ABSTRACT
Objectives

To assess longitudinal outcomes in a large and varied population of children receiving bilateral cochlear implants both simultaneously and sequentially.  
Methods
This observational non-randomised service evaluation collected localisation and speech recognition in noise data from simultaneously and sequentially-implanted children at four time points: before bilateral cochlear implants or before the sequential implant, one year, two years and three years after bilateral implants. No inclusion criteria were applied, so children with additional difficulties, cochleovestibular anomalies, varying educational placements, 23 different home languages, a full range of outcomes and varying device use were included.  
Results

1001 children were included: 465 implanted simultaneously and 536 sequentially, representing just over 50% of children receiving bilateral implants in the UK in this period.  In simultaneously-implanted children the median age at implant was 2.1 years; 7% were implanted at less than one year of age.  In sequentially-implanted children the interval between implants ranged from 0.1 to 14.5 years.  
Children with simultaneous bilateral implants localised better than those with one implant.  On average children receiving a second (sequential) cochlear implant showed improvement in localisation and listening in background noise after one year of bilateral listening.  The interval between sequential implants had no effect on localisation improvement although a smaller interval gave more improvement in speech recognition in noise.  Children with sequential implants on average were able to use their second device to obtain spatial release from masking after two years of bilateral listening.  Although ranges were large, bilateral cochlear implants on average offered an improvement in localisation and speech perception in noise over unilateral implants.   

Conclusion
These data represent the diverse population of children with bilateral cochlear implants in the UK from 2010-2012.  Predictions of outcomes for individual patients are not possible from these data.  However, there are no indications to preclude children with long inter-implant interval having the chance of a second cochlear implant.  
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INTRODUCTION
In the United Kingdom (UK) prior to 2009, National Health Service (NHS) funding was mainly only available for children and adults to receive unilateral cochlear implants.  In 2009 the National Institute for Health and Care Excellence, NICE,  published guidance for cochlear implantation following a review NICE, 2009()
.  These guidelines recommend that all suitable children who meet eligibility criteria receive simultaneous bilateral cochlear implants.  In addition they recommend that a sequential bilateral cochlear implant can be fitted only if the first implant was received before the guidelines were published.  Simultaneous bilateral cochlear implantation refers to receiving both cochlear implants at the same surgery; sequential bilateral cochlear implantation refers to receiving the two cochlear implants at separate time points.  It is still not clear whether more benefit is obtained if the implants are provided simultaneously or sequentially 
 ADDIN EN.CITE 
(Escorihuela Garcia et al., 2016; Grieco-Calub & Litovsky, 2012)
 and it may be difficult to reach a definitive answer without a randomised trial Lammers, Venekamp, Grolman, & van der Heijden, 2014()
.  Although some centres offer simultaneous bilateral implants to children, responses to a worldwide survey in 2007 showed that 70% of bilateral cochlear implantation surgeries in children were performed sequentially Peters, Wyss, & Manrique, 2010()
.   

Unilateral cochlear implantation (cochlear implant in one ear) can enable children to understand speech and develop spoken language.  Bilateral cochlear implantation (implant in each ear) has three main advantages: i) it ensures that the more responsive auditory system receives stimulation ii) it provides a backup if one device fails and iii) it allows the potential of binaural hearing Lovett, 2010()
.  In normally-hearing people, having two ears provides great benefit in terms of localisation and speech understanding in noise.  This is mainly due to the brain’s ability to compare fine timing and level differences between the ears.  There have been doubts about whether individuals using bilateral cochlear implants would be able to access these binaural benefits, due mainly to the fact that bilateral implants are not synchronised, therefore making fine timing cues weak, absent or inconsistent Grieco-Calub & Litovsky, 2012()
.  Nonetheless, research has generally demonstrated the benefit of bilateral cochlear implants 
 ADDIN EN.CITE 
(for review see Sparreboom et al., 2010)
.  Benefits of bilateral cochlear implantation have also been demonstrated in areas such as speech production, general hearing function, quality of life and educational outcomes 
 ADDIN EN.CITE 
(Sparreboom et al., 2010)
.

The provision of simultaneous bilateral cochlear implants to new paediatric cochlear implant candidates and a second cochlear implant to those children who already had one implant represented a significant change in clinical service provision.  In view of this, fourteen UK cochlear implant centres formed a consortium to carry out a multi-centre project recording the outcomes in children receiving bilateral cochlear implants in the UK 
 ADDIN EN.CITE 
(Cullington, Bele, Brinton, & Lutman, 2013; Cullington, Bele, Brinton, & Lutman, 2011)
.  Previous research suggested that larger populations of children need to be assessed, including a variety of real-world measures and those involving general well-being Litovsky et al., 2006()
.  The project aimed to answer the questions:

1.  What is the range of outcomes achieved by children receiving bilateral cochlear implants in the UK?

2. Do two implants result in better outcomes than one?

Due to the wide range of children’s age, listening skills and abilities, the project used a triple approach of performance measures, professional rating scales and parent questionnaires.  These measures aimed to assess localisation, speech perception in quiet and background noise, speech production, listening, parental perception, quality of life and surgical data including complications.  This paper addresses only demographics and performance measures of localisation and speech recognition in noise; a companion paper addresses professional rating scales and parent questionnaires Cullington et al., 2016()
.  The surgical outcomes were reported by Broomfield et al 2014()
.  Detailed information on the development and results of a new quality of life measure, Brief Assessment of Parental Perception (BAPP), were reported by Samuel et al 2016


( ADDIN EN.CITE )
.
Localisation

Localisation refers to the ability of a user to identify the location of a sound source usually in the horizontal plane.  In normally-hearing individuals, sound localisation is accomplished by comparing interaural time differences (ITDs) and interaural level differences (ILDs) present in the fine structure and/or envelope input arriving at the two ears.  Normally-hearing listeners can recognise timing delays between ears as small as 10 µs; ILDs as small as 0.5dB can be perceived Akeroyd, 2006()
.  In normally-hearing listeners localising in the horizontal plane, low frequency sound localisation is mediated by ITDs, whereas mainly ILDs are used to localise high frequency sounds.  Both cues may be used with a broadband stimulus.  In people using bilateral cochlear implants however, localisation of noise signals is mediated almost entirely by ILD cues, with little or no contribution from ITD information in adults Grantham, Ashmead, Ricketts, Haynes, & Labadie, 2008


( ADDIN EN.CITE ; Seeber & Fastl, 2008)
 or children Salloum et al., 2010


( ADDIN EN.CITE )
.  People using bilateral cochlear implants have an ILD threshold roughly equivalent to those in normally-hearing listeners 
 ADDIN EN.CITE 
(Laback, Pok, Baumgartner, Deutsch, & Schmid, 2004)
.  In contrast, ITD thresholds are typically substantially worse (higher) than those of normally-hearing listeners 
 ADDIN EN.CITE 
(Laback et al., 2004)
 probably because the bilateral sound processors act independently and therefore cannot provide accurate ITD information Zheng, Godar, & Litovsky, 2015()
 and the implant electrode array generally does not reach the cochlear apex where neurons are tuned to low frequencies.  
Localisation testing is usually completed by positioning the subject in an array of speakers and requiring them to indicate which speaker a sound has come from.  The result is generally scored in terms of localisation error in degrees i.e. the difference between the stimulus source and the response of the subject.  A localisation test consists of several trials, and the average error is calculated.  Average error can be calculated in two ways: root mean square (rms) error and mean absolute error (MAE).  With rms error, errors are squared before they are averaged, then the square root of the average is taken.  This gives a relatively large weight to large errors.  
Mean absolute error is the mean of the absolute value of error, i.e. the absolute value of the errors (ignoring direction) are averaged.  
Localisation accuracy depends on the stimuli used: for broadband stimuli normally-hearing adult MAE can be 4 to 5° 
 ADDIN EN.CITE 
(Hofman & Van Opstal, 1998; Makous & Middlebrooks, 1990)
.  In normally-hearing children around 5 years of age, average rms errors of between 4 and 18° were found 
 ADDIN EN.CITE 
(Grieco-Calub & Litovsky, 2010; Litovsky & Godar, 2010; Van Deun et al., 2009)
.  In children with bilateral cochlear implants, the rms errors are larger, although the ranges do overlap.  Grieco-Calub and Litovsky 
 ADDIN EN.CITE 
(2010)
 reported rms errors between 19 and 56° in children aged 5 to 14 years; van Deun et al 
 ADDIN EN.CITE 
(2010)
 reported rms errors between 13 and 63°.  Measuring sound localisation in children is challenging; the task usually requires cooperation and attention.  Adult procedures are not appropriate as children cannot usually concentrate for long test sessions or abstract stimuli.  In most children with normal hearing, there is an improvement in localisation ability up to 5 years of age, at which point it is at the adult level 
 ADDIN EN.CITE 
(Litovsky, 1997; Van Deun et al., 2009)
 although studies have shown a large range and some children did not reach localisation maturity until later Litovsky, 2011()
.  
Speech perception in noise
The primary aim of receiving a cochlear implant is often improved speech understanding.  Children spend most of their waking hours in complex noisy environments, for example classrooms, playgrounds, parks, and at home playing with other children.  In normally-hearing listeners, having two ears improves speech perception in noise in three ways: the head shadow effect, the squelch effect and binaural summation.  The head shadow effect is purely an acoustic phenomenon, resulting from being able to pick up sound from both sides of the head.  It is a monaural effect which does not require any central processing by the brain except choosing the ear with the better signal to noise ratio.  Binaural squelch relies on the brain taking advantage of differences between the signals arriving at the two ears.  Binaural summation provides an amplification of sounds in the brain by combining signals arriving at the two ears; it does not need the signals to be different Dillon, 2001()
.
Research has shown that bilateral cochlear implantation is superior to unilateral cochlear implantation for understanding speech in noise Litovsky, Parkinson, & Arcaroli, 2009


( ADDIN EN.CITE ; van Hoesel & Tyler, 2003)
; this holds for adults  
 ADDIN EN.CITE 
(for example a multicentre study by Blamey et al., 2015)
 and children 
 ADDIN EN.CITE 
(for example a systematic review by Sparreboom, Langereis, Snik, & Mylanus, 2014)
 .  Speech understanding in normally-hearing listeners improves significantly when the target speech and competing sounds are spatially separated e.g. Plomp & Mimpen, 1981()
; this is termed spatial release from masking (SRM) or spatial unmasking.  It is defined as the improvement in speech intelligibility when target speech and competing noise are spatially separated.  It is thought to result from the effects of head shadow and binaural processing Freyman, Balakrishnan, & Helfer, 2001()
.  In people using cochlear implants it is likely to result mainly from the head shadow effect Litovsky et al., 2012


( ADDIN EN.CITE )
.  Spatial release from masking is measured by comparing binaural listening in two conditions: target and masker both from one speaker usually at 0( azimuth (often called S0N0) and target from 0( with masker moved to a new location.  In normally-hearing people speech reception thresholds are usually lower (better) when the noise is spatially separated from the speech.  When the noise comes from the side, one ear has a better signal to noise ratio because it is shielded from the noise.  In normally-hearing adults, SRM is generally 5-11 dB Bronkhorst & Plomp, 1988


( ADDIN EN.CITE , 1992; Hawley, Litovsky, & Culling, 2004)
; in children SRM is from 3 to 11dB depending on age 
 ADDIN EN.CITE 
(Garadat & Litovsky, 2007; Johnstone & Litovsky, 2006; Litovsky, 2005; Misurelli & Litovsky, 2012; Mok, Galvin, Dowell, & McKay, 2007; Vaillancourt, Laroche, Giguere, & Soli, 2008)
 although Lovett et al 
 ADDIN EN.CITE 
(2012)
 found a SRM of about 5dB regardless of the child’s age.  In the case of a child using a single cochlear implant, a spatial release from masking would be expected when the noise is moved to the side without an implant, as the implanted side is then shielded from the noise.  This would also be the pattern when a child first receives a second implant: a SRM would be expected when the noise was moved to the side of the second implant Mok et al., 2007()
.  More interesting is the SRM when noise is moved to the side of the first implant, which has been shown to develop over time Killan, Killan, & Raine, 2015()
 with average values reported between 2 and 5 dB 
 ADDIN EN.CITE 
(Killan, Killan, et al., 2015; Litovsky & Misurelli, 2016; Misurelli & Litovsky, 2012)
.
Aims

The project aimed to answer the questions:

1. What is the range of outcomes achieved by children receiving bilateral cochlear implants in the UK?

2. Do two implants result in better outcomes than one?

This paper reports only demographics and performance measures (localisation and speech perception in noise).  

MATERIALS AND METHODS
Fourteen UK cochlear implant centres formed a consortium, and together decided on an appropriate protocol to evaluate the provision of bilateral cochlear implants to children (see author list for participating centres).  Thirteen centres were involved from the start; one centre (Cardiff) joined the project after approximately two years.  There are 18 cochlear implant centres providing services to children within the UK (17 within the NHS), so this project represents cooperation between 78% of UK implant centres.  Southampton was the lead site in terms of data collection and reporting, except for the surgical data which were collated in Nottingham.

This longitudinal observational non-randomised service evaluation involved an intervention currently in use (simultaneous or sequential bilateral cochlear implantation).  The choice of treatment was that of the clinician and patient/parent only.  There was no randomisation and no allocation to intervention groups; the healthcare professional and patient/parent had chosen intervention prior to the service evaluation.  
Data were collected at each cochlear implant centre by the local clinicians.  The measures were initially made before surgery, and at one year and two years following bilateral implantation.  The consortium agreed to shorten the protocol in January 2012: measures before surgery were terminated, and the three year post time point was added (Table 1).  Sound field threshold measurement and the Parent Outcome Profile, POP (see Cullington et al, 2016 for more details) were discarded as they were time consuming and unlikely to add information to the analysis.  The aim was to evaluate children after a certain amount of listening time with their bilateral implants, so for example the one-year interval was expected to be assessed at 13 months post surgery (assuming a one month waiting period between surgery and initial tuning).  Although clinicians were asked to complete the testing at the correct interval, a three month leniency each side was given, for example the one year testing could occur at any time between 10 and 16 months after surgery (assuming a 1 month period between surgery and initial tuning).      
Participants

All children (aged less than 18 years at the time of the simultaneous or sequential surgery) receiving simultaneous bilateral cochlear implants or a sequential bilateral cochlear implant at all 14 centres were expected to be enrolled in this project; data collection ran from 1 January 2010 to 31 December 2012.  All children who were at the pre, one or two year post-implant point in 2010 and 2011 were included.  From January 2012 the three year time point was added and the pre time point was discarded in April 2012, so all children at the one, two or three-year time point in 2012 were included.  This meant that all children receiving simultaneous bilateral or a sequential bilateral cochlear implant in 2008, 2009, 2010 and 2011 were eligible for inclusion.  There were no exclusion criteria.  All testing was done using the child’s usual listening condition, that is bilateral hearing aids or cochlear implant and hearing aid before receiving two cochlear implants and bilateral cochlear implants thereafter.  No testing was done in an unnatural listening condition that may disadvantage the child’s performance (for example one cochlear implant at a time when the child typically used both implants).   

Performance measures
All centres were provided with a laptop computer and the software required to install and run the localisation and speech perception tasks.  Both tasks used the same five-speaker set up; the localisation test used all five speakers, the speech perception used only three of the five.  The centres all purchased this equipment, although one centre (Bristol) had insufficient space for the five-speaker set up, so only used one speaker.  They therefore could not perform localisation testing, and could only do speech in noise with the centre speaker.  One project officer (DB) visited all the other centres except one to ensure homogeneity of set up and to provide training.        
Localisation
A purpose-built localisation rig was designed for the horizontal localisation task.  This comprised five speakers placed at 1m from the subject, with the speaker centres at approximately child head height.  The five speakers were placed at -90, -45, 0, 45, and 90º azimuth.  The child was positioned facing 0º; often a test assistant sat behind the 0º speaker to attempt to keep the child’s attention forward.  Female speech tokens were presented at random from a speaker at a roving intensity level of 60 dB(A) ± 5dB to reduce the use of monaural level cues, and the child was required to indicate where the voice came from.  A speech signal was chosen as it is a familiar and valid stimulus to children.  The phrases were variations of ‘Can you find me?’, ‘Where am I now’ spoken by a female talker with a Southern British accent and an average fundamental frequency of 288 Hz.  Twenty-five trials were presented and the mean absolute error was calculated.  Only those tests that comprised 20 or more trials were included, as it was assumed that results were unlikely to be reliable if a child could not cooperate for 20 trials.  In a few cases number of trials was not indicated; the number of trials was then assumed to be 25.  Children aged around three and above could participate in the task, depending on their developmental level.  The test was designed to be easy to implement and quick, in the hope of involving as many children as possible.  
The outcome variable mean absolute error (MAE) was chosen so all errors were weighted equally in the average.  This measure is believed to be more useful for children where momentary episodes of inattention often lead to large errors not associated with poor localisation ability 
 ADDIN EN.CITE 
(Van Deun et al., 2009)
.  Mean absolute error was a continuous variable ranging from 0º to a maximum of around 120º.  

Localisation bias

Although the MAE provides a measure of overall localisation error, it cannot determine if the error is caused by actual localisation error, bias, or uncertainty.  The overall error is made up of bias and variability Alothman, 2016()
.  Bias towards a particular side or region could be due to an asymmetry of hearing, for example always responding towards the better hearing ear.   Loudspeaker configuration can introduce bias to responses when there are well-defined ends Hartmann, 1983()
; listeners' response choices are more restricted at the ends of the loudspeaker array.    Variability could be influenced by attention.   Ideally the response behaviour of the subject should be considered although this is beyond the scope of this project.  Following a MATLAB simulation of guessing behaviour, Alothman 2016()
 estimated that in order for a MAE to be considered with 95% confidence to reflect localisation ability and not simply be guessing the value should be less than 50°. 

Bilateral Listening Skills Profile (localisation)

The companion paper Cullington et al., 2016()
 describes the Bilateral Listening Skills Profile (BLSP): a 12-item questionnaire completed by parents concerning their child’s real life localisation skills.  The variable BLSP localisation was derived from the average of two questions; the score for each question could range from 0 (Not at all) to 5 (Perfectly).  Although individual question data were ordinal, BLSP localisation was treated as a continuous variable that ranged from 0 to 5.
Speech perception
It was not possible to find one speech perception test that could be used for children with widely varying ages, language level, home language etc., so two speech perception tests were used in the project, depending on the abilities of the child.  Younger children performed an Automated Toy Discrimination Test (ATT) in quiet 
 ADDIN EN.CITE 
(Palmer, Sheppard, & Marshall, 1991; Summerfield, Palmer, Foster, Marshall, & Twomey, 1994)
 and in adaptive noise; older children were tested with Bamford-Kowal-Bench (BKB) sentences Bench, Kowal, & Bamford, 1979()
, also in quiet and adaptive noise.  Usually children with a language age of six years and above can perform BKB testing.  

Speech perception testing in quiet was used for this project both as task familiarisation and confirmation that the child was able to do the test; the level of the target speech was varied adaptively with no masking sound resulting in a dB score for speech perception in quiet.  There is a learning effect with the ATT in young children aged 3 to 6 years, in that performance is typically better on the second test Lovett, Summerfield, & Vickers, 2013()
, so the testing in quiet also served as a practice run.  A bilateral advantage for listening in quiet was not necessarily expected Asp et al., 2015


( ADDIN EN.CITE )
 although those with two implants were shown to outperform those with one in both quiet and noise conditions in some studies Blamey et al., 2015


( ADDIN EN.CITE ; Sparreboom et al., 2014)
.  If the score in quiet was better than 55dB, testing continued to three different noise conditions.  The speech signal was always presented from the front (0° azimuth). The noise signal was presented from either the front, from the left (-90° azimuth), or from the right (90° azimuth).  An adaptive speech in noise test was chosen due to the wide variation in performance of the subjects.  An adaptive test ensures subjects are investigated in the most sensitive range (30 to 70%) of their psychometric function and avoids floor and ceiling effects.  The order of measurement conditions was speech perception in quiet, noise centre, noise on unimplanted/second side, noise on implanted/first side.  Owing to varying attention in children, often all conditions were not completed.  Noise was presented at a constant level of (55 dB(A) for ATT and 60dB(A) for BKB) measured in the sound field at the position of the child’s head. The level of the speech signal was varied adaptively using a single non-interleaved adaptive track.  If the child answered correctly twice in a row, the speech intensity decreased, speech intensity increased after one incorrect answer.  This estimates the 71% correct level Levitt, 1971()
.    

The speech perception testing aimed to evaluate the speech reception threshold with noise centre (SRTN0) and spatial release from masking (SRM).  In this project SRM was defined as the difference between the SRTs measured with co-located speech and noise and SRTs measured with spatially-separated speech and noise.  Both SRTN0 and SRM were continuous outcome variables.  

Automated Toy Discrimination Test

The ATT includes 14 toys that are placed in front of the child (cup, duck, spoon, shoe, horse, fork, cow, house, key, tree, plate, plane, man, lamb).  A computer-generated sound file of a recorded female talker asked the child to point to a toy; the tester scored whether the child chose the correct item.  The ATT in quiet uses an adaptive method to measure the minimum sound level at which a subject could identify words presented in quiet in the sound field.  The ATT has seven toy pairs; testers were asked to indicate the number of toy pairs excluded.  In the majority of cases, nothing was filled in, so it was assumed that all toy pairs were included.  If more than 3 toy pairs were excluded (less than four toy pairs remaining), the test results were not included.  
Noise was presented at 55dB(A); the speech level was varied.  The starting signal to noise ratio was +15dB; the step size was initially 8dB then decreased to 4dB.  The speech reception threshold (SRT) was calculated by averaging the speech levels of the last 6 reversals and subtracting the noise level.  The child was asked to sit still with their head facing towards the centre speaker.  As with localisation testing, with younger children, a second tester often sat behind the speakers in front of the child in order to keep their attention.  
Adaptive BKB sentences

Noise was presented at 60dB(A); the speech level was varied adaptively.  The starting signal to noise ratio was +15dB; the step size was initially 5dB and then decreased to 2dB.  The speech reception threshold (SRT) was calculated by averaging the speech levels of the last 8 reversals and subtracting the noise level.
Comparison of bilateral and unilateral

The aim of this project was to obtain outcome data from paediatric bilateral cochlear implant recipients in the UK.  No children with unilateral cochlear implants were included, as at this time the treatment of choice was bilateral implants.  However, at the pre implant interval the sequentially-implanted children had one cochlear implant, so some unilateral data were collected.  A comparison of bilateral and unilateral implant users was effected in two ways:

1. A repeated measures analysis of the sequentially-implanted children was conducted at the pre and one-year intervals

2. The sequentially-implanted children at the pre-implant interval (unilateral) were compared to children who had had simultaneous bilateral cochlear implants for a similar amount of time.

Neither approach is faultless; limitations are reviewed in the Discussion.  
The variable “time with implant(s)” was used in the comparison of children with bilateral and unilateral implants.  Information regarding the child’s age at deafness was not collected, so it is likely that some children had a period of either normal hearing or better hearing before implantation.   For sequentially-implanted children, it was the time since the first implant, for simultaneously-implanted children it was the time since their simultaneous surgery.  The simultaneously-implanted children were assessed at the one, two and three-year intervals after implantation; the sequentially-implanted children had varied duration of unilateral use at the time of their bilateral surgery.  The time with implant for unilaterally-implanted children was therefore binned from 0.5 to ≤1.5 years to compare with the one-year interval, >1.5 to ≤2.5 years to compare with the two-year interval and >2.5 to ≤3.5 years to compare with the three year interval.  One difficulty with time with implant(s) is that many of the sequential group had their first implant for more than three years at the pre-implant interval i.e. the unilateral group mostly had a time with implant greater than three years.  The simultaneously-implanted children all had their implants for three years or less, so the bilateral data dominates in the early time with implant(s) period.   

Age at test

Although date of test data were requested, in many cases this was incomplete so the exact age at test was unknown.  When date of test was entered, in most cases it was within the correct period although in several it was not.  It was decided to include all results regardless of whether they appeared to have been done at the correct interval or not.  It was believed initially that the pre time point would provide a snapshot of the child’s skills in the few months prior to implant surgery.  In practice however, in some cases the pre data were collected many months before surgery (perhaps due to funding delays) and thus the child may have developed further in the pre period just by virtue of an increase in age.    

Statistical analyses

The primary aim of this project was to show the range of outcomes achieved; data were therefore shown as boxplots.  There were no a priori hypotheses.  The majority of the analyses are descriptive, with statistics used to assess the likelihood that differences seen on graphs occurred by chance.  Without null hypotheses to test and with the p value set at 0.05, there is a 5% chance that a significant difference will be seen by chance, and of course this must be considered when post hoc testing only is done.  When comparisons are made at different intervals (i.e. pre, one year etc.), it should be noted that the data are not entirely independent; in some cases scores at different intervals are measured on the same participants.  However, since it is not all the same participants, independent statistical tests were used.  Exact two-tailed p values are given for all analyses.  Normality assumptions were tested using the Kolmogorov-Smirnov test in each group for each analysis.  Where normality assumptions were violated, non-parametric statistics were used.  When assessing a variable at different time intervals, the Jonckheere-Terpstra test was used.  This performs the same function as the non-parametric Kruskal-Wallis test (looks at differences between medians), but incorporates information about whether the order of the groups (interval) is meaningful.      

Ethical considerations

The purpose of this project was to record outcomes of paediatric bilateral cochlear implantation in the UK using performance measures, professional rating scales and parent questionnaires.  It was not hypothesis-driven.  This project was designed and conducted solely to judge the current care of children receiving two cochlear implants in the UK.  The project was considered a service evaluation and did not require review by the National Health Service Research Ethics Committee.  A letter was provided to all participating cochlear implant centres to give to the families, detailing the scope and purpose of the service evaluation.  

All children included in the service evaluation were given a unique identifier on enrolment.  Datasheets sent to the coordinating centre (Southampton) included only the identifier (not the child’s name).  The exact date of birth of the children was not collected, only month and year, in order to further improve confidentiality.  Although direct identifiers were not included, potential weak identifiers still existed in the data: surgery date(s) and month and year of birth, and the fact that cochlear implantation remains a relatively unusual intervention in the general population.  Since the age at cochlear implant surgery is believed to be a strong indicator of outcomes, it was considered appropriate to include this information.  Datasheets were stored in a locked location at the coordinating centre.  The Microsoft Access database was password protected, and additionally was contained on a secure network.             

RESULTS
Demographics
Three years of data collection were completed.  One thousand and one children were included: 465 were implanted simultaneously and 536 were implanted sequentially.   Four hundred and ninety children were female and 511 were male.  In simultaneously-implanted children the age at implant ranged from 0.7 years to 17.9 years, with a median age of 2.1 years (Figure 1).  The exact date of birth was not collected for data protection reasons; only the month and year were known and the day of birth was assumed to be the 15th of the month.  Using this approximation, thirty-one children (7%) were implanted at less than one year of age.  In sequentially-implanted children the age at first implant ranged from 0.4 years to 17.2 years with a median of 2.6 years (Figure 2).  The age at second implant ranged from 1.2 to 18.0 years (rounded up from 17.96 years) with a median of 8.2 years.  The time interval between implants ranged from 0.1 years to 14.5 years with a median of 4.9 years (Figure 3).  The histogram of age at first implant is slightly skewed to an older age in the sequential children, reflecting that many of these children were implanted first several years ago and the age at implant has gradually decreased over the years.  No information was collected on the children’s aetiology of deafness, age at deafness and device used.  Data on additional difficulties were incomplete and not included. 

Ascertainment

The 14 participating centres aimed to include every child at their centre with bilateral implants received in the years 2008, 2009, 2010 and 2011.  Figures from the UK British Cochlear Implant Group website (www.BCIG.org.uk, 2013) suggested that from 1 April 2010 to 31 March 2011, 258 children received simultaneous bilateral cochlear implants, and 276 children received a sequential bilateral cochlear implant.  Considering that there were few sequential bilateral operations in the UK before 2009 (when the NICE guidance was published), it may be estimated that in the years 2008 to 2011 inclusive 1032 children received simultaneous bilateral cochlear implants, and 828 children received sequential bilateral implants.  This suggests 1860 new children with bilateral cochlear implants within the project period.  One thousand and one children were included in the project, thus representing 54% of children receiving bilateral implants in the UK in this period.  This project collected data from 14 (78%) of 18 paediatric cochlear implant programs in the UK.   
Child’s home language
When the child participated in speech perception testing, information about their home language was requested.  In many cases this field was left blank or the child did not take part in speech perception testing, so the language was not known (n=517).  The home languages in 484 children with this information available are shown in Table 2; twenty-three different languages were represented.  In 13 cases a different language was noted at different intervals.  This could be because the language had changed from English to another (perhaps the parents felt more confident introducing the family language as the child made progress with English).  On the other hand it could be that they used primarily another language at home until starting pre-school or school, at which point they decided to speak English at home too.  The results from the 13 children with changed language showed both changing from English and changing to English.  In 30 cases (6%), two languages were indicated to be the child’s home language; in three cases there were three home languages.  Three children’s home language was reported to be ‘Not English’ but no further details were given.  Twenty-six children (5% of those with a language listed) had partial or exclusive sign language as their home language.    

Question 1.  What is the range of outcomes achieved by children receiving bilateral cochlear implants in the UK?

Localisation
Five-speaker performance test

Two measures of localisation were made in this project: the five-speaker performance test and the parent questionnaire BLSP.  Figure 4 shows localisation error (degrees) for all children who were tested at each interval (simultaneous and sequential).  A localisation error of 50º or more was considered to be chance (guessing).  Not surprisingly, only 8 simultaneously-implanted children were able to attempt localisation testing at the pre-implant interval and the subject numbers at the subsequent intervals were also low (n = 44, 41, 25 at one, two and three years, respectively).  In sequentially-implanted children: as the interval increased, the localisation error became significantly lower (better), Kruskal-Wallis H(3)=79.02, p = 0.000; Jonckheere-Terpstra J = 41392, Z = -8.81, p = 0.000.  No significant trend was seen in localisation error over time in the simultaneously-implanted children, Kruskal-Wallis H(3) = 2.78, p = 0.43.  

BLSP parent questionnaire (localisation)
Figure 5 shows BLSP localisation scores for all children tested.    Simultaneously-implanted children were not evaluated at the pre implant interval.  Subject numbers were higher than for the localisation performance test for simultaneously-implanted children reflecting that parents completed a questionnaire about the child’s abilities even when the child did not participate in performance testing.  For sequentially-implanted children, as the interval increased, the BLSP localisation score became significantly higher (better), Kruskal-Wallis H(3) = 153.352, p = 0.000; Jonckheere-Terpstra J = 114010.5, z = 11.79, p = 0.000.  No statistically significant trend was seen in BLSP localisation score in the simultaneously-implanted children, Kruskal-Wallis H(2) = 3.22, p = 0.20.  

Relation between localisation performance test and parent questionnaire

Figure 6 shows localisation error (performance test) versus the parents’ rating of localisation (BLSP) for 558 cases where both measures were completed.  The BLSP ratings are 0 to 5, ranging from ‘Not at all’ to ‘Perfectly’.  Examining just the median suggests that once the parents’ rating was 3.5 or above, on average the child was able to localise on the performance test (MAE less than 50º).  The children receiving simultaneous bilateral cochlear implants were mostly very young at the time of surgery, and even by the two or three year post interval, few were able to do localisation testing, and of course very few were able to do localisation testing pre implant (Figure 4).  Therefore, further analyses focus on parent-reported BLSP results for the simultaneously-implanted children, and performance measures for the (older) sequentially-implanted children.      
It is important to note that performance testing would only have been attempted if the child was considered able to participate in the testing.  Localisation results, like the other performance measures, were therefore skewed because results were only obtained if the tester considered that the child would be able to attempt the test.  In view of this, only the repeated measures localisation data were analysed further.  Figure 7 shows repeated measures data from 103 sequentially-implanted children before and one year after receiving the second device.  On average the children had a significantly lower (better) localisation error one year after their second cochlear implant than when they were just using one implant (repeated measures t(102)=4.54, p = 0.000), although the median MAE of 54º was still just within the chance range.  The effect size of the improvement was medium (r = 0.41).  Localisation error at each interval was tested with the Kolmogorov-Smirnov test and was not significantly different from normally-distributed.  All longitudinal performance data are also influenced by children getting older; at the one-year interval the one-year increase in age could have improved their localisation cooperation.  
In order to examine the effect of age on localisation error, the sequential group was assessed pre implant (when they were unilaterally-implanted) and their localisation error was examined as a function of age at test (Figure 8).  Although there was a large spread of results, there was a weak effect of age, with localisation improving as children got older (even when they just had one implant).  Linear regression analysis suggested that age at test accounted for 12.6% of the variance in localisation error.  Localisation error on average improved (decreased) at a rate of 1.354º per year (t=-5.728, p = 0.000) when children were listening with just one implant.  Localisation error at the pre-implant interval was tested with the Kolmogorov-Smirnov test and was not significantly different from normally-distributed.  Considering repeated measures localisation at the pre and one-year intervals in the 103 sequentially-implanted children shown in Figure 7, there was a mean decrease of 8.270º (confidence interval of 4.660-11.879º).  By simply growing one year older, a decrease of only 1.356º would be expected.  Since this is outside the confidence interval of the change, it can be concluded that the improvement in localisation seen is not simply a result of getting older.
Since the localisation error was dependent on the age at which the child was tested, a within-subject measure of localisation improvement was calculated.  For the sequentially-implanted children, the localisation improvement at one year was calculated as the difference in localisation between the pre and one-year interval.  This measure was available on 103 children, and had a median of 7.20º (mean =  8.27º; sd = 18.47º) with a range of -41.88 to 63.90º.  This meant that some children scored worse or no different on localisation after one year of using the second cochlear implant, although some children did show improvement.  Localisation improvement was not related to the age at test (age at the one-year interval), Pearson R squared = 0.003, p = 0.58, n = 103.  Localisation improvement was tested with the Kolmogorov-Smirnov test and was not significantly different from normally-distributed.  
Effect of interval between implants
The effect of interval between implants on  improvement in localisation at one year was examined in those children who received their devices in sequential procedures.  The time between sequential implants was binned as up to 5 years (n = 35), 5 to 10 years (n = 56) and greater than 10 years (n = 12).  There was no statistically significant main effect of interval between implants on the localisation improvement, Kruskal-Wallis H(2) = 4.08, p = 0.13.  Small subject numbers preclude further analysis but it is entirely possible that these children needed more time to get used to their devices and improved results would have been seen at later intervals.  
Speech perception in noise
Figure 9 and Figure 10 show speech perception with noise centre results for all children who were tested with ATT and BKB, respectively; a lower SRT indicates better hearing in noise.  Due to the young age at implantation for many simultaneously-implanted children, few performed speech perception testing in noise.  Statistical analysis was therefore confined to sequentially-implanted children.  There were still many missing data, for example only 84 sequentially-implanted children gave results on ATT noise centre and only 126 on BKB noise centre at the 1- year interval. 

As with the localisation, one limitation of the speech perception data is that not all children were developmentally able to do a speech perception test, so missing data in some cases means the child was unable to do the test, in other cases the test may have been missed for other reasons.  Within-subjects information may therefore be more informative.  
Some children performed ATT, some performed BKB.  Examining repeated measures data from sequentially-implanted children, there was no significant difference in SRT with noise centre between results obtained using ATT and BKB (pre-implant interval F(1,47)=1.62, p = 0.21; one-year interval F(1,47)=0.005, p = 0.94).  Results of ATT and BKB SRT with noise centre were tested with the Kolmogorov-Smirnov test and were not significantly different from normally-distributed.  Results were therefore combined.  Figure 11 shows the speech reception threshold (SRT) with noise centre from sequentially-implanted children who gave results at both the pre and one-year intervals.  On average significant improvements were seen in speech understanding in noise from the pre (unilateral) to one-year interval, t(48)=4.89, p = 0.000.  The effect size was large (r = 0.58).  Speech understanding in noise was tested with the Kolmogorov-Smirnov test at the pre and one-year interval and both distributions were not significantly different from normal.  However, the children were of course also one year older.  In order to assess to what extent the provision of the second implant caused this improvement, SRT results from sequentially-implanted children at the pre-implant interval (one implant) versus age at test and time of unilateral CI use were examined.  No significant relations were seen (age at test: Pearson R squared = 0.02, p = 0.09, n = 145; time of unilateral CI use: Pearson R squared = 0.02, p = 0.12, n = 145).  This suggests that the improvement was not caused by an increase in the child’s age or time of unilateral implant use.  

The improvement in speech perception with noise centre from the pre-implant interval (child had one cochlear implant) to one year after the child had the second device was calculated.  Figure 12 shows the speech perception improvement (ATT and BKB combined) versus the time interval in years between the first and second implants.  The dotted line denotes no improvement.  Most children showed an improvement in speech perception in noise one year after receipt of their second implant.  There was a significant effect of interval between the two implants: those children who had a smaller interval between implants had a significantly greater improvement in speech perception in noise, ANOVA F(2, 46) = 5.95, p = 0.005.  Data were normally-distributed in each bin (Kolmogorov-Smirnov test).  
Release from masking
Obtaining a measure of release from masking required the child to perform the speech perception in noise test with noise both centre and to the right and/or left.  Figures 9 and 10 showed that few simultaneously-implanted children performed speech perception with noise centre.  Even fewer children implanted simultaneously were able to do noise to the side (<10 for ATT and BKB).  Analysis therefore focussed on sequentially-implanted children.  Results were analysed in terms of noise moving from the centre speaker to the side of the first and second implanted ears.

Figure 13 shows the spatial release from masking when noise was moved to the side of the first implanted ear at the two-year interval for children tested with both ATT and BKB.  Although there were no significant differences in mean values when tested using ATT or BKB, the variance of the results was much greater for ATT testing.  Subsequent analysis therefore used just BKB data.  Figure 14 shows the BKB spatial release from masking when noise was moved to the first and second ears versus interval for all sequentially-implanted children who performed the test.  The spread is large for all intervals.  When noise was moved to the side of the second ear (or unimplanted side at the pre-implant interval) a spatial release from masking was generally seen at all intervals.  This is to be expected as noise moving away from the only implanted or first implanted ear will generally improve hearing in noise.  When noise was moved towards the only implanted or first implanted ear, on average no release from masking was seen at the pre and one-year intervals.  However, by two and three years after receipt of the second implant, on average a release from masking was seen; ANOVA showed a significant effect of interval F(3, 138) = 4.69, p = 0.004.  Data were examined at each interval using the Kolmogorov-Smirnov test and distributions were not significantly different from normal.  Insufficient data were available to analyse repeated measures release from masking data (n = 4 participants had results at intervals pre, one and two years; n = 14 participants had results at intervals pre and one year).  
Question 2.  Do two implants result in better outcomes than one?
Localisation
Figures 15 and 16 show the localisation and BLSP localisation (parent questionnaire) in simultaneously-bilaterally and unilaterally-implanted children plotted against the time they had bilateral and unilateral implants, respectively.  The unilaterally-implanted children are the sequential cohort before they received their second implant (so these are not repeated measures data on the same participants).  Although the ranges were large, the bilaterally-implanted children showed significantly better (lower) localisation error after two (medium effect size r = 0.54) and three years (medium effect size r = 0.49) with implants (one year: Mann-Whitney U = 26.5, Z = -1.72, p = 0.09; two years: t(21.08) = -2.95, p = 0.008; three years: t(48) = -3.86, p = 0.000).  Bilaterally-implanted children also showed better (higher) parent ratings on the BLSP localisation question at one (small effect size r = -0.16), two (medium effect size r = -0.42) and three years (large effect size r = 0.74) than those children with only one implant (one year: Mann-Whitney U = 369.5, Z = -2.12, p = 0.03); two years: Mann-Whitney U = 261, Z = -4.06, p = 0.000 ; three years: t(52.09) = 8.05, p = 0.000).  Even after three years of cochlear implant use the majority (76%) of people using unilateral cochlear implants were scoring in the chance area; on average the bilateral users were able to localise although 44% were still in the chance area.  Scores on the BLSP questionnaire for localisation (Figure 16) showed ceiling effects for the bilateral users and floor effects for the unilateral users.         
Speech perception in noise

Combined ATT and BKB speech perception results with noise centre in bilaterally and unilaterally-implanted children showed no significant difference overall between bilateral and unilateral users (one year: Mann-Whitney U = 10, Z = -0.63, p = 0.67; two years: Mann-Whitney U = 53, Z = -0.17, p = 0.89; three years: t(37) = -0.78, p = 0.44).  Numbers were small (bilateral n = 32, 28, 25; unilateral n = 1, 4, 14, 125) and there was a wide range of results.  Insufficient results were available on the bilateral users for SRM.

DISCUSSION
Question 1.  What is the range of outcomes achieved by children receiving bilateral cochlear implants in the UK?

Localisation

This project used two measures of localisation: the 5-speaker performance test and the parent questionnaire BLSP.  One child was tested on the five-speaker test just around their second birthday, and one further child was tested at 2.6 years.  In all other cases the child needed to be at least three years old for testing to be attempted.  Few simultaneously-implanted children attempted localisation testing, so the parent questionnaire results were used for this group.  Much variability was seen when localisation error was plotted against BLSP localisation score (Figure 6), with complete disagreement between the response to the questionnaire and the performance test in many cases.  For example some children were able to obtain a non-guessing score on the localisation test even when their parents reported they could not localise at all, and some parents reported perfect localisation although their child scored at chance on the performance test.  There are advantages and disadvantages of a performance measure versus a parent questionnaire; it is likely that neither fully describes how well a child can localise in real life.  It is possible that children had difficulty understanding or attending to the localisation performance test. 

Both simultaneously- and sequentially-implanted children’s results showed a large spread ranging from good (low) localisation error of less than 20º to pure guessing behaviour (Figure 4).  As an example, if the child selected exactly the correct speaker on 20 occasions but selected incorrectly one speaker away on five occasions, this will result in a mean absolute localisation error of 9º.  Many children were still unable to localise (localisation error of 50º or more) two or three years after receiving two cochlear implants, although the majority of sequentially-implanted children were able to by three years post.  Of course the simultaneously-implanted children were generally younger and this would affect their results on the localisation test.  
A significant improvement in localisation error was seen one year after sequentially-implanted children had received their second device (Figure 7); this was not simply an effect of growing a year older and thus becoming better at the test.  However, the range was large.  The median localisation error remained in the chance region at the one-year interval, showing that just over half of the children were still performing at chance at that point.  Figure 4 suggests that by three years post sequential implantation the localisation error has improved further.  Previous work showed no improvement in localisation one year after receiving a second implant, but a significant improvement after two years Strom-Roum, Rodvik, Osnes, Fagerland, & Wie, 2012()
 and Sparreboom et al  2014


( ADDIN EN.CITE )
 showed drastic improvement in localisation abilities from 2 to 5 or 6 years after receiving bilateral cochlear implants.  However, even after several years of bilateral implant use, children’s localisation errors are generally worse than normally-hearing children of the same age 
 ADDIN EN.CITE 
(Dorman, Loiselle, Cook, Yost, & Gifford, 2016; Zheng et al., 2015)
.   

Figure 8 showed localisation error versus age at test in children with just one implant.  It is of interest to see that many children were able to score better than chance (<50( error) on the five-speaker localisation test even before having two cochlear implants.  Where information was given on the child’s best aided condition, only a small number were using a hearing aid on the contralateral ear, suggesting that some children with one implant were able to utilise level cues effectively to lateralise a sound.

Effect of interval between implants
The improvement in localisation at the one-year interval was not related to the time interval between the two implant surgeries.  Just under half of those with more than 10 years interval between implants showed an improvement in localisation at the one-year interval, although in some cases the improvement was small and unlikely to be significant.  Some work has shown that localisation is better in children who received early bilateral implants Asp et al., 2015
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 or early experience of normal hearing Killan, Royle, Totten, Raine, & Lovett, 2015
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, suggesting the importance of access to binaural cues early in life, and a shorter interimplant interval resulted in a small but significant localisation benefit Strom-Roum, Rodvik, et al., 2012()
.  However, a systematic review of the effect of time between sequential implants found no significant effect of interimplant interval Smulders, Rinia, Rovers, van Zanten, & Grolman, 2011
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.  
BLSP parent questionnaire (localisation)
The BLSP provided a measure of localisation ability in young children unable to participate in performance testing.  Again a wide spread of abilities was seen with the full range of responses represented (‘cannot localise at all’ to ‘can localise perfectly’ in the situations mentioned in the questionnaire) for all intervals except three years.  By three years post bilateral implantation results improved, although participant numbers were small.  It is of note that a ceiling effect is seen at all intervals: even with just one implant.  Many parents felt that their children were able to do the two tasks in the questionnaire perfectly (‘Your child is sitting between two people. One of them starts to speak. Can your child tell right away whether it is the person on the left or right, without having to look?’; ‘Your child is standing on the pavement of a busy street. Can your child hear right away which direction a bus or lorry is coming from before seeing it?’).     

Speech perception in noise
Hearing better in background noise is often a motivation for obtaining a second cochlear implant.  This project examined speech perception with noise centre and spatial release from masking.  There was a wide range of results, with some children able to understand speech in negative signal to noise ratios on both ATT and BKB testing (Figures 9 and 10).  Testing with the open-set sentence test BKB is more difficult than with the closed set ATT.  Only those children scoring a speech perception threshold of 55dB or better in quiet proceeded to noise testing, so the results are biased in favour of children with good speech understanding.  The simultaneously-implanted children were younger and subject numbers were limited, so further analyses were not possible.  Reference data were obtained from 51 normally-hearing children aged 5 to 6 years tested with ATT and 53 normally-hearing children aged 9 to 10 years tested with BKB Rowan et al., 2011()
.  Mean SRTs ((2 standard deviations) for the children tested with ATT and BKB, respectively, with noise centre were –5.0 dB (7.6 dB) and –4.4 dB (2.2 dB). By two and three years after implantation, many of the sequentially-implanted children are within this normally-hearing range, although they were likely to also have the advantage of being older than 5 or 6 years.  
Sequentially-implanted children showed on average a small but significant improvement in SRT one year after receiving their second implant (Figure 11); this was unrelated to an increase in age or time of use of the first implant.  Children with a smaller time interval between their implants showed a greater improvement in SRT (Figure 13), but even with more than 10 years interval between implants, the majority of children still showed an improvement in speech perception in noise.  However, it is likely that quite a large difference in SRT is required in order for the difference to be statistically significant for an individual.
Listeners with normal hearing are able to exploit the difference in location of signal and noise in order to improve their speech understanding in background noise (spatial release from masking).  When sequentially-implanted children received their second implant, initially on average they were unable to focus in and listen on this new side in order to help them when noise moved to their first implanted ear (Figure 14).  However, by two and three years after receipt of the second device, the release from masking was roughly symmetrical, meaning that they were able to obtain benefit from separation of the signal and noise whether the noise moved to their first or second implanted ear.  This suggests that although in the early period after receiving the second device users are wholly reliant on their first implant, at later periods many people are able to use input from their second device alone and thus benefit even when noise was moved to their first side.  This is not a binaural effect; they are relying on the ear with a better signal to noise ratio.  This is in agreement with Killan et al 2015()
 who showed increase in SRM between two and four years after receiving the second implant in 17 children, and more symmetry in results.  However, Litovsky and Misurelli 2016()
 revealed complex trends in SRM over time: some children got better, some stayed the same, some got worse.  They felt this was possibly due to changes in the child’s processor maps, more reliance on assistive listening devices in the classroom, or changes in asymmetry between the ears over time. 
Some research has shown that a longer interimplant interval can negatively affect speech understanding in the second ear 
 ADDIN EN.CITE 
(Galvin, Holland, & Hughes, 2014; Illg et al., 2013)
 with Kocdor et al 
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(2016)
 recommending an interval of no more than three or four years.  However, considering the performance with both implants together, no effect of age at implantation or interval between implantations was seen when speech recognition in quiet and noise were assessed in 25 adolescents who received their second implant at age 10 to 17 years Friedmann et al., 2015
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.  Similar findings were reported by Kim, Kim and Jeong 2013()
 in 42 children with excellent performance with their first ear who received a second implant at varying times later; Strom-Roum et al concluded that there was not an upper limit for interimplant interval beyond which the second implant could no longer help speech recognition in noise Strom-Roum, Laurent, & Wie, 2012
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.  A systematic review by Smulders et al 2011()
 found poor evidence but generally no effect of interimplant interval.  In common with other authors we believe that positive outcomes can occur when children and young adults receive a second implant at all ages, including when the interimplant interval is long Galvin et al., 2014()
.
Question 2.  Do two implants result in better outcomes than one?
Comparing children with one implant to those with two was a secondary aim of this project.  Although there was not a unilaterally-implanted control group (this would have been unethical as the current treatment recommended by NICE was bilateral implantation), data from the sequentially-implanted children before they had their second implant were used to achieve a comparison with children with one cochlear implant.  However, it may be considered that this unilateral group is not a fair comparison group for the following reasons:

a) they received their first cochlear implant between 1 month and 14 years before their second implant, so they may have been using older technology in that ear or have been implanted using different candidacy guidelines.  

b) the age at first implant in the sequentially-implanted group (mean = 3.4 years, median = 2.6 years) was slightly higher than in the simultaneously-implanted group (mean = 3.1 years, median = 2.1 years), so this may have affected outcomes in these children, although a 3 month interval at this age would have less of an impact than at a younger age. 

c) the parents may have decided that the children should receive a second implant because their progress was not satisfactory with the first implant.  However, it is perhaps equally likely that the parents were so pleased with the first implant that they and the children chose to receive a second.  

d) regarding questionnaire data, in the pre implant stage the parents of the sequentially-implanted children may have felt that they should exaggerate the difficulties their child was experiencing in case they were denied a second device.  This should not have been the case though as the clinical decision to provide a second implant had already been made.  Nonetheless this could have deflated the benefits reported in the unilateral group.

Results in this project showed significantly better localisation (performance test and questionnaire) in those children with bilateral cochlear implants compared to those with a unilateral implant (Figures 15 and 16).  No significant difference was seen in speech perception with noise centre and there were insufficient data to analyse SRM.  
Missing data

Although participating centres were asked to provide data on all eligible children, the ascertainment figures suggest that many children were not included.  Throughout the service evaluation, attempts were made to minimise missing data including providing frequent feedback to data collectors by email and regular meetings.  Two types of missing data occurred: 1.  an eligible child was not included in the project, 2.  although a child was included, a full data set was not provided.  

When a child was not included at all, it was not possible to ascertain the reason as the child was not known to the project data analysers.  When a full dataset was not obtained on a child, the reason was usually unknown.  The main reasons given for missing results  were classified as either a factor related to the patient (attention, fatigue, insufficient hearing, insufficient language, insufficient English, non-user, developmentally unable, blind, did not attend) or unrelated to the patient (equipment problem, insufficient time, no setup, appointment not scheduled, staffing problem).  The factor ‘insufficient time’ could be patient related or not, for example a child may have had additional difficulties which necessitated all the time being spent on mapping.  For the non-patient factors, in some cases it may be assumed that the missing data occurred at random, although ‘no setup’ was centre-specific. 

“Where will my child be in that range?”
All measures showed a large range of outcomes.  Parents and children considering bilateral cochlear implants will naturally question likely outcomes for their individual child.  After implantation parents, patients and professionals will also wish to establish if their child is performing to expectation.  This project did not intend to answer questions related to outcome predictions; further prospective work is required.  No predictions can be made for individual children.  However, data from this project may assist professionals in flagging children in the lowest quartile of results for targeted rehabilitation or other interventions.

Limitations

This project was a longitudinal observational service evaluation with the purpose of recording outcomes in children receiving bilateral cochlear implants in the UK.  Cohort studies fall below randomised controlled trials (RCT) in the hierarchy of research evidence, but it would not have been ethical to perform a RCT.  Data were pooled across 14 UK cochlear implant centres.  In the UK, candidacy for implantation is determined by the NICE guidelines NICE, 2009()
 and post-operative care follows national quality standards British Cochlear Implant Group, 2016()
, so there is no reason to believe that care would have been significantly different at any centre.  As in any longitudinal study involving children, all data are confounded by the fact that children generally get better at all measures over time due to maturation and development.  It is often difficult to elucidate whether any changes seen are due to the intervention (bilateral cochlear implantation) or the passage of time.  A longitudinal study may also exhibit practice effects when the same measures are used at each interval.  In the sequentially-implanted group there is a very significant carryover effect, meaning that the first treatment administered (unilateral cochlear implantation) continued to have an effect that carried over to the subject’s behaviour during the second condition (bilateral cochlear implantation).   

A further disadvantage was the inability to control for all other confounding factors that existed in the data.  There was a wide age range represented - from babies to young adults.  Questionnaires completed after receipt of the bilateral/second implant(s) may have been influenced by placebo effects.  In addition, the parents were usually handing the questionnaire to a key person in their child’s rehabilitation, so may have felt reluctant to be negative about progress in case it impacted their child’s care.  There may also have been a halo effect in that the parents were subconsciously influenced by their good relationship with the person who asked them to do the questionnaire.  One further limitation of the questionnaires is that parents were told results of speech perception and localisation testing; this may have influenced their ratings of their child’s abilities.  Conversely parents completing questionnaires at the pre-implant interval may have exaggerated the difficulties their children were experiencing believing that these measures formed part of the candidacy assessment.  This may have particularly occurred in children implanted sequentially.  Professional report measures may have suffered from observer bias.  Other weaknesses in this project were the extent of missing data, and children ‘dropping in’ and ‘dropping out’ of the study making within-subjects comparisons difficult.  Data were limited at the three-year interval, and more interesting information may be obtained by following these children for even longer.  This project did not consider cost effectiveness, and the child’s educational setting was not recorded.  
Performance test data (localisation and speech perception in noise) were further limited by the fact that if the child was considered by the clinician to be unable to cooperate with the test, it would not have been attempted and thus no result would have been recorded.  The results obtained are thus already skewed in terms of children who may be older, have more advanced development, better hearing performance, better language and more cooperative behaviour.  The simultaneously-implanted children were usually younger, so performance test data were more limited in this population.  No data were recorded regarding the status of any residual hearing in the children who had cochlear implants; it is possible that residual low frequency hearing may have added to the cochlear implant performance.  In addition, no data were recorded on the type and extent of rehabilitation received by the children, although it was assumed that there would have been no major differences as all children were under the care of NHS cochlear implant centres.        

As mentioned above, the study suffered from much missing data.  Children ‘dropped in’ and ‘dropped out’ of the study, meaning that although 1001 children were involved, data were not available for each child at each interval.  The extent of explanation from the participating clinicians for missed data was insufficient for analysis.  Especially for performance testing which required clinic attendance, it may be that those children with missing data were more likely to be poorer performers, have poorer device usage and have socioeconomic differences.
Strengths

This project does have several unique strengths.  The results represent just over 50% of children with bilateral cochlear implants in the UK at this time, so can justifiably be considered to represent the population.  The data provide a real picture of what children with bilateral cochlear implants in the UK can do.  The sampling was as unbiased as possible; some studies where children specifically travel often long distances for research projects result in a biased sample because the families that enrol are highly motivated to take part in research Grieco-Calub & Litovsky, 2012()
.  This project did not collect information on device used, additional difficulties, other diagnoses, educational placement, and cochleovestibular anomalies; it can be assumed that a wide range of children was represented.  Many studies of cochlear implants in children involve a highly-selected population, for example the participants in Colletti et al 
 ADDIN EN.CITE 
(2011)
 met eight inclusion criteria, including being implanted at less than three years, aetiology not meningitis, no additional difficulties, normal inner ear and cochleovestibular nerves, and no device failures.  While a homogeneous participant group can be useful for hypothesis-based projects, it does not necessarily represent the real world where 30 to 40% of children with sensorineural hearing loss are likely to have additional developmental delay Birman, Elliott, & Gibson, 2012


( ADDIN EN.CITE ; Fortnum & Davis, 1997)
, device failures occur in around 5% of patients Wang, Wang, Psarros, & Da Cruz, 2014()
 and inner ear abnormalities occur in around 20% of patients with congenital sensorineural hearing loss 
 ADDIN EN.CITE 
(Jackler, Luxford, & House, 1987)
.  Many studies also select children with English (or the researcher’s country’s) home language; this project included children with 23 home languages (Table 2).  

CONCLUSIONS

This fourteen-centre project represented cooperation between almost 80% of paediatric cochlear implant centres in the United Kingdom.  It provides an example of emerging collaborative work within a country, although highlighting difficulties associated with a multicentre project especially that of missing data.  The aim of the project was to collect outcome data on children receiving bilateral cochlear implants both simultaneously and sequentially.  One thousand and one children were included, aged from 8 months to almost 18 years.  Seven percent of children implanted simultaneously received implants at less than one year of age, with a median of 2.1 years.  There were no exclusion criteria so children with additional difficulties, cochleovestibular anomalies, varying educational placements, diverse home languages, the full range of outcomes and varying levels of device use were included.  Five percent of those with a language listed used sign language at home; 7% of children used at least two different home languages.  

Localisation and speech perception with noise from different locations are feasible clinical tests in this population.  A vast range of outcomes was seen, with children showing between no bilateral improvement and large improvement.  On average those children receiving a second (sequential) cochlear implant showed improvement in localisation and listening in background noise after one year of bilateral listening.  The interval between sequential implants on average had no effect on localisation improvement although a smaller interval did give more improvement in speech recognition in noise.  Sequentially-implanted children were able to use their second implant to obtain a spatial release from masking as noise moved to the first implant after two years of bilateral listening.  Children with a unilateral cochlear implant on average were still unable to localise even after more than three years of implant use.  Predictions of outcomes for individual patients are not possible from these data.  However, there are no indications to preclude children with long inter-implant interval having the chance of a second cochlear implant.  
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Table 1.  National Paediatric Bilateral Project test measures.  Original protocol for children receiving simultaneous or sequential bilateral cochlear implants from January 1 2010 to December 31 2011 (three year interval was not included).  In 2012 the protocol changed: those measures marked with § were removed (sound field thresholds and POP) and the three year interval was added (marked with *).  As data collection occurred throughout the project, some children were tested under the original protocol and some under the changed protocol.
	
	Before surgery
	1 year
	2 years
	3 years

	
	Sim
	Seq
	Sim
	Seq
	Sim
	Seq
	Sim
	Seq

	Speech perception in quiet
	(§
	(§
	(
	(
	(
	(
	(*
	(*

	Speech perception in noise
	(§
	(§
	(
	(
	(
	(
	(*
	(*

	Localisation
	(§
	(§
	(
	(
	(
	(
	(*
	(*

	POP 
	
	(§
	(§
	(POP2§
	(§
	( POP2§
	
	

	BLSP
	
	(§
	(
	(
	(
	(
	(*
	(*

	CAPII
	(§
	(§
	(
	(
	(
	(
	(*
	(*

	SIR
	(§
	(§
	(
	(
	(
	(
	(*
	(*

	BAPP
	
	
	(
	(
	(
	(
	(*
	(*


Footnote:  POP: Parent Outcome Profile.  BLSP: Bilateral Listening Skills Profile.  CAPII: Categories of Auditory Performance II.  SIR: Speech Intelligibility Rating.  BAPP: Brief Assessment of Parental Perception.  

Table 2.  Home language of 484 children (unknown in 517)

	English
	412

	2 languages – combinations of:

English

Filipino

French

Gujarati

Hindi

Mirpuri

Polish

Portugese

Romanian

Sign language

Somali

Urdu

Welsh
	30

	Changed language – combinations of: 

Arabic

English

Gujarati

Malayalama

Mirpuri

Polish

Portugese

Pushtu

Sign language

Urdu
	13

	Polish
	6

	Sign language
	5

	3 languages – combinations of:

Creole

English

French

Mirpuri

Sign language

Sylheti
	3

	Not English
	3

	Urdu
	3

	Mirpuri
	2

	Arabic
	1

	Bengali
	1

	Farsi
	1

	Nepali
	1

	Punjabi
	1

	Somali
	1

	Yiddish
	1


Figure 1.  Age at implant for 465 children receiving simultaneous bilateral cochlear implants
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Figure 2.  Age at first implant for 536 children who subsequently received sequential bilateral cochlear implant surgery
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Figure 3.  Time interval between surgeries (years) for 536 children who received sequential bilateral cochlear implants
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Figure 4.  Boxplot of localisation error (degrees) plotted against interval for all children who were tested (simultaneous and sequential).  (Simultaneous n = 8, 44, 41, 25; sequential n = 230, 221, 124, 30).  The box represents the portion of the distribution falling between the 25th and 75th percentiles (lower and upper quartiles).  The horizontal line represents the median.  The vertical lines outside the box (whiskers) contain the largest and smallest values that are not categorised as outliers or extreme values.  Those values above the dotted line can be considered to have occurred by chance.  In sequentially-implanted children there was a significant effect of interval, p = 0.000.
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Figure 5.  BLSP localisation score (parent questionnaire) plotted against interval for all children who were tested (simultaneous and sequential).  (Simultaneous n = 165, 75, 19; sequential n = 293, 244, 127, 32).  Outliers (more than 1.5 box lengths above or below the box) are shown as circles.  The numbers by the markers represent individual case identifiers.  In sequentially-implanted children there was a significant effect of interval, p = 0.000.
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Figure 6.  Localisation error (degrees) plotted against parent-rated localisation skills (BLSP).  Data at all intervals were included (pre, one year, two years, three years).  558 cases were included (both simultaneously- and sequentially-implanted children)
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Figure 7.  Localisation error (degrees) for 103 sequentially-implanted children tested at both the pre and one-year interval.  Difference was statistically significant, p = 0.000.  In this and subsequent figures, statistical significance is indicated as follows: * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 8.  Localisation error (degrees) at pre-implant interval plotted against age at test (years) in sequentially-implanted children (unilaterally-implanted at the pre-implant interval).  
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Figure 9.  Speech reception threshold (using ATT) with noise centre for all children who were tested at each interval (simultaneous and sequential).  In some cases data from the same child may have been included at different intervals.  (Simultaneous: n = 2, 20, 25, 24; sequential: n = 83, 84, 45, 13)
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Figure 10.  Speech reception threshold (using BKB) with noise centre for all children who were tested at each interval (simultaneous and sequential).  In some cases data from the same child may have been included at different intervals.  (Simultaneous: n = 0, 12, 3, 1; sequential: n = 63, 126, 81, 17)
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Figure 11.  Repeated measures speech reception threshold (SRT, dB) with noise centre (ATT and BKB combined) at the pre and one-year interval (n = 49 sequentially-implanted children).  Difference was statistically significant, p = 0.000.
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Figure 12.  Improvement in SRT(dB) noise centre one year after second implant (ATT and BKB combined) (up to 5y: n = 11; 5 to 10y: n = 31; >10y: n = 7 sequentially-implanted children).  Effect of interval between implants was significant, p = 0.005.
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Figure 13.  Spatial release from masking (dB) when noise was moved from the centre to the side of the first implanted ear at the two-year interval in children tested with ATT (n = 23) and BKB (n = 33 sequentially-implanted children)
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Figure 14.  Spatial release from masking (dB) when noise was moved from the centre to the side of the first implanted and second implanted ears in children tested with BKB (n = 38, 62, 31, 7 sequentially-implanted children).  There was a significant effect of interval on spatial release from masking when noise moved to the first ear, p = 0.004.
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Figure 15.  Localisation error in bilaterally and unilaterally-implanted children (Bilateral n = 44, 41, 25; unilateral n = 3, 8, 25, 193)
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Figure 16.  BLSP localisation in bilaterally and unilaterally-implanted children (Bilateral n = 165, 75, 19; unilateral n = 8, 18, 37, 226)
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Figure captions
Figure 1.  Age at implant for 465 children receiving simultaneous bilateral cochlear implants

Figure 2.  Age at first implant for 536 children who subsequently received sequential bilateral cochlear implant surgery

Figure 3.  Time interval between surgeries (years) for 536 children who received sequential bilateral cochlear implants
Figure 4.  Boxplot of localisation error (degrees) plotted against interval for all children who were tested (simultaneous and sequential).  (Simultaneous n = 8, 44, 41, 25; sequential n = 230, 221, 124, 30).  The box represents the portion of the distribution falling between the 25th and 75th percentiles (lower and upper quartiles).  The horizontal line represents the median.  The vertical lines outside the box (whiskers) contain the largest and smallest values that are not categorised as outliers or extreme values.  Those values above the dotted line can be considered to have occurred by chance.  In sequentially-implanted children there was a significant effect of interval, p = 0.000.

Figure 5.  BLSP localisation score (parent questionnaire) plotted against interval for all children who were tested (simultaneous and sequential).  (Simultaneous n = 165, 75, 19; sequential n = 293, 244, 127, 32).  Outliers (more than 1.5 box lengths above or below the box) are shown as circles.  The numbers by the markers represent individual case identifiers.  In sequentially-implanted children there was a significant effect of interval, p = 0.000.

Figure 6.  Localisation error (degrees) plotted against parent-rated localisation skills (BLSP).  Data at all intervals were included (pre, one year, two years, three years).  558 cases were included (both simultaneously- and sequentially-implanted children)

Figure 7.  Localisation error (degrees) for 103 sequentially-implanted children tested at both the pre and one-year interval.  Difference was statistically significant, p = 0.000.  In this and subsequent figures, statistical significance is indicated as follows: * p < 0.05; ** p < 0.01; *** p < 0.001.

Figure 8.  Localisation error (degrees) at pre-implant interval plotted against age at test (years) in sequentially-implanted children (unilaterally-implanted at the pre-implant interval).  

Figure 9.  Speech reception threshold (using ATT) with noise centre for all children who were tested at each interval (simultaneous and sequential).  In some cases data from the same child may have been included at different intervals.  (Simultaneous: n = 2, 20, 25, 24; sequential: n = 83, 84, 45, 13)

Figure 10.  Speech reception threshold (using BKB) with noise centre for all children who were tested at each interval (simultaneous and sequential).  In some cases data from the same child may have been included at different intervals.  (Simultaneous: n = 0, 12, 3, 1; sequential: n = 63, 126, 81, 17)

Figure 11.  Repeated measures speech reception threshold (SRT, dB) with noise centre (ATT and BKB combined) at the pre and one-year interval (n = 49 sequentially-implanted children).  Difference was statistically significant, p = 0.000.

Figure 12.  Improvement in SRT(dB) noise centre one year after second implant (ATT and BKB combined) (up to 5y: n = 11; 5 to 10y: n = 31; >10y: n = 7 sequentially-implanted children).  Effect of interval between implants was significant, p = 0.005.

Figure 13.  Spatial release from masking (dB) when noise was moved from the centre to the side of the first implanted ear at the two-year interval in children tested with ATT (n = 23) and BKB (n = 33 sequentially-implanted children)

Figure 14.  Spatial release from masking (dB) when noise was moved from the centre to the side of the first implanted and second implanted ears in children tested with BKB (n = 38, 62, 31, 7 sequentially-implanted children).  There was a significant effect of interval on spatial release from masking when noise moved to the first ear, p = 0.004.

Figure 15.  Localisation error in bilaterally and unilaterally-implanted children (Bilateral n = 44, 41, 25; unilateral n = 3, 8, 25, 193)

Figure 16.  BLSP localisation in bilaterally and unilaterally-implanted children (Bilateral n = 165, 75, 19; unilateral n = 8, 18, 37, 226)
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