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This thesis describes the research that was performed by H.P.M. (Jeroen) Peters at the 

University Medical Center Utrecht in Utrecht, the Netherlands as part of his PhD. 

In Part I an introduction on the rehabilitation of single-sided deafness (SSD) is presented. 

Two literature reviews are described: first, the current treatment options (bone conduc-

tion devices and contralateral routing of sound hearing aids) for SSD are discussed. The 

second review focuses on cochlear implantation for SSD.

Part II describes the study protocol of a randomized controlled trial investigating the 

treatment options for adult SSD patients. Also, we discuss the short-term results on speech 

perception in noise, sound localization, tinnitus, and quality of life.

In Part III details additional experiments that were performed in SSD patients implanted 

with a cochlear implant. They have the unique ability to compare sounds of their cochlear 

implant to sounds presented to their contralateral normal-hearing ear.

In Part IV, the quality of reporting of systematic reviews and randomized controlled trials 

in otorhinolaryngology is discussed. 

Finally, in Part V, the findings of the previous chapters are summarized and discussed, 

and future directions for research are provided.
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CHAPTER 1

1. INTRODUCTION AND OUTLINE OF THESIS

1.1 Physiology of hearing

Sound is vibration of air pressure. Humans have the amazing ability to hear sounds with a 

vibration frequency of 20 Hz up to 20,000 Hz. Moreover, the dynamic range of the human 

ear enables us to hear sounds with the loudness of a falling leaf (20 dB) as well as airplanes 

during take-off (120 dB). Because the decibel scale is logarithmic, the latter sound carries 

50,000 times the energy of the first.

In Figure 1 the human ear is depicted. Sound travels through the external acoustic 

meatus and then reaches the tympanic membrane. The tympanic membrane transfers 

the sound from the external acoustic meatus to the three ossicles (from lateral to medial: 

malleus, incus and stapes) in the middle ear. At the stapes footplate, the sound vibrations are 

transferred to the fluid in the cochlea (perilymph), with only minimal loss of energy.

Figure 1: The human ear and its components.

1. pinna, 2. external acoustic meatus, 3. tympanic membrane, 4. middle ear, 5. Eustachian tube, 6. malleus, 7. incus, 
8. stapes, 9. cochlea, 10. semicircular canals, 11. vestibulocochlear nerve.
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The cochlea is a spiraling duct, split by two membranes into three parallel compartments 

(scala vestibuli, scala media and scala tympani) (Figure 2). The fluid pressure leads to 

vibration of these membranes. The sensory epithelium is located on the basilar membrane. It 

consists of an assembly of hair cells and the tectorial membrane, that lies on the hair bundles 

on top of these hair cells (together referred to as the organ of Corti). With vibration of the 

basilar membrane, the hair bundles vibrate relative to the surface of the hair cells, thereby 

admitting electrical current into the hair cells. This electrical current leads to the generation 

of action potentials in the dendrites of the auditory nerve cells (spiral ganglion in Figure 2). 

Ultimately, these action potentials travel to the brain via the auditory nerve. In the brain the 

sound information is processed in the auditory cortex.

Figure 2: Left: a cross section of the cochlea. Right: the organ of Corti.

An important property of the cochlea is its tonotopic organization: different vibration 

frequencies lead to basilar membrane vibrations at different positions along the length of 

the cochlea: low frequency sounds lead to activated neurons in the apical part of the cochlea, 

whereas high frequency sounds lead to activated neurons in the basal part of the cochlea.

 In the human skull, a cochlea is present in the mastoid bone on both sides which 

enables us to hear with two ears.
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1.2 Binaural hearing

Humans listen with two ears (“binaural hearing”). The human brain can determine from 

which direction a sound comes utilizing interaural time differences (ITD, mainly for sounds 

with a frequency lower than 1500 Hz) and interaural level differences (ILD, mainly for sounds 

with a frequency higher than 1500 Hz). Together, ITD and ILD lead to three effects that come 

into play with binaural hearing:

1) Squelch effect: the ability of the brain to separate sound and noise signals from 

spatially separated sources.1,2,3 When speech and noise come from different directions, 

the brain is able to separate the speech from the noise by comparing time, intensity 

and spectral differences between the two ears. The effect is that the brain is able to 

suppress signals that the listener does not wish to hear.4 In normal hearing subjects, 

the squelch effect provides a gain of 2-4.9 dB in the speech reception threshold in 

background noise.5-7

2) Summation effect: when identical signals are presented bilaterally, there is 

an advantage when hearing with two ears instead of hearing with just one ear 

(redundancy of auditory input).2,8 The hearing threshold level is improved by 2-6 dB 

in the binaural listening condition over the monaural listening condition.9

3) Head shadow effect: the head acts as an acoustic barrier for the unwanted sounds, 

which results in a better signal-to-noise ratio.3,10 When one ear is closer to the 

noise source, adding a second ear contralateral to the noise provides an ear with 

a better signal-to-noise ratio. The head shadow effect is more pronounced at high 

frequencies, towards as much as 10-16 dB level difference at frequencies above 1 

kHz.11,12 The head shadow effect is not a true binaural effect (i.e. patients with one 

deaf ear can also benefit from the head shadow effect), but merely a geometric effect 

and does not require binaural processing by the brain. 
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1.3 Single-sided deafness (SSD)

Hearing loss can occur due to various reasons. Possible etiologies of postlingual single-sided 

deafness (SSD) include a (viral) infection, idiopathic sudden deafness, Ménière’s disease 

or labyrinthitis. SSD has been estimated to affect 12-27 per 100.000 adults in the general 

population.3 When the hearing loss is caused by damaged hair cells, we refer to this type of 

hearing loss as cochlear hearing loss. In the remainder of this thesis, when we refer to single-

sided deafness, we mean unilateral cochlear hearing loss. The onset of SSD was postlingual in 

all patients: this means that their auditory infrastructure developed normally, and all patients 

heard normally in both ears in the past.

 Patients with SSD cannot benefit from the squelch effect and summation effect. 

They complain about difficulties with communication in noisy environments and a decreased 

ability of localizing sounds. Consequently, they perform worse than bilateral hearing subjects 

on speech perception in noise and on localization of sounds.13,14

 Moreover, patients with SSD frequently perceive tinnitus in their deaf ear. Tinnitus 

is the perception of a sound when no external sound is present. The prevalence of tinnitus 

is reported to be as high as 6-20% of the general population15, with rates increasing among 

hearing-impaired individuals (up to 67-86% in bilaterally deaf cochlear implant candidates16). 

Although there is less literature on the prevalence of tinnitus in patients with SSD, several 

studies reported that it is a common symptom in this population.17-21 Tinnitus is frequently 

believed to be the consequence of (central) auditory deprivation due to hearing loss. 

Cochlear electrical stimulation of the auditory nerve is assumed to have a beneficial influence 

on tinnitus burden. Indeed, recent studies found lower tinnitus burden following cochlear 

implantation in bilaterally deaf patients.22 

Due to these hearing-related difficulties, patients with SSD may experience problems 

in social interaction and communication, possibly negatively affecting their quality of life 

(QoL).23-25
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1.4 Current treatment options for SSD: CROS hearing aids and BCD

In current clinical practice, there are two treatment options for patients with SSD: Contralateral 

Routing of Sound (CROS) hearing aids and Bone Conduction Devices (BCDs). Both devices 

work by the same principle: they transfer the sound from the side of the deaf ear to the 

functioning contralateral cochlea:

1. CROS: Contralateral Routing of Sound hearing aid

A CROS hearing aid consists of two hearing aids which are placed behind the auricle on 

either side. The hearing aid on the auricle of the deaf ear transmits sounds from the deaf side 

to the hearing aid on the auricle of the good ear (Figure 3). The hearing aid on the auricle 

of the good ear then presents these sounds to the tympanic membrane of the good ear via a 

speaker in the external acoustic meatus.

Figure 3: Schematic depiction of CROS hearing aids. 

The CROS hearing aid on the auricle of the deaf ear (left side) sends sounds from the deaf side wirelessly to the 
hearing aid on the auricle of the good ear (right side). 
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2. BCD: Bone Conduction Device

A BCD transmits the sounds from the deaf side to the good cochlea by vibrating the skull. 

When the skull vibrates, the perilymph in the functioning cochlea also vibrates, and thus 

sounds are heard in that cochlea. To let the skull vibrate, a titanium implant is surgically 

placed in the skull of the patient and the BCD can be mounted (percutaneous skull vibrations; 

nowadays also transcutaneous BCDs are available). Patients can test the function of a BCD 

during a trial period, when the BCD is worn on a tight headband (transcutaneous skull 

vibrations). 

Figure 4: Schematic depiction of a surgically implanted BCD.

The BCD transmits sounds from the deaf side (left) via vibrations of the skull to the functioning cochlea (on the 
right side). 

1.5 New treatment option for SSD: cochlear implantation

In contrast to CROS hearing aids and BCDs, a cochlear implant (CI) provides auditory 

information to the auditory nerve on the deaf side (Figure 5) and thus restores bilateral input 

of auditory information to the brain. The electrode array of the cochlear implant directly 

stimulates the fibers of the auditory nerve in the cochlea electrically. 
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Figure 5: Schematic depiction of a CI. 

The deaf side (left) now receives direct electrical input and thus bilateral input of auditory information to the brain 
is restored.

A CI consists of two parts (Figure 6a): an external part, which is visible on the outside of 

the head, and an internal part, which is implanted during surgery. The external part consists 

of the microphone, the speech processor and the radio frequent transmitter coil. A radio 

frequent link conveys sound information and electrical energy from the external part to the 

internal part. The internal part consists of a subcutaneous radio frequent receiver coil, an 

electronics package, and a lead wire that runs through the mastoid bone to the cochlea. In 

the cochlea, an electrode array is placed in the scala tympani (Figure 6b). Since the hair cells 

in the organ of Corti are damaged, the target for stimulation are the spiral ganglion cells 

(dendrites of the auditory nerve).26
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Figure 6: Schematic overview of a cochlear implant.26

a)  A CI consists of an external part, which is visible on the outside of the head. The internal part is implanted
  during surgery.
b)  The electrode array is placed in the scala tympani. Since the hair cells in the organ of Corti are damaged, 
 the target for stimulation are the spiral ganglion cells (dendrites of the auditory nerve).

1.6 Motivation of research 

Cochlear implantation is considered to be a new treatment option for patients with SSD. 

With cochlear implantation, bilateral input of auditory information to the brain can be 

restored, so that the brain is able to make use of the binaural hearing effects. An example of 

the superiority of hearing with input from two ears (albeit electrical input) was found in a 

trial evaluating sequential versus simultaneous bilateral cochlear implantation for patients 

with bilateral sensorineural hearing loss: patients with two CIs had better speech perception 

in noise with spatially separated sources and were better at localizing sounds than patients 

who received one CI.27,28 
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 Theoretically, also for patients with SSD cochlear implantation restores bilateral 

input and may thus lead to improved speech perception in noise and sound localization. 

Moreover, electrical stimulation in the deaf ear may suppress tinnitus and therefore decrease 

tinnitus burden. Following all these benefits, QoL might improve. One must keep in mind, 

however, that the quality of the sound of a CI is not similar to the quality of acoustic sounds: 

the brain must be able to fuse two different signals. Furthermore, cochlear implantation is 

more expensive than treatment with CROS hearing aids or BCDs. Next to that, cochlear 

implantation is an invasive treatment option, for which patients may not want to opt. All 

these factors should be taken into account when investigating cochlear implantation for SSD. 

Ideally, the new treatment option (CI) should be compared to the current clinical practice for 

patients with SSD, which consists of treatment with CROS hearing aids or BCDs.

  

1.7 Comparing therapeutic interventions 

In Evidence-Based Medicine, a Randomised Controlled Trial (RCT) represents the most 

valuable study design (high “Level of Evidence”) to evaluate the effectiveness of therapeutic 

interventions, since the risk of specific forms of “bias” is minimized. Bias is a systematic error, 

or deviation from the truth, in results or inferences.29 Study results may be influenced by 

various forms of bias, which can be categorized in:

• Selection bias: selection bias may occur when there is a systematic difference 

between either the patients that participate in the study and the patients that do 

not participate in the study (affecting generalizability). Another form of selection 

bias occurs when systematic differences between baseline characteristics make that 

groups are not comparable.29 Randomization is a good way to prevent this form of 

bias, provided that the allocation sequence is concealed.

• Information bias: systematic differences in how the outcomes are measured in the 

study groups may result in information bias. Ideally, both researchers and patients 

do not know which of the treatment options is applied (“double blind”), so that 
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that knowledge can be of no influence on the study results. Unfortunately, blinding 

is not always possible in research with surgical interventions due to practical and 

ethical reasons.30 Another form of information bias is recall bias: patients cannot 

reliably answer questions about a situation in the past, which is often the case when a 

retrospective study is performed. Therefore, data are ideally collected prospectively: 

a pre-published study protocol states which data will be collected and when. 

Moreover, a pre-published study protocol may help to reduce publication bias: 

publication bias is the selective reporting of specific findings and omitting other 

(insignificant) findings. When a study protocol is published, colleagues can check if 

all investigated outcomes were reported.

• Confounding: a confounder is a (known or unknown) variable that influences both 

the dependent and independent variable. An unbiased comparison of treatment 

options is possible if variables (i.e. possible confounders) are distributed evenly 

across groups by randomization.

When one wants to compare the treatment options for patients with SSD, it is important to 

consider these forms of bias to minimize the risk of bias on study results. 
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1.8 Outline of thesis

1.8.1 Part I: Introduction and literature reviews

We first aimed to study the efficacy of the current treatment options for single-sided deafness. 

In Chapter 2, we systematically reviewed the literature that investigated the effect of CROS 

hearing aids and BCDs for patients with SSD on the outcomes speech perception in noise, 

sound localization and QoL. In Chapter 3, we systematically reviewed the literature that 

reported on cochlear implantation for patients with SSD on the speech perception in noise, 

sound localization, tinnitus and QoL. 

 These two chapters formed the background for an RCT to investigate these three 

treatment options for patients with SSD.

1.8.2 Part II: CINGLE-trial

In Chapter 4, we described the research protocol that we used to evaluate the three treatment 

options for patients with SSD. The results after 3 and 6 months of follow-up for all patients on 

a subset of outcome measures were presented in Chapter 5.

1.8.3 Part III: vocoder and pitch match experiments

SSD patients with a CI and contralateral normal hearing have the unique ability to compare 

sounds and stimuli between their electric (CI) ear and acoustic ear. In Chapter 6, we aimed 

to answer the question ‘What does a CI sound like?’. We presented speech and music stimuli 

to the CI ear of SSD patients that were implanted with a CI, and subsequently asked these 

patients to compare these stimuli to modified versions of these stimuli presented to their 

normal ear and asked them to rate the similarity between these two stimuli.  

We performed other experiments to compare the acoustic and electric in Chapter 

7. We activated individual electrode contacts of the electrode array and asked patients to 

compare the perceived pitch of the individually activated electrode contacts to the pitch 

of two acoustically presented tones to their normal ear. Subsequently, we asked them to 
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select the tone with the pitch closest to the pitch of the activated electrode. Ultimately, we 

could construct a frequency-place map for the implanted cochlea and learn more about the 

frequency allocation of cochlear implant electrode arrays. In Chapter 8, a similar analysis 

was done, but now the effect of time and the type of electrode array could was also assessed.

1.8.3 Part IV: Quality of reporting

In Part One of this thesis, two systematic reviews were presented. In Part Two, we described 

the study protocol and the short-term results of a RCT. These types of studies (systematic 

reviews and RCTs) may provide high level of evidence when adequately reported so readers 

can access all relevant and necessary information. As a final part in this thesis, we described 

two studies in which we evaluated the quality of reporting of systematic reviews (Chapter 9) 

and RCTs (Chapter 10) in the field of otorhinolaryngology.

1.8.4 Part V: Discussion

In Chapter 11, we summarized and discussed the findings of the previous chapters and we 

provided directions for future research. Chapter 12 is a summary in Dutch of all previous 

chapters. 
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ABSTRACT 

Objective

Systematically review the literature on the clinical outcome of Bone Conduction Devices 

(BCD) and Contralateral Routing of Sound Systems (CROSS) for patients with single-sided 

deafness (SSD).

Data Sources

PubMed, Embase, Cochrane Library and CINAHL databases were searched up to April 7th, 

2014.

Review Methods 

All studies investigating BCD and CROSS for patients with SSD on speech perception in 

noise, sound localization or quality of life were selected and critically appraised.

Results

In total, 46 articles were retrieved of which six satisfied the eligibility criteria. Critical appraisal 

showed that five studies (n = 91) carried a moderate to high directness of evidence and a low 

to moderate risk of bias. Subsequently study characteristics and outcome measurements were 

extracted. Due to large heterogeneity between studies, pooling of data was not feasible. Studies 

did not show a clear advantage of BCD or CROSS on speech perception in noise. BCD and 

CROSS lead to the same sound localization ability as the unaided condition. Quality of life 

did not differ significantly between conditions; however, subjective speech communication 

did improve. 



544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters
Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020 PDF page: 31PDF page: 31PDF page: 31PDF page: 31

31

Review: Bone Conduction Devices and Contralateral Routing of Sound Systems in Single-Sided Deafness

2

Conclusion

There are no high level of evidence studies comparing BCD and CROSS in patients with SSD. 

Literature showed no beneficial effect of BCD nor CROSS regarding speech perception in 

noise and sound localization. Subjective speech communication demonstrated a moderate 

improvement with BCD and CROSS. High evidence studies comparing all treatment options 

for single-sided deafness should be conducted.
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CHAPTER 2

INTRODUCTION

Speech perception in noise and sound localization are well known difficulties for listeners 

with single-sided deafness (SSD).1,2 With one hearing ear and one non-functional ear, 

patients cannot benefit from binaural squelch (ability of the brain to separate sound and 

noise signals from spatially separated sources)1,2 and summation effects (redundancy of 

auditory input)3. Furthermore, the head shadow effect comes into play: the head acts as an 

acoustic barrier for the better ear attenuating signals coming from the hearing field of the 

poor side.4 Patients suffering SSD experience problems in their daily life in social interaction 

and communication.5 

Nowadays, there are various options for patients suffering SSD such as the 

Contralateral Routing of Sound System (CROSS) and the Bone Conduction Device (BCD). A 

CROSS conducts signals from the hearing field of the poor ear via a wire (or FM/Bluetooth) 

to a microphone in the ear canal of the better ear. Although the ear canal of the better ear is 

now partly obstructed, sound awareness is restored. A BCD transfers signals from the hearing 

field of the poor side to the better hearing ear by vibration of the bone of the skull. A trial 

with a BCD can be performed by attaching the BCD to a tight headband. After this trial 

period, a titanium screw can be surgically implanted in the skull bone to conduct the signals. 

Theoretically, CROSS and BCD alleviate the head shadow effect and thus improve speech 

perception in noise and sound localization and they may also have a beneficial influence on 

quality of life. However, both modalities do not restore binaural hearing. It is important to 

know to what extent these modalities help this handicapped population. 

Therefore, the aim of our study is to systematically review evidence in the literature 

on both treatment modalities for patients with single-sided deafness on speech perception in 

noise, sound localization and quality of life. 
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METHODS

Search strategy

A systematic search in the PubMed, Embase, Cochrane Library and Cumulative Index to 

Nursing and Allied Health Literature (CINAHL) databases was conducted from their 

inception up to April 7th, 2014. The search terms were single-sided deafness, bone conduction 

device and contralateral routing of sound system and their synonyms (see Appendix 1 for 

complete syntax). 

There is not an international consensus on the definition of SSD. In this article, we 

use the following criteria: in patients with SSD, there is a sensorineural hearing loss (HL) 

with a threshold of ≤30 dB hearing loss (pure tone average [PTA] on 0.5, 1, 2, 4 kHz) in the 

better ear (i.e. the better ear does not need a hearing aid) and the poor ear has a sensorineural 

hearing loss with a threshold of ≥70dB HL (severe to profound hearing loss). In contrast, 

asymmetrical hearing loss (AHL) exists when the better ear has a threshold of ≤50 dB HL 

and the poor ear has a threshold of ≥70dB HL. We think it is important to highlight these 

differences, since the hearing level of the better ear may influence hearing performance. 

Nevertheless, in this review we included articles investigating patients with SSD as well as 

AHL. 

To minimize reporting and retrieval bias, no terms related to our outcomes of 

interest were included in the search. In addition, a related article search was performed.

Study selection

Authors JPMP and ALS screened titles and abstracts of the retrieved records and subsequently 

the full-text versions of the potentially relevant articles which evaluated the effect of both 

BCD and CROSS in patients with SSD. The outcomes of interest were speech perception in 

noise, sound localization and quality of life. Criteria for inclusion and exclusion are shown in 

Figure 1. We assessed the eligibility of the trials independently and settled any differences in 

opinion by discussion. 
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Critical appraisal of included studies

Predefined criteria were used for assessment of the directness of evidence and risk of bias (see 

Table 1). Discrepancies were discussed until consensus was reached. 

Studies were classified as having high directness of evidence if they complied with 

five or more criteria, as moderate directness of evidence if they complied with three or four 

criteria and as low directness of evidence if they complied with two or less criteria. In the 

assessment of risk of bias, studies were classified as having a low risk of bias if they complied 

with five or four of the criteria, as a moderate risk of bias with three or two criteria and as a 

high risk of bias with one or zero criteria. All studies with either a low directness of evidence 

or a high risk of bias were excluded for further review.

Data extraction and statistics

Study characteristics and outcome categories of the included studies were extracted and 

presented in Table 2. To compare speech perception in noise with BCD and CROSS to the 

unaided condition, p-values were calculated using the Wilcoxon signed-rank test for paired 

observations when sufficient data was provided. 

RESULTS

Search strategy and study selection

The search in the PubMed, Embase, Cochrane Library and CINAHL databases retrieved a 

total of 29 articles. Figure 1 shows how the search results were further assessed. After removal 

of duplicates and selecting articles by title or abstract, 10 articles were left to read in full-text. 
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Figure 1. Flowchart of search (search date April 7, 2014).

Legend: Abbreviations: BCD: bone conduction device; CROSS: contralateral routing of sound system.

Following full-text assessment, four studies could be discarded. Three studies6-8 reported 

patient data that was also reported in more recent articles by the same group of investigators, 

which were all included.9,10 The fourth study was excluded because there was no data provided 

on clinical outcome in the CROSS condition, which was unclear from the abstract.11 Cross-

reference checking and related article search yielded no additional articles. Six studies, 

including a total of 94 patients, were eligible for critical appraisal. 
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Critical appraisal of included studies

Table 1 summarizes the critical appraisal of the six included studies. There were no studies 

with a low directness of evidence. One study scored a high risk of bias and was therefore 

excluded.12 The other five studies (n = 91 patients) were left for further data extraction and 

analysis.9,10,13-15

Data extraction

Study characteristics are presented in Table 2. There is a large degree of clinical heterogeneity 

amongst and within studies in terms of classification of hearing loss (SSD versus AHL), 

duration of deafness and follow up duration. Two studies evaluated BCD on a headband, 

whereas the other studies implanted the BCD. Owing to this heterogeneity, pooling of data 

was not possible. We therefore summarized the extracted data of the different outcomes 

(Tables 3 - 6). 
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Table 1. Critical appraisal of included studies
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Legend:
RCS = Retrospective Case Series
PCS = Prospective Case Series
RCT = Randomized Controlled Trial
L = low, M = moderate, H = high

Directness of evidence (DoE)
Domain
	All patients have SSD, defined as a sensorineural
 hearing loss (HL) with a threshold of ≥70 dB HL in
 the poor ear and a threshold of ≤30 dB HL in the
  better ear at frequencies 0.5, 1, 2, 4 kHz (pure tone
 average).
◐	 Not all patients have sensorineural hearing loss
  (HL) with a threshold of ≥70 dB HL in the poor ear
  and a threshold of ≤30 dB HL in the better ear at
  frequencies 0.5, 1, 2, 4 kHz (pure tone average), but
  the mean values are within these limits.
	Other

Determinant
	Measurements in the 1) CROSS, 2) implanted
  percutaneous BCD and 3) unaided situations
◐	 Measurements in the 1) CROSS, 2) BCD on a
  headband and 3) unaided situations
	No measurements in the unaided situation

Outcome
Study reports on:

1. Speech perception in noise:
 Yes
 No

2. Sound localization:
 Yes
  No

3. Subjective measures:
 Yes
 No

Follow up
	≥1 year
◐	 ≥4wk, <1yr
	<4 wk, or not clearly mentioned

Risk of bias (RoB)
Treatment allocation: 
	Randomized or concealed allocation of treatment
	No randomized or concealed allocation of
 treatment, or not provided

Blinding of intervention: 
	Patients and personnel blinded
	Only patients blinded, no blinding or not provided

Standardization of treatment: 
	1. CROSS and BCD types/manufacturers specified, 
 2. Patients used treatment modality as prescribed
  and for the complete follow up time
	Not standardized as described above or not  
 provided

Standardization of outcome measure:
	Data acquisition after specified follow up time
  according to research protocol
	No standardized data acquisition or not provided

Completeness of data: 
	<15% missing data
	≥15% missing data or not reported
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Arndt et al. designed their trial for comparing cochlear implants (CI) to BCD and CROSS, 

whereas Hol et al. evaluated the completely-in-the-canal (CIC) CROSS hearing aid and Lin 

et al. investigated the additional value of a directional microphone mounted on the BCD 

abutment.10,13,14 Since the CI and CIC are different determinants than our original search, we 

will not take these modalities into account in this review; the directional microphone can be 

mounted on a BCD and results will be briefly discussed.

Speech perception in noise

All five studies reported on speech perception in noise (n = 91).9,10,13-15 The extracted data are 

summarized in Table 3.

Table 3. Speech perception in noise

Study Configuration Unity
Condition

Unaided CROSS BCD

Arndt 201113

S0N0

Word score

74.1% 76.9% 74.1%

SpeNbe 14.6% 24.5%* 10.4%

SbeNpe 99.5% 98.6% 98.6%

Hol 20059

S0Nbe

dB SNR

   2.1   1.0   0.9

S0Npe  -2.2   0.5*  -1.5

SbeN0  -2.2  -1.7  -3.1

SpeN0   2.2  -0.1*  -0.3*

Hol 201014
SbeN0

dB SNR
-4.3  -2.7  -2.0

SpeN0  0.5  -1.7   0.4

Lin 200610

S0N0

dB SNR No numerical data availableS0Nbe

S0Npe

Wazen 200315

S0N0

dB SNR (SD)

-1.3 1.4) -1.2 (1.6) -2.6 (0.4)

S0Nbe   0.3 (3.2) -2.1 (3.7) -3.2 (2.9)

S0Npe -7.1 3.2) -3.4 (4.1) -5.5 (4.5)

Legend:
* Scores significantly different from other scores in same configuration. 
Other values not significant or not reported.

SNR = signal to noise ratio, SD = standard deviation
All studies had speakers positioned at -90, 0, 90º azimuth except Arndt et al.13: -45, 0, 45º.
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Studies measured speech perception in noise in various configurations of spatially separated 

speakers: sound (S) or noise (N) comes from the better ear (be), poor ear (pe) or from the 

front (0 degrees azimuth). 

 Arndt et al. evaluated CROSS and BCD on a headband using word score percentage 

on the Hochmair-Schulz-Moser sentence test before patients were implanted with a cochlear 

implant.13 We calculated p-values for the comparison of the unaided, CROSS and BCD 

conditions. These calculations showed that CROSS performed significantly better than BCD 

(p = 0.013) and the unaided condition (p = 0.008) in the SpeNbe configuration. In the other 

configurations, no statistically significant differences were observed.

All other studies measured speech perception in noise with tests resulting in a signal 

to noise ratio (dB SNR) at which 50% was understood correctly. In Table 3, a negative value 

represents better speech perception in noise ability. Hol et al. found most benefit with the 

BCD, although only three of the presented scores were significantly different than the other 

scores in that configuration.9 In a later article by that study group, BCD on a headband was 

investigated.14 They found large differences between the various conditions and, depending 

on the configuration, the best scores for the unaided and CROSS condition. No level of 

significance was reported. Lin et al. did not report individual or group numerical data, but 

state that speech perception in noise improved with BCD compared to the unaided and 

CROSS conditions.10 Additionally, they mounted a directional microphone to the BCD 

abutment in part of their population (n = 13) after one month of BCD use. There was no extra 

benefit of this directional microphone considering speech perception in noise. Finally, Wazen 

et al. reported best signal to noise ratios in the BCD condition for two configurations.15 In 

the S0Npe configuration, the unaided condition performed best, but standard deviations are 

high.

For each configuration, there is not a general advantage for one of the testing 

conditions. Moreover, studies do not show one supreme condition for speech perception in 

noise. 
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Sound localization

Four studies evaluated sound localization (n = 73).9,10,13,14 Data of the studies are summarized 

in Table 4.

Table 4. Sound localization

Study Test setup Configuration Condition
Unaided CROSS BCD

Arndt 201113 7 speakers in front from 
270º to 90º with 30º interval

Correcta   33.9º 39.9º 30.4º
       

Hol 20059 9 speakers in front from 
240º to 120º with 30º 
interval
 

Correctb 500 Hz 19.1% 16.8% 16.5%
3000 Hz 18.1% 14.6% 17.4%

Lateralizationc 500 Hz 45.1% 45.1% 46.2%

3000 Hz 50.3% 42.6% 52.6%
Hol 201014 9 speakers in front from 

240º to 120º with 30º 
interval

Lateralizationc 500 Hz 53.6% 53.0% 56.1%
3000 Hz 61.0% 48.6% 58.9%

Lin 200610 5 speakers behind back 
from 135º to 225º with 15-
25º interval

Lateralizationc  

No numerical data available

Legend:
Test setup: arch of speakers positioned at head level in horizontal plane.

Configurations: 
Correct – correct speaker identified; Lateralization – located speaker in left or right hemisphere.

a) Chance level 68.6°
b) Chance level 11%
c) Chance level 50% 

Arndt et al. measured sound localization error: the difference in degrees between the location 

of the sound source and the source indicated by the patient.13 Sound localization using CROSS 

and BCD did not differ from unaided localization, but no p-values were reported.

 Two articles by Hol et al. asked the patient to first identify the exact correct speaker 

(‘correct’) and later only lateralize (‘lateralization’) the source speaker, using both low and 
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high frequency tones.9,14 In all three conditions, no scores differed significantly from chance 

level.

 Lin et al. investigated sound localization in only 9 out of 23 patients of their 

population.10 In both quiet and noisy listening conditions, the aided conditions did not lead 

to a significant benefit in sound localization.

Subjective measures

Abbreviated Profile for Hearing Aid Benefit (APHAB)

Four of the five studies used the validated APHAB questionnaire to quantify the quality of 

hearing (n = 80).9,10,14,15 Therefore, the results are easily comparable and depicted in a separate 

table, relative to the unaided condition (Table 5). The APHAB questionnaire consists of three 

speech communication subscales: ease of communication (EC), listening under reverberant 

conditions (RV), listening in background noise (BN); and a fourth subscale assessing aversion 

to sound (AS). All questions contribute to a maximum score of 100 (perfect hearing) or a 

score of 0 (worst hearing).
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Table 5. Abbreviated Profile for Hearing Aid Benefit (APHAB)

Study Domain
Condition

Unaided CROSS BCD

Hol 20059

EC

†

 -7.2*  -13.1*
BN  -21.1*  -33.1*
RV  -9.6*  -19.1*
AS  +12.7*  -3.7

Hol 201014

EC

†

-6 -10
BN  -8§  -5§

RV -7 +1
AS +5 +7

Lin 200610

EC

† No numerical data available
BN
RV
AS

Wazen 200315

EC (SD)

†

 -4.9 (15.2)  -6.5 (14.2)
BN (SD)  -8.9 (16.3) -18.9 (17.3)
RV (SD) -9.4 (11.8) -15.6 (14.3)
AS (SD) +18.1 (24.5)  -9.2 (28.7)

Legend:
EC = ease of communication, BN = listening in background noise, RV = listening in reverberant conditions, AS = 
aversiveness of sound

Scores for Hol 201014 were calculated by values from bar graph.

† APHAB scores relative to unaided
* Statistically significant, other values not significant or not reported.
§ Discrepancy between text and table (table was adopted)
 

All three studies reporting numerical data found an advantage in both aided conditions on 

the EC, RV and BN domains.9,14,15 The BCD was more beneficial than CROSS in the studies 

by Hol et al.9 and Wazen et al.15, whereas Hol et al.14 found more improved scores in the 

CROSS condition. Lin et al. did not find a beneficial influence of the CROSS, but scores on 

the EC, RV and BN domains improved with both the BCD and the BCD with directional 

microphone.10 All studies found a deterioration of the performance in the AS domain. Hol 

et al. also sent the APHAB questionnaire by mail after 1 year of follow up time. In 26 out of 29 

patients, no statistically significant differences were found on all domains between the scores 

after 6 weeks and 1 year of BCD use.9
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Questionnaires exclusive APHAB

Various other validated questionnaires were used to objectify quality of hearing (Table 6). 

Arndt et al. evaluated quality of life using the Health Utilities Index 3 (HUI3), showing 

equivalent outcomes for CROSS and BCD, but no significant difference compared to the 

unaided condition is mentioned.13

Furthermore, in Arndt et al. the quality of life is assessed with the Speech, Spatial 

and Qualities of hearing scale (SSQ). Hol et al. also evaluated hearing with the SSQ, but only 

used the Spatial subscale.14 Both studies did not find a significant difference between the three 

conditions. 

Table 6. Quality of Life (exclusive APHAB)

Study
Questionnaire Condition
  Domain Unaided CROSS BCD

Arndt 201113

HUI3

Vision 1.00 0.99 1.00
Hearing 0.80 0.80 0.89
Speech 1.00 1.00 1.00
Emotion 0.95 0.95 0.95
Pain 0.95 0.98 0.96
Ambulation 1.00 1.00 1.00
Dexterity 1.00 1.00 1.00
Cognition 1.00 1.00 1.00
Index 0.56 0.65 0.67

SSQ
Speech 2.6 3.1 2.9
Spatial 2.3 2.6 2.4
Qualities 5.9 5.5 5.3

Hol 201014 SSQ Spatial (SD) 3.7 (1.5) 5.0 (1.8) 4.8 (2.5)

Legend:
HUI3 = Health Utilities Index 3 questionnaire, SSQ = Speech, Spatial and Qualities of hearing scale, SD = standard 
deviation.  



544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters
Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020 PDF page: 45PDF page: 45PDF page: 45PDF page: 45

45

Review: Bone Conduction Devices and Contralateral Routing of Sound Systems in Single-Sided Deafness

2

Overall comparison

In Table 7, the results on all outcomes are summarized to provide a compact overview. 

For speech perception in noise, there is no clear advantage of one of the conditions. Both 

treatment modalities and the unaided condition show equal results for sound localization. 

Quality of life did not differ significantly between conditions, but quality of hearing improved 

for the speech communication subscales of the APHAB questionnaire. 

Table 7. Summary of outcome measures

Study
Outcome

Speech perception in noise Sound 
localization QoL exclusive APHAB APHAB

Arndt 201113 CROSS > Unaided > BCD Equal CROSS > BCD ~ Unaided  -
Hol 20059 BCD > Unaided > CROSS Equal  - BCD > CROSS > Unaided
Hol 201014 Unaided ~ CROSS > BCD Equal CROSS > BCD > Unaided CROSS > BCD > Unaided
Lin 200610 BCD > CROSS ~ Unaided Equal  - BCD > Unaided > CROSS
Wazen15 BCD > Unaided > CROSS  -  - BCD > CROSS > Unaided

Legend
QoL = quality of life, APHAB = Abbreviated Profile for Hearing Aid Benefit.

Example: in Arndt et al.13, speech perception in noise is superior with CROSS compared to the unaided condition 
and the unaided condition is superior to BCD. On QoL, BCD and the unaided condition score equal, and both less 
than CROSS.

 

DISCUSSION

To our knowledge, this review is the first systematic review conducted on the topic of CROSS 

and BCD as a treatment for single-sided deafness. Its strengths are a transparent search 

strategy, study selection and critical appraisal of selected studies. 

The outcomes for speech perception in noise varied across studies, configurations 

and conditions. Both CROSS and BCD were expected to alleviate the head shadow effect, 

leading to better speech perception in noise in some conditions. However, we did not observe 

a uniform improvement across configurations in the aided conditions versus the unaided 

condition. All studies investigating sound localization found equal performance in both 
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aided and unaided conditions. On quality of hearing, all studies indicated an advantage in 

the aided condition over the unaided condition, but CROSS and BCD were alternatingly 

preferred. Statistical significance for all outcomes was rarely reported. Quality of life did not 

differ significantly between conditions.

These results should be interpreted taking the limitations of the included studies 

into account. First, no randomized controlled trials comparing implanted percutaneous BCD 

to CROSS and the unaided condition have been conducted. The only study randomizing their 

population used a cross-over design evaluating BCD on a headband, CROSS and the unaided 

condition.14 All other studies were retrospective or prospective case series, subject to bias. This 

paucity of high level of evidence studies prevented us from drawing accurate conclusions. In 

addition, BCD on headband leads to a difference in bone conduction thresholds up to 15 dB 

in the higher frequencies compared to a percutaneously implanted BCD.16,17 We found that 

both studies comparing BCD on headbands to CROSS and the unaided conditions measured 

worse speech perception in noise than studies evaluating a percutaneously implanted BCD.13,14 

The performances of these populations may therefore not reflect final performance.

Second, there is a large degree of clinical heterogeneity in the populations of the 

included studies, therefore pooling of data was not feasible. Both within and between studies, 

for instance, there was a large range of duration of deafness (4 to 951 months). The grade of 

hearing loss also varied; individuals with mild hearing loss in the better ear (PTA ≤30 dB HL) 

may suffer less from their hearing loss than individuals with moderate hearing loss (PTA ≤50 

dB HL), leading to different scores in outcome. Moreover, not all results of the total included 

population were described without providing reason why they were omitted, which may lead 

to bias.10,15

Finally, studies lack long term audiometric follow up. Maximum audiometric follow 

up was eight weeks after CROSS or BCD fitting. In the only study with a follow up time of 

one year, a postal version of the APHAB was sent, showing unchanged scores compared to 

the follow up moment 6 weeks after fitting.9
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Two other, non-systematic, reviews have been published on this topic. Baguley 

et al. reviewed four unique studies6-8,15 and concluded BCD to be superior to CROSS and 

CROSS superior to the unaided condition considering speech perception in noise and on 

the APHAB questionnaire.18 No difference in sound localization was observed between the 

conditions. However, they stressed that their results should be interpreted with consideration 

of selection bias, small patient numbers, double reporting of patients and unclear inclusion 

criteria in the included studies. Four years later, Bishop et al. reaffirmed these findings on 

all three outcomes.19 They state that the additional articles used in their review9,10, often 

being an enlargement of the patient populations of the same investigational groups, had 

not satisfactorily addressed the methodological shortcomings highlighted in the review by 

Baguley et al. They plead for prospective, randomized studies with longer follow up periods 

and urge researchers to take preoperative burden into account. 

Our results agree with the two previous reviews on sound localization and quality 

of hearing. However, the extra studies included in our review showed that patients did not 

benefit from neither BCD nor CROSS regarding speech perception in noise. Despite the 

recommendations of these reviews, our systematic review noted the same methodological 

deficiencies in studies in this field as earlier identified, being selection bias, small sample 

sizes, double reporting of patients and unclear inclusion criteria. Moreover, no recent 

articles comparing CROSS and BCD in unilaterally deaf patients have been published. 

This is particularly surprising considering the enormous advances that have been made in 

hardware and software of both modalities. Furthermore, cochlear implantation could be a 

new treatment option and for the first time actually restore binaural hearing.13,19 To be able to 

value this new treatment modality, we should first have high quality evidence on the clinical 

outcome of the current therapy strategies for patients with SSD.
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CONCLUSION 

Our systematic review showed that there are no high level of evidence studies comparing BCD 

and CROSS in patients with SSD. Based on moderate level of evidence studies, neither BCD 

nor CROSS provides benefit regarding speech perception in noise and sound localization. 

Quality of life did not improve, however on speech communication subscales a benefit was 

assessed. High level of evidence studies comparing all treatment options for single-sided 

deafness should be conducted.

Appendix 1: search syntax
Pubmed:
(single-sided OR one-sided OR unilateral* OR asymmetric* OR monaural*) AND (deaf* OR “loss of hearing” OR 
(hearing AND (impair* OR loss OR disorder*)))
AND
((bone AND anchored AND hearing AND (implant* OR aid* OR devic* OR system*)) OR (bone AND conducti* 
AND (implant* OR aid* OR devic* OR system*)) OR (BAHA) OR (BCD) OR (BAHS) OR (BAHI)) AND 
((contralateral AND routing AND (sound* OR signal*)) OR (CROS))

Search syntax used in Title and/or Abstract fields. 
Search date: April 7th, 2014. 
Modelled search strategy designed for Embase, CINAHL and Cochrane.
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ABSTRACT

Objective: A systematic review of the literature to evaluate the clinical outcome of cochlear 

implantation for patients with single-sided deafness (SSD) or asymmetrical hearing loss 

(AHL).

Data sources: We searched the PubMed, Embase, Cochrane Library and CINAHL databases 

from their inception up to December 10th, 2013 for SSD or AHL and cochlear implantation 

or their synonyms.

Study selection: In total, 781 articles were retrieved, of which 15 satisfied the eligibility 

criteria. Our outcomes of interest were: speech perception in noise, sound localization, 

quality of life (QoL) and tinnitus.

Data extraction: Critical appraisal showed that six studies reported on less than five patients 

or that they carried a low directness of evidence or a high risk of bias. Therefore we extracted 

the data of nine studies (n = 112). Patient numbers, age, duration of deafness, classification 

of deafness, pure tone audiometry, follow-up duration and outcome measurements were 

extracted from all nine articles.

Data synthesis: Due to large heterogeneity between studies, we were not able to pool data in 

a meta-analysis. We therefore summarized the results of the studies specified per outcome.

Conclusion: There are no high level of evidence studies concerning cochlear implantation 

in patients with SSD or AHL. Current literature suggests important benefits of cochlear 

implantation regarding sound localization, QoL and tinnitus. Varying results were reported 

for speech perception in noise, possibly caused by the large clinical heterogeneity between 

studies. Larger and high quality studies are certainly warranted.
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BACKGROUND

Single-sided deafness (SSD) is defined as a condition in which an individual has non-

functional hearing on one side and normal hearing on the contralateral side. Patients who 

develop SSD become aware of the importance of binaural hearing in their daily life in terms 

of social interaction and communication.1

Binaural hearing has been proven to be superior to unilateral hearing with regard 

to speech perception in noise and sound localization.2-5 The advantages that normal-hearing 

listeners gain from binaural hearing are based on three principles: 1) the squelch effect (ability 

of the brain to separate sound and noise signals from spatially separated sources)4,6, 2) the 

binaural summation effect (redundancy of auditory input)7, and 3) the head shadow effect 

(better signal-to-noise ratio)8.

 Current clinical practice for patients with SSD consists of optimizing hearing with 

either a Contralateral Routing of Signal (CROS) or a Bone Conduction Device (BCD). Both 

devices are effective in addressing the head shadow effect and thus restoring sound awareness 

to the deaf side, but they do not provide bilateral auditory input, which is needed for actual 

binaural hearing.

The limitations of CROS or BCD may be overcome by providing a cochlear 

implant (CI). During the last decades, cochlear implantation has become a widely accepted 

intervention for patients with bilateral sensorineural hearing loss (HL) and the selection 

criteria for implantation have been broadened. Recently, Van Schoonhoven et al. reviewed 

current literature on bilateral cochlear implantation and concluded that patients with bilateral 

sensorineural HL perform better on sound localization tests when patients were implanted 

bilaterally compared to unilaterally.9

According to these findings in bilateral deaf patients, the hypothesis is that due to the 

restored bilateral auditory input, spatial hearing will also improve after cochlear implantation 

in patients with unilateral deafness, including patients with SSD or asymmetrical hearing loss 

(AHL). Next to these audiological benefits, cochlear implantation may result in suppression 
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of tinnitus.10

Until now, the clinical outcome of cochlear implantation for patients with SSD or 

AHL has not been reviewed systematically in detail.

METHODS

This systematic review conformed to the Preferred Reporting Items for Systematic Reviews 

and Meta-Analyses (PRISMA) statement, a 27-item checklist to assure clear and transparent 

reporting of systematic reviews.11,12

Search strategy

A systematic search in the PubMed, Embase, Cochrane Library and Cumulative Index to 

Nursing and Allied Health Literature (CINAHL) databases was conducted on December 

10th, 2013. The main search terms were SSD or AHL and cochlear implantation and their 

synonyms (see Table 1 for complete syntaxes). To minimize reporting and retrieval bias, no 

terms related to our outcome were included in the search. In addition, a cross-reference and 

related article search was performed.

Table 1. Search syntax (date of search: December 10th 2013).

Database Search Syntax Results

PubMed

#1 
single-sided[tiab] OR one-sided[tiab] OR unilateral*[tiab] OR 
asymmetric*[tiab] OR  monaural*[tiab]) 

352#2
deaf*[tiab] OR “loss of hearing”[tiab] OR (hearing[tiab] AND (impair*[tiab] 
OR loss[tiab] OR disorder*[tiab]))

#3 cochlear implant*[tiab]

#4 #1 AND #2 AND #3

Embase
Modeled search strategy designed for Embase, in Title/Abstract fields. 
(Limited to Embase database only)

338

Cochrane Modeled search strategy designed for Cochrane, in Title/Abstract fields. 15

CINAHL Modeled search strategy designed for CINAHL, in Title/Abstract fields. 76
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Study selection

AvZ and JPMP screened titles and abstracts of the retrieved records and subsequently the 

full- text versions of the potentially relevant articles which evaluated the effect of cochlear 

implantation in patients with unilateral hearing loss. Criteria for inclusion and exclusion are 

shown in Figure 1. Although we aimed to focus on the effect of cochlear implantation for 

patients with SSD, we also included studies in which patients with AHL were investigated. 

This was done, because there is no international consensus on the definitions for SSD and 

AHL. In this study, we define SSD as a sensorineural hearing loss with a threshold equal to 

or greater than 70 dB HL in the affected ear and a threshold equal to or less than 30 dB HL 

in the better ear. AHL is defined as a sensorineural hearing loss with a threshold equal to or 

greater than 70 dB HL in the affected ear and a threshold less than 70 dB HL in the better ear.

We assessed the eligibility of the trials independently and settled any differences 

in opinion by discussion. The outcomes of interest were: speech perception in noise, sound 

localization, quality of life (QoL) and tinnitus.

Assessing quality of studies

Predefined criteria were used for assessment of the directness of evidence and risk of bias 

of the selected studies (see Table 2). Discrepancies were discussed until consensus was 

reached. All studies with a sample size of less than five patients or with either a low directness 

of evidence or a high risk of bias were excluded for further review. Studies were classified 

as having high directness of evidence if they complied with all four criteria, as moderate 

directness of evidence if they complied with three criteria and as low directness of evidence 

if they complied with only one or two criteria. If studies complied with all five or four criteria 

used to assess risk of bias, they were classified as having a low risk of bias, with three as a 

moderate risk of bias and with one or two as a high risk of bias.



544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters
Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020 PDF page: 58PDF page: 58PDF page: 58PDF page: 58

58

CHAPTER 3

Data extraction

Study characteristics and outcome data of the included studies were extracted by the first two 

authors, disagreements were resolved by discussion. Study characteristics are presented in 

Table 3.

RESULTS

Search strategy and study selection

The search in the PubMed, Embase, Cochrane Library and CINAHL databases retrieved 

a total of 781 articles. Figure 1 shows how the search results were further assessed. After 

removal of duplicates and selecting articles by title or abstract, 23 articles were left to read in 

full-text. 

Eight more studies could be discarded following full-text assessment. Three studies 

presented study data which were also presented in more recent articles included in this 

review13-15, in two studies all patients were CI users, but the effect of cochlear implantation 

was not evaluated16,17, two studies were only published in abstract18,19, and one study could 

not be retrieved in full-text20. Cross-reference checking and related article search yielded one 

additional article, however, this study was excluded because it was only published in abstract 

form21. Fifteen studies, including a total of 166 patients, were eligible for critical appraisal.



544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters
Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020 PDF page: 59PDF page: 59PDF page: 59PDF page: 59

59

Cochlear Implantation for Patients With Single-Sided Deafness or Asymmetrical Hearing Loss: A Systematic Review of the Evidence

3

Figure 1. Study selection process

Legend: SSD: single-sided deafness, AHL: asymmetrical hearing loss, CI: cochlear implant.

Assessing quality of studies

The critical appraisal of the 15 studies is presented in Table 2. All studies evaluated the effect 

of cochlear implantation on at least one of our outcomes of interest. Three studies reported on 

less than five patients.22-24 We therefore excluded these studies for further review.

Important limitations in the directness of evidence were found in two studies and 

therefore we did not further review these studies.25,26 Both studies scored low on patient 

population, they assessed only one of our outcomes of interest and there was no follow-up 

moment at either 6 or 12 months.
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Table 2. Assessment of quality of included studies.
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Hansen 2013 PCS 29        M      H
Hassepass 2013a PCS 3        H      H
Hassepass 2013b PCS 3        H      M

Jacob 2011 RCS 13        M      M
Kleine Punte 2013 PCS 7 ?       M      M
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Legend 
Study Design
RCS = retrospective case series
PCS = prospective case series

Directness of evidence 
Patients:  = patients with SSD; defined as a 
sensorineural hearing loss (HL) with a threshold of 
≥70dB HL in the affected ear and a threshold of ≤30 dB 
HL in the better ear (pure tone average 0.5, 1, 2, 4 kHz); 
 = other
Treatment:  = cochlear implantation;  = other. 
Outcome 1:  = binaural hearing tests (speech 
perception in noise, sound localization);  = no 
information about binaural hearing provided.
Outcome 2:  = tinnitus;  = no information about 
tinnitus provided.
Outcome 3:  = quality of life;  = no information 
about quality of life provided.
Follow-up 1:  = ≥6 months;  = <6 months
Follow-up 2:  = ≥1 year;  = <1 year

Risk of bias
Treatment allocation:  = randomized or concealed;  
= neither randomization nor concealment; ? = unclear, 
no information provided. 
Blinding of intervention and interpretation of outcomes: 
 = patients and personnel blinded;  = only patients 
blinded or no blinding; ? = unclear, no information 
provided. 
Standardization (T) of cochlear implantation (implant 
type and processor mentioned):  = yes;   = no; ? = 
unclear, no information provided. 
Standardization (O) of outcome measure:  = yes;   = 
no; ? = unclear, no information provided. 
Completeness of outcome data for primary outcome:  
= below 15% missing data;  = 15% or more missing 
data; ? = unclear, no information provided.
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Since none of the included studies was conducted as a randomized controlled trial 

(RCT) and none of the studies evaluated a control group, a low risk of bias was not assessed 

in one of the included articles. Blinding did not take place in any of the studies, since both 

professionals and patients are aware of cochlear implantation. Based on our criteria, three 

studies were considered as having a high risk of bias due to incomplete data and were excluded 

for further analysis.23,25,27 After the quality assessment, nine studies (n = 112 patients) were left 

for further data extraction and analysis.

Data extraction

There is a large degree of clinical heterogeneity amongst the studies in terms of participants 

(classification of hearing loss [SSD versus AHL], duration of deafness and the indication 

for cochlear implantation [hearing loss versus tinnitus]), test conditions (CI-on versus CI-

off and pre-implant versus post-implant), follow-up duration and outcome measurements 

(i.e. different test configurations, word tests and/or questionnaires) (Table 3). Owing to this 

heterogeneity, pooling of data was not possible. We therefore summarized the extracted data 

of the different outcomes (Tables 4 – 7). When studies did not report mean data or standard 

deviations in their text or tables, we did not derive them from graphs. Furthermore, in Tables 

4 – 7 several p-values are missing because they were not reported.
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CHAPTER 3

Speech perception in noise

Six studies reported on speech perception in noise (n = 68).28-33. In Table 4 the extracted data 

are summarized. Mertens et al. investigated the effect of a CI on tinnitus reduction ipsilaterally 

and improved speech perception in noise contralaterally and therefore their results are not 

taken into account in this section.34

 Speech perception in noise can be measured using different configurations of 

spatially separated loudspeakers. We will indicate the configurations by abbreviating sound 

(S) and noise (N) followed by the direction; ‘ci’ for sound or noise coming from the CI side, 

‘be’ for the ‘better ear’ side and finally ‘0’ for 0 degrees azimuth.

 Speech perception in noise was evaluated by five studies in terms of the signal-to-

noise ratio (dB), at which 50% of sentences is understood correctly.28,30-33 Both Arndt et al. and 

Távora-Vieira et al. demonstrated that sound perception in noise improved most in the SciNbe 

configuration.28,31 Also Vermeire et al. found a positive effect of CI activation, but significance 

of the results differed per subgroup; both the contralateral HA and normal-hearing (NH) 

subgroups gain significant benefit from the CI in the SciN0 configuration, but only the HA 

subgroup also experienced significant benefit in the S0Nci configuration.32 In agreement with 

Arndt et al., they did not find significant differences in the S0N0 configuration. Jacob et al. 

did not find any changes in signal-to-noise ratios between the CI-on and CI-off conditions.30 

Finally, Buechner et al. did not provide any numerical data, but stated that 3 out of 5 patients 

experienced a significant improvement in speech perception in noise.33

 Three studies evaluated speech perception in noise as the total percentage of 

correctly repeated words.28-30 Arndt et al. found statistically significant improvement in the 

SciNbe configuration for the CI group compared to the other conditions, equivalent to their 

findings with the OlSa test.28 Interestingly, CI performance in the SbeNci configuration was 

superior to the scores in the CROS and BCD conditions, but not significantly different from 

the unaided group scores. For the prelingual onset of deafness group in the study of Firszt et 

al., no significant improvement was found between the hearing aid (HA) alone condition and 
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the bimodal condition (CI + HA).29 For the postlingual deaf patients, there is an improvement 

after cochlear implantation, but they did not report significance on group level. The speech 

perception in noise scores in the study of Jacob et al. was not significantly different between 

the CI-on and CI-off conditions.30
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CHAPTER 3

Sound localization

Three studies (n = 34) reported on sound localization.28-30 Data of the individual studies are 

presented in Table 5. Although the three studies used different test set-ups, they all used 

the localization error as outcome measure to assess localization. The localization error is the 

mean difference in degrees between the location of the sound source and the source indicated 

by the patient.

Arndt et al. found that the localization error reduced significantly after cochlear 

implantation compared to the pre-implant condition with either a CROS or BCD or the 

unaided condition.28 In the study of Jacob et al., participants were tested at different time 

points after cochlear implantation. They reported a reduction of the localization error from 

48.0° tot 4.0° in the CI-on condition compared to the CI-off condition. However, no statistics 

were presented.30 Firszt et al. analyzed the data of postlingual deaf patients separately from 

patients with prelingual onset of deafness.29 They showed that the localization error reduced 

significantly in the bimodal (CI + HA) post-implant condition compared to hearing with the 

HA-alone (in better ear) in the postlingual deaf patients. This improvement was not found in 

the prelingual deaf patients.
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Table 5. Sound localization

Study Test setup Subgroup Pre-implant Post-implant Statistics FU 
duration

Unaided BCD CROS CI-on CI-off

Arndt
2011

7 loudspeakers in 
a 180° arch with 
intervals of 30°.
Stimulus: OlSa 
sentences (mean 
65 dB)

-

33.9° - -

15.0° -

p < 0.01

6 mo- 30.4° - p < 0.01

- - 39.9° p < 0.01

Jacob
2011

11 loudspeakers 
in 180° arch with 
intervals of 18°.
Stimulus: noise at 
different loudness 
(60 dB, 70 dB 
and 80 dB)

- - 4.0° 48.0°  -
6 – 48 mo 
(differs per 
patient)

Firszt
2012

15 loudspeakers 
in 140° arch with 
intervals of 10°
Stimulus: 
monosyllabic 
words (mean 60 
dB)

Prelingual 

No quantitative data; only graph (per patient) 
presented. No significant improvement 
reported after implantation in the bimodal 
compared to the HA-alone (better ear) 
condition.

- 6 mo

Postlingual

No quantitative data; only graph presented.
The localization error after implantation 
significantly reduced in the bimodal 
compared to the HA-alone (better ear) 
condition.

p ≤ 0.05 
(for all 
patients)

6 mo

Legend
FU: follow-up, BCD: Bone Conduction Device, CROS: Contralateral Routing Of Signal, CI: cochlear implant, mo: 
months, HA: hearing aid.
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Quality of life

QoL was reported in four studies (n = 50).28,29,31,32 Data of the individual studies are presented 

in Table 6. All studies used the Speech, Spatial and Qualities of hearing (SSQ) questionnaire 

to assess QoL. The SSQ is divided into three subsections: 1) Speech, 2) Spatial and 3) Qualities 

of hearing.

In the study of Arndt et al. patients scored better on all sections of the SSQ in the 

condition with their CI compared to the three pre-implant conditions (unaided, BCD or 

CROS).28 The scores were significantly higher in the Speech and Spatial subsections. No 

significant differences were found in the Qualities of hearing subsection. Vermeire et al. 

showed a significant improvement after cochlear implantation compared to the pre-implant 

monaural condition in both the HA and NH group in the Speech and Qualities of hearing 

subsections and in the NH group also in the Spatial subsection.32 In the study of Távora-

Vieira, a significant improvement on all three subsections of the SSQ was demonstrated 

after cochlear implantation compared to the pre-implant condition.31 Firszt et al. showed 

a significant improvement pre- to post-implantation for the Speech and Spatial subsections 

in the postlingual deaf patients after 6 months and for the prelingual deaf patients only for 

the Spatial subsection after 12 months.29 No significant improvements were observed in the 

Qualities of hearing subsection.

One study evaluated QoL by means of the Health Utilities Index 3 (HUI3).28 They 

reported a significantly increased overall group score in the CI group compared to the 

pre-implant condition with either CROS or BCD. No significant improvement was found 

compared to the unaided condition.
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Table 6. Quality of Life

Study Subgroups Test Subsection Pre-implant
(SD)

Post-
implant

(SD)

Statistics FU 
duration

Unaided BCD CROS CI
Arndt
2011

 - SSQ
Speech

2.6 - -
5.8

p = 0.01

6 mo

- 2.9 - p < 0.01
- - 3.1 p = 0.01

Spatial
2.3 - -

5.7
p < 0.01

- 2.4 - p < 0.01
- - 2.6 p = 0.03 

Qualities
5.9 - -

7.8
ns

- 5.3 - ns
- - 5.5 ns

HUI3
Overall

0.6 - -
0.8

ns
- 0.7 - p < 0.01
- - 0.7 p < 0.01

Vermeire
2009

HA SSQ (SD) Speech 2.1 (1.2) 4.3 (1.5) p = 0.01

12 mo

Spatial 1.9 (1.0) 2.6 (1.6) ns
Qualities 3.5 (1.7) 5.8 (2.2) p < 0.01

NH SSQ (SD) Speech 3.9 (1.4) 6.0 (1.4) p < 0.01
Spatial 3.0 (1.5) 5.3 (1.7) p < 0.01
Qualities 5.8 (1.5) 6.9 (1.6) p = 0.05

Távora-
Vieira
2013

- SSQ Speech No quantitative data, only graph 
presented. They reported a 
significant improvement for all three 
subsections.

p < 0.01

 3 moSpatial p < 0.01

Qualities p < 0.01
Firszt
2012

Prelingual SSQ No quantitative data, only graph presented (per 
patient).
Significant benefit from pre- to post-implant on 
the Spatial subsection.

- 12 mo

Postlingual SSQ No quantitative data, only graph presented. 
Significant benefit from pre- to post-implant on 
the Speech and Spatial subsections.

- 6 mo

Legend
SD: standard deviation, FU: follow-up, BCD: Bone Conduction Device, CROS: Contralateral Routing 
Of Signal, CI: cochlear implant, mo: months, ns: not significant, NH: normal-hearing group, HA: 
contralateral hearing aid group, SSQ: Speech, Spatial and Qualities of Hearing questionnaire, HUI3: 
Health Utilities Index 3.
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Tinnitus

Tinnitus was reported in six studies (n = 69).10,28,31,33-35 Data of the individual studies are 

presented in Table 7. Several subjective scales were used to assess either tinnitus distress 

or tinnitus loudness and the included studies reported tinnitus at different time points after 

cochlear implantation.

Five studies used a Visual Analog Scale (VAS) to assess tinnitus.10,28,31,34,35 Three 

of them reported a significant reduction of the tinnitus distress or loudness after cochlear 

implantation.10, 28, 34 The remaining studies also showed a reduction of tinnitus, but they did 

not present statistics.33,35 Furthermore, two studies showed that the tinnitus reoccurred after 

switching off the CI.28,35

Three studies used the Tinnitus Questionnaire (TQ) to evaluate the effect of cochlear 

implantation on tinnitus.10,34,35 Two of them reported a significant reduction of tinnitus10,35, 

Mertens et al. did not note significance.34

Only one study used the Tinnitus Reaction Questionnaire (TRQ) to assess tinnitus 

distress.31 They reported a reduction of tinnitus varying from 77% to 100%, but again, no 

statistics were presented.
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Table 7. Tinnitus

Study Test Pre-implant
(SD)

Post-implant (SD)
 

Statistics FU 
duration

CI-on CI-off
Arndt 
2011 VAS distress 5.0

0.0 - p < 0.01
6 mo

- 5.0 -
Kleine Punte
2013

VAS loudness* (SD) 8.3 (1.1) 2.8 (1.7) 8.0 (1.2)  -
6 mo

TQ (SD) 60.0 (15.6) 39.4 (12.4)  - p = 0.04

Mertens 
2013

VAS loudness (SD) - 3.4 (2.5) 7.2 (2.6) p < 0.01 12 mo

TQ (SD) 58.1 (13.7)
32.8 (19.3)  -  - 12 mo
26.3 (20.0)  -  - 36 mo

Van de  
Heyning
2008

VAS loudness (SD) 8.5 (1.3)

3.5 (2.5) - p < 0.01
1 mo

- 7.0 (2.8) p < 0.01
2.2 (2.0) 6.6 (3.0)  - 3 mo
2.3 (1.5) 6.3 (2.8)  - 6 mo
2.4 (1.8) 6.6 (2.6)  - 12 mo
2.7 (2.0) 6.4 (3.1)  - 18 mo
2.5 (1.9) 6.1 (2.9)  - 24 mo

TQ (SD) 58.4 (13.9)

33.3 (16.6)  -  p < 0.01 1 mo
32.4 (19.9)  -  - 3 mo
33.8 (21.0)  -  - 6 mo
34.3 (20.1)  -  - 12 mo
31.4 (18.8)  -  - 18 mo
38.9 (19.4)  -  - 24 mo

Távora-Vieira
2013 TRQ distress Significant decrease in TRQ score (range 

77.0-100.0%).  - 3 mo

Buechner
2010

VAS distress and 
loudness combined

Significant  long-term decrease in VAS 
score (3/5 patients, 60%)) and a significant 
decrease in VAS score in certain situations 
(2/5 patients, 40%)).

 - unclear

Legend
SD: standard deviation, FU: follow-up, CI: cochlear implant, mo:  months, VAS: Visual Analogue 
Scale, 
TQ: Tinnitus Questionnaire, TRQ: Tinnitus Reaction Questionnaire.

* Discrepancy between results mentioned in the text and the tables. We adopted the results from the 
table.
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DISCUSSION

The major strength of this study is that we reviewed the effects of cochlear implantation on 

multiple clinical outcomes in patients with unilateral deafness systematically. To date, only 

non-systematic reviews have been conducted on this topic.36-38 Our systematic review is 

characterized by a transparent search strategy (Table 1), study selection and critical appraisal 

of selected studies. Also, we had strict criteria for including studies in our final data extraction, 

yielding better quality evidence. In addition to other reviews that only summarized data, we 

showed the results of individual studies in comprehensive tables per outcome.

One of the most important findings of this systematic review is that there are 

only non-randomized, low or moderate level of evidence studies on the topic of cochlear 

implantation for single-sided deafness. This needs to be taken into consideration when 

interpreting the described results.

Current review showed varying results for speech perception in noise after cochlear 

implantation compared to other modalities in patients with unilateral deafness. Although the 

success rates differed and the quality of the studies was suboptimal, modest improvements 

were observed. The largest significant improvement was reported when sound was presented 

to the CI side.28,32 All three studies that reported on sound localization showed a substantial 

improvement after cochlear implantation.28-30 Also QoL improved substantially after cochlear 

implantation when assessed with the SSQ, where most benefit was observed on the Speech 

subsection.28,29,31,32 Our results on the previously described outcomes are generally congruent 

with the results of Kamal et al. and Vlastarakos et al.36,37

Historically, the initial intention of cochlear implantation in unilateral deaf patients 

was not the restoration of binaural hearing, but the treatment of tinnitus. All studies that 

focused on tinnitus in the current review objectified a substantial suppression of the 

complaints based on both the VAS and the TQ scores10,28,33-35 as by the TRQ scores31. None of 

the included studies reported tinnitus worsening after cochlear implantation. These results 

indicate that there is a positive effect of cochlear implantation on both tinnitus distress and 



544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters
Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020 PDF page: 75PDF page: 75PDF page: 75PDF page: 75

75

Cochlear Implantation for Patients With Single-Sided Deafness or Asymmetrical Hearing Loss: A Systematic Review of the Evidence

3

loudness. Furthermore, we reported that two included studies showed that the tinnitus 

reoccurred after switching off the CI.28,35 This finding supports the paradigm that tinnitus 

results from cochlear deafferentiation.10 In 2012, Arts et al. reviewed the literature on cochlear 

implantation in patients with SSD to investigate the effect on tinnitus suppression.38 The 

results of their review and the review by Vlastarakos et al. are congruent with our results.37

Besides the lack of high quality evidence, there are some other limitations that we 

have to discuss. First, the sample sizes of the included studies are small. Two studies performed 

subgroup analysis which will eliminate statistical power when subgroups are already small.29,32

Next, there is a large degree of clinical heterogeneity amongst the studies that were 

included, which made it impossible to pool data. We will now summarize the most important 

differences in study characteristics: 1) the classification of deafness varies between and 

within study populations.10,29,32 The hearing thresholds for SSD and AHL are different, and 

therefore the affected contralateral ear in patients with AHL may have a negative impact 

on the hearing outcomes after cochlear implantation compared to patients with SSD; 2) 

there is a large variation in the duration of deafness, again both between and within study 

populations. From studies in bilaterally deaf patients, it is known that, amongst other factors, 

the shorter the duration of deafness is, the better the CI performance.39,40 In five of the studies 

that were included in this review the duration of deafness even surpassed ten years10,29-32; 3) 

the indication for cochlear implantation differs amongst studies; 4) the onset of deafness 

varies within and between studies, or is not mentioned. Only Firszt et al. presented their 

results for patients with prelingual onset and postlingual deafness separately.29 They did not 

show benefit from cochlear implantation in patients with prelingual onset of deafness when 

sound localization and speech perception in noise were concerned. This finding highlights 

the possible limitation of cochlear implantation in prelingual deaf patients. However, Firszt 

et al. reported on only three patients with prelingual onset of deafness; 5) the follow-up time 

differed amongst and within studies, impeding comparison between studies. This may have 

influenced the results, since we know that the duration of cochlear implant use is an important 
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predictor of speech perception40; 6) studies used different tests to assess their outcomes 

and different test conditions were used to examine the differences between monaural and 

binaural hearing. This counts most for speech perception in noise and may have led to the 

varying results for this outcome. In several studies, patients were asked to turn off their CI. 

The unilateral listening condition created in this manner cannot be compared to the pre-

implant condition.

Finally, there are no paediatric studies that passed our critical appraisal. Therefore no 

conclusions can be drawn about the effectiveness of cochlear implantation in children with 

unilateral hearing loss. Children with unilateral deafness are at increased risk of academic 

difficulties and behavioural issues.41 High quality research for this specific group should be 

conducted.

CONCLUSION

In conclusion, this systematic review shows that there are no high level of evidence studies 

concerning cochlear implantation in patients with SSD or AHL. Current literature suggests 

important benefits of cochlear implantation in this population regarding sound localization, 

QoL and tinnitus. Although results for speech perception in noise are promising as well, 

varying results between studies were reported for this outcome. This is possibly caused by the 

large clinical heterogeneity. Given the limited but promising results of cochlear implantation 

for patients with SSD or AHL, larger and high quality studies are certainly warranted before 

cochlear implantation can be considered as standard care.
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ABSTRACT 

Background

Individuals with single-sided deafness (SSD) have problems with speech perception in noise, 

localisation of sounds and with communication and social interaction in their daily life. 

Current treatment modalities (Contralateral Routing of Sound systems [CROS] and Bone 

Conduction Devices [BCD]) do not restore binaural hearing. Based on low level of evidence 

studies, CROS and BCD do not improve speech perception in noise or sound localisation. 

In contrast, cochlear implantation (CI) may overcome the limitations of CROS and BCD, as 

binaural input can be restored. Promising results have previously been achieved on speech 

perception in noise, sound localisation, tinnitus and quality of life. 

Methods and design

A single-center Randomised Controlled Trial (RCT) was designed to compare all treatment 

strategies for SSD. One hundred and twenty adult single-sided deaf patients (duration of 

deafness >3 months and maximum 10 years; pure tone average, at 0.5, 1, 2, 4 kHz, of the deaf 

ear: threshold equal to or more than 70 dB, of the better ear: threshold of maximum 30 dB) 

will be included in this trial and randomised to treatment groups: CI, trial periods ‘first BCD, 

then CROS’ or ‘first CROS, then BCD’. After the trial period, patients may choose with which 

treatment option they continue (BCD, CROS or no treatment). Outcomes of interest are 

speech perception in noise, sound localisation, tinnitus and quality of life. These outcomes 

will be measured during a baseline visit and at follow up visits, which will take place at 6, 12, 

18, 24, 36, 48, and 60 months after onset of treatment. Furthermore, an economic evaluation 

will be performed and adverse events will be monitored. 

Discussion

This RCT allows for a comparison between the two current treatment modalities for single-

sided deafness and a new promising treatment strategy, CI, on a range of health outcomes: 
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speech perception in noise, sound localisation, tinnitus and quality of life. Additionally, we 

will be able to answer the question if the additional costs of CI are justified by increased 

benefits, when compared to current treatment strategies. This study will inform health policy 

makers with regard to reimbursement of CI.

Trial registration

Netherlands Trial Register (www.trialregister.nl): NTR4580.
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BACKGROUND

Individuals with single-sided deafness (SSD) have problems with speech perception in noise 

and localisation of sound.1,2 With only one functional ear, they cannot benefit from binaural 

summation (redundancy of auditory input)3 and squelch effects (ability of the brain to 

separate sound and noise signals from spatially separated sources)1,2. Moreover, the head acts 

as an acoustic barrier and thus attenuates signals from the deaf side going to the better ear, 

known as the geometric head shadow effect.4 Patients suffering SSD experience problems in 

their daily life in social interaction and communication.5 

Current treatment modalities for patients with SSD are Contralateral Routing of 

Sound (CROS) systems and Bone Conduction Devices (BCD). A CROS conducts signals 

from the hearing field of the poor ear via a wire (or FM/Bluetooth) to an output transducer in 

the ear canal of the better ear such that sound awareness is restored. A BCD transfers signals 

from the hearing field of the poor side to the better hearing ear by vibration of the skull 

bone via a titanium implant. A trial with a BCD can be performed by attaching the BCD to a 

tight headband. Theoretically, CROS and BCD can alleviate the head shadow effect. However, 

neither modality can restore binaural hearing. A recently published review found that there 

are no high level of evidence studies comparing CROS and BCD for single-sided deafness.6 

The authors of the review could only include studies with low to moderate levels of evidence, 

and they found that CROS and BCD did not improve speech perception in noise or sound 

localisation, although patients did benefit in speech communication subjectively. 

A new treatment option for single-sided deafness, cochlear implantation, may 

overcome the limitations of CROS and BCD. Since cochlear implantation restores auditory 

input on the impaired side, binaural input can be restored. Speech perception in noise and 

sound localisation improved in patients with single-sided deafness treated with a cochlear 

implant (CI).7-9 Furthermore, cochlear implantation may reduce tinnitus and improve quality 

of life.10 However, the quality of the studies included in these reviews was suboptimal: sample 

sizes were small, study designs were case series and they were prone to selection bias.11
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The reviews on both current and new treatment options for single-sided deafness 

make clear that high level of evidence studies are warranted. Therefore, we initiated a 

Randomised Controlled Trial (RCT) comparing CROS, BCD, and CI for SSD. Outcomes of 

interest are speech perception in noise, sound localisation, quality of life and tinnitus. Finally, 

an economic evaluation will be performed. Since cochlear implantation is more expensive 

than current treatment options, it is important to know whether the promising results of 

cochlear implantation outweigh the additional costs. 

METHODS

Study objectives

The main objective of our study is to compare CROS, BCD, and CI in patients with SSD 

evaluating speech perception in noise, sound localisation, tinnitus and quality of life. The 

second objective is to perform an economic evaluation and to evaluate adverse events in all 

groups. 

Study design

In this RCT patients are randomised in three groups. For a schematic overview of the study, 

see Figure 1. 

 We will now discuss all consecutive steps in the study design as included in this 

study protocol. This protocol is reported according to the SPIRIT Statement, an international 

guideline on the reporting of study protocols.12



544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters
Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020 PDF page: 90PDF page: 90PDF page: 90PDF page: 90

90

CHAPTER 4

Figure 1. Flow diagram of CINGLE-trial

Legend: 
Abbreviations: BCD = Bone Conduction Device (* indicates trial period on headband), CI = Cochlear Implant, 
CROSS = Contralateral Routing of Sound system, mo = months, wk = weeks
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Study population

The study population consists of patients who present with SSD at the outpatient department of 

our tertiary referral center, the University Medical Center Utrecht, Utrecht, The Netherlands. 

They must meet the following criteria to be eligible for the study. 

Inclusion criteria

- Age 18 years or older

- Audiometry (Pure Tone Average [PTA] at 0.5, 1, 2, 4 kHz)

o Deaf ear: threshold of ≥70 dB

o Better ear: threshold of ≤30 dB

o Air bone gap ≤10 dB (to ensure normal middle ear function)

- Duration of deafness >3 months and ≤10 years 

- Health status allows general anaesthesia and surgery for the potential implantation 

of BCD or CI

- Dutch language proficiency

- Coverage of Dutch health insurance

- Willingness and ability to participate in all scheduled procedures outlined in the 

protocol

The minimum duration of deafness is 3 months, since that is the time in clinical practice to 

await the natural course of sudden deafness. The maximum duration of deafness is up to 10 

years, since degeneration of the auditory nerve may occur. 

Exclusion criteria

- Previous experience with implanted BCD or CI

- Retrocochlear pathology

- Abnormal cochlear anatomy (i.e. ossification)
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- Comorbidity 

o which could interfere with the completion of the tests or questionnaires 

(e.g. psychiatric)

o with an expected survival of less than five years

If eligible for inclusion, an Informed Consent (IC) form will be signed by patient and 

researcher. Only after IC, a CT-scan of the mastoid will be made, if none is available yet, 

to assess cochlear anatomy and check if no contraindications to cochlear implantation (e.g. 

ossification) exist. Since the anatomical situation must allow cochlear implantation (and thus 

randomisation), CT-scans will be performed prior to randomisation. 

Randomisation and Interventions

A web-based randomisation tool (Julius Center, University Medical Center Utrecht, Utrecht, 

The Netherlands) will be accessed via a computer by one of the members of the research 

team. Patients will be randomised into groups A, B and C (see Figure 1), using a block size of 

8 and a ratio of 2:3:3 for groups A:B:C and stratified for age (<45 years, ≥45 years). Blinding 

and concealed treatment allocation is not possible in our study design.

 In group A, patients will be implanted with a CI from Cochlear Ltd., (type CI422). A 

retro-auricular incision is made to expose the mastoid. The electrode is inserted via a posterior 

tympanotomy and round window implantation. Intraoperatively, normal functioning of the 

device is checked by measurement of impedance and neural response telemetry. Four weeks 

after implantation, the CI will be activated by an experienced audiologist. In the rehabilitation 

phase, patients will be encouraged to use the CI each day and will be trained by experienced 

speech and language therapists. Patients are instructed to train the cochlear implant ear using 

an International Speech Test Signal (ISTS) noise13 via an insert earphone to mask the better 

ear. 

 In the Netherlands, a trial period with both CROS and BCD is standard clinical 
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care. Patients in groups B and C try both devices for six weeks: group B starts with the BCD 

(type: BP110, Cochlear Ltd.), then CROS (Phonak Audeo Q50-312T and CROS H2O), 

whereas patients in group C start with the CROS and then try the BCD. The reversed order is 

implemented to correct for the order effect: patients judge their second hearing aid based on 

experiences with the first hearing aid. After these two trial periods, patients may, according 

to clinical practice, choose which of both treatments they like best. When they choose a 

BCD, the implant and abutment will be surgically implanted, and after six weeks mounted 

with a BCD (type: BAHA 4 system, Cochlear Ltd.). When they prefer CROS, the patient is 

referred to standard clinical care where the CROS will be adjusted. Patients can also opt for 

no treatment if none is preferred, according to standard clinical health care. 

Sample size

To detect a clinically relevant difference of 5 dB signal-to-noise ratio (SNR) (standard 

deviation 5 dB) between the groups on the primary outcome (see Outcomes), with an alpha 

of 0.05 and a power of 95%, 27 subjects per group are needed. To compensate for potential 

dropouts, a 10% margin is implemented, resulting in 30 patients in group A. Initial group 

distribution will be n = 45 for groups B and C. These groups are bigger, since previous studies 

described that only 45% of BCD-on-headband users are satisfied after their trial period and 

opt for a BCD implantation (n ~ 45).14 Therefore, we will include more patients in groups 

B and C than in group A. Patients not choosing a BCD can opt for a CROS (approximately 

60% of remaining patients, n ~ 30). The rest of the patients (n ~ 20) will probably prefer no 

treatment; they will be followed up to assess the natural course of single-sided deafness. 

Approximately 25-30 patients per year present with SSD at the otorhinolaryngological 

outpatient department of our tertiary referral center. We will actively invite audiologic centers 

in the neighborhood to refer patients to our clinic. Therefore, we expect the inclusion period 

to last for ~3 years.
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Outcomes

The following outcome measurements will be recorded during baseline visit (one condition, 

i.e. ‘no device’) and follow-up visits at 6, 12, 18, 24, 36, 48, and 60 months (two conditions: 

‘device on’ and ‘device off ’). During all audiometric tests, patients will be instructed not to 

move their heads to improve speech perception or sound localisation. Head movements will 

be checked by the researcher conducting the experiments. Patients will not receive feedback 

on their performance on audiometric tests. All experiments will be performed by researchers 

following the same protocol procedures.

Primary outcome measure

Our primary outcome is the performance on speech perception in noise, measured with 

the Utrecht Sentence Test with Adaptive Randomized Roving Levels (U-STARR).15 In short, 

the U-STARR is designed to determine a patient’s ability to understand speech in a noisy 

environment (signal from front, noise from front: S0N0. See Figure 2, test set-up York Crescent 

of Sound16). A sentence is considered to be understood correctly when ≤2 words are repeated 

incorrectly. The noise level starts at +20 dB (roving 65-75 dB SPL). When the sentence is 

repeated correctly, the level of the noise increases for the next sentence. Noise is presented 

500 ms before the start of the sentence and ends 500 ms after the sentence. Sentences used 

are traditional Dutch sentences from everyday life.17 The test provides a critical SNR at which 

50% of sentences is understood correctly (in dB).
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Figure 2: Set-up York Crescent of Sound

Legend: The patient is positioned in the center of an arch of loud speakers (-90º to 90º) at head level with a radius 
of 1.45 meter.

Secondary outcome measures

Speech perception in noise

Speech perception in noise is measured in two more configurations: S-60N+60 and S+60N-60 

(Figure 2). Again, Dutch sentences are used in the same audiometric set-up as the U-STARR 

leading to a SNR (in dB).

Sound localisation

The ability to localise sounds is also measured with the York Crescent of Sound set-up.16 The 

stimulus (sentence by female speaker: ‘Hello, what’s this?’) is presented in quiet at a roving 

level of 55-65 dB SPL in three configurations: 5 boxes separated by an angle of 15º (box -30º, 

box -15º, box 0º, box +15º and box +30º), 5 boxes separated by an angle of 30º (box -60º, box 

-30º, box 0º, box +30º and box +60º) and 3 boxes separated by an angle of 60º (box -60º, box 
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0º and box +60º) (Figure 2). The patient must indicate from which box the stimulus came. 

The test outcome is a percent correct score.

Tinnitus

Tinnitus burden will be assessed using three questionnaires: 

- Tinnitus Handicap Inventory (THI): a 25-item questionnaire with statements/

questions about tinnitus burden.18 Possible answers are ‘Yes’ (4 points), ‘Sometimes’ 

(2 points) and ‘No’ (0 points), resulting in a maximum score of 100, representing a 

maximum burden of tinnitus. The inventory is divided in a functional, emotional 

and catastrophic subscale. 

- Tinnitus Questionnaire (TQ): a 52-item questionnaire consisting of 5 subscales: 

emotional and cognitive distress, intrusiveness, auditory perceptual difficulties, 

sleep disturbances and somatic complaints.19,20 Possible answers are ‘Yes’ (2 points), 

‘Sometimes’ (1 point) and ‘No’ (0 points). Of the 52 questions, 38 constitute a final 

TQ-score on the validated Dutch version of the TQ.21 Tinnitus can be graded mild 

(TQ 0-16), moderate (TQ 18-34), severe (TQ 34-56) and catastrophic (TQ >58).

- Tinnitus Burden Questionnaire (TBQ): this is a self-developed questionnaire 

assessing various aspects of tinnitus burden. It consists of 12 visual analogue scales 

(VAS), ranging from ‘0’ (no tinnitus burden) to ‘10’ (maximum tinnitus burden). 

Quality of life 

Participants will be asked to fill in several questionnaires, each assessing different parts of 

QoL.

- Speech, Spatial and Qualities of hearing scale (SSQ): this questionnaire assesses 

three domains of hearing: 1) Speech: consists of 15 questions about the ability to 

separate speech from competing noise in a wide range of listening contexts; 2) 

Spatial: consists of 17 questions to assess the ability to locate sound sources and their 
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direction of movement; 3) Qualities of hearing: consists of 19 questions that assess 

naturalness and clarity of sounds. The responses are given on a VAS ranging from 0 

(not able to) to 100 (perfectly able to).22

- Abbreviated Profile for Hearing Aid Benefit (APHAB): this 24-item questionnaire 

documents the outcome of a hearing aid.23 The questionnaire yields scores on 

subscales: ease of communication, listening under reverberant conditions, listening 

in background noise and aversiveness of sounds.

- Glasgow Benefit Inventory (GBI): a measure of patient benefit developed especially 

for otorhinolaryngological interventions.24 The inventory is validated to measure 

outcomes on health status after otorhinolaryngological procedures. It measures QoL 

in three domains: social, general and physical. The domains score on a scale of -100 

to 100 (minimum versus maximum benefit, respectively).

- Hospital Anxiety Depression Scale (HADS): a screening tool for anxiety and 

depression in non-psychiatric clinical populations.25 We use the HADS to measure 

baseline depression symptoms, which may confound/bias the results of, for instance, 

tinnitus burden.

- A VAS consisting of two questions (quality of life, quality of hearing).

- Time Trade Off (TTO): comprises one question about how many years of their lives 

patients would sacrifice for living with perfect hearing for the rest of their lives. 

TTO (%) = ((life expectancy – number of years to give up for perfect hearing) / life 

expectancy) * 100. This question is generally considered a difficult question, so it 

will not be presented on paper, but asked during the baseline and follow-up visits.

- EuroQoL5D (EQ5D): is a measure of general health status.26 It contains five questions 

on mobility, self-care, daily activities, pain/complaints, anxiety/depression and 

a scale to denote general quality of life (VAS 1-10). We will use the Dutch EQ5D 

tariff.27

- Health Utilities Index 3 (HUI3): this is a generic QoL questionnaire consisting of 
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eight domains: vision, hearing, speech, ambulation, dexterity, cognition, emotion 

and pain.28 

Economic evaluation

The latter three questionnaires can be used to calculate utility. Utility reflects the value that is 

attached to health status. Utility values are important for the calculation of Quality Adjusted 

Life Years (QALYs), and serve as the denominator for the Incremental Cost Utility Ratio 

(ICUR). The ICUR is calculated as the incremental costs of cochlear implantation as compared 

to current treatments (numerator) divided by the incremental effects in terms of QALYs. 

Costs will be measured from a societal and health care perspective. Both direct health care 

costs and indirect non-health care costs will be incorporated in the analyses. Both categories 

of costs will be quantified using a cost diary. This diary is completed on a monthly basis the 

first two years and on a quarterly basis the last three years. This diary assesses costs related to 

hospitalisation, surgery, blood tests, complications (direct health care costs) and sick leave, 

time and travel costs (indirect health care costs). Unit prices for volumes of resources use will 

be taken from the Dutch guidelines for costing research in health economic evaluations, as 

issued by the National Healthcare Institute.29 

 Incremental Cost Utility Ratios, comparing CI with CROS and BCD, will be estimated 

using bootstrapping. Cost-effectiveness planes and a cost-effectiveness acceptability curve 

will be plotted to visually represent the results of the economic evaluation. 

 In addition to these outcome measurements at the previously specified baseline and 

follow-up visits, we will also objectify the experiences of the patients in Groups B and C in 

the trial periods with CROS and BCD (see Figure 1). To minimize patient burden, only the 

APHAB, GBI and SSQ questionnaires will be administered to evaluate these trial periods.

Statistical analysis

Baseline characteristics per group will be described as means and standard deviations. 
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Differences between the three groups will be analysed using the Kruskal Wallis test. 

The data of our primary outcome are quantitative and will be presented as 

continuous variables. Between-group mean differences, rate differences and rate ratios with 

95% confidence intervals will be calculated. Again, the Kruskal Wallis test will be used to 

analyse differences between the groups. 

The secondary outcomes contain both categorical and continuous outcomes. 

Analyses of between-group differences will be performed with Chi-square-tests for categorical 

outcomes and Kruskal Wallis tests for continuous outcomes. Within-subject comparisons will 

entail differences of mean values. These will be analysed using paired t-tests for continuous 

measures. 

Major test intervals are the same in all study groups (baseline and 6, 12, 18, 24, 

36, 48, 60 months follow-up; 6 and 12 weeks for group B and C). Missing values will be 

imputed using multiple imputation. All analyses will be performed on an intention-to-treat 

basis. A significant result is defined as a p-value < 0.05. Statistical package SPSS will be used 

for statistical analyses of the data.

Data will be presented according to the Consolidated Standards of Reporting Trials 

(CONSORT) Statement, an international guideline on adequate reporting RCTs.30,31

Safety

This study will be conducted in accordance with the most recent version of the Declaration 

of Helsinki (Fortaleza, 2013), good clinical practice guidelines and the Medical Research 

Involving Human Subjects Act of the Dutch government. The research protocol was 

approved by the Institutional Review Board (IRB) of the University Medical Center Utrecht 

(NL45288.041.13; version 3, April 2nd, 2014). 

 All cases of serious adverse events will be reported to the local IRB and adequately 

followed up. An independent monitor (Trial Form Support BV, Zaltbommel, The Netherlands) 

is appointed to check trial quality (completeness of IC, validity of data etc.) twice a year. All 
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patient data will be stored on a password protected computer in a lockable room. In the same 

room the signed Informed Consent forms will be kept in a locked cabin.

DISCUSSION

Patients suffering SSD experience problems with speech perception in noise and localisation 

of sound and in social interaction and communication.5

Current treatment modalities do not restore binaural hearing for patients with SSD. 

A recently published review concluded that there are no high quality studies comparing 

CROS and BCD for single-sided deafness.6 With this limited level of evidence, CROS and 

BCD did not improve speech perception in noise or sound localisation. Patients did benefit in 

speech communication subjectively. Cochlear implantation may overcome the limitations of 

CROS and BCD, as binaural hearing can be restored. Promising results have previously been 

achieved on speech perception in noise, sound localisation, tinnitus and quality of life.7-11 

The current study is the first high level of evidence trial to be conducted to effectively 

compare all treatment strategies for SSD. One hundred and twenty adult single-sided deaf 

patients will be included in this trial and randomised to CI, BCD-CROS or CROS-BCD 

groups (Figure 1). Outcomes of interest are speech perception in noise, sound localisation, 

tinnitus and quality of life. Finally, an economic evaluation will be performed to answer the 

question if the additional costs of cochlear implantation are justified by increased benefits 

compared to current treatment strategies. 
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ABSTRACT 

Objectives

Patients with single-sided deafness (SSD) often experience problems with speech perception 

in noise and sound localisation because they lack binaural benefits. Moreover, they frequently 

suffer from tinnitus and may have a lower quality of life (QoL). Current treatment modalities 

(Contralateral Routing of Sound hearing aids (CROS) and Bone Conduction Devices (BCD)) 

often do not sufficiently overcome these problems. Studies investigating cochlear implants 

(CIs) for SSD reported improved speech perception in noise, sound localisation and tinnitus 

suppression. However, only studies with considerable risk of bias have been published. Our 

aim was to evaluate CI, BCD, CROS, and no treatment for SSD in a Randomised Controlled 

Trial (RCT).

Design

Adult SSD patients (with a maximum pure tone average threshold of 30 dB HL in the better 

ear and a minimum threshold of 70 dB HL in the poor ear, and with a duration of deafness of 3 

months – 10 years) were randomised using a web-based randomisation tool into one of three 

groups: 1) CI, 2) trial period of ‘first BCD, then CROS’, or 3) trial period of ‘first CROS, then 

BCD’. After the trial period in groups 2 and 3, patients opted for BCD, CROS, or no treatment. 

The primary outcome was speech perception in noise (speech and noise directed from the 

front (S0N0)). Secondary outcomes were speech perception in noise with speech directed to 

the poor ear and noise to the better ear (SpeNbe), and vice versa (SbeNpe), sound localization 

(15°, 30°, and 60° angle between loudspeakers), tinnitus burden measured with the Tinnitus 

Questionnaire (TQ) and the Tinnitus Handicap Inventory (THI), and disease-specific QoL 

(using the Speech, Spatial and Qualities of hearing subscale (SSQ), Abbreviated Profile for 

Hearing Aid Benefit (APHAB) and Glasgow Benefit Inventory (GBI)). We described results 

after 3 and 6 months of follow-up. 
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Results

In total, 120 patients were randomised. The number of patients per group after allocation 

was: CI (n=28), BCD (n=25), CROS (n=34), and No treatment (n=26). Seven patients did 

not receive the allocated intervention. In the S0N0 configuration, the CI group performed 

significantly better than the other groups. In the SpeNbe configuration there was an advantage 

for all treatment groups compared to baseline. However, in the SbeNpe configuration, BCD 

and CROS groups performed worse, whereas the CI group improved. Sound localisation 

improved in the CI group only. Patients with no tinnitus at baseline did not develop tinnitus 

after any intervention. After cochlear implantation, three patients reported total suppression 

of tinnitus. On both the TQ and THI, tinnitus burden decreased in the CI group. In general, 

all treatment groups improved on disease-specific QoL. 

Conclusions

This RCT demonstrates that cochlear implantation leads to improved speech perception in 

noise, sound localization, tinnitus burden and QoL after 3 and 6 months of follow-up in adult 

patients with SSD. For most outcome measures, CI outperformed BCD and CROS. Results 

from long-term follow-up moments are warranted to evaluate long term performance and 

satisfaction. 

Trial registration: Netherlands Trial Register (www.trialregister.nl): NTR4580, CINGLE-

trial.

Level of Evidence: 1B.
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INTRODUCTION

Single-sided deafness

Single-sided deafness (SSD) is defined as severe to profound hearing loss in one ear and near 

to near-normal hearing in the contralateral ear.1 Patients with SSD often experience problems 

with speech perception in noise and sound localisation, because they lack binaural benefits.2 

Specifically, they cannot benefit from the binaural summation effect (redundancy of auditory 

input) and the squelch effect (the ability of the brain to suppress noise on the side with the best 

signal-to-noise-ratio using the noise information of the contralateral side).2,3 Moreover, the 

head acts as an acoustic barrier and attenuates signals from the contralateral side (head shadow 

effect).2,4 Furthermore, SSD patients frequently suffer from tinnitus in the affected ear.2,5 Due 

to these hearing-related difficulties, patients with SSD may experience problems in social 

interaction and communication, possibly negatively affecting their quality of life (QoL).6-8 

CROS and BCDs

In most countries, there are currently two reimbursed treatment options for patients with 

SSD: Contralateral Routing of Sound hearing aids (hereafter: CROS) and Bone Conduction 

Devices (BCDs). A CROS transfers signals from the hearing field of the poor ear to an output 

transducer in the ear canal of the better ear, so that awareness for sound at the poor side 

is restored. A BCD conducts signals from the hearing field of the poor side to the cochlea 

of the better ear by vibration of the skull bone via a titanium implant or tight headband. 

Theoretically, CROS and BCD can alleviate the head shadow effect. However, neither modality 

restores auditory input to the deaf ear.

So far, only retrospective case series comparing CROS and BCD for SSD have 

been published.9 These studies often had small sample sizes, unclear inclusion criteria and 

a moderate to high risk of bias. Conclusively, CROS and BCD did not lead to improved 

speech perception in noise or sound localisation, but patients did report to benefit in speech 

communication subjectively. 
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Cochlear implantation

Since a cochlear implant (CI) provides input to the auditory nerve of the deaf ear, binaural 

input can be partially restored. Consequently, cochlear implantation led to improved speech 

perception in noise and sound localisation in patients with SSD.10-12

Tinnitus is frequently believed to be the consequence of (central) auditory deprivation 

due to hearing loss. Cochlear electrical stimulation of the auditory nerve is assumed to have 

a beneficial influence on tinnitus burden.13 Recent studies reported lower tinnitus burden 

following cochlear implantation in SSD patients.14-16 Moreover, (disease-specific) quality of 

life of SSD patients was also improved following cochlear implantation.11,15,17

However, all previously published studies on CI for SSD had methodological 

shortcomings that may have biased the results, e.g. retrospective study designs, unclear 

eligibility criteria, small sample sizes with lack of statistical power, or no power calculations.15,18,19

Need for current trial

With the identified lack of high-quality trials on treatment outcomes for SSD, we designed a 

Randomised Controlled Trial (RCT). In this paper we publish the short-term results of our 

RCT comparing CI, BCD, CROS, and no treatment for patients with SSD. The outcomes of 

interest were speech perception in noise, sound localisation, tinnitus burden, and QoL at 3 

and 6 months follow-up (out of total follow-up duration of 5 years). 

MATERIALS AND METHODS

The research protocol of this study was approved by the Institutional Review Board of the 

University Medical Center Utrecht (NL45288.041.13) and is registered in the Netherlands 

Trial Register (www.trialregister.nl, NTR4580). For a detailed description of the CINGLE-

trial (Cochlear Implantation for siNGLE-sided deafness), we refer to the study protocol.20 In 

the current paper we presented a summary of the methods to assess the presented outcomes. 

This RCT is reported according to the CONSORT guidelines.21 
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Study population

Patients were eligible for inclusion if they fulfilled the following criteria: 

1) age 18 years or older; 

2) Pure Tone Average threshold at 0.5, 1, 2, 4 kHz: of the best ear (PTAbe) maximum

     30 dB HL, and of the poor ear minimum 70 dB HL; 

3) duration of SSD minimum 3 months and maximum 10 years. 

Patients were not eligible for inclusion if they had retrocochlear pathology or abnormal 

cochlear anatomy (e.g. ossification) or an implanted BCD.

Study design

Patients were randomised in one of three groups by a web-based randomisation tool (ratio 

2:3:3, block randomisation): 

- Group 1: CI (type: Cochlear™)

- Group 2: trial period of first BCD on headband, then CROS

- Group 3: trial period of first CROS, then BCD on headband

In group 2 and 3, each device was tested for six weeks. After the trial period, patients were 

asked which of both treatments they preferred: when they opted for BCD, the abutment was 

surgically implanted and after six weeks mounted with a BCD (Cochlear™). Patients who 

opted for a CROS were referred to a local audiologist to purchase a CROS, and later device 

settings were optimized by an experienced audiologist from our audiological center. Patients 

could also opt for ‘No treatment’ if neither BCD nor CROS was preferred, resulting in four 

groups (CI, BCD, CROS, and No treatment). 

 In this paper, we report on data obtained at baseline and at 3 and 6 months follow-

up. After approval of the study protocol20, but before the first patient was included in the trial, 

we amended the trial protocol to also measure at 3 months follow-up. 
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Outcomes

Speech perception in noise

The primary outcome was speech perception in noise, with speech and noise coming front 

the front (S0N0) with the Utrecht Sentence Test with Adaptive Randomized Roving Levels 

(U-STARR).22 The U-STARR is designed to determine a patient’s ability to understand speech 

in a noisy environment. Additionally, speech perception in noise was measured with speech 

directed to the poor ear (pe) and noise directed to the better ear (be) and vice versa (SpeNbe 

and SbeNpe, respectively), with the stimuli coming from -60° and +60°. The outcome was a 

speech reception threshold in noise (SRTn) (in dB) at which patients were able to repeat 50% 

of the sentences correctly.22

 Speech perception in noise and sound localisation were measured in the Crescent of 

Sound test set-up23 by one of three coordinating researchers (JPMP, JAAvH, AWW) following 

the same protocol. 

 

Sound localisation 

The stimulus (the sentence “hello, what’s this?”, spoken by various female English speakers) 

for the sound localisation task was presented in quiet at a roving level of 55 – 65 dB SPL in 

three configurations: 

1) 5 loudspeakers separated by an angle of 15º (-30º, -15º, 0º, +15º, and +30º);

2) 5 loudspeakers separated by an angle of 30º (-60º, -30º, 0º, +30º, and +60º); 

3) 3 loudspeakers separated by an angle of 60º (-60º, 0º, and +60º). 

The patient had to indicate from which loudspeaker the stimulus came. The outcome was a 

percentage correct score.
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Tinnitus

At baseline and at 3 and 6 months follow-up, patients indicated whether they had tinnitus 

or not. If yes, tinnitus questionnaires were completed. In this paper we report outcomes of 

the validated Dutch version24 of the Tinnitus Questionnaire (TQ)25 as a self-report measure 

of tinnitus-related distress and the Tinnitus Handicap Inventory (THI)26 that quantifies the 

impact of tinnitus on daily life. 

Disease-specific QoL 

Patients completed three disease-specific QoL questionnaires:

- The Speech, Spatial and Qualities of hearing (SSQ) scale27 assesses three domains of 

hearing in everyday life. 

- The Abbreviated Profile for Hearing Aid Benefit (APHAB) questionnaire28 has four 

subdomains: ease of communication (EC), listening under reverberant conditions 

(RV), listening in background noise (BN), and aversiveness of sounds (AS). 

- The Glasgow Benefit Inventory (GBI)29 is validated to measure outcomes on health 

status after otorhinolaryngological procedures. The GBI is scored on three subscales 

(general, social support, and physical health). 

Statistical analysis

We checked if the data were normally distributed with the Kolmogorov-Smirnov test, the 

Shapiro-Wilk test, and Q-Q-plots. Since none of the outcome variables were normally 

distributed, we used non-parametric tests. We used a generalized estimating equation 

(mixed model) to compare values within groups over time and between groups at follow-up 

moments. Due to the nature of our interventions, subject data were analysed ‘as treated’. All 

figures show boxplots with medians, 1st and 3rd quartiles, and minimum/maximum values to 

show the distribution of data. 

 Because there was a low percentage of missing data for all outcomes, we performed 
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a complete case analysis (missing data: speech perception in noise 0.9%, sound localisation 

0.9%, TQ 3.5%, THI 3.5%, SSQ 1.2%, APHAB 3.8%, and GBI 1.9%). A statistically significant 

result was defined as a p-value <0.05. Statistical package SPSS version 25.0 (IBM Corp., 

Armonk, NY, USA) was used. 

RESULTS

Patient characteristics

We assessed 633 patients for eligibility. Of these, 513 patients were excluded due to various 

reasons (see Flow diagram in Figure 1). In total, 120 patients were randomised into three 

groups: 29 patients to the CI group, 45 patients to the ‘first BCD, then CROS’ group, and 46 

patients to the ‘first CROS, then BCD’ group. All patients provided signed Informed Consent 

between July 2014 and February 2019. Not all patients received the allocated intervention; for 

an explanation of the numbers per group, see Supplementary Material 1. 
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Table 1 shows the patient characteristics of our study population per group after randomisation. 

The mean age at inclusion of the complete study sample was 53.0 ± 12.1 (standard deviation, 

SD) years, the median PTAbe was 15.0 dB (range 2.5 – 30.0 dB) and the median duration of 

deafness was 1.8 years (range 3 months – 10 years). 

Table 1. Patient characteristics per group after randomisation

  CI BCD, CROS CROS, BCD

Gender

Male:Female 14:15 24:21 20:26

Age at inclusion (years)

Mean (SD) 53.2 (13.1) 53.6 (12.6) 52.3 (11.2)

PTAbe (0.5-4 kHz) (dB)

Mean (SD) 15.6 (7.1) 15.6 (6.9) 15.1 (6.8)

Median [range] 15.0 [5.0-30.0] 15.0 [6.3-30.0] 15.6 [2.5-28.8]

Duration of deafness (years)

Mean (SD) 3.1 (2.8) 3.1 (3.3) 2.7 (2.7)

Median [range] 1.9 [0.3-10.0] 1.3 [0.3-10.0] 1.8 [0.3-10.0]

Etiology

Unknown 6 10 13

Iatrogenic 1 1 0

Sudden deafness 15 21 23

Labyrinthitis 4 4 4

Infection (not otherwise specified) 0 3 1

Ménière’s disease 3 4 3

Traumatic 0 2 2

Abbreviations: 
CI = Cochlear Implant, BCD = Bone Conduction Device, CROS = Contralateral Routing of Sound hearing aid, SD 
= standard deviation, PTAbe = Pure Tone Average threshold (dB) of the better ear at 0.5, 1, 2, 4 kHz. 
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The patient characteristics of the groups after allocation of treatment (i.e. CI activation, 

BCD implantation and CROS fitting) and for the No treatment group are displayed in 

Supplementary Material 2. There were no significant differences in patient characteristics 

between these groups (p > 0.05).

Device characteristics

Due to the long inclusion period of the study, newer versions of the CI and BCD became 

available during the study. The first 12 CI patients were implanted with a Nucleus® CI422 with 

a Slim Straight electrode array, the other 16 patients were implanted with a Nucleus® CI512 

with a Contour Advance electrode array. The median duration of CI use per day during the 

first 6 months after fitting was 12.7 hours (range 2.0 – 16.3 hours), based on the electronic 

data logging of the speech processor. There were no non-users in the CI group.

 In the trial period, 52 patients tested the Baha® BP110 on a headband from 2014 

until 2016. From 2017 on, 33 patients tested the Baha® 5 Power on a headband. There was a 

remarkable difference in satisfaction after the trial period with these two devices: 10 of 52 

patients (19.2%) chose to proceed with BCD after the Baha® BP110 trial, whereas 15 of 33 

patients (45.5%) opted for BCD after the Baha® 5 Power in the trial period (Fisher’s exact test, 

p = 0.014). Thus, in total 25 of 85 patients (29.4%) opted to be implanted with a BCD after the 

trial period. After implantation, three patients were mounted with the Baha® BP110 and all 

other patients were mounted with the Baha® 5 Power. 
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Speech perception in noise

The results on speech perception in noise are shown in Figure 2a-c. Lower values (SRTn in 

dB) reflect better performance. See Supplementary Material 3 for exact data.

S0N0

For the CI group, there was a statistically significant improvement in speech perception in 

noise (with speech and noise coming from the front) at 3 and 6 months follow-up compared 

to baseline (Figure 2a). Also the BCD group had a significant improvement compared to 

baseline, but only at 6 months follow-up. Even when one outlier was not included in the 

analysis, these results remained statistically significant. There were no significant changes for 

the CROS and No treatment groups.

 At 3 months follow-up, the CI group performed better than all other groups. At 6 

months, the CI group performed significantly better than the BCD and No treatment groups. 

The difference between the CI group and the CROS group was not statistically significant. 
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Figure 2. Speech perception in noise

a. Configuration S0N0

b. Configuration SpeNbe

c. Configuration SbeNpe
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Legend: Speech reception threshold in noise (SRTn) in decibels (dB) per configuration.

Statistical difference compared to baseline
▲▲▲ = p < 0.001; ▲▲ = p < 0.01; ▲ = p < 0.05 
Statistical difference compared to 3 months follow-up
■■■ = p < 0.001; ■■ = p < 0.01; ■ = p < 0.05 
Statistical difference between groups at same follow-up moment
*** = p < 0.001; ** = p < 0.01; * = p < 0.05
These symbols display the significance of the results, and are also used in the other figures in this chapter. 

SpeNbe

With speech directed to the poor ear, all treatment groups (CI, BCD, CROS) showed 

statistically significantly improved speech perception at 3 and 6 months follow-up compared 

to baseline (Figure 2b). There was no significant change for the No treatment group during 

follow-up.

 At 3 and 6 months follow-up, the patients in all treatment groups had better speech 

perception in noise than the patients in the No treatment group. The CI group also performed 

statistically significantly better than the BCD group.

SbeNpe

With speech directed to the better ear, the CI group showed a significant improvement in 

speech perception at 3 and 6 months follow-up compared to baseline, whereas both the BCD 

and CROS group deteriorated significantly (Figure 2c). The No treatment group showed no 

significant changes over time.

 At 3 and 6 months follow-up, the BCD and CROS group had a significantly worse 

speech perception than the CI and No treatment groups.
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Figure 3. Sound localisation

Legend: Sound localisation as a 
percentage correct score (%) per 
configuration.
a. Configuration: 15° angle between 5 
loudspeakers. Chance level: 20%.

b. Configuration: 30° angle between 5 
loudspeakers. Chance level: 20%.

c. Configuration: 60° angle between 3 
loudspeakers. Chance level: 33.3%.
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Sound localisation

See Figure 3 for the results on sound localisation. See Supplementary Material 3 for exact 

data. In all configurations and in all groups, a wide range in performance was observed.

 The sound localisation of the CI group significantly improved between baseline and 

3 and 6 months follow-up in all configurations. For the 15° and 60° configurations, there was 

also a statistically significant improvement between 3 and 6 months follow-up. There was no 

difference compared to baseline for the other groups.

 At both 3 and 6 months follow-up, the CI group performed significantly better than 

all other groups. There were no statistically significant differences between the other groups. 
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Tinnitus

At all follow-up moments and in all groups, there were some patients who indicated that they 

did not suffer from tinnitus (anymore) (Table 2). Since these patients had no tinnitus, they 

did not complete the TQ and THI at that moment. Patients with no tinnitus at baseline did 

not develop tinnitus after any intervention. See Supplementary Material 3 for exact data on 

the TQ and THI. 

Table 2. Number of patients with and without tinnitus per group per follow-up moment
CI BCD CROS No treatment

Tinnitus? Baseline 3 
months

6 
months

Baseline 3 
months

6 
months

Baseline 3 
months

6 
months

Baseline 3 
months

6 
months

Yes 26 20 21 22 18 21 33 31 28 24 21 24

No 2 5 5 3 3 2 1 1 2 2 3 3

Missings 0 2 1 0 2 0 0 2 1 0 2 0

Total 
number

28 27 27 25 23 23 34 34 31 26 26 27

Legend
In the row ‘total number’, the total number of patients per group and per follow-up moment is mentioned, which 
corresponds to the numbers shown in the Flow Diagram, Figure 1. 

In the CI group, two patients did not suffer from tinnitus at baseline and they remained tinnitus-free after 
3 and 6 months follow-up. Three patients reported to have no tinnitus anymore after cochlear implantation at 3 and 
6 months follow-up.
 In the BCD group, there were three patients who did not suffer from tinnitus at baseline. One of them was 
a patient who switched to the No treatment group after 3 and 6 months follow-up. The two other patients also did not 
suffer from tinnitus at 3 and 6 months follow-up. One other patient who suffered from tinnitus at baseline reported 
not to have tinnitus at 3 months follow-up, but the tinnitus had returned at 6 months follow-up.
 In the CROS group, one patient had no tinnitus at baseline, 3 and 6 months follow-up. One other patient 
reported to have no tinnitus anymore at 6 months follow-up, whereas tinnitus was present at baseline and 3 months 
follow-up.
 In the No treatment group, two patients were tinnitus-free at baseline, 3 and 6 months follow-up. The 
aforementioned patient with no tinnitus who switched from the BCD group was analysed in the No treatment group 
at 3 and 6 months follow-up.

Abbreviations: 
CI = Cochlear Implant, BCD = Bone Conduction Device, CROS = Contralateral Routing of Sound hearing aid, SD 
= standard deviation.
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TQ

There was a significant decrease in tinnitus-related distress for the CI group and the BCD 

group at 3 and 6 months follow-up compared to baseline (Figure 4a). 

 At 3 and 6 months follow-up, the CI group had significantly lower TQ scores than 

the No treatment group. 

Figure 4. Questionnaires on tinnitus burden

Legend:
a. Tinnitus Questionnaire (TQ)
b. Tinnitus Handicap Inventory (THI)
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THI

We measured a significant decrease in impact of tinnitus on daily life for the CI group at 3 and 

6 months follow-up compared to baseline (Figure 4b). 

 Again, at 3 and 6 months follow-up, the CI group had significantly lower THI scores 

than the No treatment group. 

Disease-specific QoL

See Supplementary Material 3 for exact data on the disease-specific QoL questionnaires.

SSQ

Speech-hearing

There was a significant improvement (higher score) for all treatment groups at 3 and 6 months 

follow-up compared to baseline (Figure 5a). There was no significant change compared to 

baseline for the No treatment group.

 At 3 and 6 months follow-up, the CI group had significantly higher median values 

compared to all other groups, and both the BCD and CROS groups scored better than the No 

treatment group. 
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Figure 5. Speech, Spatial and Qualities of hearing questionnaire (SSQ)

Legend:
a. Speech-hearing subscale

b. Spatial hearing subscale

c. Qualities of hearing subscale
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Spatial hearing

We observed a significant improvement for all treatment groups at 3 months follow-up, and 

for CI and BCD groups also at 6 months follow-up (Figure 5b). The score for the CROS 

group slightly decreased at 6 months follow-up and was therefore not significantly improved 

compared to baseline. There was no significant change for the No treatment group.

 At 3 and 6 months follow-up, the scores for the CI group were significantly higher 

compared to all other groups. Also, at 6 months follow-up, the BCD group reached higher 

scores than the No treatment group.

Qualities of hearing

For all treatment groups, the scores at 3 months follow-up were significantly better than the 

baseline scores (Figure 5c). At 6 months follow-up, this improvement remained for only the 

CI group. For the BCD group, there was a significant deterioration between 3 and 6 months 

follow-up. There was no significant change for the No treatment group.

 At 3 months follow-up, the scores of all treatment groups were significantly better 

than the scores of the No treatment group. At 6 months follow-up, the scores of only the CI 

and CROS groups were significantly better than the scores of the No treatment group.

APHAB

Ease of Communication (EC)

At 3 and 6 months follow-up, all treatment groups had an improvement (i.e. a decrease in 

APHAB score) on this subscale (Figure 6a). 

 At 3 and 6 months, all treatment groups had better scores than the No treatment 

group. The CI group had significantly better scores than the CROS group.

Background noise (BN)

All treatment groups had significantly improved scores at 3 and 6 months follow-up (Figure 

6b). 
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  All treatment groups scored significantly better than the No treatment group at 3 

and 6 months follow-up. The CI group had significantly better scores than the CROS group 

at 3 and 6 months follow-up, and also significantly better scores than the BCD group at 6 

months follow-up. 

Reverberant conditions (RV)

The scores of all treatment groups had significantly improved at 3 and 6 months follow-up 

(Figure 6c). However, the scores for the CROS group significantly deteriorated between 3 

and 6 months follow-up. 

 At 3 months follow-up, the CI group and the CROS group scored significantly better 

than the No treatment group. The CROS group also scored better than the BCD group. At 6 

months follow-up, the CI group outperformed all other groups. All treatment groups scored 

better than the No treatment group.

Aversiveness of sounds (AS)

At 3 months follow-up, the scores of all treatment groups were better than the score of the 

No treatment group (Figure 6d). This benefit remained for the BCD and CI groups, whereas 

this benefit decreased for the CROS group, leading to a non-significant difference between 

baseline and 6 months follow-up for the CROS group.

 At 3 months of follow-up, all treatment groups scored better than the No treatment 

group. At 6 months follow-up, the CI group scored significantly better than the CROS and 

No treatment groups. The scores of the BCD group were significantly better than the scores 

of the No treatment group.
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GBI

On the general subscale, the scores improved (i.e. >0) in all treatment groups. The CI group 

had a significantly better score than the CROS group at 3 months follow-up. Since the social 

support subscale and the physical health subscale of the GBI are calculated by adding the 

responses of three questions each, there was hardly any variability in the data (quartile 1, the 

median, and quartile 3 had exactly the same values; see Supplementary Material 3).

Serious Adverse Events (SAEs)

There were two related SAEs in the BCD group: two implant extrusions occurred; one patient 

was re-implanted, in the other case no re-implantation was performed at the patient’s request. 

 There were also unrelated SAEs: in the CI group one patient suffered from a transient 

ischemic attack several months after implantation; in the CROS group, one patient had a 

myocardial infarction for which he underwent percutaneous coronary intervention, and one 

patient had nasal polyps for which he underwent sinus surgery; in the No treatment group 

one patient had an arm fracture requiring surgery.

DISCUSSION

We presented the first results of this RCT with 120 included SSD patients evaluating CI, BCD, 

CROS, and No treatment at 3 and 6 months follow-up. The randomised allocation ensured 

equal distribution of known and unknown confounders amongst groups. 

Speech perception in noise

On our primary outcome (S0N0), the CI group demonstrated a significant improvement 

compared to baseline, which can be attributed to the summation effect. Other studies did 

not measure an advantage in this configuration after 6 months CI use in SSD patients.12,30 In 

the SpeNbe configuration, all treatment options led to an improved speech perception in noise, 

since the sound from the side of the poor ear is delivered to the better ear. However, in the 
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SbeNpe configuration the opposite happened: the BCD and CROS negated the positive effect 

of the head shadow as the noise on the poor side was sent to the better ear and thus impeded 

speech intelligibility. In this SbeNpe configuration, the BCD and CROS patients performed 

worse than at baseline, and worse than patients in the No treatment group at 3 and 6 months 

follow-up. In contrast to the BCD and CROS groups, there was no disadvantage for the CI 

patients, proving that the squelch effect is present, as was objectified before after cochlear 

implantation in patients with asymmetrical hearing loss.10,31

 The speech perception in noise may have been influenced by the hearing thresholds 

in the better ear. However, there were no significant differences in PTAbe between groups after 

treatment allocation (see Supplementary Material 2).

Sound localisation

Cochlear implantation led to a significant improvement in sound localisation in multiple 

configurations, which is in line with literature.10,12,15,18,19 The benefit of binaural input is 

present very early after CI activation, as was described by others.32 We found that the 

sound localisation ability of the CI patients improved from 3 to 6 months follow-up for 

two configurations (15° and 60°), which is also in line with what other researchers have 

described.11,12,33 Nevertheless, sound localisation is still harder for SSD patients with a CI than 

for normal hearing subjects.22,34 

 In line with previous articles, we did not find improvement of sound localisation 

ability with BCD or CROS.9,35,36

Tinnitus

For the first time in 2008, Van de Heyning et al. reported a significant decrease in tinnitus 

distress (TQ) and tinnitus loudness (Visual Analogue Scale (VAS) score) following cochlear 

implantation in unilaterally deaf patients suffering from incapacitating tinnitus.5 Later, others 

reported beneficial results of electrical stimulation by cochlear implantation on tinnitus as 
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well.15,16,18,30,37 An important issue to be mentioned is the absence of a minimum level of 

tinnitus distress to be eligible for inclusion in our study. Other study groups often required a 

minimum level of tinnitus distress, such as a minimum VAS score5,10,31 on tinnitus loudness of 

6 out of 10 or a minimum THI score38,39 of 58. This requirement explains their higher baseline 

values for tinnitus distress. Despite our lower baseline values, we also objectified a significant 

decrease in tinnitus distress after 3 and 6 months for the CI patients.

 Interestingly, we identified a significant reduction on tinnitus distress after BCD 

implantation with the TQ, without a significant change in tinnitus-related effects on daily 

life as measured by the THI. One other study found a reduction of the impact of tinnitus on 

daily life after BCD.40 The mechanism is unclear, but stimulation of the contralateral auditory 

pathway may play an important role in the experienced tinnitus suppression.40 

 Some CI patients reported reduction of tinnitus as the most important advantage of 

their CI, rather than improved speech perception in noise or sound localisation. This could 

be an important advantage that should be mentioned when counselling SSD patients on 

expected outcomes of CI. 

Disease-specific QoL

For most subscales on the disease-specific QoL questionnaires, there was an improvement for 

all treatment groups compared to baseline, and compared to the No treatment group at 3 and 

6 months follow-up. Our SSQ results are in line with the results of studies that also used the 

SSQ questionnaire in SSD patients after cochlear implantation.30,37 

Although the APHAB questionnaire has not been widely used in reports on cochlear 

implantation for SSD, we implemented this questionnaire because it has been extensively 

used to evaluate BCD and CROS.9 Also on the APHAB we found an improvement for all 

treatment groups on most subscales, which reflects findings by others as well.9,41
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Trial period

The proportion of patients opting for a BCD after the trial period in our study (29.4%) was 

on the low end of the range described in literature for patients opting for a BCD after a BCD 

trial period (32.0 – 69.6%).42 Patients in our study were offered a cross-over design which 

enabled them to test two devices, which may explain the lower proportion (noticeably, 40.0% 

of patients opted for CROS after the trial period). Moreover, the proportion of patients opting 

for a BCD could have been influenced by the type of BCD offered during the trial period; we 

noticed that the satisfaction with the newer Baha® 5 Power was significantly higher than with 

the older Baha® BP110 (45.5% versus 19.2% opted for BCD after the trial period, respectively).

 Other studies have also provided a trial with BCD or CROS to SSD patients. Though, 

due to lack of reported outcomes in these studies, comparison with our results is hindered. 

For example, Arndt et al. provided a CI to 11 SSD patients that were not satisfied with the 

effects of BCD or CROS in a trial period.30 However, the proportion of patients that opted for 

BCD or CROS after the trial period was not mentioned, and no objective outcomes of hearing 

performance were published from these satisfied patients. Likewise, SSD patients were offered 

a CI in a Swiss study if they had unsatisfactory benefit from a trial with CROS or BCD: 

forty-four of 54 study patients did not proceed to cochlear implantation.43 Unfortunately, 

there were no results available from those patients who opted for BCD or CROS. Of the 

10 patients that were implanted, only results with CI were published and not from the trial 

period with CROS or BCD.43 Kurz et al. implemented the study design that was proposed at 

an international consensus meeting1, and found that 16 of 34 patients decided not to opt for 

cochlear implantation after a trial period with BCD and CROS (3 weeks each).12

 As an advantage over studies with a trial period of BCD and CROS before the option 

to choose for CI, we were able to make a longitudinal between-group comparison comparing 

CI, BCD, CROS, and no treatment. With our study design we diminished the influence 

of the opinion of patients on CI outcome by previous BCD or CROS treatments, and also 

diminished the influence on patients’ opinions on BCD and CROS. With a more extended 
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analysis of the trial period, we hope to identify prognostic factors that may predict if BCD or 

CROS are successful in specific categories of patients. 

Strengths

There are several strengths that characterize our trial. Firstly, we randomly allocated patients 

to intervention groups. Our random allocation ensured equal distribution of patient 

characteristics across groups, thereby eliminating the influence of differences in these 

characteristics on the outcomes.44,45 Secondly, we compared CI to the treatment options for 

patients with SSD currently available in many countries. Thirdly, our design provided not 

only a within-subject comparison, but also allowed a between-group comparison. It also 

enabled us to evaluate the performance following SSD in the No treatment group. Finally, we 

had very few missing data permitting a complete case-analysis. 

Limitations

Our study also has limitations. First, following the stringent in- and exclusion criteria, we 

included only a subset of patients with SSD, which may limit the generalisability of our results. 

Moreover, our study patients were highly motivated to return for follow-up visits, whereas in 

real-life compliance may not be as high. Possibly, non-use of initially started treatment may 

occur when follow-up time is longer.17,33 We therefore implemented a follow-up period of 

five years. Second, neither patients nor personnel were blinded for the allocated intervention. 

Given the nature of the interventions, blinding was impossible to achieve, which may have 

influenced outcomes; this is a well-known problem in nonpharmacological studies.46 Third, 

due to the long inclusion period of our trial, we implemented newly developed devices in the 

trial. Consequently, not all patients tested the same BCD in the trial period, or had the same 

type of CROS or CI fitted. We feel this is part of conducting a multi-annual trial and reflects 

technological advancements similar to clinical care settings. Because of standardised fitting 

strategies for all devices, we think the groups are still comparable. Fourth, the TQ and THI 
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are not designed to measure treatment effects.47 To measure treatment-related changes in 

tinnitus intrusiveness and severity, the more recently developed Tinnitus Functional Index48 

is recommended nowadays. Nevertheless, the commonly used THI makes comparisons 

with other studies possible.16 Furthermore, both the TQ and the THI have high internal 

consistency, high convergence and discriminant validity and good change sensitivity.49 Thus, 

both questionnaires appear appropriate to evaluate the effects of tinnitus treatments.49 Finally, 

we only measured the median duration of CI use per day, and not the median duration of 

BCD and CROS use per day. Data of device use from the BCD and CROS devices would have 

given us insight in the satisfaction with the devices as mirrored from duration of use per day; 

unfortunately, this data was unavailable. 

Future perspectives 

In this paper we presented the first results of the CINGLE-trial.20 Long-term results will follow. 

Aside from the reported outcome measures, which show the individual benefits, analysis of 

the costs of the treatment options is necessary to reveal societal benefits. This information 

will allow health care committees to perform a cost utility analysis, which will help in the 

consideration whether or not to reimburse cochlear implantation for patients with SSD. 

Interestingly, a recent modelling study on patients with SSD found that cochlear implantation 

may be cost-effective compared with no intervention, but bone-conduction implants were 

unlikely to be cost-effective.50 Studies comparing CI to other treatment options for SSD and 

conducting a cost utility analysis are expected in the near future.51,52 Finally, others work on 

developing a minimum set of core outcomes for use in future trials of SSD interventions.53 

Conclusion

In this RCT, we compared CI, BCD, CROS, and No treatment for patients with SSD. 

Speech perception in noise improved in all configurations for the CI group, whereas speech 

perception in noise improved or deteriorated for the BCD and CROS groups depending on 
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the configuration. Sound localisation improved in the CI group only. Patients with no tinnitus 

at baseline did not develop tinnitus after any intervention. After cochlear implantation, three 

patients reported that their tinnitus had completely disappeared. On both the TQ and THI, 

a decrease in tinnitus burden was detected for the CI group. In general, all treatment options 

improved disease-specific QoL on most subscales of the used questionnaires. 

 Results from long-term follow-up moments will be presented in the future, as well as 

an analysis of the BCD/CROS trial period and a more detailed analysis of the tinnitus burden. 

Finally, cost utility analyses on treatment options for SSD are needed to evaluate if cochlear 

implantation should be reimbursed. 
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SUPPLEMENTARY MATERIAL 1:

Explanation of numbers per group at different follow-up moments

After randomisation

In the CI group (n = 29 patients randomised), one patient decided not to proceed with co-

chlear implantation because he found cochlear implantation too invasive, and withdrew from 

the study. Therefore, 28 patients were analyzed at baseline. One patient was lost to follow-up 

before the 3 months follow-up moment, and thus 27 patients were analyzed at 3 and 6 months 

follow-up. During the first 6 months of follow-up, there were no non-users.

 In the ‘first BCD, then CROS’ group (n = 45 patients randomised), four patients 

decided to terminate the study before the end of the trial period (three patients were disap-

pointed that they were not randomised to the CI group, one patient had his CI reimbursed by 

exception for his work with ‘special needs’ (police officer)). After the trial period 10 patients 

opted for the BCD, 17 patients chose for CROS, and 14 patients preferred no treatment. 

 In the ‘first CROS, then BCD’ group (n = 46 patients randomised), two patients 

decided to terminate the study before the end of the trial period (both lacked motivation to 

return for follow-up visits). After the trial period 15 patients opted for the BCD, 17 patients 

chose for CROS and 12 patients preferred no treatment. 

After allocation of treatment

In the BCD group (n = 25 patients after trial period), one patient decided not to undergo 

surgery and terminated study participation. One patient was implanted, but due to recurrent 

skin infections around the BCD screw, it had to be removed and was not re-inserted. This 

patient was further analyzed in the No treatment group at 3 and 6 months follow-up. Hence, 

25 patients were analyzed at baseline, and 23 patients were analyzed in the BCD group at 3 

and 6 months follow-up.

 In the CROS group (n = 34 patients after trial period), two patients did not use their 
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CROS anymore after the 3 months follow-up moment, and were therefore measured without 

their device and analyzed in the No treatment group at 6 months. One patient was lost to 

follow-up after 3 months follow-up. Hence, 34 patients were analyzed in the CROS group at 

baseline and 3 months, and 31 patients were analyzed at 6 months follow-up.

 In the No treatment group (n = 26 patients after trial period), one patient ended 

study participation before the 3 months follow-up moment because the follow-up visits were 

too demanding. As mentioned, one patient from the BCD group was analyzed in the No 

treatment group at 3 and 6 months. Another patient was lost to follow-up after 3 months. As 

mentioned, two patients from the CROS group were analyzed in the No treatment group at 

6 months. So in total, 26 patients were analyzed in the No treatment group at baseline and 3 

months, and 27 patients were analyzed at 6 months follow-up.
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SUPPLEMENTARY MATERIAL 2:

Patient characteristics after allocation of treatment (i.e. CI activation, BCD implanta-

tion and CROS fitting). 

  CI BCD CROS No Treatment Statistics

Gender          

Male:Female 13:14 8:15 21:13 10:16 nsa

Age at inclusion (years)          

Mean (SD) 52.5 (13.1) 55.6 (8.4) 52.1 (12.0) 52.1 (13.3) nsb

PTAbe (0.5 - 4 kHz) (dB)          

Mean (SD) 15.0 (6.9) 14.2 (6.5) 16.0 (6.6) 15.2 (7.3)
nsc

Median [range] 15.0 [5.0-30.0] 12.5 [3.8-28.8] 16.3 [5.0-27.5] 17.5 [2.5-30.0]

Duration of deafness (years)          

Mean (SD) 3.0 (2.9) 3.0 (3.1) 2.7 (3.0) 3.1 (2.9)
nsc

Median [range] 1.8 [0.3-10.0] 2.2 [0.3-10.0] 1.3 [0.3-10.0] 2.2 [0.3-10.0]

Etiology          

Unknown 5 3 5 13

nsa

Iatrogenic 1 0 0 1

Sudden deafness 14 15 18 8

Labyrinthitis 4 2 5 1

Infection (not otherwise specified) 0 0 2 1

Ménière’s disease 3 2 3 0

Traumatic 0 1 1 2

Legend: There were no statistically significant differences between the groups.

Abbreviations: 

CI = Cochlear Implant, BCD = Bone Conduction Device, CROS = Contralateral Routing 

of Sound hearing aid, ns = not significant (p > 0.05), SD = standard deviation, PTAbe = Pure 

Tone Average threshold of the best ear at 0.5, 1, 2, 4 kHz (dB). 

a Fisher’s Exact test. b One-way ANOVA. c Kruskal Wallis test.
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SUPPLEMENTARY MATERIAL 3: data tables

Table 1: Speech perception in noise

S0N0

Baseline 3 months 6 months
CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr

min -5.0 -5.9 -5.9 -7.2 -6.9 -5.6 -5.9 -6.9 -5.9 -5.0 -6.6 -6.6
iqr 1 -4.1 -3.4 -4.3 -4.4 -5.0 -3.8 -3.8 -4.4 -5.5 -4.2 -3.9 -4.1
med -2.8 -2.2 -3.6 -3.0 -4.4 -3.1 -3.4 -2.5 -4.1 -3.4 -3.4 -3.4
iqr 3 -1.8 -0.9 -2.5 -1.0 -3.0 -1.6 -3.1 -1.8 -2.8 -1.7 -2.5 -1.9
max -0.6 12.8 -0.3 3.1 -0.9 0.9 -0.6 1.3 0.0 10.6 0.3 2.5
n 28 25 34 26 27 23 33 24 27 23 31 27

SpeNbe 
Baseline 3 months 6 months

CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr
min 2.2 0.0 -0.9 0.3 -6.6 -5.0 -6.6 -0.6 -6.3 -6.3 -7.8 -0.3
iqr 1 3.4 3.8 2.9 3.8 -3.1 -2.2 -2.8 4.0 -3.8 -1.4 -2.3 3.6
med 4.7 5.0 4.4 4.7 -1.9 -0.9 -0.9 4.7 -2.2 -0.3 -1.3 5.0
iqr 3 6.6 6.3 5.6 6.2 -0.5 2.2 0.0 5.9 -1.4 1.6 0.8 7.0
max 7.8 19.4 10.6 10.6 2.2 5.6 4.7 10.3 1.9 3.8 2.2 11.6
n 28 25 34 26 27 23 33 24 27 23 31 27

SbeNpe

Baseline 3 months 6 months
CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr

min -14.1 -14.7 -15.6 -15.0 -15.3 -12.5 -11.9 -14.4 -16.3 -11.9 -12.5 -14.1
iqr 1 -11.9 -11.6 -12.2 -11.8 -13.1 -8.1 -8.4 -12.5 -12.8 -9.1 -8.4 -12.8
med -10.9 -10.0 -10.9 -9.7 -11.9 -7.2 -6.9 -10.8 -11.6 -7.8 -6.3 -10.6
iqr 3 -9.6 -8.4 -8.8 -7.9 -10.3 -5.9 -5.0 -9.1 -10.3 -5.8 -5.0 -8.6
max -6.3 11.6 -5.0 -5.0 -5.9 4.4 2.2 -5.0 -6.6 10.3 0.9 -2.8
n 28 25 34 26 27 23 33 24 27 23 31 27
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Legend: Speech reception threshold in noise (SRTn) (in dB) at which patients were able to repeat 50% of the sen-
tences correctly.  
CI = cochlear implant, BCD  = Bone Conduction Device, CROS = Contralateral Routing of Sound hearing aid, No 
Tr = No treatment

S0N0: speech and noise from the front, SpeNbe = speech presented to the poor ear, noise presented to the better ear, 
SbeNpe = speech presented to the better ear, noise presented to the poor ear.

Minimum (min) and maximum (max) values are presented, as well as first and third quartiles (iqr 1 and iqr 3, re-
spectively), medians (med) and number of measurements (n).
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Table 2: Sound localisation

15°
Baseline 3 months 6 months

CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr
min 13.3 10.0 10.0 13.3 16.7 13.3 10.0 16.7 23.3 16.7 6.7 10.0
iqr 1 20.0 20.0 20.0 20.0 36.7 21.7 23.3 20.0 43.3 18.3 20.0 20.0
med 26.7 26.7 23.3 21.7 43.3 26.7 26.7 23.3 50.0 26.7 26.7 20.0
iqr 3 30.0 33.3 32.5 26.7 46.7 35.0 36.7 30.0 53.3 31.7 35.0 33.3
max 93.3 63.3 93.3 76.7 70.0 56.7 100.0 76.7 80.0 56.7 96.7 73.3
n 28 25 34 26 27 23 33 24 27 23 31 27

30°
Baseline 3 months 6 months

CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr
min 20.0 13.3 16.7 13.3 23.3 20.0 16.7 20.0 40.0 20.0 16.7 13.3
iqr 1 25.8 26.7 26.7 20.0 50.0 25.0 26.7 23.3 53.3 26.7 28.3 23.3
med 36.7 33.3 35.0 31.7 60.0 33.3 30.0 30.0 63.3 33.3 36.7 33.3
iqr 3 50.8 60.0 53.3 39.2 73.3 40.0 46.7 54.2 75.0 40.0 48.3 46.7
max 100.0 93.3 100.0 76.7 83.3 86.7 100.0 70.0 90.0 96.7 96.7 86.7
n 28 25 34 26 27 23 33 24 27 23 31 27

60°
Baseline 3 months 6 months

CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr
min 30.0 30.0 23.3 30.0 40.0 33.3 30.0 26.7 60.0 26.7 26.7 20.0
iqr 1 48.3 46.7 45.0 36.7 78.3 43.3 43.3 33.3 85.0 53.3 40.0 36.7
med 65.0 66.7 66.7 55.0 86.7 56.7 63.3 56.7 93.3 60.0 66.7 56.7
iqr 3 77.5 96.7 79.2 73.3 96.7 70.0 73.3 80.8 100.0 76.7 73.3 75.0
max 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
n 28 25 34 26 27 23 33 24 27 23 31 27

Legend: 
Values in percentage correct score (%).

CI = cochlear implant, BCD  = Bone Conduction Device, CROS = Contralateral Routing of Sound hearing aid, No 
Tr = No treatment

Configurations: 
15º: 5 loudspeakers separated by an angle of 15º (-30º, -15º, 0º, +15º, and +30º).
30º: 5 loudspeakers separated by an angle of 30º (-60º, -30º, 0º, +30º, and +60º).
60º: 3 loudspeakers separated by an angle of 60º (-60º, 0º, and +60º). 

Minimum (min) and maximum (max) values are presented, as well as first and third quartiles (iqr 1 and iqr 3, re-
spectively), medians (med) and number of measurements (n).
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Table 3: Questionnaires on tinnitus burden

Table 3a: TQ

TQ
Baseline 3 months 6 months

CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr
min 5.0 2.0 1.0 1.0 1.0 1.0 3.0 11.0 1.0 0.0 1.0 1.0
iqr 1 13.0 12.3 14.0 22.0 3.8 9.8 14.0 25.0 6.0 6.0 8.8 22.0
med 25.5 24.0 21.0 30.0 10.5 17.5 19.0 29.0 9.0 12.0 17.0 26.0
iqr 3 42.5 42.3 39.0 46.5 19.0 34.8 29.0 34.0 16.0 26.0 34.5 30.0
max 59.0 70.0 70.0 74.0 57.0 54.0 59.0 76.0 63.0 55.0 59.0 70.0
n 26 22 33 24 20 18 31 21 21 21 28 24

Table 3b: THI

THI
Baseline 3 months 6 months

CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr
min 2.0 0.0 0.0 0.0 0.0 0.0 0.0 10.0 0.0 0.0 0.0 0.0
iqr 1 14.0 11.0 14.0 18.0 3.5 8.0 14.0 18.0 4.0 0.0 10.0 21.5
med 27.0 21.0 24.0 26.0 7.0 14.0 18.0 30.0 8.0 10.0 23.0 25.0
iqr 3 45.5 37.5 42.0 42.0 29.0 28.0 28.0 42.0 12.0 30.0 36.5 38.0
max 74.0 84.0 88.0 88.0 78.0 64.0 70.0 92.0 78.0 70.0 66.0 94.0
n 26 22 33 24 20 18 31 21 21 21 28 24

Legend: 
Table 3a: results on the TQ. Possible range of score 0.0-80.0.  
Table 3b: results on the THI. Possible range of score 0.0-100.0.

CI = cochlear implant, BCD  = Bone Conduction Device, CROS = Contralateral Routing of Sound hearing aid, No 
Tr = No treatment

At baseline and at 3 and 6 months follow-up, patients indicated whether they had tinnitus or not. Patients with no 
tinnitus, did not complete the questionnaires on tinnitus burden. 

Minimum (min) and maximum (max) values are presented, as well as first and third quartiles (iqr 1 and iqr 3, re-
spectively), medians (med) and number of measurements (n).
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Table 4: SSQ questionnaire

Speech-hearing
Baseline 3 months 6 months

CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr
min 4.3 14.1 17.7 14.1 24.2 22.9 25.0 5.8 24.0 24.9 22.2 11.4
iqr 1 30.5 20.7 33.4 24.7 55.6 39.3 40.8 28.1 53.6 35.7 41.4 30.0
med 36.1 31.8 42.5 35.6 61.4 53.2 49.3 36.9 61.3 49.4 48.5 37.4
iqr 3 44.9 44.1 47.5 45.7 69.9 63.8 57.9 49.6 70.1 60.0 58.9 46.4
max 75.0 60.0 60.6 64.6 86.9 78.5 79.6 61.9 82.8 78.1 78.4 60.7
n 28 25 34 26 27 23 33 23 27 23 31 27

Spatial hearing
Baseline 3 months 6 months

CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr
min 4.1 7.5 7.9 6.5 5.6 15.3 8.6 6.9 14.1 12.5 13.5 8.2
iqr 1 14.9 17.6 18.7 16.0 38.1 26.9 27.6 14.4 42.1 23.4 21.6 15.7
med 22.9 21.8 25.9 28.2 51.3 36.2 39.3 30.0 55.9 37.4 38.4 26.3
iqr 3 35.6 30.5 40.0 41.6 64.7 53.5 52.4 40.8 65.3 56.8 44.8 40.2
max 44.2 52.9 71.8 76.6 74.0 69.1 77.0 83.8 77.4 76.9 73.5 71.8
n 28 25 34 26 27 23 33 23 27 23 31 27

Qualities of hearing
Baseline 3 months 6 months

CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr
min 32.8 21.2 41.9 25.7 33.1 42.4 47.6 21.9 44.4 23.7 46.1 28.1
iqr 1 52.2 46.1 57.1 48.9 60.0 54.2 61.3 46.6 60.5 48.9 59.9 51.3
med 58.5 54.9 64.4 61.6 68.9 66.5 68.9 54.8 68.3 60.6 65.1 59.6
iqr 3 66.3 65.3 71.2 65.6 73.4 73.5 74.7 68.6 73.8 71.6 73.5 67.3
max 75.5 80.8 80.8 76.9 81.7 90.9 88.9 77.8 83.2 94.7 85.6 79.1
n 28 25 34 26 27 23 33 23 27 23 31 27

Legend: 
Results on the SSQ questionnaire per subscale. Possible range of score 0.0-100.0. The responses were given on a 
visual analogue scale; a higher score reflects a better performance.

CI = cochlear implant, BCD  = Bone Conduction Device, CROS = Contralateral Routing of Sound hearing aid, No 
Tr = No treatment

Minimum (min) and maximum (max) values are presented, as well as first and third quartiles (iqr 1 and iqr 3, re-
spectively), medians (med) and number of measurements (n).
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Table 5: APHAB questionnaire

EC
Baseline 3 months 6 months

CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr
min 0.11 0.07 0.09 0.08 0.05 0.01 0.05 0.11 0.05 0.01 0.07 0.12
iqr 1 0.24 0.23 0.21 0.18 0.10 0.16 0.18 0.18 0.12 0.14 0.17 0.23
med 0.33 0.38 0.27 0.33 0.15 0.26 0.21 0.28 0.15 0.26 0.25 0.29
iqr 3 0.50 0.54 0.40 0.45 0.25 0.31 0.29 0.46 0.23 0.31 0.29 0.46
max 0.56 0.93 0.62 0.83 0.52 0.40 0.50 0.79 0.37 0.40 0.56 0.79
n 28 25 34 26 24 20 32 24 26 22 30 27

BN
Baseline 3 months 6 months

CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr
min 0.48 0.35 0.39 0.35 0.07 0.27 0.19 0.38 0.07 0.18 0.12 0.31
iqr 1 0.65 0.64 0.62 0.59 0.25 0.39 0.46 0.56 0.28 0.42 0.46 0.57
med 0.74 0.73 0.72 0.71 0.46 0.58 0.59 0.71 0.41 0.52 0.59 0.77
iqr 3 0.77 0.85 0.84 0.79 0.59 0.68 0.68 0.77 0.48 0.63 0.76 0.84
max 0.99 0.95 0.93 0.95 0.83 0.89 0.89 0.99 0.83 0.91 0.87 0.97
n 28 25 34 26 24 20 32 24 26 22 30 27

RV
Baseline 3 months 6 months

CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr
min 0.29 0.10 0.13 0.08 0.12 0.16 0.09 0.12 0.05 0.01 0.09 0.16
iqr 1 0.43 0.46 0.44 0.42 0.18 0.29 0.24 0.34 0.18 0.30 0.29 0.42
med 0.62 0.60 0.55 0.53 0.29 0.38 0.30 0.52 0.28 0.39 0.33 0.52
iqr 3 0.67 0.75 0.65 0.70 0.42 0.57 0.42 0.61 0.35 0.53 0.45 0.68
max 0.87 0.95 0.91 0.91 0.69 0.69 0.69 0.91 0.54 0.75 0.71 0.89
n 28 25 34 26 24 20 32 24 26 22 30 27

AS
Baseline 3 months 6 months

CI BCD CROS No Tr CI BCD CROS No Tr CI BCD CROS No Tr
min 0.11 0.03 0.07 0.08 0.03 0.05 0.03 0.11 0.08 0.03 0.07 0.11
iqr 1 0.37 0.31 0.36 0.44 0.18 0.23 0.29 0.34 0.17 0.25 0.37 0.30
med 0.54 0.50 0.50 0.60 0.35 0.38 0.42 0.52 0.31 0.36 0.46 0.62
iqr 3 0.65 0.64 0.61 0.74 0.52 0.54 0.50 0.68 0.46 0.48 0.59 0.73
max 0.87 0.79 0.83 0.97 0.83 0.70 0.69 0.97 0.85 0.81 0.81 0.97
n 28 25 34 26 24 20 32 24 26 22 30 27
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Legend: 
Results on the APHAB questionnaire per subscale (ease of communication (EC), listening under reverberant condi-
tions (RV), listening in background noise (BN), and aversiveness of sounds (AS)). Possible range of score 0.0-100.0 
per subscale. A lower score reflects less problems in daily life.

CI = cochlear implant, BCD  = Bone Conduction Device, CROS = Contralateral Routing of Sound hearing aid, No 
Tr = No treatment

Minimum (min) and maximum (max) values are presented, as well as first and third quartiles (iqr 1 and iqr 3, re-
spectively), medians (med) and number of measurements (n).
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Table 6: GBI 

General
3 months 6 months

CI BCD CROS CI BCD CROS
min -25.00 0.00 -18.18 -75.00 -8.33 -29.17
iqr 1 14.58 8.33 4.17 10.80 8.33 10.80
med 29.17 20.83 20.83 25.00 20.83 20.83
iqr 3 41.67 33.33 33.33 33.33 29.17 29.17
max 66.67 54.17 54.17 79.17 77.27 58.33
n 27 23 31 27 23 31

Social support
3 months 6 months

CI BCD CROS CI BCD CROS
min 0.00 -33.33 -16.67 0.00 -16.67 -50.00
iqr 1 0.00 0.00 0.00 0.00 0.00 0.00
med 0.00 0.00 0.00 0.00 0.00 0.00
iqr 3 25.00 0.00 0.00 8.33 0.00 0.00
max 50.00 33.33 16.67 33.33 33.33 33.33
n 27 23 31 27 23 31

Physical health
3 months 6 months

CI BCD CROS CI BCD CROS
min -50.00 -33.33 -33.33 -33.33 -33.33 -50.00
iqr 1 0.00 0.00 0.00 0.00 0.00 0.00
med 0.00 0.00 0.00 0.00 0.00 0.00
iqr 3 0.00 0.00 0.00 0.00 0.00 0.00
max 16.67 0.00 16.67 16.67 16.67 0.00
n 27 23 31 27 23 31

Legend: 
Results on the Glasgow Benefit Inventory (GBI) per subscale (general, social support, physical health). Possible 
range of score -100.0 to 100.0 per subscale. A higher score reflects more benefit from the intervention, a negative 
score reflects disadvantage from the intervention. The only statistically significant difference between-groups was the 
difference between the CI and CROS groups at 3 months follow-up (p = 0.018). 

CI = cochlear implant, BCD  = Bone Conduction Device, CROS = Contralateral Routing of Sound hearing aid

Minimum (min) and maximum (max) values are presented, as well as first and third quartiles (iqr 1 and iqr 3, re-
spectively), medians (med) and number of measurements (n).
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CHAPTER 6

ABSTRACT

Hypothesis

A cochlear implant (CI) restores hearing in patients with profound sensorineural hearing loss 

by electrical stimulation of the auditory nerve. It is unknown how this electrical stimulation 

sounds. 

Background

Patients with single-sided deafness (SSD) and a CI form a unique population, since they can 

compare the sound of their CI to simulations of the CI sound played to their non-implanted 

ear. 

Methods

We tested six stimuli (speech and music) in 10 SSD patients implanted with a CI (Cochlear 

Ltd). Patients listened to the original stimulus with their CI ear while their non-implanted ear 

was masked. Subsequently, patients listened to two CI simulations, created with a vocoder, 

with their non-implanted ear alone. They selected the CI simulation with greatest similarity 

to the sound as perceived by their CI ear and they graded similarity on a 1-10 scale. We tested 

three vocoders: two known from literature, and one supplied by Cochlear Ltd. Two carriers 

(noise, sine) were tested for each vocoder. 

Results

Carrier noise and the vocoders from literature were most often selected as best match to 

the sound as perceived by the CI ear. However, variability in selections was substantial both 

between patients and within patients between sound samples. The average grade for similarity 

was 6.8 for speech stimuli and 6.3 for music stimuli. 
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Conclusions

We obtained a fairly good impression of what a CI can sound like for SSD patients. This 

knowledge may help to better inform and educate patients and family members about the 

sound of a CI.
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INTRODUCTION

A cochlear implant (CI) provides auditory information to the patient deafened by profound 

damage of the cochlea by electrically stimulating the auditory nerve. The electrode array of 

a CI has between 12 and 22 electrode contacts, which is surgically implanted in the cochlea 

to distribute auditory information tonotopically. Although the number of channels in a CI is 

much smaller than the 3000-4000 inner hair cells in a healthy cochlea, CI patients generally 

reach advanced speech perception and many postlingually deaf patients can even understand 

speech through a phone.1 As expected considering the artificial processing by the device, 

most patients do not find the sound of their CI natural. Instead, they describe the sound as 

“robotic”, “metallic” or “electrical”. The unnatural sound quality contributes to poor music 

appreciation.2

 For the last 20 years, vocoders (‘voice encoders’) have been used to simulate CIs.3 

Normal-hearing (NH) subjects have been tested as if they were CI patients by presenting them 

vocoded stimuli. Testing NH subjects has the advantage that confounding factors associated 

with CI patients, such as neuron survival patterns, are absent.4 In these experiments with 

NH subjects, speech perception, speaker gender identification and sound localization were 

poorer with the vocoded versions of the stimuli compared to the original versions.5-12 

 Although current vocoders mimic the signal processing of a CI, we cannot be sure 

that the output of these vocoders is similar to the sound that CI users actually perceive. 

The results of the above-mentioned experiments have greater value if the vocoders that are 

used approach the sound perceived through a CI. Therefore, these vocoder models must be 

validated.13 CI patients who acquired bilateral deafness later in life can only describe what 

their implant sounds like when comparing the CI sound to their memory of acoustic hearing, 

but they cannot answer this question in real-time. In contrast, patients with single-sided 

deafness (SSD) and a CI in their deaf ear can compare sounds that they hear with their CI 

ear to sounds that they hear with their non-implanted ear. Accordingly, in this study, we 

examined 10 SSD patients with a CI and aimed to answer the research question: “What does 
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a CI sound like?”. With an answer to this question, we can better inform and educate CI 

candidates, patients and their family members about the sound of a CI. This knowledge may 

also influence future developments in CI sound strategies. 

MATERIALS AND METHODS

1. Patients

Ten patients with SSD were implanted with a CI as participants in a trial evaluating three 

treatment modalities for SSD.14 The trial is ethically approved by the Institutional Review 

Board of the University Medical Center Utrecht (NL45288.041.13). All participants provided 

written informed consent prior to trial participation. To be eligible for inclusion, patients 

had to be adults with a minimum duration of deafness (DoD) of 3 months and a maximum 

of 10 years. Furthermore, their pure tone average threshold (PTA; 500, 1000, 2000, and 4000 

Hz) in the non-implanted ear was maximum 30 dB hearing loss (HL) and their PTA in the 

implanted ear was minimum 70 dB HL. Table 1 shows all individual patient characteristics. 

Table 1. Patient characteristics
Patient Gender Age at 

experiment 
(years)

Deaf 
Ear

Pure Tone 
Average^ 
(dB HL)

Etiology Duration 
of Deafness  
(years)

Experience 
with CI 
(months)

CVC
phoneme 
score

Pt 1 Female 56.6 Left 5.0 Iatrogenic 8.6 12.0 91%
Pt 2 Female 55.4 Left 7.5 Sudden deafness 1.2 9.9 84%
Pt 3 Male 68.2 Left 31.3* Labyrinthitis 3.2 8.7 48%
Pt 4 Male 61.5 Right 25.0 Sudden deafness 2.0 7.8 76%
Pt 5 Male 58.9 Right 13.8 Unknown 9.8 4.8 59%
Pt 6 Male 47.4 Left 7.5 Ménière’s disease 4.6 3.6 83%
Pt 7 Male 37.8 Right 21.3 Unknown 3.1 2.6 93%
Pt 8 Male 49.1 Right 3.8 Ménière’s disease 3.2 2.3 79%
Pt 9 Male 64.4 Left 28.8 Unknown 4.1 3.5 94%
Pt 10 Female 24.0 Left 5.0 Sudden deafness 1.6 2.1 78%

Legend:
^ Pure Tone Average (500, 1000, 2000, and 4000 Hz) of the non-implanted ear (dB HL), CVC = Consonant-Vowel-
Consonant phoneme score at 3 months after CI activation for the CI-ear only (non-implanted ear masked with 
masking noise).
* Patient 3 had a PTA of 30.0 dB HL at time of inclusion, but his hearing slightly deteriorated, which resulted in a 
PTA of 31.3 dB HL at time of the current experiment.
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Figure 1 depicts the audiograms of the non-implanted ears. All patients were 

implanted with a Nucleus CI (type CI 422, Cochlear Ltd.) and were fitted with CP920 

(patients 7 and 8) or CP910 (all other patients) sound processors. After surgery, the 

audiological rehabilitation phase was identical to regular clinical care for bilaterally deaf CI 

patients. Additionally, patients were instructed to practice speech perception with the CI ear 

only, by masking the non-implanted ear with speech-shaped noise via an insert earphone 

for at least three sessions of at least ten minutes per day. The noise had a long-term average 

spectrum based on the Dutch consonant-vowel-consonant (CVC) corpus.15 The loudness of 

the masking noise varied per patient, but we ensured that adequate masking was achieved 

and the original sound was perceived with the CI ear only. Moreover, in standard clinical 

follow-up the CVC phoneme score was measured for the CI ear only, again by masking the 

non-implanted ear. It is important to highlight that the patients were thus accustomed to 

hearing the masking noise in their non-implanted ear while practicing listening with their 

CI ear alone. 

Figure 1. Pure tone audiometry of non-implanted ears of patients
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2. Vocoder

To evaluate the similarity of CI simulations to actual CI hearing, we created stimuli using 

three vocoders, termed A, B and C. Vocoder A has been developed for experiments similar 

to ours by the CI lab of the Arizona State University. Vocoder B was originally designed by 

various collaborating psychoacoustic research groups with the goal to study CI simulations 

in NH subjects.16 Lastly, vocoder C was developed by Cochlear Ltd. 

 Vocoder A and B share the same principles. First, signals are filtered with a bank 

of Butterworth filters into a predefined number of frequency bands (channels). The cut-off 

frequencies can be set to mimic the map of a CI (based on Greenwood17 distribution). Second, 

using half-wave (vocoder A) or full-wave (vocoder B) rectification, usually with a low-pass 

filter, the envelope of every band is calculated. Third, the carrier is modulated with the band 

envelope for every band. In our experiment, we used the two most common carriers: a noise 

carrier and a sine carrier. Finally, by adding all modulated carriers and by normalizing to 

the loudness of the original signal, a vocoded signal of the input is created. Vocoder C uses 

a Discrete Fourier Transformation-based filter bank. The envelope is captured using the 

quadrature envelope detection method.18 The settings of the most often adjusted vocoder 

parameters are explained in Supplemental Digital Content 1. 

 For vocoder A, we used 20 channels (maximum for this vocoder), for vocoder B and 

C we used 22 channels (like in Cochlear CIs).

3. Stimuli

We applied the vocoder simulations to six different stimuli: four speech stimuli and two 

music stimuli.

3.1 Speech 

Intelligible speech:

1. a Dutch sentence (“de bal vloog over de schutting”, duration 2.46 seconds) spoken by 

a female speaker19 (“Female_NL”);
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2. a Dutch sentence (“de jongen kreeg een nieuwe voetbal”, duration 2.29 seconds) 

spoken by a male speaker20 (“Male_NL”);

3. an English sentence (“I ate a salad for lunch”, duration 1.66 seconds) spoken by a 

female speaker from the AzBio sentences21 (“Female_Eng”);

All patients were native Dutch speakers. All patients were taught English in high school, and 

they all considered English their second language.

Unintelligible speech:

4. a fragment of the International Speech Test Signal (“ISTS”)22 (duration 5.00 

seconds). This signal is comprised of short fragments of six languages (English, 

Chinese, Spanish, Arabic, French, German) and has the spectrum of average speech. 

The advantage of using this stimulus is that patients are not distracted by an effort 

to understand the sentence.

3.2 Music 

5. Acoustic guitar music (“Guitar”, duration 12.93 seconds; Passenger – Let her go);

6. Piano music (“Piano”, duration 10.16 seconds; J.S. Bach – Aria of Goldberg variations).

We enclosed 17 examples of audio files, including vocoded simulations as well as original 

stimuli for comparison, as Supplemental Digital Content 2.
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4. Test set-up

All experiments were performed in a soundproof booth. Stimuli were presented from a 

Yamaha loudspeaker at 110 cm height (head level in seated position) and 130 cm in front of 

the patient. All original stimuli and the vocoded simulations were scaled at a presentation 

level of 65 dB(A). If needed, the original stimulus presented to the CI was adjusted to match 

the loudness of the vocoded sound presented to the non-implanted ear. Experiments lasted 

for approximately 2 hours per patient. 

4.1 Per stimulus

Phase I

During phase I, patients listened to the original sound with their CI ear only (Figure 2a). 

We considered two options to listen with the CI ear only: 1) to mask the non-implanted ear 

with noise, identical to the masking used in the rehabilitation phase, or 2) via Direct Acoustic 

Input (DAI). Both options have advantages and disadvantages. In this study, we opted for the 

first option because the signal processing via DAI is different when compared to input via 

the microphone. Moreover, our patients never listen via DAI in daily life, whereas they were 

familiar with the masking of the non-implanted ear with the speech-shaped noise via the 

insert earphone. Finally, the acoustics of the room were now also taken into account.

 In the case of speech stimuli, we asked patients to repeat the sentence and to identify 

the gender of the speaker. In the case of music stimuli, we asked if they could identify the 

musical instrument and we did not restrict their choice to piano or guitar (i.e. open question). 

Only after completion of Phase II per stimulus, we told the patient if their answers were 

correct or not. Each stimulus was repeated 3 to 5 times to allow the patient to obtain a solid 

impression of the sound, so they were able to make a good comparison in Phase II. 
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Figure 2. Test set-up experiment

Legend:
A) Phase I: Patients listened with the CI ear only (non-implanted ear masked) to the original sound presented from 
a loudspeaker positioned in front of the patient. 
B) Phase II: Patients listened with their non-implanted ear only (CI off) to two simulations presented from the 
same loudspeaker positioned in front of the patient. Patients were asked to choose which of the two simulations had 
greater similarity to the sound as perceived by the CI ear during Phase I. 
C) Example of the outline of the test procedure for stimulus Female_Eng. For an explanation of the test procedure, 
see text.
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Phase II

During phase II, patients took off their CI processor and listened with only their non-

implanted ear to two vocoded stimuli (Figure 2b). Patients had to choose which of the two 

vocoded stimuli had greatest similarity to the original sound as perceived by their CI ear in 

Phase I. 

 The order of presentation of the vocoders (A, B, C) and carriers (noise, sine) was 

randomized. An example of the whole experiment procedure is shown in Figure 2c. In this 

example, the stimulus was Female_Eng and the carriers were compared for vocoder C (noise 

vs sine). We recorded the patient’s preference for the first or second simulation. The two 

first-tested stimuli always had maximum frequency bandwidth (Low-High). In order to find 

greater similarity, we applied low pass (250 Hz-High, 500 Hz-High) or high pass (Low-4000 

Hz, Low-2000 Hz) filtering to the selected stimulus. Due to limited time, we were not able 

to test all frequency bands for all speech stimuli in all patients (for details see Supplemental 

Digital Content 3). The finally preferred simulation was the “winner” of the first comparison. 

 Subsequently, in this example, we tested vocoder A (sine vs noise) and B (noise vs 

sine). From these three comparisons, the “winning” vocoded simulations per vocoder were 

then compared in the “semi-final” and subsequently in the “final” (Figure 2c). The vocoded 

simulation with greatest similarity in the final was designated as the “best match” for that 

stimulus. 

 Finally, we asked the patient to give a grade for similarity between this best match 

and the sound as perceived by the CI ear on a scale 1-10 (1: not similar at all, 6: similarity was 

fairly good, 10: completely similar). All patients were familiar with this grading system, as it 

is the grading system for education in The Netherlands (with ≥6 as pass, and <6 as fail).

 The procedure consisting of the two phases was performed for six stimuli. We first 

tested the three intelligible speech stimuli, then the unintelligible speech stimulus, and finally 

the two music stimuli. We randomized the order of the intelligible speech stimuli and the 

order of music stimuli. During the experiment, patients could always return to Phase I to 
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hear the original stimulus through their CI again. There were a maximum of five consecutive 

comparisons between two vocoded simulations; then we presented the original stimulus to 

the CI ear again. The time for switching between Phase I and Phase II was maintained as short 

as possible. 

4.2 Per patient

We examined if any links existed between patient characteristics (age, gender, side of deafness, 

PTA of the non-implanted ear, DoD, experience with CI, CVC phoneme score at 3 months 

after CI activation) and the selection of vocoders or carriers. 

RESULTS 

In general, patients experienced no difficulties comparing sounds presented to their non-

implanted ear with sounds presented to their CI ear. 

Per stimulus

Phase I

Patients were generally able to repeat the complete sentence correctly for the intelligible 

speech stimuli, and they could also identify the gender of the speaker (Table 2). As expected, 

it was harder for patients to correctly repeat the English sentence (“Female_Eng”). About half 

of patients could identify the musical instrument correctly. 

Table 2. Results of phase I.  
Task Stimulus

Female_NL Male_NL Female_Eng ISTS Guitar Piano
Repeat sentence 8 8 5

NA
NA

Identify gender of speaker 10 9 8
Identify musical instrument NA 4 5

Legend:
Number of patients (total: n = 10) that correctly repeated sentences, correctly identified the gender of the speakers, 
and correctly identified the musical instrument. NA = not applicable.
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Phase II

Figure 3a shows the patients’ selection of vocoders that had the best match per stimulus. 

Vocoder A was selected most often. The selection for best-matched vocoder differed among 

stimuli. For instance, vocoder C was least selected as best match for speech stimuli and piano 

music, whereas it was most often selected for guitar music. Overall, noise was the most often 

selected carrier for 5 of 6 stimuli (Figure 3b). Only for stimulus guitar music, carriers noise 

and sine were selected equally often. We observed a great variability in the selection for 

vocoders and carriers, both within and between patients. For example, patient 7 had two best 

matches for vocoder A, two for vocoder B and two for vocoder C, and he selected the noise 

and sine carrier three times each.

Figure 3. Selection of vocoders and carriers

Legend:
A) Number of patients selecting vocoder A, B or C per stimulus for greater similarity with the sound as perceived 
by CI ear.
B) Number of patients selecting noise or sine carrier per stimulus for greater similarity with the sound as perceived 
by CI ear.
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The grades for similarity per stimulus are depicted in Figure 4. The average grades for 

similarity for both speech (6.8, average range 3.3) and music (6.3, average range 6.3) 

simulations were fairly good. Remarkably, the results for the ISTS stimulus were very similar 

to the three intelligible speech stimuli. Patients described the CI sound as “tinny”, “shrill”, 

“robotic”, “electric”, “scraping”, or “echo-like”, but they found it hard to explain what should 

change in our simulations to further improve the similarity to the sound as perceived by their 

CI ear.

Figure 4. Grades for similarity of best matches

Legend: The grades for similarity of the best matches per stimulus. The horizontal line in the middle of the boxplot 
represents the average grade for similarity. The top and bottom of the boxes represent maximum and minimum 
grades for similarity.

Per patient

In sum for all stimuli, 7 of the 10 patients selected vocoder A as best match, followed by 

vocoder B (3 patients). Six patients selected noise carrier and 4 patients selected sine carrier 

as best match. The combination of vocoder A and carrier noise was most often selected. If 

multiple vocoders or carriers were selected equally often, the vocoder or carrier that received 

the highest grade for similarity was selected as optimal vocoder or carrier. 
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 We observed no clear relation between the preferred vocoders or carrier and any of 

the tested patient characteristics (for all patient characteristics versus vocoder and carrier: 

Mann-Whitney U test, p > 0.05). For details of the analysis of the frequency bandwidths, see 

Supplemental Digital Content 3.

DISCUSSION

The present study aimed to find out what a CI sounds like in a population of patients with 

SSD and a CI. Based on the patients’ grades for similarity for our vocoded sound simulations 

(average 6.8 out of 10 for speech, 6.3 for music), we have a fairly good impression of the sound 

of a CI. 

Interpretation of the results

We observed considerable variability within and between patients in their selection of 

vocoders and carriers. For almost all stimuli, vocoder A, B and C and both carriers noise and 

sine were selected by at least one patient. We found that vocoder C was hardly ever selected. 

This is a remarkable finding, as the signal processing strategy of vocoder C is identical to the 

signal processing of the processor of the CI (Cochlear Ltd.; see Supplemental Digital Content 

1). Although choices for CI simulations varied greatly among patients, various patient 

characteristics did not seem to influence the selection for the best match of vocoder and 

carrier. Other patient characteristics may have been of influence, such as electrode insertion 

depth, cochlear size, variations in survival of neural tissue or etiology.13 However, we did not 

evaluate these patient characteristics in the present study.

 It is important to consider the disadvantages associated with both noise and sine 

vocoders. The selection for a certain carrier might be stimulus-dependent. In the comparisons 

with music stimuli, the patient relies on temporal envelope cues of the stimuli. We therefore 

expected the sine carrier to be selected more often than the noise carrier.23 In contrast, we 

expected the noise carrier to be selected more often for speech stimuli, because this task 
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relies more on spectral information of the stimulus. Our observations roughly followed these 

expectations. The sine carrier was selected more often for music stimuli than for speech stimuli 

and the noise carrier was selected more often for speech stimuli. Moreover, one should keep 

in mind that the output of a vocoder is acoustic, which is then subjected to the peripheral 

processing by the non-implanted ear with a large dynamic range, while the CI involves direct 

electric stimulation which drastically reduces the dynamic range.24,25 The limitations of the 

vocoders (further discussed by Stone et al.25) explain that the grades for similarity did not 

approach a perfect score of 10 out of 10.

 Although vocoder software programs have been used to simulate the sound of a CI 

for more than 20 years3, it only recently became possible to validate these acoustic models by 

comparisons in patients with SSD and a CI. Thus far, three studies investigated the sound of 

a CI in this population. First, Svirsky et al. tested one SSD patient with a Cochlear CI using 

speech stimuli.13 They described a direct perceptual comparison of the output of an acoustic 

model to the stimulation provided by a CI. Like in our study, this patient also gave the highest 

grade for similarity to a noise carrier. However, it is unclear which vocoder settings were 

used in their study. Second, Lazard et al. presented simulations of the sound that five patients 

with asymmetric hearing loss heard when their most apical electrode was stimulated.26 It was 

reported to sound like an inharmonic complex. However, the hearing of the non-implanted 

ear was poor, and speech or music stimuli were not tested. Third, Dorman et al. tested four 

stimuli in eight CI patients with SSD.27 In contrast to our results, they concluded that the 

sound of noise and sine vocoders does not generally correspond to the sound of a CI (grades 

for similarity 1.9-5.5 on a scale 0-10). In a consecutive experiment in three juvenile patients 

using a different approach, i.e. band pass filtering and spectral smearing of the original 

sounds, they were able to remarkably improve the grade for similarity that the patients gave 

to CI simulations (grade 10 out of 10). The discrepancy between their maximum grades for 

similarity and ours may be explained by the fact that they rated all stimuli, whereas we only 

rated the best match. 

 The descriptions of the sounds of the CI and the vocoded stimuli (“tinny”, “shrill”, 
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“robotic”, “electric”, “scraping”, or “echo-like”) were hard to translate to adjustments of the 

vocoder parameters. These descriptions of the sound of a CI by our SSD patients are quite 

similar to descriptions given by bilaterally deaf patients with a CI. Yet, it is important to 

note that we cannot simply generalize our findings from SSD CI patients to CI patients with 

other forms of hearing impairment. For example, bilaterally deaf CI patients, in particular 

those who acquired deafness early in life, and patients with a longer DoD than our patients 

may perceive the sound of their CI differently. The central auditory system of SSD patients is 

expected to be different than the auditory system of bilaterally deaf patients.28-30 

Methodological considerations

Our test set-up may unintentionally have led to testing parts of the patient’s short-term 

memory. Patients were instructed to focus on how the original stimulus sounded through 

their CI (Phase I) and then compare two vocoded stimuli to the sound as perceived by the 

CI ear (Phase II). They may have memorized the CI sound differently, which may have 

contributed to their selection of vocoder and carrier. Moreover, in the case of speech stimuli, 

they may have unintentionally opted for the simulation with greater intelligibility, instead of 

the simulation with greater similarity. Therefore, we also tested unintelligible speech (ISTS); 

and the results were very similar to intelligible speech. 

The masking noise in the non-implanted ear during Phase I may have unknowingly 

led to distraction, or might even have caused patients to judge that the stimulus with carrier 

noise had greatest similarity. On the other hand, an advantage of our set-up is that the route 

of the sound is now identical to the route of normal sounds (in contrast to DAI). Moreover, 

our SSD patients are familiar with the masking noise in their non-implanted ear. 

We did not systematically assess the preference for the number of channels of the 

vocoders in all patients. After a pilot session with a few patients, these patients indicated 

that the maximum number of channels (i.e. 20 or 22 instead of 4-8) clearly gave the greatest 

similarity to the sound as perceived by the CI ear. The difference between 20 and 22 channels 
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alone is unlikely to cause differences in the judgment of the CI patients, since CI users seem 

unable to make use of all separate channels with 10 channels or more.4,31,32 Therefore, we 

discarded the tests with fewer channels in an early stage of the experiments. 

Test sessions already lasted two hours in our current experimental set-up, and 

adding more variables could have led to undesirably long test durations and decreased patient 

attention. 

Future directions

In the present study, we performed a cross-sectional analysis investigating our CI patients 

at one moment in time. Based on conversations with implanted patients, their best match 

is likely to change over time; patients with a longer experience with their CI reported that 

a “less heavily modified sound” was more similar to the sound as perceived by their CI ear. 

This finding might suggest that the brain adapts to the new form of input based on neural 

plasticity.1 Furthermore, it would be interesting to also compare the sound of a CI using the 

DAI, because then patients can switch between the original stimulus presented to their non-

implanted ear and the simulation presented to their CI ear faster. Finally, future research 

could focus on reaching a closer match to the sound as perceived by the CI ear by using 

several new sound modifications (e.g. delay or echo) to modify the sound after or instead of 

vocoder modifications. 

CONCLUSION

The sound of a CI seems to vary between patients. Yet, based on the fairly high similarity 

indicated by patients, we have a fairly good idea how a CI can sound. We can use this 

knowledge to inform and educate CI candidates, patients and their family members about the 

sound of a CI. Importantly, our results should be interpreted cautiously and cannot simply be 

generalized to CI patients with other forms of hearing impairment. 
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ABSTRACT

Patients with single-sided deafness (SSD) and a cochlear implant (CI) can compare the pitch 

of stimulated electrodes and acoustic tones. A pitch mismatch may negatively bear on the 

fusion of the signals from the two ears, which may limit auditory performance. We aimed 

to explore this mismatch, to correlate it to performance, and finally to discuss its possible 

clinical consequences.

 Ten patients with SSD and a CI (Cochlear Ltd.) compared the pitch of electrical and 

acoustic stimuli. Patients had to choose one of two acoustic stimuli, with the pitch closest to 

the pitch of the electrical stimulus at electrodes 3, 7, 11, 15, and 19. The difference between the 

two acoustic stimuli iteratively decreased from 2 octaves to 1/8 octave, resulting in a “pitch 

match” per electrode. Furthermore, we computed the insertion angle of the CI electrode array 

based on high-resolution computed tomography scans. Subsequently, we created frequency-

place maps. The difference between our pitch matches and two references (the spiral ganglion 

map and the default frequency allocation by Cochlear Ltd.) was defined as “mismatch”.

 We observed large intra- and intersubject variability. Following the tonotopic 

organization of the cochlea, we observed that the pitch matches decreased with increasing 

insertion angle. The pitch-matched frequencies were on average 2.0 and 1.3 octaves lower 

than the spiral ganglion map and the default frequency allocation, respectively. There was 

no significant correlation between performance (consonant-vowel-consonant phoneme 

recognition score) and mismatch (R2 = 0.06, P>0.1).

 Given the methodological considerations, and the insignificant correlation between 

mismatch and performance, pitch matching results must not necessarily lead to a change in 

clinical fitting strategies. 
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INTRODUCTION

Cochlear implantation partially restores auditory input to the patient deafened by profound 

damage of the cochlea. In the Netherlands, bilaterally deaf patients receive one cochlear 

implant (CI), and can regain speech perception after a rehabilitation phase. A CI has an 

electrode array of 12 to 22 electrodes (depending on the manufacturer of the CI), which 

is surgically implanted in the cochlea to distribute auditory information; each electrode 

supposedly stimulates different auditory nerve fibers, enabling a different perceived pitch. In 

current methods of the coding of sound to CI electrodes, adjacent acoustic frequency bands 

are assigned to adjacent electrodes: the lowest frequencies to the deepest inserted electrode 

(for all brands a center frequency of about 200 Hz), the highest frequencies to the shallowest 

inserted electrode (8,000 Hz). This design mimics the tonotopic organization of the normal 

cochlea. 

 Recently, patients with single-sided deafness (SSD) or asymmetrical hearing loss 

have been implanted with a CI. These patients must fuse the electrical input from their CI 

with the acoustic input from their better ear. Consequently, these patients can compare the 

pitch of a stimulated electrode in their CI ear to the pitch of acoustic tones perceived by their 

normal hearing ear. A possible mismatch in pitch between ears may have detrimental effects 

on the fusion of the signals from the two ears, which may limit performance.1,2 Therefore, it is 

important to deliver auditory information at the correct cochlear location.3 

 The Greenwood function describes the normally transduced frequency by the 

organ of Corti at a given place in the cochlea.4 However, the Greenwood function may not be 

suitable for CI patients, since the electrode array of a CI stimulates the spiral ganglion cells 

and not the organ of Corti.5,6 Therefore, Stakhovskaya et al. performed a histological analysis 

to construct a spiral ganglion cell map of the cochlea, which is theoretically more suitable for 

describing the frequency-place relation in CI patients.5,7,8 

 In order to construct frequency-place maps, it is important to correlate the matched 

pitch to the intracochlear position of the electrode contacts. The intracochlear electrode 
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insertion is preferably expressed as insertion angle (degrees, °) instead of insertion depth 

(mm)6,7, because the size of the cochlea may differ amongst patients7,9,10 and the intracochlear 

position of the electrode array (e.g. perimodiolar versus near the lateral wall) may lead to 

different insertion angles for identical insertion depths.

 Several studies5,6,11,12 investigating pitch matching in patients with SSD found a 

mismatch of 1 to 2 octaves compared to the values as predicted by Stakhovskaya et al. However, 

these studies also included patients with moderate to severe hearing loss in the better ear. Their 

hearing loss may have a negative impact on the ability to make reliable pitch comparisons, 

because cochlear hearing loss causes distorted pitch perception.13 Furthermore, earlier studies 

used X-rays with a modified Stenvers view14 to image the electrode position.2,5,6,11,12,15,16 The 

use of cochlear X-ray imaging for intersubject comparison is prone to error because the angle 

of X-ray is seldom identical between patients and the method leaves room for inter-observer 

error. Nowadays, high-resolution computed tomography (HRCT) images can be obtained 

to image the intracochlear electrode position with greater precision and less intersubject 

variability.17 

 In the present study, ten SSD patients implanted with a CI compared the pitch of 

an electrical stimulus presented to the CI ear to the pitch of acoustic stimuli presented to 

the better ear. All patients had good hearing in their better ear. Subsequently, we objectified 

the intracochlear electrode position using HRCT images. The resulting frequency-place map 

provides information about a possible mismatch between the electrically and acoustically 

stimulated ear. Our aim was to explore this possible mismatch, and see if it was correlated 

with performance on a phoneme recognition task. Finally, we discussed its possible clinical 

consequences.
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METHODS

Patients

Ten patients with SSD and a CI participated in our experiment. All patients received a CI as 

participants in a current Randomized Controlled Trial evaluating three treatment modalities 

for SSD: contralateral routing of sound systems and bone conduction devices are compared 

to cochlear implantation.18 This trial is ethically approved by the Institutional Review Board 

of the University Medical Center Utrecht (NL45288.041.13) and all participants provided 

written Informed Consent prior to trial participation. Table 1 shows all individual patient 

characteristics. The patients used their CI on average for 9.2 ± 4.5 hours per day at the time 

of their experiment.

Table 1. Patient characteristics of the included patients

Patient Gender Age at 
experiment 
(years)

Deaf 
Ear

Etiology Duration 
of deafness 
(years)

Experience 
CI (months)

PTA 
better ear 
(dB HL)

CVC 
phoneme 
score

Pt 1 Female 57.0 Left Iatrogenic 8.7 16.2 5.0 91%
Pt 2 Female 55.7 Left Sudden deafness 1.3 13.6 7.5 84%
Pt 3 Male 68.0 Left Labyrinthitis 3.3 6.3 31.3* 48%
Pt 4 Male 61.9 Right Sudden deafness 2.1 12.5 25.0 76%
Pt 5 Male 58.8 Right Unknown 9.9 3.4 13.8 59%
Pt 6 Male 47.3 Left Ménière’s disease 4.7 3.1 7.5 83%
Pt 7 Male 38.1 Right Unknown 3.2 6.5 21.3 93%
Pt 8 Male 49.4 Right Ménière’s disease 3.3 5.7 3.8 79%
Pt 9 Male 64.4 Left Unknown 4.2 3.2 28.8 94%
Pt 10 Female 24.1 Left Sudden deafness 1.7 3.4 5.0 78%

Legend:
* Patient 3 (Pt 3) had a PTA of the better ear of 30.0 dB HL at time of inclusion, but his hearing slightly deteriorated.
Abbreviations: PTA = Pure Tone Average (500, 1000, 2000 and 4000 Hz), CVC = Consonant-Vowel-Consonant pho-
neme score at 3 months after CI activation for the CI-ear only (better ear masked with masking noise).
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 To be eligible for inclusion in the trial, adult patients must have a duration of deafness 

(DoD) between 3 months and 10 years. Furthermore, their Pure Tone Average threshold in 

the better ear (PTAbe; 500, 1000, 2000 and 4000 Hz) was at most 30 dB HL, and in the poor 

ear at least 70 dB HL. The audiograms of the better ears of the ten patients are depicted in 

Figure 1 (patient 3 had a PTAbe of 30.0 dB HL at time of inclusion, but his hearing slightly 

deteriorated which resulted in a PTAbe of 31.3 dB HL at the time of analysis). 

Figure 1. Pure tone audiometry (dB HL) of better ears of patients. 
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Cochlear Implants

All ten patients were implanted with a Nucleus CI (type CI 422, Cochlear Ltd.) with a Slim 

Straight electrode array. The Slim Straight electrode array consists of 22 electrode contacts: 

number 1 being the most basal electrode (high frequency tones) and number 22 being the 

most apical electrode (low frequency tones). The allocated center frequencies per electrode 

(in the default frequency allocation table of Cochlear Ltd.) are depicted in Table 2. 

 For two patients, electrodes were switched off due to high impedances at CI 

activation (patient 1: electrode 2, patient 5: electrodes 1 and 2). Consequently, the center 

frequencies of the remaining electrodes differed from default because of the automatic 

reallocation (see Supplementary Material 1 for frequency allocations per patient). These new 

center frequencies were used in all following measurements and calculations. The geometric 

mean of the center frequencies per electrode of all patients is referred to as the “Cochlear 

reference line” in the remainder of this paper. 
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Stimuli

Electric stimuli

To present the electric stimuli to the CI, we used the Custom Sound software package 

(version 4.3, Cochlear Ltd.). We stimulated five electrodes separately (electrodes 3, 7, 11, 15, 

19; distributed along the complete electrode array from the basal to the apical region) in all 

patients at a comfortable level (C-level of the most frequently used program). 

 The order of electrode measurements was created by Latin square design (see 

Supplementary Material 2). There are two advantages of the order created by the Latin 

square over a randomized order. First, the Latin square order made sure we would not 

test the same electrode two times in a row. Second, all electrodes were tested four times. 

Randomization might have resulted in an unequal number of measurements per electrode 

(e.g. two measurements of electrode 3 and six measurements of electrode 19). The same order 

of electrodes was used for all patients. We measured all five electrodes four times (runs 1 – 4), 

to collect multiple measurements per electrode. 

 The stimulus consisted of a continuously repeated biphasic pulse train (pulse 

duration 25 µs, pulse repetition rate 900 Hz, train duration 5000 ms) followed by a silent 

interval of 200 ms. The silent interval provides sufficient time for nerve condition restoration.

Acoustic stimuli

We used pure tones as acoustic stimuli, like Boëx et al.6 Although a pure tone is not identical 

to the sound of a pulse train stimulation at one specific electrode, several of our patients 

preferred a pure tone over 1/3 noise bands or warble tones to compare it to the electric 

stimulus in their CI ear. The pure tones were generated by a clinical audiometer and presented 

from a loudspeaker at 110 cm height (head level in seated position) and 130 cm distance in 

front of the patient. The manually-presented acoustic stimuli had minimum durations of 500 

ms.

 For the first run of measurements per electrode, we adjusted the level of a 1 kHz 
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acoustic tone (median 60 dB HL, range 50 – 65 dB HL) to match it to the loudness of the 

electric stimulus in the CI ear (C-level of the most frequently used program). In this range 

(50 – 65 dB HL), the influence of loudness on pitch perception is negligible.19 Subsequently, 

the level of the acoustic tones in runs 2, 3, and 4 per electrode was identical to the level of the 

first run. 

Experimental design

All experiments were done by one researcher (JPMP) in a soundproof booth. While listening 

to the electric stimulus, the patient heard two acoustic tones with a frequency interval of 2 

octaves (e.g. 250 – 1000 Hz). The patient had to indicate which of these two tones had a pitch 

closer to the pitch of the electric stimulus. After the choice of the patient, more comparisons 

were made with a frequency interval of 2 octaves (e.g. 1000 – 4000 Hz and 500 – 2000 Hz) 

to check in which direction (i.e. lower or higher frequencies) the most resembling frequency 

was to be found. Subsequently, the frequency interval was decreased to 1 octave (e.g. 500 – 

1000 Hz). Again, several comparisons were made to obtain a reliable idea of which tone was 

most similar to the electric stimulus. This method was repeated for frequency intervals of 

1/2, 1/4, and 1/8 octaves between the two acoustic stimuli. An example of this procedure is 

provided in Supplementary Material 3. In the end, the patient indicated that one of the two 

acoustic stimuli had a pitch as equal as possible to the stimulus in the CI ear. We calculated 

the geometric means of the four matched frequencies (runs 1 – 4) per electrode per patient, 

referred to as “pitch match” in the remainder of this paper. 

 The experiment lasted approximately 2 hours per patient, and therefore we could 

not test all 22 electrodes. 

Insertion angle of CI electrode

In order to take the intracochlear electrode position per patient into account, the insertion 

angle of the CI electrode array was measured. Postoperative HRCT scans were obtained for 
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all patients. We were able to compute the intracochlear position of specific electrode contacts 

using an in-house developed method, implemented in MATLAB (MATLAB R2015b, 

MathWorks, Natick, USA). 

 In short, this method first traces the center-line of the electrode array in the HRCT-

scan, and then detects the electrode contact positions by means of correlation with a model, 

which is based on the known dimensions of the electrode array. A plane was aligned to the 

basal turn of the cochlea by fitting it through the first full 180° turn, to which the HRCT scan 

was reformatted. After manual identification by an experienced radiologist of two reference 

points per HRCT scan (the top of the modiolus and the most lateral point of the horizontal 

semi-circular canal17,20 (Figure 2a), the intracochlear electrode contact positions were 

transformed to a cylindrical coordinate system, and represented by their elevation, radius, 

and insertion angle (Figure 2b). In the current study, we made use of the insertion angles for 

electrodes 3, 7, 11, 15, and 19 only. 

 These insertion angles use the line from the modiolus to the horizontal semi-circular 

canal as 0-degree line.17 In contrast, Stakhovskaya et al. expressed their insertion angles from 

the 0-degree line between the modiolus and the round window.7 However, the round window 

is not easily identified anymore on postoperative scans.17 To be able to compare our insertion 

angles to the angles reported by Stakhovskaya et al., we therefore added 34.6 degrees17 to the 

Stakhovskaya values (see Supplementary Material 1).

 Knowing the insertion angle per electrode for all patients, we could calculate the 

predicted frequency.7 This predicted frequency is referred to as the “Stakhovskaya reference 

line” in the remainder of this paper.
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Figure 2. Automated assessment of intracochlear electrode position

Legend: 
a) Reformatted slice through the basal turn of the cochlea of patient 6. The circles indicate the location of the two 
reference points: the top of the modiolus (green) and the most lateral point of the horizontal semi-circular canal 
(red). The 22 blue dots indicate the location of the individual electrode contacts. The distance between the center of 
the electrode contacts is 0.55 mm for electrodes 1-8, 0.60 mm for electrodes 8-17, 0.65 mm for electrodes 17-18, and 
0.45 mm for electrodes 18-22.
b) The cylindrical coordinate system as defined by the two reference points in Figure 2a (same patient). The green 
arrow points towards the top of the modiolus. The red arrow points towards the most lateral point of the horizontal 
semi-circular canal (0° angle). E1 = electrode 1 (most basal), E22 = electrode 22 (most apical).

Data analysis

We were interested in the mismatch between the pitch matches of our patients compared 

to the Stakhovskaya reference line and the Cochlear reference line. A two-sided one sample 

t-test was used to test if the pitch matches per electrode differed significantly from the 

reference lines. 

 We examined if there was a correlation between the mismatch and the patient 

characteristics listed in Table 1 (age, DoD, experience with CI, PTAbe) using linear regression. 

Furthermore, we tested if a correlation existed between the mismatch and the performance, 

using the Consonant-Vowel-Consonant (CVC) phoneme recognition scores 3 months after 

CI activation for the CI-ear only (better ear masked with masking noise). 

 Data analysis was performed using SPSS Statistics software version 21. A P-value of 

<0.05 was considered statistically significant.
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RESULTS

In total, we presented 2,878 comparisons of two acoustic tones to ten patients in four runs on 

five electrodes, resulting in a mean (± SD) of 14.4 ± 3.6 comparisons per patient per run per 

electrode. We noticed that the task was often difficult for patients, which may have contributed 

to the observed large intra- and intersubject variability. As an example, the pitch matches of 

the four runs of patients 4 and 8 are plotted in Figure 3a and 3b. The coordinates for the 

Stakhovskaya reference line differ between patients, since the coordinates are adjusted based 

on the insertion angle of the electrode contacts per patient. The coordinates for the Cochlear 

reference line are identical, since both patients used the standard frequency allocation by 

Cochlear (Table 2). Both within one patient between runs as well as between patients, large 

differences were measured. For example, the pitch matches for patient 8 for electrode 11 were 

156 Hz in run 1, 125 Hz in runs 2 and 3, whereas the pitch match was 2000 Hz in run 4. For 

a closer inspection of all measurements (four runs on five electrodes in ten patients), see 

Supplementary Material 1.

Figure 3. Example of four runs for two patients

Legend: Examples for two patients of the four runs per electrode (panel A: patient 4, panel B: patient 8). On the 
horizontal axis the electrode number is depicted, the vertical axis represents frequency. As a comparison, the 
Stakhovskaya and Cochlear reference lines are also plotted.
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Figure 4 shows the insertion angles of all 22 electrodes for all ten patients. The insertion 

angle increases with increasing electrode number. The mean insertion angle of the most 

basal electrode (electrode 1) was 68° ± 20° (median 65°, range 37 – 102°), whereas the mean 

insertion angle of the most apical electrode (electrode 22) was 442° ± 55° (median 450°, range 

351 – 537°). The range in insertion angles was therefore larger for the most apical electrodes 

(186°) than for the most basal electrodes (65°). For a closer inspection of the insertion angles 

per electrode per patient, please see Supplementary Material 1.

Figure 4. Insertion angle per electrode number

Legend: Insertion angle in degrees according to the cochlear coordinate system as defined by Verbist et al.17 The 
insertion angle increases with increasing electrode number (electrode 1 is the most basal electrode, electrode 22 is 
the most apical electrode).

In Figure 5, all pitch matches are plotted against the insertion angle. The logarithmic vertical 

axis shows tone frequency and also denotes musical tones (A4 = 440 Hz). With different 

symbols and colors per patient, the four runs are plotted as data points per electrode against 

their corresponding insertion angle in degrees horizontally. The geometric means of these 

individual data points per electrode are shown as lines with corresponding colors. Three 
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additional lines are presented: the dashed bold black line represents the Stakhovskaya 

reference line, the thin black dashed line represents the Cochlear reference line, and the 

dotted red line indicates the geometric mean of all patients’ pitch matches. For the latter 

two lines, the insertion angle per electrode was the mean insertion angle per electrode of all 

patients.

 
Figure 5. Pitch matches per insertion angle for electrodes 3, 7, 11, 15, and 19.

Legend: The logarithmic vertical axis shows tone frequency and also denotes musical tones. The four runs are plotted 
as data points per electrode (3, 7, 11, 15, 19; the left most data point per patient is electrode 3, the right most 
data point per patient is electrode 19) against their corresponding insertion angle in degrees horizontally. When 
there are not four separate data points visible, some data points overlap. The dashed bold black line represents the 
Stakhovskaya reference line, the thin black dashed line represents the Cochlear reference line, and the dotted red line 
indicates the geometric mean of all patients’ pitch matches.

As expected by the tonotopic organization of the cochlea and the programming of the CI, 

we observed that the frequency of the pitch matches decreased with increasing electrode 

number (i.e. towards the apex of the cochlea). However, the geometric mean of all patients’ 

pitch matches (dotted red line) was found to be well below the Stakhovskaya and Cochlear 
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reference lines. 

To illustrate the mismatch between the patients’ average line and the Stakhovskaya 

and Cochlear reference lines, in Figure 6 we expressed this difference in octaves vertically 

against electrode number horizontally. For all electrodes, the average mismatch is 2.0 octaves 

lower than the Stakhovskaya reference line, and 1.3 octaves lower than the Cochlear reference 

line. The mismatch is larger for electrodes in the middle area of the electrode array compared 

to electrodes in the apical and basal areas of the electrode array. The mismatch is significant 

for each of the five tested electrodes (T(9)<-2.883, P<0.02, two-sided). 

Figure 6. Octave difference to reference lines 

Legend: On the horizontal axis the electrode number is depicted, whereas the vertical axis represents the octave 
difference between the averaged line for patients and the Stakhovskaya reference line (grey triangles, grey line) and 
the Cochlear reference line (black squares, black line). Error bars represent standard deviations.

A weak correlation existed between the PTAbe and the mismatch to the Stakhovskaya 

reference line (R2 = 0.41, P<0.05) and the Cochlear reference line (R2 = 0.52, P<0.05) (Figure 

7). Strangely, this correlation shows that the higher the PTAbe is, the smaller the mismatch; 
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which is in contrast with what we would expect. The other patient characteristics (age, DoD 

and experience with CI) were not correlated to the mismatch (for all P>0.1; see Supplementary 

Material 4). Importantly, we observed that there was no significant correlation between 

performance (median CVC phoneme recognition scores 81% (48 – 94%), Table 1) and the 

mismatch to the Stakhovskaya reference line (R2 = 0.06, P>0.1) and the Cochlear reference 

line (R2 = 0.01, P>0.1).

Figure 7. Correlation between octave difference and Pure Tone Average of the better ear

Legend: X-axis: Pure Tone Average of better ears (PTAbe; 500, 1000, 2000, 4000 Hz), Y-axis: octave differences per 
patient relative to the Stakhovskaya reference line (data points relative to Cochlear reference line not depicted; see 
text for R2 and P-values). The legend also denotes the side of the better ears.
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DISCUSSION

Interpretation of results

Comparison with literature

The mismatch of 2.0 octaves lower than the Stakhovskaya reference line and 1.3 octaves 

lower than the Cochlear reference line is similar to the mismatch observed by several other 

studies that investigated electro-acoustic pitch match in patients with residual hearing in 

the contralateral ear.2,5,6,11,12 There are several explanations for the observed mismatch to the 

Greenwood function4 (for organ of Corti) or Stakhovskaya’s spiral ganglion cell map7, as 

outlined by Devocht et al.20 First, there could be methodological shortcomings in the pitch 

matching procedures: the results of pitch matching experiments may not have been reliable, 

for example when the “sanity checks” proposed by Carlyon et al. were not performed.22 

These checks aim at discarding “unreliable pitch match data”; however, since it is unknown 

beforehand which data are reliable and which are not, we decided not to discard any data. 

Moreover, we think that a large intra- and intersubject variability is an important finding to 

report. Second, tonotopical reorganization may have occurred after CI activation, allowing 

the plastic neural system to get accustomed to the new frequency allocation.2,15 Consequently, 

pitch matching experiments do not reproduce the anatomic frequency allocation, but may 

result from a match at the level of the cortex in the reorganized CI hemisphere. Third, the 

degree of contralateral residual hearing may influence the pitch matches.16 In previous studies, 

patients often had moderate to severe hearing loss in the better ear.5,6,16 Our patient population 

had good hearing in the better ear (PTAbe maximum 30 dB HL at time of inclusion). Still, we 

observed a weak correlation between the PTAbe and the mismatch (Figure 7). 

 One additional explanation could be that the mismatch occurs because the electrical 

current between the electrode array and the extracochlear reference electrode finds its way 

via the trajectory of least resistance, which may differ from the histologically observed radial 

fiber trajectories as assumed by Stakhovskaya et al.7 Moreover, the extracochlear electrode 

may be positioned differently in every patient due to anatomical differences and surgical 
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reasons, which also leads to different current trajectories. 

 In contrast, other studies found that the matched pitch was indeed similar to the 

Stakhovskaya reference line.16,22,23 Rader et al. (2016) observed so far unparalleled pitch 

matches for the lower frequency range in patients with SSD and a CI, by adapting the electric 

pulse rate to place-predicted frequency.23 Adjusting the pulse rate is however a completely 

different approach than our experimental setting.

  Finally, we observed a large variance between maximum insertion angles of the 

most apical electrode (difference between the deepest and shallowest insertion of electrode 

22 was 186°) in our patient group. This variance is in line with other reports on insertion 

angles8, even after correction for the added 34.6 degrees for the difference in definitions 

of the 0-degree line.7,17 The insertion angle may be related to improved speech perception, 

since greatest benefits were observed for the deepest simulated CI insertion in some series,1,24 

whereas others found insertion angle not to be a predicting factor for performance on word 

or phoneme recognition tasks.25 

Reliability of results

Pitch matching experiments are very ambiguous.26 It is a hard task for patients and requires a 

long attention span. A difficulty that all patients pointed out was that it was hard to compare 

the pitch of two unidentical stimuli: the sound of an activated electrode is not at all similar 

to a pure tone.27 However, a 1/3 noise band or warble tone did not make the comparison 

any easier for several of our patients. The difficulty of the task may have contributed to the 

observed large intra- and intersubject variability for the pitch matches. 

 We furthermore analyzed the data with the hypothesis of octave ambiguity. An 

octave ambiguity is a confusion between two tones with a difference of a plural of one 

octave. Octave ambiguities are also present in normal-hearing subjects.23,28 We calculated the 

octave differences between 1) the four runs per electrode per patient, and 2) the four runs 

per electrode and the Stakhovskaya and Cochlear reference lines per patient. We observed 
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a uniform distribution of these octave differences for all electrodes, i.e. we did not observe 

a peak at exactly -2.0, -1.0, 1.0 or 2.0 octaves. All individual data matches (runs 1 – 4) per 

electrode per patients are presented in Supplementary Material 1 for more precise inspection 

of the octave differences. The absence of octave ambiguities is concordant with previous 

reports.11,23 

 Furthermore, we neither observed a bias established by the preceding signal or 

“sequential bias”22 (i.e. always a lower pitch match than the final geometric mean in the runs 

after a higher-numbered electrode had been tested just before).

Methodological considerations

There are several strengths that characterize our study. Our patients have good hearing in 

their better ear, resulting in a pitch perception that is identical to pitch perception of normal-

hearing cochlea. In contrast, most other published series considered patients with moderate 

to severe cochlear hearing loss in the “better” ear, resulting in a distorted pitch perception,13 

which probably influenced their results. Furthermore, we determined the insertion angle 

based on HRCT scans by a semi-automatic in-house developed method, which yields better 

knowledge of the exact intracochlear electrode array position and insertion angles for specific 

electrode contacts.

We must also take some limitations of our approach into account. First, we did 

not match the loudness at all acoustic frequencies that we tested. We felt that this would 

have resulted in too much patient effort and thus compromise the willingness of patients to 

participate. Consequently, in our current results the pitch matches may have been influenced 

by (mainly high-frequency) hearing loss in the better ear. However, we know that the 

influence of loudness on pitch perception is negligible in the tested range (50 – 65 dB HL).19 

Moreover, as noted previously, our patient sample had relatively good hearing in their better 

ear. Second, we did not present stimuli to the two ears alternatingly. Instead, we used an 

almost continuous electric stimulus. As a consequence, the loudness of the stimulus may have 
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decreased in the CI ear hampering adequate matching. However, this is not very probable, 

because 200 ms silent gaps provided sufficient time for nerve condition restoration. Third, 

the duration of the acoustic stimulus was not fixed, but the researcher manually produced 

the tones via a computer and determined which tones were next to be presented. Finally, the 

order of electrode measurements (Supplementary Material 2) was identical for all patients 

and not randomized. Although we had good reasons not to randomize the order of electrode 

measurements, we cannot rule out the possible influence of a bias on the data.

Clinical implications

We observed a mismatch between the pitch match results from our patient group and the 

Stakhovskaya and Cochlear reference lines, as did previous articles. Interestingly, Landsberger 

et al.8 adequately noted that there are three ways to deal with this mismatch: 1) by using 

electrode arrays that reach a deeper insertion angle, 2) by using different frequency-to-

electrode translation tables, or 3) by letting patients adjust to the new frequency-place map 

hoping that neural plasticity will compensate for the frequency shift. However, it remains an 

intriguing question whether the observed mismatch must lead to clinical consequences as 

listed above. 

 Some evidence points in the direction that it is indeed important to deliver auditory 

information at the correct cochlear place3,24, and changing the frequency allocation of the 

CI based on pitch match experiments or using different surgical insertion techniques may 

therefore be warranted. In contrast, others found that electrode position (i.e. correct tonotopic 

position) does not influence performance on word or phoneme recognition tasks.25 It might 

be the case that the neural system easily adapts to the new frequency-place situation,29 and 

consequently a mismatch hardly influences performance. In our sample, we observed no 

significant correlation between performance on a phoneme recognition test and the mismatch 

(R2 = 0.06, P>0.1). This contradicts the argumentative expectation that the phoneme scores 

might have been (even) higher, or asymptotic performance could have been reached earlier, 
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if the observed mismatch between the pitch matches and the reference lines would have 

been smaller.24 However, for reliable pitch matches, patients they must first be accustomed to 

electric input through their CI. But as soon as there is electric input, reorganization of neural 

tissue occurs due to plasticity.8,30 Therefore, results of pitch matching experiments should be 

interpreted with caution.

CONCLUSION

Pitch matching experiments are very ambiguous. Methodologically, the pitch matching 

task is hard for patients. There is a large intra- and intersubject variability. Our results show 

that the pitch matches were 2.0 and 1.3 octaves lower than the Stakhovskaya and Cochlear 

reference lines, respectively. This mismatch is in line with most previous articles describing 

similar experiments. Given the methodological considerations, and the unclear correlation 

between the mismatch and performance on a phoneme recognition test, pitch matching 

results must not necessarily lead to altering the frequency allocation of the CI or to inserting 

the CI electrode array differently.
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Supplementary Material 1: Supplementary data tables.

Supplementary Material 2: Order of electrode measurements.

Supplementary Material 3: Example of test procedure.

Supplementary Material 4: Results of statistical tests.
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CHAPTER 8

ABSTRACT

Background

In electric-acoustic pitch matching experiments in patients with single-sided deafness (SSD) 

and a cochlear implant (CI), the observed “mismatch” between perceived pitch and predicted 

pitch based on the amended Greenwood frequency map, ranges from -1 to -2 octaves. It 

is unknown if and how this mismatch differs for perimodiolar versus lateral wall electrode 

arrays.

Objectives

We aimed to investigate if the type of electrode array design is of influence on the electric-

acoustic pitch match.

Method

Fourteen patients (n = 8 with CI422 + lateral wall electrode array, n = 6 with CI512 + 

perimodiolar electrode array; Cochlear Ltd.) compared the pitch of acoustic stimuli to the 

pitch of electric stimuli at two test sessions (average interval 4.3 months). We plotted these 

“pitch matches” per electrode contact against insertion angle, calculated from high-resolution 

computed tomography scans. The difference between these pitch matches and two references 

(the spiral ganglion map and the default frequency allocation by Cochlear Ltd.) was defined 

as “mismatch”.

Results

We found average mismatches of -2.2 octave for the CI422 group and -1.3 octave for the CI512 

group. For any given electrode contact, the mismatch was smaller for the CI512 electrode 

array than for the CI422 electrode array. For all electrode contacts together, there was a 

significant difference between the mismatches of the two groups (p<0.05). Results remained 

stable over time, with no significant difference between the two test sessions considering all 
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electrode contacts. Neither group showed a significant correlation between the mismatch and 

phoneme recognition scores.

Conclusion

The pitch mismatch was smaller for the perimodiolar electrode array than for the lateral wall 

electrode array.
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INTRODUCTION

A cochlear implant (CI) is an auditory prosthesis that partially restores auditory input in case 

of a deafened cochlea. A CI has an electrode array, which is surgically placed in the cochlea 

and distributes auditory information tonotopically: the lowest frequencies to the deepest 

inserted electrode contact (for all CI brands a center frequency of about 200 Hz), the highest 

frequencies to the shallowest inserted electrode contact (8,000 Hz). The CI thereby mimics 

the tonotopy of auditory information of a normal ear. Patients with single-sided deafness 

(SSD) and a CI must fuse the electrical input from their CI with the acoustic input from their 

better ear. A possible mismatch in pitch between ears may have detrimental effects on the 

fusion of the signals from the two ears, which may limit performance.1,2

 As the electrical stimulus activates spiral ganglion cells and not the organ of Corti, 

the classical place-pitch relation3 has been amended for CI stimulation.4-6 In pitch matching 

experiments in SSD patients implanted with a CI, the perceived pitch is 1 to 2 octaves lower 

than the pitch predicted by the amended place-pitch relation.4,7-9 Some of this mismatch 

may be due to the fact that in several studies2,4,7-11 the determination of the electrode array’s 

position was inaccurate, due to the use of planar X-ray imaging.12 Furthermore, the better ear 

in these patients was moderately or severely impaired, possibly resulting in distorted pitch 

perception.13

 In a previous paper, we described electric-acoustic pitch match experiments in ten 

patients with SSD and a CI.14 In contrast to previous studies4,7-9, we determined the insertion 

angle of the electrode array using high resolution computed tomography (HRCT) scans 

by a semiautomatic in-house developed method.15 This method yields better knowledge of 

the exact intracochlear electrode array position and insertion angles for specific electrode 

contacts compared to planar X-ray imaging. Additionally, we performed our experiments in a 

group of patients with near-normal hearing in their better ear, decreasing the risk of distorted 

pitch perception.13 Even with these optimized methods, we also found a mismatch of about 

2 octaves compared to the histological findings in human temporal bones of Stakhovskaya 
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et al.5 We also explored if the mismatch was of influence on performance on a phoneme 

recognition test and found that they were not correlated.14

 In the current paper, we aimed to investigate if the type of electrode array design is 

of influence on the electric-acoustic pitch match. We compared lateral wall electrode arrays 

and perimodiolar electrode arrays, with greater or smaller distance between the electrode 

array and spiral ganglion cells (located in the modiolus), respectively. The influence of the 

electrode array design in relation to performance has been investigated16,17: some authors 

concluded that a lateral wall electrode array led to better performance18, whereas others found 

that proximity to the modiolus (i.e. perimodiolar) is correlated with better performance.19-21 

Van der Beek et al. hypothesized that with the electrode array closer to the modiolus, “spatial 

selectivity” is enhanced: electrode contacts in close proximity to the spiral ganglion cells have 

a better chance of stimulating a more narrow tonotopic region of the cochlea than electrode 

contacts that are located farther away.21 Consequently, there is a better discrimination between 

electrode contacts that leads to improved speech perception.19 Additionally, we performed a 

re-test after the initial experiment, to investigate if the results of the electric-acoustic pitch 

match experiments were stable over time, like they were in the experiments conducted by 

Vermeire et al.2

METHODS

A large part of the methods we used was identical to the methods that we detailed in Peters 

et al.14 We will briefly repeat these methods, and elaborate where new methods were used.

Patients 

Fourteen patients with SSD and a CI participated in the current experiment, divided into 

two groups. The “CI422” group consisted of eight patients implanted with a CI with a lateral 

wall electrode array (Cochlear® CI422, Slim Straight electrode array). The “CI512” group 

consisted of six patients implanted with a CI with a perimodiolar electrode array (Cochlear® 
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CI512, Contour Advance electrode array). All patients provided Informed Consent for 

participation in this study, which was ethically approved by the Institutional Review Board of 

the University Medical Center Utrecht (NL45288.041.13; and its later amendments). One of 

the inclusion criteria of the study was a Pure Tone Average threshold in the better ear (PTAbe; 

500, 1000, 2000 and 4000 Hz) of maximum 30 dB HL in the better ear, and of at least 70 dB 

HL in the poor ear. For details about other inclusion and exclusion criteria, see the study 

protocol.22 All patient characteristics are summarized in Table 1. 

Table 1. Patient characteristics of the included patients 

CI 
type

Patient Gender Age at 
CI acti-
vation 
(years)

Deaf 
Ear

Etiology Dura-
tion of 
deafness 
(years)

PTA bet-
ter ear 
(0.5-4 
kHz) (dB 
HL)

Expe-
rience 
at Test 
(months)

Experi-
ence at 
Re-test 
(months)

CVC 
pho-
neme 
score*

CI422

Pt 1 M 67.4 Left Labyrinthitis 3.3 31.3 6.3 16.6 48%

Pt 2 M 58.5 Right Unknown 9.9 13.8 3.4 9.9 59%

Pt 3 M 47.0 Left Ménière’s disease 4.7 7.5 3.1 5.9 83%

Pt 4 M 37.5 Right Unknown 3.2 21.3 6.5 12.0 93%

Pt 5 M 64.1 Left Unknown 4.2 28.8 3.2 7.7 94%

Pt 6 F 23.9 Left Sudden deafness 1.7 5.0 3.4 6.7 78%

Pt 7 F 73.1 Left Labyrinthitis 1.1 13.8 3.0 6.6 65%

Pt 8 F 43.5 Left Sudden deafness 2.0 10.0 3.4 6.9 26%

CI512

Pt 9 F 46.5 Left Sudden deafness 8.2 15.0 2.9 6.5 64%

Pt 10 F 38.0 Right Sudden deafness 0.9 8.8 3.2 6.9 86%

Pt 11 M 65.1 Right Sudden deafness 1.0 18.8 3.2 5.9 65%

Pt 12 F 56.4 Left Sudden deafness 0.9 5.0 2.5 6.4 89%

Pt 13 M 58.7 Right Unknown 5.9 18.8 3.4 5.9 61%

Pt 14 F 61.3 Left Sudden deafness 1.0 21.3 2.7 6.7 89%

Legend:
PTA = Pure Tone Average (500, 1000, 2000 and 4000 Hz).
*CVC = Consonant-Vowel-Consonant phoneme score at 3 months after CI activation for the CI-ear only (better 
ear masked with masking noise).
Patient 1 (Pt 1) had a PTA of the better ear of 30.0 dB HL at time of inclusion, but his hearing slightly deteriorated.

All patients were tested twice, first after a median duration of 3.2 months after CI activation 

(“Test”), and a second time after a median duration of 6.7 months after CI activation (“Re-
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test”). The average time between the Test and Re-test session was 4.3 months. Of the eight 

patients in the CI422 group, the data of the Test session of the first six patients were also 

presented in our previous paper.14 In Figure 1, the average hearing thresholds for the better ear 

are displayed per group for all frequencies 125-8000 Hz. There was no significant difference 

between the PTAbe of the CI422 group compared to the CI512 group (Mann-Whitney U test, 

p=0.897).

Figure 1. Average pure tone hearing thresholds (dB HL) per group. Error bars represent standard deviations.

All patients were satisfied with their CI and wore the device often, except Pt 8 (CI422 group 

with Pt 8: median use 8.8 h/day, without Pt 8: 12.1 h/day; CI512 group: 12.1 h/day).There 

was no significant difference between groups with or without Pt 8 (Mann-Whitney U test, 

p>.05). Pt 8 reported that she could not get used to the ‘shrill’ and ‘electric’ sound of the 

CI, even after many attempts to personalize the frequency mapping, including switching off 
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several electrode contacts. She performed poorer than expected (Table 1). Nevertheless, she 

did participate in Test and Re-test experiments. One year after implantation, she became a 

non-user. 

Cochlear Implants

The Cochlear® CI422 has a Slim Straight electrode array, which is a lateral wall electrode 

array. The Cochlear® CI512 has a Contour Advance electrode array, which is a perimodiolar 

electrode array. Both electrode array types consist of 22 electrode contacts: electrode contact 

number 1 (E1) is located most basally (high frequency tones) in the cochlea, and E22 is 

located most apically (low frequency tones). The allocated center frequencies per electrode 

contact are identical for the CI422 and the CI512. The dimensions of both electrode array 

types and the frequency allocation per electrode contact are depicted in Table 2. Note that the 

CI512 Contour Advance electrode array (11.70 mm) is shorter than the CI422 Slim Straight 

electrode array (18.75 mm). 
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For some patients (two patients in CI422 group, two patients in CI512 group), specific 

electrode contacts were switched off during CI rehabilitation because of high impedances. 

Consequently, the center frequencies of the remaining active electrode contacts differed from 

default because of the automatic reallocation (see Supplementary Material 1 for frequency 

allocations per patient). The geometric mean of the center frequencies per electrode contact 

of all patients is referred to as the “Cochlear reference line” in this paper.

Stimuli and experimental design

The experiments took place in an acoustically insulated, single-walled and internally heavily 

damped room (IAC Acoustics GmbH, Niederkrüchten, Germany), with noise reduction 

coefficient >0.8, inside a custom built already quiet room. To be able to use the data from our 

previous experiment, we used the same electric and acoustic stimuli in this experiment.14 In 

short, we electrically stimulated five electrode contacts separately (E3, E7, E11, E15, E19) four 

times in all patients at a comfortable level (C-level of the most frequently used program). The 

electric stimulus consisted of a continuously repeated biphasic pulse train (pulse duration 

25 µs, pulse repetition rate 900 Hz, train duration 5000 ms) followed by a silent interval of 

200 ms. The acoustic stimuli consisted of pure tones, generated by a clinical audiometer and 

presented from a loudspeaker at 110 cm height (head level in seated position) and 130 cm 

distance in front of the patient. The manually-presented acoustic stimuli had a minimum 

duration of 500 ms. For the first run of measurements per electrode, we adjusted the level of 

a 1 kHz acoustic tone (median 60 dB HL, range 50 – 65 dB HL) to match it to the loudness 

of the electric stimulus in the CI ear (C-level of the most frequently used program). In this 

range (50 – 65 dB HL), the influence of loudness on pitch perception is negligible.23 The task 

was to compare the pitch of two acoustic stimuli to the pitch of the electric stimulus, and 

select the acoustic stimulus with greatest similarity in pitch. The difference between the two 

acoustic tones gradually decreased (2 octaves to 1/8 octave), to end at the acoustic stimulus 

with a pitch “the most similar” to the pitch of the electric stimulus. We then calculated the 
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geometric mean of the matched frequencies per electrode contact per patient (“pitch match”). 

Insertion angle of CI electrode array

The intracochlear electrode array position was imaged using postoperative HRCT scans. 

Image acquisition and analysis are detailed in Bennink et al.15 In short, each HRCT scan 

was filtered, and a 3D bounding box was manually positioned on the cochlea, in which the 

centerline of the electrode array was automatically tracked. The variation in CT values along 

this centerline was used to determine the electrode contact positions. The correlation of 

the CI geometry, as described in Table 2, with the variation in CT values was calculated at 

varying positions along the centerline. Since the CI512 is a preshaped perimodiolar implant, 

the correlation was also calculated for a varying stretch (0 to 15%) with respect to its specified 

dimensions, whereas for the CI422 a compression (0 to 10%) was allowed. The results were 

visually verified on a 4 mm thick reformatted projection of the scan, and another local 

optimum was chosen if the global optimum was found to be incorrect.

 The transformation of the resulting CT coordinates to a cylindrical coordinate 

system (insertion angle, radius, elevation) requires fitting a plane through the basal turn of 

the cochlea, and the manual selection of two reference points.24 The selection of these two 

reference points (the top of the modiolus and the most lateral point of the horizontal semi-

circular canal) was carried out by an experienced radiologist. The top of the modiolus defines 

the center of the cylindrical coordinate system, whereas the line between the two reference 

points defines the -34.6° angle with respect to the position of the round window.25

 With knowledge of the insertion angle per electrode contact for all patients (see 

Supplemental Material 1), we could calculate the predicted frequency using the Stakhovskaya 

histology results.5 This predicted frequency is referred to as the “Stakhovskaya reference line” 

in this paper. 

 We expressed the intracochlear electrode array insertion as insertion angle instead 

of insertion depth, because the size of the cochlea may differ amongst patients5,26,27 and 
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the intracochlear position of the electrode array may lead to different insertion angles for 

identical insertion depths.  

Data analysis

We compared the mismatch between the pitch matches of our patients to the Stakhovskaya 

reference line and the Cochlear reference line. We analyzed this mismatch per group (CI422 

and CI512) and per experiment (Test and Re-test). A two-sided one sample t-test was used 

to test if the pitch matches per electrode contact differed significantly from the reference 

lines. For between-group comparisons, the Mann-Whitney U test was used; for within-group 

comparisons, the Wilcoxon signed-rank test was used. 

 Additionally, we checked if a correlation existed between the mismatch and the 

patient characteristics listed in Table 1 (age, duration of deafness, experience with CI, 

PTAbe). Finally, we also checked if there was a correlation between the mismatch and the 

performance on a speech recognition task (Consonant-Vowel-Consonant (CVC) phoneme 

recognition scores 3 months after CI activation for the CI-ear only (better ear masked with 

speech-shaped noise, presented via an insert earphone, at a speech-to-masking level ratio 

of -10 dB or worse)); see Table 1. The standard Dutch CVC phoneme recognition task was 

used, in which eleven CVC words with 33 phonemes per list are presented.28 The lists were 

presented in a free field condition at 65 dB SPL. Two lists were presented in order to improve 

measurement accuracy of the CVC-score.

 Data analysis was performed using SPSS Statistics software version 22. A p-value of 

<0.05 was considered statistically significant.

RESULTS

Intracochlear electrode array position

Figure 2a shows the radius (distance from electrode contact to the modiolus axis) relative to 

the insertion angle per group. The CI512 electrode array is shorter than the CI422 electrode 
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array (dimensions presented in Table 2), and thus shallower inserted in the cochlea. The 

median insertion angle of E22 for the CI512 group was 307.3°, whereas the median insertion 

angle of E22 for the CI422 group was 399.7°. The radius of the CI512 electrode array was 

smaller than the radius of the CI422 electrode array for corresponding electrode contacts, 

which can be attributed to the preformed curvature of the CI512 electrode array. 

Figure 2a. Average radius versus insertion angle per group.

Legend: When inserted, the radius (distance from electrode contact to modiolus axis) of the CI512 electrode array 
was smaller than the radius of the CI422 electrode array at the same insertion angle. The electrode array of the CI512 
is shorter than the CI422 electrode array (see also Table 2). Error bars represent standard deviations.

Figure 2b. Average elevation versus insertion angle per group.  

Legend: The maximum elevation (from the basal turn of the cochlea) of the deepest inserted electrode contact (E22) 
was smaller for the CI512 electrode array than for the CI422 electrode array. The electrode array of the CI512 is 
shorter than the CI422 electrode array (see also Table 2). Error bars represent standard deviations.
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 In Figure 2b, the elevation of the electrode contacts from the basal turn of the 

cochlea was plotted versus insertion angle per group. Again, we can observe that the CI512 

electrode array is shorter, and shallower inserted. Because of its shorter length, it did not 

reach as high into the second cochlear turn as the CI422 electrode array (averaged maximum 

elevation of E22 for CI512 group: 0.37 mm, for CI422 group: 1.06 mm).

 Insertion angles showed great variability in our population, not only between groups, 

but also between individual patients. The electrode array of Pt 8 (CI422 group) was inserted 

very shallow (insertion angle E22: 235.0°), resulting in 4-5 electrode contacts positioned 

outside the cochlea. This may have contributed to her poor performance, dissatisfaction and 

finally becoming a non-user. Because E3 was positioned outside the cochlea, we did not use 

the insertion angle of this electrode contact for this patient in our calculations. In contrast, 

the electrode array of Pt 14 (CI512 group) was positioned deep in the cochlea, with E22 

positioned at 421.4° (relatively deep for CI512 group). For all individual data on insertion 

angles per electrode contact, see Supplemental Material 1.

Pitch match

In total, we presented 8,169 comparisons to fourteen patients in two experiments consisting 

of four runs on five electrode contacts, resulting in a mean (± standard deviation, SD) of 14.8 

± 3.6 comparisons per patient per run per electrode contact per experiment. For a closer 

inspection of all individual measurements, please see Supplemental Material 1. Like in our 

previous experiment, we noticed that the task was often difficult for patients.14 The difficulty 

of the task may have contributed to the observed large intra- and intersubject variability, 

which was comparable to our previous observations. As discussed in our previous report, 

we again observed no octave ambiguities (in a two-tone comparison, octave ambiguity is 

the identification by a listener of a higher harmonic as the fundamental tone, which means 

that a frequency at integer multiple value of fundamental frequency is confounded with the 

fundamental frequency itself), which was also concordant with other series.8,29 
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 In Figure 3, the averaged pitch matches per group and per experiment are depicted 

for electrode contacts E3, E7, E11, E15, and E19. The logarithmic vertical axis shows frequency 

and also denotes musical tones (e.g. A4 = 440 Hz), whereas the linear horizontal axis shows 

in the insertion angle (degrees) of the electrode array. The two black lines represent the 

Stakhovskaya reference line and the Cochlear reference line. The averaged pitch matches 

for CI422 (blue) and CI512 (orange) are presented, split for experiments Test (solid line) 

and Re-test (dashed line). For the details of the coordinates of the two reference lines, see 

Supplemental Material 1. As expected by the tonotopic organization of the cochlea and the 

programming of the CI, we observed that the frequency of the pitch matches decreased with 

increasing insertion angle (i.e. towards the apex of the cochlea). Again, we can observe that 

the insertion of the CI512 electrode array was shallower than the insertion of the CI422 

electrode array. For both groups, there was a significant difference (“mismatch”) between 

the averaged data points per electrode contact (Test and Re-test experiments) and the 

Stakhovskaya reference line (two-sided one sample t-test, p<0.001; for complete statistics, see 

Supplemental Material 2). Compared to the Cochlear reference line, the CI422 group differs 

statistically significantly on all electrode contacts (p<0.005), whereas the difference for the 

CI512 group was not statistically significant for E15 and E19 (at insertion angles of 230.17° 

and 284.56°, respectively; p>0.05). Importantly, the average mismatch of the CI512 group was 

smaller than the average mismatch of the CI422 group. 
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Figure 3. Average pitch match versus insertion angle per group

Legend: The averaged pitch matches (geometric mean, in Hz and musical notes, e.g. A4 = 440 Hz) per group (CI422 
in blue, CI512 in orange) and per experiment (Test is solid line, Re-test is dashed line) and per electrode (E3, E7, E11, 
E15, E19) are plotted against the insertion angle (degrees). Also plotted are the Stakhovskaya reference line (striped 
black line) and the Cochlear reference line (dotted black line). For the x-coordinates of the Cochlear reference line, 
we used the averaged insertion angles per electrode contact for all patients. For readability of this figure, standard 
deviations are not included here. These can be observed in Figure 4. 

Mismatch

To easily compare the two groups per electrode contact, we expressed the mismatch in 

octaves compared to the Stakhovskaya reference line (by definition 0 on y-axis in Figure 4; 

data relative to Cochlear reference not shown). We calculated the average mismatch relative 

to the references for all electrode contacts (E3, E7, E11, E15, and E19) for both experiments 

(Test and Re-test) per group. The average mismatch relative to the Stakhovskaya reference 

was -2.2 octave for the CI422 group, and -1.3 octave for the CI512 group (relative to the 

Cochlear reference: -1.4 octave and -0.5, respectively).
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Figure 4. Mismatch expressed per electrode contact per group and experiment. 

Legend: The mismatch relative to the Stakhovskaya reference is plotted per electrode (data relative to Cochlear 
reference not shown). Data points are displayed separately for the CI422 and CI512 groups, as well as for the Test 
and Re-test experiments. For the CI422 group, there is no significant difference between Test and Re-test for any 
of the electrodes. For the CI512 group, E15 and E19 differ significantly between Test and Re-test, indicated with 
orange asterisks. For E11, there is a significant difference between the two groups for both Test and Re-test, indicated 
with black asterisks. For E15, the difference between the two groups is statistically significant for Re-test, but not 
statistically significant for Test.

Within-group comparisons

For the CI422 group, there was neither a significant difference between Test and Re-test 

experiments for all electrode contacts together (Wilcoxon, p=0.900), nor for any of the 

individual electrode contacts (p>0.208). For the CI512 group, there was a significant difference 

between the Test and Re-test experiments (p=0.003). Looking at specific electrode contacts, 

E3, E7, and E11 did not differ significantly between Test and Re-test, but E15 and E19 differed 

significantly between the two experiments (p<0.05), indicated with orange asterisks in Figure 

4. 
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Between-group comparisons

For all electrode contacts together, there was a significant difference between the mismatches 

of the two groups (Mann-Whitney U test, p<0.005). When taking individual electrode 

contacts into account, there was no statistically significant difference between the groups for 

Test or Re-test for E3, E7, and E19 (p>0.14). For E11, there is a significant difference between 

the two groups for both Test and Re-test (p<0.05). For E15, the difference between the two 

groups is statistically significant for Re-test (p=0.013), but not for Test (p=0.108), indicated 

with black asterisks in Figure 4. 

Correlations

Due to the limited amount of data, correlations between patient characteristics and observed 

mismatch are of limited meaning, but our curiosity prevailed. We averaged the mismatch 

for all electrode contacts and for Test and Re-test experiments per patient. There were no 

correlations between the observed mismatch and patient characteristics age, duration of 

deafness, and experience with CI (maximum R2: 0.191, p>0.05). There was a significant 

correlation between the observed mismatch and PTAbe for the CI512 group (R2: 0.8259, 

p=0.012) as well as for the CI422 group (R2: 0.6342, p<0.05) (Figure 5a). In this analysis we 

excluded outlier Pt 8 (green data point in Figure 5a). For all patients (including Pt 8), the 

effect was also significant (R2: 0.3560, p=0.024). 
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Figure 5a. Mismatch versus Pure Tone Average of the better ear

Legend: Mismatch (octaves) versus pure tone average of the better ear (PTAbe) (dB HL). There was a significant 
correlation between the observed mismatch and PTAbe for the CI512 group as well as for the CI422 group. Patient 8 
(Pt 8, green dot) was excluded from this analysis. For all patients, the effect was also significant. 

For both groups, there was no significant correlation between mismatch and the CVC 

phoneme recognition score (CI422 group, R2: 0.1709, p>0.05; CI512 group, R2: 0.2248, 

p>0.05) (Figure 5b; Pt 8 (green data point) was excluded again). For all patients including 

Pt 8, there was no significant correlation either (R2: 0.2737, p>0.05). For complete statistical 

analyses, see Supplemental Material 2.
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Figure 5b. Mismatch versus CVC phoneme score.

Legend: Mismatch (octaves) versus the score on a consonant-vowel-consonant (CVC) phoneme recognition task, 
3 months after CI activation for the CI ear only. For both groups, there was no significant correlation between 
mismatch and the CVC phoneme score. Pt 8 (green dot) was excluded from this analysis. For all patients, the effect 
was also not significant.

DISCUSSION

In this study, we compared the results of electric-acoustic pitch match experiments of patients 

with a CI422 and a lateral wall electrode array and patients with a CI512 and a perimodiolar 

electrode array. Because of its shorter length, the CI512 electrode array was inserted shallower 

than the longer CI422 electrode array, but it was positioned closer to the modiolus axis due 

to its preformed curvature. We found average mismatches relative to the Stakhovskaya 

reference of -2.2 octave for the CI422 group and -1.3 octave for the CI512 group (relative 

to the Cochlear reference: -1.4 octave and -0.5 octave, respectively). For any given electrode 

contact, the mismatch to the two references was smaller for the CI512 electrode array than 

for the CI422 electrode array. For all electrode contacts together, there was a significant 

difference between the mismatches of the two groups. Results remained stable over time, 

with no significant difference between Test and Re-test experiments considering all electrode 

contacts. Neither group showed a significant correlation between the mismatch and CVC 

phoneme recognition score.
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Observed mismatch

Like in our previous report, the task appeared to be hard for the patients.14 They had difficulty 

matching the pitch of the acoustic stimulus to the pitch of the electric stimulus, partly 

because the stimuli sounded different. The difficulty of the task may have contributed to the 

observed large intra- and intersubject variability (see Supplementary Material 1). Although 

pitch-matching and pitch-fusion experiments involve different tasks, it is conceivable that 

the outcome variability observed in this study is related to the earlier reported finding that 

patients can experience broad binaural pitch fusion between the CI ear and the better ear, 

equal to bilateral CI users, bilateral HA users and bimodal CI users.30-32 In spite of the task 

difficulty, the average results were stable over the observed time (average interval between 

Test and Re-test experiments was 4.3 months) for both groups. The good reproducibility is in 

line with the only other report investigating electric-acoustic pitch matches over time.2

 The average mismatch to the Stakhovskaya reference line was -2.2 octave for the 

CI422 group and -1.3 octave for the CI512 group. The difference in mismatch may partly 

be attributed to the distance to the modiolus, which is, for any given electrode (Figure 2a), 

shorter for a perimodiolar electrode array compared to a lateral wall electrode array. The 

range of observed mismatches is in line with our previous report (-2.0 octaves for ten SSD 

patients with CI422)14, and also concordant with other series evaluating various CI types in 

SSD patients.2,4,7-9 There are several other explanations proposed for the observed mismatch, 

including methodological shortcomings in the pitch matching procedures33, tonotopical 

reorganization after CI activation2,10, the electrical current between the electrode contacts 

and the extracochlear reference electrode following the trajectory of least resistance which 

may differ from the histologically observed radial fiber trajectories5,14, and finally the degree 

of contralateral residual hearing11. One paper observed no mismatch between their electric-

acoustic pitch match comparisons and the Stakhovskaya reference line.34 They only used data 

that remained after so-called “sanity checks” of the experiments: presumably unreliable pitch 

match data were discarded. As we pointed out earlier in this paragraph, and in our previous 
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paper14, we observed a large intra- and intersubject variability. We feel it is important to 

report all measurements and thereby present this variability, and chose not discard any data.

 Remember that the audiograms of the two groups were similar (Figure 1), and thus 

hearing threshold differences in the better ear cannot explain the difference in mismatch 

between the two groups. Psychoacoustic experiments in patients with asymmetric hearing 

loss showed that high-frequency hearing loss distorts pitch coding for pure tones with a 

frequency in the hearing loss range, resulting in pathologic hearing (diplacusis).13 In normal-

hearing subjects, the pitch of a pure tone may differ slightly between ears31, but a fused 

single pitch is perceived in bilateral stimulation. Then, in the frequency range of the hearing 

loss, the pitch perceived in the poor ear is lower than the pitch perceived in the better ear, 

and becomes lower as the hearing loss increases. Translated to our experiment, the pitch 

perceived in the better ear is lower when the hearing loss is bigger and concomitantly the 

mismatch will decrease, while the CI-evoked pitch for a specific electrode contact is constant. 

This could explain the correlation we detected between the mismatch and PTAbe (Figure 

5a): with increasing hearing loss, the mismatch becomes smaller. We investigated a group of 

SSD patients with mild to moderate (mainly high-frequency) hearing loss in the better ear; 

when comparing our mismatch results to the results of groups with severe to profound (high-

frequency) hearing loss2,4,7-9, the found mismatch was about equal. Apparently, the effects of 

distorted pitch perception due to high-frequency hearing loss are small compared to those of 

the, still unknown, cause(s) of the mismatch.

Intracochlear electrode array position

For both groups, we observed a large variance between maximum insertion angles of the 

most apical electrode contact (deepest and shallowest insertion of E22 in CI422 group: 537° 

and 235° (median 399.7°), whereas in CI512 group: 421° and 242° (median 307.3°). The large 

variation in insertion depth was also reported by Landsberger et al.6 In contrast, they found a 

median insertion angle of the most apical electrode contact of the Contour Advance electrode 
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array of 375°, which was deeper than the median insertion angle of 307.3° in our study. 

 Some colleagues stated that deeper insertion leads to improved speech perception1,35, 

whereas others disagree.36 A similar debate continues about the position of the electrode 

array: some argue that a lateral wall electrode array led to better performance18, whereas 

others found that a perimodiolar position of the electrode array was correlated with better 

performance.19-21 

Methodological considerations

We presented the first series in which we investigated electric-acoustic pitch matches between 

two electrode array types in patients with SSD. Our patients have good hearing in their better 

ear, not resulting in a distorted pitch perception.13 Furthermore, we determined the insertion 

angle based on HRCT scans by a semiautomatic method, with which we could also determine 

radius and elevation of the electrode contacts.15

 There are also limitations of our approach. First, we did not match the loudness at 

all acoustic frequencies that we tested. This would have resulted in too much patient effort 

and thus compromise the willingness of patients to participate. Consequently, in our current 

results the pitch matches may have been influenced by (mainly high-frequency) hearing loss 

in the better ear. However, we know that the influence of loudness on pitch perception is 

negligible in the tested range.23 Second, there was a small sample size (CI422 group: n = 

8, CI512 group: n = 6). Third, the intracochlear position of the electrode array in Pt 8 was 

very shallow, resulting in 4-5 disabled basal electrode contacts. Consequently, we did not 

consider E3 in this patient. Fourth, our semiautomatic method to determine intracochlear 

electrode array position did not allow us to determine if a scalar shift of the electrode array 

had occurred, which may also be of influence on performance and possibly mismatch.37 

Finally, we tested performance using a CVC phoneme recognition score only. Since this is 

not a test for binaural hearing, other tests might be required to determine performance in this 

population.
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Implications of findings

In our previous report, we argued that the results of pitch matching experiments should be 

interpreted with caution: observed mismatches should not necessarily lead to adaptation 

of the default frequency allocation settings, since we did not observe a correlation between 

mismatch and performance.14 This conclusion was in contrast with evidence pointing in the 

direction that it is important to deliver auditory information at the correct cochlear place.35,38,39 

Possibly, reorganization of the neural system to the new frequency-place situation may result 

in little impact of mismatch on performance.40 In our present study, we found that the pitch 

mismatch was smaller for the perimodiolar electrode array than for the lateral wall electrode 

array. However, our study is limited by a small number of patients per group. Therefore, we 

cannot draw conclusions regarding implications for clinicians and patients. 

CONCLUSION

We found average mismatches relative to the Stakhovskaya reference of -2.2 octave for the 

CI422 group and -1.3 octave for the CI512 group (relative to the Cochlear reference: -1.4 

octave and -0.5 octave, respectively). For any given electrode contact, the mismatch to 

the two references was smaller for the CI512 electrode array than for the CI422 electrode 

array. For all electrode contacts together, there was a significant difference between the 

mismatches of the two groups. Results remained stable over time (average interval between 

Test and Re-test experiments: 4.3 months), with no significant difference between Test and 

Re-test experiments considering all electrode contacts. Neither group showed a significant 

correlation between the mismatch and CVC phoneme recognition score.
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ABSTRACT

Background

Systematic reviews (SRs) and meta-analyses (MAs) provide the highest possible level of 

evidence. However, poor conduct or reporting of SRs and MAs may reduce their utility. The 

PRISMA Statement (Preferred Reporting Items for Systematic reviews and Meta-Analyses) was 

developed to help authors report their SRs and MAs adequately. 

Objectives

Our objectives were to (1) evaluate the quality of reporting of SRs and MAs and their 

abstracts in otorhinolaryngologic literature using the PRISMA and PRISMA for Abstracts 

checklists, respectively, (2) compare the quality of reporting of SRs and MAs published in Ear 

Nose Throat (ENT) journals to the quality of SRs and MAs published in the ‘gold standard’ 

Cochrane Database of Systematic Reviews (CDSR), and (3) formulate recommendations to 

improve reporting of SRs and MAs in ENT journals. 

Methods

On September 3, 2014, we searched the Pubmed database using a combination of filters to 

retrieve SRs and MAs on otorhinolaryngologic topics published in 2012 and 2013 in the top 

5 ENT journals (ISI Web of Knowledge 2013) or CDSR and relevant articles were selected. 

We assessed how many, and which, PRISMA (for Abstracts) items were reported adequately 

per journal type.

Results

We identified large differences in the reporting of individual items between the two journal 

types with room for improvement. In general, SRs and MAs published in ENT journals (n 

= 31) reported a median of 54.4% of the PRISMA items adequately, whereas the 49 articles 

published in the CDSR reported a median of 100.0% adequately (difference statistically 
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significant, p < 0.001). For abstracts, medians of 41.7% for ENT journals and 75.0% for the 

CDSR were found (p < 0.001). 

Conclusion

The reporting of SRs and MAs in ENT journals leaves room for improvement and would 

benefit if the PRISMA Statement were endorsed by these journals.
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INTRODUCTION

Systematic reviews (SRs) and meta-analyses (MAs) have the highest possible level of evidence 

in medical literature.1 Both SRs and MAs combine the results of a number of trials. Poorly 

conducted primary trials, even randomised controlled trials (RCTs), could lead to the 

introduction of bias (systematic inclination inhibiting impartial judgment). Bias may reduce 

the utility of SRs and MAs. Clear presentation of what was planned, done and found in SRs 

and MAs is essential to value its findings, because clinicians use the results directly in clinical 

care.

In 1999 the QUORUM Statement (QUality Of Reporting Of Meta-analyses) was 

developed to help authors report meta-analyses adequately.2 In 2009, the QUORUM Statement 

was replaced by the PRISMA Statement (Preferred Reporting Items for Systematic reviews and 

Meta-Analyses) to also apply to SRs.3,4 Adherence to the QUORUM5 or PRISMA6-10 Statements 

improved the quality of reporting of published SRs and MAs. 

To our knowledge, the quality of reporting of SRs and MAs has not been assessed 

in otorhinolaryngologic literature yet. In current medicine, where evidence-based medicine 

is taking a prominent place, adequate reporting of the findings of SRs and MAs is important, 

also for clinical practice and patient care. Therefore, our primary aim was to assess the quality 

of reporting of (abstracts of) SRs and MAs in otorhinolaryngologic literature. Our second 

aim was to compare the quality of reporting of SRs and MAs published in Ear Nose Throat 

(ENT) journals to otorhinolaryngologic SRs and MAs published in the Cochrane Database 

of Systematic Reviews (CDSR). Finally, we formulated recommendations to improve the 

reporting of SRs and MAs in otorhinolaryngology.
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METHODS

Journals

We included SRs from the top 5 ENT journals, based on ISI Web of Knowledge 2013 impact 

factors (www.webofknowledgde.com). The top 5 ENT journals are Head & Neck (Head 

Neck), Hearing Research (Hear Res), Ear & Hearing (Ear Hear), Rhinology and Journal of 

the Association for Research in Otolaryngology (JARO) (Table 1). None of these top 5 ENT 

journals endorse the PRISMA Statement in their instructions to authors (evaluated on 

November 6th, 2014). To compare the quality of reporting of SRs and MAs published in ENT 

journals to the ‘gold standard’ of systematic reviews of the literature, SRs and MAs published 

in the CDSR were extracted. The CDSR does endorse the PRISMA Statement.

Table 1. Impact Factors (2013) of the Top 5 Ear Nose Throat (ENT) journals and Cochrane Database of Systematic 
Reviews

Journal Impact Factor*
ENT journals (journal abbreviation) 1. Head & Neck (Head Neck) 3.006

2. Hearing Research (Hear Res) 2.848
3. Ear & Hearing (Ear Hear) 2.833
4. Rhinology 2.779
5. Journal of the Association for Research in 
Otolaryngology (JARO)

2.547

Cochrane Database of Systematic Reviews (CDSR) 5.939

Legend:
* Source: ISI Web of Knowledge 2013, Journal Citations Reports via www.webofknowledge.com, accessed on 
September 3rd, 2014.

Search (date of search: 3 September 2014)

We performed a Pubmed search using five filters. First, an adapted version of the Cochrane 

ENT search filter was used to retrieve otorhinolaryngologic articles (Supporting Information 

1).11 Second, to retrieve only SRs and MAs, the Pubmed filter for SRs and MAs was used.12 

Third, a date restriction was applied to retrieve only articles indexed in 2012 and 2013. Fourth, 
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a filter was used to search only in the top 5 ENT journals and a filter was used to search only 

in the CDSR. Fifth, editorials, letters, news and comments as publication type were excluded 

(for complete search: see Supporting Information 1). Finally, a combination was made with a 

search syntax for the ENT journals and the CDSR using Boolean operator AND. 

Study selection

Two authors (JPMP and IS) independently assessed titles, abstracts and full texts of the 

retrieved articles to check if the study was indeed a SR or MAs and if it was conducted in 

the otorhinolaryngologic field. To be considered as a study in the otorhinolaryngologic 

field, studies must assess patient populations generally treated by otorhinolaryngologists or 

investigate a procedure generally performed by otorhinolaryngologists, including head and 

neck surgery (Supporting Information 1). 

Throughout this paper, we adopt the definition of SRs and MAs of the PRISMA 

Statement3 and Cochrane Collaboration (http://handbook.cochrane.org): “a systematic 

review is a review of a clearly formulated question that uses systematic and explicit methods 

to identify, select, and critically appraise relevant research, and to collect and analyze data 

from the studies that are included in the review. Statistical methods (meta-analysis) may or 

may not be used to analyze and summarize the results of the included studies. Meta-analysis 

refers to the use of statistical techniques in a systematic review to integrate the results of 

included studies”.

Discrepancies between the two reviewers were discussed until consensus was 

reached. When no consensus could be reached, an independent otorhinolaryngologist was 

consulted.

PRISMA Statement adherence

The PRISMA 2009 checklist was used to score the quality of reporting.3 The included articles 

were read and assessed independently by two authors (JPMP and IS). We evaluated the 
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number of items of the PRISMA checklist that were adequately reported. The total number 

of items on the PRISMA checklist is 27, however, item 2 (Abstract) was scored separately 

(see PRISMA for Abstracts adherence). Some items of the PRISMA checklist (item 14, 16, 21, 

and 23) are specific for meta-analysis only. They were not scored as missing or inadequately 

reported when not applicable. A more detailed explanation on how items were assessed can 

be found in Supporting Information 2. Differences in opinion were discussed until consensus 

was reached. 

PRISMA for Abstracts adherence

The abstracts of the included SRs and MAs were assessed using the PRISMA for Abstracts 

checklist.13 The PRISMA for Abstracts checklist is a detailed checklist of what items should 

be reported in abstracts of SRs and MAs. The total number of items on the PRISMA for 

Abstracts checklist is 12. A more detailed explanation on how all 12 items were assessed can 

be found in Supporting Information 3.

Data analysis

We calculated descriptive statistics per item of the PRISMA checklist and the PRISMA 

for Abstracts checklist. Using the Chi-square test, we evaluated if there was a statistically 

significant difference between the two journal types in the reporting per item. 

 Furthermore, we divided the number of adequately reported PRISMA items by a 

possible total of 26 items (Item 2, Abstract, was scored separately) if the assessed paper was 

a MA and divided by a possible total of 22 items if the assessed paper was a SR, resulting in a 

percentage. The higher the percentage, the more adequately the SR or MA was reported. For 

the assessment of the abstracts, the number of adequately reported PRISMA for Abstracts 

items was divided by a possible total of 12. Subsequently, we calculated the median and mean 

percentages (and 95% confidence intervals (CI)) per journal type to be able to compare the 

reporting of specific PRISMA (for Abstracts) items between the SRs and MAs published in 
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ENT journals and in the CDSR. The two-tailed Mann-Whitney U test for two independent 

samples was used to compare PRISMA (for Abstracts) scores for SRs and MAs published in 

ENT journals and in CDSR. 

 Statistical tests were performed using SPSS v20 statistics package. A p-value of < 

0.05 was considered statistically significant.

RESULTS

Search

The search process is shown in Figure 1. The combined search syntaxes yielded 36 articles 

from ENT journals and 91 articles from the CDSR (Supporting Information 1).

Figure 1. Flowchart of search (date of search: 3 September 2014)

 

Legend: SR = Systematic Review, MA = meta-analysis, ENT = Ear, Nose, Throat, CDSR = Cochrane Database of 
Systematic Reviews.
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Study selection

All 36 articles published in ENT journals qualified as studies that were conducted in the 

otorhinolaryngologic research field. Not all retrieved articles were true SRs or MAs (i.e. the 

Pubmed filter is not 100% specific for SRs and MAs): 2 papers were consensus statements, 

1 paper was a summary of a conference, 1 paper was an epidemiologic paper including SRs 

and 1 paper was indexed twice; the latest published version of this article was included. The 

remaining 31 articles (Head Neck n = 24, Hear Res n = 1, Ear Hear n = 2, Rhinology n = 4, 

JARO n = 0) were further analysed, 26 were SRs and 5 were MAs. 

 All 91 articles published in CDSR were SRs or MAs. Of these, 42 did not qualify as 

studies conducted in the otorhinolaryngologic research field. The remaining 49 articles were 

included for data analysis. Of these, 10 were pure SRs and 39 also conducted a meta-analysis. 

These 49 SRs were conducted in large part by the Cochrane Ear, Nose and Throat Disorders 

group (n = 25), but also by the Acute Respiratory Infections group (n = 18), the Anaesthesia 

group (n = 2), the Childhood Cancer group, the Occupational Safety and Health group, the 

Developmental, Psychosocial and Learning Problems group, and the Cystic Fibrosis and 

Genetic Disorders group (each n = 1).

PRISMA

The exact percentages of adequately reported PRISMA items for SRs and MAs published in 

ENT journals and CDSR are presented in Table 2, as well as the significance of the difference 

between the two journal types. A graphic illustration is provided in Figure 2. 



544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters
Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020 PDF page: 254PDF page: 254PDF page: 254PDF page: 254

254

CHAPTER 9

Ta
bl

e 
2.

 D
at

a 
ta

bl
e 

of
 F

ig
ur

e 
2,

 n
um

be
r o

f a
de

qu
at

el
y 

re
po

rt
ed

 P
RI

SM
A

 it
em

s p
er

 jo
ur

na
l t

yp
e

It
em

1
2^

3
4

5
6

7
8

9
10

11
12

13
SR

s p
ub

lis
he

d 
in

 E
N

T 
jo

ur
na

ls 
(n

 =
 3

1)
77

.4
%

10
0.

0%
64

.5
%

3.
2%

64
.5

%
74

.2
%

16
.1

%
67

.7
%

67
.7

%
67

.7
%

51
.6

%
48

.4
%

SR
s p

ub
lis

he
d 

in
 C

D
SR

  
(n

 =
 4

9)
10

0.
0%

10
0.

0%
10

0.
0%

10
0.

0%
10

0.
0%

10
0.

0%
98

.0
%

10
0.

0%
10

0.
0%

10
0.

0%
10

0.
0%

10
0.

0%

p-
va

lu
e$

<0
.0

01
N

A
<0

.0
01

<0
.0

01
<0

.0
01

<0
.0

01
<0

.0
01

<0
.0

01
<0

.0
01

<0
.0

01
<0

.0
01

<0
.0

01

Ta
bl

e c
on

tin
ue

d
It

em
14

*
15

16
*

17
18

19
20

21
*

22
23

*
24

25
26

27
SR

s p
ub

lis
he

d 
in

 E
N

T 
jo

ur
na

ls 
(n

 =
 3

1)
10

0.
0%

22
.6

%
96

.8
%

67
.7

%
77

.4
%

35
.5

%
51

.6
%

10
0.

0%
19

.4
%

10
0.

0%
96

.8
%

58
.1

%
71

.0
%

32
.3

%

SR
s p

ub
lis

he
d 

in
 C

D
SR

  
(n

 =
 4

9)
98

.0
%

95
.9

%
10

0.
0%

10
0.

0%
10

0.
0%

10
0.

0%
95

.9
%

10
0.

0%
93

.9
%

10
0.

0%
10

0.
0%

83
.7

%
10

0.
0%

91
.8

%

p-
va

lu
e$

0.
42

3
<0

.0
01

0.
20

6
<0

.0
01

<0
.0

01
<0

.0
01

<0
.0

01
N

A
<0

.0
01

N
A

0.
20

6
0.

01
1

<0
.0

01
<0

.0
01

Le
ge

nd
:

Th
e 

pe
rc

en
ta

ge
 o

f a
rt

ic
le

s t
ha

t a
de

qu
at

el
y 

re
po

rt
ed

 P
RI

SM
A

 it
em

s p
er

 jo
ur

na
l t

yp
e, 

EN
T 

jo
ur

na
ls 

-v
s-

 C
D

SR
. 

^ 
Ite

m
 2

 is
 sc

or
ed

 se
pa

ra
te

ly,
 se

e 
Ta

bl
e 

3.
 

$  C
hi

-s
qu

ar
e 

te
st

. P
-v

al
ue

s i
n 

ita
lic

 ty
pe

fa
ce

 h
ig

hl
ig

ht
 a

 d
iff

er
en

ce
 th

at
 w

as
 n

ot
 st

at
ist

ic
al

ly
 si

gn
ifi

ca
nt

ly
 d

iff
er

en
t b

et
w

ee
n 

th
e 

tw
o 

jo
ur

na
l t

yp
es

. N
A

 =
 n

ot
 ap

pl
ic

ab
le

.
* O

pt
io

na
l i

te
m

s, 
e.g

. “
if 

do
ne

”. 
If 

po
ss

ib
le

 in
 th

e 
st

ud
y 

an
d 

ad
eq

ua
te

ly
 re

po
rt

ed
, t

he
 it

em
 w

as
 sc

or
ed

 a
s ‘

ad
eq

ua
te

ly
 re

po
rt

ed
’. I

f p
os

sib
le

, b
ut

 n
ot

 re
po

rt
ed

, t
he

 it
em

 w
as

 
sc

or
ed

 a
s ‘

in
ad

eq
ua

te
ly

 re
po

rt
ed

’. I
f n

ot
 p

os
sib

le
, t

he
 it

em
 w

as
 n

ot
 sc

or
ed

 a
s ‘

in
ad

eq
ua

te
ly

 re
po

rt
ed

’.



544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters
Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020 PDF page: 255PDF page: 255PDF page: 255PDF page: 255

255

Reporting Quality of Systematic Reviews and Meta-Analyses of Otorhinolaryngologic Articles Based on the PRISMA Statement

9

Figure 2. Number of adequately reported PRISMA items per journal type

 

Legend: The percentage of articles that adequately reported PRISMA items is plotted per journal type (ENT 
journals [dark grey bars] -vs- CDSR [light grey bars]). For exact percentages, see Table 2.
^ Item 2 is scored separately, see Figure 3. Items 14, 16, 21 and 23 are optional items. For details on scoring, see 
Supporting Information 2. 

SRs and MAs published in ENT journals reported several individual items inadequately more 

frequently than SRs and MAs published in the CDSR. First, only 3% of SRs published in ENT 

journals refer to a published review protocol of their studies (item 5). Second, less than 20% 

of SRs or MAs reported their full search syntax (item 8), either in the main text or in online 

supplementary material. Third, more than three quarters of the studies did not report the 

assessment of risk of bias across studies (items 15 and 22) adequately, possibly reflecting that 

the risk of bias across studies was not considered in their reviews. Moreover, the articles failed 

to report an assessment of the risk of bias within the included studies adequately (item 19). 

Finally, more than two thirds of the articles did not report their source of funding, thereby 

omitting possible conflicts of interest (item 27). Unlike the articles published in ENT journals, 
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SRs from the CDSR reported a vast majority of PRISMA item adequately. 

 In sum, the 31 articles published in the top 5 ENT journals reported a median of 

54.4% (mean 62.2%, 95% CI: 54.4%-71.7%) of the PRISMA items adequately, whereas the 

49 articles published in the CDSR reported a median of 100.0% (mean 98.2%, 97.3%-99.1%) 

adequately. The difference in the reporting of PRISMA items between the two journal types 

is statistically significant (p < 0.001).

PRISMA for Abstracts

The exact percentages of adequately reported PRISMA for Abstracts items for SRs and MAs 

published in ENT journals and CDSR are reported in Table 3 (together with statistical 

significance), with a graphic illustration in Figure 3. 

Table 3. Data table of Figure 3, number of adequately reported PRISMA for Abstract items per journal type

Item 1 2 3 4 5 6 7 8 9 10 11 12
SRs 
published 
in ENT 
journals (n 
= 31)

77,4% 38,7% 12,9% 9,7% 12,9% 35,5% 74,2% 71,0% 25,8% 87,1% 0,0% 0,0%

SRs 
published 
in CDSR (n 
= 49)

100,0% 49,0% 100,0% 100,0% 57,1% 100,0% 100,0% 100,0% 91,8% 98,0% 0,0% 0,0%

p-value$ <0.001 0.359 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.051 0.423 0.423

Legend:
The percentage of articles that adequately reported PRISMA for Abstract items per journal type, ENT journals -vs- 
CDSR.
$ Chi-square test. P-values in italic typeface highlight a difference that was not statistically significantly different 
between the two journal types.
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Figure 3. Number of adequately reported PRISMA for Abstract items per journal type.

Legend: The percentage of articles that adequately reported PRISMA for Abstract items is plotted per journal type 
(ENT journals [dark grey bars] -vs- CDSR [light grey bars]). For exact percentages, see Table 3. For details on 
scoring, see Supporting Information 3.

Only ~10% of articles published in ENT journals reported the methods of their studies 

adequately (items 3-5, Eligibility criteria, Information sources and Risk of bias, respectively). 

Moreover, the strengths and limitations (item 9) of their studies are adequately discussed in 

the abstracts of only one quarter of the studies. 

 In contrast to the full text assessment, SRs published in the CDSR reported individual 

items of the PRISMA for Abstracts checklist inadequately more frequently. For instance, often 

a specific outcome was not reported in the abstract, therefore failing to adequately report 

Objectives (item 2) according to the PICOS structure (Patient, Intervention, Comparison, 

Outcome and Study design). Also the assessment of the risk of bias was not always reported 

in the abstracts. Although it had always been performed, we assessed whether it was reported 

adequately in the abstract or not. Finally, SRs and MAs published in both ENT journals and 
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in the CDSR failed to report details on funding and registration in their abstracts (items 11 

and 12). 

 In sum, the articles published in ENT journals reported a median of 41.7% (mean 

31.7%, 30.2%-44.0%) of PRISMA for Abstracts items adequately, whereas the articles 

published in the CDSR reported a median of 75.0% (mean 75.2%, 73.1%-76.2%) adequately. 

The difference in the reporting of PRISMA for Abstracts items between the two journal types 

is statistically significant (p < 0.001).  

DISCUSSION

To our knowledge, this study is the first to assess the quality of reporting of SRs and MAs in 

otorhinolaryngologic literature. We found that the current quality of reporting is suboptimal 

and we identified areas in which improvement is needed. To help authors improve their 

reporting, the PRISMA Statement was developed. Articles by authors who adhered to the 

PRISMA Statement were associated with improved quality of reporting.6-10

We found several individual items of the PRISMA checklist that require extra 

attention (Figure 2) in the reporting of SRs and MAs published in ENT journals. First, an 

unpublished study protocol reduces reproducibility and prohibits comparison of the intended 

and final review procedures. Therefore, the review is prone to publication bias.14 Recently, 

the PRISMA-P (protocol) initiative was launched, helping authors with developing a review 

protocol.15,16 Second, if risk of bias within and across studies is not assessed and the quality of 

the included studies is not critically appraised, readers are unable to value the results of the 

review. Finally, it is important to be transparent about the financial support that the review 

received, as specific types of sponsorship may be associated with positive study results.17 The 

International Committee of Medical Journal Editors (ICMJE) has published a conflicts of 

interest form and checklist (http://www.icmje.org/conflicts-of-interest/), which may help in 

improving the transparency of financial support of review authors. 

In our study, we identified a significant difference between the quality of reporting 
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of SRs and MAs published in ENT journals versus those published in the CDSR: medians 

of 54.4% versus 100.0% of PRISMA items were reported adequately. In other research 

fields, similar deficits were identified previously. For example, in dentistry, orthodontics 

and radiology, the reporting of trial registration, funding and risk of bias within and across 

studies was suboptimal.7,9,18 In line with our findings, the quality of reporting of SRs and MAs 

published in the CDSR was significantly better than that of SRs and MAs published in subject 

specific journals.7,16,19

 This study also assessed PRISMA for Abstracts items separately. The methodology 

and discussion section of abstracts are generally not reported adequately by SRs and MAs 

published in ENT journals (Figure 3). Abstracts of SRs and MAs published in ENT journals 

reported a median of 41.7% of PRISMA for Abstracts items adequately versus 75.0% for 

SRs and MAs published in CDSR. Likewise, an extensive recent study by Hopewell et al. 

found many inadequately reported items (participants, harms, strengths and limitations and 

funding source) in conference abstracts.20 

Compliance with reporting guidelines (either QUORUM or PRISMA) is associated 

with improved reporting.5-10,19 Therefore, we think it is important that journals editors 

endorse reporting guidelines to help authors improve reporting. The CDSR already refers 

to the PRISMA Statement in their instructions to authors. However, none of the top 5 ENT 

journals endorse the PRISMA Statement (www.prisma-statement.com/endorsers.htm), nor 

do they refer to the Statement in the instructions to authors section on their websites.

 A strength of our study is that all items were scored separately by two authors, and 

an independent otorhinolaryngologist was consulted if no consensus was reached. Moreover, 

the two authors independently selected the studies to be included. Furthermore, we included 

SRs and MAs from 2012 and 2013, resulting in a sufficient number of articles for our 

analyses. Lastly, we transparently provided all details of the search (Figure 1 and Supporting 

Information 1) and the scoring of items (Supporting Information 2 and 3). 

 Our study also has limitations. One may wonder if the comparison of SRs and 

MAs published in ENT journals to SRs and MAs published in the CDSR is valid. We do not 
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advocate that all SRs and MAs in otorhinolaryngology should be Cochrane SRs because of 

their superior methodological quality, since the process of writing a Cochrane SR is time-

consuming and the length of Cochrane SRs may deter clinicians from using them. However, 

the quality of reporting of SRs and MAs published in the CDSR is superior to the quality of 

reporting of SRs and MAs published in ENT journals. The PRISMA checklist is a useful tool 

to help authors report SRs and MAs better. This analysis of the quality of reporting of SRs and 

MAs in ENT may serve as a benchmark for future assessments of the quality of reporting of 

SRs and MAs in otorhinolaryngology.

Recommendation

Transparent reporting of what was done and found in SRs and MAs ensures that clinicians 

can value the results. To help authors improve the quality of reporting of SRs and MAs, the 

PRISMA Statement was developed.3,4 We advise authors to report their otorhinolaryngologic 

SRs and MAs according to the PRISMA Statement, as adherence to the PRISMA Statement 

is associated with improved quality of reporting.6-10 We suggest to implement the PRISMA-P 

Statement in the development of a protocol for a SR or MA.15,16 Furthermore, we recommend 

editors of ENT journals to endorse the PRISMA Statement in the Instructions to Authors 

section on their websites. A next step to raise awareness of the importance of adequate 

reporting is an active implementation strategy of reporting guidelines. This strategy has been 

shown to be more effective in improving the quality of reporting, but this requires editorial 

effort and time.21,22

CONCLUSION

The quality of reporting of SRs and MAs in ENT journals is suboptimal compared to the 

quality of reporting of SRs and MAs in CDSR. Large differences in individual items exist. 

As reporting according to the PRISMA Statement is associated with improved quality of 

reporting, authors and editors of ENT journals should adhere to the PRISMA Statement.
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SUPPORTING INFORMATION

Supporting Information can be accessed online via 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0136540  

Supporting Information 1 Complete search syntax

Supporting Information 2 Explanation of criteria to score as ‘adequately reported PRISMA 

item’

Supporting Information 3 Explanation of criteria to score as ‘adequately reported PRISMA 

for Abstracts item’
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ABSTRACT

Background

Randomised Controlled Trials (RCTs) are the preferred study design when comparing 

therapeutical interventions in medicine. To improve clarity, consistency and transparency of 

reporting RCTs, the Consolidated Standards of Reporting Trials (CONSORT) statement was 

developed.

Objectives

Our objectives were (1) to assess the quality of reports and abstracts of RCTs in 

otorhinolaryngologic literature by using CONSORT checklists, (2) to compare the quality 

of reports and abstracts of otorhinolaryngologic RCTs between the top 5 general medical 

journals and the top 5 otorhinolaryngologic journals, and (3) to formulate recommendations 

for authors and editors of otorhinolaryngologic (or Ear, Nose, Throat; ‘ENT’) journals.   

Methods

Based on 2012 ISI Web of Knowledge impact factors, the top 5 general medical and top 5 

ENT journals were selected. On 25 June 2014, using a highly sensitive Cochrane RCT filter 

and ENT filter, possibly relevant articles since January 1st, 2010 were retrieved and relevant 

RCTs were selected. We assessed how many CONSORT items were reported adequately in 

reports and abstracts and compared the two journal types. 

Results

Otorhinolaryngologic RCTs (n = 15) published in general medical journals reported a 

mean of 92.1% (95% confidence interval: 89.5%-94.7%) of CONSORT items adequately, 

whereas RCTs (n = 18) published in ENT journals reported a mean of 71.8% (66.7%-76.8%) 

adequately (p < 0.001). For abstracts, means of 70.0% (63.7%-76.3%) and 32.3% (26.6-38.0%) 

were found, respectively (p < 0.001). Large differences for specific items exist between the two 

journal types.
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Conclusion

The quality of reporting of RCTs in otorhinolaryngologic journals is suboptimal. RCTs 

published in general medical journals have a higher quality of reporting than RCTs published 

in ENT journals. We recommend authors to report their trial according to the CONSORT 

Statement and advise editors to endorse the CONSORT Statement and implement the 

CONSORT Statement in the editorial process to ensure more adequate reporting of RCTs 

and their abstracts.
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INTRODUCTION

Randomised Controlled Trials (RCTs) are the preferred type of study design when comparing 

therapeutical interventions in medicine. This study design prevents selection and confounding 

bias and permits blinding of participants and researchers.1 

However, poor reporting of RCTs can reduce their usefulness.2,3 Clinicians and 

researchers must have access to clear, transparent and complete information to assess the 

quality and results of a trial accurately. Various aspects of RCTs may lead to bias when 

reported inadequately. To be able to assess the risk of publication bias and selective reporting, 

trials are advised to be registered in trial registers before patient enrolment and trial protocols 

should be published.4,5 Finally, adequate reporting of the randomisation procedure, allocation 

concealment and blinding is essential to value the trial and its results.3,6,7

To improve clarity and transparency of reporting of trials, the Consolidated 

Standards of Reporting Trials (CONSORT) statement (www.consort-statement.org) was 

developed in 19968 and revised in 20019 and 201010,11. The CONSORT Statement and the 

corresponding checklist summarize all essential items that should be reported in an RCT. 

Several extensions have been published since, e.g. CONSORT for Abstracts12, CONSORT for 

harms13 and CONSORT for non-pharmacological treatments14. Journal endorsement of the 

CONSORT Statement may beneficially influence the completeness of reporting of trials.15-17

 The objective of this study was to assess the quality of reports and abstracts of RCTs 

in otorhinolaryngologic literature. Therefore, we scored articles in the otorhinolaryngologic 

research field with CONSORT checklists. Second, we compared the quality of reporting RCTs 

between the top 5 general medical journals and the top 5 otorhinolaryngologic journals. Finally, 

we aimed to formulate recommendations for authors and editors of otorhinolaryngologic 

journals.
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METHODS

Journals

We selected the top 5 general medical journals and top 5 otorhinolaryngologic journals (Ear 

Nose Throat, ‘ENT journals’), based on their 2012 ISI Web of Knowledge impact factors 

(www.webofknowledge.com, date of access June 25th, 2014). The journals and impact factors 

are shown in Table 1. The top 5 journals in general medical literature are New England Journal 

of Medicine (NEJM), followed by The Lancet (Lancet), Journal of the American Medical 

Association (JAMA), British Medical Journal (BMJ) and PLOS Medicine (PLOS Med). In ENT 

literature, Ear & Hearing (Ear Hear) is the journal with the highest impact factor, followed by 

Journal of the Association for Research in Otolaryngology (JARO), Head & Neck (Head Neck), 

Hearing Research (Hear Res) and Audiology & Neurotology (Audiol Neurotol).

Table 1. Impact Factors 2012 Top 5 general medical and ENT journals.

Journal Impact Factor*
General medical journals
1. New England Journal of Medicine (NEJM) 51.658
2. The Lancet (Lancet) 39.060
3. Journal of the American Medical Association (JAMA) 29.978
4. British Medical Journal (BMJ) 17.215
5. PLOS Medicine (PLOS Med) 15.253
ENT journals
1. Ear & Hearing (Ear Hear) 3.262
2. Journal of the Association for Research in Otolaryngoloy (JARO) 2.952
3. Head & Neck (Head Neck) 2.833
4. Hearing Research (Hear Res) 2.537
5. Audiology & Neurotology (Audiol Neurotol) 2.318

Legend: 
* Source: ISI Web of Knowledge 2012, Journal Citations Reports (JCR) via www.webofknowledge.com, accessed on 
June 25th, 2014.
ENT = Ear Nose Throat.



544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters
Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020 PDF page: 272PDF page: 272PDF page: 272PDF page: 272

272

CHAPTER 10

Search

We searched Pubmed on June 25th, 2014 for relevant literature using two filters developed 

and tested by the Cochrane Collaboration. First, an adapted version of the ENT search filter 

was used to identify otorhinolaryngologic articles (Supporting Information 1).18 Second, to 

retrieve only RCTs, the highly sensitive RCT filter was used.19 A date restriction was applied 

to yield only articles published since January 1st, 2010 (for complete search: see Supporting 

Information 1). Finally, a combination was made with a search syntax for the top 5 general 

medical journals and the top 5 ENT journals respectively using Boolean operator AND. 

Study selection

Two authors (JPMP and IS) independently assessed titles and abstracts of the retrieved articles 

to check if the study was indeed conducted in the otorhinolaryngologic field and if it was an 

RCT. To be considered as a study in the otorhinolaryngologic field, studies must assess patients 

generally treated by otorhinolaryngologists or investigate a procedure generally performed 

by otorhinolaryngologists, including head and neck surgery (Supporting Information 1). 

To be considered an RCT, studies must have randomised their human population in two or 

more groups receiving a therapeutic intervention. Secondary analysis of previously reported 

RCTs or economic evaluations were excluded. Discrepancies between the two independent 

reviewers were discussed until consensus was reached. 

CONSORT 2010 adherence

To score the quality of reporting, the most recent version of the CONSORT Statement was used 

(CONSORT 2010, www.consort-statement.org).10 If studies assessed a non-pharmacological 

treatment, the additions stated in the CONSORT Statement for non-pharmacological 

interventions were taken into account and scored according to the descriptions in this 

extension.14 When scoring item 19 (Harms), we took the additions for reporting harms as 

explained in the CONSORT extension for reporting harms into account.13 
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The included articles were read full text independently by two authors (JPMP and 

IS) and differences in opinion were discussed until consensus was reached. We evaluated the 

number of items of the CONSORT 2010 checklist that were adequately reported. A more 

detailed explanation on how items were assessed can be found in Supporting Information 

2. Next, we compared reporting of specific items between the general medical journals and 

ENT journals.

CONSORT for Abstracts adherence

We scored item 1b (Structured summary) of the CONSORT checklist separately on the 

checklist specifically designed to assess abstracts, published along with the CONSORT for 

Abstracts extension.12 A more detailed explanation on how all 16 items were assessed can be 

found in Supporting Information 3. Again, we also compared the adequate reporting of items 

per journal type.

Furthermore, we hypothesised that abstracts with more words would report more 

items adequately. To test this hypothesis, we counted the words of the abstract excluding title, 

authors names, affiliations, journal and volume numbers, and key words.  These counts are 

shown with standard deviations and range. 

Data analysis

In total, there are 37 CONSORT (sub)items. Item 1b (Structured summary) was scored 

separately. The number of adequately reported items was thus divided by a possible total 

of 36, resulting in a percentage. The higher the percentage, the more adequately authors 

reported their trial. For the assessment of abstracts, the number of adequately reported items 

was divided by a possible total of 16, because one of the items on the checklist is specific to 

conference abstracts only (name of authors), and therefore not scored.

Means, medians and 95% confidence intervals (CI) were calculated. The two-tailed 

Mann-Whitney U test for 2 independent samples was used to compare CONSORT scores 
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and CONSORT for Abstracts scores for articles published in general medical journals with 

ENT journals. The correlation between adequate reporting of CONSORT for Abstracts items 

and number of words was calculated using Spearman’s rho. Statistical tests were performed 

using SPSS v20 statistics package. A p-value of < 0.05 was considered statistically significant.

RESULTS

Search

The search process is shown in Figure 1. The combined search syntaxes yielded 40 articles in 

the general medical journals and 69 articles in the ENT journals. 

Figure 1. Flowchart of search

Legend: Date of search: June 25th, 2014. For complete search syntaxes: see Supporting Information 1. 
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Study selection

Of the 40 articles in the general medical journals, 3 articles were neither considered 

otorhinolaryngologic research nor an RCT and were therefore excluded. Seventeen RCTs 

were not considered otorhinolaryngologic and finally 17 otorhinolaryngologic studies were 

no RCTs. We included the remaining 15 RCTs in otorhinolaryngology (Table 2). 

 Of the 69 articles in the ENT journals, 1 article was excluded because it was neither 

an RCT nor conducted in otorhinolaryngology. We excluded 5 RCTs not performed in 

otorhinolaryngology and excluded 45 non-RCT studies in otorhinolaryngology. This large 

number of exclusions can be explained by phrases like ‘stimuli were presented randomly’ 

or ‘in random order’ that were detected by our highly sensitive RCT filter. In the end, we 

included 18 RCTs on otorhinolaryngologic topics (Table 3). 

Tables 2 and 3. Assessment of retrieved articles in general medical journals (left) and ENT journals (right)

ENT? ENT?

yes no yes no

RCT? yes 15 17 32 RCT? yes 18 5 23
no 5 3 8 no 45 1 46

20 20 40 63 6 69

Legend: 
ENT = Ear Nose Throat, RCT = Randomised Controlled Trial

CONSORT 2010 adherence

The 15 articles published in general medical journals (NEJM 4, Lancet 1, JAMA 7, BMJ 3, 

PLOS Med 0) reported a mean of 92.1% (95% CI: 89.5%-94.7%; median 91.9%) of CONSORT 

items adequately. The 18 articles published in ENT journals (Ear Hear 2, JARO 1, Head 

Neck 7, Hear Res 2, Audiol Neurotol 6) reported a mean of 71.8% (66.7%-76.8%; median 

74.3%) of CONSORT items adequately. Importantly, between these two journal types, there 

is a statistically significant difference in adequately reported CONSORT 2010 items (Mann-

Whitney U test, p < 0.001).
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We also compared the difference in reporting individual items between the general 

medical and ENT journals. Figure 2 shows how many articles reported individual CONSORT 

items adequately, sorted per journal type. Several striking differences can be observed. First, 

the authors of two out of three RCTs in ENT journals did not mention that they conducted an 

RCT in the title of their manuscript. Even though the authors of one in five RCTs in general 

medical journals also not stated this, the number is much higher for articles published in 

ENT journals. Second, articles in ENT journals hardly stated sample size calculations 

(28%, item 7a) and subsequently inadequately reported why the trial was ended (39%, 

item 14b). Third, both articles in general medical journals and in ENT journals reported 

Randomisation items (items 8a and 8b, 9, 10; Sequence generation, Allocation concealment 

mechanism, Implementation, respectively) inadequately; however, articles in ENT journals 

reported worse (44%, 33%, 11%, 22% respectively). Fourth, items 20 and 21 (Limitations 

and Generalisability, respectively) were adequately reported in only ~40% of articles in ENT 

journals. Fifth, only 11% of articles published in ENT journals stated the name of trial registry 

and the registration number (item 23), whereas this was 100% in general medical journals. 

Lastly, not one article in ENT journals stated where the full trial protocol could be accessed 

(40% for general medical journals, item 24). 
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Figure 2. Reporting of CONSORT items per journal type.

Legend: The percentage of articles reporting CONSORT items adequately (in %), sorted per journal type (articles 
published in general medical journals, n = 15; articles published in ENT journals, n = 18), using the CONSORT 
2010 checklist.
^ Item 1b: item Structured summary is assessed with the specific CONSORT for Abstracts checklist, see Figure 3.
* Marked items concern optional items. When possible in the study and adequately reported, the item was scored as 
‘adequately reported’. When possible, but not reported, the item was scored as ‘inadequately reported’. If not possible, 
the item was not scored as ‘inadequately reported’, but left open.

CONSORT for Abstracts adherence

We assessed the reporting of abstracts with the CONSORT for Abstracts checklist separately. 

Articles published in general medical journals reported a mean of 70.0% (63.7%-76.3%; 

median 68.6%) of CONSORT for Abstracts items, whereas articles published in ENT journals 

reported a mean of 32.3% (26.6-38.0%; median 31.6%) of CONSORT for Abstracts items (p 

< 0.001).

 When taking a closer look on individual CONSORT for Abstracts items, again there 

are large differences (Figure 3). First, no abstract of an article published in ENT journals 

adequately described Participants (item 3). Second, both abstracts of articles from ENT 

journals and general medical journals reported Randomisation (item 7) inadequately (0 and 
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19%, respectively). Finally, Recruitment, Numbers analysed, Harms, Trial registration and 

Funding were adequately reported in <20% of all articles published in ENT journals.

 The abstracts of articles published in general medical journals had a mean of 337.7 

± 35.7 [267-405] words, whereas abstracts of articles published in ENT journals had a mean 

of 204.3 ± 69.1 [84-331] words. This difference was statistically significant (p < 0.001). 

Furthermore, there was a significant correlation between abstract word count and number 

of adequately reported CONSORT for Abstracts items (Spearman’s rho: p = 0.01, correlation 

coefficient 0.736, sig (two-tailed) 0.000).

Figure 3. Reporting of CONSORT for Abstracts items per journal type.

Legend: The percentage of articles reporting CONSORT for Abstract items adequately (in %), sorted per journal 
type (articles published in general medical journals, n = 15; articles published in ENT journals, n = 18). On the 
original CONSORT for Abstracts checklist, item 2 (author names) is specific for conference abstracts only. Therefore, 
we renumbered the subsequent items.
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DISCUSSION

To our knowledge, this is the first study evaluating the quality of reports and abstracts of RCTs 

in otorhinolaryngologic literature. We evaluated the quality of reporting using the CONSORT 

(for Abstracts) checklists.10,12 We compared articles published in general medical journals 

with articles published in ENT journals and found adequate reporting of CONSORT items in 

92.1% (89.5-94.7%) and 71.8% (66.7-76.8%) respectively (p < 0.001). Large differences in the 

quality of reporting RCTs were observed between both journal types. 

 There were several items essential in RCTs that were reported inadequately (Figure 

2). First, 72% of articles published in ENT journals failed to report details of the sample size 

calculation (versus 0% failure in general medical journals). Also in other areas of expertise, less 

than half of the articles described sample size calculations correctly.1,17,20,21 The randomisation 

procedure is considered of utmost importance in RCTs. Yet articles did not report this process 

sufficiently: CONSORT items Sequence generation, Allocation concealment mechanism, 

Implementation were inadequately reported in >50% of articles published in ENT journals. 

This figure was again congruent with other medical specialties1,3,21-23 and a recent Cochrane 

review17 on the completeness of reporting RCTs. Studies published in ENT journals were not 

registered or did not mention trial registration (89%) in a trial register and none of the articles 

had a previously published study protocol, yielding a risk of bias by selective reporting.4,6 

Clinical trial registration before patient enrolment is part of the Declaration of Helsinki and 

is required by the International Committee of Medical Journal Editors (ICMJE).24 The articles 

published in general medical journals scored better on all these items. It has been highlighted 

before that reporting of essential items was better in general medical journals; it is thought 

to result from more stringent requirements by the editorial offices of the general medical 

journals.7

In the analysis of reporting CONSORT for Abstracts items, again a large difference 

between articles published in general medical journals and ENT journals was observed 

(Figure 3). A significant correlation between the number of words and correctly reporting 
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CONSORT for Abstract items was found (Spearman’s rho, p = 0.01), suggesting that authors 

simply need a sufficient amount of words to correctly report all necessary study information 

in their abstracts. In Table 4, the maximum number of abstract words is sorted for the top 5 

general medical and ENT journals, showing large differences between these types.

Table 4. Maximum number of words in abstracts and endorsement of CONSORT Statement, per journal. 

Journal Maximum number of words Endorse CONSORT?
General medical journals
1. NEJM 250 Yes
2. Lancet 300 Yes
3. JAMA 350 Yes
4. BMJ No fixed limit, ‘to encourage full reporting’ Yes
5. PLOS Med 300 Yes
ENT journals
1. Ear Hear 500 No
2. JARO 250 No
3. Head Neck 150 No
4. Hear Res NA No
5. Audiol Neurotol ‘10 lines’ No

Legend:
Source: Instructions to Authors section on journals’ websites, accessed July 17th, 2014. NA = not available.

Table 4 also shows that all general medical journals have endorsed the CONSORT Statement, 

meaning that these journals refer to the CONSORT Statement in the Instructions to 

Authors section on their websites (NEJM, Lancet) or even request a completed checklist to 

be uploaded with the submission of their manuscript (BMJ, JAMA, PLOS Med; personal 

communication of first author with editors, July 2014). None of the ENT journals report 

the CONSORT Statement in the Instructions to Authors section on their website (date of 

access July 8th, 2014), even though there are more than 200 medical journals that endorse 

CONSORT worldwide.25,26

Strengths of our study include our transparent search strategy to retrieve all 

RCTs. It can be easily reproduced, since all complete syntaxes are provided or referred to 
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(Supporting Information 1). Next, we were very thorough in our analysis and for instance 

contacted editorial offices for further information. We gave an overview of all CONSORT 

items and did not select a few CONSORT items that we considered most important. If 

possible, we used an appropriate CONSORT extension to assess individual articles or items, 

e.g. non-pharmacologic treatments, CONSORT for Abstracts or Harms.12-14 Furthermore, we 

compared our data with other (surgical) medical specialties to put our findings in a broader 

perspective. Finally, we transformed our results into practical recommendations for authors 

and editors (see Recommendations).

 Our study also has some limitations. First, interpreting phrases in articles and 

assessing them on a qualitative scale will always remain subjective. We think we countered 

this sufficiently by ensuring that two independent reviewers assessed whether articles were 

RCTs and were conducted in the otorhinolaryngologic field and by making our scoring 

system publicly available (Supporting Information 2 and 3). Another limitation could be that 

we performed our search only in the Pubmed database, excluding other medical databases. 

However, Pubmed is one of the largest and most widely available databases comprising over 

24 million citations.27 Furthermore, we used the CONSORT 2010 checklist to assess the 

quality of included articles. One may argue that authors of articles published in 2010 had no 

chance to report according to this version of the CONSORT Statement. Nonetheless, previous 

versions of the CONSORT Statement were long available to help authors report adequately.8,9 

Ultimately, reporting according to the CONSORT Statement does not necessarily result in 

better reporting of studies. For example, the three studies that reported according to the 

CONSORT Statement that were published in general medical journals reported a mean of 

98.2% (96.4-100%) of CONSORT items adequately. This is, however, a higher mean score 

than the mean score of 90.5% (88.0%-93.1%) of the articles not reporting according to the 

CONSORT Statement published in general medical journals 
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Recommendations

Correct reporting of clinical trials is an important aspect of good research and essential 

for clinicians and researchers to value the results of trials. To assist adequate reporting, 

the CONSORT Statement is a helpful tool. We advise authors in the otorhinolaryngologic 

field to use the CONSORT Statement when reporting an RCT. It has been shown that 

reporting according to the CONSORT Statement has a beneficial influence on the quality of 

reporting.15-17 We recommend editors of ENT journals to endorse the CONSORT Statement 

in the Instructions for Authors section on their website and to make it a requirement that a 

CONSORT checklist is submitted along with a new manuscript. Finally, a larger maximum 

number of words should be allowed for abstracts of RCTs to assure accurate description of all 

essential trial information. 

CONCLUSION

The quality of reports of RCTs in otorhinolaryngologic literature assessed with the CONSORT 

checklists is suboptimal. Therefore the value of these trials for clinicians and researchers 

is limited. RCTs published in general medical journals (that all endorse the CONSORT 

Statement) have a higher quality of reporting than articles published in ENT journals. 

We advise authors to report their trial according to the CONSORT Statement. Finally, we 

recommend editors to endorse the CONSORT Statement and to require the submission of a 

completed CONSORT checklist along with a new manuscript prior to peer-review to ensure 

more adequate reporting of RCTs.
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SUPPORTING INFORMATION

Supporting Information can be accessed online via: 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0122328 

Supporting Information 1 Complete search syntax

Supporting Information 2 Explanation of criteria to score as ‘adequately reported CONSORT 

item’

Supporting Information 3 Explanation of criteria to score as ‘adequately reported CONSORT 

for Abstract item’
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11.1 Summary and discussion

11.1.1 Part I: Introduction and literature reviews

In this thesis, we published two literature reviews on the treatment options for single-sided 

deafness (SSD). 

In Chapter 2, we systematically reviewed the literature on the clinical outcome of 

Bone Conduction Devices (BCDs) and Contralateral Routing of Sound hearing aids (CROS) 

for patients with SSD. Due to large heterogeneity between studies, pooling of results was 

not feasible. In this review no high level of evidence studies comparing BCD and CROS in 

patients with SSD were retrieved. The included studies were prone to selection bias, small 

sample sizes, double reporting of patients, and unclear inclusion criteria. All studies did not 

show a clear advantage of BCD or CROSS on speech perception in noise or sound localiza-

tion compared to the unaided situation. Quality of life did not differ significantly after treat-

ment with either BCD or CROS; however, subjective speech communication did improve 

with both treatment modalities. 

Since publication of this review, no other comparative studies between BCD and 

CROS were published. One other systematic review comparing CROS hearing aids and BCDs 

for patients with SSD was published and its conclusions were concordant with ours.1 

In Chapter 3, we performed a systematic review of the literature to evaluate the 

clinical outcomes of cochlear implantation for patients with SSD. Due to large heterogeneity 

between studies, we were not able to pool the results in a meta-analysis. Again, there were 

no high level of evidence studies concerning cochlear implantation in patients with SSD. 

The included studies had retrospective study designs, unclear eligibility criteria, small sample 

sizes with lack of statistical power, or no power calculations. All studies suggested important 

benefits of cochlear implantation regarding sound localization, quality of life (QoL) and tin-

nitus. Varying results were reported for speech perception in noise, possibly caused by the 

large clinical heterogeneity between studies (different test set-ups, configurations, languages, 
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sentence tests etc.). 

Several individual studies have been published investigating cochlear implanta-

tion for adults with SSD since publication of our systematic review, all with similar results.2-6 

Though, all these studies were case series or cohort studies and were therefore prone to sev-

eral forms of bias, as were the studies included in our systematic review. Moreover, none of 

these case series or cohort studies compared outcomes of CI to BCDs or CROS hearing aids. 

With the identified lack of high-quality literature, we aimed to design a high-quality 

study to evaluate BCD, CROS and CI for patients with SSD. For therapeutic interventions, 

the study design with the highest level of evidence is a Randomized Controlled Trial (RCT).

11.1.2 Part II: CINGLE-trial

Based on the available scientific literature, we designed an RCT to evaluate the treatment op-

tions for SSD. In Chapter 4, the study protocol of this RCT (acronym: CINGLE-trial; Cochle-

ar Implantation for siNGLE-sided deafness) is presented. The study protocol was published to 

help reduce publication bias and improve transparency, since others can check if all intended 

measurements have actually taken place. In the CINGLE-trial, 120 adult single-sided deaf 

patients (duration of deafness >3 months and maximum 10 years; pure tone average thresh-

old (at 0.5, 1, 2, 4 kHz) of the best ear: maximum 30 dB HL, and of the poor ear: minimum 

70 dB HL) were included and randomized to treatment groups: cochlear implant (CI), trial 

period ‘first BCD, then CROS’, or trial period ‘first CROS, then BCD’. After the trial periods, 

patients in the two latter groups chose with which treatment option they wished to continue: 

BCD, CROS, or no treatment. Outcomes of interest were speech perception in noise, sound 

localization, tinnitus and quality of life. 

The short-term results of the CINGLE-trial were presented in Chapter 5. After 3 

and 6 months of follow-up, the results showed that cochlear implantation led to improved 

speech perception in noise, depending on the test configuration. In the S0N0 configuration, 

the CI group performed significantly better than the BCD and CROS groups, and also when 
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compared to baseline. In the SpeNbe configuration, there was an advantage for all treatment 

groups compared to baseline. However, in the SbeNpe configuration, BCD and CROS groups 

performed worse, whereas the CI group improved. Sound localization improved in the CI 

group only. On both the Tinnitus Questionnaire and Tinnitus Handicap Inventory, tinni-

tus burden decreased in the CI group, whereas there was no significant change in the BCD 

and CROS groups compared to baseline. Moreover, three out of 28 patients reported total 

suppression of tinnitus after cochlear implantation. Patients with no tinnitus at baseline did 

not develop tinnitus after any intervention. In general, all treatment groups improved on 

disease-specific QoL. 

An important strength of our trial is the random allocation of patients to interven-

tion groups, ensuring equal distribution of patient characteristics across groups. Second, we 

compared CI to BCD and CROS in the same trial in a between-group analysis. Third, we had 

very few missing data. The most important limitation to consider is the limited generalizabil-

ity of our results, because we included only a subset of patients with SSD. Only those who 

seeked help and met our in- and exclusion criteria were eligible for inclusion. Second, neither 

patients nor personnel were blinded for the allocated intervention; this is a well-known prob-

lem in nonpharmacological studies.7 

11.1.3 Part III: vocoder and pitch match experiments

So far, it was unknown how this electrical stimulation sounds. In Chapter 6, we aimed to 

answer the question ‘What does a CI sound like?’. Patients with SSD and a CI form a unique 

population, since they can compare the sound of their CI to simulations of the CI sound 

played to their non-implanted ear. We presented speech and music stimuli to the CI-ear of 

our SSD patients, and subsequently asked them to compare the stimuli to modified versions 

of these stimuli presented to their normal-hearing ear. We obtained a fairly good impression 

of what a CI may sound like for SSD patients. The average grade for similarity was 6.8 (out of 

10) for speech stimuli and 6.3 for music stimuli. This knowledge may help to better inform 
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and educate patients and family members about the sound of a CI.

We evaluated another aspect of the unique possibility of comparing the acoustic to 

the electric ear in Chapter 7. A pitch mismatch between the ears may negatively bear on the 

fusion of the signals from the two ears, which may limit auditory performance. Patients lis-

tened to two acoustic stimuli and we asked them to select the tone with the pitch closest to the 

pitch of one activated electrode contact, ultimately resulting in a “pitch match” per electrode 

contact. This matched pitch was compared to two references (the spiral ganglion map, and the 

default frequency allocation by manufacturer Cochlear Ltd.), and the difference was defined 

as “mismatch”. There was no significant correlation between this mismatch and performance 

(consonant-vowel-consonant phoneme recognition score). We concluded that no changes in 

clinical fitting strategies were warranted. 

In Chapter 8, a similar analysis was done, but now the purpose was to investigate if 

the type of electrode array is of influence on the electric-acoustic pitch match. For any given 

electrode contact, the mismatch was smaller for the CI512 (perimodiolar) electrode array 

than for the CI422 (lateral wall) electrode array. The results remained stable over time (mean 

interval between test sessions was 4.3 months), with no significant difference between two 

test sessions considering all electrode contacts. Neither group showed a significant correla-

tion between the mismatch and phoneme recognition scores.

11.1.4 Part IV: Quality of reporting

In Part I of this thesis, two systematic reviews were presented. In Part II, we described the 

study protocol and the short-term results of a RCT. As a final part in this thesis, we described 

two studies in which we evaluated the quality of reporting of systematic reviews and RCTs 

in the field of otorhinolaryngology. Adequate reporting of systematic reviews and RCTs is 

important, because only then readers can access and understand all relevant and necessary 

information. 
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In Chapter 9, our objective was to evaluate the quality of reporting of systematic 

reviews and meta-analyses and their abstracts in otorhinolaryngologic literature using the 

Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) (for Ab-

stracts) checklist. A similar analysis was described in Chapter 10, but now focusing on the 

quality of reporting of randomized controlled trials (RCTs) and their abstracts by the using 

Consolidated Standards of Reporting Trials (CONSORT) (for Abstracts) checklist. We found 

that the reporting of systematic reviews and RCTs in otorhinolaryngologic journals leaves 

room for improvement. The quality of reporting may improve if authors would adhere to the 

CONSORT and PRISMA checklists, and if these two statements would be endorsed by the 

editorial boards of journals in otorhinolaryngology.

11.2 Future directions of research

11.2.1 Detailed analysis of trial period BCD and CROS

In Chapter 5, the results of our RCT evaluating CI, BCD, CROS and no treatment were pre-

sented after 3 and 6 months follow-up. As described in the study protocol (Chapter 4), when 

randomized to the BCD/CROS groups, patients could opt for BCD, CROS, or no treatment. 

The proportion of patients opting for a BCD after the trial period in our study (29.4%) was 

on the low end of the range described in literature for patients opting for a BCD after a BCD 

trial period (32.0-69.6%).8 This lower proportion opting for BCD may be explained by the 

cross-over design in our trial: patients also tested the CROS hearing aid. Moreover, the pro-

portion of patients opting for a BCD could have been influenced by the type of BCD offered 

during the trial period; we noticed that the satisfaction with the newer Baha® 5 Power was 

significantly higher than with the older Baha® BP110.

To perform a detailed analysis of the trial period, we administered disease-specific 

QoL questionnaires to all patients in the trial period. We aim to evaluate their experiences 

with BCD and CROS with these questionnaires, amongst other outcomes, in the near future. 
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We hope to learn more about the satisfaction of patients with either device, and hopefully 

identify prognostic factors (e.g. duration of SSD, pure tone audiometry of better ear, transcra-

nial attenuation9,10) that may help us to predict satisfaction with either device.

11.2.2 Long-term results after cochlear implantation

Tinnitus

In Chapter 5 we described that tinnitus burden decreased in the CI group, whereas there was 

no significant change in the BCD and CROS groups compared to baseline and compared to 

the group with no treatment. After cochlear implantation, three out of 28 patients patients 

reported total suppression of tinnitus. Patients with no tinnitus at baseline did not develop 

tinnitus after any intervention. For patients the tinnitus burden can be very incapacitating. 

Therefore, we hope to further analyze tinnitus burden in the future, using the Tinnitus Bur-

den Questionnaire. For the CI group, we asked patients to complete this questionnaires with 

the CI switched on and off; we will be able to see if the suppressing effect of the CI on tinnitus 

is still present when the CI is switched off.

Duration of CI use

In Chapter 5, we described that the median duration of CI use per day during the first 6 

months after fitting was 12.7 hours [range 2.0 – 16.3 hours], based on the electronic data 

logging of the speech processor. There were no non-users in the CI group during the first 6 

months of follow-up and no serious adverse events occured. Later follow-up moments are not 

completed by all patients yet, but we know from the already completed 12- and 24-months 

follow-up moments that not all patients wore their CI the whole day, and some patients even 

did not wear their CI at all anymore. These patients indicated that the sound of the CI was 

distracting them from hearing with their better ear, and they felt hindered by the device. It 

will be interesting to see how device use develops with longer follow-up, because non-use 

may occur when follow-up time is longer.6,11 Median duration of CI use per day will remain 
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an important factor to consider. If patients hardly use the device since they experience only 

little benefit, one should wonder if the necessary surgery and additional costs are justified.

 Finally, in the near future we aim to analyze correlations between outcomes (also 

on true binaural tasks such as speech perception in noise and sound localization) and patient 

characteristics (e.g. duration of SSD, pure tone average of the better ear, etiology etc.). If any 

correlations exist, this may help us to predict outcomes and thereby improve counselling of 

patients. 

Cost utility analysis

An important aspect of new medical interventions is its cost utility (cost/benefit ratio). 

Whether the costs of a new treatment option are reimbursed depends, amongst other factors, 

on the effectiveness of the new treatment: is society willing to pay (much) more for extra (or 

equal) benefit?

Associated with the costs of cochlear implantation are not only the device costs, but 

also costs for surgery, nursing and anaesthetic personnel and all costs for the rehabilitation 

phase (audiologists and speech and language therapists). These costs are much higher than 

the costs of the conventional treatment options; CROS hearing aids are only slightly more 

expensive than conventional hearing aids, and no surgery or rehabilitation phase is required. 

For the BCD, surgery is shorter and less invasive, and only a short rehabilitation phase is 

needed. Furthermore, in the CINGLE-trial participants note work- and healthcare-related 

costs in a cost diary which they keep monthly during the first two years of study participation 

(see Chapter 4).

In health economics, benefit is defined as the gain in utility. Utility is expressed as 

a number between 0 (death) and 1 (perfect health). In the CINGLE-trial, utility is measured 

with the TTO, EQ5D and HUI3 questionnaires. 

Based on a cost utility analysis with data from the 1- or 2-year follow-up moment, 

we will be able to state the costs of additional gain in utility of the treatment options in the 

future. It is then up to society and the reimbursement agencies to decide if cochlear implan-
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tation should be reimbursed as a treatment option for SSD or not. A recent modelling study 

on patients with SSD found that cochlear implantation may be cost-effective compared with 

no intervention, but BCDs were unlikely to be cost-effective.12 Importantly, on a societal level, 

the costs of not providing a treatment should also be taken into account to make a balanced 

decision.

11.2.3 Vocoder and pitch match experiments

In Chapter 6, we aimed to answer the question “What does a CI sound like?”. Based on the ex-

periments described, we obtained a fairly good idea of what a CI sounds like. In cooperation 

with researchers from Arizona State Univerisity (Phoenix, AZ, USA) we developed several 

simulations that aimed to approximate the sound of a CI. Based on these succesfull first ex-

periments, we created plans to approach the sound of a CI even better. These experiments are 

currently ongoing and will be analyzed in a later stage. First, we developed an automated user 

interface so the patient can listen to stimuli independent of the researcher, and they can listen 

to stimuli several times. At the end of the automated program that aims to approximate the 

sound of a CI, patients are offered several options to adjust the sound simulation so the sim-

ilarity of the sound simulation approaches the sound of their CI even better. Simultaneously, 

the research group from Arizona also created newer simulations with which they reached a 

similarity to the CI sound of 8.8 on a scale of 1-10.13 The most common alterations to a clean 

signal were band-pass or low-pass filtering, spectral peak smearing, and F0 contour flatten-

ing. Even better counselling of CI candidates and their family members will be possible with 

these improved methods to approach the sound of a CI. 

 Based on the experiments described in Chapters 7 and 8, we concluded that there 

was no significant correlation between the defined place-to-frequency mismatch and perfor-

mance. The results remained stable over time, with no significant difference between two test 

sessions considering all electrode contacts. The pitch mismatch was smaller for the perimodi-

olar electrode array than for the lateral wall electrode array. In the future we aim to correlate 
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the place-to-frequency mismatch and the intracochlear position of the electrode contacts to 

true binaural performance tests (e.g. speech perception in noise, sound localization). 

11.2.4 Quality of reporting

In Chapters 9 and 10, we described that the reporting of both systematic reviews and RCTs 

in otorhinolaryngologic journals leaves room for improvement. The quality of reporting may 

improve if authors would adhere to the CONSORT and PRISMA checklists, and if these two 

statements would be endorsed by the editorial boards of journals in otorhinolaryngology. 

It would be interesting to repeat our analysis in 5-10 years and evaluate if the quality 

of reporting has increased, and evaluate if editorial boards recommend the use of reporting 

guidelines.
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11.3 Conclusions

There were no high level of evidence studies comparing BCD, CROS and CI for patients with 

SSD. Based on available literature, cochlear implantation seemed to be a promising treatment 

option, which needed further analysis in an RCT. Consequently, we developed an RCT in 

which these treatment options for patients with SSD were investigated.

The short-term results of this RCT showed that speech perception in noise improved 

in all configurations for the CI group. For the speech the BCD and CROS groups, speech per-

ception in noise improved when speech was presented to the poor ear, but deteriorated when 

speech was presented to the better ear. Only in the CI group, sound localization improved and 

tinnitus burden/distress decreased. In general, all treatment options improved disease-specif-

ic QoL on most subscales of the used questionnaires. 

Long-term objective and subjective outcomes will be presented in the future, as well 

as data about patient satisfaction derived from the duration of device use, and also adverse 

events will be monitored. Finally, a detailed analysis of costs of the treatments compared to 

(gained) utility will provide information to health care policy makers to decide whether co-

chlear implantation should be reimbursed as a treatment option for SSD. 

In additional experiments in the CI group, we obtained a fairly good idea of what 

a CI sounds like, which may help the counselling of CI candidates and their family mem-

bers. Futhermore, we concluded that there was no significant correlation between the defined 

place-to-frequency mismatch and performance. Therefore, the default frequency allocation 

table should not be altered. 

Finally, we found that both the reporting of systematic reviews and of RCTs in oto-

rhinolaryngologic journals leaves room for improvement. The quality of reporting would 

probably benefit if authors and editors adhere to reporting guidelines.
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12.1 Deel I: Introductie en overzicht van literatuur

Hoofdstuk 1 bevat een algemene inleiding op het onderwerp van dit proefschrift: het 

optimaliseren van de behandeling van eenzijdige doofheid. De werking van het gehoor wordt 

besproken, alsook het ‘binauraal horen’: horen met twee oren. Doordat we kunnen horen met 

twee oren, kunnen we geluiden lokaliseren en beter spraak verstaan in rumoer (ruis) dan met 

één oor. Er zijn drie effecten die bijdragen aan binauraal horen: squelch effect, summatie-

effect en hoofdschaduweffect.

 Bij eenzijdige doofheid kunnen patiënten geen gebruik maken van deze effecten, en 

dus verstaan zij spraak in ruis moeilijker en lokaliseren zij geluiden moeizamer. Bovendien 

ervaren eenzijdig dove patiënten in het dove oor vaak oorsuizen (tinnitus), wat mogelijk 

verklaard wordt door het gebrek aan signalen vanuit het slakkenhuis naar het brein. Als 

gevolg van deze problemen ervaren deze patiënten vaak een lagere kwaliteit van leven.

 Er zijn twee huidige behandelingen voor eenzijdige doofheid: 1. Het CROS-toestel 

(Contralateral Routing of Sound hearing aid (CROS)) bestaat uit twee hoortoestellen: één 

hoortoestel aan de dove zijde brengt het geluid van die zijde naar het andere hoortoestel aan 

de goede zijde). 2. Het beengeleider hoortoestel (Bone Conduction Device (BCD)) zit met een 

schroef in de schedel aan de dove zijde. Het apparaat vangt geluiden aan de dove zijde op en 

geeft deze geluidstrillingen door aan de schedel, waardoor ook de vloeistof in het slakkenhuis 

aan de goede zijde gaat trillen. Het effect van een BCD kan gesimuleerd worden met een 

BCD op een strakke band. Zowel CROS als BCD brengen het geluid dus naar het goede 

slakkenhuis; er wordt geen signaal aangeboden aan het dove slakkenhuis. 

 In tegenstelling tot de twee huidige behandelingen biedt een cochleair implantaat 

(CI) een signaal aan het slakkenhuis aan de dove zijde aan. Geluid wordt door een processor 

omgezet in elektrische informatie en afgegeven aan een elektrode in het slakkenhuis. Hiermee 

wordt geluidsinformatie via de gehoorzenuw naar het brein gebracht en kunnen patiënten 

dus theoretisch weer ‘horen met twee oren’. Wij verwachten dat zij dus beter spraak in ruis 

kunnen verstaan en beter geluiden kunnen lokaliseren. Bovendien hebben zij mogelijk, door 
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de herstelde informatievoorziening aan de dove zijde, minder last van tinnitus. Met deze 

voordelen is hopelijk de kwaliteit van leven beter.  

 Om deze drie behandelingen goed te vergelijken, moet een vergelijkende studie zo 

min mogelijk risico op bias (een verstoring van uitkomsten door externe factoren, waardoor de 

gemeten resultaten niet de werkelijkheid representeren) hebben. Een gerandomiseerde studie 

waarbij patiënten in behandelgroepen worden ingedeeld door het lot, kan een groot aantal 

vormen van bias wegnemen. Daarom heeft dit type studie de voorkeur om behandelingen te 

vergelijken.

In Hoofdstuk 2 hebben we een literatuuroverzicht gemaakt van de reeds beschikbare studies 

naar de twee huidige behandelingen (CROS en BCD) van eenzijdige doofheid. We stelden 

criteria op waaraan de studies moesten voldoen om ze mee te nemen in onze beoordeling. 

De geschikte studies waren zeer divers van opzet, waardoor het niet mogelijk was om de 

resultaten samen te voegen. Daarom hebben we de resultaten per uitkomstmaat beschreven. 

De studies die geschikt waren voor beoordeling bleken allemaal van matige kwaliteit en 

bevatten een gemiddeld tot hoog risico op verschillende vormen van bias. Met inachtneming 

van deze beperkingen, beschreven de studies over het algemeen dat er geen voordeel van 

BCD en CROS bestond bij het spraakverstaan in ruis of geluidslokalisatie vergeleken met 

de situatie zonder deze hulpmiddelen. Ook verbeterde de kwaliteit van leven niet; wel werd 

de ‘kwaliteit van horen’, gemeten met enkele vragenlijsten, beter. We concludeerden dat er 

studies naar de toepassing van BCD en CROS bij patiënten met eenzijdige doofheid met een 

betere kwaliteit moeten plaatsvinden.

Een soortgelijk literatuuroverzicht schreven we in Hoofdstuk 3 over de toepassing van CI’s bij 

eenzijdige dove patiënten. Met eenzelfde methode beoordeelden we artikelen; ook nu konden 

we de resultaten van verschillende studies niet samenvoegen. Wederom bleek de kwaliteit 

van de studies matig door verschillende vormen van bias. De geïncludeerde studies laten een 
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voordeel van CI zien bij geluidslokalisatie in vergelijking met geen behandeling. Ook is er 

minder tinnituslast en was de kwaliteit van leven verbeterd. Het effect op spraakverstaan in 

ruis was afhankelijk van in welke configuratie de test werd afgenomen (spraak aangeboden 

richting goede oor en ruis richting dove oor, of vice versa). Ook nu concludeerden we dat 

er studies zouden moeten plaatsvinden met een hogere kwaliteit om de effecten van CI bij 

eenzijdig dove patiënten te beoordelen.

12.2 Deel II: CINGLE-studie

Hiertoe hebben we een studie-opzet gemaakt, waarin we een gerandomiseerde vergelijking 

maken tussen de verschillende behandelingen van eenzijdige doofheid. In Hoofdstuk 4 

staat het protocol van deze studie (CINGLE-studie, Cochlear Implantation for siNGLE-sided 

deafness). We beschrijven dat we 120 volwassenen willen includeren, bij wie de eenzijdige 

doofheid tussen de 3 maanden en 10 jaar bestaat, en bij wie de gemiddelde gehoordrempel 

in het goede oor maximaal 30 dB is en in het slechte oor minimaal 70 dB is. Zij werden 

gerandomiseerd naar de groepen: 1. CI, 2. proefperiode met eerst BCD, dan CROS, en 3. 

proefperiode met eerst CROS, dan BCD. In de groepen 2 en 3 konden de patiënten na twee 

keer zes weken beide toestellen op proef (BCD op hoofdband en CROS-toestel) te hebben 

geprobeerd, besluiten welke optie zij het fijnst vonden: BCD (welke dan werd geïmplanteerd), 

CROS-toestel, of geen behandeling. Hiermee ontstonden dus in totaal 4 groepen (CI, BCD, 

CROS en geen behandeling) waarbij we geïnteresseerd waren in spraakverstaan in ruis, 

geluidslokalisatie, verminderen van tinnituslast (vragenlijsten) en kwaliteit van leven/horen 

(vragenlijsten).

De korte termijn resultaten van de CINGLE-studie worden beschreven in Hoofdstuk 5. We 

hebben de effecten gemeten 3 en 6 maanden na start van de behandelingen (de totale follow-

up termijn is 5 jaar). Ook wij meten dat het voordeel bij spraakverstaan in ruis afhankelijk 



544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters
Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020 PDF page: 309PDF page: 309PDF page: 309PDF page: 309

309

Samenvatting in het Nederlands

12

is van de configuratie waarin gemeten wordt. Als spraak en ruis beiden van voren worden 

aangeboden, presteert de CI-groep beter dan de BCD- en CROS-groep, en ook beter dan 

de patiënten zonder behandeling. Als de spraak richting het dove oor en de ruis richting 

het goede oor wordt aangeboden, bieden alle behandelingen voordeel. Echter, als de spraak 

richting het goede oor en de ruis richting het dove oor wordt aangeboden, verslechtert 

de prestatie van de BCD- en CROS-groep, terwijl de prestatie van de CI-groep zelfs dan 

beter wordt. Geluidslokalisatie wordt alleen beter na behandeling met een CI. Op twee 

tinnitusvragenlijsten blijkt er in de CI-groep minder last van tinnitus te bestaan dan vóór de 

behandeling, terwijl er geen verschil gevonden wordt voor de BCD- en CROS-groep en de 

patiënten zonder behandeling. Over het algemeen verbeterde de kwaliteit van leven bij alle 

drie de behandelgroepen, en bleef deze onveranderd bij de patiënten zonder behandeling.

 Een belangrijke kracht van de CINGLE-studie is de gerandomiseerde indeling van 

patiënten naar groepen, want hiermee worden bekende en onbekende factoren die mogelijk 

van invloed zijn op de uitkomsten gelijk verdeeld over de behandelingen. Verder biedt onze 

studie de mogelijkheid om de behandelingen onderling te vergelijken, in plaats van slechts 

één (of twee) behandelingen te onderzoeken. Een nadeel van onze studie is dat we patiënten 

onderzocht hebben die mogelijke geen representatieve steekproef zijn van alle patiënten met 

eenzijdige doofheid. Immers, alleen de mensen met klachten zochten onze hulp. Daarnaast 

onderzochten we alleen de mensen die voldeden aan de criteria om mee te ‘mogen’ doen aan 

de studie. We kunnen onze resultaten dus niet extrapoleren naar alle eenzijdig dove patiënten.

12.3 Deel III: Vocoder-experiment en toonhoogtevergelijkingsexperimenten

In dit deel van het proefschrift hebben we aanvullende experimenten gedaan bij de CI-patiënten 

uit de CINGLE-studie. Zij vormen een unieke populatie, want hun niet-geïmplanteerde oor 

heeft een goed gehoor; zij kunnen dus het CI-geluid vergelijken met geluiden in hun goede 

oor. 
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In Hoofdstuk 6 poogden we uit te zoeken hoe een cochleair implantaat klinkt. We hebben 

spraak- en muziekfragmenten aangeboden aan het CI-oor van eenzijdig dove CI-patiënten 

(goede oor gemaskeerd), en vervolgens lieten we hen bewerkte versies horen aan het goede 

oor (CI uit). We vroegen hen een cijfer voor de overeenkomst tussen beide geluiden te geven. 

Het gemiddelde cijfer voor overeenkomst bij de spraakfragmenten was 6,8/10 

en voor muziekfragmenten 6,3/10. Hiermee hebben we een redelijk idee van hoe een CI 

klinkt, wat kan helpen bij de voorlichting over cochleaire implantatie aan CI-kandidaten en 

familieleden.

Hoofdstuk 7 beschrijft een experiment waarbij CI-patiënten gevraagd werd om de 

toonhoogte van één elektrisch gestimuleerde electrode in hun CI-oor te vergelijken met een 

akoestisch aangeboden toon aan hun goede oor. Als de waargenomen toonhoogte tussen de 

oren verschilt, kan dit mogelijk leiden tot een slechtere fusie in het brein, wat mogelijk de 

prestatie belemmert. Patiënten luisterden naar twee akoestische tonen die steeds meer op 

elkaar leken en kozen daarbij steeds de toon welke qua toonhoogte het meest in de buurt 

kwam bij de toonhoogte die zij hoorden bij de geactiveerde electrode in hun CI-oor. De toon 

die uiteindelijk het meest paste noemden we de “match”. Vervolgens werd, na positiebepaling 

van de electrode middels CT-scans, gekeken of de gematchte toon op de te verwachten plek 

lag, en dus overeen kwam met de normaalhorende zijde.

Er bleek een verschil te bestaan tussen de waargenomen toonhoogtes en de 

referenties (“mismatch”). Echter, deze mismatch was niet gecorreleerd met de prestatie op 

een spraakverstaan-test. Mogelijk past het brein zich al snel aan de vernieuwde input aan. De 

afwezige correlatie met spraakverstaan leidde er toe dat wij concludeerden dat de standaard 

frequentie-indeling van CI’s niet aangepast zou moeten worden.

Een vervolg op deze experimenten wordt besproken in Hoofdstuk 8. We wilden nu 
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onderzoeken of er een verschil in mismatch is tussen CI-patiënten met een perimodiolaire 

electrode (vlakbij de kern van het slakkenhuis) versus CI-patiënten met een elektrode die ‘in 

de buitenbocht’ van het slakkenhuis ligt. De mismatch voor de perimodiolaire electrode bleek 

kleiner. Ook wilden we onderzoeken of de resultaten veranderden na enige tijd (gemiddeld 

4,3 maanden tussen de metingen). De resultaten bleven stabiel over deze periode. Wederom 

was er geen correlatie tussen de mismatch en prestatie.

12.4 Deel IV: Kwaliteit van rapporteren

We hebben in dit proefschrift twee literatuuroverzichten (systematische reviews, hoofdstuk 

2 en 3) opgenomen, alsook een gerandomiseerde studie beschreven (hoofdstuk 5). Lezers 

kunnen de resultaten van deze studies alleen begrijpen en goed interpreteren als de studies 

volledig en adequaat gerapporteerd zijn. Om auteurs hierbij te helpen zijn er richtlijnen 

gepubliceerd welke adequaat rapporteren faciliteren. In dit laatste deel maakten we een 

overzicht van hoe de kwaliteit van rapporteren van deze studies is binnen de KNO-literatuur.

In Hoofdstuk 9 hebben we de kwaliteit van rapporteren van systematische reviews binnen 

de KNO beoordeeld met behulp van de PRISMA-checklist (Preferred Reporting Items 

for Systematic reviews and Meta-Analyses). Een soortgelijke beoordeling maakten we in 

Hoofdstuk 10 over de kwaliteit van rapporteren van gerandomiseerde studies met behulp 

van de CONSORT-checklist (Consolidated Standards of Reporting Trials). 

We concludeerden in beide hoofdstukken dat de kwaliteit van rapporteren van beide 

studietypes binnen de KNO niet optimaal is. We adviseerden dat auteurs zouden moeten 

rapporteren volgens de richtlijnen en dat KNO-tijdschriften dit ook zouden eisen bij nieuw 

aangeboden artikelen.
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12.5 Deel V: Discussie

Hoofdstuk 11 is een samenvattende discussie van de voorgaande hoofdstukken uit het 

proefschrift, zoals ook dit hoofdstuk een samenvatting is. Verder wordt er aandacht besteed 

aan toekomstige onderzoeken die volgen na de opgedane kennis uit dit proefschrift. Zo zullen 

we een nadere analyse uitvoeren van de proefperiode van de CINGLE-patiënten die BCD en 

CROS geprobeerd hebben, om hopelijk te achterhalen of er factoren zijn die een succesvolle 

proef kunnen voorspellen. Ook zal er extra aandacht besteed worden aan de vermindering van 

tinnituslast die we in de CI-groep gemeten hebben. Naarmate de follow-up van de CINGLE-

patiënten langer wordt, zullen we ook kunnen registreren hoe lang patiënten tevreden blijven 

met hun behandeling. Inmiddels weten we dat niet alle CI-patiënten hun CI de gehele 

dag dragen. Ook zal er een kosteneffectiviteitsanalyse volgen: weegt de gezondheidswinst 

op tegen de (meer)kosten van de nieuwe behandeling? Tot slot gaan we ook verder met de 

experimenten die alleen in deze unieke populatie mogelijk zijn: we willen nog beter te weten 

komen hoe een CI klinkt. Daarvoor gaan we met een geautomatiseerde interface en meer 

opties om geluidsimulaties te maken op zoek naar een nog betere overeenkomst tussen het 

CI-geluid en onze simulaties. Ook willen we de eerder gemeten mismatch nog correleren 

aan uitkomstmaten die binauraal horen meten (spraakverstaan in ruis, geluidslokalisatie) en 

kunnen we onderzoeken of er een verband bestaat tussen de intracochleaire electrodepositie 

op CT-scans en deze uitkomstmaten.

12.6 Conclusies

In de literatuur bestonden nog geen studies van goede kwaliteit die de behandelingen (CROS, 

BCD, CI) voor eenzijdige doofheid vergelijken. Gebaseerd op de beschikbare literatuur 

leek CI een veelbelovende behandeling, wat nader onderzocht zou moeten worden in een 

gerandomiseerde studie.

 Hierop hebben een gerandomiseerde studie ontworpen waarin de behandelingen 
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voor eenzijdige doofheid werden onderzocht. We hebben de korte termijn resultaten 

beschreven. Voor de CI-groep verbeterde het spraakverstaan in ruis in alle configuraties. 

Voor de BCD- en CROS groep verbeterde het spraakverstaan in ruis wanneer spraak richting 

het dove oor werd aangeboden (en ruis richting het goede oor), echter verslechterde het 

spraakverstaan in ruis in de omgekeerde configuratie. Alleen in de CI-groep verbeterde de 

geluidslokalisatie en was er minder tinnituslast. Over het algemeen was er een betere kwaliteit 

van leven voor alle behandelgroepen.

 In de toekomst zullen we de lange termijn resultaten presenteren, en volgen er 

nadere analyses naar onder andere gebruiksduur, tinnituslast en kosteneffectiviteit. 

 Patiënten met een CI en een niet-geïmplanteerd oor met een goed gehoor bieden 

de unieke mogelijkheid om te weten te komen hoe een CI klinkt. We hebben voor spraak- 

en muziekfragmenten een redelijk idee hoe een CI klinkt. In de toekomst hopen we met 

betere simulaties nog beter te weten hoe een CI klinkt. In experimenten waarbij CI-patiënten 

de toonhoogte van een geactiveerde electrode van het CI vergeleken met de toonhoogte 

van akoestisch aangeboden tonen aan het goede oor, bleek dat er een mismatch tussen 

beide oren bestond. Deze mismatch was echter niet van invloed was op de prestatie op een 

spraakverstaan-test, en daarom zou de standaard frequentie-indeling van CI’s niet moeten 

wijzigen.

Tot slot concludeerden we dat de kwaliteit van rapporteren van literatuuroverzichten 

en gerandomiseerde studies binnen de KNO suboptimaal is. Teneinde de kwaliteit van 

rapporteren te verbeteren, is ons advies aan auteurs om te rapporteren volgens de opgestelde 

richtlijnen en het advies aan KNO-tijdschriften is om hierop te controleren.
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LIST OF ABBREVIATIONS

APHAB   Abbreviated Profile for Hearing Aid Benefit, with subscales: EC: 

   ease of communication, RV: listening under reverberant   

   conditions, BN: listening in background noise, AS: aversiveness of

    sounds

AHL   Asymmetric Hearing Loss

BAHA   Bone Anchored Hearing Aid

BCD(s)   Bone Conduction Device(s)

BKB    Bamford-Kowal-Bench speech test

CDSR   Cochrane Database of Systematic Reviews

CI   Cochlear Implant

CIC    Completely-in-the-canal hearing aid 

CINAHL  Cumulative Index to Nursing and Allied Health Literature

CINGLE-trial  Cochlear Implantation for siNGLE-sided deafness trial

CoD    Classification of deafness

CONSORT  Consolidated Standards of Reporting Trials

CROS(S)  Contralateral Routing of Sound (System) hearing aid

CVC   Consonant-Vowel-Consonant

DAI   Direct Acoustic Input

dB (HL) (SPL) (SNR) decibel (Hearing Loss) (Sound Pressure Level) (signal-to-noise  

   ratio)

DoD   Duration of Deafness

DoE   Directness of Evidence

Dmic    Directional microphone 

ENT   Ear Nose Throat

EQ5D   Euro-QoL 5D questionnaire

FU   Follow-up



544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters544532-L-bw-Peters
Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020Processed on: 15-10-2020 PDF page: 319PDF page: 319PDF page: 319PDF page: 319

319
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GBI   Glasgow Benefit Inventory

GHABP    Glasgow Hearing Aid Benefit Profile

HA    Hearing aid

HADS   Hospital Anxiety Distress Scale

HINT    Hearing In Noise Test

HL   Hearing Loss

HRCT   High Resolution Computed Tomography scan

HSM    Hochmair-Schulz-Moser sentence test (German)

HUI3   Health Utilities Index 3 questionnaire

Hz   Hertz

IC   Informed Consent

ICMJE   International Committee of Medical Journal Editors 

ICUR   Incremental Cost Utility Ratio

ILD    Interaural Level Differences

IOI-HA   International Outcome Inventory for Hearing Aids 

IRB   Institutional Review Board (in Dutch: Medisch Ethische   

   Toetsingscommissie)

ISTS   International Speech Test Signal

ITD    Interaural Time Differences

LIST    Leuven Intelligibility Sentence Test

LoE   Level of Evidence

MA   Meta-Analysis

NH    Normal-hearing

OlSa    Oldenburger sentence test (German)

PCS   Prospective Case Series

Pt(s)   Patient(s)

PTA(be)   Pure Tone Average (of the better ear) of 500, 1000, 2000 and 4000 Hz
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PRISMA   Preferred Reporting Items for Systematic Reviews and Meta-  

   Analyses

QoL   Quality of Life

QUORUM   QUality Of Reporting Of Meta-analyses

RCT   Randomized Controlled Trial

RCS   Retrospective Case Series

RoB   Risk of Bias

S0N0   Speech and Noise from 0 degrees azimuth (front), where 0 can   

   be any angle 

SAINT    Source Azimuth Identification in Noise Test 

SbeNpe   Speech from the side of the better ear, Noise from the side of the  

   poor ear

SD   Standard Deviation

SpeNbe    Speech from the side of the poor ear, Noise from the side of the  

   better ear

SR   Systematic Review

SRTn   Speech Reception Threshold in noise 

SPIRIT    Standard Protocol Items: Recommendations for Interventional   

   Trials

SSD   Single-Sided Deafness

SSDq    Single-Sided Deafness questionnaire 

SSQ   Speech, Spatial and Qualities of hearing scale

TBQ   Tinnitus Burden Questionnaire

THI   Tinnitus Handicap Inventory

TQ   Tinnitus Questionnaire

TRQ    Tinnitus Reaction Questionnaire

TTO   Time Trade Off questionnaire
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UMC Utrecht  University Medical Center Utrecht

U-STARR  Utrecht Sentence Test with Adaptive Randomized Roving levels

VAS    Visual Analogue Scale
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2014 Nederlandse Vereniging voor Audiologie, Utrecht; oral 
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2014 Cochlear Science and Research Seminar, 
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