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Abstract 

 The cochlear implant (CI) not only restores auditory function but also has numerous benefits on psychomotor 

development and the maturation of central auditory pathways. In a bimodal fitting, one ear is stimulated electrically and the other 

acoustically. Candidates for bimodal fitting are people with severe-to profound hearing loss who receive a cochlear implant in one 

ear and have residual hearing in the non-implanted ear. Combining low-frequency information delivered via a hearing aid (HA) 

with high-frequency information delivered via a cochlear implant add potential advantages because the two types of information 

complement each other . Studies examining bimodal fitting have found bimodal benefits in quiet as well as in noise. Bimodal 

hearing has also been shown to improve quality of life in social activities. For children, in addition to better speech recognition in 

noise, localization and musical perception, bimodal stimulation has been demonstrated to improve language acquisition and 

outcome. It also provides a good and cost-effective nonsurgical alternative to bilateral CI. Although both HA and CI utilize very 

different signal processing algorithms, the bimodal recipients preferred the sound quality of matched devices and demonstrated 

improved speech understanding.The CI and HA should be assessed both individually and together. While the technology of the 

two devices is immensely different, clinicians should be mindful that they are used to process information related to hearing by 

the same listener. The assessmnt invloved subjective and objective measures. Cilincal recommendation for bimodal fiiting have 

been established. 
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1. Introduction 

 Bimodal hearing means combining the benefits of 

electric hearing using cochlear implant (CI) in one 

implanted ear with acoustic hearing using hearing aid (HA) 

in the other non-implanted one. The result is a richer and 

more natural hearing experience. While bilateral CI is the 

only option for people with bilateral profound hearing loss, 

bimodal fitting is considered a noninvasive alternative for 

people with residual hearing in the other ear [1]. Dorman & 

Gifford, [2] reported that 60% of unilateral CI recipients had 

aid able residual hearing in the non-implanted ear and more 

recently, Holder et al. [3] reported this number had risen to 

85% making bimodal candidates the most common patient 

profile seen by CI clinicians.  

 

2. Candidates for bimodal fitting  

Patients with bilateral severe to profound hearing loss: a 

CI in one ear and a HA on the other, in cases where the 

contralateral ear has residual hearing. Historically, CIs 

were only an option for post-lingually deafened 

individuals with bilateral profound hearing loss. Now 

that criteria have expanded to include individuals with 

less severe hearing loss and many of these users present 

with aidable hearing in the contralateral ear. Patients 

with asymmetric hearing loss, or when the poorer ear is 

in the severe-to-profound range but the contralateral ear 

has hearing loss in the moderate-to-severe range or 

better [4].  

 

3. Bimodal benefits  

 For unilateral CI recipients, the benefits derived 

from the addition of a HA on the contralateral ear is often 

referred to as bimodal benefits. These benefits can generally 

be divided into:  

• Benefits related to receiving sound into two ears, 

such as localization, recognizing speech in spatially 

separated noise, binaural summation and binaural squelch 

[5]. Bimodal speech in noise benefits could be due to the 

increased access to the temporal fine structure of speech, 

such as variations in fundamental frequency (F0), allowing 

the listener to ‘‘glimpse’’ the sound stream coming from the 

target talker and thus distinguish it from the noise [6].  

• Benefits related to low frequency perception, 

supported by the additional information within low 

frequencies provided by acoustically stimulating the residual 

hearing through a HA. It provides better perception of voice 

pitch, which allow bimodal listeners to distinguish different 

talkers and recognize speech prosody (i.e., the pattern, 
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rhythm, and syllable stress and word emphasis), intonation 

and emotion [7].   

• Benefits for environmental sound recognition: it 

has been demonstrated that CI listeners generally perform 

poorly on recognition of environmental sounds. This poor 

performance may be partially due to a lack of transmission 

of important low frequency spectro-temporal cues through 

the CI, which might be more accessible to bimodal listeners 

[8].  

• Benefits for music perception and appreciation: 

bimodal hearing provides significantly better musical sound 

quality and music perception abilities over CI-alone 

listening, including benefits for chord, melody and melodic 

contour recognition. In addition, D’Onofrio et al. [9] found 

significant bimodal benefits, over CI-alone listening, for 

music emotion recognition and musical sound quality 

ratings across all musical genres.   

• Bimodal hearing may improve patient-reported 

quality of life as a result of more natural sounding speech 

and reduced listening effort, as well as subjective functional 

improvements in real life situations [10].   

• Specifically for children, bimodal hearing promotes 

symmetric development of the bilateral auditory pathways 

for children who have sufficient residual hearing and 

received an implant with limited delay. This allows 

symmetric neural conduction in bilateral brainstem 

pathways. In auditory cortices, expected contralateral 

representation of each ear rapidly developed within six to 

ten months of implant use and consistently maintained this 

expected organization after two years of bimodal hearing 

experience [11].  

 

4. Bimodal hearing versus bilateral CIs 

 As bimodal hearing clearly offers advantages over 

unilateral CI, the comparison between bimodal hearing and 

bilateral CIs must be considered as there are many listening 

conditions and associated auditory tasks for which there 

may be performance differences between bimodal and 

bilateral CI users.  Nevertheless, both bimodal and bilateral 

CI recipients demonstrate binaural summation, but bilateral 

CI users may exhibit similar or even less binaural 

summation than bimodal listeners on tasks of speech 

recognition in quiet or in noise. This is thought to be due to 

complementary, yet different information provided across 

ears in a bimodal hearing configuration [12]. Head shadow 

may also differ across bimodal listening and bilateral CI 

stimulation. In bimodal listeners, the poorer hearing ear, 

typically the HA ear, will derive little-to-no benefit from 

head shadow. Conversely, bilateral CI users generally 

exhibit symmetrical head shadow across both ears due to the 

availability of interaural level differences [13]. In addition, 

binaural squelch (binaural unmasking of speech) is not 

available for bimodal listeners and not robust for bilateral CI 

users.  

 Binaural squelch is mainly dependent upon 

sensitivity to interaural time difference which is not 

available across hearing modalities for both bimodal 

listeners and bilateral CI users [14]. Spatial release from 

masking is another phenomenon for which hearing with two 

ears provides significant benefit. Spatial release from 

masking is thought to be due to a combination of both head 

shadow and binaural squelch, depending on spectral and 

temporal characteristics of the signal and distracters as well 

as the spatial location of signal and distracters. Weissgerber 

et al. [15] have shown that both bimodal and bilateral CI 

users derive benefit from spatial release from masking with 

similar degrees of benefit. Finally, spatial hearing abilities 

may differ for bimodal and bilateral CI users. Sound 

localization for bilateral CI users has shown to be 

significantly better than bimodal hearing can afford. 

Mechanism driving bilateral CI benefit for both speech 

understanding & localization thought to be due to 

availability of interaural level differences cues. In contrast, 

bimodal listeners generally do not have access to these cuses 

[16].  

 

5. Challenges of bimodal fitting  

    The outcomes with bimodal hearing can be highly 

variable, with some users experiencing more benefits than 

others. In addition, some individuals may even experience 

interference with integration of electric and acoustic input or 

variable dynamic ranges between ears, which can create 

both within-ear and across-ear sound perception difficulties. 

Spectral mismatch b/w both ears also can lead to unnatural 

auditory perceptions. Traditional hearing aid formulas are 

not designed to align the acoustic and the electric signal 

processing, which is required for optimal bimodal hearing. 

As they focus amplification in frequency regions that are 

important for speech understanding, in the range between 

1000 and 4000 Hz. However, research has shown that low 

frequency information (in the range of 250 Hz to 750 Hz) 

may be the most important to maximize bimodal benefit. 

So, using a traditional fitting formula with a bimodal 

recipient may result in a misaligned frequency response by 

providing inappropriate gain across the frequency range of 

the hearing aid. As they often do not provide enough low 

frequency gain and may provide too much gain in 

frequencies where the recipient may not receive benefit 

because of their degree of hearing loss [17].  Low 

compression thresholds and moderate compression ratios 

are usually prescribed in hearing aids while cochlear 

implants use very different input/output functions. So, using 

a traditional fitting formula with a bimodal recipient may 

also result in misaligned loudness growth because the two 

devices have very different compression thresholds and 

compression ratios Hearing aid compression thresholds are 

typically lower than those in a cochlear implant [18].  

 

6. Guidelines for bimodal fitting  

 In bimodal fitting, harmonious and balanced 

adjustment of both CI and HA is very important to achieve 

the desired utility and listening comfort. Therefore, bimodal 

fitting considerations could be categorized into frequency 

response of the HA, HA fitting formula, use of frequency 

lowering technology, synchronization of automatic gain 

control (AGC) between HA and CI and interaural loudness 

balancing [19].  

 

• Frequency response of the HA  

 Generally, the frequency response of the HA needs 

to be optimal for speech perception. To achieve this, the HA 

must be capable of wide dynamic range compression 

(WDRC). The usefulness of a broadband frequency 

response in HA compared to limited high-frequency 
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amplification have also been examined. Neuman & Svirsky 

[20] and Davidson et al. [21] reported significant usefulness 

in cases of broadband frequency response compared to 

limited high-frequency amplification. This suggests that the 

response should be band limited only in special occasions, 

such as    feedback problems of the HA, user complaints 

about poor sound quality or the   presence of cochlear dead 

regions. For patients with confirmed dead regions, limited 

high frequency amplification produced significantly higher 

speech detection than broadband frequency bandwidth [22].   

 

• HA fitting formula  

 Digeser et al. [23] reported that National acoustic 

laboratories (NAL) formula or a similar prescription rule is a 

good starting point in bimodal HA fitting and may even 

provide a (near)-optimal solution for the majority of 

bimodal users. Moreover, Ching et al. [24] reported that The 

National Acoustics Laboratory formula-non linear1 

(NALNL1) formula for HA fitting is the proposed fitting 

method for bimodal fitting cases and provides the desired 

frequency response. The National Acoustics Laboratory 

formula-non-linear2 (NAL-NL2) and desired sensation level 

(DSL) formulas can also be useful. For patients with 

moderate to severe hearing loss and the experience of using 

a HA in the opposite ear, DSL v5.0 may provide better 

speech comprehension and greater utility.  

 

• Use of frequency lowering technology  

 In bimodal CI users, the type of hearing loss in the 

non-implanted ear is more or less heterogeneous between 

subjects (either steep sloping hearing losses or relatively flat 

hearing losses). When selecting subjects with relatively 

good low frequency hearing and precipitously sloping high-

frequency hearing loss, more benefit from frequency 

lowering technology can be found [25].    

 

• Synchronization of automatic gain control (AGC) 

between HA and CI  

 Matched AGC helps to equalize loudness between 

HA and CI when the devices are in compression, which is 

favorable to binaural processing. However, the effects of 

synchronizing the dynamic compression between HA and CI 

on auditory performance are varied. Dwyer et al. [26] 

reported improved spatial hearing abilities with 

synchronized AGC. Conversely, Vroegop et al. [27] 

reported that no difference in auditory performance was 

found when using the same AGC matching. It is evident that 

more data are needed to provide clarity on this topic.  

 

• Interaural loudness balancing  

 Due to the different bandwidths of the hearing in 

both ears and different listening methods, the balance of 

loudness in HAs and CIs can be difficult. Ching et al. [28] 

found that loudness balancing has little effect on the final 

gain. The required gain differed around three to five dB 

from the gain derived with a standard fitting rule. An 

exception was that subjects with limited or no HA 

experience required seven dB less gain compared with a 

standardized fitting rule. Clinically, to balance the loudness 

level, broadcast a speech signal from the speaker in front of 

the patient (zero-degree azimuth) and ask the patient to 

indicate from which level he hears the sound. Then the 

volume level settings in the HA is changed so that it finally 

hears the sound from the midline. The implant settings are 

not changed because they are assumed to be set at the 

desired listening level [29].  

 

7. Bimodal hearing assessment and evaluation of 

patient performance  

  Individual ear testing of the CI and HA separately 

allows assessment of the function of each ear by monitoring 

performance. This facilitates early detection of any change 

in performance over time which may be attributed to the 

device, or peripheral or central problems of the listener. 

Initially, the threshold equalizing noise test (TEN) test 

should be performed to identify cochlear dead regions. 

Periodic testing of unaided thresholds of the HA ear should 

occur annually and is warranted when a decrease in 

performance is noted. Aided frequency-specific thresholds 

while using CI and HA should also be tested individually 

and bimodally. Results can provide information regarding 

audibility at specific frequencies and can help in making 

adjustments to each device. Moreover, aided speech 

recognition scores should be measured to support frequency 

thresholds [30]. On the other hand, standardized 

questionnaires can be used to subjectively evaluate the 

performance. Questionnaires commonly used with pediatric 

bimodal listeners include the Meaningful Auditory 

Integration Scale (MAIS) and the Infant-Toddler MAIS (IT-

MAIS). With adults, questionnaires such as the Hearing 

Handicap Inventory for Adults (HHIA) for adults younger 

than 65 years and the Hearing Handicap Inventory for the 

Elderly for older adults (HHIE) are useful. Questionnaires 

specifically designed to evaluate benefits of bimodal 

hearing, such as localization and hearing in complex 

listening environments, are of particular value when 

subjectively assessing bimodal benefit. Examples of this 

type of measure include the Spatial Hearing Questionnaire 

and the Speech, Spatial and Qualities of Hearing Scale 

(SSQ) [31]. 

 

8. Clinical recommendations for bimodal listeners  

  When working with individuals using bimodal 

hearing, it is recommended to use an individualized fitting 

approach to optimize their technology. Once the CI is 

optimally fit, the HA output should be analyzed and adjusted 

to meet prescriptive output targets using real-ear verification 

and adjusted based on results of the TEN test and individual 

preference. The devices should be optimized by loudness 

balancing of sounds between ears. Programming 

adjustments should be made every six months if needed. 

When testing speech perception bimodally, speech in quiet 

and noise should be tested to evaluate the benefits of 

bimodal hearing in complex listening environments [32]. 

Moreover, it should be noted that while there is clear 

evidence that binaural hearing is more beneficial than 

monaural hearing with individuals who have severe-to-

profound hearing loss, limited evidence exists to guide 

clinicians as to when to recommend a bilateral CI to 

patients. Therefore, individuals often wait until after the 

activation of their first CI to decide if they would like to 

pursue implantation of their contralateral ear. While both 

ears may be in the CI candidacy range, deciding factors are 

not always audiometric; other reasons to forgo contralateral 

CI include sedation risk, fear of additional surgery, fear of 
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loss of residual hearing, inability or unwillingness to commit 

to additional rehabilitation, disinterest in second CI and 

financial reasons. A second CI should be considered if an 

individual is not receiving benefit from the contralateral HA 

or if the individual indicates high motivation for a second CI 

[32].  
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