: duration of self-reported hear-
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ing loss in the non-implanted ear, HA experience in the non-im-
planted ear and bilateral HA experience before implantation. 

  Procedures 
 For all patients in the study population, cross-sectional clinical 

data were reviewed 1 year after cochlear implantation. By then, the 
outcome situation is deemed to be stable [Luntz et al., 2005, 2007]. 
Of primary interest was the continuation of HA use in the contra-
lateral ear, referred to as bimodal HA retention. Besides demo-
graphic information and details on hearing history, possible as-
sociations with the outcome were considered to lie in tone and 
speech audiometric measures. Results were collected unilaterally 
with the device in the other ear turned off. When testing the CI 
ear, the HA was kept in situ whereby the patient’s own ear mold 
acted as a damping plug. For the non-implanted contralateral ear, 
aided results were never available for those patients who did not 
continue to use an HA. To ensure consistency, only unaided con-
tralateral pure-tone thresholds and unaided contralateral speech 
recognition scores were included in the analysis. After all, both 
unaided and aided measures of speech recognition are known to 
be related to the same underlying speech recognition ability 
[Humes, 2002]. All tests were performed in a sound-attenuated 
room under headphones in the unaided condition, and in free 
field at ear level at 1 m distance of a loudspeaker in the aided con-
dition. 

  Bimodal HA Retention 
 Bimodal HA retention was determined to be positive if clinical 

chart documentation stated that the patient reported to habitually 
use (more than 50% of the time) a contralateral HA in combination 
with the CI 1 year after implantation. Patients with positive HA 
retention were denoted as the ‘bimodal group’, while patients who 
had chosen to discard the HA were denoted as the ‘unilateral’ 
group. No strong recommendations were made by the rehabilita-
tion team upon the continuation of contralateral HA use after im-
plantation. HA use was mainly patient-driven and therefore rep-
resented stated patient preference regarding bimodal hearing. 

  During the first weeks after implantation, the primary focus of 
rehabilitation was the performance with CI. In clinical practice, no 
systematic bimodal fitting protocol was applied, not even over 
time, for a simple reason. Although adapting HA and/or CI fitting 
to optimize bimodal benefit is suggested in the literature [Francart 
and McDermott, 2013], no generally accepted bimodal fitting 
method exists. In general, the clinical approach described in this 
study is characteristic of the current course of bimodal practice in 
CI centres around the world [Scherf and Arnold, 2014].

  Residual Hearing 
 Pure-tone audiometric thresholds were clinically collected at 

octave frequencies from 250 up to 8,000 Hz. If no response was 
recorded at the maximum output of the audiometer, a value of
5 dB HL greater than the maximum tested level was noted. The 
pure-tone average (PTA) was calculated as the mean threshold at 
500, 1,000 and 2,000 Hz. For all patients in the study population, 
the unaided PTA in the non-implanted contralateral ear was de-
termined as a measure of residual hearing (‘PTA contra UA’). The 
threshold at 250 Hz in the contralateral ear (‘250 Hz contra UA’) 
was considered as a separate factor. In CI candidates, thresholds at 
low frequencies commonly show the largest range of residual 
acoustic hearing. Furthermore, researchers previously demon-

strated that mainly low-frequency information (<500 Hz) contrib-
utes to bimodal benefit [Büchner et al., 2009; Mok et al., 2010; 
Zhang et al., 2010; Illg et al., 2014; Sheffield and Gifford, 2014]. 
Therefore, residual hearing at low frequencies could relate to bi-
modal HA retention as well. In the implanted ear, data on aided 
PTA with CI were gathered (‘PTA CI’) as a measure of auditory 
detection outcome with CI.

  Speech Recognition 
 Speech audiometry was conducted in a quiet setting using a 

Dutch monosyllabic consonant-nucleus-consonant (CNC) test 
[Bosman and Smoorenburg, 1995]. The maximum score (%) was 
determined over the levels up to 120 dB SPL for the non-implant-
ed ear in the unaided situation (‘CNC contra UA’) and over the 
levels 55, 65 and 75 dB SPL for the aided condition with CI (‘CNC 
CI’). The difference in speech recognition ability between the two 
ears was also considered to possibly contribute to bimodal HA re-
tention. This difference was defined as the maximum aided score 
with CI minus the maximum unaided contralateral score (‘CNC 
CI – CNC contra UA’).

    Data Analysis 
 Demographic information and clinical test results 1 year after 

cochlear implantation, for both the bimodal and the unilateral 
group, were described by means and standard deviations. 

  Univariable logistic regression analyses were performed to in-
vestigate the association between each of the patient characteristics 
and the status of bimodal HA retention 1 year after cochlear im-
plantation. The univariable odds ratios are presented along with 
the 95% statistical confidence intervals and the corresponding p 
value. Statistical significance was assumed at p < 0.05. The Hosmer 
and Lemeshow test was performed to inspect the goodness of fit of 
the logistic model. Since the null hypothesis of this test is a good 
model fit, a non-significant p value implies that the model de-
scribes the data well. 

  For each significant contributing factor a receiver-operating 
characteristic curve (ROC) was studied, and the area under the 
curve (AUC) was used to assess the ability of the factor to discrim-
inate between positive HA retention and discontinued HA use. An 
ROC curve plots the true-positive rate (sensitivity) against the 
false-positive rate (1 – specificity) at any given value of the factor 
under investigation [Metz, 1978; Zweig and Campbell, 1993]. The 
AUC is equal to the probability that an observer will correctly iden-
tify the positive case when presented with a random positive-neg-
ative case pair [Hanley and McNeil, 1982]. Hereby an AUC of 0.5 
reflects no discrimination above chance, whereas an AUC of 1.0 
indicates perfect discrimination. Generally, AUC values of  ≥ 0.90 
are considered excellent, 0.80–0.89 good, 0.70–0.79 fair and <0.70 
poor. 

  For factors with an AUC significantly different from 0.5, the 
most optimal cut-off point with corresponding specificity and sen-
sitivity was determined using the maximum value of the Youden 
index [Youden, 1950]. The optimal cut-off point is the discrimina-
tion threshold that reflects the best performance of the factor as a 
classifier of the outcome between positive and negative HA reten-
tion, considering the best trade-off between test sensitivity and 
specificity. 

  A multivariable logistic regression model was constructed by 
methods of backward stepwise selection with a drop-out criterion 
of p > 0.10. Those variables that were significantly associated with 
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HA retention in the univariable analysis were considered candi-
date factors for the multivariable analysis. Also for the multivari-
able model, a Hosmer and Lemeshow test and ROC curve analysis 
were performed, the AUC was assessed, and the optimal cut-off 
point, as a trade-off between the different remaining factors, was 
determined.

All statistical analyses were performed using IBM SPSS Statis-
tics version 22.0.0.1.

  Results 

 Patient Characteristics 
 One year after implantation, 49 patients in the study 

population continued to habitually use an HA in the con-
tralateral ear, while the other 28 patients terminated HA 
use. This amounts to an HA retention rate of 63.6%. 

  Demographic information, details on hearing history 
and audiological test results for the subgroups of bimod-
al and unilateral users are presented in  table 1 . For some 
patients, details on duration of hearing loss and HA ex-
perience could not be derived retrospectively from clini-
cal charts. Therefore, the obtained sample size is listed for 
those variables where it does not equal the total study 
population. 

  A visual representation of the hearing loss in the non-
implanted ear for both groups is displayed in  figure 1 . The 
patients who discarded their HA (n = 28) had an average 
CNC score with the CI of 59% (SD 28.3%), while those 

 Table 1.  Characteristics of the study population and results of univariable logistic regression analysis

Variable Bimodal
(n = 49)

Unilateral
(n = 28)

 Univariable logistic regression

O R 95% CIstat p

Sex (male/female), n 23/26 19/9 0.42 0.16 – 1.12 0.079
Age at implantation, years 59.9 (13.5) 61.2 (17.1) 0.99 0.96 – 1.03 0.703
Duration hearing loss contra (n = 72), years 31.3 (16.9) 34.4 (14.9) 0.99 0.96 – 1.02 0.434
HA experience contra (n = 60), years 26.9 (15.2) 28.2 (13.3) 0.99 0.96 – 1.03 0.743
HA experience bil (n = 43), years 20.2 (15.6) 29.0 (9.9) 0.95 0.91 – 1.00 0.057

PTA contra UA, dB HL 92.3 (13.0) 102.1 (14.0) 0.95 0.91 – 0.98 0.005**
250 Hz contra UA, dB HL 76.7 (24.4) 88.4 (21.9) 0.98 0.96 – 1.00 0.045*
PTA CI, dB HL 38.5 (9.9) 34.6 (9.3) 1.05 0.99 – 1.10 0.099
CNC contra UA, % 38.2 (23.6) 16.3 (17.9) 1.05 1.02 – 1.07 <0.001**
CNC CI, % 52.7 (25.7) 59.0 (28.3) 0.99 0.97 – 1.01 0.318
CNC CI – CNC contra UA, % 14.5 (33.1) 42.7 (26.9) 0.97 0.95 – 0.99 0.001**

 Patient characteristics at time of implantation and audiological test results 1 year after implantation: mean (with standard deviation) 
and results of univariable logistic regression analysis for the outcome of HA retention (* p < 0.05, ** p < 0.01). OR = Odds ratio; CIstat = 
95% confidence interval (statistics); contra = non-implanted ear; bil = bilateral; UA = unaided measurement; PTA = pure-tone average 
at 500, 1,000 and 2,000 Hz; CNC = consonant-nucleus-consonant speech testing in quiet.
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implantation. Box plots represent the distribution per frequency 
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range, circles denoting outliers and asterisks denoting extremes. 
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patients who did retain their HA (n = 49) had average 
CNC scores of 52.7% (SD 25.7%), 41.1% (SD 23.6%) and 
66.1% (SD 20.8%) aided with CI alone, HA alone and CI 
and HA together, respectively.

  Univariable Logistic Regression 
 Results of the univariable logistic regression analyses 

for each factor related to bimodal HA retention are in-
cluded in  table 1 . Age at implantation, duration of con-

tralateral hearing loss, experience of HA use in the con-
tralateral ear, bilateral HA experience and PTA and CNC 
scores with CI did not show a significant relationship 
with continuation of HA use in the non-implanted ear. 
Sex had a notable small odds ratio (0.42) in association 
with HA retention but fell short of significance (p = 
0.079). However, HA retention was shown to be highly 
significantly related to the general amount of residual 
hearing in the contralateral ear (PTA contra UA; p = 
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  Fig. 2.  Probability of bimodal HA retention 1 year after cochlear 
implantation in relation to the unaided PTA (500, 1,000, 2,000 Hz) 
in the non-implanted contralateral ear (PTA contra UA;  a ), the 
unaided pure-tone threshold at 250 Hz in the non-implanted con-
tralateral ear (250 Hz contra UA;  b ), the maximum unaided CNC 

score in the non-implanted contralateral ear (CNC contra UA;  c ) 
and the difference in maximum speech recognition scores between 
the cochlear-implanted ear and the unaided contralateral ear 
(CNC CI – CNC contra UA;  d ). 

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ite
it 

M
aa

st
ric

ht
13

7.
12

0.
15

1.
19

8 
- 

9/
21

/2
02

1 
1:

31
:2

3 
P

M



 Devocht/George/Janssen/Stokroos

 

Audiol Neurotol 2015;20:383–393
DOI: 10.1159/000439344

388

0.005), the unaided speech scores in the contralateral ear 
(CNC contra UA; p < 0.001) and the difference in speech 
recognition ability between both ears (CNC CI – CNC 
contra UA; p = 0.001). The hearing threshold at 250 Hz 
(250 Hz contra UA) also showed an association with HA 
retention, although in comparison to the other factors it 
was found to be only just significant (p = 0.045). Hosmer 
and Lemeshow tests were not significant (p > 0.05), indi-
cating a good fit for each of the univariable models.

  Since HA use was defined as positive if an HA is re-
tained after implantation, a significant odds ratio >1 
means that HA retention was associated with higher
values of the variable under investigation. On the other 
hand, an odds ratio <1 stands for an association between 
HA retention and lower values of the tested variable. As 
shown in  table 1 , resulting odds ratios revealed that the 
probability of bimodal HA retention increased with low-
er (i.e. better) residual hearing thresholds (averaged and 
at 250 Hz) and higher speech recognition scores in the 
contralateral ear. HA continuation was also related to a 
smaller difference in speech scores, referring to a func-
tional outcome whereby the CI is less dominant over the 
HA ear.  Figure 2 a–d illustrates the results for each of the 
four factors found to be significantly related to bimodal 
HA retention. Histograms represent the observed distri-
bution of the factor under investigation for the bimodal 
group (open bars at the top) and for the unilateral group 
(shaded bars at the bottom). The fitted line, accompanied 
by its 95% confidence range, demonstrates the probabil-
ity of bimodal HA retention predicted by the logistic 
model of the respective factors. 

  Univariable ROC Analysis 
  Table 2  summarizes the results of the univariable ROC 

analysis. With significant AUC values of 0.72–0.76, the 
factors PTA contra UA, CNC contra UA and CNC
CI – CNC contra UA exhibited fair accuracy in discrimi-
nating between positive and negative HA retention. For 
the factor 250 Hz contra UA however, discrimination ac-
curacy was not significantly better than chance in defining 
HA retention (p = 0.053). This is related to the fact that 
the contralateral threshold at 250 Hz was only just signif-
icant in the earlier univariable logistic regression analysis.

  For each of the other three significant factors, a cut-off 
point was determined, as displayed in  figure 2 a, c and d. 
Evaluation of the cut-off points demonstrated that a PTA 
in the contralateral ear of less than 100.8 dB HL, an un-
aided speech recognition score in the non-implanted ear 
of more than 36% and a speech recognition difference of 
less than 34.5% in favour of the CI were associated with 
continued HA use after implantation. 

  Multivariable Logistic Regression 
 To investigate the relative combined contribution of 

the variables PTA contra UA, 250 Hz contra UA, CNC 
contra UA and CNC CI – CNC contra UA to bimodal HA 
retention, backward stepwise selection was applied to 
construct a multivariable logistic regression model:

  P (HA retention) = 1/(1 + EXP – [0.03 (CNC contra UA) – 
0.02 (CNC CI – CNC contra UA) + 0.21]).                            (1)

  Hereby EXP indicates the natural exponential func-
tion, and P stands for the predicted probability of HA re-
tention from the regression model. This model (equation 

 Table 2.  Results of ROC analyses with cut-off points

Model  ROC Cut-off point

A UC p sens. spec. pred. prob. value

Univariable  
PTA contra UA 0.72 0.002** 0.78 0.61 0.59 100.8 dB HL
250 Hz contra UA 0.63 0.053
CNC contra UA 0.76 <0.001** 0.59 0.86 0.73 36.00%
CNC CI – CNC contra UA 0.74 0.001** 0.80 0.61 0.60 34.50%

Multivariable
CNC contra UA; CNC CI – CNC contra UA 0.78 <0.001** 0.65 0.89 0.71

 Results of ROC analysis (** p < 0.01) for significant univariable factors and the combined multivariable model. For those factors with 
a significant AUC, cut-off points are determined based on the maximum Youden index. sens. = Sensitivity; spec. = specificity; pred. 
prob. = predicted probability; contra = non-implanted ear; UA = unaided measurement; PTA = pure-tone average at 500, 1,000 and 
2,000 Hz; CNC = consonant-nucleus-consonant speech testing in quiet.
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1) included both speech recognition in the contralateral 
ear (odds ratio 1.03, confidence interval 1.00–1.06, p = 
0.025) and the difference between both ears (odds ratio 
0.98, confidence interval 0.96–1.00, p = 0.096) as signifi-
cantly contributing variables. However, the factors repre-
senting the mean unaided pure-tone audiometric thresh-
old and the threshold at 250 Hz did not improve the pre-
dictive power. They were therefore not selected for 
inclusion in the combined regression model (p = 0.94 and 
p = 0.82, respectively). A Hosmer and Lemeshow test on 
the final model did not yield significance (p > 0.05), indi-
cating a good fitted model. The fitted multivariable logis-
tic model is illustrated in  figure 3 . The greyscale rep resents 
the modelled probability of contralateral HA retention, 
with brightness indicating a higher predicted probability 
of bimodal HA continuation. The circles, which display 
the original data of the study population, are filled for sub-
jects who discontinued HA use (unilateral group) and 
open for subjects who continued HA use (bimodal group). 

  Multivariable ROC Analysis 
 The result of ROC curve analysis for the multivariable 

model is shown in  table 2 . The model discriminated with 
significant and fairly good accuracy (AUC 0.78) between 

positive and negative HA retention. The cut-off point 
function for HA retention based on the combination of 
outcome measures CNC contra UA and CNC CI is asso-
ciated with a predicted probability of 0.71 and is illustrat-
ed by the fitted line in  figure 3 . Within the range limits of 
the CNC outcome measures (0–100%), this cut-off point 
function demonstrated that a maximum CNC word score 
<13.8% in the unaided contralateral ear was associated 
with discontinued HA use after implantation. In contrast, 
a maximum CNC score >49% in the unaided HA ear was 
associated with continued HA use. For an unaided CNC 
score in the non-implanted ear between 13.8 and 49%, the 
CNC outcome with CI played a complementary role in 
the association with bimodal HA retention.

  Discussion 

 Bimodal HA Retention 
 The aim of this study was to investigate the continua-

tion of contralateral HA use after unilateral cochlear im-
plantation. For patients who wore a contralateral HA pre-
operatively, an HA continuation rate of 64% after 1 year 
of CI experience was observed. This bimodal rate is rath-
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  Fig. 3.  Probability of bimodal HA retention 
1 year after cochlear implantation in rela-
tion to the maximum speech recognition 
score in the cochlear implanted ear (CNC 
CI) and the unaided contralateral ear (CNC 
contra UA).         
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er higher than the range of bimodal use (10 up to 59%) 
retrieved from previous demographic studies [Syms et al., 
2002; Tyler et al., 2002; Cowan and Chin-Lenn, 2004]. 
Previous studies never noted whether an HA had been 
used prior to implantation and therefore most likely 
looked into the total unilateral population. If the total 
unilateral population is considered in this study, still a 
rather high bimodal usage rate of 57% (49 out of 86 sub-
jects) was found. Unlike some of those previous studies, 
the present study placed no predefined restrictions on re-
sidual hearing for bimodal eligibility, yet a higher rate of 
HA retention was found. The higher rate is most likely an 
effect of inclusion criteria becoming less strict over the 
years. All previous studies cover patients implanted be-
fore 2004, while this study population contained more 
recent CI recipients (2004–2013). Its composition ac-
counts for the difference in mean contralateral residual 
hearing thresholds (PTA) between this recent study pop-
ulation (95.9 dB HL) and that of a previous study (108.1 
dB HL) by Fitzpatrick et al. [2009].

  Contributing Factors 
 Residual Hearing 
 The degree of residual contralateral hearing turned out 

to be significantly associated with HA retention. This is 
consistent with previous research [Yamaguchi and Goffi-
Gomez, 2013], just as the finding that average contralat-
eral residual hearing (PTA) was a contributing factor, 
while the threshold specified at low frequencies did not 
seem to add any additional information [Fitzpatrick et al., 
2009]. Some earlier studies showed that low-frequency in-
formation contributes to bimodal benefit for speech rec-
ognition in noise, prosody and music perception since it is 
not well transmitted by the CI [Büchner et al., 2009; Mok 
et al., 2010; Illg et al., 2014]. However, such complex audi-
tory tasks were not addressed in the current study, which 
looked into the reasons for patients to become bimodal or 
unilateral users in the first place. Here results suggest us-
able residual hearing over a wide frequency range as reason 
for patients to retain their HA. This result can be related to 
other findings from the bimodal literature that state that a 
contralateral HA should be fitted to provide acoustic infor-
mation over the whole range of frequencies with usable 
residual hearing, and not only at low frequencies [Neuman 
and Svirsky, 2013; Sheffield and Gifford, 2014]. 

  Speech Recognition 
 Speech recognition ability in the non-implanted ear 

also appeared to be related to HA retention after implan-
tation. In fact, the multivariable model demonstrated that 

mainly speech recognition, assessed by the maximum 
CNC word recognition score in the non-implanted ear 
and the difference between both ears, was related to bi-
modal HA use. Tone audiometric hearing level did not 
add any additional information to the combined model. 
Although auditory detection is a prerequisite for func-
tional hearing, these findings point to speech recognition 
as a more important factor contributing to bimodal HA 
retention in daily life.

  Besides threshold information, it has been suggested 
that measures of suprathreshold information are also im-
portant for speech recognition [Stephens, 1976; Plomp, 
1978; Glasberg and Moore, 1989; George et al., 2006]. 
Hearing-impaired subjects with comparable hearing sen-
sitivity (i.e. pure-tone thresholds) would not necessarily 
achieve the same level of speech recognition [Skinner, 
1982]. The results of the current study highlight the im-
portance of suprathreshold factors for the bimodal re-
search field. Suprathreshold hearing incorporates func-
tions such as frequency resolution, temporal resolution, 
temporal fine structure coding and loudness perception, 
but also linguistic skills and cognition [Kramer et al., 
2009; Bernstein and Mehraei, 2013; Grant and Walden, 
2013]. As Zhang et al. [2013] recently suggested in a study 
on bimodal benefit, acoustic spectral modulation detec-
tion thresholds, as a measure of spectral resolution, may 
be stronger predictors of the degree of benefit than basic 
audiometric measurements. 

  Although in this study speech recognition proved to 
be the main factor associated with bimodal HA reten-
tion, it could not explain continued bimodal use for all 
patients.  Figures 2 c and  3  show that some subjects did 
continue to wear a contralateral HA, despite having little 
or no measurable speech recognition ability in the non-
implanted ear. For those patients, other qualities of the 
acoustic ear may be important for retaining the HA, de-
pending on the demands of their environment. For ex-
ample, Kong et al. [2005] described 5 patients who, even 
though no speech recognition could be achieved with 
the acoustic ear alone, gained benefit from bimodal 
stimulation when listening to speech in background 
noise. This benefit was attributed to the ability of the 
acoustic ear to analyse the temporal fine structure of the 
acoustic scene.

  Difference between Ears 
 It has previously been suggested [Ching et al., 2004; 

Noble et al., 2008], and demonstrated in a survey study 
[Fitzpatrick and Leblanc, 2010], that CI outcome plays 
an important role in the bimodal decision-making pro-
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cess. When results with the CI are unsatisfying, a contra-
lateral HA may provide adequate means to improve per-
formance in daily listening situations. On the other hand, 
when CI results are already satisfying, an HA might be 
experienced as interfering with the outperformance of 
the CI. 

  Data from the current study suggest that it is not the 
CI outcome by itself but the difference between function-
al speech performance of both ears that significantly af-
fects HA retention. It was seen that a between-ear differ-
ence score less in favour of the CI was related to HA con-
tinuation after implantation. If the HA outperforms the 
CI, in case of a disappointing CI outcome, it seems evi-
dent that a patient will decide to continue HA use. How-
ever, the distribution of difference scores among bimodal 
users ( fig. 2 d) reveals that most bimodal users had a com-
parable speech recognition ability in both ears (difference 
between 0 and 30%). Apparently, functional across-ear 
comparability is connected to bimodal use. This observa-
tion is related to a recent study by Yoon et al. [2015] on 
the benefit provided by a bimodal fitting. They demon-
strated a significant correlation between bimodal benefit 
and the difference in performance between ears for speech 
recognition, with a smaller difference leading to greater 
bimodal benefit. 

  Finally, the importance of the difference between ears 
found in this study suggests that emerging patient prefer-
ence takes the contralateral score as a reference point for 
performance. The postoperative CI outcome may then be 
weighed against that score when making the decision 
whether to opt for bimodal hearing.

  Gender 
 Sex approached but did not reach significance as a fac-

tor in the relationship with HA retention in the current 
study. Despite limited power, a trend towards male sub-
jects having a lower rate of bimodal HA retention could 
be observed ( table  1 ). The underlying reasons for the 
found trend are unclear. A gender difference might be 
intermediated by the degree of hearing loss or related to 
attitude factors such as appearance. Even in the general 
field of HAs, there has been very little research to date that 
examines the differences between men and women in the 
use of HAs [McCormack and Fortnum, 2013]. In a study 
by Staehelin et al. [2011], women also reported a higher 
prevalence of daily and regular use of HAs. 

  Design Limitations  
 An even better representation of functional hearing 

would have been based on the aided speech reception 

scores with an HA. Indeed, it is reasonable to assume that 
HA fitting could also have played a role in the observed 
bimodal HA retention rate since insufficient gain could 
restrain the perceived bimodal benefit [Yehudai et al., 
2013]. However, the current retrospective study design of 
a cross-sectional review 1 year after implantation implied 
that postoperative aided data in the contralateral ear were 
not available for unilateral patients who discarded their 
HA. Furthermore, also pure-tone thresholds below 250 
Hz were unavailable, since these are not routinely mea-
sured in clinical practice. A limitation of the current study 
therefore lies in its retrospective cross-sectional design in 
a clinical population. Moreover, since the outcome situa-
tion and the possible contributing factors were all collect-
ed at the same point in time (1 year after implantation), a 
predictive model in the strict sense of the word was not 
possible. Nevertheless, this design was chosen because it 
enabled exclusion of progressive hearing loss as a con-
founding factor and inclusion of the outcome with a CI. 
Recent research has demonstrated stability of contralat-
eral residual hearing up to 2,000 Hz over more than 6 years 
after implantation [Yehudai et al., 2012]. This means that 
hearing status 1 year after implantation can be considered 
a good estimate of pre-operative hearing abilities. 

  Evaluation of Study Aims 
 The primary aim of the current study was to investi-

gate demographic and auditory factors related to bimodal 
HA retention. However, many non-auditory factors are 
known to impact HA satisfaction, such as aesthetics, stig-
ma, habitude, cost and comfort [Wong, 2003]. These latter 
factors contribute to the stated patient preference and may 
account for some of the unaccounted predictive power of 
the current model. Incorporation of more factors would 
require a larger cohort and self-reported experiences with 
bimodal fitting. To this end, and to investigate follow-up 
use in the longer term, further research is warranted.

  The secondary aim was to determine discrimination 
values to identify which unilateral CI patients are most 
likely to become bimodal users. Results are based on stan-
dard data from CI clinical practice. Therefore, these sta-
tistical outcomes can provide input for clinical guidelines 
on bimodal CI candidacy. Besides underpinning deci-
sion-making on which ear to implant, the outcomes can 
help distinguish between potential bimodal candidates 
and candidates for bilateral implantation. 

  For residual hearing (PTA), a cut-off point of 100 dB 
HL was obtained. This lies within the range of criteria 
(from <90 to 110 dB HL) applied in bimodal research to 
define usable residual hearing [Fitzpatrick et al., 2009; 
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Park et al., 2012; Neuman and Svirsky, 2013]. For speech 
recognition ability in the contralateral ear, a cut-off point 
of 36% was found, or a point somewhere between 14 and 
49% when looking at the model combined with the out-
come of the CI. These results align with previous findings: 
subjects with pre-operative contralateral HA word scores 
of roughly  ≥ 20% tend to have greater potential to derive 
benefit from bimodal stimulation than subjects scoring 
<20% [Morera et al., 2005]. 

  It may be inferred from these cut-off points that, with 
a CNC score of >49% bimodal stimulation stands a good 
chance, that a score of <14% warrants considering bilat-
eral implantation, and that a score somewhere in between 
calls for considering the degree of achieved bimodal ben-
efit before deciding upon bilateral implantation. It was 
also found that patients with more balanced speech rec-
ognition abilities (less than 35% difference between the 
CI and non-implanted ear) have more chances of becom-
ing a bimodal user. This result is in line with the findings 
of Yoon et al. [2015], who suggested that a speech perfor-
mance difference of more than 30% would potentially 
cause bimodal interference.

  Determining cut-off points in the univariable and 
multivariable ROC analysis is only the first step towards 
formulating clinical guidelines. These cut-off points have 
to be tested for validity in other patient populations and 
in a prospective manner before they could be relied upon 
as rules in everyday clinical practice.

  Conclusions 

 This study investigated contralateral HA use after uni-
lateral implantation. A retrospective cross-sectional chart 
review demonstrated a 64% rate of bimodal HA retention 
1 year after implantation. Residual hearing and mainly 
speech recognition ability were identified as factors re-
lated to the occurrence of a unilateral CI recipient becom-
ing a bimodal user 1 year after implantation. Patients who 
had more residual speech recognition ability in the non-
implanted ear and featured a less dominant outcome of 
the CI over the HA ear were more likely to continue using 
a contralateral HA 1 year after receiving a unilateral CI. 
Although the criteria for bimodal candidacy are still un-
resolved, this study proposed discrimination values to 
identify which unilateral CI patients are most likely to 
turn into bimodal users.
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