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Editorial on the Research Topic
 Outcome Measures to Assess the Benefit of Interventions for Adults With Hearing Loss: From Research to Clinical Application



Hearing, listening, communication and participation in the context of hearing loss are complex constructs to measure. This is because those constructs are intertwined with other complex constructs including language, cognition, social engagement, and fatigue. Hearing loss (passive) impacts listening (active) which, for many adults who live with hearing loss, impacts communication (bi- or multi-directional exchange) and participation (everyday life). A plethora of hearing-based interventions are available to support the needs of adults with hearing loss. This includes a range of hearing aid and hearing implant technologies, personal sound amplification products, assistive-listening devices, communication strategies, and auditory/cognitive training. To evaluate the benefits of these interventions, we require valid, relevant and reliable outcome measures before and after the interventions.

A valid outcome measure means that it measures what it intends to measure, a relevant measure is that which taps into the intended mechanism of benefit or outcome domain, while a reliable measure means that the same result would be found if that measure was repeated in the same circumstances (high test-retest reliability). Because of their simplicity and reliability, hearing thresholds and speech recognition tests, typically conducted at a fixed volume in a quiet environment, have dominated clinical practice and research in audiology (Granberg et al., 2014). Although replicable, simple to conduct, and useful in certain contexts, these measures have limited relationship with everyday abilities and needs (Ferguson et al., 2016; Keidser et al., 2020). Developing and selecting valid, relevant and reliable outcome measures remains a challenge in the field of audiology.

We may never succeed in developing a single measure that captures the full relationship between hearing, listening, language, cognition and participation in the context of interactive and sustained communication within the real-world: a dynamic 3D acoustic and visual environment. However, it is important that we explore, and push, the boundaries of this problem in order to benefit the field, and importantly, better support those who live with hearing loss. The collection of articles in this Research Topic highlights current discussions and directions that the field has, and is, taking. This Research Topic begins with a scoping review by Neal et al. that maps the abundance of measures that are used in recently published studies to assess the listening and communication skills of adults with hearing loss. The authors note that these measures mainly target a narrow set of relevant domains. Following from this, Munro et al. discuss how the selection of hearing-related measures that are used in clinical trials have consequences on the outcomes of those trials—and therefore the knowledge that we can derive from these studies. Their article provides guidance about the factors that need to be considered in the development and selection of outcome measures, to increase the value and impact of clinical trials. The article by Allen et al. provides further reflection about the need to carefully consider the choice of self-report outcome measures used, not just for specific clinical trials, but in the development of national databases. For this to be possible, mechanisms are required to standardize the selection, collection and reporting of clinical data. These authors report on a consensus-based approach used to identify a core outcome domain set that is relevant to measure from the perspective of hearing services consumers and clinicians. Aligned with some of the core messages of Munro et al. and Allen et al., Dietz et al. illustrate how selecting the type and the timing of outcome measures impacts a study's outcomes, in particular the additional value that self-report measures provide over and above the conventional speech testing for cochlear implant users. Similarly, Abdel-Latif and Meister highlight how the addition of measures of listening effort can complement routine clinical testing. Hoppe et al. further demonstrate how considering outcome measures for each individual ear, as well as binaurally, impacts the interpretation of study results, in particular for individuals who have asymmetric hearing. In contrast with the numerous studies that use pure-tones and speech-based stimuli, Shafiro et al. conducted a systematic review to showcase the limited evidence base that exists in relation to the perception of environmental sounds with hearing devices. As for the abovementioned studies, inconsistent methodologies limit the potential to compare between studies and to aggregate data from larger datasets, for example for meta-analyses.

To assess outcomes that better reflect real-life situations, the complexity and realism of the stimuli and tasks can also be varied (e.g., using overlapping stimuli types, multiple stimuli locations, or dual-tasks). Historically, the main problem with these types of measures is that they have required larger spaces and more complex and expensive equipment. These measures also need to be designed and evaluated carefully to ensure adequate reliability (Ferguson and Henshaw, 2015). In this Research Topic, Miles et al. assessed new speech intelligibility tasks that are more representative of everyday speech communication outside the laboratory. They show that the more realistic speech task offered a better dynamic range for capturing individual performance and hearing-aid benefit across a range of real-world environments. The article by Salorio-Corbetto et al. describes the assessment of a Virtual Acoustics (VA) version of the Spatial Speech-in-Noise (SSiN) test, the SSiN-VA, for the purpose of evaluating hearing abilities with bilateral hearing aids. This approach can enhance clinical efficiency because testing can be conducted at home. In a similar vein, van Wieringen et al. investigated three different speech perception assessments in the same 40 cochlear implant users in their home environment. Their study showed that home-based speech perception testing is reliable and can be used to complement care in the clinic.

Outcome measures relevant for adults with hearing loss can be categorized in terms of the type of responses collected from participants (behavioral, physiological, or self-reported). In this Research Topic, however, no articles investigating physiological measures were submitted. In contrast, several submissions included self-reported measures, which are easy to conceptualize in terms of validity and relevance. While Neal et al. identified 139 different self-reported measures used with adults with hearing loss in recently published studies, self-reported measures continue being developed. Specific techniques for the development of high-quality Patient-Reported Outcome Measures (PROMs) have been developed, as described in the article by Laplante-Lévesque et al. Modern PROMs are therefore expected to include the rich perspective of people with the lived experience of the construct being measured, and follow good practice guidelines (e.g., COSMIN). Using the Cochlear Implant Quality of Life (CIQOL) instruments as an example, these authors provide useful context and guidance for research groups interested in using existing, or developing new self-reported outcome measures. In terms of new patient-reported measures, Humes' contribution describes the development of a new scale to measure the Subjective Wellbeing of older adults with hearing loss. Tapping into the domains of Life Satisfaction, Acceptance of Hearing Loss, and Social Support, the psychometric analysis of this new scale showed very good reliability and good criterion validity. Another new self-reported measure in this Research Topic and presented by Markodimitraki et al. is the COMPASS PROM that aims to quantify the consciousness of wearing a cochlear implant and how this impacts the daily life of cochlear implant users. This includes sleep disturbances due to the physical sensation of the implant on the head or problems with wearing headgear.

Acknowledging the progress made, as well as the need to select outcome measures that are aligned with specific research questions, more work is required before we can agree on an integrated set of outcome measures that are valid, relevant and reliable to support the everyday communication of adults with hearing loss. Study results based on such sets of outcome measures are critical when policy makers approve and fund new products and services. Therefore, with the inclusion of hearing benefit claims within the advertising of everyday technologies such as earphones, the development of alternative services delivery models (e.g., remote, automated, over-the counter, direct-to-consumer), the proliferation of hearing-related training programs, and the development of drugs that aim to improve hearing, the need for valid, relevant and reliable outcomes measured cannot be understated, and their selection cannot be overlooked.
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The objective of this research was to develop and evaluate a self-report measure of subjective well-being (SWB) for use with older adults with hearing loss (HL). A convenience sample of 173 local volunteers between the ages of 60 and 88 years (M = 74.4; SD = 7.2 years) participated in this study. The initial 18-item version of the scale was constructed, response characteristics examined, and then subjected to factor analysis, as well as evaluation of the scales' reliability and validity. The analysis of response characteristics and subsequent factor analysis resulted in the elimination of eight of the 18 test items. The SWB-HL Total score was derived from the 10 remaining items. It was shown that the SWB-HL tapped three underlying domains interpreted as: Life Satisfaction (three items); Acceptance of Hearing Loss (Accept HL; four items); and Social Support (three items). Psychometric analysis showed very good reliability and good criterion validity was established for the 10-item SWB-HL Total score. In addition, significant differences were observed between aided and unaided SWB-HL Total scores following 4–6 weeks of hearing aid use. The SWB-HL is a 10-item self-report measure of SWB that shows good reliability and validity when used by older adults with hearing loss and reveals improved SWB following the use of hearing aids.

Keywords: hearing aid, quality of life, hearing health, aging, subjective well-being


INTRODUCTION

Recognizing the burgeoning population of older adults worldwide and the importance of facilitating healthy aging, on December 14, 2020, the United Nations adopted a resolution declaring 2021–2030 as the “Decade of Healthy Aging” (United Nations, 2020). Central to heathy aging is the concept of “well-being” (World Health Organization, 2015). Measures of well-being include both objective and subjective measures. Objective measures may include the disabilities experienced, life experiences, such as marriage and divorce, and annual income, among others. Subjective measures are labeled as such because they are self-report measures provided by a respondent. It is the latter, subjective well-being (SWB), that is the focus of this report.

Since the early work of Diener (1984), SWB was conceptualized as having three primary components: (1) life satisfaction; (2) frequent positive affect; and (3) infrequent negative affect (Diener et al., 1999). There have been two general approaches to the measurement of SWB: (1) a cognitive, reflective approach which asks the respondent to think about their life over some period of time, typically days, weeks, or months, and make evaluative ratings of their life satisfaction and affect (Diener, 1984); and (2) application of more time-locked immediate ratings in naturalistic or every-day environments, such as the Experience Sampling Method (Scollon et al., 2003), Ecological Momentary Assessment (Stone et al., 1999), and the Day Reconstruction Method (Kahneman et al., 2004). Perhaps because of the ease of measurement and the subsequent data reduction, most measures used on a widespread basis have been of the cognitive, reflective type. In particular, the most widespread measures make use of 5- to 7-point Likert-scale ratings of various aspects of life satisfaction and happiness or affect. Of SWB measures of this type, it appears that the Satisfaction with Life Scale (Diener et al., 1985) and the Positive and Negative Affect Scale (PANAS; Watson et al., 1988) have been most widely used to capture the three primary components of SWB. More recently, the Scale of Positive and Negative Experience (SPANE; Diener et al., 2010) has been used often as an alternative to the PANAS to capture the affect components of SWB.

A variety of life events are known to impact SWB. The development of hearing loss with advancing age is one such life event, one most commonly occurring with gradual onset. Age-related hearing loss is found in 65% of individuals above 60 years of age worldwide and has significant negative impacts on quality of life or SWB when left untreated (World Health Organization, 2021). The negative impact of hearing loss in older adults on health-related quality of life has been observed whether the impact was measured with general SWB measures or hearing-specific SWB measures (e.g., Bess et al., 1989, 1991; Mulrow et al., 1990; Dalton et al., 2003; Abrams et al., 2005; Chia et al., 2007; Ciorba et al., 2012; Nordvik et al., 2019). On the other hand, for the most part, benefits from intervention with hearing aids for older adults have been easy to document only on hearing-specific measures of SWB (e.g., Bess, 2000; Chisolm et al., 2005, 2007; McArdle et al., 2005; Dawes et al., 2015; Weinstein et al., 2016). The more that the items of the measure were specific to hearing loss, the more likely benefits could be observed. This could lead one to conclude that the benefits of intervention are limited to those within the hearing domain rather than impacting general SWB.

Perhaps a measure of SWB can be primed to be sensitive to the impact of hearing loss on SWB. Self-report surveys in general reveal broad effects of question context (Bertrand and Mullainathan, 2001; Lucas, 2018) and the operation of specific mechanisms such as priming (e.g., Bowling and Windsor, 2008; Garbarski et al., 2015). Similar effects of context and priming have been observed in the measurement of SWB as well (e.g., Schwarz and Strack, 1991; Kahneman et al., 1993). If each type of query is embedded within the same instrument, perhaps the net effect will be to capture variance shared by both hearing-specific and general SWB (e.g., Gehlbach and Barge, 2012). That is, by including queries about hearing loss within a broader measure of SWB can that measure of SWB be primed to be sensitive to the impact of hearing-aid intervention on SWB? Schwarz and Strack (1991) provided an interesting demonstration illustrating possible priming effects on SWB measures using two queries with young adults, one about the frequency of dating and one about life happiness. The responses to each query were moderately correlated (r = 0.66) when asked first about dating frequency but uncorrelated (r = −0.12) when the order was reversed. When another group of respondents was informed that queries would be made about “two areas of life that may be important to overall well-being,” the responses were again uncorrelated (r = 0.15). This suggests that measures of SWB which incorporate queries about hearing loss will attune the respondent to the importance of hearing loss when responding to queries about their general SWB.

Several years ago, unaware of any existing survey that blended both hearing-related queries and general SWB items together, an internet-search was conducted for such measures for other disorders or treatments. This search led to a series of tools made available by www.FACIT.org. The Functional Assessment of Chronic Illness Therapy (FACIT) organization “…manages the distribution and information regarding administration, scoring and interpretation of a range of questionnaires that measure health-related quality of life for people with chronic illnesses.” At the time of our search, one available measure seemed closest to our needs: Functional Assessment for Non-Life-Threatening Conditions (FANLTC). The FANLTC (Version 4) consisted of a total of 26 items, seven on physical well-being, seven covering social/family well-being, five dealing with emotional well-being, and seven concerned with functional well-being. The first seven items on physical well-being were deleted as they dealt with unlikely consequences of hearing loss including whether the respondent felt ill, had nausea, was bothered by treatment side effects, had pain, and so on. This scale on physical well-being reflects the roots of the FACIT organization's measures which began with the Functional Assessment of Cancer Therapy (FACT; Cella et al., 1993). As noted by Cella et al. (1993) regarding the FACT, for cancer patients undergoing treatment, the negative impacts of the treatment(s) on SWB often outweigh the impacts of the cancer being treated. For intervention with hearing aids, however, treatment side effects akin to those experienced during cancer therapy were not considered likely and the items pertaining to physical illness were dropped. In addition, one item in the social/family well-being section was deleted which inquired about the respondent's satisfaction with his or her sex life. This left a total of 18 items remaining. The other key change made to five of the remaining 18 items of the FANLTC involved changing all references to “my illness” to “my hearing loss.” The response options and instructions remained the same as for the FANLTC. The response options for each item (points assigned) were: not at all (0); a little bit (1); somewhat (2); quite a bit (3); and very much (4). The final version that emerged from these analyses is referred to as the Subjective Well-Being of Older Adults with Hearing Loss (SWB-HL) and will be described in more detail below.

The SWB-HL was administered to a group of 173 older adults prior to being fit with amplification and again as an aided measure for 143 of the 173 who received hearing aids in this study. In addition to the SWB-HL, several other measures were obtained prior to being fit with amplification, ranging from general measures of depression, anxiety, and optimism to detailed assessment of the communication difficulties experienced by these older adults and their adjustment to these difficulties. These measures will be used here to assess the validity of the SWB-HL. In addition to examining the validity of the SWB-HL, analyses were performed to evaluate the reliability of the SWB-HL and its subscales. Classical test theory was used to assess reliability due, in part, to the sample size being insufficient for so-called modern psychometric analysis, such as item response theory and Rasch analysis, which have been applied to audiological self-report measures in recent years (Heffernan et al., 2019; Cassarly et al., 2020). Finally, as another assessment of the validity of the SWB-HL and its sensitivity to change in SWB following hearing-aid use, we compare the aided and unaided SWB-HL scores of the older adults fit in this study.



MATERIALS AND METHODS


Participants

A total of 173 older adults were recruited into the university clinic through advertisements in the newspaper, community centers, religious centers, and other facilities likely to be frequented by older adults in the Bloomington, Indiana community. The ads made it clear that the study was seeking those interested in hearing aids. In addition, some participants were recruited into the study from the clinic. That is, they came to the clinic on their own accord and once they completed the hearing evaluation, they were approached about participation in the study. As a result, this sample is a clinical convenience sample of older adults from the local community.

From 2004–2008, there were a total of 530 individuals who were screened for study eligibility. Of these, 162 (30.6%) were ineligible. Of the remaining 388 eligible individuals, 154 (39.7%) enrolled and purchased hearing aids with 143 completing the measures included in these analyses. They paid the full purchase price for the devices at the time of enrollment. Of the 234 eligible candidates who opted not to purchase hearing aids and enroll, 36 agreed to return to complete several of the pre-fit measures completed by the hearing-aid purchasers with 30 of these individuals completing all the measures included in these analyses. The total sample for these analyses was 173, including 143 individuals who were fitted with hearing aids and 30 who opted not to pursue hearing aids.

Of the 173 participants, 102 (59.0%) were male, 65 (37.6%) were female, and 6 (3.5%) did not indicate their gender. Participants ranged in age from 60 to 88 years with a mean age of 74.4 years (SD = 7.2 years). For 16%, formal education ended at high school, whereas 12.1% completed college, another 23.1% held a Masters' degree, and an additional 17.3% held a doctorate or medical degree. Regarding income, total annual income for the preceding tax year was reported to be >$45,000 annually by 55.6% with annual incomes of $5,000–15,000, $15,000–25,000, $25,000–35,000, and $35,000–45,000 reported by 7.6, 11.1, 13.5, and 12.3% of the participants, respectively. When queried regarding the duration of their hearing loss, the median response was 5.5 years with an interquartile range of 3–10 years. Regarding current or prior hearing aid use, 33 (19.1%) were currently using hearing aids and 47 (27.2%) reported ever having worn hearing aids with 14 (8.1%) no longer using them.

Figure 1 provides the mean audiograms for the right and left ears of the 173 older adults. Standard deviations were 11–12 dB at 250 and 500 Hz in each ear and gradually increased with frequency peaking at 14–16 dB at and above 3000 Hz. The audiograms are consistent with those for older adults, showing a bilaterally symmetrical sloping sensorineural hearing loss. Otoscopy, bone-conduction thresholds, and immittance measures confirmed that the hearing loss was sensorineural in nature with no significant conductive components.


[image: Figure 1]
FIGURE 1. Means and standard errors for the air-conduction thresholds for the right (circles) and left (triangles) ears of the 173 older adults who participated in this study.


Informed consent was obtained from all participants and they were paid on a per-session basis for their participation. This study was approved by the Indiana University Bloomington Institutional Review Board.



Measures Obtained

In addition to an audiological exam, several other measures pertinent to this study were obtained. These measures were included, in part, to evaluate the validity of the SWB-HL. The measures pertinent to this study could be divided into two categories: (1) psychological measures of affect or stress/anxiety, personality, and cognition; and (2) measures of communication performance and the participant's reaction to difficulties experienced. For the latter, we relied on the Communication Profile of the Hearing Impaired (CPHI; Demorest and Erdman, 1986, 1987). The CPHI represents one of the most comprehensive and rigorously evaluated self-report measures of communication difficulties and the impact of those difficulties on the person's well-being. The 163-item measure is reduced to 25 scales and, ultimately, to five factor scores.

There were three measures of the participant's affect included here. Measures of affect were included to validate the affect components of SWB assessed by the SWB-HL. The Life Orientation Test-Revised (LOT-R; Scheier et al., 1994) is a 10-item measure of optimism vs. pessimism. Three of the 10 items measure either optimism or pessimism with the other four serving as fillers. The participant is presented with a statement and then rates each on a four-point scale of agreement: strongly disagree, disagree, agree, or strongly agree with the three pessimism items reverse scored from the optimism items and the fillers unscored. Earlier work demonstrated the importance of optimism to perceived psychological and physical well-being (Scheier and Carver, 1992).

The Positive and Negative Affect Scale (PANAS), as noted in the introduction, is a brief self-report measure of affect and has been used frequently to capture the two affect components of the tripartite SWB model. The respondent is presented with a list of 20 words in a column and, for each, is asked to indicate whether he or she generally feels this way “on a regular basis” and selects among “very slightly or not at all,” “a little,” “moderately,” “quite a bit” or “extremely” as responses, with points assigned from 1 to 5, respectively. Half of the 20 items convey positive affect, such as “excited,” “strong,” “enthusiastic,” “proud,” and “inspired,” whereas the other have convey negative affect, such as “distressed,” “upset,” “scared,” “ashamed,” and “nervous.” Two scores emerge: PANAS-positive and PANAS-negative. Each represents the total points for each set of 10 items, scores ranging from 10 to 50. For the positive scale, higher scores, and, for the negative scale, lower scores, reflect more positive affect.

The State-Trait Anxiety Inventory (STAI; Spielberger et al., 1970; Spielberger, 1983) is a self-report measure of feelings of anxiety, momentary or in current state and long-term or as a trait of the individual. There are forty items with the first 20 assessing situational or state anxiety, with a focus on how the respondent “feels right now, at this moment,” and the last 20 measuring underlying trait anxiety, how he or she “generally feels.” For all 40 items, four response choices are provided: “not at all,” “somewhat,” “moderately so,” and “very much so” with points of 1, 2, 3, and 4, respectively. Within each scale, several items are reverse scored. Examples from the STAI-S include: “I feel content” and “I am worried.” Examples from the STAI-T are: “I am happy” and “I lack self-confidence.” Total scores, following reversal of some items, range from 20 to 80 for both the STAI-S and STAI-T with higher scores reflecting less anxiety and more positive affect.

In addition, given that other measures of SWB have been demonstrated to be correlated with personality (Steel et al., 2008) and cognitive function (Jones et al., 2003), both types of measures were included here. For personality, the Myers-Briggs Type Inventory (MBTI; Myers et al., 1998) was used and, for cognition, the full Wechsler Adult Intelligence Scale, 3rd Edition (WAIS-III; Wechsler, 1997) was used.

For most of these psychological measures and the CPHI, a Likert-type scale is used to collect participant responses and these responses have been treated like interval data since their inception with norms reported as total scores or mean scores. The assumption has been that the underlying latent constructs tapped by each scale are continuous and the responses represent interval-scale values along that underlying continuum. There has been considerable debate over the years as to whether such Likert-type ratings should be modeled as interval or ordinal data (e.g., Jamieson, 2004; Norman, 2010), but because each of these measures has considered the values to be interval in nature and the norms calculated under this assumption over many decades, the scores from these established scales were treated this way in these analyses as well. For the new SWB-HL scale proposed here, however, this assumption will be examined in greater detail below.



Procedures

Following the initial case history, otoscopic examination, and audiological assessment, each participant completed a series of measures prior to being fit with amplification. These other measures were completed in separate sessions with the CPHI completed in one, full cognitive assessments with the WAIS-III in another, and the other psychological assessments completed together in a third session. All surveys were completed by the respondent in a pencil-and-paper format without examiner assistance.

After completion of these measures, as well as others not presented here, the participants were then fitted with hearing aids. The technology used varied among one of three options.

One group received four-channel wide-dynamic-range-compression (WDRC) circuits housed in full-concha ITE shells, half with directional microphones and half with omni-directional microphones. The other group received 6-channel open-fit mini-BTE devices with directional microphones. The directional microphones were a fixed super-cardioid configuration, and its function was verified using Verifit software and hardware (Etymonic Design, Dorchester, Canada). Verification of directional performance was obtained in the test box from both hearing aids. The frequency response of the hearing aids programmed for the directional microphone function was equalized to match the frequency response of the hearing aids when set to the omnidirectional-microphone mode. The same basic protocol was used to set and verify target gain for each participant in each group. First, based on audiological information obtained from each participant (air-conduction and bone-conduction hearing thresholds, as well as loudness discomfort levels), target 2-cm3-coupler gain values were generated at octave intervals from 250 through 4000 Hz, as well as at 1500, 3000, and 6000 Hz. Hearing aids were adjusted in the 2-cm3 coupler for a moderate level input (60–70 dB SPL, across studies) to match target in the coupler and were then fitted to the patient and verified using real-ear probe-tube microphone measurements with adjustments to better match targets performed as needed. The root-mean-square error between target and measured real-ear gain averaged across frequency (250–6000 Hz) was ≤ 5 dB.

The prescriptive procedure used to generate gain targets was NAL-NL1. With each group and technology, software from NAL was used to generate NAL-NL1 targets, rather than the manufacturer's version of that prescriptive protocol. Within a given group of participants, all were fitted bilaterally with identical make and models of hearing aids. In addition, participants paid the typical clinic price for the devices at the time of delivery and then were paid as research subjects for return visits during which they completed a variety of outcome measures.

After on-ear verification of real-ear gain, the participant was counseled about the use, function, and care of the hearing aids. Approximately 4–6 weeks post-fit, the participant returned to complete several outcome measures, with the focus here on the SWB-HL. Reports for several of the conventional outcomes have been published previously for subsets of the study sample reported here with a focus on differences in outcomes for various technologies (Humes et al., 2009, 2010).




RESULTS AND DISCUSSION


Preliminary Analysis of the SWB-HL Items

As noted, there were initially 18 items in the SWB-HL measure completed by the 173 participants. The responses made use of a 5-point Likert-scale rating for each of the 18 items. There is debate as to whether responses to such items should be modeled as ordinal data or interval data (e.g., Jamieson, 2004; Norman, 2010). Some have demonstrated that, except for extremely skewed distributions of responses, parametric data reduction and analyses of 5-point Likert ratings is appropriate (Flora and Curran, 2004; De Winter and Dodou, 2010). Most recently, Liddell and Kruschke (2018) examined the assumptions regarding the underlying distributions of Likert-type ratings in detail comparing the results for an interval-based metric model to those for an ordered-probit model. They noted that the item means and standard deviations can differ considerably under each model and argue in favor of the ordered-probit model when response distributions show such differences.

Liddell and Kruschke (2018) provided R code to analyze responses from 5-point Likert ratings under both models. This code was used here to generate means and standard deviations from each of the 18 items of the SWB-HL for the two models. Effect sizes were then used to compare those two sets of item means. Although there was a strong correlation between the means under the two model assumptions (r = 0.92), the Cohen's d effect sizes (Cohen, 1988) were small for three, medium for two, and large for one of the six items with significant differences in item means. The effect sizes for the difference between the metric and ordered-probit means were all less than small (d < 0.2) for the 12 items that were retained. In other words, for the 12 remaining items of the SWB-HL, assumptions about the underlying scale did not impact the item scores and parametric tests could therefore be applied with confidence in the validity of those analyses. In all cases, the six items eliminated had skewed distributions with ordered-probit means ≥ 3.7 (maximum = 4) and skewness values exceeding −1.2, consistent with an extremely skewed distribution associated with a ceiling effect. The 12 items that were retained following this analysis of response distributions were items 1, 2, 3, 4, 5, 8, 11, 13, 15, 16, 17, and 18.



Factor Analysis of the SWB-HL

Following the paring down of the original 18 items to 12, factor analysis was performed on those 12 items. These analyses made use of the R “psych” package (Version 2.0.12; Revelle, 2020) to facilitate analysis with polychoric correlations. Given the preceding culling of items from the scale, use of parametric Pearson-r correlations for the factor analysis would have likely been acceptable (Flora and Curran, 2004). Nonetheless, non-parametric polychoric correlations optimized for the analysis of Likert-type responses were instead computed for these 12 items and the ensuing factor analysis was based on this matrix of polychoric correlations. The analysis of the SWB-HL began with an exploratory principal-axis factor analysis (Gorsuch, 1983) of the responses to the 12 survey items. Exploratory factor analysis was chosen because this was the first evaluation of the SWB-HL. Thus, no apriori assumptions were made about underlying scales, if any, with this to be determined by the results of the exploratory factor analysis. Initially, oblique rotation of factors was considered which allows for correlations among the factors that emerge. Three factors emerged and all resulting between-factor correlations were < 0.35. As a result of these weak inter-factor correlations, a second principal-axis factor analysis was performed, this time with orthogonal (varimax) rotation of factors resulting in three independent factors. A reasonable fit was obtained, accounting for 58% of the variance, but two items had low communalities (0.22, 0.33) indicating that neither was well-represented in the three-factor solution. These two items, item 11 and 16, were deleted. The remaining 10 items were analyzed again with the same principal-axis factor analysis with varimax rotation and a three-factor solution again emerged, accounting for 65% of the variance and all communalities ≥0.43. Each of the three rotated factors accounted for nearly equivalent amounts of variance. The root-mean-square of the residuals for this final factor solution for the SWB-HL was 0.05 with a Bayesian Information Criterion of 25.4, both reflecting a good fit of the solution to the data. Finally, a hierarchical factor analysis was performed using the omega function in the R psych package to determine whether all 10 items were represented by a general (g) underlying factor (Revelle, 2020). This would better validate the use of a total score for all 10 items as a measure representing this general factor common to all items.

Figure 2 graphically depicts the results of the hierarchical factor analysis and Table 1 provides the rotated factor loadings from the pattern matrix of the hierarchical solution for each of the 10 SWB-HL items. As can be seen, all 10 items are weighted both on the general factor (g) and one of the three domain-specific factors. Based on the factor loadings in Table 1, the three scale factors were interpreted as Life Satisfaction, Acceptance of Hearing Loss, and Social Support. The three factors accounted for 23, 21, and 21% of the variance, respectively, for the rotated solution.


[image: Figure 2]
FIGURE 2. Hierarchical factor structure for the 10 items of the SWB-HL scale showing the association of each item to the factors identified. The number in parentheses after each item is the item number in the original 18-item corpus.



Table 1. Rotated factor loadings for the each of the 10 SWB-HL items (principal-axis factor analysis, Oblimin rotation) on the three resulting factors and the general factor, g.

[image: Table 1]

These analyses suggest that the SWB-HL taps three separate aspects of SWB in older adults with hearing loss. The analyses also suggest that the SWB-HL Total score taps a general underlying construct common to all three factors.



Reliability of the SWB-HL

The SWB-HL could be used to generate four scores based on the general factor, g, and each of the three domain-specific factors. Although the analyses of the SWB-HL support the existence of three domains captured by the 10-item scale, it is not recommended that such individual subscale scores be used due to the small number of items, 3–4, comprising each scale. Instead, it is recommended that just the SWB-HL Total be used with the knowledge that it is tapping the constructs of Life Satisfaction, Acceptance of Hearing Loss, and Social Support. The full scale, 10 items, is itself brief and it is well-known that the reliability of any measure decreases as the number of items comprising the measure decrease. Moreover, the correlations of the SWB-HL Total score with the three subscale scores were r = 0.71, 0.67, and 0.84, all significant (p < 0.01), for the Life Satisfaction, Social Support, and Acceptance of Hearing Loss scales, respectively. This again reinforces that a single 10-item SWB-HL Total score will capture variations in each of these three domains.

With this in mind, reliability analyses included the computation of Cronbach's alpha (Cronbach, 1951) across all scale items, computation of the mean inter-item correlation (rii), and examination of the change in Cronbach's alpha following deletion of each item. The reliability analyses were completed using the alpha function of the R psych package and the polychoric correlation matrix for the 10 items. Cronbach's alpha for the SWB-HL Total score was 0.85 (95% confidence interval, 0.82–0.89) showing strong internal consistency of the measure. In general, the desired range for the mean inter-item correlation is 0.15 < rii < 0.50 (Cronbach, 1984). The mean inter-item correlation for the 10 SWB-HL Total items ranged from 0.35 to 0.38, well within the desired range. Finally, Cronbach's alpha was recomputed several times after each item of the scale was deleted. This is a way to determine if the internal consistency of the scale would be increased by removing a particular item (Cronbach, 1984). For the SWB-HL Total score, Cronbach's alpha failed to increase above 0.85 after removal of any of the 10 items from the scale. Based on these analyses it is concluded that the 10-item SWB-HL Total score is reliable.



Validity of the SWB-HL

In addition to completing the SWB-HL, as noted above, all participants also completed the full 163-item CPHI, several measures of affect, a personality scale, and a cognitive assessment. It is expected, if the SWB-HL is a valid measure of SWB, that there would be some associations between the SWB-HL and these other measures. This type of validity is generally referred to as criterion validity and is a common approach to validation of self-report measures (Cronbach, 1984). Basically, if the SWB-HL is a valid measure of SWB it would be expected to be related to measures found previously to be associated with SWB.

Linear multiple-regression analysis was used to examine the associations between SWB-HL Total scores and these other measures. First, however, the number of criterion variables was reduced through principal-components factor analysis (varimax rotation). It should be noted that, although several of these scales make use of Likert-type responses, factor analysis does not appear to be impacted by assumptions of ordinal or interval data except for extremely skewed ordinal distributions (Flora and Curran, 2004). When the 23 CPHI scale scores were analyzed, a good fit was obtained and six factors emerged, accounting for 76% of the variance and all communalities >0.62. Four of the six factors matched four of the five factors reported by Demorest and Erdman (1989) for a similar analysis of the CPHI, corresponding to factors of Personal Adjustment (PA), Communication Performance (CP), Communication Importance (CI), and Interactions with Others (Interax). The remaining factor from Demorest and Erdman (1989), Reaction to Hearing Loss, was split between two factors here: Communication Environment, need and physical characteristics (React1); and Communication Strategies, verbal and non-verbal (React2). Of the three datasets analyzed by Demorest and Erdman (1989), one of the three showed a similar 6-factor solution with a split of the Reaction factor along the same lines as observed here. It is concluded that the CPHI factors identified here are consistent with those identified originally by Demorest and Erdman (1989).

When the five measures of affect were subjected to a similar principal-components analysis a single factor emerged accounting for 58% of the variance and four of the five communalities were >0.49. Only the PANAS-positive score had a somewhat lower communality, 0.32, indicating that performance on it may not be quite as well-represented by the single factor score than the other four measures of affect. When the factor loadings for each of the five affect measures on the single factor were examined, negative weights were observed for the two positive measures, LOT-R and PANAS-positive, and positive weights for the three negative affect scores, PANAS-negative, STAI-state, STAI-trait. Thus, higher factors scores reflect more negative affect. The affect factor score is referred to here as PC_Affect.

Finally, similarly good fits from principal-components factor analysis were obtained with four orthogonal factor scores emerging for the Myers-Briggs Type Inventory (MBTI) personality scale (Myers et al., 1998) and three orthogonal factor scores from the full 13-scale Wechsler Adult Intelligence Scale-3rd Edition (Wechsler, 1997: WAIS-III) cognitive measure. The four personality factors represented the dimensions of introversion/extraversion, perceiving/judging, thinking/feeling, and intuition/sensing at the core of the MBTI personality types. For the WAIS-III, the three factors represented the four major types of cognitive processing identified by the test, verbal comprehension (VC), working memory (WM), perceptual organization (PO), and processing speed (PS), with the latter two combined into a single factor.

A linear multiple-regression analysis was next conducted with the SWB-HL Total score as the dependent measure. The SWB-HL Total score was z-transformed prior to regression analysis. In addition to the orthogonal factor scores for the CPHI, Affect, MBTI, and WAIS-III, all of which have a mean of 0 and standard deviation of 1, age and better-ear four-frequency pure-tone average (PTA4 BtrE) were z-transformed and added as additional independent variables to each regression equation.

Table 2 provides the results of the regression analyses for the SWB-HL Total score. Predictors with significant (p < 0.05) Beta coefficients in the standardized regression equation are highlighted in bold font and the associated zero-order, partial, and part correlations are italicized for those significant contributors. Five significant predictors emerged for the SWB-HL Total score with the solution accounting for 48% of the variance (r2). In addition, collinearity among the predictors was not an issue with the Variance Inflation Factor (VIF) < 1.62 and the Condition Index < 2.7 for all predictors.


Table 2. Results of linear multiple-regression analyses for the SWB-HL Total.
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The linear multiple-regression analysis summarized in Table 2 revealed significant associations between various SWB-HL scores and other criterion measures with the pattern reflecting expected associations. Of the five significant predictors in Table 2, two were captured by aspects of the CPHI; CPHI PA, a factor related to personal adjustment to hearing loss, and CPHI Interax, a factor representing communication interactions with others. It is not surprising that the CPHI PA scale emerged as a prominent predictor of SWB-HL as this measure includes assessment of self-acceptance, stress, anger, and withdrawal, among others, and would clearly impact one's self-reported SWB (Steel et al., 2008). Similarly, CPHI Interax would likely be tied closely to the social-support items of the SWB-HL scale and social support has a positive impact on SWB (Diener and Seligman, 2002; Siedlecki et al., 2014). Two other significant predictors identified were personality measures, the extraversion/introversion and thinking/feeling dimensions of the MBTI. Personality has long been known to influence general SWB, with consistent ties to extraversion and neuroticism (e.g., Steel et al., 2008; Strickhouser et al., 2017). The MBTI generally does not capture neuroticism (McCrae and Costa, 1989), but many neurotic personality characteristics are captured by several of the CPHI-PA scales as noted above. Finally, the affect factor score was the single-best predictor of SWB-HL Total scores. This reflects the long-time recognition of the strong association between affect and life-satisfaction measures of SWB (Diener, 1984; Diener et al., 1999) as well as the link between affect and hearing-loss-related quality of life (Preminger and Meeks, 2010).

Perhaps as interesting are the factors that proved not to be associated with SWB-Total performance. These include the severity of hearing loss, age, and cognition. Associations between cognitive function and general SWB have been observed previously (e.g., Jones et al., 2003; Siedlecki et al., 2020) but these associations may be mediated by several other factors (Yazdani and Siedlecki, 2020). Although the age range included here was restricted to older adults and no effect of age over this range of 60–88 years was observed here, SWB has been found to be relatively stable over the adult lifespan (Stone et al., 2010; Braun et al., 2017). Sensory loss, including hearing loss, has been associated with poorer SWB (Ciorba et al., 2012; Tseng et al., 2018) but no effects were observed here. A likely reason for the failure of hearing loss severity to emerge as a significant predictor in these analyses may be found in the limited range of hearing loss in this sample (Figure 1). This homogeneity of hearing loss severity may, in turn, have contributed to the inability of the CPHI Communication Performance (CP) and Communication Importance (CI) scales to predict SWB-HL Total scores. Regression analyses depend on sufficient variation in independent and dependent variables to identify significant predictors and the homogeneity of hearing loss and perceived communication performance among this sample may have impacted the results of those analyses. Nonetheless, except for the absence of the impact of hearing loss, those measures found to be significant predictors of SWB-HL Total scores, as well as those identified as not being predictive of performance, reveal a pattern consistent with the expectations for a general measure of SWB primed by probes of hearing loss.



Aided and Unaided SWB-HL Scores

Another form of validation which focuses on the sensitivity of the instrument is to examine the scores before and after intervention (Ventry and Weinstein, 1983). As noted in Methods, 143 of the 173 participants were fitted with hearing aids and of these 143, 141 had complete pre-fit and post-fit SWB-HL data. The mean SWB-HL Total score was 31.32 (SD = 5.16) prior to the hearing-aid fit and 32.84 (SD = 5.07) after 4–6 weeks of hearing aid use. A paired-sample t-test showed this difference to be significant [t(140) = 4.29, p < 0.001] with a medium effect size (Cohen's d = 0.36, 95% CI = 0.19–0.53). Significant improvements in SWB were observed following 4–6 weeks of hearing-aid use with the SWB-HL Total.

Perhaps the aided improvement in SWB-HL Total score is carried exclusively by the four items of the SWB-HL in the Acceptance of Hearing Loss domain. This pattern would be consistent with the prior literature reviewed in the Introduction suggesting that only domain-specific improvements are expected in SWB measures. Given that four of the 10 items in the SWB-HL Total score make queries about the impact of hearing loss perhaps aided improvements of these four items are sufficient to result in the observed improvement in SWB-HL Total score with amplification. To examine this, a 6-item SWB score was computed from the three Life Satisfaction and the three Social Support items. These non-HL SWB scores were then compared for the pre-fit and post-fit measurements. The mean SWB-HL Total “non-hearing loss” score was 19.45 (SD = 3.17) prior to the hearing-aid fit and 19.93 (SD = 3.28) after 4–6 weeks of hearing aid use. A paired-sample t-test showed this difference to be significant [t(140) = 2.33, p < 0.05] but with a small effect size (Cohen's d = 0.20, 95% CI = 0.03–0.36). When just the four items tapping Acceptance of Hearing Loss were totaled for evaluation pre- and post-fit, the post-fit mean (12.91, SD = 2.57) was significantly greater [t(140) = 4.35, p < 0.001] than the pre-fit mean (11.87, SD = 3.08) and a medium effect size was observed (d = 0.37). Given that the hearing aid intervention addresses the hearing loss of the respondent, and consistent with the prior literature on the demonstration of domain-specific improvements in SWB following hearing-aid use, the increased score for SWB-HL items tapping Acceptance of Hearing Loss is expected. More importantly, the increased score for the 6-item SWB-HL score calculated for the general SWB items reflects broader improvements in SWB from amplification in older adults with hearing loss. Again, such subscale scores of the SWB-HL are not being recommended here for use but as a means to demonstrate that hearing aid use impacted more than just the hearing-related items of the SWB-HL.

The Pearson-r correlation between pre-fit and post-fit SWB-HL Total scores was 0.66 and statistically significant (p < 0.001). This correlation, coupled with the increase in mean performance for the group, suggest that the general trend across individuals was for the use of hearing aids for this 4–6-week period to improve the measured SWB. Figure 3 shows a scatterplot of the individual unaided and aided SWB-HL Total scores. The best-fitting linear regression equation is plotted in this figure as a dashed red line with 95% confidence intervals around this best-fitting line shown as blue solid lines. As can be seen, those with lower SWB pre-fit showed the largest improvements in SWB post-fit. Generally, if pre-fit SWB was good, SWB-HL Total > 30, then improvements in SWB with hearing aids were smaller and less frequent. Twenty-five percent of the 141 individuals showed an improvement of four points or more in the SWB-HL Total score which can range from 0 to 40.
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FIGURE 3. Scatterplot of aided SWB-HL Total scores against unaided SWB-HL Total scores for 141 older adults fitted with hearing aids in this study. The correlation between these two scores was r = 0.66 (p < 0.001). Each circle represents an individual data point. The solid black line along the diagonal represents equality of the aided and unaided scores. The dashed red line is the best-fitting linear-regression equation and the blue lines represent 95% confidence intervals around that equation.


As noted previously, of the 141 individuals with complete SWB-HL unaided and aided scores, 43 had worn hearing aids at some point in the past and 30 of those 43 were current hearing aid users when they enrolled in this study. As a result, assuming a positive impact of hearing aids on SWB, those with prior hearing aid use may have had higher pre-fit scores and would have shown less improvement in SWB over the 4–6-week course of this study. To determine whether inclusion of those with prior hearing aid experience impacted the analyses of pre- and post-fit SWB-HL Total scores, the paired-sample t-tests were again performed for the 98 who had never worn hearing aids and the 111 who were not currently using hearing aids. The pattern of significant differences described previously for the entire group of 141 was the same for the subgroups of 98 and 111 older adults with prior hearing aid experience. The same is true for the magnitude and significance of the correlations between the post-fit and pre-fit SWB-HL Total scores as well as the Cohen's d effect sizes for the aided improvements in SWB-HL Total.

Clearly, based on the data and correlation in Figure 3, the best predictor of aided SWB-HL scores is most likely the unaided SWB-HL score. To examine this further, the multiple linear-regression analysis conducted for the pre-fit SWB-HL Total scores was repeated for the post-fit scores but with the addition of the pre-fit SWB-HL and a hearing-aid expectations factor representing the four scales of the Expected Consequences of Hearing Aid Ownership (ECHO; Cox and Alexander, 2000). SWB-HL Total scores, pre-fit and post-fit, were converted to z-scores for these analyses. Conversion of several measures to z-scores matched the means and standard deviations of these z-transformed variables to those of the various factor scores used as predictors such that all variables in the analyses had means of 0 and standard deviations of 1.

With the z-transformed post-fit (aided) SWB-HL-Total score as the dependent measure, the best-fitting regression solution accounted for 50.8% of the variance but only had one significant predictor variable, the z-transformed pre-fit (unaided) SWB-HL Total score. Thus, these analyses with the inclusion of a broad range of potential predictors confirm the relationship between pre-fit and post-fit SWB-HL-Total scores illustrated previously in Figure 3. Aided SWB is largely determined by the pre-fit unaided SWB.

If the unaided SWB-HL Total score is not included among the independent measures and the regression analysis predicting aided SWB-HL Total score is repeated, only two significant predictors emerged: affect (r = −0.42) and ECHO (r = 0.29). This solution, however, only accounted for 34% of the variance compared to nearly 51% when unaided SWB-HL scores were included. The fact that neither affect or ECHO were significant predictors when the unaided SWB-HL total scores were included implies that the unaided SWB-HL Total score captures aspects of the individual's self-reported affect and hearing-aid expectations.

As demonstrated above, pre-fit, unaided SWB, as captured by the SWB-HL Total score, was largely determined by personality, affect, and the individual's adjustment to hearing loss, both in terms of the individual's affect and his or her interactions with others. Of course, personality, is a factor that would not be considered malleable by the audiologist to improve pre-fit and, consequently, post-fit SWB. The CPHI measures, on the other hand, can be shaped by the clinician through aural rehabilitation and counseling. The CPHI, in fact, was developed as an assessment tool to determine the focus of subsequent aural rehabilitation (Demorest and Erdman, 1986, 1987). Affect, both generally and as impacted by hearing loss, is also something that could be modified potentially through counseling. Whicker et al. (2020) recently noted associations between various psychological measures and SWB and encouraged audiologists to take a more active role in shaping the thoughts and emotions of patients regarding their hearing loss. The present findings suggest that doing so will enhance SWB, both unaided and aided, at least as measured by the SWB-HL.

In summary, the foregoing analyses of SWB-HL scale scores for unaided and aided listening conditions further validate this measure. When amplification was fit to these older adults, the SWB-HL Total score demonstrated sufficient sensitivity to support improved SWB after the 4–6-week hearing-aid trial. Regression analyses identified areas of focus for rehabilitation that may lead to enhanced SWB with amplification in older adults.




CONCLUSIONS

The final 10-item version of the SWB-HL yielded a total score linked to the constructs of Life Satisfaction, Social Support, and Acceptance of Hearing Loss. This report documented the reliability and validity of the SWB-HL Total score. Generally, the greater the number of items comprising a test, the more reliable the result. As such, use of the SWB-HL Total score is recommended, although it is possible to get more specific information about SWB in older adults with hearing loss by examining the individual subscales. Regarding validity, the SWB-HL Total score was associated with criterion measures administered separately, especially the measures of Personal Adjustment from the CPHI, personality, and affect. Thus, the 10-item SWB-HL Total score captures both general and hearing-loss-specific components of SWB. Further demonstration of the validity of the 10-item SWB-HL Total was demonstrated through significant differences and medium effect sizes for comparisons before and after hearing-aid use. It is noteworthy that such differences in SWB were measurable following a 4–6-week period of hearing aid use. Regression analyses resulted in a potential model of the key determiners of SWB in older adults with hearing loss. This model requires further evaluation and validation.

A limitation of this study is the restricted nature of the study sample, both in terms of size and demographic characteristics (e.g., white, well-educated, and reasonable annual income). In addition, we noted the importance of item context in the Introduction, including the potential impact of priming. The final 10 items comprising the SWB-HL were extracted from the initial larger set of 18 items. It is unknown how the eight items that have been eliminated from the original corpus of 18 may have impacted the responses for the 10 items that remained. Further research is needed to overcome these limitations. In addition, these context effects should be kept in mind by developers of future questionnaires or surveys in the field.
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Clinical trials are designed to evaluate interventions that prevent, diagnose or treat a health condition and provide the evidence base for improving practice in health care. Many health professionals, including those working within or allied to hearing health, are expected to conduct or contribute to clinical trials. Recent systematic reviews of clinical trials reveal a dearth of high quality evidence in almost all areas of hearing health practice. By providing an overview of important steps and considerations concerning the design, analysis and conduct of trials, this article aims to give guidance to hearing health professionals about the key elements that define the quality of a trial. The article starts out by situating clinical trials within the greater scope of clinical evidence, then discusses the elements of a PICO-style research question. Subsequently, various methodological considerations are discussed including design, randomization, blinding, and outcome measures. Because the literature on outcome measures within hearing health is as confusing as it is voluminous, particular focus is given to discussing how hearing-related outcome measures affect clinical trials. This focus encompasses how the choice of measurement instrument(s) affects interpretation, how the accuracy of a measure can be estimated, how this affects the interpretation of results, and if differences are statistically, perceptually and/or clinically meaningful to the target population, people with hearing loss.
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INTRODUCTION

Clinical trials are a type of research that study health interventions and evaluate their effects on human health outcomes (World Health Organisation, 2018). James Lind is credited for conducting the first clinical trial in humans (see for example, Collier, 2009). In 1747, Lind investigated different treatments for scurvy. He demonstrated that, in sailors living under the same conditions, it was only those who were provided with fruit (specifically, Vitamin C) that recovered. The purpose of the intervention in a clinical trial might be to prevent, diagnose or, in the case of Lind, treat a health condition. The conduct and quality of clinical trials is critical since they provide the evidence base for improving practice in health care. Many health professionals, including those working within or allied to hearing health, are expected to conduct or contribute to clinical trials.

Grading of Recommendations, Assessment, Development, and Evaluations (GRADE; Atkins et al., 2004) is a framework commonly used to assess quality of evidence based on study limitations, inconsistency, indirectness, imprecision, and publication bias, e.g., outcomes from non-randomized studies without blinding would be considered low. As with many areas of healthcare, systematic reviews in hearing science and audiology have highlighted a dearth of good quality clinical trials. Notable in this context are reviews published by the National Institute for Health and Care Excellence (NICE), a public body sponsored by the United Kingdom government that provides evidence to improve health and social care, and the Cochrane Database of Systematic Reviews (CDSR), the leading journal and database for systematic reviews in health care:


1.NICE published reviews as part of national guidelines (NG) on assessment and management of adult hearing loss (NG98; National Institute for Health and Care Excellence, 2018), and assessment and management of tinnitus (NG155; National Institute for Health and Care Excellence, 2020). Both guidelines include around 20 systematic reviews on areas of uncertainty or variation in clinical practice. 50–60% of the systematic reviews revealed no evidence on which to base clinical recommendations. The remaining 40–50% of the systematic reviews identified supporting evidence; however, the quality of the individual studies was mostly graded as low due to risk of bias (see later).

2.CDSR published a review of the effects of hearing aids in everyday life for people with mild to moderate hearing loss. This revealed benefits; however, the evidence was based on five studies, and their quality was graded as moderate (Ferguson et al., 2017).



The current article redresses the limited evidence base by providing an overview of the design, analysis and conduct of clinical trials. Judicious use of selected studies highlight potential methodological limitations as well as examples of good practice. The aim is to provide guidance to hearing health professionals about the key elements that define the quality of a trial. Detailed information is provided on outcome measures, and on how hearing-related outcome measures affect clinical trials: (i) how the choice of measurement instrument(s) affects interpretation, (ii) how the accuracy of a measure can be estimated, (iii) how this affects the interpretation of results, and (iv) if differences are statistically, perceptually and/or clinically meaningful to the target population, people with hearing loss.



IDENTIFYING THE RESEARCH QUESTION

Before designing a clinical trial, an essential starting point is to craft a carefully worded research question. Evidence-based medicine provides an explicit framework for formulating research questions that can be used when: (i) designing clinical trials or (ii) searching the literature for studies to be included in a systematic review of the literature. The four components of the question are contained in the PICO mnemonic: Population (P), Intervention (I), Comparator (C), and Outcome (O).

An example of a research question in the PICO format would be, “What is the clinical- and cost-effectiveness [outcome] of monitoring and follow-up regimes [intervention] for adults offered NHS hearing aids for the first time [population], compared to usual care [comparator]. The same approach was used by NICE when preparing the clinical guidelines mentioned earlier.



THE HIERARCHY OF EVIDENCE

Hierarchies of evidence, developed to aid the interpretation and evaluation of research findings, are a core principal of Evidence-Based Practice (EBP). They rank research according to its validity, and in particular, risk of bias. While many research study designs exist (e.g., cohort, case-controlled, cross-sectional and case series/reports), well conducted randomized controlled trials (RCT) are generally considered the gold standard because they provide the lowest risk of bias and, hence, the highest quality of evidence. The first step to building high-quality evidence for clinical practice should always be a recent well-conducted systematic review following a standardized reporting method such as the Preferred Reporting Items for Systematic Reviews (PRISMA).1 An alternative design to a RCT is an observational study, so called because the researcher observes individuals without manipulation or intervention. These can be useful in instances where RCTs are not appropriate. For example, the effectiveness of parachutes has not been proven in a RCT where participants are randomized to parachute or placebo (Smith and Pell, 2003). In this example, the effect size would be very large because death and serious trauma is much more likely in the placebo group. However, when effect sizes are smaller (which applies to the vast majority of questions), confounds and bias may distort the effect size. In such cases, all efforts should be made to set up an RCT. To appreciate the potential disadvantages of observational designs compared to a RCT trial, consider the following study by Noble and Gatehouse (2006). They used an observational design to compare existing adult hearing aid users of bilateral or unilateral hearing aids. Their results showed that bilateral hearing aids offer advantages in demanding and dynamic listening situations that were not conferred by unilateral hearing aids. However, due to the design it is not possible to know if the natural selection of groups introduced a bias and led to a miss-estimation of the effect.

Systematic errors have the potential to result in the wrong conclusions about the effects of the intervention. The risk of systematic errors differs between designs and is more likely for observational designs than RCT. Two types of systematic errors are biases and confounds. An example of an experimental confound is age. If, for example, a higher proportion of older people receive the intervention than the control, age-related differences, unrelated to the intervention, could affect the results. An example of bias is when researchers or participants expect the new intervention to generate a better outcome. For example, Dawes et al. (2011, 2013) examined the effect of participant expectation when comparing two hearing aids that were identical except one was labeled “new” and the other “conventional.” Mean performance with the hearing aid labeled “new” was significantly higher on all outcome measures. These studies demonstrate that placebo effects can, and do, affect hearing aid trials. Initial preferences can dominate outcomes, as shown in hearing-aid RCTs investigating unilateral and bilateral fittings. For example, Cox et al. (2011) showed that 80% of participants could be predicted based on initial preference for one or two hearing aids. Additionally, Naylor et al. (2015) demonstrated that the outcome for the same technology was influenced by how involved the participant was in the fitting process. Therefore, measuring preferences and attitudes related to the intervention should be included to help control for such confounds in the analysis. Another set of biases are performance and detection biases when systematic differences exist between groups in terms of care and measurement of outcomes, which can be minimized through blinding. By reducing the risk of confounds and bias, any difference in outcome at the end of the trial can be more robustly attributed to the intervention.

Clinical trials in humans are commonly classified into four types or “phases,” depending on their aim. Within a trial, there are typically four stages to its preparation and operation: pre-trial, trial set-up, during trial and end of trial. Table 1 details the phases and gives examples of activities carried out at each stage of any clinical trial. Hackshaw (2009) provides a comprehensive overview of the design, conduct and analysis of trials, ideal for busy health professionals who read or undertake clinical research.


TABLE 1. Phases (types) of clinical trials and examples of key activities in each clinical trial process.
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METHODOLOGICAL CONSIDERATIONS

In order to ensure that clinical trials are executed well, some key methodological issues need to be considered. These include design, randomization, and blinding; all three pose particular challenges to running a hearing-specific RCT.


Design

A cardinal decision in every clinical trial is the choice of design. Fundamentally, the research team has the decision between two designs: a crossover design where participants receive all interventions in a randomized (or counter-balanced) order, or a parallel-group design where participants are randomized to a single intervention (Figure 1). An advantage of the crossover design is that it is a within-groups design: each participant acts as their own control, increasing statistical power. In hearing studies, where the emphasis is usually less on cure and more on benefit and quality of life (QoL), our preference is judicious use of crossover trials. Marriage et al. (2004) used a crossover design when comparing three prescriptions for hearing aid gain settings; there was, however, an issue in its crossover design: tolerance for greater gain increased over the course of the trial regardless of intervention order. Hearing-aid studies using a crossover design often do not include washout periods (Arlinger et al., 2008; cf. Cox et al., 2016) which may reduce carryover effects from one intervention to the next. For hearing training and support interventions, crossover randomization would confound the effect of the intervention with its order (i.e., outcomes following a training period would not be expected to be equivalent to outcomes preceding a training period), hence parallel designs have been used (e.g., Meijerink et al., 2020). A parallel group design contains more natural variation, making it harder to know whether any variation in results is due to the intervention or differences between the participants in the groups. Humes et al., 2017 used a parallel design to study the efficacy of generically fit hearing aids vs. individually fit and placebo devices, randomly assigning participants to one of the three arms. The population to be tested also needs to be considered; in interventions with hearing-aid users, for example, halo effects may lead to greater effects for new compared to experienced users (Ivory et al., 2009).
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FIGURE 1. Schematic example of a (A) parallel and (B) crossover design for a two-arm clinical trial. In both designs, a sample is taken from the target population, randomly allocated to intervention or control group. In the crossover design, the same participants are then given the other intervention after an interim washout period (At).




Randomization

In an RCT, a sample of participants from the population of interest are randomly allocated to receive the experimental or control/comparator intervention (the latter may be “usual care” or a placebo). The purpose of randomization is to reduce systematic differences in the characteristics of participants allocated to each group. In the case of Lind’s scurvy trial, the population of interest (sailors with scurvy) were randomly allocated to receive interventions including seawater, nutmeg and garlic and fruit. In hearing science, within-group crossover designs are much more common. The type of randomization can be critical to allocation and analyses of the trial (Lachin et al., 1988). For hearing-related RCTs the sample size is usually <200, so simple randomization could lead to imbalanced group sizes. When using multiple clinics or outcomes with known covariates, both common in hearing trials, stratified randomization is necessary to insure reasonably balanced allocation across sites and/or covariates. For example, Humes et al. (2017) first stratified participants by unaided speech-in-noise performance, an expected covariate with their outcomes, before then allocating each stratum randomly to a different arm. A newer randomization technique, called merged block (van der Pas, 2019), combines block and simple randomization while avoiding the biases of both, and could be well-suited to hearing RCTs.



Blinding

Blinding is a critical methodological feature of RCTs that reduces the risks of confounds and biases. Ideally, blinding should extend to everyone associated with the trial including clinicians, data collectors and data analysts. Clinical trials are described as double-blinded if both the researcher and participant are unaware of treatment allocation. A single-blinded study usually means the participant is unaware which treatment has been allocated. Blinding is more difficult to incorporate in trials of medical devices and surgical interventions than trials of medical therapies, which usually include placebo medications. Cox et al. (2016) investigated the effect of basic vs. premium hearing-aid features on subjective outcomes in a single-blinded study with no statistically significant difference between feature levels. In theory, this could have been a double-blinded study if the researcher responsible for data collection and analysis was also blinded from the hearing aid prescription and fitting. For many studies involving standard hearing aids, the devices need to be individually fit, potentially unblinding the audiologist. The audiologist would then need to be outwith the research team and blind to the aims of the study. In the Cochrane systematic review evaluating the effects of hearing aids for mild-to-moderate hearing loss in adults (Ferguson et al., 2017), the risk of performance and detection bias was rated as high because blinding was inadequate or absent. More recently, there have been attempts to maintain blinding. The use of placebo hearing aids allows blinding if they are visibly identical to active hearing aids. Studies by Adrait et al. (2017) and Humes et al. (2017) both used placebo hearing aids that provided minimal gain. These studies demonstrate that it is possible to blind participants and outcome assessors in hearing aid trials where the amplification characteristics can be concealed. Also, in a double-blinded RCT investigating the effectiveness of sound therapy in people with a reduced audiometric dynamic range, Formby et al. (2015) used conventional and placebo-controlled sound generators where the output of the placebo decayed to silence after 1 h of use in the ear.




HEALTH-RELATED OUTCOME MEASURES

The most important question of any clinical trial is whether the trial’s intervention was successful. The question is answered by means of primary and secondary outcome measures. Primary outcome measures capture the most evident or most important changes connected to the intervention (Vetter and Mascha, 2017). Secondary outcome measures assess aspects of the intervention in finer detail, for example, in order to understand mechanisms of change.

Once it is clear what the main expected change is, the vital question is how to capture this change. Outcome measurements can be objective (physiological or behavioral) or subjective, generalized or specific and clinician- or patient-reported. Other important considerations are the period being measured, and the measures’ generalizability, reliability, and relevance.


Objective Versus Subjective Outcomes

Some changes are only measurable by one type of outcome. One example is satisfaction, which can only be assessed as a subjective measure. However, subjective measures always need to be treated with caution. Satisfaction is a good example as the aforementioned study by Humes et al. (2017) found relatively good satisfaction with a placebo hearing aid.

For other outcomes, both objective and subjective measures exist. The combination of different instruments, such as objective and subjective measures of change in hearing ability, often will provide greater sensitivity and interpretability than a single measure. Further, using multiple measures will help counteract any dependence a single outcome has on participants or practitioners when blinding is an issue (e.g., the intervention difference cannot be concealed). However, the more outcome measures included in a trial, the greater the risk that results do not concur and potentially lead to opposing interpretations. One example is hearing aid use, which can differ between patients’ self-reported use and their devices’ data logging. For example, Solheim and Hickson (2017) reported a mean of 8.4 and 6.1 h for self-report and data logging, respectively. A possible alternative to measuring hearing aid use by data logging is to measure persistence through requests for supply of batteries (Zobay et al., 2021). Future measures may also be able to tap into usefulness – the desired outcome for which use and persistence are surrogates.



Outcome Measurement Period

Deciding on the time point of assessment is particularly difficult, as it needs to include considerations of the temporal nature of the intervention. For hearing-aid trials, there may be an auditory acclimatization period before achieving full objective benefit (Dawes and Munro, 2017), whereas initial subjective benefit may decline over time (Humes et al., 2002). In addition, care must be taken to monitor the environments during the measurement period (e.g., via data logging) to ensure it is homogenous (Humes et al., 2018). For other studies, including training studies, the main interest might be in the time course and longevity of change. In the case of the latter, it needs to be carefully considered whether change is best assessed immediately after the intervention, or 6 weeks, 6 months or a year later. Wisely chosen test intervals may, for example, show whether training effects persist or weaken after the end of regular training (Henshaw et al., 2021).



Generalizability of Outcomes

The question of generalizability reflects the tension between choosing standardized tools that are validated but have limited specificity to a particular health condition versus tools that are specific to a health condition but possibly newly created or modified, and often insufficiently validated. One example are QoL measures. As shown by Heinrich et al. (2015), a standardized generic QoL questionnaire such as the EQ-5D may not show any correlation with speech-in-noise performance, while a hearing-specific extension, the HR EQ-5D, does, but has not been appropriately standardized and validated. In the interest of building a body of evidence that can support CDSR and healthcare-system decisions (e.g., NICE) to improve clinical practice, some standardization and validation of outcomes measures will be essential. The Health Utility Index (HUI3) may provide a compromise as it is a standardized tool that has shown some sensitivity to hearing-aid provision (Barton et al., 2004).

A number of initiatives have been set up to understand what measurement instruments are being used within a field, how accurate, reliable and valid they are for what they aim to assess and how a core minimum outcome set could look like. Initiatives such as COMET (Core Outcome Measures in Effectiveness Trials)2 bring together research groups interested in the development and application of agreed standardized sets of outcomes that should be measured and reported as minimum core sets in all clinical trials of a specific condition. One hearing-aid related outcome measure that was developed in a consortium resembling (but prior to) COMET is the seven-item International Outcome Inventory for Hearing Aids (IOI-HA; Cox et al., 2000).



Outcome Reliability

If the validity and reliability of an outcome measure are in doubt, any interpretation of the results may suffer. COSMIN (Consensus-based Standards for the selection of health Measurement INstruments)3 is an expert-led initiative that developed standards for the evaluation of health-status measures. Any outcome measure included in a trial should conform to their standards. A critical aspect of an outcome measure’s methodological quality is its retest reliability. There are various ways of calculating reliability estimates (see Heinrich and Knight, 2020 for a discussion). The broader point, however, is that the retest reliability for many hearing outcome measures is rather poor, leading to “non-trivial” minimum/critical differences required to show an effect of an intervention (Weinstein et al., 1986; Cox and Rivera, 1992). Retest reliability and critical differences are also rather poor for standard speech-in-noise tests (Heinrich and Knight, 2020), making it a challenge to use them as outcome measures for a hearing RCT in which small effects may be expected.



Relevance of Outcomes

Statistical significance is only one aspect of change. Equally important is that changes are perceptually noticeable and clinically relevant. Often it is possible to show that a change is statistically significant, particularly on a group level, but not perceptually noticeable or meaningful for an individual (e.g., improvement in signal-to-noise ratio that was not perceived by the participants; McShefferty et al., 2015, 2016), hence may lack relevance for the patient. Relevance at the clinic level can be achieved from comparing results against a (minimal) clinically important difference [(M)CID], a stakeholder-defined threshold of the proportional alleviation of a dysfunction or reduction in its prevalence. As hearing-loss interventions are compensatory, not restorative, (M)CIDs can seem ill suited to measuring clinically important differences, though it is possible, as demonstrated by Skarżyński et al. (2018) for tinnitus improvement after middle ear surgery. By first defining the threshold for a successful intervention, abetted by using validated measures that have a no-change midpoint, it is possible to report the percentage in alleviation for a particular hearing problem.




REPRODUCIBILITY

The reproducibility of research is key to scientific advancement. It means that comparable results are obtained by methodologically closely matched but independent studies. Many fields, including biomedical science, suffer from a reproducibility crisis (de Vries et al., 2018) led by poor research practices and a well-established bias in scientific journals to preferentially publish novel and statistically significant findings which support the experimental hypothesis (Fanelli, 2012; Open Science Collaboration, 2015). Reproducibility can be increased in a number of ways, many of them applicable to clinical trials research. First, it is important to ensure that every phase of the research cycle is as transparent and open as possible, so that readers can fully evaluate the work. This research practice is referred to as “open science” (Kathawalla et al., 2021) and often contains the following three components: pre-registration, open data and open materials (Svirsky, 2019). Pre-registration makes information available in the public domain about the design and conduct of an intended study before collection of data (Munro and Prendergast, 2019). Open data and materials refers to depositing the datasets and test materials from the trial in the public domain. In addition to adhering to open science principles, the robustness of results are further bolstered by conducting collaborative multi-laboratory studies to understand the conditions for and boundaries of replication (Heinrich and Knight, 2020).



CONCLUSION

There is a dearth of high quality evidence to support much of our existing clinical practice. This can be addressed by clinical trials but only if the conduct is rigorous and the quality is high. Good quality clinical trials have a research question based on PICO guidelines, follow best practice on methodological issues such as design, randomizing treatments and full blinding (participants and assessors) and choose optimal outcomes to assess the research questions in the correct timeframe and with reliability and validity. The importance of transparency and open science practices cannot be over-estimated.
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This manuscript summarizes available evidence-based best practices in the development, translation, and cultural adaptation of one type of outcome measure for adults with hearing impairment, patient-reported outcome measures (PROMs). It presents the development of the Cochlear Implant Quality of Life (CIQOL) instruments and the ongoing translation and cultural adaptation of the CIQOL-35 Profile from English to French as case studies and discusses useful lessons for selecting, developing, translating, culturally adapting, and using PROMs. Relevant best practice guides are introduced, described and their steps are illustrated with examples. Future trends in hearing-related PROMs, including computerized adaptive testing, patient-reported experience measures (PREMs), economic evaluation and allocation of scarce resources, and PROMs in low-resource settings, are discussed. The manuscript concludes on the lessons that can be learned from implementation science for the successful and sustainable integration of PROMs in clinical practice.
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INTRODUCTION

This manuscript, part of the Research Topic “Outcome Measures to Assess the Benefit of Interventions for Adults with Hearing Loss: From Research to Clinical Application,” summarizes already available evidence-based best practices in the development, translation, and cultural adaptation of patient-reported outcome measures (PROMs) for adults with hearing impairment. It presents the development of the Cochlear Implant Quality of Life (CIQOL) instruments and the ongoing translation and cultural adaptation of the CIQOL-35 Profile from English to French as illustrative case studies for those interested in selecting, developing, translating, culturally adapting, and using PROMs.


Hearing Impairment and Patient-Reported Outcome Measures

Hearing loss is the most prevalent sensory disorder and the third most common cause of Years Lived with Disability (YLDs) after low back pain and migraine, in the 2019 Global Burden of Disease (GBD) study, a systematic overview of the prevalence of 369 diseases and injuries (Haile et al., 2021). The World Hearing Organization urges for multi-disciplinary hearing health care action including prevention and rehabilitation. The GBD study defines hearing loss as a pure-tone average of audiometric thresholds at 0.5, 1, 2, and 4 kHz ≥ 20 dB HL in the better ear. This definition focuses only on hearing detection/acuity and, therefore, does not consider functional abilities, self-reported hearing difficulties, or their impact on quality of life. Globally, more than 1.5 billion people, or 20% of the population, experience some degree of hearing loss (World Health Organization [WHO], 2021b).

Hearing evaluation is mostly performed through pure-tone thresholds measurements, speech recognition tests, and other standard diagnostic assessments designed to differentiate conductive and sensorineural hearing loss, and less-so on PROMs (Granberg et al., 2014; Hill-Feltham et al., 2020). A systematic review reported that PROMs represent only 9% of the total hearing outcome measures (n = 837), whereas pure-tone thresholds measurements and speech recognition tests accounted for 65 and 20%, respectively (Hill-Feltham et al., 2020).

Quality of life refers to an “individual’s perception of their position in life in the context of the culture and value systems in which they live and in relation to their goals, expectations, standards and concerns” (World Health Organization [WHO], 2021a). Health-related quality of life focuses on the aspects of quality of life most relevant for health, i.e., the physical, mental and social well-being (Guyatt et al., 1993). To evaluate the impact of hearing loss on quality of life or the benefit of hearing-related interventions on quality of life, numerous PROMs have been developed, including hearing-specific instruments, hearing-aid-specific instruments, and cochlear-implant-specific (CI) instruments (Andries et al., 2021). Health-related quality of life measures, such as the Euro-QoL (EQ-5D), the Health Utilities Index (HUI3), and the SF-36, are often used to measure health utility, but are weakly associated with hearing-specific PROMs due to the lack of items that are related to everyday functional communication and social interaction (McRackan et al., 2019a,2021).

In contrast to standard audiometric test batteries, a direct input assessment from patients of improvement of their health and quality of life following CI is recommended to evaluate the positive and multidimensional impact of hearing rehabilitation. PROMs/quality of life measures are increasingly being regarded as quality indicators. For example, in England the National Health Service has a National PROMs Program under which it coordinates the national collection of PROMs for four elective surgical procedures (National Health Service [NHS], 2021). In the United States, the Meaningful Measures framework identifies priority areas that promote quality healthcare for Medicare and Medicaid patients and include functional outcomes and patient experiences of care feature (Centers for Medicare and Medicaid Services [CMMS], 2021). Moreover, PROMs/quality of life measures are now mandatory in some countries for reimbursement of medical devices and requested to identify most personalized care pathways (Patrick et al., 2007; Artières-Sterkers et al., 2020; Fraysse et al., 2020). For example, the U.S. Food and Drug Administration positions appropriate PROMs as central to clinical studies that evaluate the effectiveness of new medical products including hearing devices (Patrick et al., 2007).



Currently Available Patient-Reported Outcome Measures

A synthesis of available PROMs identified that they target the following three domains: auditory (listening, communicating, and speaking), social (relationships, isolation, social life, occupational, and interventions), and self (effort and fatigue, emotions, identity, and stigma; Vas et al., 2017). However, limited evidence is available to support the unidimensionality of these domains. For example, recent re-evaluation of the Hearing Handicap Inventory for the Elderly did not show the social and emotional domains to be independent (Cassarly et al., 2020). Indeed, some of the legacy measures sometimes have unknown or unsound psychometric properties, including face/content validity. It is common for researchers and clinicians to have developed PROM items without relying on expert panels of patients, focusing instead on input from clinicians. This means the domains/items included may not cover the issues most important to the patient population. It is recommended to include qualitative research methods and literature reviews in the development of outcome measures, as detailed in the next sections. Another limitation of some legacy PROMs is that they are not always efficient, with some domains including more items than necessary, which creates burden for the patient, the clinician and the researcher, and reduces the likelihood that the PROM will be used in routine clinical practice and clinical research.



Development of Patient-Reported Outcome Measures–Cochlear Implant Quality of Life

Modern development standards for PROMs aim to create efficient, precise, and responsive instruments that represent the values most important to the population of interest. The Patient-Reported Outcomes Measurement Information System (PROMIS) and COnsensus-based Standards for the selection of health status Measurement INstruments (COSMIN) have established standards that aim to improve the quality of PROMs used to measure clinical and research outcomes (Mokkink et al., 2010; PROMIS, 2013). While differences exist, both support the use of a mixed methods research design and agree on an overall structure. We illustrate this process through a case study, the development of the CIQOL-35 Profile instrument and CIQOL-10 Global measure.


Systematic Literature Review

A systematic literature review is necessary for step one in the PROM development process in order to develop a comprehensive understanding of the previous work done in the area of interest. In addition, the previous items and concepts included in legacy instruments can help form the protocols for future focus groups or key informant interviews. As a part of the CIQOL development process, two systematic reviews and meta-analyses identified 21 studies that used pre- and post-implantation PROMs to monitor adult CI outcomes (McRackan et al., 2018a,b). Overall, this identified a clear improvement in QOL using both hearing- and CI-specific instruments and general-health QOL instruments. However, hearing- and CI-specific instruments demonstrated substantially greater improvements in QOL than general health instruments (McRackan et al., 2018a,b, 2019a). In addition, this analysis found negligible to low positive correlations between speech recognition scores (words in quiet, sentences in quiet, and sentences in noise) and patient self-reported functional ability (Table 1). This relationship was maintained even when comparing communication domains in QOL instruments to speech recognition outcomes. These results are consistent with the assumption that how patients with CIs communicate in their everyday functioning is more complex than revealed by speech recognition tasks routinely used in clinical care, which further supports the use of PROMs as part of a test battery to comprehensively assess CI outcomes.


TABLE 1. Meta-analysis of correlations between speech recognition scores and patient self-reported functional ability.
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Focus Groups and Cognitive Interviews

The next step in the PROM development process is to conduct focus groups or key informant interviews to ensure the themes and topics that affect the population interest, in this case adult patients with CIs, are included in the items in the PROM. This qualitative analysis is critical as it provides the face and content validity of the instrument. For the CIQOL, adult patients with CIs with a wide range of speech recognition outcomes took part in focus groups (McRackan et al., 2017). The 23 patients were stratified into 3 focus groups based on communication abilities with their CI as measured by word scores on the consonant–vowel nucleus–consonant (CNC) test in quiet presented at 60 dB SPL (group 1: <36%; group 2: 36–66%; group 3: >66%). Analysis of the focus group transcripts identified seven themes: communication, emotion, entertainment, environmental sounds, independence, listening effort, and social. Individual focus group participant statements related to these themes were then developed into items. This generated a 101-item pool, which served as a potential source of items to include in subsequent instruments. Audiologists, physicians and hearing science researchers then carefully reviewed the items and also ensured the items were at or below a 6th grade level reading level, using the Lexile Analyzer.1 Item clarity was then confirmed through cognitive interviews with 20 adult patients with CIs who were not involved in the focus groups (McRackan et al., 2017). These interviews confirmed that the items were easy to read and understand, unambiguous, and culturally appropriate. No items required revision based on the cognitive interviews.



Psychometric Testing to Develop the Cochlear Implant Quality of Life Item Bank

One of the most recent significant changes to PROM development is the increased use of item response theory (IRT). IRT is the core of modern psychometric analyses used to develop PROMs and has several advantages over classical test theory (CTT), which was the previous standard. First, CTT is grounded on observed and true scores, which focuses on the measurement of an underlying trait—referred to as person ability or person measure. Therefore, CTT-derived instruments are sample-dependent as subjects will have higher true scores on easier tests and lower true scores on more difficult tests. In contrast, IRT-developed instruments remain sample and test independent (Prieto et al., 2003).

Second, whilst CTT focuses on test-level psychometrics, IRT focuses on item-level psychometrics. IRT analyses concentrate on each individual item and determine its measurement characteristics and utility for inclusion in subsequent instruments. IRT analyses not only evaluate the ceiling and floor effects for each item, but also identify fit to the hierarchical model, matches individual item difficulty level to person ability level, and ensures that the items cover the full ability range of the patient population. Application of IRT analyses to the item pool results in the final item bank, which serves as the source for items to be used for subsequent PROMs (including short form, profile, and computerized adaptive testing (CAT) instruments, which will be discussed in a later section). With the psychometric properties established for each item, researchers can select items for each instrument based on their highest discrimination across the ability range and best match between item difficulty and patient ability. This results in optimized instruments with maximized capacity to differentiate individuals across a greater range of the latent trait—termed precision (Rose et al., 2008).

The third advantage is related to the stricter assumptions that must be met before IRT analysis is performed compared to CTT (Reeve et al., 2007). This includes (1) unidimensionality—items only contribute to one domain construct, (2) local independence—responses to each item are unrelated to responses to other items, and (3) item fit—the items must fit the IRT measurement model. Confirmatory factor analysis (CFA) is used to confirm unidimensionality and local independence. For item bank development, items are eliminated if they do not significantly contribute to the unidimensional construct captured by the other items in a domain, or if responses to an item are dependent upon responses to other items in the pool. In addition, item fit to the IRT model, such as infit and outfit, are examined to ensure that the included items sufficiently measure the construct of interest for individuals at ability levels close to and far from the item difficulty.

For the CIQOL item bank, the item pool of 101 items organized into 7 domain constructs was completed by 371 adult patients with CIs from all regions of the United States (McRackan et al., 2019c). By completing the psychometric analyses described earlier, one domain construct was found to lack unidimensionality (i.e., independence) and was removed from the item pool. All other domains were found to represent unidimensional constructs. In addition, several items were removed for being locally dependent on other items (n = 3) and misfitting the IRT model (n = 6). This resulted in the final item bank item which consisted of 81 items in 6 domains (communication, emotion, entertainment, environmental sounds, listening effort, and social).



Development of the Cochlear Implant Quality of Life-35 Profile Instrument and Cochlear Implant Quality of Life-10 Global Measure

The item-level psychometric analyses results were then used to guide the development of the subsequent instruments (McRackan et al., 2019b). Here, items are selected for each domain that represent the full ability continuum (based on item difficulty) and have the greatest capacity to discriminate individual patient ability. Additional IRT analyses can then be performed to ensure that the items selected fit each domain’s IRT model. The CIQOL-35 Profile was developed using this method and assesses outcomes represented in the 6 domains (McRackan et al., 2019b). A single factor CFA was then performed on the CIQOL-35 Profile to ensure it was psychometrically sound to use as a source for items in a global measure (CIQOL-10 Global). After this was confirmed, the CIQOL-10 Global was created based on the above parameters. This measure provides an overall assessment of CI-related functional outcomes but does not provide domain-specific information. Importantly, all items for the global measure are included in the profile instrument so a global score can be easily calculated from the CIQOL-35 Profile.



Final Validation of the Cochlear Implant Quality of Life-35 Profile and Cochlear Implant Quality of Life-10 Global

After the creation of the instrument, final validation typically includes comparison of psychometric properties of the newly developed PROMs to legacy instruments. Available guidelines are less concrete regarding the analyses needed for this final stage. In general, there are three main components to this comparison. First, construct validity determines whether each purported domain represents a unidimensional concept. This includes analysis of all domains, subdomains, and total scores. Second, convergent validity evaluates the degree to which scores from an instrument are associated with conceptually similar measures. This can range from correlation with physiological findings when available or legacy PROMs. Third, reliability determines the consistency of PROM scores across time.

To accomplish this, results from the CIQOL instruments were compared to results from the Nijmegen Cochlear Implant Questionnaire (NCIQ) and HUI3 in 334 adult patients with CIs who were not involved in previous development stages (McRackan et al., 2021). The results demonstrated that all CIQOL domains as well as the global measure had strong construct validity, strong convergent validity, and strong to very strong reliability. In contrast, 8 of the 10 NCIQ domains/subdomains as well as the NCIQ total score demonstrated poor construct validity. The remaining NCIQ subdomains (basic sound performance and activity limitation) demonstrated strong psychometric properties and test–retest reliability. Interestingly, HUI3 reliability was moderate to weak in adult patients with CIs with the weakest reliability in the hearing dimension. This is likely related to the use of “hearing aid” in several items, which may confuse patients with CIs.

The final product of this process are two instruments that represent the values of adult patients with CIs and are more psychometrically sound and comprehensive than previously developed PROMs. The CIQOL-35 Profile and CIQOL-10 Global are available for use in clinical and research settings and are free to download at http://education.musc.edu/CIQOL. The CIQOL instruments have been downloaded by over 210 CI centers and are undergoing translation and cross-cultural adaptation in 8 languages.




Hearing Related Patient-Reported Outcome Measures in French Language

Most of the world’s population does not speak English, yet exchanging information beyond and across linguistic communities is crucial. PROMs developed and validated using rigorous procedures as described earlier should then be carefully translated, culturally adapted, and validated to other linguistic and cultural groups.

Currently available hearing PROMs in French language include the Abbreviated Profile of Hearing Aid Benefit (APHAB), the Client Oriented Scale of Improvement (COSI), the Hearing Implant Sound Quality Index (HISQUI), the NCIQ, and the Speech, Spatial and Qualities of Hearing Scale (SSQ). All the above-mentioned PROMs were published in English and their French translation process is undocumented. To the best knowledge of the authors, the NCIQ, which was developed in Dutch and published in English but unfortunately without a description of the translation process, is the only PROM designed specifically for patients with CIs available in French and its use in clinical practice is complex due to its length (60 items). In contrast, the Evaluation of the Impact of Hearing Loss in Adults (ERSA) was developed and validated in French and is relevant for hearing aid and adult patients with CIs. It has good reliability, validity, and sensitivity to change, but it is difficult to compare scores against other PROMs as it has yet to be translated to other languages (Ambert-Dahan et al., 2018).

The following sections describe the process of translation, cultural adaptation, and validation through a case study, the translation of the CIQOL-35 Profile instrument from English, its source language, to French. Throughout the manuscript, for clarity of expression, the term translation is used to refer to the iterative process of both translation and cross-cultural adaptation.




MATERIALS, EQUIPMENT AND METHODS

The translation of PROM items, response choices, and instructions should be obtained through an iterative process of forward and back-translation by qualified translators and bilingual content experts, bilingual expert review, and testing with the patient group. A hearing-related PROM translation good practice guide recommending six steps can be used to guide this iterative process (Hall et al., 2018b).

Materials include the source-language PROM (i.e., the CIQOL-35), good practice guides (PROMIS, 2013; Hall et al., 2018b), and a location to archive all steps and related documentation. The “reconciliation report” provided by Hall et al. (2018b) as supplemental file 3 is especially helpful in documenting the translation process.

The following section describes the six steps of Hall et al. (2018b) and illustrates how they guide activities in the case study of the translation of the CIQOL-35 instrument from English to French. In this PROM translation project, Steps 1–4 are completed and Steps 5–6 are yet to be completed. Figure 1 summarizes the steps completed so far; these are described below.
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FIGURE 1. Translation and cross-cultural adaptation process of the CIQOL-35 Profile from English to French.



Step 1. Preparation


Summary of Best Practices

According to Hall et al. (2018b), this step sets the scene for the translation and includes checking whether a translation of the instrument already exists and gaining approval from the source-language PROM copyright holders for the translation. Source-language PROM developers should be invited to be involved as their input is important to clarify the original intent of the PROM instructions, items, and response options. The translation project should have clear aims and intended audience and the main concepts that underpin the PROM should be defined. Finally, template documents for documenting the translation should be prepared.



Case Study: Translation of the Cochlear Implant Quality of Life-35 Instrument From English to French

No French version of the CIQOL-35 instrument existed, as it is a recent PROM. The translation project was instigated and took form through a close collaboration between hearing clinicians and researchers who are native French speakers and the CIQOL-35 developers. The copyright holder, the Medical University of South Carolina Foundation for Research Development, provided written approval for the translation project. Aims and intended audience were discussed and agreed upon. The primary audience was similar to the source-language CIQOL-35 instrument, e.g., adults with hearing loss regardless of hearing device status. Although the CIQOL suite of instruments is designed for adult patients with CIs, it should also be valid for pre-CI measures, i.e., for adults with hearing loss before they receive one or two CIs. Efforts were made to reach all people of adult age irrespective of literacy and to create a translation that could be administered as pen-and-paper as well as electronic.

The linguistic and cultural profile of the intended audience includes French-speaking people living in France or elsewhere. French is spoken by 300 million people globally, of which 59.3% live in Africa, 33.4% in Europe, 7.0% in the Americas, and 0.3% in Asia and Oceania (Organisation Internationale de la Francophonie, 2019). The 300 million French speakers spread across the globe do not use the French language in a uniform manner. In the different geographical areas, the French language has evolved into different dialects, i.e., varieties of French that are mostly mutually intelligible, especially if they are close on the dialect continuum. This is the same phenomenon that distinguishes, for example, the English or Spanish spoken in different parts of the world. Dialects do not respect country borders and dialects can be multiple in the same country. Dialects vary in their vocabulary, grammar, and pronunciation, the latter important for example for speech perception test stimuli but not for PROMs to be administered in written form. Given the presence of dialects, two approaches to PROM translation can be taken. A specific and localized approach produces as many translations as the number of dialects. A universal approach favors a “standard” version of the language and avoids regionalisms (i.e., vocabulary words, grammatical structures, or expressions favored by speakers in a particular geographic area). For this translation, a universal approach was adopted. Universal translation runs the risk of using terms or grammatical structures that are not immediately recognized by some speakers, or that require more cognitive effort to be understood. To support a universal approach to translation, involving people familiar with different dialects, referring to linguistic resources that recognize standard and colloquial usage of terms by region (such as Joseph Wright’s English Dialect Dictionary or the Real Academia Española’s Spanish dictionary), and testing on speakers of different dialects is recommended. These considerations are also relevant during the development of a PROM and for which linguistic communities it is intended.

To prepare for the translation, a list of resources was created, which included the concept definitions used in the source-language CIQOL-35 instrument development, further concept definitions, as well as examples of hearing-related written documents available in both English and French obtained from the World Health Organization, Hear-it.org, and Oticon Medical A/S. These resources served two purposes. First, they presented background information about hearing, hearing impairment, its consequences, and its treatment. Second, they provided a range of examples of English-French translations of relevant terms. The “reconciliation report” provided by Hall et al. (2018b) as supplemental file 3 was adapted to the purposes of this translation project, including copying all CIQOL-35 instructions, items, and response options as separate spreadsheet rows and copying all supporting information and links into a separate spreadsheet within the same document, for easy access by all people involved in the translation. Table 2 lists the people involved in this translation project.


TABLE 2. People involved in this translation project along with their roles.
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Step 2. Forward Translation


Summary of Best Practices

According to Hall et al. (2018b), this step includes the translation of the PROM from the source language to the target language. For this, translators whose first language is the target language, and ideally, have the same dialect and reside or have lived experience of the region/culture of the intended audience should be recruited. It is recommended that at least two translators are involved, one translator that is a professional translator with training/certification in linguistics and another translator that is a healthcare professional with experience working with adult patients with CIs. The translators should be introduced to the PROM to be translated, the health condition and related concepts, as well as the concept definitions in Step 1 described earlier. They should also be instructed on the translation and adaptation task and this should be done in a uniform fashion for all translators. Each translator should work independently to produce a forward translation of the PROM instructions, items, and response options. The reconciliation of the forward translations by another person involves creating from the multiple forward translations a single forward translation.



Case Study: Translation of the Cochlear Implant Quality of Life-35 Instrument From English to French

The two translators recruited were both French native-speaking and had a high command of English. One was a certified linguist with experience in translation of hearing-related documents and the other held a clinical support position for Oticon A/S that includes regular contacts with patients with CIs. They received the same instructions and background information together with the spreadsheet described earlier in the previous step. They were instructed to maintain conceptual, item and semantic equivalence and that it was more important to preserve meaning than to provide a literal translation. Everyday non-technical language was to be used and a “universal translation” approach avoiding regionalisms was prioritized. As they translated each section of the PROM (i.e., each spreadsheet row), they were instructed to rate how difficult they found each translation (from 0 extremely easy to 10 extremely hard). These ratings were useful in the reconciliation step, which involves comparing and contrasting the different translations. A bilingual hearing clinician/researcher completed this task, using the same spreadsheet described earlier. The first step involved highlighting sections where the translations differed. As stated by Hall et al. (2018b), dedicated effort was spent on the sections that the translators rated as relatively more difficult to translate compared to other sections. The person completing the reconciliation documented the reasoning behind reconciliation decisions. This step resulted in one single forward translation of the CIQOL-35.




Step 3. Back Translation


Summary of Best Practices

According to Hall et al. (2018b), this step involves the translation of the PROM from the target language back to the source language for comparison with the source-language PROM. The person conducting the back translation should be naive to the source language PROM. The assumption is that if the translation and adaptation process is carefully done, any differences between the source-language PROM and the back translation would reflect cultural adaptation. For this, at least one translator should be recruited, ideally a professional translator with training/certification in linguistics. The back translation is then carefully compared with the source PROM and equivalence is classified from perfect (A) to null (D) equivalence, in both choice of words and semantics conveyed, and this is recorded in the reconciliation report.



Case Study: Translation of the Cochlear Implant Quality of Life-35 Instrument From English to French

One certified linguist with experience in translation of hearing-related documents was recruited. This translator received the same instructions, background information and spreadsheet described in Step 2 earlier, except that the source-language CIQOL-35 instrument was not shown in the spreadsheet. The same person who completed the reconciliation task in Step 2 then compared the source-language CIQOL-35 instrument with its back translation. Sections of the back translation that were discrepant to the source were documented in the same spreadsheet using color coding for easy identification of sections that were problematic and/or required review.




Step 4. Committee Review


Summary of Best Practices

According to Hall et al. (2018b), this step recommends appointing a multi-disciplinary committee that includes linguistic and healthcare expertise to review the translation steps including the forward and back-translations and review and solve the problematic sections identified in Step 3.



Case Study: Translation of the Cochlear Implant Quality of Life-35 Instrument From English to French

The committee review included the three people who translated the PROM in Steps 2–3, the person who completed the reconciliation of the two forward translations and the comparison of the source-language instrument with the back translation, and two bilingual hearing care professionals. All committee members were provided the spreadsheet documenting all steps before the review. During the review meeting, all problematic sections identified in Step 3 as well as any other sections that committee members deemed relevant to discuss were reviewed. As much as possible, consensus was sought on preferable translation. Discussions and reasons underlying translation choices were documented in the spreadsheet. The optimal translation and cultural adaptation of English expressions and figures of speech that do not have direct equivalents in French language/culture such as “crowded environments,” “to socialize,” “social situations,” or “to feel inadequate” generated the most discussion, to ensure semantics were preserved as much as possible whilst creating a culturally appropriate translation. Overall, the translation was at times too literal and benefited from a deeper translation and slight cultural adaptation. During the committee review, any questions raised regarding the original intent of the CIQOL-35 items were noted.

Because significant improvements were suggested to the translation, four additional steps not mentioned in Hall et al. (2018b) were taken. First, a native French speaker naive to the CIQOL-35 reviewed the latest French translation to ensure natural language. As a result, minor changes such as in the choice of prepositions and adverbs were implemented. Second, questions regarding the original intent of the CIQOL-35 were raised with its developers and the translation was slightly revised accordingly. Third, as some questions were raised about the appropriateness of the translation for the intended audience, a native French speaker with hearing loss naive to the CIQOL-35 reviewed the latest French translation to ensure appropriateness. As a result, one minor change to one item was made. Fourth, because significant changes were made since the previous back translation, another back translation was performed on the latest version of the translation. This back translation was completed by a professional translator not involved in previous steps. The same process of comparison and reconciliation described earlier was completed to result in a French translation of the CIQOL-35 ready for field testing (i.e., validation). Whilst it could be argued that the extra steps taken are evidence of suboptimal translation practices, it is believed that they reflect an attention to detail that PROM translation deserves. Table 3 is an excerpt of the reconciliation report: it presents the 26 columns documenting the different steps of the translation for one of the CIQOL-35 items. This reconciliation report was adapted from Hall et al. (2018b) supplemental file 3.


TABLE 3. Reconciliation report and how it was adapted from Hall et al. (2018b) supplemental file 3 for the purposes of the present translation project.
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Step 5. Field Testing


Summary of Best Practices

According to Hall et al. (2018b), this step involves testing the translated PROM on a small group of people drawn from the intended audience. The aim of the field test is to ensure the intended audience understands the translation and finds it acceptable. The field test also aims to ensure that the translation is equivalent to the source-language PROM. Qualitative and/or quantitative methods can be used to reach these aims. Two types of equivalence are typically sought: equivalence of meaning, also called semantic or conceptual equivalence, obtained through careful translation process and qualitative field test, and equivalence of measurement, obtained through careful development and quantitative field test, with CTT (internal consistency) or with IRT (differential item functioning; Petersen et al., 2003; Eremenco et al., 2005), as described earlier. Hall et al. (2018b) state that field testing “is important before proceeding to a wider evaluation of its psychometric properties or before using the translation in real clinical research” (p. 171).



Case Study: Translation of the Cochlear Implant Quality of Life-35 Instrument From English to French

It is planned to conduct field testing in two parts. The first part will involve cognitive interviews, a qualitative research method, in a purposely selected and small sample of French-speaking adult patients with CIs. Data collection in close collaboration with two French-speaking CI centers located on two continents (Africa and Europe) have been initiated. This geographical diversity will help determine whether the French-language CIQOL-35 can be used in different French-speaking communities around the world. An interview guide in French has been prepared to facilitate the cognitive interviews. The interview guide queries the respondents on their understanding of the items and the response options and of the cognitive processes engaged when mapping their experiences to the response options. The interview guide also asks whether any item is unsuitable or offensive in the culture of the person completing the PROM. The goal is for the PROM to be a valid representation of the lived experiences of the patients whilst not being cognitively taxing and being acceptable. The responses to the cognitive interview questions will be noted by the interviewers and will be analyzed using content analysis (Graneheim and Lundman, 2004). The second part of the field testing will involve pilot testing in a randomly selected sample of French-speaking adult patients with CIs, without the same emphasis on geographical diversity. Their scores will be summarized using descriptive statistics.




Step 6. Review and Translation Finalization


Summary of Best Practices

According to Hall et al. (2018b), this final step includes the review of the Step 5 results and their incorporation into the final translation, archiving, and dissemination.



Case Study: Translation of the Cochlear Implant Quality of Life-35 Instrument From English to French

It is planned to incorporate results of both quantitative and qualitative field testing activities in the final version of the French-language CIQOL-35. It is hoped that the final translation of the PROM will be widely shared free of charge on the Medical University of South Carolina website and disseminated to researchers, clinicians, hearing intervention program developers, and any other people interested in the measurement of CI-related quality of life in adults.





ANTICIPATED RESULTS AND DISCUSSION

It is hoped that this careful translation and cultural adaptation of the CIQOL-35 instrument will lead to a psychometrically sound PROM for French-speaking populations. Ideally, French-speaking adults will find the instrument a relevant and suitable tool to capture the extent to which hearing impairment and hearing interventions impact their CI-related quality of life. Such PROMs are instrumental to quality of care monitoring and improvement.

The translation and cultural adaptation of the CIQOL instruments to eight other languages (Arabic, Danish, German, Hebrew, Malay, Mandarin, Spanish, and Turkish) has been initiated. Cultural adaptation is facilitated by translators living in the location where the translated PROM will be used and by qualitative validation (e.g., with cognitive interviews) to ensure the items are appropriate, understandable, relevant and respectful (i.e., not offensive). In some of the regions in which these languages are spoken, there are no validated speech recognition word/sentence lists. Thus, these PROMs will be heavily relied on to monitor treatment outcomes. The extent of relationships between PROMs needs to continue to be investigated and reported. A related movement is the development of core outcome sets. A core outcome set is an agreed minimum battery of outcome measures to be included in clinical trials. Clinicians and researchers are free to add additional outcome measures, but adherence to a core outcome set ensures that some outcome measures are consistently collected and reported. Core sets have the advantage to allow for cross-trial comparisons and data pooling in meta-analyses. An iterative and multisectoral project led to the World Health Organization’s International Classification of Functioning, Disability and Health Core Sets for hearing loss (ICF Research Branch, 2017). Only a few of the Core Set categories can be measured through physiological and behavioral tests routinely used in clinical and research practice: many more can be evaluated with PROMs. This core set is currently being validated in the population of interest (Karlsson et al., 2021). Core sets are starting to emerge regarding different sub-populations of people with hearing disorders (Hall et al., 2018a; Hill-Feltham et al., 2020; Katiri et al., 2020).

Overall, our experience has taught us that the process of PROM development, translation, and cross-cultural adaptation requires significant time and resources. Therefore, it is best to consider this type of work as a stand-alone project well ahead of time rather than as a quick endeavor when the need for a translation of a PROM becomes apparent.


Future Trends in Hearing-Related Patient-Reported Outcome Measures

The promises that technologies offer in improving healthcare delivery have been described for decades. The COVID-19 pandemic, and its physical distancing imperative, has accelerated trends toward hybrid hearing healthcare services, combining traditional face-to-face as well as remote care modalities, such as telehealth. Care modalities can be chosen based on patient and context needs. This trend is relevant to PROMs as remote data collection is time efficient and allows the measurement to take place at a time and place that is convenient for the patient, rendering the measure a better reflection of true everyday functioning. Ecological momentary assessment is interesting in a world where ubiquitous technology is increasingly following us, quantifying, tracking, and even pre-empting our behaviors and thoughts. The convergence of PROMs with hearing device usage, acoustic environments, and health and wellbeing data provides a holistic view of a patient’s level of functioning against the context and environment in which they evolve (Timmer et al., 2018). Cloud-based programming of hearing devices also calls for PROMs that are easier and closer to the patient so that replacing face-to-face appointments with remote care does not have to compromise opportunities for outcome measures. Method of administration as well as timing in the course of care can impact on completion and scores. For example, evidence shows that people with hearing impairment may complete PROMs differently when administration is done with pen and paper vs. online (Thorén et al., 2012).


Computerized Adaptive Testing

A promising mode of PROM administration is CAT, where an algorithm selects, based on item difficulty and patient responses to previous items, an individualized set of items from a bank of IRT-calibrated items. Items are presented until a predefined measurement precision is reached, or a pre-set maximum number of presented items is reached. CAT increases measurement precision without increasing administration time, thus reducing burden for patients, clinicians, and researchers. Often CATs can provide a similar degree of precision as the full item bank, with completion of far fewer items (Choi et al., 2010; Fries et al., 2014; Pilkonis et al., 2014), and are easily adapted to smartphone or tablet administration. CATs have been developed for each of the CIQOL domains (CIQOL-CAT). Final validation and reliability testing is pending.



Patient-Reported Experience Measures

Whilst this manuscript focuses on PROMs, some authors differentiate those from patient-reported experience measures (PREMs) (Kingsley and Patel, 2017). PREMs gather the patient’s perspectives and views of their care experience. Whilst PROMs measure care outcomes, PREMs measure how the patient experienced the care process, for example in terms of communication skills, patient-centeredness, and timeliness. PREMs lead to information central to improve care; they are currently underused within hearing care.



Economic Evaluation and Allocation of Scarce Resources

In an era of accountability in healthcare, economic evaluations are increasingly needed to inform the careful allocation of scarce resources. These compare the benefits and costs of several treatment options and use health state values, or utilities, representing people’s preferences for a given health state. The cost per quality-adjusted life year (QALY) or disability-adjusted life year (DALY) and the comparison of incremental cost-effectiveness ratios to thresholds inform the evidence-based prioritization of interventions across health conditions. A recent systematic review identified 117 published economic analyses of hearing healthcare across the continuum of care from prevention and screening to CI and hearing aid provision (Borre et al., 2021). Of those, 62% measured health outcomes in QALYs and 12% in DALYs.

The measurement and valuation of the benefits of medical devices have challenges. First, costs are easier to measure and value than benefits (Thum et al., 2020). Second, generic PROMs are not suitable given limitations. The impact of CI on quality of life in older adults has been measured with the HUI2 and HUI3 (Andries et al., 2021), however EQ-5D lacks construct validity for hearing and HUI3 exhibits ceiling effects, uses “hearing aid” in the item, and measures hearing ability through speech reception only; generic PROMs underestimate the impact of hearing intervention such as CIs (McRackan et al., 2019a). Therefore, it is imperative that PROMs allow for the suitable valuation of hearing intervention benefits.



Patient-Reported Outcome Measures in Low-Resource Settings

Patient-reported outcome measures are also of interest in low-resource settings, such as low- and middle-income countries. Their advantages include administration that does not require trained professionals and allows rapid assessment, which makes them interesting as part of monitoring and evaluation of both clinical as well as public health initiatives (Kaspar et al., 2021). Also, PROMs, unlike other forms of outcome measures, do not rely on specialized equipment that requires frequent calibration.




Clinical Applications of Patient-Reported Outcome Measures

The clinical application of PROMs should be both the start and the end point in PROM development. There is a misconception that if a PROM is carefully developed and translated, it will automatically, or almost magically, be implemented when ready. Careful knowledge translation and implementation science are mandatory for sustainable changes in practice. PROMs improve communication and counseling between professionals and patients (as well as inter-professional communication) regarding the health condition and its impact on quality of life (Greenhalgh et al., 2018). Still, they are underused. Learnings from implementation science can support the successful usage of PROMs to address common implementation barriers such as PROMs inadequately integrated in electronic health record systems, uncertainty about how or why to use PROMs to improve patient care, and clinical workflows that are not conducive, for example due to time pressures (Stover et al., 2020). The successful implementation of PROMs in routine clinical care requires that organizations invest time and resources in the early stages of “designing” the processes for using PROMs (i.e., planning not just which PROMs to use and how to administer them, but also how the data would be used for clinical purposes) and “preparing” an organization and its staff (i.e., getting an organization and its staff ready to use PROMs, particularly persuading clinicians of the validity and value of PROMs, delivering training, and developing electronic systems; Foster et al., 2018).

Selecting the best PROM is paramount. A systematic review concluded that eight criteria should inform PROM selection: appropriateness (match between PROM and specific purpose including research questions if relevant), reliability (reproducibility and internal consistency), validity (whether the PROM measures what it intends to), responsiveness (PROM sensitivity to changes of importance to patients), precision (number and accuracy of distinctions the PROM make), interpretability (how meaningful the PROM scores are), acceptability (how acceptable patients find PROM completion), and feasibility (extent of effort, burden and disruption to staff and clinical care arising from using the PROM; Fitzpatrick et al., 1998). The target patient group, the treatment, and the outcome of the PROM should match the clinical needs. Prior use in groups of similar patients is particularly helpful, and a pilot of the PROM implementation questionnaire can help identify any potential barriers. A short and relevant instrument that is future proof is more likely to be sustainably implemented. An easy, license-free online access to the latest version of any PROM is also conducive to implementation. Of course, if the PROM has been translated, the quality of this process should be documented. The timing and the method of administration should also be carefully considered (Bernstein et al., 2020).

Furthermore, the hearing community needs to reach consensus on the most important outcome domains and the core set of measures to assess these domains in a consistent and therefore comparable fashion in clinical research, clinical trials, and in the monitoring of the impact of hearing health policies. Current minimum reporting standards for adult CI do not include PROMs (Adunka et al., 2018). The hearing community can learn from other fields where core sets of measures of treatment effects include PROMs. Medical device regulators worldwide are also increasingly asking for the systematic collection and reporting of PROMs during the entire product lifecycle.



Summary and Conclusion

This case study centered around the CIQOL-35 Profile instrument measuring functional abilities and quality of life in adults with hearing impairment, showed that the development of PROMs should be driven by real-world needs. The development of PROMs must start with clinical need and must ensure active involvement of important stakeholders at all stages. This is the case of the CIQOL suite of instruments, which benefited from a systematic literature review and focus groups with patients, who are experts in lived experiences of hearing impairment. The mixed methods used in the development of the CIQOL suite of instruments enhance and expand their potential applications.

This paper concludes with four suggestions for people embarking on similar endeavors:


1.Think clinical applications first, in terms of populations, concepts to be measured, etc.

2.Start with performing a literature review and inviting patient perspectives, because there is no need to reinvent the wheel and because patients are the experts into the lived experiences of a health condition.

3.Adhere to published standards of both development as well as translation and cultural adaptation, because there exists a large body of psychometric science to draw from.

4.Aim for PROMs that will stand the test of time, for example in terms of content and modes of administration.
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Speech-perception testing is essential for monitoring outcomes with a hearing aid or cochlear implant (CI). However, clinical care is time-consuming and often challenging with an increasing number of clients. A potential approach to alleviating some clinical care and possibly making room for other outcome measures is to employ technologies that assess performance in the home environment. In this study, we investigate 3 different speech perception indices in the same 40 CI users: phoneme identification (vowels and consonants), digits in noise (DiN) and sentence recognition in noise (SiN). The first two tasks were implemented on a tablet and performed multiple times by each client in their home environment, while the sentence task was administered at the clinic. Speech perception outcomes in the same forty CI users showed that DiN assessed at home can serve as an alternative to SiN assessed at the clinic. DiN scores are in line with the SiN ones by 3–4 dB improvement and are useful to monitor performance at regular intervals and to detect changes in auditory performance. Phoneme identification in quiet also explains a significant part of speech perception in noise, and provides additional information on the detectability and discriminability of speech cues. The added benefit of the phoneme identification task, which also proved to be easy to administer at home, is the information transmission analysis in addition to the summary score. Performance changes for the different indices can be interpreted by comparing against measurement error and help to target personalized rehabilitation. Altogether, home-based speech testing is reliable and proves powerful to complement care in the clinic for CI users.

Keywords: speech understanding in noise, digits in noise, phoneme identification in quiet, CI users, home testing


INTRODUCTION

Speech perception assessment is a cornerstone of audiological rehabilitation (Boothroyd, 1994). It is usually assessed in the clinic with meaningful words and sentences in quiet and (sometimes) in noise. These scores reflect large variability in performance for persons with hearing aids (HA) and cochlear implants (CI), especially in noise (e.g., Gifford et al., 2008, 2015; Zeitler et al., 2008; Meister et al., 2015; Ricketts et al., 2019), due to differences in patient demographics, as well as technical, linguistic, and cognitive factors (Rählmann et al., 2018; James et al., 2019; de Graaff et al., 2020; Zhao et al., 2020). The multidisciplinary nature of audiological rehabilitation requires a wide range of performance measures to capture bottom-up and top-down neurocognitive skills (Moberly et al., 2016; Rählmann et al., 2018; Skidmore et al., 2020; Tamati et al., 2020; Völter et al., 2020; Zhan et al., 2020; Biever et al., 2021; Lundberg et al., 2021). However, clinical time is scarce. Demand for care has increased over the past years due to the expansion of candidacy criteria for cochlear implantation, advancements in technology, and improved surgical techniques (van der Straaten et al., 2020; Perkins et al., 2021). A potential approach to alleviating some of the work on clinical care and possibly making room for other outcome measures is to employ technologies that assess performance in the home environment. An increasing number of people are using their smartphones or tablets for healthcare assessment, and home-based testing could be used to monitor potential changes in hearing performance and provide guidance for audiological rehabilitation. Such an approach may be good for the clinic (reduced workload/more testing) and enhance the user’s self-efficacy.

Over the past decade, different audiological service deliveries via telepractice have been explored (Swanepoel and Hall, 2010; Muñoz et al., 2021). Several applications for hearing screening have demonstrated the feasibility and reliability of telehealth (Smits et al., 2013; Louw et al., 2017). For experienced HA users, face-to-face and remote programming of hearing aids give similar speech perception results (Venail et al., 2021). Also, CI programming levels are similar when done remotely compared to the face-to-face method in the clinic, not only with adults (Ramos et al., 2009; Wesarg et al., 2010; Hughes et al., 2012; Eikelboom et al., 2014) but also with children using visual reinforcement audiometry (Hughes et al., 2018). Additionally, speech recognition of CI users can be assessed at home (de Graaff et al., 2018, 2019), although presentation mode requires some attention. With direct-connect from the computer to the CI processor, different physiological and basic perceptual measures yielded similar scores whether assessed in person or remotely (Goehring et al., 2012; Hughes et al., 2012). However, speech perception scores of CI users were significantly poorer in an office/conference room simulating remote testing than in the in-person condition in the sound booth at the clinic, presumably because of the higher background noise level and longer reverberation times at the remote sites. To overcome the adverse effects of background noise and reverberation, speech sounds can be delivered via direct audio input (DAI), bypassing the microphones. While testing with DAI has proved to be a valid alternative to standard sound-booth testing (de Graaff et al., 2016, 2019; Cullington and Aidi, 2017; Sevier et al., 2019), wireless streaming from a device to the sound processor has also become possible and can be used for testing in the home environment.

Using remote tools may also lead to increased confidence to manage one’s hearing and identify problems quicker instead of waiting for a scheduled appointment at the clinic. A randomized control trial using a well-validated generic measure of patient activation showed that CI users who received remote care for device adjustment and assessment demonstrated greater user activation after 6 months than those who received the clinic-based care pathway (Cullington et al., 2018). A custom-made satisfaction questionnaire revealed that patients and clinicians were generally positive about remote care tools and wanted to continue. They liked the idea that tests can be used any time, that they receive instant feedback on progress, and that less staff is needed. These findings related to audiological rehabilitation align with a systematic review analysis and meta-analysis showing that self-management support interventions can reduce health service utilization without compromising patient health outcomes (Panagioti et al., 2014).

Not all outcome measures are suitable for remote self-testing. In the clinic, speech understanding is usually assessed with an open-set response format. The client responds verbally to the presented word or sentence, and the clinician notes down the responses. Home-based testing requires a closed-set response format, where the client chooses from a pre-defined set of alternatives unless auto-correction is applied with open-set testing (e.g., Francart et al., 2009). Another prerequisite for home-based testing is that the materials can be used repeatedly. Meaningful words and sentences cannot be used repeatedly unless an infinitive number of alternatives can be generated, such as with the Matrix sentences (Kollmeier et al., 2015) or the Coordinate Response Measure (Bolia et al., 2000). Digits and phonemes can be used repeatedly.

The digit triplet test also called the digits in noise test (DiN), is increasingly used for hearing assessment. It was initially developed for hearing screening (Smits et al., 2013; for a review, we refer to Van den Borre et al., 2021), but with persons with a cochlear implant, it is also used as an alternative for the sentence in noise (SiN) task (Kaandorp et al., 2016; Cullington and Aidi, 2017; Zhang et al., 2019). Using an adaptive procedure, the speech reception threshold is determined for digits presented in speech-weighted noise. Even persons with limited language ability are familiar with digits and can use a keypad. Long before this paradigm was developed, it was clear that an extensive range of hearing abilities can be mapped with numbers (van Wieringen and Wouters, 2008). The DiN paradigm can be used repeatedly since learning of the content is less likely to occur.

Phoneme identification, or the nonsense syllable test, is also assessed with an n-alternative closed-set response format. The summary scores (percentage correct) reflect how well a listener perceives the spectral and temporal properties of vowels and consonants (e.g., Gordon-Salant, 1985; Dorman et al., 1990; Tyler and Moore, 1992; van Wieringen and Wouters, 1999; Välimaa et al., 2002a,b; Munson et al., 2003; Nie et al., 2006; Shannon et al., 2011; Rødvik et al., 2018). Phoneme identification is not often assessed in the clinic, although responses are very insightful, as they can yield both a summary score and detailed analysis of confused speech features by means of information transmission analyses (Miller and Nicely, 1955). Phonemes are characterized by distinctive acoustic features that produce differences in voicing, manner, place of articulation, etc., Per phoneme, the transmission of different speech features is determined. The relative information transmitted is the ratio of the transmitted information calculated from the confusion matrix to the maximal possible information transferred by the stimuli and features under test. The more phonemes share distinctive features, the more likely they are confused perceptually (Miller and Nicely, 1955). The results of the information transmission analysis can guide the rehabilitation process (e.g., optimize the fitting of the device). Nonsense syllable tests also have the advantage that learning effects in multiple experiments with the same stimuli are minimal compared with tests using real-word stimuli (Dubno and Dirks, 1982).

In summary, clinical care is time-consuming and often challenging with an increasing number of clients. Speech-perception testing is essential for monitoring outcomes with a HA or CI and should encompass various measures to gain insight into variability in performance. Some of these could be done at home to complement assessment in the clinic. The study aimed to investigate performance on three different speech perception tasks, i.e., sentence identification in noise (SiN), digits in noise (DiN), and phoneme identification in quiet, in the same CI recipients during 16 weeks. We expect the digit scores to be associated with the sentence scores, and we anticipate that the vowel and consonant errors will provide additional insight into individual performance patterns. Additionally, we investigate the reliability of these indices in the home-based setting and potential differences between response scores determined at the beginning and at the end of the trial.



METHODOLOGY


Participants, Outcome Measures and Procedure

Forty CI users, 26 with Cochlear device, 14 with AB device, performed the phoneme and DiN tasks at home. Their median age was 64.3 years [IQR 10.4, min 28 yrs, max 75 yrs], median experience with their CI 2.1 years [IQR 4.2 yrs, range 0.1–15.9 yrs]. Thirty-six out of forty CI users had progressive hearing loss. Twenty-seven participants wore a hearing aid contralaterally (CI-HA), eight persons had one CI, three persons bilateral CIs, and two persons 1 CI and residual hearing. The participants’ average pure tone average (PTA4, average of 500, 1,000, 2,000, 4,000 Hz), determined in free field at the clinic with their CI only, was 26.4 dB HL (SD 5.3). All participants presented with a postlingually acquired profound hearing impairment, and they communicated through spoken language in their daily life. The median period of education was 12.5 years [IQR 3.3].

These participants participated in a more extensive study dealing with the efficacy of a personalized listening training program LUISTER compared to a non-personalized one (Magits et al., under revision). In that study, participants were asked to practice segmental and suprasegmental speech tasks five times per week for 15 to 20 min on a tablet at home. The efficacy of the two training tasks was based on the SiN scores (pre- versus post-training) assessed at the clinic. Once a week, before practicing with a training program, the participants were asked to complete a DiN test twice and either a vowel or a consonant phoneme identification task (in quiet) at home. At home, the stimuli were streamed via Bluetooth and a streaming device to one CI. The participant chose which CI if they had two. Speech understanding in noise (SiN, pre-and post-training) was assessed at the clinic, via streaming. Three conditions were tested: (1) SiN presented via streaming to one CI (same as DiN and phoneme in quiet, “SiN streaming”), (2) in sound field to the CI only (“SiN CI-SF”), and (3) in sound field as in daily life (with CI and HA if applicable, “SiN daily settings”). The same CI devices were used at home and at the clinic. Logged data were automatically transferred to a repository hosted on the server of the research group via a restricted one-way communication from tablet to server.

Participants provided written informed consent, and the Ethics Committee approved the study of the University Hospitals Leuven (approval no. B322201731501). Participants were paid for the testing sessions but not compensated for the practicing sessions at home. The study protocol is registered on ClinicalTrials.gov (I.D. = NCT04063748).



Outcome Measures


Speech Understanding in Noise (SiN)

Sentence understanding in stationary speech-weighted noise (SiN) was assessed with the LIST speech materials (van Wieringen and Wouters, 2008). An adaptive method was used to determine the speech reception threshold (SRT), the signal-to-noise ratio at which 50% of the sentences are repeated correctly. Each sentence contains two to three keywords. The level of the sentences was held fixed at 65 dB SPL, the level of the noise was varied. The level of the noise for the first sentence varied until all keywords were repeated correctly. For each subsequent sentence, the level of the noise was increased or decreased in steps of 2 dB until ten sentences had been presented (Plomp and Mimpen, 1979). The SRT was the average of the last five presented signal-to-noise ratios and the signal-to-noise ratio of the imaginary 11th sentence, with lower SRT values indicating better performance.

Participants completed two lists for each of the three conditions before and at the end of the 16-week trial. A third list was completed if the two lists differed by more than 2 dB, and the average was taken. In the sound field room at the clinic speech sounds were played using APEX (Francart et al., 2017) from a tablet via a streaming device to the CI or a computer via an external sound card to the loudspeaker at 65 dB SPL. The median duration for SiN testing ranges from 2.2 min [0.5 min] to 2.4 min [0.7 min] per list of 10 sentences, hence 6–8 min in total.



Digits in Noise (DiN)

Participants identified 17 digit triplets in stationary speech-weighted noise on the touch screen of the tablet. The development and validation of the Flemish DiN (female speaker) are described by Jansen et al. (2013). The level of the speech was fixed at 65 dB A, and the first triplet was presented at + 4 dB signal-to-noise ratio. An adaptive procedure using triplet and digit scoring and an adaptive step size converged to a threshold in noise (Denys et al., 2019). One DiN trial takes about 2.3 min [0.4 min].



Phoneme Identification in Quiet

Both vowel and consonant identification in quiet were assessed separately. The vowel identification task consisted of 10 Dutch/Flemish vowels presented in p-t context: /oe, oo, i, I, o, u, e, ee, aa, a/. The consonant identification test consisted of 12 consonants presented in/a/context: /p, t, b, d, m, n, s, f, ch, z, v, w/. Stimuli were produced by a female speaker (van Wieringen and Wouters, 1999). Each phoneme was routed ten times from the tablet to the streaming device in random order (n = 100 for vowel, n = 120 for consonant). Testing was self-paced. No training nor feedback was provided. Vowel identification (100 items) takes 6.0 min [2.2] and consonant identification (120 items] takes 9.4 min [2.8 min].

Responses were cast into stimulus-response confusion matrices. Information transmission (Miller and Nicely, 1955) was determined of three speech features for the Dutch vowels: Duration, First formant frequency (F1), and Second formant frequency (F2). Classification of the vowels into these categories is the same as documented in van Wieringen and Wouters (1999, Table 3). Seven features distinguish consonants: presence/absence of voicing (voicing), perception of release burst (plos), perception of relatively high or low amplitude envelope (envel), place of articulation (place), perception of frication (fric), manner of articulation (manner), and perception of nasal cues (nasal). The classification of the consonants into these categories follows van Wieringen and Wouters (1999, Table 5).




Procedure


Tablet and Calibration

Testing was done with a 7.0″ Samsung Galaxy Tab A tablet and a streaming device, the phone clip or minimic for the Cochlear device (n = 26) and compilots for the AB device (n = 14). The output level for the speech tasks was calibrated with a personal audio cable, and the overall intensity level was set to 65 dBA. During the initial visit at the clinic participants were shown how to connect their streaming device and to run the tasks. A blue light indicated that the streaming device was connected. Participants also received manuals with clear instructions or could contact the clinician via email if needed. They were allowed to adjust the volume settings of their streaming devices but nobody reported having done this. At the end of the 16 weeks participants were asked to rate the usability of the tablet using the System Usability Scale (from 0 to 100), developed by Brooke (1996). The average SUS score was 90.5 (SD 10.4), the median is 95 (IQR 5).



Number of Trials

All participants performed the DiN test twice sequentially and completed either a vowel identification task or a consonant identification task each week during the 16 weeks. This resulted in 1269 DiN trials, 307 vowel identification trials, and 326 consonant identification trials. The average number of trials per person was 31.7 (SD 4.1) for the DiN 7.7 (SD 1.0) for vowel identification and 8.2 (SD 1.2) for consonant identification, respectively. Since 2 (out of 40) participants performed the vowel and consonants tasks only five times, the averaged values of DiN and phoneme identification are based on the last five trials (=weeks) per participant. SiN is based on one value (average of 2–3 lists of sentences), determined in the first week and one value determined in the last week.




Statistics

Statistical analyses were performed using IBM SPSS Statistics for Windows version 27 (2021). Data were tested for normality and homogeneity of variance. The Shapiro-Wilk showed that the DiN data distribution did not significantly differ from normal, W(40) = 0.946, p = 0.057, but the SiN data did W(40) = 0.907, p = 0.003. Vowel identification scores were normally distributed: W(40) = 0.978, p = 0.628, as well as consonant identification scores: W(40) = 0.984, p = 0.845. The pure tone average (PTA) data were also normally distributed, W(40) = 0.967, p = 0.296, but not “years of CI use,” W(40) = 0.836, p < 0.001. Since the SiN data were not normally distributed we opted for median and interquartile ranges when presenting SiN with other performance measures. The non-parametric Spearman’s Rho was used to determine the strength of an association between SiN and other variables, while Pearson correlation (r) was used for the normally distributed performance measures. Linear regression analyses were performed to study the relationship between different performance measures and to determine how much the different predictors explain the response. Potential differences in performance between the start and end of the 16-week trial were analyzed with the non-parametric Friedman test of differences among repeated measures, followed by a Wilcoxon signed rank test for paired comparisons.




RESULTS


SiN and DiN

Figure 1 illustrates SiN (streaming) and DiN (A) and percentage vowel and consonant identification in quiet (B) for each of the 40 participants separately. Participants are ranked according to increasing (poorer) SiN scores determined at the end of the 16-week trial. These scores range from –5.2 to + 11.6 dB SNR. Generally, DiN scores are in line with the SiN ones by 3–4 dB improvement. The median SRT of the last five trials for DiN is –3.8 dB SNR [IQR, 5.0), and for SiN streamed to the device –0.3 dB SNR [IQR, 4.5). The difference between the DiN and the SiN in this study, about 3.5 dB, is also in line with the difference between the norm values of the SiN for normal hearing young persons (−7.8 dB SNR, van Wieringen and Wouters, 2008) and the norm values of the DiN (−11.7 dB SNR, Jansen et al., 2014).
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FIGURE 1. Speech reception thresholds for Sentence in noise (SiN) and Digits in noise (DiN) for the 40 participants (A) and concomitant vowel and consonant scores [percentage correct, (B)]. Data are ranked according to SiN. DiN and phoneme recognition data are based on the average of the last 5 trials.


Spearman’s rho indicates a statistically significant relationship between the SRTs of SiN and DiN (rs [40] = 0.767, p < 0.001). Linear regression analyses showed that DiN significantly predicts SiN, thereby explaining 74% of the variance, F(1,38) = 621.34, p < 0.0001. The model for SiN is y = 4.52 + (1.098 *score) with a narrow 95% confidence interval to predict SiN from the DiN score [3.5–5.4].



Phoneme Identification in Quiet

The bottom panel (Figure 1B) illustrates phoneme identification in quiet for each of the participants. All participants performed well above chance (10% for vowels and 8.3% for consonants), but a wide range of performance is observed. Median vowel identification is 70.0% [IQR 17.8], median consonant identification is 64.4% [IQR 24.1]. Vowel and consonant perception in quiet are highly correlated [r(40) = 0.678, p < 0.001], the difference between the two measures is in the same order of magnitude for most participants.

Spearman’s rho indicated a significant negative relationship between SiN assessed at the clinic and vowel identification in quiet assessed at home (rs [40] = −0.611, p < 0.001), and a significant negative relationship between SiN and consonant identification in quiet (rs [40] = −0.587, p < 0.001). In other words, the more negative (better) sentence identification in noise, the higher the vowel and consonant recognition in quiet. Vowel and consonant recognition significantly predict SiN, with the linear regression model explaining 41% of the variance (p < 0.001). Semi partial correlations, which explain the unique contribution of each predictor variable, are 28% for vowel identification, p = 0.031, and 26% for consonant identification, p = 0.043.

As with SiN, a significant negative relationship was observed between DiN and vowel identification: r (40) = −0.537, p < 0.001, and between DiN and consonant identification: r (40) = −0.520, p = 0.001.

Vowel and consonant identification also significantly predict DiN, albeit somewhat less than SiN: the model explains 30% variance (p < 0.001). Semi partial correlations show that vowels predict 25% and consonants predict 21% of DiN.



Perception of Vowel Features

Figure 2A illustrates the average percentages for each of the three vowel features for each 40 participants, together with the percentage correct score (blue stars). Participants are ranked according to increasing (poorer) SiN, as in Figure 1. Averaged over participants, “duration” is 50.4% (SD (19.0%), “F1” is 57.1% (SD 19%) and “F2” is 72.5% (SD 21%). F2 predicts 65% of the variance for vowel identification and was significant F(1,305) = 574.0, p < 0.0001. The linear regression analysis was performed on the individual data. Due to multicollinearity, the features “duration” and “F1” were dropped from the model (r > 0.7).
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FIGURE 2. (A) Vowel identification for the 40 participants, together with the speech features. Data are ranked according to increasing (poorer) SiN scores. (B) Consonant identification for the 40 participants, together with the speech features. Data are ranked according to increasing (poorer) SiN scores.


Information transmission analyses show that CI users with similar percent correct recognition scores can make different errors. Compare, for instance, vowel recognition of participants 15, 20, and 26 in Figure 2A. While percentage correct scores are similar (57%), the distributions of errors are different: participant 26 perceives the high-frequency spectral information much better (F2 cue, 76%) than participant 15 (40%) or participant 20 (57%). Likewise, participant 30 discriminates long and short vowels much better (80%) than participant 31 (53%) despite similar percentage correct scores (80%). Compare the data of participants 2 & 25, 21 & 23, and others who have similar percentage correct scores but perceive the different speech features differently.



Perception of Consonant Features

Figure 2B illustrates the average percentages of the seven features per participant, together with the percentage correct scores ranked from low to high (blue crosses). Again, the order of participants is according to Figure 1 (SiN). Perception of voicing (AVG 61.6%, SD 27.1%), and place of articulation (AVG 47.0%, SD 19.1%) remain difficult, but the perception of plosives (AVG 79.2%, SD 23.4%), the coding of temporal envelope cues (envelop, AVG 88.2%, SD 16.6%), manner of articulation (AVG = 87.1%, SD 13.8%), fricatives 86.2% (SD 18.6%), and nasals (AVG 84.8%, SD 20%) are generally good. As with vowel identification, the feature transmission analyses of the consonant confusions provide additional information on differential performance.

The perception of the seven features can vary widely for a similar percentage correct score: compare, for instance, the data of participants 14 and 21 who both have similar recognition scores (54%). However, participant 21 mainly has difficulty perceiving place of articulation and perceives the other cues very well (>80%). In contrast, participant 14 has difficulty perceiving the correct place of articulation, perception of the burst, and frication (all below 50%). Compare also data of participants 6, 7, & 8, 9 & 11 to name a few. These participants yield the same percentage correct score, yet a different distribution of errors. Analysis of the errors can guide the mapping of the device and the rehabilitation process.

Of the seven consonantal speech features, “voicing” and “frication” significantly predict 53% of the variance of consonant identification in quiet, F(2,323) = 186.1, p < 0.0001 (n = 326). Both features contribute uniquely to predicting consonant recognition in quiet (r = 0.433 for “frication” and r = 0.3 for “voicing.” Due to multicollinearity (r > 0.7) the features “plos,” or perception of release burst (r = 0.77), envelope (r = 0.72), place of articulation (r = 0.85), manner of articulation (r = 0.8), and nasal (r = 0.72) were removed from the model.



Longitudinal Analyses and Measurement Error

A primary reason to use the DiN test is the limited content learning and thus the possibility to use the paradigm repeatedly (Smits et al., 2013). During the 16-week training trial (Magits et al., under revision), participants performed the DiN at home each week. Figure 3 illustrates the speech reception thresholds (SRTs) as a function of time for each participant separately (ranked in the same order as in previous figures). Each data point is the average of 2 SRTs administered consecutively at the beginning of each week. For the sake of clarity each figure illustrates the data of 5 participants. Most participants yield low SRTs that vary minimally with time, especially those with very good SiN scores (participants 1–10). Test-retest reliability was determined for each participant by taking the standard deviations of the differences between the two consecutive scores, divided by square 2. This procedure outbalances a procedural learning effect (Smits and Houtgast, 2005). Averaged over all participants, the measurement error is 2.0 dB (SD 0.9). Individual measurement errors are indicated next to the participant number in Figure 3 and range from 0.8 dB (participant 3) to 4.7 dB (participant 32). Generally, the values are larger for the participants with poorer DiN (and SiN), cf participants 30–40. These higher and more variable measurement errors were not related to the age of the participants (r (40) = −0.595, p = 0.09).


[image: image]

FIGURE 3. DiN thresholds as a function of week (n = 16) for each participant (p*) separately. Each data point is based on two estimates taken consecutively. Individual measurement errors are indicated next to the participant number and range from 0.8 dB (participant 3) to 4.7 dB (participant 32). Participants (P1-P40) are ranked according to increasing SiN.




Changes in Phoneme Identification in Quiet With Time

Closed-set phoneme identification in quiet also offers the possibility to monitor changes with time. Recall that the vowel and consonant tasks were performed every other week during the 16-week trial. Summary scores and speech features of individual trials are illustrated for each participant under Supplementary Material. Vowel and consonant data of the 40 participants are presented in the same order as before. Many participants, especially the lowest ranked ones, show little improvement with time because they already perceive the different features very well. However, others show improvements with time, possibly because of practicing the listening training tasks or due to the weekly testing regime of DiN and phoneme identification to know whether a change in summary score is meaningful, histograms of the differences between consecutive scores were constructed for vowels and consonants separately. These are illustrated in Figure 4. The standard deviation of the distribution can be used as a guideline to make changes to the mapping of the device or to the audiological management of the client. For the current data, changes smaller than 10% may be meaningful, but changes larger than 10% certainly are.
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FIGURE 4. Histograms of the differences in percentage correct of consecutive trials, for vowels and consonants separately.




First Versus Last Measurement

We also compared potential performance differences between the first and the last measurement. For this, we compared 1 SiN value (streaming mode), the average of 2 DiN scores, and one vowel and one consonant identification score assessed at the beginning of the trials with the same outcomes assessed at the end. Phoneme data were transformed to RAU scores (Studebaker, 1985) for the statistical analyses. Figures 5A,B illustrate the difference in performance between the beginning and end of the period. Wilcoxon signed-rank tests for paired comparisons revealed that speech perception scores were significantly lower (better) after 16 weeks than before for all outcome measures: for SiN z = −2.88, p = 0.004, for DiN, z = −4.7, p < 0.0001, for vowel identification in quiet z = −4.5, p < 0.0001 and consonant identification in quiet z = −5.0, p < 0.0001. Median and IQR scores are presented in Table 1.
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FIGURE 5. (A) median SRT in noise (and IQR) for SiN, DiN, and (B) median percentage vowel and consonant identification in quiet (and IQR) at the beginning and end of the 16-week trial.



TABLE 1. Median SRT in noise and IQR, min and max for SiN in streaming mode, daily settings, and sound-field, only 1 CI (CI-SF) for the first and last session separately (n = 40).

[image: Table 1]
For the sake of comparison, Table 1 also lists the median SiN thresholds for speech stimuli presented to only the CI (CI-SF) and in the daily settings condition (with CI and HA if applicable). These three different SiN outcomes do not differ statistically from each other at the beginning of the trial. However, at the end of the trial, the non-parametric Friedman test of differences among repeated measures rendered a Chi-square value of 12.1, which was significant (p < 0.005). A Wilcoxon signed-rank tests subsequently showed that the SiN “daily settings” was significantly better than the SiN in streaming mode (x = −2.574, p = 0.010) and SiN CI-SF (X = −3.968, p < 0.0001).




DISCUSSION


Sentence and Digits Understanding in Noise

Understanding speech in noise is the most common complaint of persons with hearing impairment, and several indices can be used to document listening difficulties and guide hearing rehabilitation. The present study reports three different indices for speech perception in the same 40 CI users, of which two are administered at home. Where possible, we present individual results instead of group mean average to better understand individual differences in speech recognition outcomes (which, in turn, enables personalized rehabilitation).

SiN performance of contemporary CI users is excellent in the current study, even when the sentences are only streamed to the implanted side. Candidacy criteria for cochlear implantation have changed considerably over the past years, and several CI users have residual hearing (Snel-Bongers et al., 2018). Nevertheless, variability in performance is large, and to understand the source of variability, it is important to look at individual performance and do this from different perspectives. Word and sentence identification remain important measures to evaluate an intervention (e.g., Zhang and Coelho, 2018; Kelsall et al., 2021). While open-set word and sentence understanding lack full external generalizability to speech perception in daily life, they are most closely related to capturing some of the real-world listening difficulties. These measures involve phonological, lexical, grammatical skills, and semantic/contextual knowledge (Heald and Nusbaum, 2014), especially when administered using an open-set response format (Clopper et al., 2006). In an open-set task, listeners compare the stimulus to all possible candidate words in lexical memory.

In contrast, in closed set tests, the listeners need to make only a limited number of comparisons among the response alternatives. An advantage of SiN above word identification is the steeper slope of the performance intensity function of the former. The slope measures how rapidly performance changes with a change in level or signal to noise ratio (Leek, 2001).

However, SiN cannot be assessed too often (due to learning and limited test materials), while DiN can be used repeatedly and without a clinician. The high correlation between DiN and SiN is in line with the results of Smits et al. (2013) for persons with normal hearing and Kaandorp et al. (2015), Kaandorp et al., 2016, 2017Cullington and Aidi (2017), and Zhang et al. (2019) for persons with cochlear implants, thereby indicating that the two measures share some common mechanisms. The difference between the two is in the order of 4 dB SNR in the current study. DiN may even be more sensitive than SiN to capture changes in auditory performance, which can be done for each ear separately. The large dataset of the current study did reveal individual differences in performance which do not necessarily change with time. For some participants, especially those struggling most with SiN, performance varied substantially. Here, measurement error of subsequent trials can be used as a guideline for potential changes in performance.



Phoneme Identification in Quiet

Phoneme identification in quiet sheds additional light on variability in speech perception. While sentence and word recognition in quiet often yield ceiling scores, phoneme scores provide specific information on the perception of speech cues in the absence of context cues. Phoneme perception has a long history in research (Miller and Nicely, 1955) but is not often used as a standard metric in the clinic. At least two arguments plead in favor of incorporating phoneme identification in clinical care. First, it is essential to know how vowel and consonant identification in quiet relate to performance on tests in noise. Our study shows that vowel and consonant recognition in quiet contribute (uniquely) to SiN (and to DiN) and yields additional information on the audibility and discriminability of speech cues. At the clinic, phoneme recognition is often assessed via meaningful words (phoneme score of a word recognition test). However, nonsense syllables are preferred over meaningful words, because context can affect the recognition of phoneme scores in the latter (Donaldson and Kreft, 2006). With a nonsense syllable task, each phoneme can be presented an equal number of times. The task takes only a few minutes and can easily be done remotely. In the future, phoneme perception in noise will also be considered.

Second, phoneme identification can also be used as a diagnostic tool. While percentage correct is a summary score of phoneme perception, the information transmission analyses reveal which spectral and temporal cues are most challenging for the recipient. This information can help optimize the mapping and provide targeted rehabilitation. For instance, a low score for duration discrimination in vowels could guide the clinician to provide tasks to improve discriminability between short and long vowels. A low score on “frication” or “voicing” could guide the clinician to optimize the mapping of high- and low-frequency cues, respectively. The value of this metric was recognized several years ago (van Wieringen and Wouters, 2000) but seemed cumbersome to implement in clinical care. With novel, cost-effective technologies, the benefit of assessing phoneme perception at regular intervals can be reconsidered. Note that sufficient data scores are required to draw conclusions from the information transmission analyses. The maximum-likelihood estimate for information transfer is biased to overestimate its true value when the number of stimulus presentations is small (Sagi and Svirsky, 2008).



Procedural Learning

Learning either the content or the procedure of a test could improve performance when presented repeatedly. During the 16-weeks, the participants also practiced training modules (Magits et al., under revision). Comparison of SiN pre- versus post-training showed a significant improvement in speech understanding in noise for both the personalized LUISTER and the non-personalized listening training programs. Since the same sentences were never presented twice to the same participant, the observed differences are more likely to result from practicing than repeated testing. However, it is difficult to determine whether the observed improvements for DiN and phoneme identification result from the content of the listening training (perceptual learning) or procedural learning (repeated listening to a task). All perceptual experiments involve some procedural learning, such as getting acquainted with a voice, the characteristics of the speech material, etc., (Nygaard and Pisoni, 1998; Yund and Woods, 2010). A procedural learning effect is larger for a closed-set than for open-set response format, but Smits et al. (2013) report that procedural learning with DiN is accomplished after 1 trial with normal-hearing persons. Nevertheless, de Graaff et al. (2019) report that DiN data of CI users reveal improvements in speech recognition over time, without a clear relation to fitting appointments with an audiologist. These improvements could result from procedural learning or improved perception of speech perception in general.



Remote Care

Rehabilitation following cochlear implantation is demanding and requires several visits to the clinic to fine-tune the device. With the growing number of clients, improved technology, and public health concerns surrounding the COVID-19 pandemic, remote testing has sparked a lot of interest to complement care at the clinic. The shared responsibility between professional and client may also empower clients to take action if needed. Home-based testing has the potential to change and improve the hearing care pathway. It would not only lead to a reduction in the required number of visits and thus reduction in cost− and time savings for both clinics and patients, it would even improve the quality and richness of data obtained during audiological rehabilitation. The importance of speech in noise testing cannot be overestimated, but note that it entails more than the perception of the auditory signal in noise which can be captured with a DiN task. When the acoustical signal is difficult to perceive, as in noisy conditions, speech understanding places more demands on linguistic knowledge and executive functioning (Mattys et al., 2012; Moberly et al., 2019; Zhan et al., 2020). Remote monitoring of speech-in-noise performance possibly makes room to assess neurocognitive abilities that differentially explain speech in noise performance, which may lead to a personalized holistic management of hearing impairment.

For remote testing to be successful, the obtained data should be clinically valid and accurate, and clients should feel confident handling the device. In our study, all participants felt comfortable doing tests remotely because the professional had provided sufficient information prior to the trial and was online available to address any concerns or technical problems. Data collection with wireless streaming was reliable as repeated testing yielded similar results in the same CI user.

During the COVID-19 pandemic, face-to-face care was brought to a halt, and interest in tele-audiology surged out of necessity. While a recent survey reports that audiologists are generally positive about teleaudiology, infrastructure and training should not be underestimated, and hybrid care remains necessary (Saunders and Roughley, 2021). Also, more research is needed to examine reimbursement and cost-effectiveness of remote services (Bush et al., 2016). Such factors may represent a barrier to the practical delivery of telemedicine services, and these topics represent areas for further research. Technical advances in connectivity now allow for wireless streaming capabilities for current CI systems. Wireless streaming provides good quality audio and is less susceptible to noise or signal processing introduced by the connection cable. Only one calibration is needed for a given digital communication set. In the current study, only the implanted side was assessed at home, but stereo streaming is possible. It remains important to evaluate the whole hearing pathway in the sound field too.




CONCLUSION

Speech perception assessment in the same forty CI users showed that DiN assessed at home is a powerful alternative to SiN in the clinic to monitor performance at regular intervals and detect changes in auditory performance. Phoneme identification in quiet also explains a significant part of speech perception in noise and provides additional information on the detectability and discriminability of speech cues. DiN and phoneme identification in quiet can be assessed reliably at home in a limited amount of time. Home-based testing with wireless streaming can be complementary to testing in the clinic. Embracing these technologies could reduce the cost, serve clients who would otherwise not have access to clinical services, and open the door to holistic hearing care.
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Objectives: Improved perception of environmental sounds (PES) is one of the primary benefits of cochlear implantation (CI). However, past research contains mixed findings on PES ability in contemporary CI users, which at times contrast with anecdotal clinical reports. The present review examined extant PES research to provide an evidence basis for clinical counseling, identify knowledge gaps, and suggest directions for future work in this area of CI outcome assessment.

Methods: Six electronic databases were searched using medical subject headings (MeSH) and keywords broadly identified to reference CI and environmental sounds. Records published between 2000 and 2021 were screened by two independent reviewers in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement to identify studies that met the inclusion criteria. Data were subsequently extracted and evaluated according to synthesis without-meta-analysis (SWiM) guidelines.

Results: Nineteen studies met the inclusion criteria. Most examined PES in post-lingually implanted adults, with one study focused on pre/perilingual adults. Environmental sound identification (ESI) in quiet using open- or closed-set response format was most commonly used in PES assessment, included in all selected studies. ESI accuracy in CI children (3 studies) and adults (16 studies), was highly variable but generally mediocre (means range: 31–87%). Only two studies evaluated ESI performance prospectively before and after CI, while most studies were cross-sectional. Overall, CI performance was consistently lower than that of normal-hearing peers. No significant differences in identification accuracy were reported between CI candidates and CI users. Environmental sound identification correlated in CI users with measures of speech perception, music and spectro-temporal processing.

Conclusion: The findings of this systematic review indicate considerable limitations in the current knowledge of PES in contemporary CI users, especially in pre/perilingual late-implanted adults and children. Although no overall improvement in PES following implantation was found, large individual variability and existing methodological limitations in PES assessment may potentially obscure potential CI benefits for PES. Further research in this ecologically relevant area of assessment is needed to establish a stronger evidence basis, identify CI users with significant deficits, and improve CI users' safety and satisfaction through targeted PES rehabilitation.

Keywords: cochlear implant, systematic review, perception of environmental sounds, hearing loss, auditory assessment


INTRODUCTION

Improved perception of environmental sounds (PES) is considered a major benefit of cochlear implantation (Duchesne et al., 2017; McRackan et al., 2017, 2019). Environmental sounds can be defined as non-speech, non-musical sounds in the listener's surroundings that convey information about places, objects, and actions. These sounds can help listeners navigate their surroundings, warn of potential dangers, and provide a sense of aesthetic satisfaction. From avoiding a road collision, answering a doorbell, to enjoying birdsongs or waves crashing on the shore, environmental sounds provide a sense of connection to the environments and enhance awareness of it (Ramsdell, 1978). Outside of the early years of cochlear implant (CI) development and clinical use, however, there has been relatively little research attention to PES in CI users (Tyler and Kelsay, 1990), even as implantation criteria have expanded over time. Relevant findings from early studies with profoundly deaf individuals using first generation CIs with a single or several electrodes may not accurately represent PES performance of more recently implanted individuals. Although qualified CI candidates who are considering implantation are often counseled about increased access to environmental sounds, without a clear evidence basis PES in contemporary CI users remains largely a presumed benefit. To address the knowledge gap in this area of CI outcomes assessment, the present review provides a systematic evaluation of the extant published research on CI users' ability to perceive environmental sounds.

Cochlear implants are the treatment of choice for a growing number of people afflicted with sensorineural hearing loss beyond the therapeutic capabilities of acoustic amplification with hearing aids (NIDCD, 2021). Although CIs were initially approved by the Food and Drug Administration (FDA) for adults with profound hearing loss in both ears (Sladen et al., 2017), today's CI candidates may include adults and children who still retain usable, and sometimes normal hearing in at least one ear (e.g., Benchetrit et al., 2021). Patients with greater overall hearing abilities prior to implantation may expect more from their implants afterwards. In addition to improved speech perception, CI users often expect better perception of music and environmental sounds. Recognizing the importance of research in this area, the National Institutes of Health (NIH) Consensus Development Panel on CIs in Adults & Children highlighted “nonspeech benefits of implantation,” such as PES, as a vital future direction for CI research more than two and a half decades ago (NIH Consensus Conference, 1995). Since that time, however, PES in CI users has remained minimally assessed, and the development of new processing strategies and most common outcome measures of auditory performance in CI users have continued to focus primarily on the speech perception and, to a lesser extent, spectro-temporal processing and music perception (McRackan et al., 2017, 2019; Shekar et al., 2021).

In daily life, PES is central to independence and safety of CI users (Bond et al., 2009; Debruyne et al., 2017; Hamel et al., 2020). Both CI candidates and CI users specifically identify PES as an important contributor to quality of life (QOL) (Tyler and Kelsay, 1990; McRackan et al., 2017, 2019). It has been proposed that PES may explain significant improvements in CI-specific QOL in patients who do not demonstrate proportional speech perception gains with CIs (Capretta and Moberly, 2016; Zaidman-Zait et al., 2017; Moberly et al., 2018; Vasil et al., 2020). Distinct from speech and musical sounds, environmental sounds comprise acoustic byproducts of mechanical interactions of sound-producing objects, such as sounds of machinery or nature, or they can be learned, arbitrary associations between a specific sound and its meaning, such as warning signals and alarms (Shafiro et al., 2020). Outside of the laboratory, environmental sounds tend to occur in the presence of other sounds populating a given auditory scene, and their perception can be affected by both energetic and informational masking (Gygi and Shafiro, 2013; Shafiro et al., 2016). Nevertheless, past research indicates that healthy normal-hearing listeners can readily identify a wide variety of common environmental sounds and can infer detailed information about their sources (Carello et al., 1998; Pastore et al., 2008; Lemaitre and Heller, 2013). Much less is known, however, about PES in contemporary CI users.

This systematic review was designed and conducted to identify and examine published studies of PES in CI users in order to synthesize relevant empirical evidence and appraise existing methods of PES assessment. The review's primary objectives were to (a) ascertain the ability of CI users to perceive environmental sounds and (b) to determine whether PES improves following implantation. To our knowledge, no systematic review in this area has been previously conducted. Given the clinical importance of PES for CI users and limited research in this area of assessment, the inclusion criteria were set broadly to capture as much pertinent research as possible across patient populations, implant models, and assessment methods. To make review findings relevant to contemporary CI users, only studies that provided a quantitative assessment of PES in CI users published in the 21st century were included.



METHODS

The goal of this systematic review was to provide a broad assessment of CI users' abilities to perceive environmental sounds. In addition, the following specific questions were addressed:

(1) Does current evidence indicate an improvement in perception of environmental sounds (PES) following CI?

(2) Does the degree of improvement in PES following CI differ between CI populations (pre-lingual and post-lingual children and adults)?

(3) What are predictors of PES improvement in CI users?

(4) What assessment methods have been used to evaluate PES in CI users?

The protocol for this systematic review was registered with PROSPERO (International Prospective Register of Systematic Reviews, University of York, https://www.crd.york.ac.uk/prospero, Protocol number CRD42021248601).


Search Strategy

The Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) Extension for Scoping Reviews (PRISMA-ScR) checklist (Peters et al., 2015; Tricco et al., 2018) was used as the reporting guide for this review (Figure 1). A comprehensive literature search was developed by a medical librarian and reviewed using the Peer Review of Electronic Search Strategies (PRESS) guidelines (McGowan et al., 2016). Searches were conducted in February and March, 2021 in MEDLINE (Ovid), Scopus, Web of Science, Cochrane Library, Cumulative Index to Nursing and Allied Health Literature (CINAHL), and ComDisDome. Searches were limited to articles from 2000 to 2021. The search strategies were created using medical subject headings (MeSH) and keywords combined with database-specific advanced search techniques. MeSH terms and keywords were broadly identified to reference CIs and environmental sounds. The full search strategy is further detailed in Supplementary Material. A total of 2,598 results from the literature searches were saved and imported into Covidence (www.covidence.org), a web application for managing systematic reviews. After 1,247 duplicate entries were removed, the remaining 1,351 were screened by two independent reviewers to determine eligibility for this review. The first phase of screening was a title/abstract review, and potentially relevant articles were moved to the second phase of screening for the full text of the publications. The screening was conducted in Covidence. All conflicts were resolved with group consensus.


[image: Figure 1]
FIGURE 1. PRISMA flow diagram.




Eligibility Criteria

Study selection was based on Population, Intervention, Control, and Outcomes (PICOS) guidelines (Tacconelli, 2009), summarized in Table 1. Studies were selected if they contained quantitative assessment of PES in CI users of any age, etiology, or duration of hearing loss, all language abilities (pre-lingual/perilingual or post-lingual), with any CI model or hearing modality (unilateral CI, bilateral CI, bimodal). Studies were excluded from the review if they were published prior to the year 2000, were based on single-channel CIs, or assessed PES based solely on anecdotal reports or expert opinions.


Table 1. PICOS (Patient, Intervention, Control, Outcome, and Study Design).
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Data Extraction

Information from the full texts of selected studies that met the inclusion criteria was extracted. This information included study design and methods (Table 2), study sample size and subject characteristics (Table 3), type of PES assessment used, and task characteristics (Table 4), as well as correlations to other auditory performance outcome measures (Table 2).


Table 2. Characteristics of the studies included in the systematic review.
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Table 3. Characteristics of cochlear implant participants across the studies reviewed.
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Table 4. Environmental sound assessment tasks and results.
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Quality Evaluation and Risk of Bias

The risk of bias for each study was assessed using (a) The Oxford Centre for Evidence-Based Medicine (CEBM) Levels of Evidence guidelines (Oxford Centre for Evidence-Based Medicine, 2009) and (b) the NIH study quality assessment tools (NIH, 2021). These quality evaluation tools provide additional criteria for specific study designs which complement the level of evidence metric and can be used to assign a quality rating of Good, Fair, or Poor.



Data Analysis

The extracted data were evaluated following synthesis without meta-analysis (SWiM) guidelines (Campbell et al., 2020). SWiM guidelines are consistent with and further expand PRISMA methodology (www.prisma-statement.org) to provide formal guidance for the synthesis of quantitative studies for which meta-analysis cannot be completed. This type of analysis was deemed most appropriate given the large methodological variation in previous PES studies including differences in assessment methods, study design, and populations.




RESULTS


Study Characteristics

The 19 selected studies were published between 2003 and 2021. Nine studies were conducted in the United States, four in Korea, two in France, and one at each of the following: the United Kingdom, New Zealand, Taiwan, and China. Sixteen studies were published in English, one in Chinese, and two in Korean. Pertinent details for the three studies not published in English were obtained through translation specifically for this review or provided in personal communications by the study authors. All studies were published in peer-reviewed journals, except (Kaga and Akamasu, 2009), which was published as a book chapter.

Sixteen of the selected studies examined PES in adult CI users and three studies examined PES in children with CIs with congenital or early onset hearing loss (Kim and Lee, 2012; Liu et al., 2013; Berland et al., 2019). Most of the adult CI studies focused on post-lingually implanted adults, with only one of the adult studies (Peasgood et al., 2003) focused exclusively on pre/perilingual CI users. Two additional studies also included pre/perilingual CI users: one had about an equal number of post- and pre/perilingual adults (Lee and Kim, 2011) and the other included only one pre-lingual participant (Reed and Delhorne, 2005).

Study quality, assessed with the NIH-NHLBI study quality assessment tool, was judged “Poor” for two studies, “Fair” for six studies, and “Good” for 11 studies. The 17 studies rated as “Good” or “Fair” were classified as 2b on the Oxford Level of Evidence scale, while the studies of “Poor” quality were classified as 4 on this scale (Oxford Centre for Evidence-Based Medicine, 2009).



Study Designs

The majority of studies used a cross-sectional design. Two studies utilized a longitudinal pre-to-post implantation paradigm (Looi and Arnephy, 2010; Harris et al., 2021). One of the two longitudinal studies, however, had a small sample of only four participants in its pre-to-post-implantation arm (Looi and Arnephy, 2010). In addition to participants serving as their own control, at least one control group was included in 10 studies, while the remaining studies referenced prior research using the same assessment instruments or otherwise deemed their stimuli to have high or near-ceiling accuracy for healthy individuals with normal hearing. When a control group was used, control listener populations were quite variable across the studies and included, for pediatric studies, children with normal hearing or with a hearing impairment and, for adult studies, adults who were young normal hearing, older normal hearing, older hearing impaired, or had other comorbid conditions affecting auditory processing (auditory neuropathy or cortical deafness).



CI Participants

A total of 395 CI users (302 adults and 93 children) were evaluated across the selected studies. Sample sizes of CI participants varied considerably (range 8–48) with an average of 20 participants per study. In most studies, participants were experienced CI users, having various hearing loss etiologies and at least a year of CI experience. All were implanted with devices approved for implantation at the study site prior to participation. The average duration of CI experience in cross-sectional studies that reported this value for adults was 4.2 years and for children 4.1 years. Harris et al. (2021) examined CI users at both 6 and 12 months after implantation and three other studies did not report an average duration of CI experience (Kaga and Akamasu, 2009; Inverso and Limb, 2010; Zhang et al., 2016). Performance of CI users with <1 year of CI experience was specifically examined in three studies (Looi and Arnephy, 2010; Strelnikov et al., 2018; Harris et al., 2021). Several studies also included some participants that had 3–12 months of CI experience, although the average duration of CI experience for participants in those studies was considerably longer than 1 year (Peasgood et al., 2003; Looi and Arnephy, 2010; Heo et al., 2013; Liu et al., 2013; Zhang et al., 2016; Berland et al., 2019).



Assessment Tasks

The most common type of assessment, included in all 19 studies, was environmental sound identification (ESI), in which CI users heard a single environmental sound, and, in two studies, also sequences of several environmental sounds in series. The participants were asked to either provide their own name for the sound they heard in an open-set response format or to select the most appropriate name for the sound from a closed-set of names. When such closed-set response formats were used, there was further variability across studies in the number of response options provided for naming the sound stimuli, ranging from 4 to 60 response options. One study (Reed and Delhorne, 2005) additionally constrained response options by including names of the settings in which sounds could be heard (e.g., “Kitchen,” “Office”). The two studies that used sequences of several environmental sounds to examine CI users' ability to name the sound (Shafiro et al., 2016, 2020), also examined the ability to recall the specific order in which the sounds were presented, thus placing a greater demand on auditory working memory. In addition to sound identification, three studies also examined categorization of environmental sounds either by providing participants with specific category names (Inverso and Limb, 2010) or asking participants to group sounds into categories of their choice in a free sorting task (Strelnikov et al., 2018; Berland et al., 2019). A single study also examined localization of environmental sounds, in addition to identification (Heo et al., 2013).



Stimuli and Procedures

In all studies, environmental sound stimuli were sourced from publicly available audio recording libraries or online databases, and sometimes included recordings made specifically for the study. The stimuli in most tests tended to be broadly sampled from different categories of meaningful environmental sounds, including sounds of nature, urban environments, machinery, household, alarms and warnings, animal and human non-speech vocalizations or bodily sounds. In some studies (e.g., Inverso and Limb, 2010; Strelnikov et al., 2018), stimuli also included sounds of musical instruments and samples of human speech for judgments of indexical properties.

The number of stimuli in a single test varied between nine (Chang et al., 2017) and 160 (Shafiro et al., 2011), with several studies using multiple sound tokens of the same type of sound (e.g., four different “dog barking” sounds). The maximum number of different types of sounds in one test was 67 (Zhang et al., 2016). In most studies, the test stimuli were presented to participants only once in a single session. In some studies, stimuli were presented more than once for different tasks, for example, first for free sorting of sounds into groups and then for identification (Strelnikov et al., 2018), or when stimuli were modified by different lowpass and highpass filters (Chang et al., 2017). In Zhang et al. (2016), participants could replay the sound up to three times, and in Berland et al. (2019), there was no limit to the number of times the participants could replay the sounds. In two other studies that used sequences of individual environmental sounds on each trial (Shafiro et al., 2016, 2020), participants were first tested on individual sounds and then heard each sound twice but in two different sound sequences.

Most participants were tested at the study sites in a sound booth or a quiet room, with a loudspeaker positioned one-meter away from the participant, presenting stimuli at either a comfortable or a set presentation level (65–70 dB SPL). In one study, a subgroup of participants was tested at home with their preferred audio settings following a calibration with multitalker babble, during which sound levels could be adjusted (Shafiro et al., 2020). Nine studies tested participants with a unilateral CI alone, one tested all participants bimodally, with a CI and a hearing aid, three studies included participants in some mix of three modalities: unilateral, bimodal, bilateral, and six studies did not specify listening modality during testing.

Only one study (Kim and Lee, 2012) examined ESI in the presence of background noise, using a fixed 5 dB signal-to-noise ratio (SNR) and two types of classroom noises recorded either before the class begins or during the break period. In all other studies, environmental sounds were always presented in quiet.



Accuracy

Identification accuracy scores for isolated environmental sounds differed considerably across the 19 studies. For post-lingual adults, identification accuracy ranged between ~33% correct (Strelnikov et al., 2018) and 87.5% correct (Kaga and Akamasu, 2009). For children with CIs, two studies reported sound identification accuracy of 31.6 and 35.3% (Kim and Lee, 2012; Berland et al., 2019), while a third study reported 67.6% accuracy (Liu et al., 2013). The single study, which focused specifically on pre/perilingual late-implanted adults, reported identification accuracy of 40.5% (Peasgood et al., 2003).

To an extent, such wide variation in ESI accuracy appears to be related to response format. For instance, in one study, when the same environmental sound stimuli that produced 87.5% correct in a 4-alternative forced choice (4AFC) response format were presented to the same CI users in an open set that required them to name each sound, accuracy decreased to 41.7% correct (Kaga and Akamasu, 2009). The general relationship between identification accuracy and response set size is further illustrated in Figure 2. Excluding the five studies with open set responses, there is a negative Spearman Rho correlation of −0.39 (p > 0.05). However, if the open set studies are conservatively assigned the value above 60 response options (since all five open set studies reported accuracy which was close to or below that of studies with 60 response options), the rank order correlation magnitude increases to Rho = −0.64 (p < 0.01). The two outlier studies in Figure 2 with lower accuracy scores obtained on tests with a relatively small number of response options (i.e., 10; Lee and Kim, 2011; Kim and Lee, 2012) included early deafened participants, some of whom relied primarily on sign language prior to implantation.
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FIGURE 2. Identification accuracy and the number of response options in a test.


Considering the wide variation in ESI scores of CI users, further comparisons with ESI accuracy in control groups provides a useful context for evaluating CI performance. It is notable that when normal hearing controls were included (Looi and Arnephy, 2010; Zhang et al., 2016; Chang et al., 2017; Shafiro et al., 2020), their ESI for isolated sounds was quite high (>90% correct) regardless of the number of response options. The authors of the studies that did not include normal hearing control groups similarly claimed that the stimuli used in the studies were selected to be highly identifiable by normal hearing listeners, as confirmed through pilot testing or in prior research. Furthermore, when control groups comprised individuals with hearing loss (Kaga and Akamasu, 2009; Looi and Arnephy, 2010; Lee and Kim, 2011; Kim and Lee, 2012; Shafiro et al., 2016; McMahon et al., 2018; Harris et al., 2021), study findings did not reveal significant differences in environmental sound identification accuracy between hearing impaired adults and CI users. The only exception was Kaga and Akamasu (2009), who found a better ESI performance in CI users compared to individuals with cortical deafness (auditory agnosia), while CI users performed similarly to individuals with auditory neuropathy included in the same study. Although not all of the control participants with hearing loss could be considered CI candidates and some may have had milder hearing loss, the lack of significant differences in any of these seven studies is concerning since it indicates no overall ESI improvement following implantation. Notably, in three of the above studies where controls were known to meet CI candidacy criteria (Looi and Arnephy, 2010; McMahon et al., 2018; Harris et al., 2021), likewise, no significant differences in ESI between CI candidates and CI users were observed.

Higher accuracy among CI users was obtained when participants were asked to categorize environmental sounds rather than to identify each sound individually. In one study of experienced adult CI users (Inverso and Limb, 2010), environmental sounds identified individually with 48.3% accuracy in open set naming were categorized with 71.1% accuracy when participants were offered to choose from five category names for each sound. As with individual sounds, however, the increase in accuracy scores could be also related to the reduction in the number of response options. Nevertheless, in another study where three predefined categories were applied to sound groupings created by CI users themselves in a free sorting task using 16 individual sounds (Strelnikov et al., 2018), categorization accuracy varied between 43%, in the first 3 months of CI use, to 60% for patients with more than 12 months of CI experience. In contrast, identification accuracy for the same sounds individually ranged from 30 to 35% across the three CI experience groups.

Accuracy scores were also affected when more than one environmental sound was presented on a single trial. For example, in Shafiro et al. (2016), when asked to identify five sounds presented together in a specific order by selecting sound names from a set of 25 response options, whole sequence identification accuracy was 14%, for placing correct sound names in the correct presentation order. In a follow up study, when Shafiro et al. (2020) modified the number of sounds in each sequence to match the number of sounds in the stimulus sequence, overall accuracy rose to 59%.

Another factor that seems to have influenced CI users' environmental sound identification scores was listening modality. However, only a couple of studies reported scores based on the CI listening modality. McMahon et al. (2018) found bimodal CI listeners performed similarly to bilateral CI listeners (64.6 and 63.7%, respectively), while both groups significantly outperformed unilateral listeners (51.4%) on environmental sound identification. These findings were more recently confirmed by Nyirjesy et al. (2020), who expanded the participant pool from the McMahon et al. (2018) study from 39 experienced CI users to 50. Similarly, McMahon et al. (2018) reported that bimodal and bilateral CI users achieved scores of 65.8 and 63.7%, respectively, outperforming unilateral CI users who scored 55.4% correct on the same 25-alternative forced choice test. Heo et al. (2013) reported smaller sound identification differences of 35.5 and 29.5% correct for bimodal and unilateral adult CI users, respectively. It is possible that the smaller differences might have resulted from score range compression due to the overall lower identification scores. In the same study, somewhat larger modality differences were also observed for CI participants for localizing environmental sounds in space with accuracy scores of 74.9% for bimodal and 63.2% for bilateral CI users. Thus, overall, it appears that bimodal and bilateral CI users have some advantage in ESI compared to unilateral CI users.



Correlations With Speech Perception and Other Auditory Abilities

Correlation analyses of ESI scores with speech and other measures of auditory function were performed in all but three studies (Reed and Delhorne, 2005; Kaga and Akamasu, 2009; Zhang et al., 2016). Note that Reed and Delhorne (2005) did not perform correlation analysis but rather observed that “[p]erformance on the environmental-sound identification test was roughly related to [Northwestern University-6] NU-6 word recognition ability.” In this study, those who scored higher than 34% correct on monosyllabic NU-6 words scored higher on environmental sound identification. When conducted, correlation analyses were based on test scores collected synchronously around the same time period, except in one study (Harris et al., 2021), which also examined the associations between pre-CI and post-CI performance for environmental sounds, speech, and spectral-temporal processing test scores. Because the studies tended to have relatively small sample sizes with a large intra-subject variance typical of CI listeners and used several scoring metrics, the foregoing discussion will focus on correlation magnitudes (Cohen, 1988) that may help to reveal converging patterns across studies.

Correlations between ESI and various measures of speech perception abilities were performed in 13 studies (Table 2). In the majority of these studies, speech materials were presented in quiet, and in five studies were also presented in noise. Across the 13 studies in which associations between environmental sound identification and speech perception in quiet and/or in noise were examined, all 13 studies reported correlations of moderate-to-large magnitude (i.e., r > 0.3) with two of the 13 studies also reporting small correlation magnitudes for additional measures of speech perception (i.e., r <0.3) (Peasgood et al., 2003; Inverso and Limb, 2010). In one study, ESI was also examined in relation to indexical properties of speech, gender, and emotion identification, reporting moderate to large effect sizes for each (Shafiro et al., 2020). In the same study, Shafiro et al. also reported correlations between PES and music perception (i.e., musical instrument and genre identification) with large effect sizes for both. The associations between ESI and spectro-temporal processing abilities were examined in three studies (Shafiro et al., 2011, 2020; Harris et al., 2021). Across the three studies, correlation magnitudes were distributed between small and large depending on the type of test and also, for Harris et al. (2021), across time-points of analysis relative to the time of implantation.




DISCUSSION

This systematic review examined published studies of PES in CI users, a perceptual ability which is generally considered to be highly valuable in daily living and an important benefit of implantation. Only studies published since the year 2000 were included to reflect performance of contemporary CI users with multichannel devices. The search strategy and inclusion criteria for the present review were broadly set to allow for the maximal inclusion of any published quantitative assessment of environmental sound perception regardless of participant age, hearing loss etiology, implant type or language and communication background.

The majority of the 19 studies that met the inclusion criteria focused on post-lingually implanted adults. One study focused on pre/perilingual adults and three focused on children with CIs. The most common assessment method used in all studies was ESI, although several studies also included categorization, localization and serial recall. Study results, based primarily on ESI, consistently indicate (1) marked deficits in CI users in comparison to normal-hearing peers, regardless of participant age and language learning background, (2) lack of evidence indicating an overall improvement in ESI following implantation, (3) similar performance across different CI populations, (4) a tendency for bimodal and bilateral CI users to outperform unilateral CI users, and (5) mostly moderate-to-high correlations of ESI with other auditory abilities, including speech and music perception and spectro-temporal processing. This review also highlighted significant limitations in the breadth and depth of research in this area of CI outcomes assessment. Given the recognized ecological importance of PES, the present findings underscore the need for further investigation.

The limited knowledge regarding PES in contemporary CI users is concerning because both the eligibility criteria for implantation and implant technology have changed considerably over the decades (Varadarajan et al., 2021). These changes make extrapolation from earlier studies problematic. Unlike CI patients implanted in the 1980s and 1990s, the majority of whom were profoundly deaf in both ears, today's CI candidates often include adults and children who still retain usable, and in case of single-sided deafness, normal hearing in one ear (Benchetrit et al., 2021). Patients with greater overall hearing abilities prior to implantation may expect more from their hearing after implantation, and post-implantation PES scores that indicated an improvement in the past may no longer be sufficiently high. Nevertheless, evidence from studies of speech perception in contemporary CI users consistently indicate an overall improvement in speech recognition performance following implantation, particularly in quiet and, to a lesser extent in noise (Zwolan et al., 2014; Kelsall et al., 2020; Harris et al., 2021). In contrast, the small number of studies that have investigated PES in contemporary CI users do not indicate a comparable improvement in PES following implantation. Although the results are limited by the reliance on ESI as the primary PES assessment method, they reveal a generally mediocre performance and a large variability in CI users' performance, even for environmental sounds presented in quiet.

Overall, the present findings contrast with commonly held clinical views and anecdotal reports that environmental sound perception improves following implantation. Reasons for this apparent contradiction may reflect the large variability in PES performance levels of individual CI users, limitation in assessment methods and the general lack of clinical and research attention to PES as a post-CI assessment area. It is possible that following implantation, CI patients who can successfully recognize new or previously inaudible sounds are more likely to share their positive experience than those who have no or marginal changes in PES. That is, the lack of awareness in environmental sound recognition may be less readily apparent to the CI user compared to difficulties in recognition of speech, which tend to be overt and obvious – oral language users are usually well-aware when their speech perception is disrupted and they are not able to understand the words of another talker. However, CI candidates who had limited access to environmental sounds prior to implantation, often for extended periods of time, may not realize that they still cannot recognize many common environmental sounds unless they are specifically asked about it or formally tested.

The apparent discrepancy between research findings and anecdotal clinical experiences with respect to PES in CIs may also result from limitations in the assessment methods used to examine PES. The most common type of assessment administered across the studies was identification of isolated environmental sounds presented in quiet. There was also a large variation across studies in the rigor of stimulus development and selection, the number of the stimuli and the number of response options. The wide range of identification accuracy scores from different tests can give a skewed sense, especially since the number of response options used in closed set identification may influence the result (Figure 2) and because certain environmental sounds, such as those with strong temporal patterning, may be inherently more identifiable to CI users' than others (Reed and Delhorne, 2005; Shafiro, 2008a,b). Thus, without rigorous sampling, some stimulus sets used in ESI tests may contain inherently more or less identifiable sounds, biasing the overall outcome.

Furthermore, in everyday ecological encounters environmental sounds are rarely heard in isolation and tend to be accompanied by some contextual cues. Listeners are usually aware of the environment they are in and can leverage situational context and information from other sensory modalities to optimize PES. However, only one study (Kim and Lee, 2012) has examined environmental sound identification in the presence of background noise, while two studies have assessed the effect of context in sequences of environmental sounds distinguished by their semantic coherence with each other (Shafiro et al., 2016, 2020). Although environmental sound identification does not appear to improve following implantation, CIs may still positively contribute to environmental sound awareness, for example by informing the listener that something is happening in the environment, which may in turn lead to more accurate source identification when supplemented by visual or other contextual cues.

In natural settings, outside of the laboratory, it is also quite common for environmental sounds to be in motion, rather than stationary (e.g., a car driving by). However, perception of motion in environmental sounds was not investigated in any of the 19 studies included in the present review. Only one of these studies by Heo et al. (2013) investigated environmental sound localization. However, in Heo et al. environmental sounds were presented from one of eight stationary locations evenly distributed around the listener. A more recent study (Bahadori et al., 2021), published after the current literature search was completed, investigated judgments of distance of moving sound objects for two environmental sounds distinguished by their emotional content – either negative (car wreck) or positive (applause). The judgments of distance were modulated by the emotional content of sounds for 30 normal hearing adults, but not for 10 unilateral CI participants. On the other hand, the authors found a generally comparable ability to localize sounds in space for the CI users and normal hearing controls. Therefore, it is conceivable that following implantation, listeners with CIs may develop improved awareness of objects and events, be more likely to broadly categorize sounds and more accurately perceive the nature of interacting objects and materials, even as their identification accuracy for specific environmental sounds does not improve. With the exception of several studies that examined environmental sound categorization (Inverso and Limb, 2010; Strelnikov et al., 2018; Berland et al., 2019), other potential CI benefits for PES might not be reflected in the existing body of research.

The present review has further revealed that PES assessment is particularly lacking for two CI populations: pre/perilingual late-implanted adult CI users and children. Only one study (Peasgood et al., 2003), published nearly two decades ago, focused exclusively on PES in pre/perilingual adults. The lack of attention to this CI population is surprising given that environmental sound awareness is often one of the main reasons pre/perilingually deafened adults elect to undergo implantation, despite limited expectations about speech perception. Peasgood's et al. (2003) findings are reassuring since pre/perilingual adults in that study demonstrated environmental sound identification scores comparable to those obtained in post-lingual CI users. However, it is worth noting that six of the 10 participants were exclusively aural language users and eight were continuous hearing aid users from their first hearing loss diagnosis through CI surgery. Thus, it remains unclear how much the study findings are applicable to pre/perilingual adults with lesser oral language experience or even more limited access to sound. More research specifically focusing on more recently implanted pre/perilingual adults is needed to estimate their performance and inform pre-CI counseling in this population.

Similarly, only three studies that met this systematic review's inclusion criteria examined PES in children (Kim and Lee, 2012; Liu et al., 2013; Berland et al., 2019). All three studies demonstrated substantial deficits in ESI and categorization for the pediatric population. Two studies demonstrated a low performance of ~30–35%, on average, while the higher score of 61–73% in CI children in the remaining study was obtained in a 4AFC format, while the CI results were still lower than normal hearing peers of the same chronological age. Partly, the low number of PES reports for children may reflect the greater difficulty of administering quantitative tests in this population, combined with the paucity of available tests. It is important to note that several studies that reported on PES in children were not included in the present review because they provided only anecdotal reports and clinician impressions or used rating scales that were not specific to environmental sounds. Although it is possible that, similar to adults, the limited available quantitative assessments do not capture all PES benefits of CI in children, PES remains an area of concern in this population and may benefit from more targeted intervention (Liu et al., 2013).

Surprisingly, only two studies have prospectively examined PES (using ESI) comparing pre- and post-CI performance in post-lingually implanted adults. However, one of these studies (Looi and Arnephy, 2010) tested only four participants in the pre-post-study arm, while the other (Harris et al., 2021) had a larger but still relatively small sample (20 participants at 6-months post-CI and 11 participants at 12-months). Furthermore, all participants in Harris et al. (2021) were bimodal CI users, which may have also affected their performance (Nyirjesy et al., 2020). Neither study found a significant overall improvement in ESI scores compared to pre-CI performance. Both studies, however, reported considerable individual variation in performance. Thus, one goal for future research in PES among CI users is to determine factors that may distinguish patients for whom PES improves from those for whom it does not. Another important goal for future research is to broaden the range of assessment methods used to evaluate potential PES benefits. An evaluation of other ecologically relevant aspects of PES in addition to ESI, and the role of attention, memory and other cognitive abilities, can lead a fuller understanding of potential PES benefits for CI users and indicate areas of strength and weakness. These may include awareness and recognition of events and objects in naturalistic auditory scenes, ability to recognize action and material properties of sound sources, integration of contextual cues provided by vision and/or other sensory modalities, judgments of location, distance and motion of common environmental sounds, perception of emotional aspects and the ability to recognize specific safety-relevant sounds.

The present systematic review considered research studies published between 2000 and 2021 that quantitatively examined environmental sound perception in CI users. Despite the generally recognized importance of environmental sound perception for individual safety, quality of life, and well-being (McRackan et al., 2017, 2019; Vasil et al., 2020), research in this area of assessment of CI users' performance appears to be significantly lacking. The 19 reviewed studies revealed generally mediocre levels of environmental sound identification and an apparent lack of improvement in group performance following implantation relative to pre-CI baseline. A wide variation in PES ability among CI users was also observed. Importantly, sounds that pose perceptual difficulty for CI users are distributed quite broadly in terms of their acoustic and semantic properties (Inverso and Limb, 2010; Shafiro et al., 2011, 2020; McMahon et al., 2018), and identification of sounds relevant to individual safety is not significantly different from that of non-safety relevant sounds (Hamel et al., 2020; Luzum et al., 2021). On the other hand, PES assessment methods used in the reviewed studies may not have captured some important aspects of environmental sound perception relevant to daily living of CI users. The lack of widely used validated tests that tap into different aspects of environmental sound perception may thus be a major contributing factor to the limited knowledge in this area of CI performance. Thus, strong conclusions about CI users' PES abilities seem premature. A comprehensive assessment of environmental sound perception in the post-implantation follow up can help to identify CI users with PES deficits and serve as an important step toward developing effective rehabilitation.
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Hearing loss is associated with decreased speech perception as well as with changes in the auditory pathway. The effects of those changes on binaural speech perception with hearing aids are not yet fully understood. To provide further evidence on the functional changes of the auditory pathway, several speech perception tests (unilateral and bilateral, aided and unaided, in quiet, and in noise) were conducted in a population of 370 bilateral hearing aid users covering the entire range of the World Health Organization’s most recent classification of hearing loss. To characterize the effects of asymmetric hearing thresholds, a generalized linear model was used for regression analysis. The model revealed a detrimental effect of the poorer ears’ thresholds on both the unaided and the aided unilateral word recognition scores that were attained by the better ear. Moreover, aided binaural word recognition (in quiet and in noise) was affected to a degree that cannot be explained on the sole basis of bilateral summation. Thus, this study provides evidence that there is reorganization and altered functioning of the afferent and efferent auditory pathways due to asymmetric hearing loss. Consequently, more attention should be paid to provision with a hearing aid as early as possible, and separately for each ear.
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INTRODUCTION

Hearing loss is associated with a number of negative effects (Chia et al., 2007) and represents the fifth largest burden of disability (Vos et al., 2015). Additionally, according to the latest World Health Organization world report on hearing, hearing loss is the third largest cause of years with disability, and unaddressed hearing loss is estimated to impose a global cost of more than US $980 billion annually (WHO, 2021). For most people with chronic hearing loss, hearing aids (HAs) are the primary therapeutic option. HAs provide amplification and therefore better speech understanding in quiet and in noise. However, the degree of benefit varies substantially, and little is known about the actual causes of this variability. In consequence, the prevalence of HA use is rather low. The reported overall prevalence of HA use among adults varies between 9.7% (Sawyer et al., 2019) and 30% (Anovum, 2018; WHO, 2021). The actual use of HAs tends to increase with higher age, greater degree of hearing loss, the presence of comorbidities, and self-perceived limitations of hearing in everyday situations (Sawyer et al., 2019). Earlier classification of hearing loss by the WHO was based upon the pure-tone average (PTA) of the better-hearing ear throughout. Consequently, there was no recommendation for treatment of the worse ear. Recently, the WHO refined their classification and included an additional class for unilateral hearing loss. Additionally, the comment is made that “unilateral hearing loss can pose a significant challenge for an individual at any level of asymmetry. It therefore requires suitable attention and intervention based on the difficulty experienced by the person” (WHO, 2021). For several reasons (Lin and Reed, 2021), the most commonly used reference for hearing loss is the PTA. However, this measure certainly fails to reflect the full impact of hearing loss (e.g., Plomp, 1978). Therefore, standardized speech perception tests should complement pure-tone audiometry as an indispensable measure for individuals with hearing loss.

For many patients with hearing loss, its etiology is unknown. Though genetics play an important role, hearing decline generally starts in adult age and progresses over the years, either in steps or smoothly. Typically, hearing loss affects both ears in a similar way, and large asymmetries are rare. Asymmetric hearing loss has been estimated to affect 8.5–13.3% of the general population (Chia et al., 2007). The causes of asymmetric hearing loss are usually the same as for hearing loss in general; these include aging (age-related hearing loss), noise (noise-induced hearing loss), metabolic causes, genetic causes (genetic hearing loss), ototoxic drugs, viral infection, Ménière’s disease, and injuries to the head or the ear. However, some of these causes are more closely associated with symmetric hearing loss and others with asymmetric hearing loss.

In summary, for both symmetric and asymmetric hearing loss, causal therapies are often not available and bilateral HAs are recommended in order to obtain best hearing outcomes. Unfortunately, for hearing loss that progresses over the years, it is quite usual for the better ear to be provided with an HA later than the worse ear. This assumption is supported by monaural and binaural HA adoption rates in Germany of about 29 and 71%, respectively (Anovum, 2018). Hence, the better ear may remain understimulated, and this could lead to detrimental effects for hearing.

Recently, Kurioka et al. (2021) investigated speech perception in twenty-eight participants with asymmetric hearing loss. In particular, they measured word recognition scores at the highest just tolerable level (WRSmax) for the participants’ ears separately. They found that the worse ears exhibited significantly reduced WRSmax when compared with ears of persons with symmetric hearing loss for given (equal) pure-tone hearing thresholds. They concluded that decreased auditory utilization of the worse-hearing ear may impair speech discrimination ability, and they identified a need for special rehabilitation. Their findings strengthen the deprivation hypothesis (Silman et al., 1984; Glick and Sharma, 2020). Silman et al. found poorer speech discrimination in the unfitted ear compared with the fitted ear. They postulated an auditory deprivation effect, indicating that reduced auditory input can induce adverse auditory plasticity through the central auditory pathway.

The aim of this study was to investigate speech-recognition scores with HAs at the conversation level, WRS65(HA), with reference to the most recent WHO classification. Another established reference measure for HAs and other technical interventions, WRSmax (Hoppe et al., 2014, 2016; Maier et al., 2018; McRackan et al., 2018; Franks and Jacob, 2019), was assessed. Furthermore, we measured the unaided speech perception threshold in quiet and word recognition scores in noise, and we also investigated the relationship between these routine clinical measures and the grade of asymmetry of hearing loss.



MATERIALS AND METHODS


Ethics Approval Statement

This study was carried out in accordance with the Declaration of Helsinki. The protocol was approved by the Institutional Review Board at the University of Erlangen (No. 162_17Bc). All participants provided written informed consent before participation in the study.



Patients

In this retrospective study, more than 2,000 HA examinations were screened; they were performed between August 2012 and September 2017 in the Erlangen ENT Clinic. Bilateral HA users with at least 3 months of HA experience, German as mother tongue, and a minimum age of eighteen were included. The exclusion criteria were a mean air–bone gap at 0.5, 1, 2, and 4 kHz of more than 5 dB and any technical defects of the patients’ HAs. Prior to measurements, otoscopy was performed and, if needed, cerumen was removed. The test results of 370 bilateral HA users (182 men, 188 women) aged 21–98 years (mean, 62.8 years; standard deviation, 16.2 years) were eligible for assessment.



Measurements


Pure-Tone Air-Conduction

Thresholds were measured for frequencies between 0.125 and 8 kHz, and bone-conduction thresholds between 0.25 and 6 kHz, by using a standard clinical audiometer (AT900/AT1000 Auritec, Hamburg, Germany) with appropriate headphones (DT48, Beyerdynamic, Heilbronn, Germany). For each patient and ear, the pure-tone threshold was summarized by averaging the thresholds found at 0.5, 1, 2, and 4 kHz; these thresholds are referred to hereinafter as PTAs.



Speech Audiometry With Headphones

Speech recognition was assessed by using the Freiburg number test and the Freiburg word test (Hahlbrock, 1957). Both were conducted with monaural presentation using headphones. Multisyllabic (two-digit) numbers were used to measure the speech-recognition threshold (SRT) in quiet, i.e., the sound pressure level (SPL) that corresponds to a recognition score of 50%. Roughly, this level corresponds to the pure-tone loss at 500 Hz + 20 dB (Braun et al., 2012). For individuals with normal hearing, the SRT is at 18 dB SPL (Brinkmann, 1974).

This relationship is an established measure in German speech audiometry to check the consistency of audiometric findings. The Freiburg monosyllable test was used to measure speech-recognition scores at higher levels and in particular the maximum word recognition score (WRSmax): Starting with 65 dB SPL, the presentation level was increased in increments of 5–15 dB until 100% speech intelligibility was attained, unless the sound level became intolerable for the user or the audiometer limit of 120 dB SPL was reached. The uncomfortable level corresponds to speech presentation at the lowest SPL that is no longer tolerated. For analysis, we used the variable “better ear WRSmax,” defined as WRSmax for the ear with the better PTA.



Speech Audiometry in Free Sound Field

Additionally, the Freiburg monosyllable test was used to assess aided speech recognition in free sound field. Word recognition scores in quiet were determined with HA for the left and right ear separately, WRS65 (HA). For the monaural measurements, the contralateral side was adequately blocked with earplugs. Additionally, binaural measurements for WRS65 (HA) were performed in quiet and with masking noise at a signal-to-noise ratio of +5 dB.

Before performance of the speech perception measurements, HAs were checked by visual inspection and dynamic elicitation of acoustic feedback by shifting the earmolds, removing HA, and cupping the HA in hand. In addition, qualified personnel (HA acousticians) checked whether the type and model of the HA provided, and the amplification, were appropriate for the individual’s hearing loss. Amplification was checked by real-ear measurements (Aurical, Natus, Münster, Germany).




Data Analysis

MATLAB software version R2019b (MathWorks, Natick MA, United States) was used for all calculations and figures. A generalized linear regression model (GLM) was applied to the data. For speech recognition scores, model data for sigmoid regression were calculated according to equation 1. For speech recognition threshold, a linear fit was derived by using equation 2.
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BEA (better ear average) refers to the better-ear four-frequency average of the pure-tone thresholds. The asymmetry refers to the difference between BEA and the poorer-ear four-frequency average.

Any effects of hearing thresholds and asymmetric hearing loss on speech perception measures were considered significant if the p-value was below 0.05.




RESULTS

The results of the speech perception measurements are shown in Figures 1–4. Figure 1 shows the unaided speech perception scores in quiet, while Figures 2, 3 show the aided speech perception scores in quiet. Figure 4 refers to the aided speech perception in noise. The boxplots result from the grouping of hearing loss according to the WHO grade. In cases where there was a significant effect of asymmetric hearing loss on unilateral or bilateral scores, the results of the regression model are shown as examples for (i) symmetric hearing, (ii) for asymmetry of 15 dB, and (iii) for asymmetry of 30 dB. The characteristics of the study population are summarized in Table 1: age, WHO classification, and PTA asymmetry. Asymmetric hearing was similar across WHO grades up to Grade 6. Mean age was approximately the same in each WHO-grade group (Table 1), and no correlation was seen between age and the degree of hearing asymmetry (rSpearman = 0.07, p = 0.18). For WHO Grade 6, the mean PTA difference was smaller because of audiometer limits; thresholds beyond the audiometer limits were set to the limit values.
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FIGURE 1. Unilateral unaided better-ear speech-recognition scores grouped by WHO classification of hearing loss (boxplots; left to right, Grades 0–6) and plotted against better-ear PTA. (A) Maximum word recognition score, WRSmax, for the different WHO-grade groups as measured by the Freiburg monosyllable test. The boxplots summarize the WRSmax results; boxes show the medians and 1st and 3rd quartiles, while whiskers denote the 2.5 and 97.5 percentiles. The lines show the results of the fitted GLM: solid line, calculation performed for symmetric PTA (interaural difference 0 dB); dotted line, asymmetric PTA with interaural difference 15 dB; dashed line, asymmetric PTA with interaural difference 30 dB. (B) Speech-recognition score (SRT) in quiet as measured by the Freiburg multisyllable test. The solid line shows the result of linear regression; boxplots as in A summarize the SRT results. The green circle and the red triangle in (A,B) denote the median of the data with corresponding WHO grade for asymmetries below and above 15 dB, respectively.
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FIGURE 2. Aided speech-recognition scores in quiet grouped by WHO classification of hearing loss and plotted against better-ear PTA (BEA). (A) Unilateral WRS (HA)65. (B) Bilateral WRS (HA)65. Boxplots and solid/dotted/dashed lines as in Figure 1A. The green circle and the red triangle in (A,B) denote the median of the data with corresponding WHO grade for asymmetries below and above 15 dB, respectively.
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FIGURE 3. Overview of the study population broken down by binaural summation. The binaural summation was calculated as the difference in percentage points (pp) between the unilateral aided better-ear score (Figure 2A) and the bilateral aided score (Figure 2B). A negative value corresponds to binaural interference in which the bilateral score was poorer than the unilateral better-ear score.
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FIGURE 4. Bilateral aided speech-recognition scores in noise plotted against WHO classification of hearing loss. Boxplots and solid/dotted/dashed lines as in Figure 1A. The green circle and the red triangle denote the median of the data with corresponding WHO grade for asymmetries below and above 15 dB, respectively.



TABLE 1. Patient characteristics.
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Unaided Speech Perception in Quiet

Figure 1A shows boxplots for WRSmax in dependence upon the BEA. BEAs were grouped according to WHO Grades 0–6. The scores show the largest variability of around 90 percentage points (pp) for WHO Grades 4 and 5. The model regression revealed a decrease in WRSmax of up to 20 pp; the greatest decrease was seen for an asymmetric hearing loss of 30-dB interaural PTA difference at a better-ear PTA of around 60-dB hearing loss (HL).

Figure 1B shows a corresponding analysis of SRT for multisyllables; here we found a large, continuously increasing variability with an increasing degree of hearing loss. The model regression did not reveal any significant effect of asymmetry on the better-ear SRT.



Aided Speech Perception in Quiet

Figure 2A shows boxplots for aided word recognition score at a presentation level of 65 dB SPL, WRS65(HA), plotted against BEA. The scores show the largest variability, around 90 pp, for WHO Grade 3. For asymmetric hearing loss, with BEA around 60 dB HL and poorer-ear PTA around 90 dB HL, the model regression revealed a decrease of up to 24 pp in aided unilateral score. For the bilateral score (Figure 2B), the largest variability was again observed for WHO Grade 3. For symmetric hearing and PTAs of 60 dB HL, an improved score was found, compared with unilateral scores (53%), by about 12 pp and up to 65%. For asymmetric hearing loss with an interaural difference of 30 dB, there was already a decreased unilateral baseline performance (29%). Additionally, the model results not only revealed the absence of any binaural summation effect but also showed a slight binaural interference of 4 pp (25%). Therefore, the overall disadvantage for HA users with a better-ear PTA of 60 dB HL and an asymmetry of 30 dB adds up to 40 pp. With respect to asymmetry, the break-even for a binaural summation effect in quiet with BEA of 60 dB HL was found to be around 20 dB: for those cases, the two models yielded a unilateral score equal to the binaural score. Where the asymmetry was larger, binaural interference was dominant, while for binaural summation, a smaller asymmetry was found to be a precondition.

Figure 3 shows an overview of the binaural summation effect across all grades of hearing loss. A considerable part of the population (37%) has no significant binaural summation (i.e., below 5 pp). More than one-half (55%) of the population was assigned to positive categories, exhibiting a binaural summation effect. Less than one-tenth (8%) of the patients exhibited binaural interference of more than 5 pp.



Aided Speech Perception in Noise

For bilateral speech perception in noise, Figure 4, the largest variability was found for WHO Grades 2 and 3. Owing to the test characteristic (with saturation and floor effects), for a BEA of 60 dB HL, the detrimental effect of asymmetric hearing was found to be up to 20 pp, while for a BEA of 40 dB HL, the detrimental effect of asymmetric hearing was found to be up to 31 pp. Both decrements are for asymmetric hearing of 30-dB side difference.



Generalized Linear Regression Model

Table 2 summarizes the results for the GLM parameters. Parameters for sigmoid regression were calculated according to equation 1. For the linear fit according to equation 2, the GLM yielded a non-significant β2. Hence, we simplified equation 2 to equation 3:
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TABLE 2. Parameters of the generalized linear regression models.
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In summary, the suprathreshold measures, unilateral WRSmax, unilateral/bilateral WRS65 (HA) in quiet, and bilateral WRS65 (HA) in noise, depend on asymmetry. This was not found for the near threshold measure of the unilateral better-ear SRT.




DISCUSSION

Hearing outcomes for a large group of bilateral HA users were investigated within the context of routine clinical measurements. The population covered the degrees of hearing loss from WHO Grades 0–6. Outcome measures with and without HAs in quiet and in noise were found to depend significantly on the degree of asymmetry. For bilateral conditions, this is a well-known finding (Vannson et al., 2015; Jerger et al., 2017). However, the present study showed that even the unilateral scores in quiet on the better side are negatively affected by the degree of hearing loss on the contralateral (worse) side.

For the clinically relevant measures of the unilateral maximum word recognition score and the unilateral score with HAs, our results were similar to those of earlier studies (Hoppe et al., 2014). Unilaterally aided speech perception scores above 50% are typically found for hearing loss below 60 dB. All of the above studies referred to unilateral scores. Kronlachner et al. (2018) found a minimal effect of cognition on the success of HA provision. Additionally, in their population of 40 HA users, they found a deterioration of WRSmax with age. Müller et al. (2016) investigated age effects in elderly HA users and found effects for both measures [WRSmax and WRS65 (HA)] of the order of 10–20 pp. Regrettably, neither of these studies considered contralateral hearing or included binaural measurements.


Effects of Asymmetric Hearing Thresholds on Better-Ear Speech Perception

For our study population, there was no correlation between age and degree of hearing asymmetry. Otherwise, the detrimental effect of age on speech perception would have been superimposed upon, or even have masked, the effect of asymmetric hearing. Most remarkably, even for unilateral WRSmax, there were effects of the order of 20 pp. The PTA range in which this effect was the greatest is obviously determined by the ceiling effects of the speech material used and the presentation levels applied. WRSmax is typically measured near the discomfort level, while SRT is measured at a low level; the different presentation levels are probably the root cause of the different findings; as for SRTs in quiet, the asymmetry did not show significant effects in our study population.

For the purpose of simplification, the impact of hearing loss can be attributed in terms of functionality to two different components (Plomp, 1978; Plomp and Mimpen, 1979): (i) The attenuation component simply describes the effect of weakened sound perception due to the sensorineural component of hearing loss. This component should be easily compensated for by acoustic amplification. (ii) The distortion component refers to the loss of dynamic, frequency dependence of hearing loss, and the loss of temporal processing.

Complementary to this functional description of the impact of hearing loss, there is pathophysiological classification for hearing loss, which was originally applied to different types of presbyacusis. Schuknecht (1964) and Johnsson and Hawkins (1972) proposed for presbyacusis the terms sensory, metabolic, mechanical, vascular, and neural; for the latter, we prefer the term “central,” reserving “neural presbyacusis” for hearing loss due to the degeneration of the cochlear nerve. Within this classification, sensory presbyacusis is equivalent to the attenuation component. All the other types are summarized by the distortion component. Commonly, age-related hearing loss (presbyacusis) means hearing loss in the elderly. However, the term does not refer exclusively to aging of the auditory pathway; it can be interpreted as having a much broader meaning. Consequently, it includes the cumulative, genetically determined effects of aging, and this may also include possible damage to the auditory system caused by environmental noise (Johnsson and Hawkins, 1972; Schacht and Hawkins, 2005). One may therefore apply the above classification to the findings in our population, i.e., HA users with sensorineural hearing loss.

One possible cause for the observed detrimental effect of asymmetric PTA on unilateral better-ear scores could be the deprivation of the contralateral ear (Kurioka et al., 2021). Our data suggest that this deprivation may have an effect not only on the afferent auditory pathway but also on the efferent system. For the WRSmax at the near-uncomfortable presentation level, we found an effect, but not for the SRT, which is measured at near-threshold levels. The effects of the efferent system are believed to begin significantly above the hearing threshold if they are to be measurable. Hence, it is reasonable to consider that WRSmax is influenced by asymmetry while SRT is not. Therefore, one may at least partially assign the lower scores for the asymmetric PTA cases to a compromised efferent system in those patients. Unfortunately, the objective assessment of such effects by otoacoustic emission in individuals with hearing impairment presents a Gordian knot. Following the discovery of otoacoustic emissions (Gold, 1948; Kemp, 1978), their measurement was soon found useful for the objective assessment of effects that can be assigned to the efferent auditory pathway (Guinan, 2018; Lopez-Poveda, 2018; Fuchs and Lauer, 2019; Lauer et al., 2021). In patients with significant hearing loss, this approach is not possible owing to the lack of measurable otoacoustic emissions. Even though ultimate evidence is still lacking, we hypothesize that the missing efferent mechanisms result in deteriorated speech recognition. Following the functional description by Plomp (1978), these effects of impairment can be attributed to an increased distortion component of hearing loss.

The GLM revealed detrimental effects of asymmetric hearing, namely, the effect of the poorer-ear PTA on speech perception by the better ear. However, such a model does not permit a more detailed analysis. It remains unclear whether those effects can be attributed exclusively to interaural asymmetry. For higher degrees of hearing loss in the better ear, the poorer-ear PTA is subject to “numerical” saturation effects due to the limits of the audiometer. It is reasonable to assume that higher degrees of hearing loss have a detrimental effect on the efferent system as well.



Bilateral Speech Perception

The binaural summation effect might be regarded as a result of the loudness increase from one to two ears for unimodal bilateral and symmetric listening (Christen, 1980; Rawool and Parrill, 2018). It is well known that binaural summation does not occur in all HA users (Arkebauer et al., 1971; Allen et al., 2000). Arkebauer et al. (1971) found a detrimental interaction between ears exhibiting bilateral asymmetric hearing loss, later referred to a binaural interference. They already highlighted the observation that in “cases with bilateral hearing loss, candidacy for binaural amplification should be determined from each ear independently, and the combined effect of both aids.” Our study design did not allow for determination of an effect of age on binaural interference. A corresponding matching of HA users was not possible. The model revealed a detrimental effect of asymmetry on binaural summation in quiet and noise. Trivially, asymmetry is equivalent to poorer PTA on the poorer ear and is therefore less surprising than a detrimental effect of asymmetry on unilateral better-ear scores. However, as the example of HA users with better-ear PTA around 60 dB impressively illustrates (Figure 2), the two disadvantages add up. For asymmetric hearing loss, both symptoms (the already decreased perception on the better ear and the missing binaural summation, or even binaural interference) might be caused by afferent and efferent deprivation.



Limitations of the Study

The retrospective approach of this study certainly needs confirmation from prospective studies. Even though the number of HA users included was relatively high, the large variability in age, in hearing loss, and in experience with HAs prevents a more sophisticated evaluation. The GLM is per se an average-based model. The average model output was based on many different patients with highly variable progress of hearing loss, in some cases differing very strongly between the ears of the same study participant. Attempts at in-depth analysis, especially if retrospective, can easily result in an overfit of a model if it includes too many parameters. Even though in our study the GLM yielded significant effects of asymmetric PTA, it has to be stressed that these findings are preliminary owing to the retrospective study design.

According to clinical routine at our institution, HA users undergo unilateral assessment of speech perception on each side in quiet. Speech in noise is assessed bilaterally only. Altogether, each HA user routinely undergoes six different speech tests. Consequently, one cannot exclude the possibility that in some patients fatigue effects may have played a role, and thus increased the variability in the data. Probably the most important shortcoming of this study with respect to the hypothesized root causes of the effect of asymmetry, namely deprivation of afferent and efferent pathways, is the lack of detailed knowledge about the progress of individuals’ hearing loss. In a first attempt, it seems to be obvious to assign larger detrimental effects of asymmetry to a longer period of asymmetry. However, although this may fit in better with what we know so far, one cannot exclude the possibility that, after asymmetry has set in, reorganization of the auditory pathway may help in overcoming such detrimental effects. Recent findings in unilaterally deaf patients indicate such reorganization within as little as 1 year (Müller et al., 2017). The present study is a snapshot of a typical clinical population of HA users, and as such, it does not reveal deeper insights into the time course and the direction of detrimental effects in patients with and without asymmetric hearing loss. However, in view of the large effects of asymmetric PTA on speech perception that we have observed, further and deeper investigations of auditory deprivation effects are needed, particularly with reference to the efferent innervation of the better ear.



Clinical Consequences for the Treatment of Asymmetric Hearing Loss

The results of this study suggest strongly that early treatment of hearing loss may be beneficial, even if the hearing loss is asymmetric and the prescription of an HA for both ears may not be considered urgently needed by the patient. Reimbursement criteria should reflect the detrimental effects of asymmetric hearing loss such that “in cases with bilateral hearing loss, candidacy for binaural amplification should be determined from each ear independently, and the combined effect of both aids” (Arkebauer et al., 1971).




CONCLUSION

In a population of hearing-aid users, including symmetric and asymmetric PTA, the asymmetry exerts a detrimental effect on both unaided and aided word recognition by the better ear. Also, the binaural speech perception with HAs worsens with increasing asymmetry. This decrease exceeds the limits of a missing binaural summation by far. More attention has to be paid to provision of an HA as early as possible. There is an evident need for more research on the short- and long-term effects of asymmetric hearing on the afferent and efferent auditory pathways in individuals with hearing impairment.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethik-Kommission der Friedrich-Alexander-Universität Erlangen-Nürnberg. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

UH: conception and design, acquisition and interpretation of data, and final approval. AH: revision and final approval. TH: drafting and design, figure preparation, and final approval. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

We would like to thank Peter Woolley for his careful revision of language and careful proofreading.



REFERENCES

Allen, R. L., Schwab, B. M., Cranford, J. L., and Carpenter, M. D. (2000). Investigation of binaural interference in normal-hearing and hearing-impaired adults. J. Am. Acad. Audiol. 11, 494–500.

Anovum (2018). Anovum EuroTrak Germany. Available online at: https://www.ehima.com/wp-content/uploads/2018/06/EuroTrak_2018_GERMANY.pdf. Download 19-05-2021. (accessed January 11, 2022)

Arkebauer, H. J., Mencher, G. T., and McCall, C. (1971). Modification of speech discrimination in patients with binaural asymmetrical hearing loss. J. Speech Hear. Disord. 36, 208–212. doi: 10.1044/jshd.3602.208

Braun, T., Wimmer, M., and Hempel, J. M. (2012). [Two formulas for exact calculation of hearing loss for numbers]. HNO 60, 814–816. doi: 10.1007/s00106-011-2474-x

Brinkmann, K. (1974). Die neuaufnahme der, wörter für gehörprüfung mit sprache“. Z. Hörgeräteakust 13, 12–40.

Chia, E. M., Wang, J. J., Rochtchina, E., Cumming, R. R., Newall, P., and Mitchell, P. (2007). Hearing impairment and health-related quality of life: the blue mountains hearing study. Ear Hear. 28, 187–195. doi: 10.1097/AUD.0b013e31803126b6

Christen, R. (1980). Binaural summation at the most comfortable loudness level (MCL). Aust. J. Audiol. 2, 92–98.

Franks, Z. G., and Jacob, A. (2019). The speech perception gap in cochlear implant patients. Cochlear Implants Int. 20, 176–181. doi: 10.1080/14670100.2019.1582165

Fuchs, P. A., and Lauer, A. M. (2019). Efferent inhibition of the Cochlea. Cold Spring Harb. Perspect. Med. 9:a033530. doi: 10.1101/cshperspect.a033530

Glick, H. A., and Sharma, A. (2021). Cortical neuroplasticity and cognitive function in early-stage, mild-moderate hearing loss: evidence of neurocognitive benefit from hearing aid use. Front. Neurosci. 14:93. doi: 10.3389/fnins.2020.00093

Gold, T. (1948). Hearing. The physiological basis of action in the cochlea. Proc. R. Soc. B 135, 492–498.

Guinan, J. J. Jr. (2018). Olivocochlear efferents: their action, effects, measurement and uses, and the impact of the new conception of cochlear mechanical responses. Hear. Res. 362, 38–47. doi: 10.1016/j.heares.2017.12.012

Hahlbrock, K. H. (1957). Sprachaudiometrie: Grundlagen und Praktische Anwendung Einer Sprachaudiometrie für das Deutsche Sprachgebiet. Stuttgart: Thieme.

Hoppe, U., Hast, A., and Hocke, T. (2014). Speech perception with hearing aids in comparison to pure-tone hearing loss. HNO 62, 443–448.

Hoppe, U., Hocke, T., Müller, A., and Hast, A. (2016). Speech perception and information-carrying capacity for hearing aid users of different ages. Audiol. Neurootol. 21(Suppl. 1) 16–20. doi: 10.1159/000448349

Jerger, J., Silman, S., Silverman, C., and Emmer, M. (2017). Binaural interference: quo vadis? J. Am. Acad. Audiol. 28, 266–270.

Johnsson, L. G., and Hawkins, J. E. Jr. (1972). Sensory and neural degeneration with aging, as seen in microdissections of the human inner ear. Ann. Otol. Rhinol. Laryngol. 81, 179–193. doi: 10.1177/000348947208100203

Kemp, D. T. (1978). Stimulated acoustic emissions from within the human auditory system. J. Acoust. Soc. Am. 64:1386e1391.

Kronlachner, M., Baumann, U., Stover, T., and Weissgerber, T. (2018). [Investigation of the quality of hearing aid provision in seniors considering cognitive functions]. Laryngorhinootologie 97, 852–859. doi: 10.1055/a-0671-2295

Kurioka, T., Sano, H., Furuki, S., and Yamashita, T. (2021). Speech discrimination impairment of the worse-hearing ear in asymmetric hearing loss. Int. J. Audiol. 60, 54–59. doi: 10.1080/14992027.2020.1795282

Lauer, A. M., Jimenez, S. V., and Delano, P. H. (2021). Olivocochlear efferent effects on perception and behavior. Hear. Res. 108207. doi: 10.1016/j.heares.2021.108207 [Epub ahead of print].

Lin, F. R., and Reed, N. S. (2021). The pure-tone average as a universal metric-knowing your hearing. JAMA Otolaryngol. Head Neck Surg. 147, 230–231. doi: 10.1001/jamaoto.2020.4862

Lopez-Poveda, E. A. (2018). Olivocochlear efferents in animals and humans: from anatomy to clinical relevance. Front. Neurol. 9:197. doi: 10.3389/fneur.2018.00197

Maier, H., Baumann, U., Baumgartner, W. D., Beutner, D., Caversaccio, M. D., Keintzel, T., et al. (2018). Minimal reporting standards for active middle ear hearing implants. Audiol. Neurootol. 23, 105–115. doi: 10.1159/000490878

McRackan, T. R., Fabie, J. E., Burton, J. A., Munawar, S., Holcomb, M. A., and Dubno, J. R. (2018). Earphone and aided word recognition differences in cochlear implant candidates. Otol. Neurotol. 39, e543–e549. doi: 10.1097/mao.0000000000001873

Müller, A., Hocke, T., Hessel, H., and Mir-Salim, P. (2017). [Results of speech audiometry testing in case of transcranial CROS depend on duration of deafness]. Laryngorhinootologie 96, 293–298. doi: 10.1055/s-0042-111079

Müller, A., Hocke, T., Hoppe, U., and Mir-Salim, P. (2016). [The age effect in evaluation of hearing aid benefits by speech audiometry]. HNO 64, 143–148. doi: 10.1007/s00106-015-0115-5

Plomp, R. (1978). Auditory handicap of hearing impairment and the limited benefit of hearing aids. J. Acoust. Soc. Am. 63, 533–549.

Plomp, R., and Mimpen, A. M. (1979). Speech-reception threshold for sentences as a function of age and noise level. J. Acoust. Soc. Am. 66, 1333–1342.

Rawool, V. W., and Parrill, M. (2018). Objective evaluation of binaural summation through acoustic reflex measures. Int. J. Audiol. 57, 493–501.

Sawyer, C. S., Armitage, C. J., Munro, K. J., Singh, G., and Dawes, P. D. (2019). Correlates of hearing aid use in UK adults: self-reported hearing difficulties, social participation, living situation, health, and demographics. Ear Hear. 40, 1061–1068. doi: 10.1097/aud.0000000000000695

Schacht, J., and Hawkins, J. E. (2005). Scetches of otohistory. Part 9: Presby[a]cusis. Audiol. Neurotol. 10, 243–247. doi: 10.1159/000086524

Schuknecht, H. F. (1964). Further observations on the pathology of presbycusis. Arch. Otolaryngol. 80, 369–382. doi: 10.1001/archotol.1964.00750040381003

Silman, S., Gelfand, S. A., and Silverman, C. A. (1984). Late-onset auditory deprivation: effects of monaural versus binaural hearing aids. J. Acoust. Soc. Am. 76, 1357–1362. doi: 10.1121/1.391451

Vannson, N., James, C., Fraysse, B., Strelnikov, K., Barone, P., Deguine, O., et al. (2015). Quality of life and auditory performance in adults with asymmetric hearing loss. Audiol. Neurootol. 20(Suppl. 1) 38–43. doi: 10.1159/000380746

Vos, T., Barber, R. M., Bell, B., Bertozzi-Villa, A., Biryukov, S., Bolliger, I., et al. (2015). Global, regional, and national incidence, prevalence, and years lived with disability for 301 acute and chronic diseases and injuries in 188 countries, 1990-2013: a systematic analysis for the Global Burden of Disease Study 2013. Lancet 386, 743–800. doi: 10.1016/s0140-6736(15)60692-4

WHO (2021). World Report on Hearing. Geneva: World Health Organization.


Conflict of Interest: TH was employed by Cochlear GmbH & Co. KG, Germany.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Hoppe, Hast and Hocke. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 10 February 2022
doi: 10.3389/fnins.2021.725412





[image: image]

Speech Recognition and Listening Effort in Cochlear Implant Recipients and Normal-Hearing Listeners

Khaled H. A. Abdel-Latif† and Hartmut Meister*†

Jean-Uhrmacher-Institute for Clinical ENT-Research, University of Cologne, Cologne, Germany

Edited by:
Todd Andrew Ricketts, Vanderbilt University, United States

Reviewed by:
Erin Margaret Picou, Vanderbilt University Medical Center, United States
Erol J. Ozmeral, University of South Florida, United States

*Correspondence: Hartmut Meister, hartmut.meister@uni-koeln.de

†These authors have contributed equally to this work
Specialty section: This article was submitted to Auditory Cognitive Neuroscience, a section of the journal Frontiers in Neuroscience

Received: 15 June 2021
Accepted: 23 December 2021
Published: 10 February 2022

Citation: Abdel-Latif KHA and Meister H (2022) Speech Recognition and Listening Effort in Cochlear Implant Recipients and Normal-Hearing Listeners. Front. Neurosci. 15:725412. doi: 10.3389/fnins.2021.725412

The outcome of cochlear implantation is typically assessed by speech recognition tests in quiet and in noise. Many cochlear implant recipients reveal satisfactory speech recognition especially in quiet situations. However, since cochlear implants provide only limited spectro-temporal cues the effort associated with understanding speech might be increased. In this respect, measures of listening effort could give important extra information regarding the outcome of cochlear implantation. In order to shed light on this topic and to gain knowledge for clinical applications we compared speech recognition and listening effort in cochlear implants (CI) recipients and age-matched normal-hearing listeners while considering potential influential factors, such as cognitive abilities. Importantly, we estimated speech recognition functions for both listener groups and compared listening effort at similar performance level. Therefore, a subjective listening effort test (adaptive scaling, “ACALES”) as well as an objective test (dual-task paradigm) were applied and compared. Regarding speech recognition CI users needed about 4 dB better signal-to-noise ratio to reach the same performance level of 50% as NH listeners and even 5 dB better SNR to reach 80% speech recognition revealing shallower psychometric functions in the CI listeners. However, when targeting a fixed speech intelligibility of 50 and 80%, respectively, CI users and normal hearing listeners did not differ significantly in terms of listening effort. This applied for both the subjective and the objective estimation. Outcome for subjective and objective listening effort was not correlated with each other nor with age or cognitive abilities of the listeners. This study did not give evidence that CI users and NH listeners differ in terms of listening effort – at least when the same performance level is considered. In contrast, both listener groups showed large inter-individual differences in effort determined with the subjective scaling and the objective dual-task. Potential clinical implications of how to assess listening effort as an outcome measure for hearing rehabilitation are discussed.
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INTRODUCTION

Cochlear implants (CI) have been established as the treatment of severe to profound hearing loss in both children and adults with hearing impairment. CIs aim at restoring hearing by means of electrical stimulation of the auditory nerve. In comparison to healthy hearing, sounds transmitted via CIs are largely limited especially in terms of spectro-temporal cues. Despite these limitations CIs allow open speech understanding in many patients at least in favorable surroundings (Clark, 2015).

Clinically, the functional outcome of cochlear implantation is determined by a number of measurements. In this respect, speech audiometry plays an outstanding role since it directly addresses verbal communication. Speech audiometry is typically assessed both in quiet and against background noise considering different speech materials such as phonemes, single words or sentences giving comprehensive information on speech recognition abilities (Boisvert et al., 2020).

While numerous outcome measures are established, the challenges listeners face in everyday communication are not fully addressed by common audiometric tests, since speech understanding in detrimental acoustic situations (e.g., in presence of people talking nearby, environmental sounds, or reverberation) relies not only on peripheral hearing. Amongst others, different cognitive abilities might play a role. In two meta-analyses, the role of working memory capacity (WMC) has been highlighted for listeners with healthy hearing or mild to moderate hearing loss (Akeroyd, 2008; Dryden et al., 2017). Additionally, processing speed and subdomains of executive mechanisms such as inhibitory control may play a role (Dryden et al., 2017). Less is known about the influence of cognitive factors on CI-mediated speech recognition. However, recent work has shown associations of speech recognition in CI users and in NH listeners presented with spectrally degraded (i.e., noise-vocoded) speech with WMC (Kaandorp et al., 2017), non-verbal reasoning (Mattingly et al., 2018; Moberly et al., 2018), inhibition control (Zhan et al., 2020) and processing speed as well as executive functions (Rosemann et al., 2017; Völter et al., 2021).

The role of cognition for understanding speech in adverse situations is advocated by the Ease of Language Understanding (ELU)-model (Rönnberg et al., 2013). This model postulates that understanding speech is an implicit, automated and seemingly effortless process as long as the input signal is clear. Any distortions (noise, signal processing, hearing loss) are detrimental to this process consequently activating an explicit processing putting strain on cognitive resources (i.e., working memory). Due to the generally limited capacity (Kahneman, 1973) this constitutes a cognitive load that makes performing a specific task effortful. The ELU model posits that the degree of explicit processing needed for speech understanding is positively related to effort (Rönnberg et al., 2019). Hence, it may be assumed that adverse conditions yield higher listening effort (LE) than favorable conditions despite a listener may exhibit reasonable speech recognition in both situations.

Though there is no uniform definition (McGarrigle et al., 2014) the concept of LE is increasingly common in hearing research. A number of publications define this term in the sense of the attention and cognitive resources required to understand speech (Hick and Tharpe, 2002; Fraser et al., 2010; Picou et al., 2011). The FUEL-model (“Framework for Understanding Effortful Listening,” Pichora-Fuller et al., 2016) sets a somewhat broader focus and defines listening effort as “the deliberate allocation of mental resources to overcome obstacles in goal pursuit when carrying out a task that involves listening.” Moreover, it proposes that LE depends on factors such as input-related demands (noise, signal processing, hearing loss), cognitive factors, and motivation, making it a complex multifactorial construct. According to this concept, two individuals can exhibit similar speech recognition but may differ tremendously in the effort accomplished to achieve this performance. Amongst others this might be due to differences in their cognitive abilities, as described above. For instance, Desjardins and Doherty (2013) showed that listening effort was significantly negatively correlated with working memory capacity (WMC) and processing speed. Similarly, Stenbäck et al. (2021) found a negative relation between subjectively assessed listening effort and WMC, in line with the view that larger cognitive capacity is associated with less effort. However, it should be noted that such an association was not found in all studies (cf. Rönnberg et al., 2014).

Due to the relevance of effort to daily-life communication (cf. Nachtegaal et al., 2009) and the fact that it may be related to individual factors not necessarily captured by audiometry it is reasonable to assume that determining LE could give important extra information to clinical diagnostics. In recent years there has been much research devoted to assess LE but no “gold standard” or consensus of clinical measurement has been established. Basically, subjective and objective measurements can be applied. Besides questionnaires (cf. Hughes et al., 2019) subjective measurements include rating scales (Rennies et al., 2014; Krueger et al., 2017). Mostly Likert-scales with verbal categorization ranging from “no effort” to “extreme effort” are used. Rating is typically quantified by presenting speech in the presence of a background masker with different signal-to-noise ratios (SNRs). The SNR may be adjusted adaptively in order to cover a wide range of subjectively perceived effort (“ACALES,” Krueger et al., 2017).

Objective measurements include physiological tests and behavioral performance measures. The former consider methods such as electroencephalography, pupillometry, assessment of heart rate variability, or skin conductance (e.g., Bernarding et al., 2013; Holube et al., 2016; Mackersie and Calderon-Moultrie, 2016; Winn et al., 2018) and reflect the mental load associated with listening in adverse conditions. Behavioral measures of LE are based on the fact that cognitive capacity is limited (Kahneman, 1973) and that understanding speech in detrimental situations results in fewer resources available for other tasks, in line with both the ELU- and the FUEL-model. From this rationale, listening effort can be objectively measured via the dual-task paradigm (Gagné et al., 2017). In this paradigm, listeners perform a primary speech recognition task simultaneously with a secondary task. In comparison to performing the tasks alone (i.e., single-task) it is assumed that the depletion of resources due to demanding listening shows up in a decline in the secondary task when keeping speech recognition stable. While the primary task typically involves presenting words or sentences in noise, a large number of secondary tasks have been proposed, both within the same modality as the primary task (i.e., auditory) as well as a different modality (i.e., tactile, visual). Moreover, secondary tasks differ largely in terms of their complexity, a factor that might affect the sensitivity of the measurements (Picou and Ricketts, 2014). Frequently, reaction times are captured for the secondary task assuming that the depletion of cognitive capacity associated with effortful listening slows down processing speed. Using these different methods it has been well established that adverse acoustic conditions, typically reflected by decreased signal to noise ratio (SNR), increase both subjectively and objectively assessed listening effort.

In the framework of clinical studies such measures of LE have also been used to assess specific signal processing strategies in cochlear implants (e.g., Stronks et al., 2020) or to compare the effort of CI recipients and NH listeners. For instance, Perreau et al. (2017) applied subjective ratings and a dual-task paradigm while modifying the SNR of the speech presented. Compared to the CI users they found a larger reduction of LE in the NH listeners when the SNR was improved suggesting that effort is different in these two groups. A meta-analysis by Ohlenforst et al. (2017) revealed that hearing-impaired persons show larger LE than normal-hearing subjects, but clear evidence was only given for electroencephalographic measures. However, Alhanbali et al. (2017) applied a subjective effort assessment scale based on six questions and also showed that hearing-impaired subjects, including groups of hearing aid and CI users, revealed significantly higher perceived effort than a control group of normal-hearing listeners. Similarly, Hughes et al. (2018) stated that hearing impaired individuals may need to invest more effort to participate successfully in everyday listening situations despite provision of hearing aids (HAs) and cochlear implants (CIs). Thus, at least during daily verbal communication hearing impaired listeners may show additional demands, even when provided with appropriate rehabilitative technologies. In terms of CIs the rationale is that the limitations in spectro-temporal processing yield extra demands that cannot readily be compensated for. Limited transmission of acoustic details in combination with adverse environments calls for cognitive compensation of speech perception constraints (Başkent et al., 2016). In line with this, pupillometry data by Winn et al. (2015) showed an impact of auditory spectral resolution beyond speech recognition when normal-hearing listeners were subjected to noise-vocoded speech aiming at simulating the spectro-temporal limits of cochlear implants. In contrast, it has also been shown in adolescent CI and NH listeners that both groups show similar effort once performance has been balanced (Hughes and Galvin, 2013). Thus, it remains unclear if and under what circumstances hearing impairment and CI-mediated listening yield increased effort.

In the present study, we compared listening effort in experienced CI recipients and age-matched NH listeners while considering potential influential factors, such as cognitive abilities. Based on the outcome of this comparison we discuss implications for the use as a clinical outcome measure. To this end two measurements of listening effort previously applied in clinical studies, a subjective scaling procedure as well as an objective test (dual-task paradigm), were applied and compared. Importantly, we estimated speech recognition functions for both listener groups and contrasted listening effort at similar performance levels. We hypothesized that listening effort is higher for CI users than NH listeners due to the degraded signal conveyed by the CI and that individual cognitive abilities of the participants mediate listening effort.



MATERIALS AND METHODS


Participants

Two groups (n = 14 each) of cochlear implant users with at least 2 years of CI experience and age-matched NH listeners were recruited for participation in this study. The CI recipients used different devices and all except three were fitted bilaterally. Detailed information is given in Table 1. The NH listeners had pure tone thresholds ≤ 25 dB HL across all frequencies of 125 to 4,000 Hz and were chosen to match the age of the CI users as closely as possible. The NH group involved 11 female and 3 male listeners. The maximum age difference between each CI-NH pair was 3 years. Thus, both groups did not differ regarding their age (61.9 ± 12.4 years for CI and 62.4 ± 12.6 years for NH). All participants were native German speakers and had normal or corrected-to-normal vision. Prior to the experiment they were given detailed information about the study and informed consent was obtained. Participants were reimbursed with € 10,-/h. The study protocol was approved by the local ethics committee.


TABLE 1. Characteristics of the cochlear implant recipients.
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Cognitive Tests

As described in the introduction several cognitive functions are potentially related to recognizing speech in adverse conditions as well as the associated listening effort. From the variety of these functions we selected three that are suited for clinical assessment based on appropriate neuropsychological tests.

Working memory capacity (WMC) was assessed by the German version of the Reading Span Test (RST; Carroll et al., 2015). This test presents sentences in blocks of 2 to 6 stimuli on a computer screen. The task is to read each sentence aloud and to judge immediately after presentation whether the sentence is meaningful or not. At the end of each block, the participant is asked to recall the first or last word of the sentences. The percentage of correctly recalled words across all trials is determined and taken as an indicator of WMC.

Furthermore, processing speed and executive functions were assessed by the Trail Making Test (TMT; Reitan, 1958). The TMT consists of two subsets: In TMT-A the participants are asked to connect digits shown on a sheet of paper in ascending numerical order. In TMT-B the participants are required to alternate between digits and letters in ascending order. In both tests the time to complete the task is assessed. TMT-A and TMT-B are thought to give an indication of different cognitive abilities (Sanchez-Cubillo et al., 2009). Specifically, TMT-A is associated with processing speed and TMT-B is assumed to reflect executive control and cognitive flexibility.



Speech Recognition in Noise

The Oldenburg sentence test (OLSA, Wagener et al., 1999) was used for assessing speech recognition in noise. This test is frequently applied in clinical routine in Germany. The OLSA is a matrix test presenting sentences composed of five words (name – verb – numeral – adjective – object) and ten possible alternatives for each word position. Sentences are syntactically correct but semantically unpredictable thus allowing repeated testing. The male voice of the OLSA was used. The masker was a test-specific stationary noise (“olnoise”) generated by multiple random superpositions of the sentences of the OLSA corpus. These stimuli were used for examining speech recognition as well as for the subjective and objective assessment of listening effort.

An important aspect of the study was to estimate the speech recognition function of the listeners. To this end the 50% speech recognition threshold (SRT50) as well as the slope of the recognition function were assessed concurrently following the procedure suggested by Brand and Kollmeier (2002). This procedure adaptively tracks correct response probabilities of 19 and 81% in an interleaved fashion during one test list of 30 trials. Initial step-width for varying the SNR is 1.5 dB and reduced after each reversal yielding a final step-width of 0.25 dB to stabilize presentation levels near the targets. The SNRs presented after five reversals of the adaptive procedures were averaged to determine the two targets. Based on the estimates of 19 and 81% intelligibility the SRT50 and the slope are determined. The noise was fixed at 65 dB SPL and the speech level was varied depending on the subject’s responses, who were asked to repeat back as many words as possible. The stimuli were routed from a PC to an audiometer (Siemens Unity) and sent to a free-field loudspeaker (Events Electronics, Australia) placed at a distance of 1.2 m from the listener’s head located at 0°. In order to test reliability and to improve accuracy of the psychometric function this measurement was performed twice using test lists of 30 sentences each. Based on the individual threshold and the slope derived from the measurements a logistic function
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was fitted, with SRT50 as the SNR associated with 50% intelligibility, s as the slope at 50% intelligibility, x as the level in dB SNR, and y as the percentage of words correctly understood.

This function was used to estimate the SNR associated with 80% intelligibility that was applied for assessing objective listening effort in the dual-task paradigm.



Objective Listening Effort

Listening effort was measured with a dual-task paradigm, consisting of a listening task (primary task) and a visual reaction time task (secondary task). This behavioral paradigm determines performance and thus assesses effort objectively. The primary task was to recognize speech at a performance level of 80%. Choosing this level represented a situation where performance was relatively high but still demanding and followed the recommendation to avoid unfavorable SNRs with dual-task paradigms in order to prevent cognitive overload (Wu et al., 2016). Since it was difficult to target exactly 80% for each listener a range of ±8% was allowed. This range of maximum 16% was not expected to have a significant influence on listening effort, in line with the psychometric functions of dual-task paradigms given in Wu et al. (2016). If this criterion was not met the SNR was readjusted and the measurement was repeated until the desired range was reached. This was necessary in seven cases.

The secondary task was a visual reaction time task. We chose a simple task in order to maximize the possibility that the primary task was unaffected. A white fixation cross (visual angle = 5.2°) was shown on a black background via a computer screen (ELO TouchSystems) placed about 65 cm in front of the subject. The cross briefly disappeared at arbitrary points in time during the presentation of half of the sentences of a test list at random intervals. The task of the participants was to react as fast as possible by pressing the left mouse button.

The dual-task paradigm was administered using a custom made computer program, implemented using the Presentation software (Neurobehavioral Systems Inc., Berkeley, CA, United States). Sentences of the OLSA masked by olnoise were sent via an external sound-card (Hammerfall DSP Multiface II) to the loudspeaker as described with the speech recognition procedure.

The primary and secondary tasks were measured separately via single-task, as well as in a combined fashion via dual-task. The single-task measurements served as baselines. Here, the participants were asked to concentrate on the task at hand (speech recognition or visual reaction) and to ignore the other task (visual reaction or speech recognition). In the dual-task instructions were given to the participants to optimize performance in the primary task (speech recognition) but also to perform the secondary task as accurately and fast as possible (cf. Gagné et al., 2017). In each condition test lists of 40 sentences were presented. Because in the secondary task only half of the stimuli were randomly associated with the fixation cross disappearing, twenty reaction time scores were recorded across a test list. Since reaction times typically show a non-normal distribution a median score was calculated across a test list for each participant.

In order to derive a measure of listening effort, proportional dual-task costs (pDTC%) indicating the load on the secondary task (Fraser et al., 2010) was calculated by the formula
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Likewise, proportional dual-task costs can be calculated for the primary task. However, as intended and shown below, the primary task was not critically affected by combining both tasks.



Subjective Listening Effort

Listening effort was measured subjectively with the “Adaptive Categorical Listening Effort Scaling” (ACALES, Krueger et al., 2017). Similar to the speech recognition test this method presents sentences of the OLSA masked by olnoise at various SNRs. Again, stimuli were sent via an external sound-card (Hammerfall DSP Mulitface II) to the loudspeaker as described above. With each SNR two sentences were presented allowing a reasonable amount of time to listen to the stimuli. After each presentation the listeners were asked to answer the question “How much effort does it require for you to follow the speaker?” (German: “Wie anstrengend ist es für Sie, dem Sprecher zu folgen?”). LE is assessed on a categorical scale showing the labels “no effort,” “very little effort,” “little effort,” “moderate effort,” “considerable effort,” “very much effort,” “extreme effort,” displayed on a touch screen (ELO TouchSystems). These labels corresponded to 1, 3, 5, 7, 9, 11, and 13 effort scale categorical units (ESCU), respectively. There were six unlabelled intermediate steps and an additional category (“only noise”) that allowed for a response when no speech was perceived. The ESCU-values were not shown to the subjects.

The adaptive procedure consists of three phases (details in Krueger et al., 2017). In the first phase the boundaries for “no effort” and “extreme effort” are searched by varying the SNR by a step-width of 3 dB. These boundaries are used for the second phase that presents five intermediate SNRs to estimate the five categories “very little effort,” “little effort,” “moderate effort,” “considerable effort,” and “very much effort.” By linear interpolation of these data the SNRs for “no” and “extreme effort” are re-estimated and SNRs for the five intermediate categories are re-calculated and presented to the listeners in a third phase. Based on these presentations LE estimates were determined by linear regression for each listener.



Procedures

After giving informed consent the participants first completed the cognitive tests beginning with the TMT and followed by the RST. Speech recognition testing and listening effort experiments were run in a sound treated booth (l:4 × w:3 × h:2 m). Speech recognition in noise was preceded with a training phase presenting two tests lists of 20 sentences each in quiet in order to familiarize the participants with the OLSA-material. After that, subjective listening effort was assessed. Prior to the measurement a short training by presenting 20 stimuli at different SNRs was performed in order to familiarize the participants with the method and the rating scale. Finally, the dual-task paradigm was performed in order to assess listening effort objectively. Again, prior to conducting the actual experiment a training phase familiarized the subjects with the tasks and the stimuli provided. Testing was accomplished in a single visit lasting approximately 3 h, including several individual breaks.



Statistical Analyses

Kolmogorov-Smirnov-Tests and visual inspection of Q-Q-plots revealed that the data were mostly normally distributed. In that case, repeated measures analyses of variance (rmANOVA) were performed. If the assumption of sphericity was violated, Greenhouse-Geisser corrections were used. The association of listening effort outcome and cognitive tests was assessed by correlation analysis. In the case of non-normally distributed data non-parametric tests were used as documented in the results section. IBM SPSS v. 25 was used for all calculations.




RESULTS


Speech Recognition in Noise

Individual speech recognition functions were estimated based on the procedure described above. Test and retest were highly correlated (Pearson’s coefficients rp = 0.95 for SRT50, rp = 0.83 for slope, both p < 0.001) and thus outcome was averaged across the two measurements. Hence, estimates of the functions were based on 60 sentences in total.

Figure 1 shows the individual functions of both listener groups. As expected, speech recognition was clearly better for the NH than the CI listeners. A rmANOVA on SNR with target speech recognition (50%, 80%) as within-subjects variable and listener group (CI, NH) as between-subjects variable revealed a significant main effect of target speech recognition (F1,26 = 338.96, p < 0.001, ηp2 = 0.93), a significant main effect of group (F1,26 = 49.52, p < 0.001, ηp2 = 0.66) and a speech recognition by group interaction (F1,26 = 23.65, p < 0.001, ηp2 = 0.48). The mean SNR associated with 50% recognition was −5.6 ± 0.9 dB SNR in the NH listeners and −1.2 ± 2.0 dB SNR in the CI listeners. The estimation of 80% speech recognition revealed a SNR of −4.1 ± 1.1 dB SNR in the NH listeners and +1.4 ± 2.7 dB SNR in the CI users. Follow-up of the significant interaction revealed that the difference in SNR between 50 and 80% target speech recognition was significantly larger in the CI listeners than in the NH listeners (t1,26 = 4.86, p < 0.001). This shows that the slope of the function was typically steeper in NH than CI listeners.
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FIGURE 1. Estimated speech recognition functions for the CI recipients (green) and the NH listeners (violet). Thin lines show individual functions, bold lines show the group mean. SNR = signal-to-noise ratio.


Further analyses revealed that SRT50 and slope were significantly correlated in the CI recipients (rp = −0.71, p = 0.005) but not in the NH listeners (rp = −0.26, p = 0.372) which might be attributed to the relatively low variability in speech recognition in the latter group. However, for the CI users it could be approximated that the slope changed by about 1% per dB/SRT, which might be helpful for estimating speech recognition at different SNRs.



Subjective Listening Effort – ACALES

For each participant listening effort outcome was fitted by a simple linear regression function which is suitable when using a stationary test-specific masker (i.e., olnoise, see Krueger et al., 2017). Figure 2 shows the results for both listener groups in dependence of the SNR applied. While the slope of the functions is similar for NH and CI listeners (t1,26 = 0.11, p = 0.91) the value for LE7 as the proxy for moderate effort (i.e., 7 ESCU) is significantly different (t1,26 = 3.2, p = 0.004). As shown in the figure both group-mean functions are shifted by about 3 dB SNR given the same ESCU-value or about 3 ESCU given the same SNR.
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FIGURE 2. Listening effort (LE) assessed by ACALES as a function of the signal-to-noise ratio (SNR) in CI recipients (green) and NH listeners (violet). Bold lines represent the mean. ESCU = Effort Scaling Category Units. The dashed horizontal line shows the value of 7 ESCU (“moderate effort”).


By using the estimated speech recognition functions (see Figure 1), individual LE-scores for 50% and 80% speech recognition, denoted as LE50 and LE80 were determined (see Figure 3). Mean listening effort was about 9–10 ESCU (“considerable” to “very much effort”) for 50% speech recognition and around 7–9 ESCU (“moderate” to “considerable effort”) for 80 % recognition. A rmANOVA with speech recognition (50%, 80%) as within-subjects variable and listener group (CI, NH) as between-subjects variable revealed a significant main effect of speech recognition (F1,26 = 130.35, p < 0.001, ηp2 = 0.83) and a significant speech recognition by group interaction (F1,26 = 11.81, p = 0.002, ηp2 = 0.31). The interaction mirrored the impression of Figure 3 that CI and NH listeners rated LE relatively similar at 50% but NH perceived somewhat higher LE at 80%. However, post hoc tests rendered this group difference insignificant (t1,26 = −1.94, p = 0.064).
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FIGURE 3. Listening effort (LE) in CI recipients (green) and NH listeners (violet) at SNRs associated with 50 and 80% speech recognition. ESCU = Effort Scaling Categorical Units.




Objective Listening Effort

The primary task of the dual-task paradigm showed that the goal to target a speech recognition of about 80% was met in both listener groups (Figures 4A,B). Apart from single cases (CI05, CI13) this held for both, performance in the single-task and the dual-task condition. A rmANOVA with task (single, dual) as within-subjects variable and listener group (CI, NH) as between-subjects variable revealed a significant main effect of task (F1,26 = 4.85, p = 0.037, ηp2 = 0.16) and a significant main effect of group (F1,26 = 9.56, p = 0.005, ηp2 = 0.27). Speech recognition was higher in the single-task than in the dual-task (79.1 ± 4.2% vs. 77.7 ± 4.1%) and in the NH compared to the CI listeners (80.5 ± 3.1% vs. 76.7 ± 4.2%). Since our aim was to capture LE by dual-task costs in the secondary task, as outlined above, a performance difference in the primary task could be critical. However, despite statistical significance this difference did not influence outcome, as proportional dual-task costs for the primary task amounted to only about 2%, when calculated in analogy to formula (2). Furthermore, based on the psychometric functions of dual-task paradigms given in Wu et al. (2016), it is assumed that the small performance difference between CI and NH listeners of about 4% in the primary task did not affect costs in the secondary task.
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FIGURE 4. Outcome of the dual-task paradigm. (A,B) Primary task (speech recognition) in CI and NH listeners, (C,D) secondary task (reaction time) in CI and NH listeners, (E) proportional dual-tasks costs for the secondary task. CI, cochlear implant recipients; NH, normal-hearing listeners. Squares = single-task, crosses = dual-task.


Reaction times in the secondary task were highly variable and appear to show a clear delay in all cases, when assessed in the dual-task (see Figures 4C,D). Subjecting the data to a rmANOVA with task (single, dual) as within-subjects variable and listener group (CI, NH) as between-subjects variable revealed a significant main effect of task (F1,26 = 110.30, p < 0.001, ηp2 = 0.81). Corresponding proportional dual-task costs are shown in Figure 4E. Comparing the costs between both listener groups revealed no significant difference (U-Test, z = 1.15, p = 0.27).



Listening Effort and Cognitive Functions

The listeners of both groups were assessed in terms of their processing speed, cognitive flexibility, and working memory capacity using the Trail making Test (Version A and B) and the German version of the Reading span test (Carroll et al., 2015). Outcome is given in Table 2.


TABLE 2. Outcome of the neuropsychological tests regarding processing speed (TMT-A), executive control (TMT-B), and working memory capacity (RST).
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The CI recipients revealed two outliers for the outcome of TMT-B. Groups were compared using U-tests that did not show any significant difference for the tests applied (all p > 0.45).

Table 3 shows the Spearman’s correlation coefficients of the neuropsychological test outcome and the listening effort measures across both groups. LE80 was taken as the proxy for subjective listening effort and pDTC% as the proxy for objective listening effort, both reflecting the demands associated with 80% speech recognition. Age of the listeners was also considered as it is assumed to be associated with cognition. Indeed, TMT-A, TMT-B, and RST showed a significant correlation with age. As expected, older listeners were slower in both Trail making tests A and B and showed worse recall in the WMC test. Furthermore, the three cognitive metrics were significantly correlated demonstrating that they do not represent completely unrelated domains. This also held when the two outliers (TMT-B) were removed.


TABLE 3. Spearman’s rank correlations and significance levels (two-tailed) of the outcome of the listening effort measures (LE80, pDTC%) and neuropsychological tests (TMT-A, TMT-B, RST), as well as age, Asterisk depict significant correlations.
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However, both LE80 and pDTC% did not reveal any significant correlation with the outcome of the neuropsychological tests nor with age. Moreover, the two LE outcome measures were not significantly associated with each other suggesting that they tap into different dimensions of the listening effort construct.




DISCUSSION

The aim of this study was to compare measures of listening effort and speech recognition in CI recipients and age-matched normal-hearing listeners and to gain information for potential clinical applications and implications. To this end, methods that potentially may be used in clinical assessments were considered. We hypothesized that CI recipients show increased effort due to the limitations of CI-mediated sound transmission. Alternatively, it could be suspected that CI and NH listeners exhibit comparable listening effort once speech recognition performance of the participants is balanced. Furthermore, we expected that individual cognitive abilities may mediate listening effort.


Speech Recognition in Noise

Paramount to our examination of LE was that individual speech recognition performance in noise was known. Therefore, speech recognition functions were estimated. As expected, the functions revealed better performance in the NH than the CI listeners. This manifested in both, speech recognition thresholds and slope of the functions. The latter was shallower for the CI users, that is, they did not benefit from increasing the SNR to the same amount as the NH listeners. This confirms results by MacPherson and Akeroyd (2014) who found a trend of decreasing slope with increasing hearing impairment. Moreover, Sobon et al. (2019) reported a significant negative correlation between slope and SRT in NH listeners, but only for a two-talker speech masker. In general, one single SRT (typically associated with 50% recognition) may thus not fully acknowledge speech recognition problems over a wider range of SNRs. However, the decrease in slope of about 1% per dB SRT in the CI listeners might be helpful for estimating performance at different SNRs. From a practical background this indicates that listeners with poor SRTs may gain less from any change in SNR offered by the signal processing in hearing aids or cochlear implants (cf. MacPherson and Akeroyd, 2014).

Thus, from a clinical perspective it seems advisable to determine not only the SRT but also the slope. According to Brand and Kollmeier (2002) this is basically feasible by using a test list of at least 30 sentences. These “extra costs” appear to be acceptable in the framework of clinical routine where typically at least 20 sentences (in the case of matrix sentences after training) are used. Hence, the proposed method of assessing both, SNR and slope might give valuable extra information, especially when trying to relate other measures (such as listening effort outcome) to individual speech recognition, as will be discussed in the following.



Subjective Listening Effort

Assessing subjective listening effort, e.g., via ACALES, appears to be easily applicable in clinical routine. Methodological demands and time consumption are moderate. Determining listening effort including a brief orientation phase takes about 6–8 min. Clear instructions provided, the procedure appears to be a good representation of what it intends to measure. Thus, it may be assumed that it reveals high face validity. In terms of reliability, Krueger et al. (2017) reported a high intraclass correlation above 0.9 when using the olnoise masker. However, since each listener might have his or her own subjective effort construct, it is not entirely clear whether individual outcome mirrors the same underlying dimensions and whether results can be directly compared with each other. Potentially as a consequence, estimated LE showed high interindividual variability in both, CI and NH listeners.

ACALES assesses subjective LE relative to adaptive variations in SNR. This has the advantage that the entire range from “no” to “extreme effort” is covered. When relating LE to SNR there was indeed a significant difference between the listener groups. NH participants showed about 3 ESCU lower listening effort ratings for the same SNR. However, this comparison might be misleading if the association of SNR with speech recognition is unknown. In the present study this association could be estimated based on the individual psychometric functions of the participants. When similar performance was assumed, both groups did not differ significantly with respect to LE. Nevertheless, a significant speech recognition by group interaction was found reflecting that CI users exhibited lower effort at 80% performance relative to the NH listeners (see Figure 3). Despite post hoc tests rendered this difference insignificant (p = 0.064) it deserves further discussion. In general, it is not exactly clear which factors contribute to the individual estimation of listening effort. However, it is conceivable that the subjectively perceived level of the speech signal relative to the noise is taken into account. Due to the shallower speech recognition function in the CI recipients SNR improved more than in the NH listeners when targeting 80% recognition instead of 50%. This would be in line with the observation of a larger decrease in ESCU in the CI users than in the NH listeners.



Objective Listening Effort

Assessing listening effort objectively typically assumes high methodological and technical demands, as it is the case with electroencephalography, pupillometry, electrodermal activity or heart rate variability (cf. Bernarding et al., 2013; Holube et al., 2016; Mackersie and Calderon-Moultrie, 2016; Winn et al., 2018). In terms of behavioral measurements an alternative are dual-task paradigms which consist of a primary and a secondary task. The reliability of dual-task paradigms appears to be satisfactory, as Picou and Ricketts (2014) reported a test-retest correlation of 0.79 when using a “simple” secondary task comparable to that of the present study. However, in contrast to the subjective estimation it has to be taken into account, that time consumption is about three times higher (20–25 min), since three test lists have to be administered successively.

The primary task was recognizing speech at a SNR associated with 80% performance. This level was considered in order to make the task demanding but to avoid low performance that might be detrimental to these paradigms due to cognitive overload (see Wu et al., 2016) and also to better reflect everyday listening where intelligibility is mostly high or approaches ceiling. The results presented above confirm that 80% recognition was related to substantial subjective effort. Ideally, the performance in the primary task is constant across all test conditions since the proxy for LE is expected to emerge in the secondary task. Our statistical analysis of the primary task outcome revealed significant condition- and group-effects. However, these differences were in a range of only a few percent and are assumed not to play a critical role regarding the task load. Thus, the goal of keeping the primary task relatively constant across listeners and tasks and capturing the effect of dual-task costs in the secondary task appears to be met.

Significant proportional dual-task costs reflecting listening effort could be shown in the secondary task. Costs showed large interindividual differences but both listener groups did not differ significantly which also supports the idea that LE is similar when comparable speech recognition is assumed. In this study, we applied a simple reaction-time based secondary task providing 20 RTs across one test list. This is a relatively low number potentially affecting the quality of the outcome. However, when assessing split-half reliability (i.e., trials 1–10 vs. trials 11–20) the correlation was high (rp ≥ 0.8, p < 0.001) for both the primary and the dual-task. Moreover, calculating the average RTs across groups revealed very similar results, regardless of whether the first or second half of trials was used.

The choice of the secondary is generally critical. On the one hand it must not be too demanding in order to avoid performance shifts across tasks (“trade-off”) and on the other hand it must not be too simple because of the then missing task load. In our case, the choice of a relatively simple visual paradigm appears to be appropriate, since the primary task outcome remained largely stable and load effects clearly surfaced in the secondary task. However, a secondary task requiring more processing depth might be even more sensitive. Picou and Ricketts (2014) compared different secondary tasks, involving a simple and a complex visual reaction time paradigm as well as a semantic paradigm, requiring to understand the word presented in the primary task. Whereas the visual reaction time paradigms both reflected the effect of background noise on LE the latter showed larger effects sizes and thus might better reflect more subtle mechanisms of effort. Further, Hsu et al. (2020) modified the depth of processing in the secondary task by asking children with CIs to judge whether the word presented was an animal (lower level of semantic processing) or whether the animal was dangerous (higher level). However, both secondary tasks appeared to reflect the increased load associated with adding noise (i.e., SNR of 3 dB) relative to listening in quiet.



Association With Cognition and Age

Three cognitive domains (processing speed, executive control and working memory capacity) potentially associated with recognizing speech and listening effort in adverse acoustic situations were considered. No significant group effects were found. This does not support the expectation that hearing impaired persons show lower cognitive abilities compared to age-matched normal-hearing listeners (e.g., Lin et al., 2013). However, as expected, the outcome of the cognitive tests was correlated with age. Nevertheless, none of the cognitive metrics nor age was significantly associated with subjectively (i.e., LE80) or objectively (pDTC%) assessed listening effort. This finding was unexpected, given the theoretical rationale that effortful listening depletes limited cognitive resources, as proposed by the ELU- and the FUEL-model.

Reports on the correlation of listening effort outcome and cognitive abilities are relatively scarce. Harvey et al. (2017) found that cognitive functions predict listening effort performance during complex tasks in NH listeners. Furthermore, Hua et al. (2014) showed that participants with better cognitive flexibility reported less perceived listening effort. In contrast, Brännström et al. (2018) reported no significant association of measures of WMC and cognitive flexibility with subjectively perceived effort. However, they found a positive correlation of listening effort and inhibitory control. This result was surprising, given that better inhibitory control was associated with higher perceived effort. In listeners provided with cochlear implants, Perreau et al. (2017) also did not find an association of WMC and LE in a dual-task paradigm, but age and LE were correlated. However, as recently pointed out by Francis and Love (2020), LE suggests a complex and possibly “unresolvable” interaction between the commitment of processing resources on the one hand and the response to their deployment on the other hand.

The proxies of subjective and objective listening effort also did not show a significant relation with each other. While some examinations report correlations for single factors (e.g., Holube et al., 2016; Picou and Ricketts, 2018) this is generally in line with a number of studies showing a lack of correspondence between objective and subjective measures of listening effort (e.g., Fraser et al., 2010; Zekveld et al., 2010; Gosselin and Gagné, 2011) and is consistent with the assumption that measures of LE are multidimensional (McGarrigle et al., 2014; Alhanbali et al., 2019). In this context, Lemke and Besser (2016) distinguish between perceived listening effort and processing load. Following this view applying the ACALES procedure addresses perceived LE whereas the dual-task rather reflects the latter. As pointed out by Lemke and Besser (2016), a listening situation might pose high processing load but must not necessarily be perceived as effortful, and vice versa.



General Discussion

Including listening effort in the assessment of hearing disorders could add a dimension that has not yet been covered by clinical auditory measurements. It could also provide information regarding rehabilitative measures such as the use of specific signal processing or training programs. As discussed above the two measurements of LE applied in this study appear to tap into different domains of the listening effort framework. Both, estimating subjectively perceived listening effort, e.g., via ACALES as well as the dual-task paradigm do not require much technological or organizational resources and can be readily integrated using standard speech audiometric material. Another important clinical criterion is the time required to perform the measurement. In this respect the adaptive ACALES procedure appears to be better suited than a the dual-task paradigm, which contains three successive test lists. As a matter of fact, however, extra information can only be gained when additional time is allowed.

Independent from the method used we hypothesized that CI listeners reveal larger LE compared to NH subjects. This was indeed the case when subjective LE was related to the SNR. However, it did not hold when balancing performance across listener groups. This is in line with Hughes and Galvin (2013) who also demonstrated similar LE in adolescent CI recipients and normal-hearing subjects when similar speech recognition was considered.

In general, a close connection of LE and speech recognition performance could be demonstrated. It is tempting to review some recent studies on listening effort in cochlear implant recipients in the light of the present findings. For instance, Perreau et al. (2017) assessed LE subjectively as well as objectively in different groups of CI users and a control group of normal-hearing listeners. The objective measure of LE based on a dual-task paradigm including a reaction-time metric. The authors considered six different SNR-conditions revealing speech recognition scores from around 60% to near perfect. Across the SNR conditions they found larger reduction in LE for the NH compared to the CI listeners. However, considering the steeper psychometric function of normal-hearing listeners as described above, this finding may be explained by their larger increment in performance for a given SNR increase than for the CI recipients.

The effect of a specific sound processing algorithm (i.e., “soft voice”) on speech recognition and listening effort was examined by Stronks et al. (2020). The algorithm aims at improving speech recognition at low sound levels by removing internal noise of the device. LE was assessed objectively by pupillometry and subjectively by scaling. Whereas pupillometry did not reveal any effect of the processing algorithm, it had a positive effect on subjectively perceived effort at a speech level of 33 dB SPL (SNR = −5 dB). This was also the level where the algorithm improved speech recognition to the largest extent, giving evidence for a close connection of performance and LE. Consequently, the authors stated that performance measures themselves might be a valid predictor of listening effort. Thus, as outlined in the present study, effects on LE might be difficult to interpret if the underlying speech recognition performance is unknown.

In terms of clinical applications this also raises the question in which cases LE measurements actually provide extra information over commonly used speech audiometry. Given the typical time limitations in clinical assessments this question is crucial. In the present study it could be shown that at least over a range of 50 to 80% speech recognition a close connection between performance and LE can be found. Moreover, no differences in LE between CI and NH listeners were found once performance was accounted for. Most of the studies that assumed larger LE for listeners with hearing loss referred to everyday listening, that is, situations typically including positive SNRs and high speech intelligibility (Smeds et al., 2015). In this regard the matrix-test reveals limited ecological validity, since the SRTs determined are often in a negative SNR-range. The functions presented in Figure 1 show that all NH listeners show perfect speech recognition at positive SNRs whereas some of the CI users approach asymptote at higher signal-to-noise ratios. Thus, it is plausible that CI recipients show increased effort at these ecologically more valid SNRs. This is also confirmed when looking at the association of LE and signal-to-noise ratio depicted in Figure 2. This suggests that assessing LE might provide more information when it is not assessed at 50 or 80% speech intelligibility but rather when speech recognition is near or at ceiling. Here, LE stills shows considerable inter-individual variability though effort is lower than at intermediate speech recognition. However, sustained effort could still yield substantial fatigue (Hornsby et al., 2016). Thus, even differences in low effort may have practical consequences for everyday life. Moreover, particular signal processing schemes such as noise reduction algorithms may not affect intelligibility but could be efficient regarding the reduction of effort.




CONCLUSION

There is increasing need for measures that capture effects of speech perception beyond speech audiometry. This is due to advances in rehabilitation technology and the fact that challenges in everyday communication are not fully covered by common audiometric tests. One construct that promises valuable information is the effort associated with recognizing speech. Here, we compared the results of two potentially clinically suited methods in groups of listeners with cochlear implants and normal hearing. Both measurements revealed highly variable results that were not significantly related to different cognitive abilities or age. Moreover, the outcome of the two tests was not correlated with each other suggesting that they tap into different dimensions of the effort construct. Also, we did not find any significant difference in LE between the two listener groups, once performance was equalized by adjusting individual SNRs. A limitation of the study was that the sample size of the two groups was small and thus might not have been sufficient to detect small effects. However, LE was strongly correlated with speech recognition at least when assessed subjectively. Thus, when examining LE it is highly recommended to take possible performance differences into account, e.g., by determining both, SRT and slope of the psychometric function. Due to the strong association of effort and speech recognition it is suggested that LE-assessment is more instructive when performance is near or at ceiling. Here, the large inter-individual variability in listening effort could give information beyond speech audiometry and would also consider the range of more ecological signal-to-noise ratios.
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Spatial hearing is critical for communication in everyday sound-rich environments. It is important to gain an understanding of how well users of bilateral hearing devices function in these conditions. The purpose of this work was to evaluate a Virtual Acoustics (VA) version of the Spatial Speech in Noise (SSiN) test, the SSiN-VA. This implementation uses relatively inexpensive equipment and can be performed outside the clinic, allowing for regular monitoring of spatial-hearing performance. The SSiN-VA simultaneously assesses speech discrimination and relative localization with changing source locations in the presence of noise. The use of simultaneous tasks increases the cognitive load to better represent the difficulties faced by listeners in noisy real-world environments. Current clinical assessments may require costly equipment which has a large footprint. Consequently, spatial-hearing assessments may not be conducted at all. Additionally, as patients take greater control of their healthcare outcomes and a greater number of clinical appointments are conducted remotely, outcome measures that allow patients to carry out assessments at home are becoming more relevant. The SSiN-VA was implemented using the 3D Tune-In Toolkit, simulating seven loudspeaker locations spaced at 30° intervals with azimuths between −90° and +90°, and rendered for headphone playback using the binaural spatialization technique. Twelve normal-hearing participants were assessed to evaluate if SSiN-VA produced patterns of responses for relative localization and speech discrimination as a function of azimuth similar to those previously obtained using loudspeaker arrays. Additionally, the effect of the signal-to-noise ratio (SNR), the direction of the shift from target to reference, and the target phonetic contrast on performance were investigated. SSiN-VA led to similar patterns of performance as a function of spatial location compared to loudspeaker setups for both relative localization and speech discrimination. Performance for relative localization was significantly better at the highest SNR than at the lowest SNR tested, and a target shift to the right was associated with an increased likelihood of a correct response. For word discrimination, there was an interaction between SNR and word group. Overall, these outcomes support the use of virtual audio for speech discrimination and relative localization testing in noise.

Keywords: spatial hearing, bilateral cochlear implants, binaural performance, dual task, remote testing, speech in noise, functional testing


INTRODUCTION

Speech testing plays a crucial role in the assessment of hearing function, including the evaluation of outcomes with hearing devices such as hearing aids or cochlear implants. There are a variety of speech testing materials, ranging from closed-set words to open-set sentence formats presented in quiet or in noise. A limitation of many of the current speech tests is that the listening skills assessed by the task are often different from those required for everyday communication environments. For instance, many tests were designed with a fixed speech source location and a co-located masker. This is the case for the Automated McCormick Toy Test (Summerfield et al., 1994), the Speech Reception in Noise Test [SPRINT (Cord et al., 1992; Brungart et al., 2017)], the Words in Noise Test [WIN (Wilson et al., 2007)], the Quick Speech in Noise Test (Killion et al., 2004), the Bamford-Kowal-Bench Speech in Noise Test [BKB-SIN (Etymotic Research Inc., 2005)], and the AzBio sentences lists (Spahr et al., 2012), among others. Conversely, in everyday environments, social interaction typically involves several talkers and sources of noise scattered around the listener. For communication to be successful, the listener needs to identify where the talker of interest is located and switch their focus rapidly as conversation unfolds.

It has been shown that tests using multi-talker babble or a single competing talker are sensitive to hearing status (Phatak et al., 2019), particularly if they target the use of “dip listening” – the ability to detect a signal in a fluctuating masker, which depends on accurate encoding of temporal fine structure information (Moore, 2014) – or quantify spatial release from masking (SRM), – the improvement in the detection of a signal in background noise arising from the spatial separation of the target signal and the background (Bronkhorst, 2000; Litovsky, 2012). Although tests of SRM can provide important diagnostic information about spatial hearing, they require that a speech-identification task is performed repeatedly as the location of the speech or noise is varied (Litovsky, 2012; Bizley et al., 2015), which makes them time-consuming. Moreover, unlike in real communication environments, the speech sources used in SRM testing have a fixed location at either the front or the sides of the listener.

In light of these limitations, Bizley et al. (2015) developed the Spatial Speech in Noise (SSiN) test as a tool for simultaneously evaluating SRM, localization, and speech discrimination performance in a background of multi-talker babble noise. The SSiN uses speech signals appropriate for adults and children, targeting discrimination of specific phonetic contrasts: complex vowel, simple vowel, initial consonant, and final consonant. These contrasts are represented by groups of four words each, so that testing is done in a closed-set discrimination paradigm. For example, for complex vowel, the four words within the group are “pale,” “peel,” “pile,” and “pool” (Table 1). The test features a speech-discrimination task in which the listener needs to report back two words within the group, the reference word and the target word, which are presented in succession. Simultaneously, listeners engage in a relative-localization task requiring that they report whether the target word was presented from the right or from the left of the location of the reference word. This dual-task approach and the use of multi-talker babble as a background noise were chosen to represent the challenges of listening in a complex communication environment. Unlike in typical SRM test setups, the locations of the sources of noise can be varied within the test session or across versions, as will be described later, and the speech-source locations change from trial to trial. Further work was carried out by Ahnood (2017) and Parmar et al. (2018) in order to adapt the SSiN for use with people with hearing aids and cochlear implants. Modifications included increasing the spacing between loudspeakers and restricting the number of noise sources during the task in order to make the task feasible to listeners with hearing loss.


TABLE 1. Word groups by target phonetic contrast and word items within each group.
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While the SSiN is an efficient way to simultaneously assess speech discrimination and relative localization, a key element of its setup is the use of a loudspeaker array simulating a AB-York Crescent of Sound (Kitterick et al., 2011) to deliver the stimuli. Implementations based on loudspeaker arrays are costly both in terms of material and spatial requirements. Additionally, this test require a face-to-face visit. The constraints imposed by the current COVID-19 pandemic have accelerated the development and adoption of tele-audiology practices (Ayas et al., 2020; Saunders and Roughley, 2020; Parmar et al., 2021). Remote-health applications that enable users to complete diagnostic tests and submit them to their clinical departments are very much in demand.

One solution to the spatial and economic costs of multi-loudspeaker arrays, and a response to the demand for remote clinical testing, is to use binaural spatialization to render complex listening environments which can be delivered to the listener using a pair of headphones (Cuevas-Rodríguez et al., 2019). The most common implementation of the binaural spatialization technique is based on the Head-Related Transfer Function (HRTF), which embeds localization cues – such as Interaural Time Differences (ITDs), Interaural Level Differences (ILDs), and spectral cues – within the original sound stimuli (Blauert, 1997). The capabilities of binaural spatialization for generating complex soundscapes are virtually unlimited in terms of the number and location of sound sources and their relative distance, as well as the characteristics of the simulated room (e.g., large halls, small studios, etc.) (Cuevas-Rodríguez et al., 2019). Additionally, the requirements for playback devices are simple. It is possible to use a standard pair of headphones connected to the computer audio output, or wireless streaming for hearing devices, for the delivery of the sounds. For these reasons, binaural spatialization could have a major impact when applied to audiological testing (Pausch and Fels, 2019; Keidser et al., 2020).

In spite of their great potential, there are only a few examples of clinical-audiology applications that use binaural spatialization. For instance, the Listening in Spatialized Noise Sentences test [LiSN (Cameron and Dillon, 2008)] assesses stream segregation by adaptively estimating the speech reception threshold (SRT) for sentences in a competing background. Pitch cues (identity of the target talker vs. identity of the talker/s in the background) and/or spatial cues (co-located or ±90° azimuth separation) are varied during the test. Another example of a virtual-audio clinical-audiology application is the Auditory Speech Sound Evaluation (A§E®, © P.J. Govaerts, Antwerp, Belgium) ILD Sound Localization Test, which uses two loudspeakers to simulate thirteen spatial locations by introducing ILDs on a 4000-Hz narrow band of noise (Otoconsult Helpdesk, 2021).

The SSiN has some advantages over these examples. First, it uses smaller intervals than the LiSN for spatial-discrimination testing. Second, it uses more meaningful stimuli than the A§E ILD sound localization test, with a wider frequency range. However, it still has the limitation of requiring a complex set-up. A virtual-audio version of the SSiN, the SSiN-VA, was implemented. SSiN-VA retains the SSiN capabilities for testing speech discrimination and relative localization while minimizing any space and equipment requirements. The aim of this project was to determine whether the patterns of responses as a function of spatial location obtained with the SSiN-VA are similar to those previously obtained with the SSiN test for normal-hearing listeners. Our hypothesis was that the SSiN-VA leads to patterns of word discrimination and relative localization similar to those previously obtained with the SSiN. We investigated this hypothesis by conducting the SSiN-VA with 12 normal-hearing participants. Our predictions, based on existing SSiN data, were that, for relative localization, performance would deteriorate at the lateral locations relative to performance at the midline and that, for word discrimination, performance would be best at the lateral locations and lowest around the midline. Additionally, we hypothesized that performance for both word discrimination and relative localization increases the higher the signal-to-noise ratio (SNR) at which the test was conducted. This is a novel aspect of this work, as the influence of SNR on performance has not been assessed for the SSiN. Further, assessing the effect of SNR on SSiN-VA outcomes was of interest as there was no knowledge of the difficulty of the task for the participants, given the virtual setup. Lastly, we hypothesized that:

For relative localization:


a)Performance is similar across word groups as their overall audibility is equivalent.

b)The effect of SNR is similar across spatial locations of the speech sources (no interaction between SNR and the spatial location of the speech).

c)There is no direction bias in the responses of the participants. In other words, a correct response is equally likely for trials where the target shifts to the left and trials where the target shifts to the right. If a direction bias were found, it would be investigated whether the bias is present regardless of the location of the speech sources (no interaction between spatial location and direction of the shift) and for all SNRs (no interaction between SNR and direction of the shift).



For word discrimination:


a)Word discrimination varies across word groups as the spectral cues required for correct discrimination of each group may differ in their vulnerability to being masked by the babble noise.

b)The order of the words (i.e., whether a word is target or reference) does not influence performance.

c)Changing the location of the speech source (azimuth) might lead to changes in the SNR at each ear, and this affects performance for different word groups unevenly (interaction between word group and azimuth).

d)Increasing the SNR improves word discrimination regardless of azimuth (no significant interaction between SNR and azimuth).

e)The effect of SNR is stronger for word groups where the speech sounds key to the phonetic contrast is lowest in level, such as the initial-consonant and the final-consonant groups (interaction between SNR and word group).



Finally, the patterns of responses for SSiN-VA were graphically compared to those obtained with a dataset obtained with a loudspeaker spatial setup similar to the one simulated here.



MATERIALS AND METHODS


Participants

Twelve participants (eight female, four male) with normal hearing were tested. Their median age was 26 years, ranging from 21 to 52 years (mean 28.58, SD = 8.73). All participants had air-conduction hearing thresholds for octave frequencies in the range 250–8000 Hz equal to or better than 20 dB HL, or a maximum of one frequency with threshold equal to 25 dB HL, as measured with an Interacoustics Affinity audiometer in a quiet room.

The experiment designs for preliminary work were reviewed and approved by the Joint Research Compliance Office at Imperial College (Ref. 19IC5073). The main experiments were reviewed and approved by the Cambridge Psychology Research Ethics Committee (Ref. 2019.093).



Implementation of the Spatial Speech in Noise-Virtual Acoustics Test

As mentioned, the test used here, the SSiN-VA, was an adaptation of the SSiN Test developed by Bizley et al. (2015). The basic structure of the SSiN-VA was the same as that for the SSiN: In each trial, a reference word was presented from one of the loudspeaker locations. The reference word was followed by a target word, which was presented from an adjacent loudspeaker location. Simultaneously, sixteen-male-talker babble (Huckvale, 1989) was presented to the listener. The listener was required to provide a speech-discrimination response by selecting the reference word and the target word from four buttons, each corresponding to one word. Additionally, the listener provided a relative-localization response by indicating in which direction the location of the target word shifted relative to the reference word. This was done by using one of two buttons labeled “left” and “right,” respectively. The test used speech material taken from a closed-set children’s speech discrimination test, the Chear Auditory Perception Test [CAPT (Marriage et al., 2011; Vickers et al., 2018)]. Each word belonged to one of four closed-set groups. Each group contained four words which possessed a particular type of phonetic contrast; the words differed in a complex vowel (pale, pool, pile, or peel), a simple vowel (hoot, heat, heart, or hurt), initial consonant (chalk, talk, fork, or stork), or a final consonant (cheat, cheese, cheap, or cheek), as explained above and shown in Table 1.

There are some differences between the original SSiN test and the SSiN-VA other than the use of headphones instead of loudspeakers. These changes were introduced in order to make the test more feasible for users with hearing loss. For the SSiN-VA, the number of spatial locations was reduced from from 13 to seven, and the spacing between the sources used in a given trial was doubled compared to the first implementation of the SSiN. Thus, the SSiN-VA used azimuths corresponding to −90°, −60°, −30°, 0°, 60°, 30°, and 90° (Figure 1). Intervals of 15°, such as those used in the SSiN, may be too small for people with hearing loss to be able to perform the relative-localization task above chance (Ahnood, 2017; Parmar et al., 2018). In addition, for the SSiN-VA, the babble was constantly delivered from four spatial locations: −60°, −30°, 60°, and 30°, instead of simultaneously from all loudspeaker locations as in Bizley et al. (2015). Delivering the babble from all loudspeaker locations may make the test too challenging for people with hearing loss (Ahnood, 2017; Parmar et al., 2018). This prompted other researchers to reduce the number of babble source for this task. For instance, Ahnood (2017) delivered the noise from either the −60° and −30° locations, or the 30° and 60° locations (i.e., from two sources at a time, alternative from the right or the left hemispace). Note that these are the same locations that are used here, but with only two sources within the same hemispace active at a given trial. Although this maximizes the amount of SRM that can be obtained by increasing the distance between the sources of the speech and the sources of the babble for some of the trials, the number of trials needs to be large enough to be able to accurately represent both noise-location configurations. Because the ultimate objective of the SSiN-VA is for it to be used clinically, it was decided that the noise would be consistently delivered from the reduced set of locations used by Ahnood (2017) but in a simultaneous manner from all four sources. This made it possible to reduce the number of trials collected and simplify the study design.
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FIGURE 1. Diagram of the simulated loudspeaker locations around the listener showing seven sound sources separated at 30° azimuth intervals. An example of a trial is given where the sources of the reference word (W1) and the target word (W2) are represented on the diagram, and the correct relative-localization answer is given. The diagram shown to the participant was identical except that no indication of the spatial location of the babble or the azimuth were given.


The SSiN-VA prototype was created using MaxMSP (Cycling’74, 2021) and the 3D Tune-In Toolkit (Cuevas-Rodríguez et al., 2019), specifically its Virtual Studio Technology (VST) implementation (Picinali et al., 2019a). One instance of the VST plugin, loaded with a KEMAR mannequin HRTF from the SADIE II database (Armstrong et al., 2018), was used to spatialize each individual virtual loudspeaker. No room-acoustics simulation was performed, therefore the spatialization was fully anechoic. The ITDs were individualized for each participant by measuring their head circumference and inputting it in the 3D Tune-In Toolkit rendering engine. More details about how the spatialization was performed accounting for this measure can be found in Cuevas-Rodríguez et al. (2019). A head tracker was used to update the locations of the virtual loudspeakers every 12 ms in order to ensure that the rendered virtual sound field was anchored to the surrounding space rather than rotating with the head of the listener, as it happens in real environments when listening to audio reproduced from an array of loudspeakers. More details about the HRTF interpolation processes implemented in order to simulate the movement of the head relative to the virtual loudspeakers can be found in Cuevas-Rodríguez et al. (2019). The importance of accounting for head movements when reproducing binaural signals is well documented in the literature (Begault et al., 2001). Even though participants were instructed to look at the front, it was decided to implement head tracking in order to make the experience as close as possible to the original SSiN test, as it is known that small head movements can have a dramatic impact on SRM, significantly improving performance (Grange and Culling, 2016). The timing of the sequence playback was arranged as follows: babble onset at 0 s, first word at 0.5 s, second word at 2 s, and babble offset at 3.5 s. Each word was approximately 1 s long.



Equipment for the Spatial Speech in Noise-Virtual Acoustics Test

Stimuli were presented using a MacBook Pro via Sennheiser HD-600 headphones. An Apple iPhone 5 was used as head tracker, and was mounted on the top of the headphones. The app GyrOSC was used to send the head-tracking data through WiFi to the MacBook Pro via Open Sound Control (OSC, Freed, 1997).



Procedure for the Spatial Speech in Noise-Virtual Acoustics Test


Calibration and Presentation Level

Scaling of the word stimuli was performed by calculating the root-mean-square (RMS) levels of the steady-state portions of the vowels within the words as identified independently by two researchers using Praat software, version 6.1.14 (Boersma and Weenink, 1992). Where discrepancies occurred, a third researcher was involved in discussion. A MATLAB (The MathWorks Inc., 2019) script was used to adjust the RMS levels of the word stimuli so that the levels of the steady-state portions of the vowels were equal across words. Appropriate scaling of the background noise was performed taking into account the number of sources in order to achieve the same RMS level as for the word stimuli. Presentation levels were calibrated using a Tektronix MDO3024 Mixed Domain Oscilloscope using the headphone sensitivity data to calculate the voltage required to deliver the sound level required for the calibration noise. Because the desired playback level for the word stimuli was 52 dB SPL when the SNR was specified as 0, the RMS level of the calibration noise was set 20 dB above the RMS level of the word stimuli, and the calibration noise was played back at 72 dB SPL. The level of the multi-talker babble was kept at 52 dB SPL throughout the task (consistent with Bizley et al.’s implementation). The level of the speech was varied across runs in order to collect data for three different SNRs as described below.



Speech Reception Threshold Determination

First, the speech reception threshold (SRT) for each participant was determined by presenting words from a simulated azimuth of 0° (i.e., from the frontal location) while the multi-talker babble was simultaneously delivered from −60°, −30°, 60°, and 30°. In each trial, one word, randomly selected from the sixteen used in the test, was presented. Participants were shown the discrimination group that contained the correct word. For example, if the word presented was “peel,” participants were shown the words “pool,” “pile,” “pale,” and “peel.” Participants were required to click on the word that they heard. The SNR was 0 dB in the first trial (calibration details given in section “Calibration and Presentation Level”), and was adaptively varied in 2-dB steps following a one-up one-down technique in subsequent trials. The test stopped after eight reversals were obtained. The SRT was calculated as the average SNR at the last six reversals.

Once the SRT was measured, the SNRs for three conditions were calculated: (1) the individually measured speech recognition threshold (SRT), determined as explained above; (2) SRT + 3 dB; (3) SRT + 6 dB. This was to address the aim of determining whether there was an effect of SNR on performance for both relative localization and word discrimination.



The Spatial Speech in Noise-Virtual Acoustics Task

Before testing started, participants were introduced to the task by being shown a diagram of the simulated loudspeakers around the listener. They were told that they might have the impression that words came from the locations shown in the diagram, and that in each trial two words would be presented. The second word would come from either the right or the left with respect to the first word. Their task was to report the two words that they heard, in order, and the location of the second word with respect to the first one. Examples were given using cards with words written on them, as shown in Figure 1, which were moved around the diagram to simulate possible trials and verify that the participant had understood the task. Next, approximately six trials of the task were presented to the participant at SNR = 0. Participants used the interface shown in Figure 2 to provide their answers. After this, the participant was asked whether they had understood the task. If they confirmed that they had, testing began.
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FIGURE 2. Test interface. Participants clicked on each of two words presented in each trial and on the “right” or “left” buttons to indicate the location of the target word relative to the reference word.


The three test conditions were administered in three blocks of two runs each. Each run took approximately 12–15 min. Blocks were presented in a pseudorandom order, using all possible orders across the twelve participants who took part. Each run was tested using a 96-trial list. Each trial was characterized by a reference word, a target word, and a simulated location for each of them. There were eight trials for each reference-target location pair. Each of the four word-discrimination groups was played twice from each reference-target location pair. Responses where the participant pressed buttons repeatedly or pressed extra buttons led to inaccurate logging. These trials were discarded prior to analysis. One random additional trial was presented in each run due to an implementation flaw. The responses to these trials were not discarded as the additional run was not associated with a particular condition. The total number of trials presented to each participant was 582 (97 trials * 6 runs). After discarding spurious trials, participants contributed an average of 577 trials each to the analysis phase (range 561–582).




Analyses


Statistical Analysis

Statistical analysis was based on trial-by-trial responses. The response variables were binary, with two possible outcomes for “correct response”: yes or no. The glmer function within the lme4 package version 1.127 (Bates et al., 2015), in R version 4.1.0 (R Core Team, 2021), was used to fit a mixed-effects maximum likelihood binary logistic multilevel model separately for relative localization and word discrimination. The aim of the analysis was to determine whether the patterns of word discrimination and relative localization were similar to those previously obtained with the SSiN test. If this were the case, the outcomes of the analysis would be that performance for relative localization and speech discrimination is predicted by the spatial location of the speech sources. For relative localization it was expected that the likelihood of a correct response grew with increasing proximity of the speech sources to the midline. For speech discrimination, the opposite pattern was expected, i.e., that the likelihood of a correct response decreased with increasing proximity of the speech sources to the midline. The effect of word group and SNR as predictor for each task and the effect of the direction of the shift from reference to target in the relative-localization task was also assessed. In addition, some interactions between the predictors were investigated, as described below.

For relative localization, the “mean location” was defined as the average location of the pair of spatial locations of the target and the reference word within each trial, following Bizley et al. (2015), Ahnood (2017), and Parmar et al. (2018). The rationale for this is that, for a given pair of simulated loudspeakers, the participants would have had to make a localization judgment based on binaural localization cues of equal magnitude, albeit with opposite directions (Bizley et al., 2015). The model included a random intercept by participants in order to control for the non-independence of the data (Winter, 2019). The model was progressively built up by successively including the following predictors as fixed effects: “mean location” (−75°, −45°, −15°, 15°, 45°, or 75°), SNR (0, 3, or 6 dB above the SRT), direction of the shift from the target to the reference word (right or left), and word group (simple vowel, complex vowel, initial consonant, or final consonant). The following interactions were investigated: SNR × Mean Location, Direction × SNR, Direction × Mean Location.

For word discrimination, the model had a random intercept by participants to account for the fact that the participants were repeatedly tested. Because some participants were well above the 50%-word discrimination mark for the easiest condition (due to overestimation of the SRT), it was assumed that the slopes for SNR would vary across participants. Thus, a random slope for SNR was included. Next, fixed effects for SNR, azimuth, word order (i.e., whether the word was the target of the reference word), and word group were introduced one by one to build up the model. Interaction terms were included for word group × SNR, word group and azimuth, and azimuth and SNR.

The predictors of each model had their variance inflation factors (VIFs) calculated to ensure that multi-collinearity was not present. Models were compared by performing likelihood ratio tests. If any two models compared were not statistically different, the less complex model was chosen. Post hoc pairwise comparisons were carried out using the multcomp package (Hothorn et al., 2008) and Bonferroni corrections were applied.



Comparison With Data Previously Collected With Loudspeakers

Outcomes were plotted and compared with data previously collected by Ahnood (2017) while completing an MSc dissertation at University College London, supervised by Jennifer Bizley and author Deborah Vickers. This dataset was chosen because it was obtained using the same number and distribution of azimuths as in the present work in a similar population. Ahnood (2017) tested 12 normal-hearing adults using an implementation of the SSiN test which delivered the background babble alternatively from two loudspeakers placed either at −60° and −30° azimuth or at 30° and 60° azimuth. In other words, in each trial, the background babble came either from the left or from the right of the listeners. Conversely, in our implementation, the background babble was symmetrically delivered from these same four loudspeaker locations in all trials. In spite of the differences in the location of the noise sources relative to the speech sources, a comparison across these datasets can be insightful as to whether the SSiN-VA leads to similar patterns of spatial hearing compared with the SSiN. It is expected that the shape of the performance-by-location function is more similar across datasets for the relative localization data. The speech discrimination outcomes are likely to be more strongly influenced by the spatial separation between the speech sources and the noise sources with respect to the listener’s ears.





RESULTS

Figure 3 shows relative-localization and word-discrimination performance for each of the SNRs at which the participants were tested. Relative localization performance is plotted as a function of the mean target-reference location. For each of the SNRs tested, the function has the shape of an inverted U. This means that performance tended to be better at the midline than at the lateral locations. For word discrimination, performance tended to be slightly better at the lateral locations than at the midline (i.e., followed a U-shaped pattern), although this trend was more evident for the responses obtained with SNR = SRT. The effect of SNR can also be seen in this figure. For relative localization, responses varied somewhat with SNR; but for speech discrimination, the effect of SNR led to large improvements in performance. Statistical analyses were conducted to determine whether these trends were significant in order to test the hypotheses stated in the introduction.
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FIGURE 3. SSiN-VA performance for relative localization (A) and word discrimination (B). Boxplot colors indicate the SNR at which the test was done. The black lines within the boxplots represent the median. Mean scores are joined with a thick line across spatial locations, separately for each SNR. Figure made using the packages ggplot2 (Wickham, 2016) and cowplot (Wilke, 2020) in R (R Core Team, 2021).



Statistical Analysis


Relative Localization

For relative-localization performance, it was hypothesized that performance would resemble the pattern typically obtained with loudspeakers, with relative localization being better near the midline than at the lateral locations. Thus, the mean location of the target and reference words was expected to have an impact on performance. This was confirmed by comparing a random intercept only model with one where mean location was added as a fixed effect [c2(5) = 177.86, p < 0.001]. SNR was hypothesized to affect performance. This was confirmed by adding SNR as a fixed effect, which significantly improved the model’s fit [c2(2) = 9.42, p = 0.0090]. The direction of the spatial shift from the reference word to the target word was thought not to have an impact on performance. However, its addition as a fixed effect significantly improved the model’s fit [c2(1) = 23.85, p < 0.001], indicating a direction bias. Word group was not expected to influence performance, which was confirmed [c2(3) = 6.76, p = 0.0798]. The impact of SNR did not vary across mean locations [c2(10) = 10.33, p = 0.4123], and the direction bias effect did not vary across SNRs [c2(2) = 1.64, p = 0.4414] or mean locations [c2(5) = 10.08, p = 0.0730]. In summary, relative localization performance was predicted by the mean location of the source and the target word, the SNR, and the direction of the spatial shift from the reference to the target word. Performance did not significantly differ across word groups. No significant interactions were found between SNR and mean locations, and between direction and SNR or mean location.

Table 2 summarizes the odds ratios, 95% confidence intervals (CIs), and p-values of the final model. As the variables were treatment-coded, the intercept represents the likelihood of a correct response when all variables are set to 0: mean location −75°, SNR = SRT, direction left, and word group = 1, complex vowels. The intercept was −0.04 (SE = 0.16, p = 0.7984, odds ratio = 0.96). This indicates that, for this condition, the likelihood of a correct response was only slightly lower than the likelihood of an incorrect response. All other estimates of the model are referenced to this condition.


TABLE 2. Outcomes of the statistical analysis for SSiN-VA relative-localization performance.
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Assessing how the odds of a correct response varied when shifting mean location from left to right is helpful to characterize the shape of the performance function. This made it possible to test the hypothesis that performance would be better at the midline than at the lateral locations. When the mean location of the target and reference was −45° or 45°, the odds of a correct response significantly increased by 1.82 and 1.76 times, respectively, compared to −75°. This means that for mean locations −45° and 45°, a correct response was 1.75 and 1.70 times more likely than an incorrect response, respectively. Greater increases, by 2.71 and 2.49 times with respect to the intercept, respectively, were found when mean location −75° was compared with −15° and 15°. This suggests that for mean locations −15° and 15°, a correct response was 2.60 and 2.39 times more likely than an incorrect response. Finally, and against expectations, when the mean location of the target and reference was 75°, the odds of a correct response increased significantly, by 1.27 times, with respect to −75°. Thus, a correct response for mean location 75° was 1.23 times more likely than an incorrect response. In spite of this asymmetry, these outcomes are overall consistent with the expected inverted-U shape of relative localization as a function of mean location. The odds reported here were transformed into percentages and are illustrated in Figure 4.
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FIGURE 4. Predicted probabilities of a correct localization response as a function of the mean location of the target and reference words when other predictors are held at their reference level. Plot obtained using the sjPlot package (Lüdecke, 2021). Error bars indicate 95% confidence intervals.


Comparing the odds of a correct response across SNRs is helpful to evaluate the hypothesis that performance increases with increasing SNR. The odds of a correct response for relative localization significantly increased by 1.22 times when the SNR was raised by 6 dB with respect to the SRT. This means that at SNR = SRT + 6 dB, a correct response was 1.17 times more likely than an incorrect response, compared to 0.96 times for SNR = SRT. Although this increase is small, it confirms one of our hypotheses that performance would improve with increasing SNR. An increase of the SNR by 3 dB above the SRT failed to significantly increase the odds of a correct response. The odds reported here were transformed into percentages and are illustrated in Figure 5.
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FIGURE 5. Predicted probabilities of a correct localization response as a function of the SNR at which the stimuli were presented when other predictors were held constant at their reference level. Plot obtained using the sjPlot package (Lüdecke, 2021). Error bars indicate 95% confidence intervals.


Comparing the odds of a correct response for each direction of the spatial shift from reference to target suggested that when the shift was toward the right, participants were more likely to obtain a correct answer. The odds of a correct response increased by 1.29 times with respect to a shift toward the left, making a correct response 1.24 times more likely than an incorrect one when the shift from reference to target was toward the right. This indicates a bias in this direction, contrary to what was hypothesized in the introduction, i.e., that there would not be a direction bias. Figure 6 shows the reported odds transformed into percentages.
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FIGURE 6. Predicted probabilities of a correct localization response as a function of the direction of the shift from reference to target word, when other predictors were held constant at their reference level. Plot obtained using the sjPlot package (Lüdecke, 2021). Error bars indicate 95% confidence intervals.


Post hoc analysis was performed in order to compare average performance across pairs of mean locations, SNRs, word groups, and shift directions, using the ghlt function within the multcomp package (Hothorn et al., 2008). Bonferroni corrections were applied to account for repeated testing. Outcomes are shown in Table 3. These comparisons revealed that performance at the most eccentric mid locations (−75° and 75°) was significantly lower than performance at the most central mid locations of −15° and 15°, which in turn were not significantly different from each other. Additionally, performance at −45° and 45° was significantly lower than performance at −15°, but not significantly different from performance at 15°. Performance at −75° was significantly lower than performance at 45° but not significantly lower than performance at −45°. Again, the pattern was consistent with an inverted-U shape, although, statistically, there were some asymmetries in the data. For SNR, post hoc pairwise comparisons indicated that, across mean locations, word groups, and shift directions, performance was significantly lower for SNR = SRT than for SNR = SRT + 6. For the direction of the shift, the comparison between left and right continued to be significant.


TABLE 3. Post hoc analysis for relative localization.
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Word Discrimination

For word discrimination, it was hypothesized that performance would resemble the pattern typically obtained with loudspeakers, with word discrimination being worse near the midline than at the lateral locations. Thus, the spatial location of the source (azimuth) was expected to be influential. This was confirmed, as a random-intercept-random-slope only model (random intercept by participant and random slope by SNR) was significantly worse than an identical model which had azimuth as a fixed effect to predict the discrimination outcome [c2(6) = 35.42, p < 0.001]. Performing the task at different SNRs was thought to influence performance, which was the case [inclusion of SNR as fixed effect, c2(2) = 26.20, p < 0.001]. As expected, different word groups led to varying levels of word discrimination performance [word group, c2(3) = 962.03, p < 0.001]. To assess whether the order of presentation of the words within each trial (i.e., whether the word was target or reference) was associated with an increased likelihood of a correct response, word order was included. However, this failed to improve the predictions of the model [c2(1) = 1.51, p = 0.2192]. Increasing SNR should lead to better word discrimination independent of azimuth, which was the case [no significant interaction between SNR and azimuth, c2(12) = 6.91, p = 0.8632]. As the different word groups might be more or less susceptible to masking by the level of the babble noise, the interaction term of SNR × word group was included, resulting in improved fit [c2(6) = 119.37, p < 0.001]. Presenting words from varying azimuths changes the SNR at each ear, thus possibly making some word groups easier to understand than others. However, inclusion of the interaction azimuth × word group significantly worsened the model’s fit [c2(6) = 119.37, p < 0.001]. In summary, performance for word discrimination was predicted by the location of the speech source (azimuth), and by SNR and word group. Additionally, there was an interaction between SNR and word group. Thus, the effects of these two factors need to be considered jointly, as will be done below. The effect of SNR or word group did not vary with azimuth. The order of presentation of the words within each trial did not influence performance.

Table 4 reports the odds ratios, 95% CIs, and p-values for the final model. As the variables were treatment-coded, the intercept represents the likelihood of a correct response when all variables were set to the reference level for each one of them (azimuth = −90°, SNR = SRT, word group = 1, complex vowels). The intercept was 1.53 (SE = 0.23, p < 0.001, odds ratio = 4.62). Therefore, for this condition, a correct word identification response was 4.62 times more likely than an incorrect response. Again, assessing how the odds of a correct response vary as a function of azimuth is useful to characterize the shape of the performance function. Having the speech coming from −60° or 60° did not significantly affect the odds of a correct response compared to −90°. However, having the speech coming from −30° or 30° significantly decreased the odds of a correct response, compared to −90°, by 0.70 and 0.78 times, respectively, making a correct response 3.23 and 3.60 times more likely than an incorrect response, respectively. Further, when the speech came from 0°, the odds of a correct response decreased even further, by 0.63 times, making a correct response 2.91 times more likely than an incorrect one. Finally, contrary to prior expectations, the odds of a correct response were significantly lower for the rightmost location in space (azimuth = 90°) compared to the left-most location in space (azimuth = −90°) by 0.75 times, making a correct response 3.47 times more likely than an incorrect one. Overall, these outcomes were consistent with the expected U-shaped performance function, although displaying an asymmetry in performance between −90° and 90°. The reported odds were transformed into percentages and are illustrated in Figure 7.


TABLE 4. Outcomes of the statistical analysis for SSiN-VA word-discrimination performance.
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FIGURE 7. Predicted probabilities of a correct word-discrimination response as a function of azimuth when other predictors are held at their reference level. Error bars indicate 95% confidence intervals. Plot obtained using the sjPlot package (Lüdecke, 2021).


Increasing the SNR from SRT to SRT + 3 dB and from SRT to SRT + 6 dB led to a greater likelihood of a correct response, consistent with our hypothesis of better performance the higher the SNR. Changes in word group from complex vowels to simple vowels and from complex vowels to final consonant significantly decreased the likelihood of a correct response. However, it should be noted that, as treatment coding was used and a significant interaction between SNR and word group was found, it is not possible to assess the effects of SNR and word group separately. The interaction was explored using post hoc analysis as detailed below.

Post hoc analysis (Table 5) was performed to compare performance across azimuths, SNRs, and word groups using the ghlt function within the multcomp package (Hothorn et al., 2008), and Bonferroni corrections were applied to account for repeated testing. Comparing average performance for different azimuths across SNRs and word groups, indicated that the likelihood of a correct word-discrimination response was significantly higher at the left most location, −90°, than at −30° and at the midline. Additionally, performance at the midline was significantly lower than at −60° and 60°. Performance at −60° was also significantly higher than at −30°. These outcomes further support the hypothesis of a U-shape for performance as a function of azimuth. No other comparisons were statistically significant. Exploration of the significant interaction (Table 6) between SNR and word group via pairwise comparisons across averaged variable levels indicated that, although there was an overall increase in performance with increasing SNR, performance for the final-consonant group was significantly lower than that for each of the other discrimination groups at each of the SNRs tested. Additionally, performance for the initial-consonant group was significantly higher than that for the simple-vowel group only at the lowest SNR. No other comparisons of word groups within each SNR were statistically significant. Figure 8 shows the predicted probabilities for each word group as a function of the SNR at which testing was conducted.


TABLE 5. Post hoc analysis for the effect of azimuth on word discrimination.
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TABLE 6. Post hoc analysis of the interaction between SNR and Word Group.
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FIGURE 8. Interaction between word group and SNR. Performance for the final-consonant group was significantly lower than for other word groups across all SNRs, but performance for the simple-vowel group was significantly lower than performance for initial consonant for the lowest SNR only, accounting for a significant interaction between word group and SNR. Error bars indicate 95% confidence intervals. Plot obtained using the sjPlot package (Lüdecke, 2021).




Comparison With Data Previously Collected Using Loudspeakers

Figure 9 shows a graphical comparison of the data collected in this study for SNR = SRT with that collected by Ahnood (2017). The SSiN-VA data is plotted separately against the responses of Ahnood’s participants for trials in which the noise sources were located in the same hemispace than the speech and for those in which the noise sources were located in the opposite hemispace than that of the speech. For relative localization, performance is quite close across datasets for both comparisons (same hemispace or opposite hemispace). For Ahnood’s dataset, there is a trend toward relative localization performance to be better at the most lateral locations when the noise was delivered from the opposite hemispace with respect to the speech, but overall, both curves are quite close to the data collected using SSiN-VA. For word discrimination, Ahnood’s outcomes vary considerably depending on whether the noise was located on the same hemispace than the speech or on the opposite hemispace. This is expected as locating the noise on the opposite hemispace would have maximized the distance between the speech and the noise sources, which in turn would have had an impact on the effective SNR at each ear. This would have increased the SRM achieved by the participants, improving word-discrimination outcomes. For the trials where Ahnood delivered the nose from the same hemispace as the speech, her participants performed better than those using SSiN-VA at the most lateral locations. For the trials where Ahnood delivered the noise from the same hemispace as the speech, her participants performed much worse than those tested here, except at the midline. These patterns are likely to be largely accounted for by the spatial separation of the speech and the noise, which was different across datasets, rather than by differences related to the virtual nature of the stimuli used here.


[image: image]

FIGURE 9. Comparison of the outcomes reported here for SNR = SRT with the outcomes obtained by Ahnood (2017) for normal-hearing participants using a loudspeaker setup. The outcomes of the present study are displayed by blue circles joined by continuous line. Ahnood’s results are displayed by gray triangles joined with dotted line. Error bars indicate standard errors. Because Ahnood, unlike us, used an asymmetric noise configuration, our data are compared separately with Ahnood’s outcomes for trials where the noise sources were located on the same hemispace than the source of the speech (SH, noise in the same hemispace), and for trials where the noise was located on the hemispace opposite to the speech (OH, noise in the opposite hemispace). Outcomes for word discrimination at the midline are plotted on both panels and were not separated by noise location. Figure made using the packages ggplot2 (Wickham, 2016) and cowplot (Wilke, 2020) in R (R Core Team, 2021).






DISCUSSION

The aim of this study was to determine if the patterns of responses obtained with the SSiN-VA are similar to those obtained with loudspeaker implementations. Localization performance was predicted by mean location, SNR, and the direction of the shift from reference to target. For word discrimination, performance was predicted by azimuth, SNR, and word group and a significant interaction between word group and SNR was found. In what follows these results are discussed in more detail.


Shape of the Performance Functions

As for loudspeaker data, relative localization followed the pattern of an inverted-U shape and word discrimination followed a U-shaped pattern (Bizley et al., 2015; Ahnood, 2017), confirming that SSiN-VA leads to patterns of performance similar to those previously found with loudspeaker implementations. This makes sense, because as azimuth (or mean location) is varied, the availability of cues for each task, relative localization and word discrimination, changes. The relative levels of the signals arriving at each ear (ILDs) and their relative timing (ITDs) increases the further away the sources are from the midline. Additionally, the relative SNRs across ears change. In other words, the availability of binaural cues and binaural effects such as binaural summation or binaural squelch varies across spatial locations.

The inverted U-shape pattern of our data reproduces the outcomes found by Bizley et al. (2015) and Ahnood (2017) using the same stimuli, albeit with a different spatial location of the noise sources. As pointed out by Bizley et al. (2015), this pattern was also observed in a previous study where broadband noise was used (Wood and Bizley, 2015). In the same study, as well as in previous work (Butler, 1986), using spectrally restricted stimuli led to a more marked decrease in performance at the most lateral spatial locations. The improvement of relative localization performance around the midline is consistent with the idea that, because ILDs are roughly proportional to the sine of the azimuthal angle, horizontal localization errors should increase monotonically with increasing azimuth (Middlebrooks and Green, 1991). This is similar to the outcomes reported by Bizley et al. (2015) for one of their experiments in which they used loudspeakers separated at 15° intervals, although these authors did not find a significant effect of azimuth on relative-localization performance for another experiment where they used a 30°-interval separation for most of their loudspeakers. However, the type of analysis carried out here is different to that carried out by Bizley et al. (2015), and there may be power differences across studies underlying the discrepancy.

The U-shaped pattern observed for word discrimination is also consistent with the outcomes obtained with the original implementation of the SSiN (Bizley et al., 2015), and with other published work. For example, Laitakari and Laitakari (1997) also reported improved speech discrimination at 90°compared to 0°. In conditions where the background noise is symmetrically distributed around the midline, the advantage of lateral locations with respect to the midline for speech discrimination may arise from factors such as the “better-ear glimpsing” effect (Glyde et al., 2013), where information from the ear with better SNR is used to make sense of the speech. This difference in SNR across ears is partly underpinned by the head-shadow effect. Thus, this effect is likely to help to improve performance for speech sources that are away from the midline. ITDs are likely to contribute too, as they can be used to achieve binaural unmasking of the low-frequency portions of a signal (Hawley et al., 2004).

In spite of our data having the expected shape in terms of performance as a function of spatial location, there were some asymmetries, i.e., performance to the left and the right of the midline was sometimes significantly different. This trend is also apparent in loudspeaker data such as that reported by Bizley et al. (2015) and Ahnood (2017). It is possible that this is due to noise in the data arising from individual performance. This should be taken into account when interpreting clinical outcomes.

Overall, these results are encouraging and suggest that the use of this virtual implementation of the SSiN leads to similar patterns of responses to loudspeaker implementations. The next steps in the development of the prototype are to manipulate different parameters in order to achieve varying levels of difficulty. This is key to the clinical implementation of SSiN-VA, as the test is conceived as a flexible tool able to test a wide range of clinical populations with diverse spatial-listening skills.



Effect of the Signal-to-Noise Ratio on Each of the Tasks

Unlike previous work with the SSiN test, the effect of SNR on performance was measured. SNR had a strong effect on speech-discrimination performance, with each 3-dB increase in SNR leading to a significant improvement in word recognition. However, this effect should not be interpreted in isolation, as there was an interaction between SNR and word group (this will be discussed below). The impact of SNR on relative localization was lower, with a trend toward improving performance with increasing SNR, but where a 6-dB increase in SNR above the SRT led to significantly improved performance, a 3-dB increase did not. The greater impact of SNR on word recognition than on relative localization may have arisen from the fact that speech discrimination requires the audibility of specific parts of the two speech signals. There would have been instances where audibility was appropriate for detection but not for discrimination. Conversely, relative localization is still possible even if audibility is not enough for discrimination.



Effect of Word Group on Each of the Tasks

Contrary to Bizley et al. (2015), who reported that relative localization was better for the final-consonant group, no effect of word group on relative-localization performance was found. However, there was a trend in the same direction in our data which did not reach statistical significance. Bizley et al. (2015) proposed that the listener, knowing that the discrimination cue is at the end, has more time to listen for the localization cues before focusing on the discrimination cues.

There was a significant effect of word group for the word-discrimination task, also in contrast with the findings of Bizley et al. (2015). Here, the effect of word group on word discrimination can be largely accounted for by the much lower likelihood of a correct response for the final-consonant group at each SNR. The consonants in this group were plosive and fricative consonants, characterized by their predominantly high-frequency energy. These phonemes might be more vulnerable to being masked by the babble noise, depending on the babble level. For example, the relative amplitude of the formant transition F3 of the voiced fricative /z/ (as in “cheese”) with respect to the adjacent vowel is about −16.3 dB (Jongman et al., 2000). The other consonants in the final-consonant group were the voiceless stops /p/, /t/, /k/. These phonemes are characterized by a brief silence followed by a brief burst, which is an important discrimination cue (Kapoor and Allen, 2012). This burst would have been susceptible to being easily masked by the background babble. Additionally, initial consonants are typically more discriminable than final consonants due to their lower level and shorter duration, and due to the higher amount of information present in the consonant-vowel formant transition compared to the vowel-consonant transition (Redford and Diehl, 1999). There was also a difference between the initial-consonant group and the simple-vowel group which was only significant at the lowest SNR, so that at the SRT condition, correct word discrimination was less likely for the simple-vowel discrimination group than for the initial-consonant group. The interaction of SNR with word group suggests that the audibility of the cues played a role, as the simple-vowel-initial consonant difference was significant only at the lowest SNR.

In spite of the possible impact of these acoustic and perceptual differences across word groups, it cannot be ruled out that at least part of this effect was underpinned by deviations of the headphone frequency response from the free field response. This could explain the conflicting findings for the effect of word group on each of the tasks across this study and Bizley et al. (2015). The effect of the transducers will be investigated in future research, as it is necessary to be aware of any limitations imposed by the transducers before the test is generalized for clinical use.



Direction Bias

Unexpectedly, when the target word shifted to the right of the reference word, a correct relative-localization response was more likely. Ocklenburg et al. (2010) reported that participants carrying out a sound-localization task showed a bias toward the opposite side to the dominant hand when they pointed at the source of the sound using their hand or their head. Here, participants did not point at the source of the stimuli but used a computer interface where they had buttons to click on, labeled “left” and “right” (as shown in Figure 2). Participants were not asked whether they were right- or left-handed, but it is reasonable to assume that most of them would have been right-handed. It is difficult to compare across these studies because the nature of the localization task (absolute vs. relative localization) and the mode of giving a response differed. However, our results show an effect that appears to be in conflict with what was reported in the literature. Inspection of the individual data suggested that the bias was large for one subject and much smaller for others. Three subjects showed the opposite pattern (bias to the left) and three other subjects showed very small differences across shift directions.



Location of the Noise Sources

One of the possible parameters for adjustment in future versions of the test is the location of the noise sources. The location of the noise sources has an impact on the shape of the performance function, especially for word discrimination. This is evident from Figure 9, which compares the data collected here with Ahnood’s dataset. For Ahnood’s dataset, speech discrimination was strongly affected by the location of the noise, as speech discrimination is highest when the spatial separation between speech source and babble noise is maximized, and vice versa (Hirsh, 1950). Thus, Ahnood’s participants’ responses were expected to show greater differences across spatial locations compared to our participants as, in the case of the latter, symmetrical maskers were used. Our participants would have been more reliant on “glimpsing” (Glyde et al., 2013), i.e., on extracting information during short-term improvements in SNR which, with symmetrical maskers, will occur alternatively at one ear or the other (Brungart and Iyer, 2012). The differences in patterns of response across the datasets should be more evident for the comparison between word-discrimination functions than for the comparison between relative-localization functions, as localization performance is relatively independent from source-masker spatial separation. Figure 9 supports these predictions. Ahnood’s noise configuration was shown to lead to different patterns of responses for normal-hearing participants and cochlear-implant users (Ahnood, 2017). The potentially large separations between speech and babble source are better suited to test SRM but would have required us to increase the number of trials in our test. As the purpose of this work was to determine if the virtual implementation led to similar patterns of responses than the original loudspeaker implementation, a symmetric configuration was used, similarly to Bizley et al. (2015), although the number of sources was reduced. Having a symmetrical configuration allowed the use of a simpler design. Moving forward toward a clinical implementation of the test, a direct comparison of a loudspeaker setup and this virtual implementation using different noise configurations (symmetric and asymmetric) is due to be carried out.



Limitations of the Auralization Technique

Auralization using HRTFs that are not individualized may lead to inaccurate sound localization and issues with externalization (Stitt et al., 2019). Furthermore, some training might be needed in order to achieve performance at similar levels than with individualized HRTFs (Blum et al., 2004; Parseihian and Katz, 2012; Steadman et al., 2019; Stitt et al., 2019). HRTFs include a spectral component which is used for front-back judgments and localization along the vertical axis, and an interaural component given by the ITDs and ILDs. Here the size of the head of each participant was used to personalize ITDs. Stitt et al. (2019) found that, even when head-circumference-based ITDs are used, the localization performance error increases to 15.5°–19.4° from the 9.3°–12.5° measured from a control group using individual HRTFs. Parseihian and Katz (2012) reported an increase from 13°–16° to 17°–25° between a group with individualized HRTFs and groups with non-individualized HRTFs. Training using a VR videogame (Steadman et al., 2019) or providing proprioceptive feedback (Parseihian and Katz, 2012; Stitt et al., 2019) did not significantly improve lateral angle judgments. The relative-localization task performed here requires spatial discrimination with 30° resolution. As this is generally larger than the average errors encountered by these investigators, it is likely that performance would have been similar with individualized HRTFs. However, there may be individual cases where the introduced error makes it hard to give a relative-localization response. Informal feedback given by a few participants during the task was consistent with some front-back confusions and with reports of the two words originating from the same source. The impact of using non-individualized HRTFs with participants who have hearing loss should be investigated.



Limitations of the Study

A small sample size of 12 participants with normal hearing was used. This is similar to previous studies with loudspeakers (Bizley et al., 2015; Ahnood, 2017). Testing a larger sample of participants including examining the effects of age, hearing status, and co-existence of other disabilities on the user experience with virtual audio might be of interest in order to optimize SSiN-VA for a wide range of users.

Other limitations of the present study are that all data were collected with SSiN-VA and that no data were obtained with a loudspeaker setup, and that the existing dataset used for comparison was generated using a noise-location configuration different than that used here. As explained in the Results section, this should lead to some differences in the patterns of responses, especially for the speech-discrimination task. Further work with SSiN-VA will address this issue by directly comparing both setups using the same noise configuration.




CONCLUSION

The findings reported in this study support the use of virtual-audio to develop clinical-audiology applications to assess spatial listening skills. The SSiN-VA led to similar patterns of responses than SSiN for speech discrimination and relative localization as a function of the spatial location of the sound sources. This suggests that binaural spatialization has the potential to make a step change in the clinical testing of spatial hearing abilities, making it possible to inexpensively assess the benefits of different hearing devices, such as bilateral hearing aids, bilateral or bimodal cochlear implants, and devices used to help people with unilateral hearing loss or single-sided deafness. This approach also increases clinical efficiency because testing can be carried out in the home if necessary.

Simplifying the equipment and space requirements to conduct reliable tests that assess complex listening skills, including the development of home-testing versions, ultimately increases the equality of access to hearing care across geographical location and improves the quality of care, enhancing the experience of the patients and their families.
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Introduction: Hearing loss in adults has a pervasive impact on health and well-being. Its effects on everyday listening and communication can directly influence participation across multiple spheres of life. These impacts, however, remain poorly assessed within clinical settings. Whilst various tests and questionnaires that measure listening and communication abilities are available, there is a lack of consensus about which measures assess the factors that are most relevant to optimising auditory rehabilitation. This study aimed to map current measures used in published studies to evaluate listening skills needed for oral communication in adults with hearing loss.

Methods: A scoping review was conducted using systematic searches in Medline, EMBASE, Web of Science and Google Scholar to retrieve peer-reviewed articles that used one or more linguistic-based measure necessary to oral communication in adults with hearing loss. The range of measures identified and their frequency where charted in relation to auditory hierarchies, linguistic domains, health status domains, and associated neuropsychological and cognitive domains.

Results: 9121 articles were identified and 2579 articles that reported on 6714 discrete measures were included for further analysis. The predominant linguistic-based measure reported was word or sentence identification in quiet (65.9%). In contrast, discourse-based measures were used in 2.7% of the articles included. Of the included studies, 36.6% used a self-reported instrument purporting to measures of listening for communication. Consistent with previous studies, a large number of self-reported measures were identified (n = 139), but 60.4% of these measures were used in only one study and 80.7% were cited five times or fewer.

Discussion: Current measures used in published studies to assess listening abilities relevant to oral communication target a narrow set of domains. Concepts of communicative interaction have limited representation in current measurement. The lack of measurement consensus and heterogeneity amongst the assessments limit comparisons across studies. Furthermore, extracted measures rarely consider the broader linguistic, cognitive and interactive elements of communication. Consequently, existing measures may have limited clinical application if assessing the listening-related skills required for communication in daily life, as experienced by adults with hearing loss.

Keywords: listening, communication ability, hearing loss, adults, scoping review, outcome measure


INTRODUCTION

Communication forms the foundation of social interaction. For adults, communication is recognised as a critical component to adapting and adjusting to aging, essential to maintaining independence and personal relationships, performing social roles and functions, making decisions and having control over life quality (Heinrich et al., 2016). While language use and structure change across the life span, conversational skills are generally preserved in typically aging adults (Shadden, 1988). Aging, however, is associated with an increased prevalence of conditions that affect communication, of which hearing loss is the most prevalent (Wallhagen and Pettengill, 2008). The effect of impaired communication is linked to several aspects of social relationships and psychological well-being. For example, Palmer et al. (2019) demonstrated that communication impairment is an independent predictor for reduced social integration and participation, increased levels of loneliness and depression, and reduced social self-efficacy. Findings from this work are not isolated, Keidser et al. (2015) and Sung et al. (2016) emphasise the importance of communication as the conduit for social connection and its associated health and well-being impacts.

Oral communication is dynamic, spanning multiple interconnected domains of hearing, listening, language and cognition and is overlayed by contextual nuances that make up real-world communication. Listening experiences underpin the development and use of this dynamic complex (Nittrouer, 2002; Kuhl and Rivera-Gaxiola, 2008); hence, disruptions in listening caused by hearing loss can have broad impacts across this communication complex. The significant gap between traditional measures of hearing loss, such as hearing thresholds, and the pervasive expression of its effects across oral communication and social participation for an individual (Ambert-Dahan et al., 2018; Lin, 2020) fails to provide individuals (or their hearing healthcare professionals) with an understanding of one’s full communication capacity (Manchaiah, 2017).

For adults with hearing loss, listening and communication ability are rarely measured in the context they are experienced (Beechey et al., 2019). From a diagnostic and device fitting perspective, standards are principally and necessarily focused toward measures of hearing impairment that enable a comparable numeric representation of hearing acuity. Assessments such as audiometric threshold measures provide a sensitive and valid representation of changes within the auditory pathway. However, these measures are associated with the integrity of the peripheral auditory pathway, thereby separating hearing from its role as part of a complex brain network, one that both precedes and provides the basis for listening (Stewart and Arnold, 2018). Clinically, the limitations of hearing measurement are commonly addressed with the inclusion of speech audiometry, which requires the listener to repeat single words or brief sentences. While also sensitive to changes in auditory function, speech-based measures involve the engagement of components of the complex brain network of listening, such as attention and linguistic knowledge. It is therefore logical to infer that this type of assessment adequately reflects the requirements of listening for communication.

Effective communication relates to the complex and interwoven systems that enable adults to participate, ask and answer questions, comment and understand indirect and often abstract language. To achieve this, adults need to be competent across the linguistic, social, and cognitive complexes that define and constitute communication. Additionally, real-world processing of acoustic information is strongly influenced by environmental, linguistic, contextual and production (speaker) factors (Gifford and Revit, 2010; Klatte et al., 2010). These factors affect the interpretation of speech signals and require cognitive mechanisms to engage, compensate and resolve frequent ambiguity (Rönnberg et al., 2013; Guediche et al., 2014; Baskent et al., 2016). Understanding this relationship has become an increasingly important consideration in the field of hearing, as listeners vary significantly in their ability to understand speech in complex environments and traditional audiological assessment can only partly explain this variation (Pichora-Fuller, 2003; Anderson and Kraus, 2010; Rönnerg et al., 2016).

Defining listening function in terms of a dynamic communicative complex has broad implications for both the individual and clinical practice. A reductionist conceptualisation of listening focussed on hearing impairment not only limits our understanding of how listening is experienced for an individual but may also fail to demonstrate the impacts of hearing impairment as a social, health and economic priority (Deloitte Access Economics, 2017; World Health Organization, 2017). In general, clinical audiology services are increasingly aware of the need to adapt hearing evaluations toward a more person-centred ideal (Boisvert et al., 2017). Measures that fully explore and provide an understanding of an individual’s needs and prognosis in relation to different audiological interventions, however, seem to be lacking, which can affect the adoption and development of technology and rehabilitation programs (Rudner, 2016; Hughes et al., 2017).

The concern about the limitations of existing measures to adequately assess communication function in adults with hearing loss is not new (Cox et al., 2000; Moberly et al., 2018a). It is unclear, however, how knowledge of these limitations has influenced recent studies that assess functional abilities in adults with hearing loss. While self-report instruments have been identified as measures that could bridge assessment gaps (Rivera et al., 2019; Shao et al., 2020), the constructs of listening and communication do not appear to be well conceptualised within existing self-reported measures for adults with hearing loss. In view of this, this scoping review aimed to identify measures used in recently published studies to evaluate skills that are necessary for oral communication in adults with hearing loss, and to map these measures in relation to constructs of listening and communication to assess potential gaps or biases in measurement.



METHODOLOGY

This study used a systematic scoping review approach guided by the Preferred Reporting Items for Systematic Reviews and Meta-Analysis extension for Scoping Reviews [PRISMA-ScR; 22] (Tricco et al., 2018).


Eligibility Criteria

Published studies were included in this review if participants were adults (18 years and over) who reported or had been identified as having any hearing difficulty. The assessments used within the study had to meet the following criteria: 1) linguistic-based measurement relevant to oral communication, AND 2) behavioural or self-report measures of listening abilities, with listening ability defined as the conscious processing and response to an auditory stimulus. Cognitive assessments that included an auditory function element in the assessment of abilities [for example: Montreal Cognitive Assessment (MoCA)] were also included. Studies measuring vestibular function, tinnitus or hyperacusis (classified as additional symptoms as opposed to hearing or listening ability), device output measures, measures of hearing sensitivity only (e.g., detection thresholds), detection-based localisation, physiological or anatomical measures, and music-based measures that did not include a behavioural or self-reported linguistic measure of listening ability relevant to oral communication were excluded. To focus the review on listening assessments that were more likely to be used with hard-of-hearing adult participants, studies that included both paediatric and adult data were excluded as were studies with a sample size of fewer than ten hard-of-hearing adults.



Information Sources

A systematic search of databases [Medline (Ovid), EMBASE (Ovid), Web of Science Core Collection (Web of Science) and Google Scholar] was initially performed in September 2018 and repeated in December 2019. This combination of four databases was selected in accordance with Bramer et al. (2017) findings which demonstrated a retrieval performance of 98.3% for systematic searches using this combination. Search terms and strategy were devised and supported with the assistance of a research librarian at Macquarie University. Keyword and related MeSH terms relevant to ‘oral-communication’, ‘listening’ and ‘hearing’ were combined with terms associated with ‘hearing loss’ and ‘measurement’. The search strategy was limited by year of publication (2008-current) to focus on contemporary studies, and avoid duplication with a previous comprehensive systematic review of hearing outcome measures (Granberg et al., 2014). Publication language was limited to English; however, the assessment language was not restricted in the search criteria. The final search strategy applied with Medline (Ovid) is shown in Supplementary Material 1. The results of the searches were uploaded into the reference management software, Endnote X9.2 (Clarivate Analytics, Boston, MA, United States). Duplicates were removed and the remaining abstracts imported into Covidence (Covidence1) online systematic review management software. Deduplication was repeated in Covidence to ensure all duplicate records were removed prior to screening.



Selection of Sources of Evidence

The main author (KN) and two research assistants (RF, RK) were involved in the screening of studies against the eligibility criteria. Each study was independently screened by a minimum of two reviewers. An initial screening of titles and abstracts was conducted to remove records of studies that were out of scope for this review. Full-text screening was conducted for the remaining records. Excluded records were labelled with a reason for their exclusion. Reviewers flagged any study that did not clearly meet the inclusion or exclusion criteria. Reasons for ambiguity, such as studies that indicated audiological or functional assessment but did not specify the measurements used, were labelled accordingly and retained or removed following a discussion between the reviewers. Persistent discrepancies at all stages were managed in consultation with a third reviewer (IB), with final decisions regarding study inclusion or exclusion reached through consensus-based discussion. Because this review aimed to identify measures used within published studies, critical appraisal of the methodological quality of the included studies was not considered relevant to the aims of the review and not undertaken.



Data Charting Process

All eligible studies were charted independently by two members of the review team. Percentage agreement was used to determine inter-rater agreement and consistency. This was set as a minimum of 90% agreement, that is, 10% or less of charted items being categorised as a conflict (McHugh, 2012). Unclear or ambiguous information about measures used within a study was clarified by retrieving and reviewing the source measure (for example, the specific questionnaire used within a study).


Coding Framework and Data Items

Data charting focused on extracting details of the assessment measures used in each study and study-specific information. Charting of assessment measures began by using the study tags within Covidence, and the charting of items was further refined using Microsoft Excel (2020). A bespoke coding framework to support data-charting was developed and piloted with 300 studies before being refined. All piloted studies were rescreened by two reviewers (KN, RF) to ensure that the refined coding scheme captured the relevant components. The coding framework (Table 1) was designed to categorise measures as: (1) measures of linguistic constructs of functional listening relevant for communication; (2) self-report measures; and (3) cognitive measures.


TABLE 1. Coding framework to categorise each measure used within the included studies.

[image: Table 1]
For linguistic measures, key categories were derived initially based on a hierarchy of language unit components (i.e., from phonemes to discourse) and the level of auditory processing required (Estabrooks et al., 2020). Levels within the auditory hierarchy were defined as speech detection (the awareness of speech sounds), speech discrimination (the detection of changes in the acoustic stimuli), speech identification (the recognition of speech sounds, no semantic processing required; repetition of the stimuli), and speech comprehension (attaching meaning to the acoustic stimuli) (Erber, 1982; Thibodeau, 2007). Additional characteristics such as stimulus complexity (i.e., presented in quiet or in noise) were also extracted.

Charting of self-report measures identified hearing-specific measures as well as generic self-report measures that stated or implied the inclusion of auditory items relating to oral communication and functional language use. Charting included characteristics of the self-report measures such as single item, study-specific versus existing measure, and administration mode. Study-specific refers to measures that have been specifically developed or adapted (from existing formal assessment measures) for the purpose of a specific study. Formal measure describes previously published self-report assessments that are used within clinical studies and audiology clinics. All formal self-report measures where included irrespective of the extent of any psychometric evaluation of their measurement properties. When available, the target construct of study-specific measures [e.g., quality of life (QoL) or disability measurement] was extracted. For studies using published questionnaires, this information was reported based on the original description of the assessment, and classified into health status outcome domains. Health status domains reflect the status of individuals, in terms of conditions, functioning, and well-being. Categorisation into health status outcomes was derived from the principal description by the developers of respective measures, or from the description in the included studies from which the data was extracted (Barker et al., 2015; Madans and Webster, 2015). All accessible self-report measures, excluding study-specific measures, were sourced from the studies’ attached appendices, original development papers or through correspondence with authors, for the items (individual questions) of each measure to be extracted for further analysis.

Cognitive measures that included a functional auditory element were identified and coded according to the six neurocognitive domains specified in The Diagnostic and Statistical Manual of Mental Disorders (5th ed.; DSM-5; American Psychiatric Association, 2013). The six principal domains as stated in the DSM-5 are: complex attention, executive function, learning and memory, language, social cognition and perceptual-motor function. The methods sections of the included articles were used to clarify the targeted cognitive domains for any tests that could be administered in more than one way. For example, the digit span test can be used to assess either forward or backward recall, which relate to different neurocognitive domains. Cognitive screening tests, which typically assess multiple domains, and studies in which three or more domain-specific diagnostic measures were used were categorised as multi-domain measures (screening) or multi-domain measures (diagnostic) respectively. The code “Unspecified” was used when studies did not provide sufficient information to determine the cognitive domain associated with the measures used. Publication details (year of publication), assessment language (English or Non-English), the dataset country of origin, study sample size, and hearing devices used by participants were also charted.




Data Synthesis

Descriptive analyses were conducted to: (1) provide an overview of the types and frequency of measures used for the assessment of listening and communication in clinical studies; (2) determine if the representation of measurement types changed across time; and to (3) compare the content of assessments and their underlying constructs in comparison with broader constructs of functional listening and communication as described in the literature. Measures using speech-based stimuli were categorised according to: (1) a language unit hierarchy from the phonemic unit (minimal) to the discourse unit (maximal), and (2) an auditory hierarchy from speech detection (minimal) to comprehension (maximal). Division into these units was chosen to reflect the broad terms used to identify speech-based assessment material, the associated complexities related to appraising the details of the stimulus used (phoneme, word, sentence, discourse), and what was measured in relation to the task requested from the listener (imitation or comprehension). The distinction between imitation and comprehension, the targeted language unit and the auditory context (quiet/noise) represents different levels of listening complexity and engagement of cognitive mechanisms (Rodd et al., 2012; Moberly and Reed, 2019), factors key to determining the relationship of these measures to functional listening and communication. Data analyses and figures were prepared using a combination of Tableau Public (Tableau Public2) and Microsoft Excel (2020).




RESULTS


Included Studies

Details of search results and screening processes are shown in the Preferred Reporting Items for Systematic Reviews (PRISMA) diagram (Figure 1). From 16,069 records identified through the database and grey literature search, 6,948 duplicates were removed. The remaining 9,121 studies’ titles and abstracts were reviewed against the inclusion criteria. Of these, 6,273 studies were excluded. A full text screening of the 2,848 potentially eligible studies resulted in an additional 269 exclusions, leaving 2,579 studies which included adults with hearing difficulties and contained a linguistic measurement relevant to oral communication.
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FIGURE 1. Preferred Reporting Items of Systematic Reviews and Meta-Analyses (PRISMA) flow diagram (Moher et al., 2009).




Study Characteristics

Overall, the number of studies that met the inclusion criteria increased during the period assessed (see Figure 2). Data originated from 41 countries with the United States of America (n = 719 articles; 27.9%), the United Kingdom (n = 196 articles; 7.6%), and Netherlands (n = 172 articles; 6.7%) being the most represented. Two hundred and eighty-three studies (11.0%) presented data collected across multiple countries. Grouping by continent revealed that most publications originated from Europe (n = 1023, 39.7%) followed by the Americas (n = 928, 36.0%). Within the 2,579 included studies, 34.6% (n = 892) of the measures were presented in a language other than English. Participant numbers ranged from 10 (minimum specified in inclusion criteria) to 7,210,535. Most studies used a small number of participants with a group sample size of 10-25 participants accounting for 31.5% and 26–100 participants for 35.7% of studies, respectively. Larger population-based studies (n > 1000) were represented 10.1% of the included studies.
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FIGURE 2. Percentage of included articles by year of publication 2008–2019.




Characteristics of Measures Used Within the Included Studies

In total, 6,714 discrete assessment measures were extracted from the 2,579 included studies and charted in relation to the type of measure used (Figure 3) and their linguistic properties (Table 2). Detection-based responses [indicating the presence or absence of stimuli (tonal or other)] though not targeted for this review, were found in 74.7% of the included studies (n = 1927/2579).
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FIGURE 3. Percentage of assessment measures (total n = 6714) by category (vertical axis) identified in the included studies (n = 2579 studies). Charting categorisation details for specific measurement categories (Word/Sentence; Linguistic units; Self-report measures; and Cognitive measures) are presented in Table 2.



TABLE 2. A. Word and sentence measures by auditory hierarchy; B. Linguistic measures by linguistic domain; C. Self-report measures by health status domain; and D. Cognitive measures by neuropsychological cognitive domain. Word/sentence measures are depicted as a total group (Word/sentence) and by presentation in either quiet [Word/sentence (quiet)] or noise [Word/sentence (noise)]. Percentages exceed 100% due to multiple measures used within studies.
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Speech-Based Measures

The majority of studies (n = 2178/2579, 84.5%) included a word or sentence measure, which accounted for 32.4% (n = 6714) of the total measures identified. The most frequently used language unit was word or sentence identification presented in quiet (WSQ) (n = 1699/2579; 65.9%) followed by word or sentence identification in noise (WSN) (n = 1407/2579; 54.6%). Discourse-based measures, that extend beyond a single sentence and reflect the form and function of language in the social context, had the smallest representation with only 2.7% (n = 69/2579) of studies. One-hundred and fifty-nine studies (6.2%) used a phonemic (smallest language unit) measure. The phoneme-based measures were from studies that specifically stated the use of phonemes as an individual measure or directly reported on phonemic outcomes as a separate language unit derived from word or sentence stimuli. The upper part of Figure 3 illustrates the different categories of measures that used a speech-based stimuli.

When charting the word and sentence measures in relation to the auditory hierarchy (Table 2A), a high representation of speech recognition measures was found (n = 1968; 90.4%) in comparison to measures of speech comprehension (n = 72; 3.3%). Studies that used multiple levels of measurement, such as speech discrimination and speech comprehension, were categorised according to the highest auditory hierarchy level represented by the measures. Speech discrimination was used in 6.1% (n = 132) of the studies and only five studies (0.2%) used word or sentence stimuli as a speech detection task.

A few studies reported on linguistic measurement aspects complementary to, or as a related functional characterisation of, speech-based stimuli (n = 165/2579; 6.4%). Acceptable noise level judgement (ANLJ) tests that used speech material as the target stimuli were included in this grouping. Table 2B displays the other linguistic measures, found in 165 articles, categorised into their related linguistic domain. Suprasegmental features were assessed most often (35.8%; n = 59/165), including both non-tonal (28.5%; n = 47/165) and tonal languages (7.3%; n = 12/165). Paralinguistic cues (aspects of spoken communication that add emphasis and meaning but are not in words, such as gesture and body language, conversational proximity, mood) were assessed the least (9.7%, n = 16/165).



Cognitive Measures

Measures of cognition were found in 13.3% (n = 343) of all included studies (Table 2D). Eighty-seven studies (25.4%) used a cognitive measure that targeted a single cognitive domain. Multi-domain diagnostic cognitive measures were reported most commonly (n = 135/343; 39.4%), with screening measures (single measures that assess multiple cognitive domains) used in 33.5% studies (n = 115). The most frequently used cognitive screening measure was the Mini-Mental State Examination (MMSE) (Folstein et al., 1975; Lacritz and Hom, 1996). All reported cognitive measures were categorised into the target neurocognitive domains per the DSM-5. According to DSM-5 categorisation, 41.4% of studies (n = 142) included a specific measure of executive function (which encompasses planning, decision making, working memory, responding to feedback/error correction, overriding habits/inhibition and mental flexibility). Measures of complex attention (including evaluation of sustained attention, divided attention, selective attention and processing speed) were present in 30.0% (n = 103/343) of studies utilising cognitive measures. Measures of language were used in 20.4% of studies (n = 71/343) and measures of learning and memory in 14.6% (n = 50/343) of studies. Measures of social cognition (such as assessment of emotion and theory of mind) were limited, with 2.0% (n = 7/343) of studies reporting measures related to this DSM-5 domain. Six studies, labelled as “unspecified,” did not state the specific cognitive measure used or provided inadequate methodological information, preventing DSM-5 domain allocation during data charting.



Self-Report Measures

One or more self-report measures were used in 945 of all included studies (36.6%; n = 945/2579). Including all previously published self-report measures (study-specific questionnaires, as well as single-question self-report measures), a total of 1306 self-report measures were found across 945 studies. A total of 139 previously published self-report measures, classified as either condition-specific (76.9%; n = 107/139) or generic (23.0%; n = 32/139), were extracted and subsequently categorised in terms of health status outcomes, based on Barker et al. (2015), Madans and Webster (2015) (Table 2C). These domains included: (1) communication; (2) device benefit; (3) disability; (4) health; (5) physiological; (6) psychological; (7) quality of life, and (8) other. As ambiguity exists in relation to definitions for constructs such as disability and quality of life, a number of self-report measures were found to cover multiple constructs. Detailed discussion relating to this issue is beyond the scope of this review but interested readers can refer to Eyssen et al. (2011), Milton (2013) for more information. For this review, disability was used as an umbrella term to encompass impairments, activity limitations, and participation restrictions as linked constructs (World Health Organization, 2001).

Condition-specific (auditory) disability represented 31.2% (n = 408/1306) of self-report measures, followed by measures of device benefit (21.2%; n = 277/1306). Measures targetting communication as the primary construct accounted for 1.3% (n = 18/1306) of the self-report measures used. Over 70% (n = 664/945) of studies used a single self-report measure, 20.0% (n = 189/945) used two self-report measures, 7.1% (n = 68/945) three self-report measures, 2.0% (n = 19/945) four self-report measures, and 0.4% (n = 4/945) used four or more self-report measures. Of the formal self-report measures identified across studies, the majority n = 84/139 (60.4%) were used in a single study. In total, 80.5% (n = 112/139) of formal measures were cited five times or fewer, indicating a lack of consistency in the selection of self-report measures in clinical studies. Measures designed explicitly for a study (i.e., study-specific) were the self-reported measures used in most studies (n = 315/945; 33.3%). The most frequently used psychometrically validated measures were the Speech, Spatial and Qualities of hearing (SSQ) scale (Gatehouse and Noble, 2004), the Abbreviated Profile of Hearing Aid Benefit [APHAB; (Cox and Alexander, 1995)] and the Hearing Handicap Inventory for the Elderly [HHIE; (Ventry and Weinstein, 1982)].



Representation of Assessment Measures Within Individual Studies

To assess whether the makeup of communication-relevant measures used in published studies had changed over time, the number of measures, categorised by measurement type, used in studies per year was graphed (Figure 4). While the total number of publications increased over time (Figure 2), the distribution of measures by measure type remained relatively consistent. Word and sentence measures, specifically measures in quiet, were the most frequently used assessment measure each year. When measures were grouped by measurement type, comparison of measures across years demonstrated the relatively narrow range of variability within groupings. There was less than ten percent variation between the lowest and highest percentage of measurement group by type for all categories. The exception was word and sentence measures in noise (WSN) which varied from 47.5% to 66.5%. The limited variation found in the representation of cognitive measurement across years was unexpected. The recent developments in the field of cognitive hearing science, which highlights the intrinsic role of cognition in listening (Arlinger et al., 2009; Lunner et al., 2020), and the publication of studies that showed a relationship between hearing loss and neurocognitive disorders such as dementia (Lin et al., 2011; Livingston et al., 2017), would intuitively have promoted an increase in the use of cognitive measures. The data extracted in this review suggests, however, that there was a proportional increase in the use of all types of measures relevant to listening and communication. Articles published in 2019 had the highest percentage of self-report measures with 42.8% (n = 127/297) of included studies using some form of self-report. Discourse measures were the most infrequently used form of measurement (range = 0.8% – 5.6%) across publication years.


[image: image]

FIGURE 4. Assessment measure, linguistic categories by year of publication. Total percentages exceed 100% due to multiple measures used within studies.





DISCUSSION

This scoping review identified and examined measures used within recently published studies to evaluate listening skills for oral communication in adults with hearing loss. In particular, using a linguistic perspective, the review provides a useful categorisation system to evaluate the capacity for existing measures to represent everyday communication as experienced by adults with hearing loss. Results from this review suggest that measures used to assess listening abilities target a narrow set of domains, limited predominantly to measures of speech detection and recognition at the word or sentence level, and that preferences for outcome measure selection have remained relatively constant for the last decade. Furthermore, despite these measurement preferences, there remains a lack of consensus within published studies regarding the selection of measures that target the complexities of listening and communication. The persistent focus on detection-based measures and the limited use of measures assessing complex/higher-level listening abilities suggests that current measures may not be evaluating those listening constructs of most relevance to adults with hearing loss when they are listening in the communication situations of everyday life.


Measurement Bias – The Prevalence of Detection Measures

The prevalence of detection-based measures in the included articles points to a focus within outcome studies to undertake measurement at the level of impairment (i.e., hearing) and not at the level of disability or handicap (World Health Organization, 2001). These findings suggest that within published studies, assessment of hearing is conceptualised as an isolable function that is independent or disconnected from its role in listening and communication (Manchaiah et al., 2019). While detection-based measures are valuable for classifying hearing levels, they provide limited information about functional listening ability in communicative contexts. Evidence indicates that detection-based measures do not provide information beyond hearing sensitivity (Engdahl et al., 2013; Fredriksson et al., 2016; Musiek, 2017; Phatak et al., 2019). For example, two listeners with the same audiometric thresholds can have different speech-in-noise performance (Gifford et al., 2007), and many individuals report significant hearing difficulties that are not reflected in hearing threshold measurement (Füllgrabe et al., 2015; Bakay et al., 2018; Barbee et al., 2018; Vermiglio et al., 2018). In contrast, a large study exploring access barriers to hearing intervention in older adults, found that 40% of adults with audiometrically measurable hearing loss did not report a hearing difficulty (Sawyer et al., 2020). The review findings indicate that, despite these well-evidenced shortcomings, measurement at the level of detection continues to be the dominant assessment measure reported in published studies of adults with hearing loss.



Measurement and Language Units

Beyond detection, measures using words or sentences as stimuli were the measures most frequently identified in this review. This finding is consistent with an earlier systematic review of outcome measures in hearing loss in which word-level speech recognition measures with and without noise comprised the largest measurement group (Granberg et al., 2014). The high representation of word and sentence measures found in this review was expected as words or sentences represent the primary language unit to which contextual, linguistic and cognitive modifications are applied. The high prevalence of word and sentence-based measures has also been reported in a scoping review of outcome measures used to assess adults with cochlear implants (Boisvert et al., 2020).

The high proportion of word or sentence measures identified in this review is problematic, however, because, similar to detection-based measures, limitations also exist when using word and sentence stimuli, particularly in quiet conditions. For example, word and sentence stimuli administered in a quiet environment are prone to ceiling effects, correlate poorly with reports of listening abilities, and have low ecological validity (Firszt et al., 2004; Best et al., 2016b; Musiek, 2017). For example, a study appraising speech perception protocols for cochlear implant users demonstrated that, when tested in quiet, 28% (n = 206) of participants achieved the maximum score of 100% (Gifford et al., 2008). While measures of speech perception are expected to correlate with each other, this study also found poor agreement between scores achieved in quiet and those achieved in noise for both monosyllables and sentences. Individual performance in quiet was not predictive of performance when measures used speech-based material in noise. Perhaps more significant from a functional perspective, difficulty listening in noise, not in quiet, is one of the most frequently reported auditory symptoms and a defining feature of adult hearing loss (Arlinger, 2009; Hughes et al., 2018; Pang et al., 2019).



Language Units and Auditory Context

Attempts to address measurement limitations when using word and sentence in quiet stimuli frequently involves changes to the stimulus complexity (Klatte et al., 2010). Within this scoping review, noise was the most frequent modifier of word or sentence complexity. When viewed in relation to the challenges associated with listening in noise as reported by adults with hearing loss (Arlinger, 2009), the extensive use of words and sentences in noise measures have high face validity. The inclusion of noise in word and sentence-based measures has been found to: (1) contribute to a higher degree of diagnostic accuracy for the challenges of listening in noise (Vermiglio et al., 2018); (2) minimise ceiling effects associated with assessment of word and sentence recognition undertaken in quiet (Gifford and Revit, 2010); and (3) involve the engagement of additional cognitive mechanisms required to interpret degraded auditory input (Hwang et al., 2017). Therefore, changing stimulus complexity through the addition of noise may be a more realistic assessment of hearing and listening ability. There are, however, other considerations that may influence the representativeness of these measures. For instance, despite the preservation of some characteristics, the artificial noise generated as part of clinical testing protocols has little in common with the dynamic and reverberant acoustic environments encountered in everyday life (Weisser and Buchholz, 2019). Behaviours related to communicating in noise, such as speaker volume and physical proximity adaptations, are similarly not accounted for in existing measures. The adaptative behaviours of speakers assist with managing communication in varying noise levels and, therefore, may affect an individual’s varying capacity for communication in these environments (Beechey et al., 2019). The preference for the addition of noise to create representative measurement in the included studies suggests a reductive approach to measurement that does not account for the impact and importance of cognitive and higher-level linguistic factors on interpersonal communication.



Measurement Units and Communication

Current outcome measures use language unit boundaries (phoneme, word and sentence) to create discrete independent measurement units. Attempting to represent communication via these unit boundaries implies that these independent units are present and measurable in continuous speech streams. However, natural speech and language is not easily divisible into distinct, and seamlessly recognisable components (Walsh, 2011). The imperfections, deletions and ill-defined boundaries that are present in spontaneous communication, provide rich information used to contextualise and clarify spoken communication between communication partners (Podlubny et al., 2018). Dysfluencies, prosodic shifts and fillers support natural conversation, acting as recognisable markers in speech to signify the need for repetition or request for clarification between speakers (Corley and Stewart, 2008). These features are supportive communicative tactics, but current unit-based (phoneme, word and sentence) measures, either do not represent these features, or classify them as inaccurate responses that are scored accordingly, contrary to their supportive communicative function. From this perspective, reductive unit measures, such as phonemes, words and sentences, lack the dynamic and multimodal elements that define interactive communication as experienced by a listener in the real world.



Auditory Hierarchy and Comprehension

Charting word and sentence measures in relation to the auditory hierarchy demonstrated the disproportionate representation of measures considered to assess speech recognition. Classification within the auditory hierarchy is valuable when considering the capacity of speech perception measures to characterise listening and communication ability. As a measure of auditory ability, speech recognition measures, which are typically based on clients repeating the individual items they hear, require limited linguistic prosessing and do not represent comprehension of the presented stimuli. Auditory comprehension, extracting meaning from auditory input, is crucial for oral communication competence. Extracting meaning from words and sentences changes the speech paradigm to engage a variety of linguistic (e.g., lexical, syntactic and phonological) and cognitive (e.g., working memory, attention, processing speed) mechanisms (Macdonald, 2017). The changes in load and task associated with comprehension enable more direct measurement of higher-level speech processes that are central to functional communication. Comprehension measures in this review sought to clarify these mechanisms relative to hearing loss and included, for example: processing structurally complex sentences and degraded speech (Carroll et al., 2016); neural activation in speech understanding (Zhou et al., 2018); suitability of dynamic speech materials to capture features specific to conversation (Best et al., 2016a); and the influence of syntactic form on plausibility (Amichetti et al., 2016). Interestingly, studies comparing measures of recognition and comprehension suggest that existing comprehension paradigms in the assessment of listening may be inadequate (Best et al., 2018).

The complex and continuous process of auditory comprehension in the listening situations of daily life is reliant on mechanisms that enable accurate interpretation of dynamic inferential and contextual information (Doedens and Meteyard, 2019), as well as socio-cognitive contributions such as theory of mind and self-regulation (Worthington, 2018). Without representation of these dynamic and dependent elements, measures of auditory comprehension may have a reduced capacity to represent real world communication ability. Similarly, and as suggested by the findings of this scoping review, the continued preference for studies to utilise measures of speech recognition, maintains a focus on reductive instruments that are unable to measure the complex processes of auditory comprehension and its contribution to day-to-day communication.



Cognitive Assessment Measures

The operationalisation of listening and communication is dependent on cognition (Wolvin and Wiley, 2010). Cognitive mechanisms are required to attend to, make sense of, and remember auditory information – the prerequisite functions of listening and communication (Rost, 2016). Measures of cognition are therefore relevant to understanding the processing and individual expression of listening and communication (Lunner et al., 2009). For example, a recent study using a hearing-impairment simulation demonstrated that hearing loss does indeed impact cognitive-test performance, and this is not only due to reduced audibility (Füllgrabe, 2020). The studies identified in this review used measures of cognition for a variety of purposes: (1) to understand relationships between cognitive domains and listening (Amichetti et al., 2013; Ferguson and Henshaw, 2015; Keidser et al., 2016); (2) to account for variance in listening ability that is not identified within standard audiological measures (Kronenberger et al., 2014; Kaandorp et al., 2017; Moberly et al., 2018b); (3) as an indicator of neurocognitive function (Gates et al., 2008; Wong et al., 2014; Dawes et al., 2015); and (4) to determine if targetting cognition assists with rehabilitation (Pichora-Fuller and Levitt, 2012; Castiglione et al., 2016; Nkyekyer et al., 2018). As with language and communication, measurement of cognition as a separate and discrete function is complex. The included studies have addressed this complexity with multi-domain diagnostic assessments aimed at clarifying how cognitive ability is impacted by hearing loss (Mosnier et al., 2015; Claes et al., 2018). While studies that included domain-specific and multi-domain cognitive assessments are driving our understanding of cognition in relation to listening, language, and hearing loss (Rönnberg et al., 2019), they are underrepresented in this review. A significant proportion of studies exploring cognition used screening measures, which have noted limitations as the primary form of assessment. Raymond et al. (2020) systematic review of cognitive screening with adults with post-lingual hearing loss confirmed the frequent use of screening assessments such as the MMSE and the Montreal Cognitive Assessment (MoCA), both of which are reliant on auditory components. The authors note that based on the available evidence, these auditory components may have a deleterious effect on scores for adults with hearing loss. Therefore, poor performance may be an indication of poor cognition, poor audibility for instruction, or increased effort for listening, which is known to impact working memory and recall (Wayne et al., 2016). Adaptations to screening measures to adjust for auditory components have also proven problematic, as the removal and modification of items can directly influence the pass/fail status (sensitivity) (Parada et al., 2020) and these modifications may not yet have been formally validated (Dawes et al., 2019; Raymond et al., 2020).

Classification of the extracted outcome measures into linguistic categories indicated that standard measures used to assess hearing and listening were not designed to assess basic information-processing operations of listening and communication. In regard to functional communication, product or output measures, such as speech perception, may misrepresent the experience of listening with hearing loss by ignoring the cognitive involvement required in the task (Moberly et al., 2018a). Consequently, currently available outcome measures do not capture the functional variability that is evidenced in adults with hearing loss. The measures most frequently used in the included studies did not appear to capture the cognitive involvement required to attend to and process speech information or the effort intrinsic in communication adaptation and compensation (Hughes et al., 2017; Peelle, 2018). These measures also do not reflect what listening and communication mean for the individual driven by the motivation and need for social connectedness (Hughes et al., 2018).



Self-Report Measures

The self-report measures included in this review were described in relation to health status outcomes and the number of times each measure was cited in clinical studies. Consistent with previous reviews of self-report in hearing loss, a large number of self-report measures were identified (Granberg et al., 2014; Akeroyd et al., 2015). Outcomes from these reviews showed that the majority of measures were not used repeatedly in clinical studies (Granberg et al., 2014; Akeroyd et al., 2015; Barker et al., 2015). The complications of many different self-report measures used infrequently across studies are compounded by the large number of studies that used a bespoke, or study-specific, self-report measure. This lack of consistency has the potential to constrain cross-study comparison and prevent data aggregation, limiting the use of data beyond an individual study. The pervasive impact of hearing loss may account for the diversity of targeted health status domains in self-reports. This diverse representation (e.g., disability, device benefit, QoL) may provide some explanation as to why so many self-report measures have been developed (Vas et al., 2017). Similarly, it may also reflect the inability of current measures to address the targeted health domains effectively (Barker et al., 2017). The volume and prevalence of self-report measures, however, suggests that criteria for selecting an appropriate measure is not evident, and currently no single standard measure is widely adopted in clinical studies (Akeroyd et al., 2015).



Study Limitations

There were a number of limitations associated with this review. Despite the use of a comprehensive search strategy, it is possible that some studies were not included due to abstracts not indicating the use of linguistic-based measurement. Studies published in languages other than English that did not have an accompanying translation were not considered. As such, a language bias is present in this review. Excluding studies with sample sizes smaller than ten subjects potentially limited the extraction of all relevant measures. In addition to language, potential country specific bias may also reflect the legislative and policy contexts that mandate the inclusion of particular measures for use in the included studies. The high number of studies and broad country representation helped to address these biases. From a semantic and cognitive perspective, the terminology used to define measure types was indistinctive. Without clarification into levels within the auditory hierarchy, categorisation based on the level of speech processing assessed by the measure was not possible. Using linguistic categorisation to chart the extracted outcome measures presented limitations related to exploring language and communication from a compartmentalised perspective (Walsh, 2011). Given that functional communication encompasses components across multiple domains of the communication complex, utilisation of a theoretical framework may lead to reductionist conceptualisations of communication with hearing loss. Recognising this limitation of current conceptualisations of functional communication may help us understand why current measurement limitations exist. Finally, the allocation of self-report measures according to health domains may not accurately reflect the intended content of a measure’s items. Manchaiah et al. (2019) study on content validity and readability in self-report measures of hearing disability demonstrated substantial variability in domain measurement. For example, measures were described as measures of disability; however, item analysis indicated the targetting of a number of additional constructs. The findings of this review, supported by Manchaiah et al. (2019) study lend support to the assertation that, without a rigorous evaluation of a measure’s content validity, it may not be possible to understand fully the conceptual coverage provided by a measure’s items (Terwee et al., 2018).



Implications for Clinical Practice and Future Research Directions

This review outlines limitations in measures of listening and communication when these are viewed from a functional perspective. Findings from this review provide a reference to describe how outcome measures relate to the components of functional listening in daily life. This information could be used in clinical practice and research to provide a more nuanced evaluation of the listening abilities of adults with hearing loss. The reductive approach to measurement described in this review may account for the contrast between what is measured and the priorities and perspectives of adults living with hearing loss (Sawyer et al., 2020). The review findings may also assist in addressing the possible disconnect between people’s understanding of hearing loss and its relationship to communication. While this work provides insight into the potential domains that may be relevant for measurement of functional communication, additional investigation is required to match these theoretical foundations to the communication experiences of adults with hearing loss. For example, qualitative approaches, when applied to understanding functional communication from the perspective of deaf and hard-of-hearing adults, may identify missing links within the listening and communication complex or provide insight into the weighting of different domains and items within that complex. Consultation with stakeholder groups, including adults with hearing loss and clinicians, to corroborate and extend the review findings could provide valuable insights on their usefulness leading to recommendations for policy and practice. This information could then inform the development and selection of outcome measures that better align to the lived experience of adults with hearing loss. Future work is required to evaluate the psychometric properties (the validity and reliability) of new and existing outcome measures in line with the target construct to be measured and the proposed context of use. Further work must also consider the costs (e.g., time, equipment and training required) in comparison to the benefits of selecting and implementing specific outcome measures within clinical or research contexts.




CONCLUSION

Real-life communication is quick, responsive, dynamic, continuous and unpredictable. To be an effective communicator we need not only language, but the ability to incorporate and understand language in the context of others and the complexity that they bring with them. Listening is the foundation of oral communication, but there is currently no consensus on how to best represent and measure the complexities of everyday listening for communication in audiological clinical practice. By categorising the included outcome measures in terms of the complexity of the stimuli used, the participant’s response required for the task, as well as the domains targeted within self-reports and cognitive measures that are relevant for listening, this scoping review highlighted both the reductive approach to measurement and the large and heterogenous pool of assessments available to measure functional listening in adults with hearing loss. Without consideration of the broader linguistic, cognitive and interactive elements of communication, measures cannot adequately capture the complex way adults with hearing loss experience listening for communication. To effectively represent functional listening, it will be necessary to expand how audiological measurement is conceptualised and undertaken to ensure functional listening for communication is measured in the context in which it is experienced and from the perspective of those who experience it.
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Laboratory and clinical-based assessments of speech intelligibility must evolve to better predict real-world speech intelligibility. One way of approaching this goal is to develop speech intelligibility tasks that are more representative of everyday speech communication outside the laboratory. Here, we evaluate speech intelligibility using both a standard sentence recall task based on clear, read speech (BKB sentences), and a sentence recall task consisting of spontaneously produced speech excised from conversations which took place in realistic background noises (ECO-SiN sentences). The sentences were embedded at natural speaking levels in six realistic background noises that differed in their overall level, which resulted in a range of fixed signal-to-noise ratios. Ten young, normal hearing participants took part in the study, along with 20 older participants with a range of levels of hearing loss who were tested with and without hearing-aid amplification. We found that scores were driven by hearing loss and the characteristics of the background noise, as expected, but also strongly by the speech materials. Scores obtained with the more realistic sentences were generally lower than those obtained with the standard sentences, which reduced ceiling effects for the majority of environments/listeners (but introduced floor effects in some cases). Because ceiling and floor effects limit the potential for observing changes in performance, benefits of amplification were highly dependent on the speech materials for a given background noise and participant group. Overall, the more realistic speech task offered a better dynamic range for capturing individual performance and hearing-aid benefit across the range of real-world environments we examined.
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INTRODUCTION

Among the primary functions of speech-in-noise testing are the prediction of speech intelligibility and device benefit outside the clinic or laboratory conditions in which testing is conducted. However, numerous studies have identified discrepancies between the results of speech testing and self-reported speech understanding and device benefit in everyday settings (Working Group on Speech Understanding, Committee on Hearing, Bioacoustics, and Biomechanics, 1988; Cord et al., 2004; Walden and Walden, 2004; Pronk et al., 2018; Wu et al., 2019). For example, using the Hearing in Noise Test (HINT; Nilsson et al., 1994), Cord et al. (2004) found that benefit from directional microphones measured in the laboratory was not predictive of perceived benefit outside the laboratory. Using the same speech test, Wu et al. (2019) found benefits of directional microphones and digital noise reduction but found no such benefits using self-report scales. Similarly, Walden and Walden (2004) found a lack of evidence for any relationship between aided or unaided QuickSIN (Killion et al., 1998) results and subjective ratings of hearing aid benefit once age was taken into account. Speech tests appear to be particularly prone to overestimating real-world outcomes, often showing overly high word recognition scores at rather low (negative) signal-to-noise (SNR) ratios. Such over-estimation is problematic because it can mask the need for further rehabilitation or device optimization and can also disguise rehabilitation and device benefits through ceiling effects. That is, overestimation of speech intelligibility can both underplay and overplay the benefit of interventions. A related problem arises when measuring the speech reception threshold (SRT), in which the SNR is adapted to reach a certain performance point (e.g., 50% correct word identification). Even though the SRT is widely used in clinics, as it is quick and avoids floor and ceiling effects, it results in rather arbitrary test SNRs that are driven by the listener’s performance rather than by real-world SNRs.

Overestimation of real-world performance has led researchers to identify the need for more challenging speech tests (Wackym et al., 2007; Gifford et al., 2008). However, common strategies that may be used to increase the difficulty of speech tests tend to result in speech test materials that are less, rather than more, representative of everyday speech signals. For example, testing at highly negative SNRs increases test difficulty but does not reflect conditions in which people usually need to understand speech, or conditions to which hearing aid features such as compression or adaptive beamforming are best suited or are most likely to be in operation. Word or syllable recognition tasks are more challenging than sentence tests (see for example Olsen et al., 1997) but do not provide the many levels of context normally available to the listener. And, speech tests that are paired with concurrent tasks, such as memorization, are more challenging than singleton tasks but do not closely reflect the cognitive load of everyday speech perception, such as procedural memory demands (Caplan, 2016). It is therefore unlikely that making speech tests more difficult in ways that serve to make speech materials less similar to natural speech signals will provide greater external validity or more accurate real-world predictions.

To create speech tests which can provide more generalizable results it is necessary to account for the cause of overestimation of real-world performance, rather than finding arbitrary ways to make speech tests more challenging. A potential cause can be seen if we consider the differences in perceptual cues provided to listeners by clear speech of the type employed in speech test materials, and conversational speech that is frequently encountered in daily life. Like any complex signal originating in the environment, speech signals consist of multiple redundant cues (Brunswik, 1955). These cues are in a probabilistic, rather than a deterministic, relationship with perceptual targets such as articulated speech features or segments (Blumstein and Stevens, 1981; Heald et al., 2016). Speech tests may overestimate real-world speech perception abilities because speech test materials provide much more robust or reliable segmental cues than are available in conversational speech (Payton et al., 1994; Ferguson and Kewley-Port, 2002; Ferguson, 2012; Ferguson and Quene, 2014). In contrast to clear speech, spontaneous, conversational speech is characterized by high rates of phonetic reduction (Johnson, 2004; Ernestus et al., 2015; Tucker and Ernestus, 2016) and relatively high and variable articulation rates (Miller et al., 1984). For example, excised portions of conversational speech are often unintelligible in isolation (Pollack and Pickett, 1963; Winitz and LaRiviere, 1979), indicating that to understand conversational speech, listeners cannot rely on segmental cues to the extent possible when listening to clear speech. As a result, clear speech of the type employed in speech test materials is more intelligible than conversational speech (Krause and Braida, 2004) but less representative.

By this logic, one approach to improving the predictive capabilities of speech testing is to incorporate features of conversational speech, such as phonetic reductions and realistic speech rates, into the test materials. Including features found in conversational speech has the dual benefit of increasing both the difficulty and realism of speech tests. We recently took this approach in developing the Everyday COnversational Sentences in Noise (ECO-SiN) test (Miles et al., 2020). The ECO-SiN materials were derived from interlocutors conversing in different kinds of realistic background noise, presented via open headphones. This naturally led to variations in vocal effort (e.g., Lombard speech; Lombard, 1911) as well as other accommodations in speaking rate and style (Cooke et al., 2014; Beechey et al., 2018). As a result, when ECO-SiN speech is presented in the noise in which it was produced, it sounds natural and avoids mismatches in level and spectra that listeners are sensitive to Hendrikse et al. (2019).

Our expectation is that the naturalistic aspects inherent to the ECO-SiN sentences will make them less intelligible than clearly articulated sentences typical of existing speech tests. However, at the same time, their vocal effort is appropriate for situations involving background noise, which should enhance the SNR at mid to high frequencies (Badajoz-Davila and Buchholz, 2021). The potential speech intelligibility benefit provided by this SNR boost may interact with the hearing status of the listener if hearing loss restricts access to the additional speech information due to limited audibility, temporal fine structure processing, or spatial processing (e.g., Rana and Buchholz, 2018). It is unclear how the combined effect of these different aspects of realistic effortful speech will affect intelligibility, particularly in realistic noise, and how this may interact with hearing loss and non-linear amplification provided by hearing aids.

To better understand the effect of using more realistic speech materials on hearing outcomes, we directly compared the intelligibility of the highly realistic ECO-SiN sentences to that of more traditional sentences when each were presented in six different realistic background noises. The speech and noise signals were presented at their realistic (fixed) levels (and thus SNRs) and performance was quantified by the percentage of words correctly recognized. Our evaluation included young listeners with normal hearing as well as older listeners with hearing loss, who are ultimately the target population for new and more effective approaches to speech testing. Listeners with hearing loss were assessed unaided and aided to also determine the effect of hearing-aid amplification on speech scores. The outcomes of this exploratory study are intended to highlight the advantages (and possible disadvantages) of increasing the realism of the speech materials in the assessment of speech perception in realistic background noise.



MATERIALS AND METHODS


Participants

Ten young adults with normal hearing (NH) and 20 older adults with hearing loss were recruited as part of a larger study. All participants reported that they were native Australian-English speakers and had no known cognitive or neurological problems. The NH group had audiometric thresholds below 20 dB HL at all audiometric frequencies between 250 and 8,000 Hz. The requisites for admission into the group with hearing loss were symmetrical sensorineural hearing loss with no more than one audiometric pure-tone threshold differing by more than 10 dB between the ears. Four frequency (0.5, 1, 2, and 4 kHz) average hearing loss (4FAHL) was calculated for each individual, and participant groups were established based on the following criterion according to Clark (1981): mild (20 dB HL ≤ 4FAHL < 40 dB HL); moderate (40 dB HL ≤ 4FAHL < 55 dB HL), and moderate-severe (55 dB HL ≤ 4FAHL < 70 dB HL) hearing loss. For those with mild losses, we used the less fine-grained distinction between slight and mild classifications, as per Jerger and Jerger (1980). This grouping was employed as it is how the on-site audiology clinic categorized patients, and as such, how our recruitment efforts were structured. Descriptive statistics of the participants are summarized in Table 1. Using multiple two-sample t-tests found no significant differences in age between the three groups with hearing loss (p > 0.1) but showed that 4FAHLs were significantly different (p < 0.05 using Bonferroni corrections). Figure 1 (left panel) illustrates the individual audiograms (thin lines, averaged across the ears) and the group averages (thick lines) for each of the groups with hearing loss (mild, moderate, and moderate-severe) along with the individual 4FAHLs (right panel). Participants received monetary gratuity for participating in the study. The study was approved by the Macquarie University Human Research Ethics Committee.


TABLE 1. Descriptive statistics of the 10 NH participants and 20 participants with hearing loss.
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FIGURE 1. Pure-tone audiograms of the participants with hearing loss averaged across ears (left panel) and their corresponding 4FAHL (right panel). The thin lines in the left panel refer to the individual audiograms and the thick lines with symbols to the audiograms averaged within groups.




Sentence Materials

The realistic sentence materials were drawn from the ECO-SiN corpus (cf. Miles et al., 2020). The ECO-SiN corpus comprises 192 naturally spoken sentences, in which four lists of 16 sentences were spoken with three different vocal efforts. The average sentence length is 6.3 words, and an example sentence is “That discovery was like really interesting for me.” In brief, the sentences were extracted from two people engaging in unscripted conversation while they listened to three different realistic background noises from the ARTE database (Weisser et al., 2019b); a church, an indoor café, a busy food court (see Table 2) via highly open headphones. The background noises were selected based on the conversational speech levels determined by Weisser and Buchholz (2019). The resultant speech levels corresponded to normal, raised, and loud vocal efforts as described in ANSI-S3.5. (1997). All ECO-SiN sentences presented here were spoken by one Australian-English speaking female talker. The female talker was chosen (as opposed to the other male talker of the ECO-SiN corpus) to provide the best point of comparison with the reference sentences (see below) which are spoken by a female talker.


TABLE 2. Details of the realistic environments and speech materials.
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The more traditional (reference) materials were drawn from a corpus of “BKB-like” sentences created by the Cooperative Research Centre for Cochlear implant and Hearing Aid Innovation (CRC HEAR). These sentences are similar to the original BKB sentences (Bench et al., 1979), however, the BKB-like corpus contains more sentences and was recorded with an Australian-English speaking female. The corpus has 80 lists in total, with each list consisting of 16 sentences. The average sentence length is 4.9 words and a n example sentence is “The clown had a funny face.” The scripted and clearly spoken sentences were produced in a sound-attenuated booth with the intention of being easily understood by 5-year-old children. The average spectrum of the BKB-like sentences is normalized to match the long-term average speech spectrum (LTASS) described by Byrne et al. (1994). The BKB-like sentences (hereafter referred to as BKB sentences) are widely used in research laboratories (e.g., see Dawson et al., 2013; Rana and Buchholz, 2016; Bentsen et al., 2019) and hearing clinics throughout Australia and were therefore considered here as an appropriate reference material.

The average spectrum of the speech materials is shown in Figure 2 (left panel) for the BKB sentences (black stars) and the ECO-SiN sentences, separately for the normal (blue squares), raised (magenta diamonds), and loud (red circles) vocal effort. The spectra were derived in 3rd-octave bands for an unweighted RMS level of 65 dB SPL and averaged across all available sentences (i.e., the 1,280 sentences of the BKB material and the 64 sentences for each effort level of the ECO-SiN material). Compared to the BKB sentences, the ECO-SiN sentences provide a significant energy boost at mid-frequencies between 800 and 4,000 Hz, which further increases with increasing vocal effort level.
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FIGURE 2. Third-octave spectrum (left panel) and modulation spectrum (right panel) for the different speech materials and effort levels at an average broadband level of 65 dB SPL.


The corresponding temporal modulation spectra of the different speech materials are shown in the right panel of Figure 2. The modulation spectra were derived by concatenating all sentences for a given speech material into a single signal, which was then bandpass filtered using an A-weighting filter to focus roughly on the frequency range most relevant for speech perception. The amplitude of the resulting signal was squared, analyzed by a modulation filterbank with one-octave wide filters, and the power in each modulation channel calculated in dB. The resulting modulation spectrum was then normalized to its maximum value for easier comparison across speech materials. The modulation spectra exhibit a modulation bandpass characteristic with a center frequency that changes across speech materials and effort levels. Considering the center frequency as a rough estimator of the average talking rate, the talking rate in the BKB sentences is the slowest (3.2 Hz) and for the ECO-SiN sentences decreases with increasing vocal effort: normal (4.8 Hz), raised (4.4 Hz), and loud (3.6 Hz).



Acoustic Environments

The background noises were drawn from the ARTE database (Weisser et al., 2019b), which were recorded with a 62-channel hard-sphere microphone array and encoded into the higher-order Ambisonics (HOA) format. They were then decoded here for simulated playback with the spherical 41-channel loudspeaker array inside the anechoic chamber of the Australian Hearing Hub, Macquarie University. Table 2 shows the selected environments, their associated noise levels (i.e., the unweighted sound pressure level calculated over the entire recording of 150 s) and reverberation times (RT) in free-field, and the mapping of the ECO-SiN and BKB speech materials to the environments. The environments consisted of (1) an open plan office that was separated into cubicles using acoustically absorptive wall dividers, and contained people typing, chatting, and talking on the phone; (2) a small church with people entering and chatting before service; (3) a small living room with access to a kitchen in the back, with a television presenting commercials and kitchen sounds from the back; (4) an indoor café at medium occupancy with people chatting and diverse kitchen and coffee making noises; (5) a dining room with eight people chatting and laughing over a table and background music; and (6) a very large and noisy food court in a shopping mall at lunch time, which produced a very diffuse and stationary babble-like noise.

The speech levels for the six different environments (see Table 2) were derived from Equation 9 of Weisser and Buchholz (2019), who measured realistic SNRs in different realistic environments, including the ones used in the current study. In this equation, the gender-averaged SNR of two talkers sitting at a head-to-head distance of 1 m was considered, and the noise levels were slightly adjusted from their original levels to result in fixed SNR steps of 2.5 dB. To maximize the realism of the ECO-SiN sentences, and thereby to optimize their perceptual integration with the background noise, realistic room reverberation was added by convolving the individual sentences with multi-channel Room Impulse Responses (RIRs). The RIRs were taken from the ARTE database (Weisser et al., 2019b) and measured in the real-world environments with a loudspeaker at a distance of 1.3 m in front of the 62-channel microphone array. As for the noise recordings, the measured RIRs were encoded into the HOA format and decoded for simulated playback with the 41-channel loudspeaker array. Thereby, to compensate for the difference in the measured (1.3 m) and simulated (1 m) source-receiver distance, the direct sound was separated from the individual RIRs using a frequency-dependent time window, amplified such that the broadband direct-sound-to-reverberation energy ratio in free-field was increased by 20 × log(1.3 m/1 m) = 2.3 dB, and then added back to the RIRs. To reduce the apparent source width of the direct sound, its impulse response was integrated across all 41 loudspeaker channels before it was added back to only the frontal channel of the RIRs. The anechoic BKB sentences were presented only from the frontal position.

Note that the speech levels given in Table 2 refer to the average broadband free-field levels of the anechoic BKB sentences and the direct-sound only (i.e., anechoic) ECO-SiN sentences. The free-field levels of the reverberant ECO-SiN sentences were slightly higher than the values shown in Table 2, the reverberation providing an increase in the effective test SNR by: + 0.8 dB, church: + 0.1 dB, living room: + 1.2 dB, café: + 0.8 dB, dinner party: + 1.6 dB, and food court: + 0.5 dB. For a detailed description of the microphone array recording, HOA encoding and decoding, and the RIR manipulation process see Weisser et al. (2019b).



Binaural Playback and Hearing-Aid Amplification

The loudspeaker signals for the different noise and speech conditions were transformed into binaural signals by simulating their playback via the 41-channel loudspeaker array to the in-ear microphones of a Bruel and Kjaer (Skodsborg Vej 307, 2850 Naerum, Denmark) type 4128C Head and Torso Simulator (HATS). Additionally, to enable the integration of a pair of hearing aids in the binaural playback, behind-the-ear (BTE) hearing aid satellites were placed above the left and right ear of the HATS. These purpose-built satellites were provided by Sonova AG (Laubisrütistrasse 28, 8712 Stäfa, Switzerland) and included front and rear microphones that were connected to a purpose-built pre-amplifier. The playback simulation path included individual loudspeaker equalization filters as well as measured impulse responses from each of the 41 loudspeakers to the six microphones at the left and right ears of the HATS: two in-ear microphones and four hearing aid microphones. However, only the front hearing aid microphones were used in this study to realize an omni-directional hearing aid input. Further details of the playback simulation process can be found in Weisser and Buchholz (2019).

Figure 3 illustrates the implemented acoustic and aided signal path from the in-ear and front BTE microphones to the headphones used for binaural playback in the listening tests. Since the signal paths are identical at the left and right ear only one ear is shown here. The acoustic path describes the sound that arrives directly at the listener’s ear drum (i.e., the in-ear microphone) and circumvents any hearing aid fitting (or ear mold). This path includes a low-pass filter, HLP, to mimic the passive attenuation of the hearing aid fitting as well as a headphone equalization filter, HEQ. The equalization filter ensured a flat frequency response of the headphones when measured on the HATS. The aided path describes the signal path from the hearing aid microphone via the hearing aid processing to the headphones. This path includes (1) a BTE microphone to free-field transformation filter, HB2F, that removes the acoustic head shadow for a frontal sound source and provides a free-field equivalent output; (2) a multi-channel wide dynamic range compressor (WDRC) as the main hearing aid processing; (3) a free-field to ear-drum transformation filter, HF2E, that basically reintroduces the acoustic head shadow for a frontal sound source but as recorded by the in-ear microphone; (4) a high-pass filter to simulate the limited sensitivity of the hearing aid receiver at low frequencies; (5) the same headphone equalization filter used in the acoustic path; and (6) an instantaneously acting broadband limiter, Lim, to protect the listener from excessively loud sounds.
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FIGURE 3. Block diagram of the acoustic and aided signal path from the HATS’ in-ear and BTE (front) microphone to the headphones for binaural playback. Only the pathway for the left or right ear is shown here.


A standard desktop computer was used to run the listening tests and to play the different 4-channel speech and noise stimuli via a RME Fireface UC (Audio AG, Am Pfanderling 60, 85778 Haimhausen, Germany) USB sound card to a second desktop computer with an RME Audio Fireface UFX USB sound card. The second computer ran a real-time hearing-aid research platform developed at the National Acoustic Laboratories, Hearing Australia, and presented the (aided) binaural stimuli to the participants via Beyerdynamic (Theresienstrasse 8, 74072 Heilbronn, Germany) DT990 headphones. All stimulus playback was realized at a sampling frequency of 44.1 kHz except for the hearing aid platform, which operated at a sampling frequency of 24 kHz and was band-limited to about 10 kHz.

The low-pass filter, HLP, and high-pass filter, HHP, shown in Figure 3 were both realized by second order Butterworth IIR filters with different cut-off frequencies to approximate the acoustic attenuation by an ear mold with a vent size of 1, 2, and 3.5 mm. The cut-off frequencies were 620, 883, and 1,371 Hz for the low-pass filter and 311, 470, and 926 Hz for the high-pass filter. The filters approximated the gain data provided by Dillon (2001, page 127, Figure 5.11) and Dillon (2001, p. 127, Table 5.1), respectively, and presented a wide range of fittings from an almost open fitting (3.5 mm) to an almost closed fitting (1 mm). For each participant with hearing loss, the vent size was selected based on their low-frequency hearing loss (LFHL) as given by their ear-averaged pure-tone threshold at 500 Hz. Based on a discussion with local audiologists, the vent sizes were 3.5 mm for LFHL ≤ 20 dBHL, 2 mm for 20 dBHL < LFHL ≤ 30 dBHL, and 1 mm for LFHL > 30 dBHL. The WDRC realized basic syllabic compression within 16 independent frequency channels and acted independently across ears. It was fitted to the individual participant (and ear) using the NAL-NL2 gain prescription formula (Keidser et al., 2012). The instantaneous broadband limiter, Lim, was part of the sound card of the hearing aid platform and was set to an attack time of 0 ms, a release time of 100 ms, a compression ratio of 6, and a knee-point of 95 dB SPL. The limiter was significantly engaged only for the participants with moderate and moderate-severe losses, and then only in the loudest environments. For NH participants as well as participants with hearing loss in the unaided conditions, materials were presented through the acoustic path only, with the lowpass filter removed (i.e., set to a flat gain of 0 dB; see Figure 3). This rather complicated approach of using headphone reproduction with a hearing aid research platform was chosen here over a multi-loudspeaker system with off-the-shelf hearing aids to maximize control of the entire signal path from the acoustic free field through the hearing aid processing to the signals at the listener’s ears. Arguably, such a system may also be easier to use within a hearing clinic.



Procedure

Individual word recall ability was measured in the six realistic acoustic environments using both the realistic ECO-SiN and the more traditional BKB sentence materials at realistic (fixed) noise and speech levels, and thus SNRs (see Table 2). The sentences were always presented from the front. The NH participants were tested unaided, and the participants with hearing loss were tested both unaided and aided. Participants were seated together with the test administrator in a sound attenuating test booth with double walls. In each test condition, a 2.3-min-long noise sample was played in a loop and the 16 sentences in a list were presented in random order. Each time a sentence was presented, the participants recalled aloud all the words they heard. The administrator then scored the number of correctly recalled words on a graphical user interface that was invisible to the participant, and a new sentence was played. Preceding each sentence presentation was a 1 kHz beep to signal to the participant that a sentence was about to be played.

The order of the six background noises and the two speech materials (i.e., 12 test conditions) was randomized. These test conditions were blocked for the participants with hearing loss within the unaided and aided conditions due to the required manual reconfiguration of the hearing-aid platform. The two blocks were tested in random order.




RESULTS


Speech Intelligibility Scores

Figure 4 shows mean intelligibility scores in each environment for unaided (top row) and aided (middle row) listening. Within each panel, data are shown for each listener group and for the two speech materials. For NH listeners the intelligibility scores in the quieter environments were all at ceiling and only decreased in the loudest environments. This decrease was more pronounced for the ECO-SiN than the BKB material, leading to generally higher BKB scores in the louder environments. When listening unaided, all of the participant groups with hearing loss showed higher BKB scores than ECO-SiN scores in all of the environments, but the magnitude of the difference varied with the environment. For listeners with mild loss, the difference increased in the louder environments as the influence of ceiling effects was reduced. For listeners with moderate-severe hearing loss, the opposite pattern was observed, with the difference between BKB and ECO-SiN scores decreasing in the louder environments as floor effects came into play. When amplification was provided for listeners with hearing loss, intelligibility scores generally improved. As for the unaided condition, BKB scores were generally higher than ECO-SiN scores across all environments. Because of the overall shifts in the intelligibility functions, however, the magnitude of the speech material differences varied differently across environments.
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FIGURE 4. Speech intelligibility (SI) scores obtained with BKB and ECO-SiN sentences. Shown are group means in percent correct (error bars show standard deviations). Top row: unaided listening; middle row: aided listening; bottom row: hearing-aid benefit (difference between aided and unaided scores). Note the different y-axis scales.


To quantify the effect of speech material (BKB vs. ECO-SiN) on unaided and aided speech intelligibility scores, a Bayesian Beta regression model was fitted (Ferrari and Cribari-Neto, 2004) using the R-INLA package (Rue et al., 2017). Intelligibility scores were modeled as proportions as a function of categorical predictor variables for speech material, hearing loss group, and acoustic environment. A random intercept for individual subjects was included to account for repeated measures. The results of this analysis are provided in Table 3. Focusing on the contrast between BKB and ECO-SiN scores, for NH listeners, predicted mean scores were significantly higher for BKB than for ECO-SiN sentences in the café, dinner party, and food court environments (but not in the office, living room, or church environments). For listeners with hearing loss, the difference between speech materials was significant in all environments for both unaided and aided conditions.


TABLE 3. Results of the statistical analysis comparing intelligibility scores for the two types of speech materials.
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Hearing-Aid Benefit

Hearing-aid benefit was calculated by subtracting the unaided speech intelligibility percentage score from the aided speech intelligibility percentage score for each individual, separately for the BKB and ECO-SiN materials, with positive values indicating that amplification provided an improvement in speech intelligibility. Mean benefits are shown in the bottom row of Figure 4.

Given the complex behavior of the unaided and aided scores described in section “Speech Intelligibility Scores,” the differences between them were also complex and were strongly affected by floor and ceiling effects. The largest aided benefits were observed for the listeners with moderate-severe hearing loss in the quietest environments. In those same environments, ceiling performance tended to reduce or eliminate the measurable benefit for better-performing listeners with milder losses. For the louder environments (e.g., the food court), floor effects meant that benefits of amplification were generally not observed for the listeners with moderate-severe hearing losses. In these louder environments though, better performing listeners who were not at floor demonstrated negative benefits (or “disbenefits”). In some cases, the magnitude of the benefit clearly depended on the type of speech material used.

To quantify the effect of speech material (BKB vs. ECO-SiN) on hearing-aid benefit, a robust regression model with a Student-T noise distribution was fitted to model hearing-aid benefit data which is not constrained to the [0, 1] interval. The results of this analysis are provided in Table 4. Focusing again on the differences between BKB and ECO-SiN materials, this analysis found significantly larger ECO-SiN benefits in the office and church environments for the listeners with moderate hearing loss only. In the living room and café environments, benefits were significantly larger for the BKB materials in the listeners with moderate-severe hearing loss. In the dinner party environment, the effect of speech material was significant only for the listeners with mild hearing loss, who showed larger disbenefits for the ECO-SiN materials.


TABLE 4. Results of the statistical analysis of the hearing-aid benefits.
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Relationship Between BKB and Everyday Conversational Sentences in Noise Scores and Benefits

Figure 5 shows individual listener scores for ECO-SiN sentences as a function of their scores for BKB sentences when listening unaided (top row, excludes NH listeners) and with non-linear amplification (bottom row). Consistent with the observations made in section “Speech Intelligibility Scores,” the majority of the points lie below the diagonal, indicating that ECO-SiN scores were lower than BKB scores achieved by most individuals.
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FIGURE 5. Individual speech intelligibility (SI) scores for ECO-SiN as a function of BKB. Top row: unaided listening; middle row: aided listening; bottom row: hearing-aid benefit (difference between aided and unaided scores).


A quantile regression model was fitted to compare the behavior of the individual ECO-SiN scores as a function of BKB scores in each environment and aiding condition with the predicted slopes describing the relative spread of the distributions of ECO-SiN and BKB scores. Quantile regression was used because it is robust to outliers and makes no assumptions about the underlying distribution of the data. The regression lines in Figure 5 show predicted median ECO-SiN score as a function of performance on the BKB task. A slope of 1 would indicate that ECO-SiN scores change at the same rate as BKB scores, whereas a slope greater than 1 indicates that ECO-SiN scores change more than BKB scores and a slope less than 1 indicates that ECO-SiN scores change less than BKB scores. A higher rate of change indicates greater spread of scores and a wider distribution, while a lower rate of change indicates that scores are more concentrated within a small range, corresponding to a narrow distribution such as data accumulating at floor (0, i.e., 0%) or ceiling (1, i.e., 100%).

In unaided conditions, ECO-SiN and BKB scores show very similar spreads in the office (slope = 1.1; CI = 0.97, 1.25; p < 0.001), church (slope = 1.28; CI = 0.56, 1.85; p < 0.001), living room (slope = 0.93; CI = 0.63, 1.51; p < 0.001), and café (slope = 1.06; CI = 0.66, 1.69; p < 0.001) environments. In the two loudest environments there is a trend toward lower rates of change in ECO-SiN scores relative to BKB scores, with a slope of 0.75 (CI = 0.48, 1.19; p < 0.001) in the dinner party environment and a slope of 0.56 (CI = 0.20, 0.95; p = 0.003) in the food court environment. In the aided conditions, a similar trend is seen with slopes becoming progressively shallower in the louder environments. We see high relative rates of change in ECO-SiN scores in the four softest environments including the office (slope = 2.51; CI = 0.20, 3.67; p = 0.005), church (slope = 4.32; CI = 0.42 7.31; p = 0.014), living room (slope = 1.55; CI = −1.73, 5.28; p = 0.39) and café (slope = 1.77; CI = −1.5, 5.56; p = 0.33). Very low relative rates of change in ECO-SiN scores occurred in the two loudest environments including the dinner party (slope = 0.46; CI = −2.58, 3.91; p = 0.79) and the food court (slope = 0.39; CI = −3.06, 3.83; p = 0.84).

A significant relationship can be observed between the individual ECO-SiN and BKB scores for all environments when individuals were unaided, and in the quietest environments when aided. Hence, within many of the individual test conditions, a linear model can reasonably well predict the individual ECO-SiN scores from the corresponding BKB scores. However, this is not the case across the different environments and aiding conditions, where a far more complicated relationship exists between the two speech materials. Hence, knowing a BKB score in a single test condition does not allow prediction of the individual score in another environment nor the benefit provided by non-linear amplification. This is highlighted by the slopes (and distributions) that change drastically across the different test conditions (i.e., across panels in Figure 5) and are insignificant for the louder aided conditions.

Also shown in Figure 5 (bottom row) is the hearing-aid benefit measured using ECO-SiN sentences plotted as a function of the equivalent benefit measured using BKB sentences. This display illustrates the fact that when performance scores are at or near ceiling there is reduced scope to detect performance improvements. Visual inspection of the scatter plots reveals clustering of data around zero on the BKB benefit scale (x-axis) in the three softest environments: the office, church, and living room. Clustering around zero on the x-axis was less clear in the café and dinner party environments. In the loudest environment, the food court, there was instead evidence of clustering of data around zero on the ECO-SiN benefit scale (y-axis).




DISCUSSION


Summary and Implications of Results

In this study we demonstrated that by using sentences embedded in a range of real-world environments, with their natural SNRs, the overall difficulty of a speech-in-noise test can be varied in a meaningful way. This means that by selecting the right environment a useful operating point (where scores are away from both ceiling and floor) can be found for listeners across a wide range of hearing abilities. Depending on the specific purpose, the test environment may be selected based on the individual’s hearing loss, their reported speech-in-noise problem, or the relevance of a test environment (e.g., see Mansour et al., 2021). Furthermore, we demonstrated that, within our framework, the choice of speech materials not only affected the realism of the stimuli but also changed the difficulty of the listening task. Specifically, we found that highly realistic sentences from the ECO-SiN corpus resulted in lower speech intelligibility scores overall, as compared to the clearly spoken BKB sentences. We note that this result is broadly consistent with the results of a number of studies that have demonstrated that clear speech is more intelligible than conversational speech in noise for both NH and listeners with hearing loss (Picheny et al., 1985, 1989; Payton et al., 1994; Uchanski et al., 1996; Krause and Braida, 2004, 2009; Krause and Panagiotopoulos, 2019). We also found that while BKB scores were able to reasonably well predict ECO-SiN scores within a given test condition (e.g., regression lines in Figure 5), this linear relationship was weaker in the aided conditions in the louder background noises. In addition to this, the relationship between the different speech materials and the aiding conditions demonstrated the complexity of predicting one score from another when making comparisons across the different environments.

This ability to vary the operating point within real-world speech testing (by selecting the right environment) has important consequences if the aim is to examine the effect of a particular intervention. In our study, this point was made for the case of non-linear hearing-aid amplification. Because intelligibility scores varied substantially across environments, degree of hearing loss, and speech material, so too did the ability to measure a benefit of amplification. For instance, as shown in Figure 4, there was no aided benefit in the office and church environment (for either kind of speech material) for listeners with mild hearing loss. This was because the unaided and aided scores were all at ceiling. Similarly, there was no aided benefit for the listeners with moderate and moderate-severe hearing loss in the food court environment (for either kind of speech material) because both sets of scores were at or near floor. These two examples highlight there are limits on how much benefit/disbenefit (operationalized as the increase or decrease in words correctly understood) that can be measured for a given listener group in a given environment (or SNR). On top of this, we saw an impact of the chosen speech materials on speech scores and hence on hearing-aid benefits. For example, Figure 5 (bottom left) shows that hearing-aid benefits clustered around zero for the BKB sentences in the quieter listening environments, while benefits were observable with ECO-SiN sentences. To summarize, hearing-aid benefit depends heavily on both the environment and on the speech materials used. If the goal is to understand how much a particular listener will benefit from amplification in a particular environment (or range of environments), then we argue that the ECO-SiN test at realistic SNRs provides the most meaningful estimate.

Within the constraints of our measurement approach, two main observations could be made regarding hearing-aid benefit. First, the aided benefit was largest for the listeners with the most severe hearing loss in the quietest conditions. The listeners showed the lowest unaided intelligibility scores in these conditions and thus, had also the largest opportunity to receive a benefit from hearing-aid amplification. This observation is in agreement with previous studies showing greater aided benefit with greater hearing loss (McArdle et al., 2012; Woods et al., 2015) and greater aided benefit when sentences were presented in quiet compared to noise (Mendel, 2007). In addition, it is very likely that their intelligibility scores were limited by reduced audibility, which is the main aspect of hearing loss that can be compensated by hearing-aid amplification. A second observation is that negative benefits were observed for the listeners with mild hearing loss in the louder environments. In these conditions, where the overall SNR is negative, speech audibility is not expected to play a significant role because the main limitation is the presence of the noise. Accordingly, it is unsurprising that amplification did not provide any strong improvement in intelligibility. Moreover, the distorting effects of compression, limiting and/or microphone placement may have had a negative impact on intelligibility by reducing the effective SNR at the listener’s ears (e.g., see Cubick et al., 2018; Mansour et al., 2022).



Challenges Associated With Conversational Sentences

So why are ECO-SiN sentences more challenging to understand than BKB sentences under similar conditions? Based on the long-term average spectra shown in the left panel of Figure 2, we may have expected the opposite result. Specifically, the increasing vocal intensity of the ECO-SiN sentences coincides with increased spectral tilt (Lu and Cooke, 2009) and a boost in mid-frequency energy relative to the BKB sentences. This frequency region is particularly relevant for understanding speech (see ANSI-S3.5., 1997) and thus could have produced a speech-intelligibility benefit for the ECO-SiN sentences that increases with increasing vocal effort. On the other hand, the right panel of Figure 2 shows that ECO-SiN sentences also contain higher modulation frequencies on average relative to BKB sentences, especially for normal and raised vocal efforts. This difference, which corresponds loosely to a faster speaking rate, may explain the increased difficulty of the ECO-SiN materials. A similar conclusion was reached by Badajoz-Davila and Buchholz (2021) who demonstrated that speech intelligibility was systematically lower when comparing the ECO-SiN sentences to BKB sentences in realistic background noise for individuals with cochlear implants. While it is known that accelerated speech interacts with speech intelligibility (Wingfield et al., 1984; Adams and Moore, 2009) if the performance difference was purely driven by speaking rate, it would be expected that intelligibility would be similar between the loud ECO-SiN vocal effort and the BKB sentences (e.g., Figure 2), however, this was not the case. There may have been additional differences between the ECO-SiN and BKB materials that are relevant here but were not explicitly analyzed, such as differences in formants or vowel space (Bradlow et al., 1996), vowel duration (Lu and Cooke, 2009), or fundamental frequency (f0) and f0 variations (Summers et al., 1988).

Another explanation for the differences in performance measured for the different speech materials in certain environments is that the complexities of the noise may have differentially interacted with the speech materials (cf. Weisser et al., 2019a, for an in-depth discussion on acoustic complexity). For example, some background noises may contain informational masking due to competing speech (e.g., advertisements are playing on a TV in the living room background noise, people are talking over a table in the dinner party background noise), which may have interfered more strongly with the conversational ECO-SiN sentences. In addition, it is well known that amplitude modulations in background noises afford individuals the ability to listen in the dips (Hopkins and Moore, 2009), and it might be that this process is more efficient for clearly spoken sentences than for natural sentences with highly unpredictable structures. It is also possible that the BKB sentences “pop-out” of the background noise more than the ECO-SiN sentences as they are incongruent with the noise in which they were presented (Hendrikse et al., 2019). Conversely, ECO-SiN sentences may blend into the realistic background noise and be harder to selectively attend. In addition, recall that the ECO-SiN sentences were also combined with reverberation that matched the realistic virtual sound environments in which they were presented. While this was done to maximize the realism of the ECO-SiN materials, adding reverberation can result in decreased speech intelligibility (Helfer and Wilber, 1990; Gordon-Salant and Fitzgibbons, 1993; Shi and Doherty, 2008).



Limitations and Outlook

The primary reason for assessing speech intelligibility in the clinic and laboratory is to provide insight about an individual’s hearing ability in their everyday lives. However, developing more realistic speech intelligibility assessments and maintaining a level of experimental control often requires a trade-off. For example, here we used more realistic speech material from the ECO-SiN corpus and compared the sentences to BKB sentences which are typical of the materials used for speech intelligibility testing in laboratories and clinics. While the addition of realism in speech materials is a positive step for increasing realism in speech testing in order to better predict real-world performance, the sentence recall task itself is still highly unrealistic compared to how individuals communicate in the real-world. In this regard, it is important to note that many of the characteristics of natural conversational speech which are expected to benefit speech intelligibility may do so only in the full context of the task of natural conversation. For example, natural speech contains intonation that affects intelligibility (Binns and Culling, 2007; Miller et al., 2010) but also carries information such as talker emotion and cognitive state which may serve to disambiguate meaning in active conversations. It is unclear to what extent such indexical information is useful in a simple sentence repetition task with an unfamiliar talker. In real conversations, listeners can also benefit from discourse context, visual cues, shared knowledge and experience with a conversation partner, repetitions, or clarifications (Beechey et al., 2020). Accordingly, the fact that the ECO-SiN sentences were challenging to understand out of context does not mean they would necessarily be so problematic within the context of a conversation.

There is a growing body of research that aims to increase the realism of speech testing in a variety of ways (Keidser et al., 2020). For example, Best et al. (2016) evaluated a question-and-answer model based on the Helen test (Ludvigsen, 1974) which has an inherent comprehension component tapping cognitive processes used for communication in the real-world, and includes variable target talkers which mimics spatial processing required when communicating in groups in the real-world. Others have used a referential task where interactive conversations can be monitored (Beechey et al., 2019; Weisser and Buchholz, 2019). Another relevant set of studies is exploring how head orientation and movement in realistic environments intersects with speech intelligibility (Hadley et al., 2019; Hendrikse et al., 2019; Weisser et al., 2021). The inclusion of visual information in speech intelligibility testing is an area of active investigation (Devesse et al., 2020; Llorach et al., 2021) and is the next step planned for the ECO-SiN materials.

Another limitation was introduced by the applied hearing-aid platform, which mainly provided non-linear amplification and only considered an omni-directional microphone input. State-of-the-art hearing aids provide more refined implementations of compression and limiting and more advanced signal processing features, such as directional microphones and (bilateral) adaptive beamforming (e.g., Kates, 2008). Including such advanced features may have helped to overcome the negative hearing-aid benefit observed for the listeners with mild hearing loss in the louder noise environments, and potentially even provided a positive benefit. Hence, future evaluations should include state-of-the-art hearing aids to understand their benefit in the different realistic conditions and compare the results to the benefits experienced in the real world.
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APPENDIX

Figure A1 shows the long-term spectrum in third-octave levels (left column), temporal envelope (center column), and modulation spectrum (right column) for the six different acoustic environments that were derived in free-field. The spectrum and modulation spectrum were derived as described in section “Sentence Materials” considering the entire 150 s long noise signals. The temporal envelopes were derived by normalizing the noise waveforms to an RMS value of one, applying an A-weighting bandpass filter, squaring, and temporal convolution with a 0.5 s long Hann window. The figure panels show 30 s long examples of the resulting envelopes in dB.
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FIGURE A1. Long-term spectrum in third-octave levels (left column), temporal envelope (30 s example, center column), and modulation spectrum (right column) for the six different acoustic environments derived in free-field.
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Background: Surgical success of cochlear implantation is usually measured through speech perception and quality of life questionnaires. Although these questionnaires cover a broad spectrum of domains, they do not evaluate the consciousness of wearing a cochlear implant (CI) and how this impacts the daily life of patients. To evaluate this concept we aimed to develop and validate a standardized patient reported outcome measure (PROM) for use in cochlear implant users.

Methods: Development and evaluation of the COchlear iMPlant AwareneSS (COMPASS) questionnaire was realized following the COSMIN guidelines in three phases: (1) item generation, (2) qualitative pilot study to ensure relevance, comprehensiveness, comprehensibility, and face validity, and (3) quantitative survey study for the assessment of reliability (test-retest) with 54 participants.

Results: Nine domains of CI awareness were identified through literature research and interviews with experts and patients. These resulted in the formulation of 18 items which were tested with a pilot study, after which 3 items were deleted. The final 15-item COMPASS questionnaire proved to have good validity and satisfactory reliability. The intraclass correlation coefficient calculated for items with continuous variables ranged from 0.66 to 0.89 with seven out of eight items scoring above the acceptable level of 0.7. The Cohen’s kappa calculated for items with nominal variables ranged from −0.4 to 0.78 with 11 (sub)items out of 15 scoring above fair to good agreement. Measurement error analysis for items with continuous variables showed a mean difference of −2.18 to 0.22. The calculated 95% limits of agreement for these items revealed no statistically significant difference between the two administered questionnaires. For items with nominal variables, the percentages of agreement calculated, ranged between 0 and 95%, and 83.3 and 96.6% for positive and negative agreement, respectively.

Conclusion: The COMPASS questionnaire is a valid and reliable PROM for evaluating the cochlear implant awareness, and it can be easily used in routine clinical practice.

Keywords: cochlear implants, cochlea, cochlear implantation, patient reported outcome measure (PROM), sensorineural hearing loss (SNHL), neurotology


INTRODUCTION

Cochlear implants (CI’s) are currently the only effective treatment for auditory rehabilitation for patients with severe-to-profound bilateral sensorineural hearing loss (SNHL) with poor speech perception. Since the introduction of this medical device in the 1970s, great advancements have been made regarding the functionality and hardware design. The internal part of the implant, the receiver/stimulator (R/S) device that resides under the skin behind the pinna of the ear, has undergone technological improvements resulting in thinner implants with smaller footprints (Carlson et al., 2012). Comfort of the external parts of the CI use has increased over the years with more discrete designs and lighter speech processors that allow patients to wear their implant throughout the day. Most importantly, the speech perception results have increased greatly, improving quality of life of patients with hearing loss (Gaylor et al., 2013; Loeffler et al., 2014; McRackan et al., 2018).

Despite the wealth of knowledge and research regarding speech perception results and health-related quality of life of CI recipients, little is known about the CI-experience and -awareness by patients. We define awareness of having a cochlear implant as “the state of mind or situation in which the patient is physically conscious he or she is wearing a cochlear implant and how this consciousness impacts their daily life.” There are patient-reported outcome measures (PROMs) assessing CI use such as the Cochlear Implant Management Skills (CIMS-self) survey and the Nijmegen Cochlear Implantation Questionnaire (NICQ) (Hinderink et al., 2000; Bennett et al., 2017). The CIMS-self focuses on device management exclusively, and the NICQ assesses health-related quality-of-life by how sound and speech perception limits a CI-recipient in their daily life. However, these PROMs do not evaluate the (physical) impact of a CI, thus they may fail to capture cochlear implant awareness topics in daily life that are of importance from patient perspective. To our knowledge, no CI-specific PROM has been developed yet that included patients in item development, following the standards of the Patient Reported Outcomes Measurement Information System (PROMIS) or the COnsensus-based Standards for the selection of health Measurement Instruments (COSMIN) (McRackan et al., 2018).

Cochlear implant awareness could be important for speech recognition results and quality of life of CI recipients. Studies have shown that wear time of the CI affects speech recognition outcomes in pediatric and adult patients (Gagnon et al., 2020; Holder et al., 2020). In addition, previous research on hearing aids has shown that fit and comfort are the second most important factors contributing to non-use of hearing aids (McCormack and Fortnum, 2013). Specifically, the satisfaction of patients with comfort of use, burden during daily activities, sleep disturbances related to location of the implant in relation to the preferred sleeping position, pain, or other discomfort caused by the implant are all contributing factors to reduced wear time. Moreover, there might be an underestimation of the prevalence of above mentioned problems in CI recipients, especially when a significant increase in hearing and communication is achieved using the CI. The benefits of the CI could suppress the concomitant inconvenience that accompanies wearing the processor.

In order to assess the physical awareness of the cochlear implant, we aimed to develop and validate a patient reported outcome measure (PROM) questionnaire.



MATERIALS AND METHODS

This development and validation study was conducted between December 2019 and April 2021 at the University Medical Center (UMC) Utrecht, in compliance with the principles of the Declaration of Helsinki. This study was exempt from approval of an ethics committee under Dutch law. Exemption was granted by the local ethical committee (Institutional Review Board of the UMC Utrecht) (METC protocol 19-722/C). A three-stage procedure for development and validation of the patient reported outcome measure (PROM) was conducted, in accordance with the COSMIN guidelines (see Figure 1; Mokkink et al., 2010). Participants were recruited at the time of routine control at the CI center UMC Utrecht, and through an open e-mail invitation to patients registered in the CI database of the UMC Utrecht sent by their attending physician. Written informed consent was obtained from all participants.


[image: image]

FIGURE 1. The three phase procedure for development and validation of the COMPASS questionnaire.



Construction of the Concept

We aimed to develop the COchlear iMPlant AwareneSS (COMPASS) questionnaire to assess the awareness of having a cochlear implant as previously defined. The PROM development group consisted of a otorhinolaryngologist, an epidemiologist and a junior researcher. This questionnaire was designed for adult, Dutch speaking, CI recipients. The instrument was developed to be used as a self-administered evaluation tool, in daily clinical practice, for clinical studies, and for comparison within patients over time (possible evolution of awareness). The questionnaire was designed to detect issues in different categories, specifically concerning the external parts of the CI (speech processor and transmitter) and the internal part (the receiver/stimulator device). In order to assess CI awareness, different domains were identified. It is important to distinguish the situation of awareness and how burdensome the awareness is. Therefore, the questionnaire should consist of multiple choice items as well as scale items to measure the burden. With the results of the questionnaire, health care professionals should be able to identify problems that can be solved by adapting the hardware or by counseling.



Phase 1: Item Generation

Qualitative data were obtained by a literature review, a series of interviews with seven specialists in cochlear implantation care, including an otorhinolarygologist, speech therapists and audiologists, and individual interviews with a sample (n = 7) of CI recipients were conducted, to identify and select relevant aspects of CI awareness. Included patients were adult CI recipients that were using their implant for at least 1 year prior to inclusion in order to have adequate experience with everyday use of their implant to contribute to data collection. The semi-structured interviews of approximately 1 h each were recorded and were conducted by a trained investigator (LM) using an interview guide (see Supplementary Material). The recorded interviews were then transcripted verbatim. Content analysis was performed independently by two researchers (LM and IS), by coding the transcripts and then grouping the codes into thematic categories. Data collection was continued until saturation was reached. The emerging domains as well as the pertinence of the findings were discussed within the research group until consensus was reached. The questionnaire is based on a formative model, the indicators (items) define the value of CI awareness (the construct measured).



Phase 2: Pilot Study (Cognitive Debriefing Test)

A pilot study was conducted to assess the content validity of the questionnaire, the comprehensibility and comprehensiveness. The above mentioned experts in the field of cochlear implantation evaluated the content, wording, format, answer options, and intelligibility. Changes were made appropriately. The evaluated questionnaire was administered to ten adult CI patients that were using their implant for at least 3 months prior to inclusion in order to have adequate experience with everyday use of their implant to contribute to data validation. Participants filled out the questionnaire while “thinking aloud,” followed by a semi-structured interview with open-ended questions (see Supplementary Material) that were audio-recorded. This interview was conducted to capture information on the participant’s understanding of the instructions, the intended meaning and clinical relevance of each item, the response options, patients opinion regarding the questionnaire and missing concepts. The time required to fill out the questionnaire was also recorded. Adjustments were made to the questionnaire based on these interviews.



Phase 3: Reliability Study

A quantitative study was conducted to assess the reliability of the final version of the COMPASS questionnaire. The questionnaire was administered twice to 54 adult CI patients, thereby meeting the COSMIN criteria of participants necessary for quantitative validation (Mokkink et al., 2010). These CI patients were using the CI for at least 3 months prior to inclusion in order to have adequate experience with everyday use of their implant to contribute to data validation. Two weeks after the participants filled out and returned the questionnaire, they were send and filled out the same questionnaire again. The questionnaire was distributed on paper or digitally through Castor EDC (version 1.6, Ciwit B.V., Amsterdam, Netherlands), an electronic data capture platform, depending on the patients’ preferences.



Data Analysis

Data was analyzed using IBM SPSS Statistics for Windows (version 26.0.0.1; IBM Corp., Armonk, NY, United States). Reliability (test-retest) was calculated using the interclass correlation coefficient (ICC) for continuous scores and Cohen’s Kappa with standard error and 95% confidence interval for nominal scores. We used the two-way random effect model with interaction for the absolute agreement between single scores to calculate the ICC with 95% confidence interval. This model was chosen because time is a relevant factor for the test-retest assessment, and because the results will be generalized beyond the study points. Also the participants are assumed to be stable for the construct of interest across the two time points (Qin et al., 2019). Values > 0.70 are generally considered as good (Nunnally and Bernstein, 1994). However, the ICC should be interpreted with the sample variability in mind. Therefore, we calculate the range of scores per item to illustrate the homogeneity of the subjects. Small inter-subject variability results in a depress of the ICC (Weir, 2005). To interpret the values of kappa we used the criteria by Fleiss et al.: values < 0.40 represent poor agreement, 0.41–0.75 fair to good and ≥0.75 represent excellent agreement (Fleiss et al., 2003).

Measurement error, the systematic and random error of an individual patient’s score that is not attributed to true changes in the construct to be measured, was assessed by Bland-Altman plots with the 95% limits of agreement for continuous scores, and the positive and negative percentage agreement for nominal scores.



Scoring the COMPASS

The final version of the COMPASS questionnaire consisted of 15 items. These were divided into two subdomains: external and internal device domains. The external device (speech processor and transmitter) domain and the internal device (receiver/stimulator) domain consisted of seven and eight items, respectively. Items were either multiple choice or visual analogue scale questions. Each item had a maximum score of 5, with a total maximum score of 75. A higher COMPASS score represented a higher awareness level.




RESULTS


Phase 1: Item Generation

Domains of awareness that were identified through literature search were bulging of the implant under the skin, discomfort or pain caused by the implant and sleep disturbances related to the implant. Domains identified through expert interviews were pain caused by the speech processor and transmitter, problems with wearing glasses, satisfaction with the position of the transmitter on the head, and interference of the external implant with daily activities and with wearing head covers (such as helmets). These domains were all mentioned by patients during the interviews in addition to problems with the transmitter coil (magnet falling off or being too strong). These domains of awareness were included in the first draft of the questionnaire. The domains most frequently mentioned were pain caused by the speech processor and/or magnet (mentioned by five out of seven participants), fear or discomfort caused by the external implant falling off the ear, and feeling a bulge where the internal implant resides under the skin (both mentioned by four participants). In order to measure these domains, 18 items were formulated. These items assessed the presence of the domains contributing to awareness and the burden that it created for the patient. Eight dichotomous (yes/no) items assessed the presence of domains; one multiple choice item assessed the ideal position of the transmitter according to the patient; seven visual analogue scale (VAS) items assessed the burden of these domains and two VAS item assessed pain caused by the external parts of the CI and in the area of operation.



Phase 2: Pilot Study (Cognitive Debriefing Test)

A pilot study was conducted with 10 CI patients (see Table 1 for characteristics of the participants). The mean time to complete the questionnaire was 5 min and 21 s (range 3:10–9:40). Based on the results of the item analysis and the cognitive debriefing test small revisions to the questionnaire items and response options were made to ensure comprehensibility and comprehensiveness. Four items measuring interference of the CI with daily activities that overlapped and two items measuring interference of the CI with wearing glasses were fused into two items, one multiple choice item including all activities that the CI could pose troubles with wearing glasses, and one visual analogue scale item measuring burden experienced by these problems. Two items assessing satisfaction with the position of the CI were removed that were deemed not specific for identifying the underlying issue that causes CI awareness. Thus the scoring results of these items would not be helpful for the clinician using this PROM. Two items assessing sleep disturbance caused by the implant were split into four items to increase specificity of the domain by assessing change of sleep position and awareness of the implant while lying on the operated side of the head. Lastly, one item was added to include more complaints other than pain, as suggested by the CI patients. Thus, the number of items was reduced to 15 (see Table 2 and Supplementary Figure 1). Additionally, the lay-out of the paper questionnaire was adapted based on the suggestions of the CI patients.


TABLE 1. Characteristics of study participants per study phase.
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TABLE 2. COMPASS questionnaire items, answer options, and scoring calculations (not original lay-out).
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Phase 3: Reliability Study

We included 54 participants in the reliability study. A total of 52 participants (96.3%) filled out and returned both questionnaires. The unilaterally implanted study group had a wide age range (18–82 years) with an average age of 65 years (see Table 1 for demographics of the reliability study participants). Most of the population was male (67.3%). On average, the participants had been using the CI for 30 months (range 3–234 months).

Regarding the reliability analysis, the ICC, which represent reproducibility for the visual analogue scale items, ranged from 0.66 to 0.89 with only one item not meeting the acceptable level of 0.7, namely the item assessing the impact of the transmitter falling off the ear (see Table 3 for all ICC values with 95% confidence intervals). The Cohen’s kappa that was calculated for nominal items ranged from −0.4 to 0.78, with six (sub)items out of 15 scoring above fair to good agreement and five (sub)items scoring excellent agreement. The two multiple choice items (number five and fifteen), contained the four subitems that had poor agreement kappa values, with one subitem on inhibition of work due to the speech processor and transmitter scoring a negative value of −0.40 implying that there was no effective agreement between the two questionnaires on this item (see Table 4 for all Cohen’s kappa values with standard error and 95% confidence intervals).


TABLE 3. Reliability and measurement error analysis for visual analogue scale items (continuous data).
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TABLE 4. Reliability and measurement error analysis for checkbox and multiple choice items (nominal data).
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The mean difference for items of continuous variables was −2.18 to 0.22. The 95% limits of agreement (LoA) revealed no statistically significant difference between the two administered questionnaires in all continuous variables (zero is included in each interval) (see Table 3). We observed higher mean differences with wider 95% LoA for items with smaller sample sizes (see Supplementary Figure 2 for Bland-Altman plots). Percentages of agreement ranges between 0 and 95%, and 83.3 and 96.6% for positive and negative agreement, respectively. The positive agreement percentage showed the widest range, with the multiple choice items number three and eight scoring the lowest values (see Table 4).




DISCUSSION

The purpose of the study was to develop and validate a PROM to assess CI awareness, thus the state of mind or situation in which the patient is physically conscious he or she is wearing a cochlear implant and how this consciousness impacts their daily life. The COMPASS questionnaire was developed following the COSMIN guidelines (Mokkink et al., 2010) for development of PROMs and was based on expert opinion and patient interviews, pilot tested with a cognitive interview study, and validated by administrating it to a population of CI recipients. We tested the content validity (comprehensibility, comprehensiveness, and relevance), and reliability of the questionnaire. The COMPASS questionnaire consists of 15 items and showed fair to excellent test-retest reliability for almost all items and measurement error analysis revealed no systematic or random errors of the score per patient. The lowest reliability and positive agreement scores were calculated for the activities impeded by the speech processor and transmitter; in particular work, transport, and social activities. This could suggest that any restrictions caused by the external part of the CI during these particular activities, varies over time, even in the short test-retest time period of 2 weeks.

We believe that prospective assessment of CI awareness using a PROM, can provide more accurate information on any existing problems. We know that hearing aid issues such as discomfort and handling problems, are common amongst users of these medical devices, one study reporting a prevalence of 98% (McCormack and Fortnum, 2013; Bennett et al., 2020). However, some patients might experience problems with their hearing aids, though do not report them to their clinician (Bennett et al., 2019). One study on cochlear implant recipient issues, reported that the majority of patients included in the study (89.8%), had at least one CI device handling problem (Bennett et al., 2017). Previous studies using patient reported outcome measures also found a high prevalence of other adverse events, such as change of taste. Lloyd et al. (2007) and Mikkelsen et al. (2017) reported changes of taste after surgery in 16.9 and 45% of CI patients, respectively. The COMPASS questionnaire could be used by clinicians to assess issues caused by the external and internal components of the CI that contribute to awareness of the cochlear implant. These issues could be solved by counseling or arranging accessories such as an adjustment of magnet power. Moreover, the location of the implant in relation to the ear pinna might be adjusted likewise (cap wearing interferes with superior implant positioning).

The questionnaire fills in the gap and responds to the needs of the implantees that experience negative effects of the presence of the subperiosteal implant. Cochlear implants have undergone tremendous developments in the last decades regarding shape, hardware volume and intrinsic technical refinements. The different manufacturers produce R/S device aspects that are quite divers. One of the interesting developments is the significant reduction in implant volume, that might decrease implant protrusion visible at the level of the skin. Moreover, this might prevent the surgeon to drill a bony well in the temporal cortex as beforehand with the older implant the gold standard has been to drill a well, to tackle this issue. To our knowledge, there is little evidence thus far available regarding the influence of implant volumes reduction or the effects of drilling or not drilling a bony well, on CI awareness of a patient and implant related complaints. Our developed questionnaire meets these goals. Items assessing burden by issues caused by the internal device such as protrusion of the skin, sleep disturbances due to the implant or problems with headgear, could be rectifiable post-implantation by revision surgery (and re-positioning the implant), however, it might be advisable to perform the implantation correctly during primary implantation. Therefore the COMPASS questionnaire could be used in clinic to assess the impact of different surgical methods for positioning and fixation of the R/S device on CI awareness.

A limitation of this study is the study population sample used for development and validation of the questionnaire, which was recruited from a single center. This could introduce selection bias, however, participants were operated by several CI surgeons with different surgical techniques. Also, assessment of the criterion validity of the COMPASS questionnaire could not be executed. After extensive literature research, we were unable to find validated outcome measures assessing CI use as defined in this study. Furthermore, despite our hypothesis that there are indeed differences of CI awareness between groups, it was impossible to execute this validation step. We expect that patients operated with different fixation techniques of the R/S device will differ in CI awareness. However, in our center we only use one fixation technique (the bony bed technique), and thus we could not compare these groups. Lastly, all four CI device brands were represented in the study population, and patients included in the study had sufficient experience with using the CI to contribute to the study.

In conclusion, the COMPASS questionnaire has good reliability and validity. Combining this PROM with clinical findings may assist in the routine follow up of patients with CI. Furthermore, it can be used as an endpoint in a clinical study, to evaluate different surgical techniques and its effect on awareness.
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Background: A variety of outcome domains are currently measured for the assessment of hearing rehabilitation. To date, there is no consensus about which outcome domains should be measured, when they should be measured, and how they should be measured. In addition, most studies seeking to develop core outcome sets and measures for hearing rehabilitation services have primarily focussed on the opinions and expertise of researchers, and, to a lesser extent, clinicians, rather than also involving clients of those services. The principles of experience-based co-design suggest that health services, researchers, and policymakers should come together with clients and their families to design health services and define what metrics should be used for their success.

Objectives: This study aimed to seek views and consensus from a range of key stakeholders to define which client-centred self-report outcome domains should be measured, when they should be measured, and how they should be measured, in a national publicly funded hearing rehabilitation scheme. In addition, the study aimed to identify current and future potential mechanisms and systems to standardise the collection of data and reporting of outcomes, to enable comparison across clients and hearing service providers.

Methods: Two stakeholder groups participated in a three-round online Delphi process: (1) 79 professional stakeholders involved in the delivery of hearing services in Australia, and (2) 64 hearing rehabilitation services’ clients identified by not-for-profit consumer organisations. An initial set of in-person workshops scoped the key issues upon which to develop the initial open-ended questions and subsequent Likert-scale statements addressing these issues. These statements were then distributed to both groups in an online survey. The respondent ratings were summarised, and the summary was returned to respondents along with a second round of the survey. This process was then repeated once more. The five most important outcome domains from both groups were then combined, and a consensus workshop of seven professionals and three client advocates agreed on the top four ranked domains.

Results: A range of potential outcome domains were identified as relevant indicators of successful hearing rehabilitation. Communication ability, personal relationships, wellbeing, and participation restrictions were identified as a core outcome domain set that should be measured as a minimum for patients receiving hearing rehabilitation. There was little agreement on the preferred timepoints for collection of outcome measures, with respondents expressing the view that this should be established by research once a set of outcome measures has been selected. However, there was broad agreement that measurements of these domains should be collected at baseline (before the provision of hearing rehabilitation) and no earlier than 3 months following the completion of rehabilitation. Potential benefits and issues with the development of a national outcomes database/collection system were also identified and prioritised, with participants highlighting the importance of valid, high-quality, trustworthy, and comprehensive data collection.

Conclusion: These results provide a Core Outcome Domain Set for the self-reported evaluation of hearing rehabilitation and provide important background information for the design of methods to implement them across hearing healthcare systems. However, the wide range of outcome domains identified as potentially providing important additional information and the lack of specific measures to address these domains strongly suggest that there is still more research to be done. Ongoing stakeholder engagement will continue to be vital for future implementation. In addition, further research is required to determine the optimal time following hearing rehabilitation to utilise any particular outcome measure.

Keywords: outcome assessment (health care), correction of hearing impairment, hearing loss, audiology, patient reported outcome measures (PROMs)


INTRODUCTION

Hearing loss is a chronic condition that affects around four million adults in Australia, which represents one in six of the population (Access Economics Pty Ltd, 2015). In addition, hearing loss can have substantial negative consequences, including activity limitations, participation restrictions, stigmatisation, reduced quality of life, and third-party disability (Chia et al., 2007; Wallhagen, 2010; Scarinci et al., 2012; Granberg et al., 2014b; Heffernan et al., 2016; Barker et al., 2017). Furthermore, hearing loss has been associated with depression, cognitive decline, and dementia (Lin, 2011; Dawes et al., 2015).

Auditory rehabilitation aims to address the negative impact of hearing loss and includes a range of interventions. The primary intervention is hearing aids, which have been shown to be clinically effective in terms of listening ability, hearing-related quality of life (i.e., participation) and health-related quality of life (Ferguson et al., 2017). There are other auditory rehabilitation interventions for adults with hearing loss, which include alternative listening devices such as hearables, communication and patient education, and auditory training (Wong and Hickson, 2012; Ferguson et al., 2016; Ferguson et al., 2019). However, systematic reviews on these interventions have identified a lack of high-quality evidence (Henshaw and Ferguson, 2013; Barker et al., 2016; Maidment et al., 2016; Ferguson et al., 2017; Lawrence et al., 2018) in part due to a lack of a “gold standard” outcome measure (Granberg et al., 2014a; Hall et al., 2019).

In order to assess the effectiveness of interventions for adults with hearing loss, irrespective of the intervention type, it is essential to have appropriate and sensitive outcome measures that are relevant to the outcome domains targeted for improvement by auditory rehabilitation (Ferguson and Henshaw, 2015; British Society of Audiology, 2016). These are essential to both measuring an individual’s progress toward desired goals, often as a result of an intervention, as well as evaluating the overall effectiveness of audiology services and providers of hearing healthcare. Careful consideration needs to be given to which outcome measures are most fit for purpose. For example, a measure that asks only about specific pre-determined situations may not be relevant to the individual, and may not be compatible with a goal-setting approach to rehabilitation that is person-centred and focussed on the individual (British Society of Audiology, 2016).

One of the major problems with measuring outcomes within auditory rehabilitation is the large number of tools and instruments, including behavioural and self-report measures (Granberg et al., 2014a). In particular, there are a huge number of self-report measures available, with one study identifying 139 hearing-specific questionnaires (Akeroyd et al., 2015). Another major problem is that there is no agreement amongst researchers and clinicians in the field regarding what outcomes should be measured and how they should be measured (PricewaterhouseCoopers Australia, 2017). A systematic review of outcome measures used in research demonstrated the extent of this problem (Granberg et al., 2014a), identifying 51 self-report outcome measurement instruments used across 122 adult hearing loss studies. Of these 51, only 16 instruments had been used in more than one study. It is perhaps not surprising then that a scoping review uncovered considerable heterogeneity in outcome measurement in randomised controlled trials of adult auditory rehabilitation interventions (Barker et al., 2015a).

Many of these measures measure similar underlying constructs, such as hearing device use, benefit, satisfaction, and social participation. In the context of hearing outcomes, these underlying constructs are known as outcome domains. However, even among outcome domains that are in widespread use and seen to be important indicators of successful rehabilitation, such as hearing aid use, there is little consensus around which outcome measures should be used (Perez and Edmonds, 2012). Furthermore, there is an increasing awareness globally that outcome domains that are not solely associated with hearing aid amplification and that address participation restrictions and psychosocial aspects should also be considered, such as wellbeing, identity, and emotion (Bennett et al., 2018; Heffernan et al., 2018a; Bennett et al., 2020; Vercammen et al., 2020). However, many of the most widely used standardised outcome measures, such as the International Outcomes Inventory for Hearing Aids (IOI-HA; Cox et al., 2000), do not address these broader and more recently identified outcome domains.

The evidence is clear that both auditory rehabilitation clinical practice and research lack a single (or even a few) outcome measure that is used widely and consistently and accepted as a “gold standard” instrument. Furthermore, even though there is a large number and variety of measures within the field, clinical trials of adult auditory rehabilitation interventions have overlooked outcomes such as adverse effects and quality of care that may be important to key stakeholders, especially patients, hearing healthcare professionals and commissioners of hearing healthcare (Ferguson et al., 2017). The involvement of these stakeholder groups in the development of such tools is rare, with some exceptions (Heffernan et al., 2018a; Heffernan et al., 2019), as typically it has been researchers alone who have developed outcomes.

A major consequence of an non-standardised approach to outcome measurement is that comparison across different patient cohorts and services is almost impossible. Similarly, within research, it is very difficult to compare and combine the results of different trials that use different measures (for example in systematic reviews with meta-analyses), which results in reduced relevance of the results and increased risk of outcome reporting bias (Ferguson et al., 2017).

Within the Australian hearing healthcare context, hearing services are provided free of charge to over one million people each year through the Hearing Services Program (HSP), primarily through the Voucher Scheme, at a cost of $590 million per annum (Commonwealth of Australia, 2019). The Voucher Scheme provides subsidised hearing services to eligible pensioners, Veterans, service people, and those receiving support for a disability that places their employment at risk (Department of Health, n.d.). Currently, as is seen in many other countries, standardised use of patient-centred outcome measures is not prevalent in Australian hearing healthcare, and typically outputs such as hearing aid uptake are used to measure the success of hearing aids for both clients and service providers (PricewaterhouseCoopers Australia, 2017). Although the importance of measuring client outcomes is highlighted in the regulatory framework of the HSP, typically the Australian-developed Client Orientated Scale of Improvement (COSI; Dillon et al., 1997) or the IOI-HA are used. While the COSI does involve recipients in the development of personalised items, potentially overcoming this limitation of the IOI-HA, its insensitivity makes it unsuitable for the measurement of service outcomes (Dillon et al., 1999).

A Government-commissioned review of the HSP published in 2017 found that the majority of key healthcare stakeholders (i.e., Contracted Service Providers, Device Manufacturers, consumer groups, research organisations) who were consulted agreed that client outcomes were important, however there was no consensus on how they should be measured (PricewaterhouseCoopers Australia, 2017). Four types of measurement methods were identified as in common use—the COSI, the IOI-HA, hearing aid datalogging, and speech testing—but none of these were used consistently. The recommendations from this review were to (i) move quickly toward an outcomes-based model rather than an outputs-based model (i.e., focussing on the number of rehabilitation programmes delivered and devices fitted), (ii) consult with key stakeholders to achieve a consensus on which outcomes should be used and to standardise the approach to measuring these, and (iii) identify how outcomes could be measured across service providers and client groups.

This current study aimed to identify and standardise a Core Outcome Domain Set (CODS): a set of outcome domains that should be used as a minimum standard for the assessment of a health condition (Hall et al., 2018), as well as when and how these domains should be assessed. A CODS can then form the basis for development of a core outcome set (COS): “an agreed standardised set of outcomes that should be measured and reported, as a minimum, in all clinical trials” (OMET Initiative, n.d.). The development of COSs has grown in stature in over the years and COSs are now a recommended component of clinical trial protocols, Cochrane reviews, and government funding applications (Williamson and Clarke, 2012; Kirkham et al., 2017). Within hearing rehabilitation, a roadmap to develop a COS for tinnitus treatment has been proposed, which stresses that a consensus is needed on what outcome domains should be measured, and then how this should be measured using an outcomes tool (Hall et al., 2015; Fackrell et al., 2017). The first of these steps is the development of the CODS; it is then the addition of standardised measurement tools that results in an implementable COS. The overall aim of the present study was to achieve the first of these steps to identify a Core Outcome Domain Set for self-report within hearing rehabilitation, in the Australian context.

The specific aims of this study were to:


1.Seek views and consensus from a range of key stakeholders to define which client-centred outcome domains should be used, when they should be measured, and how they should be measured, for the assessment of hearing rehabilitation delivered within a national publicly funded hearing rehabilitation scheme.

2.Identify current and future potential mechanisms and systems to standardise the collection of data and reporting of outcomes, to enable comparison across clients and hearing service providers.





MATERIALS AND METHODS

This study was approved by the Hearing Australia Human Research Ethics Committee. Informed consent was obtained from all participants.

The overall structure of this research study is shown in Figure 1. Two groups of participants took part in this study: (i) Professionals, and (ii) Consumers. A scoping workshop and Delphi review was conducted with each group, and a final consensus workshop was conducted with representatives of both groups. The Delphi reviews covered six sections: Outcome Domains, Time of Collection, Methods of Collection, Parties Responsible for Collection, Reason for Collection, and National Outcomes Database. Where information from a previous stage was used to inform or develop a subsequent stage, this is denoted by an arrow.
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FIGURE 1. Overall structure of the research study, including the number of participants in each workshop and Delphi round. Information that was used to develop subsequent stages is indicated by arrows.



Method


Scoping Workshops

Four in-person scoping workshops were used to establish the initial statements for the Outcome Domains section of the Delphi reviews. Three workshops were conducted with the Professionals group, one each in Sydney, Melbourne, and Brisbane. One workshop was conducted in Sydney with Consumers from around Australia, with travel costs covered by the research team.

At these workshops, structured brainstorming exercises were used to assist participants to identify a comprehensive long list of domains in which outcomes of hearing rehabilitation might be observed.

For the workshops conducted with the Professional group, the New South Wales Government Human Services Outcomes Framework was used to guide brainstorming (Routledge, 2017). This framework identifies seven broad areas in which outcomes of health and human services interventions might be observed: Education and Skills, Economic, Health, Home, Safety, Empowerment, and Social and Community.

For the workshop conducted with the Consumer group, participants were asked to define “personas” for people involved in hearing services, including people with hearing loss, their family members, clinicians, and policymakers. For each of these personas, participants then brainstormed markers of successful hearing rehabilitation (e.g., “My husband and I doing more things together”) and markers of unsuccessful hearing rehabilitation (e.g., “Me getting frustrated by having to repeat things”).

The lists of identified outcome domains from the workshops were then combined by the research team, and duplicates were removed.



Delphi Reviews

A Delphi review is an iterative process in which respondents are asked to complete a series of surveys (rounds), with subsequent rounds including summary information about the responses to the previous round, allowing participants to re-evaluate their previous rating of a statement based on any emerging group consensus (Helmer, 1967). The Delphi technique is useful for building consensus among experts with regard to their areas of expertise (Hsu and Sandford, 2007), and has been used successfully for the development of clinical guidelines and rehabilitation approaches in hearing healthcare (Barker et al., 2015b; Sereda et al., 2015; Ferguson et al., 2018). In the present Delphi Review, each round was conducted via an online survey.

Two Delphi reviews, each of three rounds, were conducted with the Professional and Consumer groups separately. These reviews utilised different surveys and slightly different questions, targeted to the two different populations. Where the same question was asked of both groups, summary information from both groups was presented, allowing respondents to use information from both groups of stakeholders in their re-evaluation (see Figure 1).

The Delphi reviews covered six sections. Three of these (Outcome Domains, Methods of Collection, and National Outcomes Database) were asked of both groups, and three (Time of Collection, Parties Responsible for Collection, and Reason for Collection) were asked only of the Professionals group, as it was felt by the research team that these would likely be out of the scope of understanding of non-professionals.

For both groups, the standard agreement rating item was a five-point Likert item with anchors Strongly agree, Agree, Neither agree nor disagree, Disagree, and Strongly disagree. The standard importance rating item was a five-point Likert item with anchors Very important, Important, Neither important nor unimportant, Unimportant, and Very unimportant. The standard comfortableness rating item was a five-point Likert item with anchors Very comfortable, Comfortable, Moderately comfortable, Slightly comfortable, and Not at all comfortable. The relevant rating item was chosen for congruence with the statements presented to participants; a full list of statements as presented is available in Supplementary Material.

Consensus throughout the Delphi reviews was defined a priori as a consensus percentage of 80% or greater for each item, that is the proportion of respondents rating a statement as follows:


• for agreement:


∘ Agree or Strongly Agree, or

∘ Disagree or Strongly disagree;






• for importance:


∘ Very important or Important, or

∘ Unimportant or Very unimportant.





Comfortableness was not used to determine consensus, but only to determine consensus rankings.

To allow for discrimination between items beyond whether they reached consensus or not, consensus rankings were calculated for some items, determined using the Kemeny-Young method (Kemeny, 1959). This method, which has to our knowledge not been used previously in hearing research, generates the consensus ranking(s) of items that have the largest number of total pairwise agreements with the rankings provided by participants. The number of pairwise agreements is calculated by taking every possible pair of items, determining which item is ranked higher in the potential consensus ranking, and then counting the number of participant-provided rankings that also rank that item higher. In some cases, such as where all respondents ranked items in the same order, this ranking is unique, although in some cases the method produces “ties,” where there is insufficient information in the data to be able to definitively place one item above another. This method was applied by treating each person’s responses as a single ranking, in which those items rated as Strongly Agree (or Very important, or Very comfortable) are ranked above those items rated as Agree (or Important, or Comfortable), and so on.

For example, consider a set of three items which have been ranked by participants. In this case, there are 13 possible orderings to consider as the consensus ranking. With the set of responses described in Table 1, the potential consensus ranking Item 1 > Item 2 > Item 3 has three pairwise agreements with Person A (Item 1 > Item 2, Item 2 > Item 3, and Item 1 > Item 3), two agreements with Person B (Item 1 > Item 2 and Item 1 > Item 3), and two agreements with Person C (Item 1 > Item 3 and Item 2 > Item 3) for a total of seven pairwise agreements. If this process is repeated for all 13 possible orderings (13 = 8 total orderings plus 5 combinations involving ties), it can be seen that this ranking (Item 1 > Item 2 > Item 3) has the highest total and is therefore the Kemeny-Young consensus ranking.


TABLE 1. Synthesised responses to illustrate Kemeny-Young method.
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Determination of a consensus ranking is one of the most difficult problems to solve computationally, as the number of possible consensus rankings (possibly with ties) that need to be checked grows superfactorially (due to ties) with the number of items to be ranked (Bartholdi et al., 1989; Biedl et al., 2006): while there are 13 possible orderings for three items, there are 75 for four items, 541 for five items, approximately 102 million for 10 items, and over 230 trillion for only 15 items. As a result, as the number of items that have been ranked increases, it becomes computationally not feasible to determine the optimal consensus ranking definitively, and heuristic methods that provide computational approximations to the optimal ranking are required. In this study, where small numbers of items were to be ranked (<15), the branch and bound algorithm (which definitively determines the optimal consensus ranking) could be computed in a reasonable time and was used (<4 h; Emond and Mason, 2002). Where a larger number of items were to be ranked, the fast computational approximation developed by Amodio et al. (2016) (stylised “FAST”) was used instead.



Consensus Workshop

A summary of results from the Outcome Domains, Time of Collection, and Methods of Collection sections of the Delphi Reviews was distributed to workshop participants prior to the workshop.

At the online workshop, the top five outcome domains as determined by the Consumer group and the top five outcome domains as determined by the Professional group were discussed. Due to similarities between outcome domains across the groups, seven were identified as separate constructs. These were then presented to the workshop and discussed in detail, to ensure that participants had a coherent shared understanding of each domain.

Participants then separated into two groups to discuss the domains and their importance. Project team staff attended these groups but did not participate in the discussion beyond answering questions about the methodology and the results.

Participants then individually and anonymously ranked the domains from most important to least important. The summary of the individual rankings was presented to the group and discussed until unanimous agreement was reached on a short list of domains that should be recommended for collection from all people receiving hearing services in Australia.

Some discussion was also had regarding methods and time of collection of outcome measures, which was synthesised qualitatively and is summarised below.



Final Recommendations

The research team met to synthesise the results from all phases of the work, primarily the Consensus Workshop and literature review of potentially applicable outcome measures, into specific interim recommendations for the assessment of hearing rehabilitation in clinical and research practice. Discussion continued until unanimous agreement was reached.




Participants


Professionals

This group comprised Professionals involved in the hearing industry in Australia. Potential participants were identified by the research team by brainstorming within each of the categories of hearing researchers, representatives of professional organisations, hearing service organisations, industry organisations such as hearing device manufacturers, and hearing consumer advocacy organisations. This resulted in a list of 59 people who were invited to take part in the study, with 43 (73%) consenting to take part.

Participants were invited to join in one of three initial scoping workshops, which were conducted in Brisbane (n = 6), Melbourne (n = 7), and Sydney (n = 7). Following these scoping workshops, several other potential participants were identified by workshop participants as being people who would be interested in contributing to the Delphi review, and were added to the list, giving a total of 79 potential participants for the Delphi review, of whom 50 (63%) completed at least one round of the Delphi review. Of these, 19 (38%) completed only one round, 16 (32%) completed only two rounds, and 15 (30%) completed all three. Participation in a future round was not contingent on completion of all previous rounds.

All categories used to identify potential participants were represented in the scoping workshops.



Consumers

Four hearing advocacy organisations active in Australia were identified (Better Hearing Australia Brisbane, Deafness Forum, Hearing Matters Australia, and Soundfair) and invited to nominate one or more representatives who identified as people with hearing loss. Seven representatives across all these groups took part in the initial scoping workshop.

Following the workshop, the organisations were invited to share a link to the first round of the Delphi review with their members, and all did so. Participants who responded to round 1 of the Delphi Review (n = 64) were then invited to participate in rounds 2 and 3. Of these, 55 (86%) completed all three rounds, 6 (9%) completed only two rounds, and 3 (5%) completed only round one. There was higher engagement with the review process in this group that in the Professional group, potentially due to the self-selected nature of the participants.



Final Consensus Group

A group of potential participants (n = 18) was selected by the research team from those in the Professional group who had responded to at least 2 rounds of the Delphi Review (n = 32). In the selection of these potential participants, the categories used at the potential participant identification stage were considered to ensure broad coverage of the Australian hearing industry. One potential participant from each consumer organisation was then added. The resulting 22 potential participants were then invited to take part in an online workshop (due to COVID-19), with 10 attending.




Material

The Delphi Reviews were conducted using three rounds of electronic surveys. A summary of the types of responses invited (e.g., ranking of importance) for each section of each survey can be seen in Table 2.


TABLE 2. Types of response invited for each section of the Delphi review surveys.
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In round 1, participants were asked open-ended questions about the topics, which were then synthesised into statements for rating in subsequent rounds.

In rounds 2 and 3, statements were presented for rating using one of the standard items or ranking, along with summary information about responses to any previous rounds of ratings or rankings. In the Methods of Collection and National Outcomes Database sections, questions asked were similar between the two groups, and so summary information for both groups was presented.

In the Outcome Domains section, statements were rated using the standard importance item. As statements had already been determined during the scoping workshops, in Round 1 they were presented for rating, along with an open-ended question to allow participants to add any outcome domains that they felt were missing. In Round 3 participants were also asked to select, in ranked order, the top five domains, which were used to generate a consensus ranking. Due to the large number of outcome domains that reached consensus in Round 1 among Consumer participants, in Round 2 Consumers were presented with only the top 10 outcome domains from the previous round (as determined by the Kemeny-Young method), as well as five additional domains synthesised from open-ended responses. All of these reached consensus as being important, and so in Round 3 Consumer participants were not asked to rate, but only to rank the domains.

In the Time of Collection section, Professional participants were asked about the different time points at which outcomes could be collected, and why. Responses were synthesised into four major time points and a set of statements regarding the potential reasons why these time points might be useful. In Rounds 2 and 3, Professional participants were asked to rank the four time points in order of importance, and to rate their agreement with the statements using the standard agreement rating item. The ranked time points were used to generate a consensus ranking.

In the Methods of Collection section, Professional participants were asked about potential methods that could be used to collect outcomes, and the benefits and drawbacks that might be associated with each method. Professional participants were asked to rank the top five most important methods of collection in both Rounds 2 and 3 to facilitate the recommendation of a single method of collection at the close of the study. Consumer respondents were asked to rate the comfortableness of each method in Round 2, and to rank the top five most important methods in Round 3.

In the Parties responsible for collection section, Professional participants were asked about different parties (e.g., clinicians, a Government agency, or GPs) who could be responsible for the collection of outcome measures in the Hearing Services Program, and the potential benefits and drawbacks of each these parties undertaking outcomes collection. Statements were rated by Professional participants using the standard agreement rating item in subsequent rounds.

In the Reasons for Collection section, Professional participants were asked about reasons why different stakeholders might find it important for outcomes to be measured. Statements were rated by Professional participants using the standard agreement rating item in subsequent rounds.

In the National Outcomes Database section, Professional participants were asked about the potential beneficiaries, benefits, and drawbacks of the development of a national database of outcomes for hearing rehabilitation. The beneficiaries and benefits were synthesised into potential purposes for such a system. The potential purposes and drawbacks were then presented to both groups, and participants were asked to rate them using the standard importance rating item. In Round 2, Consumer participants were also asked how comfortable they would feel with a range of different stakeholders running a national outcomes database.

Questions asked in each section are available as Supplementary Material.




RESULTS


Delphi Reviews

Results for this section are shown in Tables 3–8. In each table, items are ordered by the consensus ranking, when both consensus ranking and percentage are available, and then by the consensus percentage when ranking is tied (ordered from unanimous agreement to unanimous disagreement). Consensus percentages meeting the predefined criterion (80%) are shown in bold. In some cases, there is disagreement between the ordering implied by the consensus percentages and that obtained using the consensus ranking procedure, as the consensus percentage method treats “agreement” from one participant and “strong agreement” from another as equivalent. As the ranking takes individual preferences between domains into account, ranking should be considered a more accurate measure of consensus preference. However, as the ranking of an item is dependent on preferences for other items in the set, no strict criterion for ranking can be applied.


TABLE 3. Results from the outcome domains section among the professional group.
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TABLE 4. Results from the outcome domains section among the consumer group.
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TABLE 5. Statements from the time of collection section among the professional group.

[image: Table 5]

TABLE 6. Rankings of methods of outcomes collection.
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TABLE 7. Statements from the parties responsible for collection section among the professional group.
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TABLE 8. Statements from the reasons for collection section among the professional group.
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Outcome Domains

The primary question for this section was “What outcome domains should be measured as markers of success of hearing rehabilitation?”

Results from the Professional group are shown in Table 3. For each item, the consensus percentage and the consensus ranking from the final ranking task are shown. The consensus criterion was met for 13 domains and not for two domains.

Most domains that were identified through this process were psychosocial. Notably, the consensus criterion was not reached for the domain “Increased use of hearing aids.”

Results from the Consumer group are shown in Table 4. There was consensus beyond the predefined criterion on every domain presented. As there were several domains that were excluded after Round 1 and not included for Rounds 2 and 3, it is possible that a subset of these, should they have been presented, may also have reached the predefined criterion for consensus.



Time of Collection

The primary question for this section was “At what time point(s) should outcome measures be collected, and why?” It was conducted in two parts: by presenting respondents with four specific time points for ranking, and then by presenting a set of statements.

The four specific post-fitting time points identified were, in ranked order from most to least preferred, at 3 months following the fitting, at 6 months following the fitting, at 12 months following the fitting, and at the follow-up appointment (commonly conducted between one and 3 weeks post-fitting in Australia).

The statements and consensus percentages for this section are shown in Table 5. The highest consensus percentage at 93% related to the two statements on the use of baseline measures prior to device fitting, which was strongly supported by respondents. There was consensus reaching the criterion for three statements and not for four statements.



Methods of Collection

The primary question for this section was “What different methods could be used to collect outcome measures?”

Consensus rankings for this section are shown in Table 6. Note that the consensus ranking method was unable to distinguish between statements ranked third among respondents in the Consumers group for five of the statements. The orderings obtained from Professional group and from the Consumer group were notably different, with the second preference among Consumers (an online questionnaire emailed by the hearing care professional) being ranked last by the Professional respondent group.



Parties Responsible for Collection

The primary question for this section was “Thinking of patients being seen for hearing rehabilitation, who could potentially collect outcome measures?”

Statements and consensus percentages for this section are shown in Table 7. The predefined consensus criterion was not reached for any of the statements. As the results tended toward disagreement for some of the statements, whether the consensus percentage relates to agreement or disagreement is also shown in the table. It should be noted that as “Neither agree nor disagree” was a valid option for respondents, consensus percentage for agreement and consensus percentage for disagreement do not sum to 100%. For example, 33% consensus toward agreement displayed in the table indicates that fewer than 33% of respondents responded “Disagree” or “Strongly disagree,” with the remainder responding “Neither agree nor disagree.”



Reasons for Collection

The primary question for this section was “Why might it be important to clinicians providing hearing services/hearing service providers/Government that outcomes are measured?”

The statements and consensus percentages are shown in Table 8. Consensus reached the pre-defined criterion on 13 statements and did not reach the criterion on two statements. A broad array of potential reasons for collecting outcome measures with differing beneficiaries was identified, including hearing care professionals, Government, hearing care organisations, and the public.



National Outcomes Database

The primary questions for this section were: “Are there any people who you think might benefit from a national outcomes database? What are the potential benefits of a national outcomes database? What are the potential drawbacks associated with having a national outcomes database?” Detailed results of this section, including consensus percentages and rankings, are available in Supplementary Material, and a summary is provided below.

Both groups agreed that a database should be designed to promote person-centred care, to help determine best practice, and to provide a national standard for hearing care. Both groups also agreed that such a database should be designed to measure the impacts of hearing loss beyond the person themselves, on their partners, family members, and friends. The Consumer group, but not the Professional group, agreed that a database should support clients to choose hearing services and providers and help identify poorly performing clinicians and services.

Both groups were agreed that the accuracy and relevance of measures and the integrity of the data was highly important, with misuse of data by professionals or organisations a significant concern. Professional participants were also concerned with the potential for data breaches and use of the data to justify funding cuts.

Consumer participants felt more comfortable with organisations that might be considered independent from both the hearing industry and Government running a national outcomes database, including independent research organisations, professional associations, and universities.




Consensus Workshop

The synthesised domains as presented to the consensus workshop are available in Supplementary Material.

During initial discussion to ensure that participants understood the domains as presented, participants decided that “Improved participation in activities” should instead refer to reduction of “participation restrictions,” as it was felt that it was unreasonable to expect that the provision of hearing rehabilitation alone would result in increased participation by patients in social activities. Rather, participants felt that while hearing rehabilitation could reduce the barriers to participation caused by the hearing loss, the social and psychological effects of long-standing hearing difficulty may result in some continued persistence of patterns of reduced participation for a period of time following any reduction in participation restrictions.

Following this discussion, participants separated into groups to further discuss the domains, and anonymously ranked the domains individually. A summary of the results of individual prioritisation for both groups are shown in Table 9.


TABLE 9. Summary of rankings of individual domains provided by participants in the consensus workshop.
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After prioritisation, group discussion was undertaken to identify which outcome domains were considered core for assessment of hearing services. Discussion focussed on the importance of capturing the full breadth of outcomes experienced by patients, the importance of domains that were clearly articulable and comprehensible by patients and clinicians, and on selecting domains that would be directly modifiable by rehabilitation efforts.

Following the discussion, the group decided unanimously that four outcome domains should be recommended as part of a CODS for self-report in hearing rehabilitation in Australia. These were, in order of importance: (1) communication ability, (2) personal relationships, (3) well-being, and (4) participation restrictions. The group stressed that all seven domains presented to the group were important and should be considered for settings where the collection of additional outcomes is possible.

Following the discussion of which outcome domains should be measured following hearing rehabilitation, additional discussion was had regarding the time points at which outcomes should be measured, and which outcome measures should be used. There was no decision made regarding a positive answer to either question, with participants agreeing that these questions should be answered with reference to the research literature. Participants felt that the time of collection may differ between particular outcome measures and should therefore be determined with reference to research relevant to each particular outcome measure.



Final Recommendations

Three overarching recommendations were made as a primary output of this project. It should be noted that these recommendations were made specifically for the Australian publicly funded hearing rehabilitation context, and with the assumption that outcomes would be collected to facilitate their tracking and improvement over time.


1)Target the outcome domains “communication ability,” “personal relationships,” “well-being,” and “participation restrictions” when assessing hearing rehabilitation.

2)Measure within these domains at baseline and then following the conclusion of the rehabilitation, with a delay of at least 3 months being recommended.

3)Establish an independent body to develop a standardised outcomes instrument and mechanism for outcomes collection.



The detailed recommendations from this project are available in Supplementary Material.




DISCUSSION


Outcome Domains

This study identified four primary outcome domains that are recommended as part of a core outcome domain set for the self-report evaluation of individual hearing rehabilitation programmes: communication ability, personal relationships, well-being, and participation restrictions.

Many currently available outcome measures used as measures of the success of hearing rehabilitation focus on improvements in communication ability, including the Glasgow Hearing Aid Benefit Profile (GHABP; Gatehouse, 1999), the Abbreviated Profile of Hearing Aid Benefit (APHAB; Cox and Alexander, 1995), and the International Outcomes Inventory for Hearing Aids (IOI-HA; Cox et al., 2000). The delineation of specific subdomains of communication ability in this study (communication with family and communication in groups) suggests that in addition to generalised measures of patients’ overall communication ability in their everyday lives, specific measures or subscales highlighting difficulties or successes in these identified areas are also required for a comprehensive assessment of communication ability. Many commonly used measures for the assessment of communication ability validated in hearing rehabilitation do not address these subdomains separably, although some measures include these aspects, such as the SOS-HEAR (Scarinci et al., 2012), the Self-Assessment of Communication (SAC; Schow and Nerbonne, 1982), and the GHABP. A notable exception is the Communication Performance subscale of the Communication Profile for the Hearing Impaired (CPHI; Demorest and Erdman, 1987), which includes several items related to communication both in group social situations and with family around the home. However, these items do not form separable subscales, making it difficult to assess communication on the subdomains in a separable way (Demorest and Erdman, 1986). The instrument also includes items that may be inappropriate for some people, such as hearing in lectures and religious services. Further work may be required to develop an instrument that can assess communication ability both across life as a while and in particularly meaningful situations for a wide variety of people.

The most specific measure of hearing-related participation restriction currently available, the Social Participation Restrictions Questionnaire (SPaRQ), focuses primarily on social participation (Heffernan et al., 2018a,b). Participation restrictions due to hearing loss manifests across a range of kinds of non-social participation, including in employment, education, domestic settings, and political life (Danermark et al., 2013; Granberg et al., 2014c), and so additional measures or expansion of the SPaRQ is likely to be necessary to enable comprehensive assessment.

There currently are no measures validated in hearing rehabilitation for the assessment of personal relationships or general well-being, although general measures of well-being such as the Warwick-Edinburg Mental Well-Being Scale (WEMWBS) are available (Tennant et al., 2007). Application of modern psychometric methods to the WEMWBS has been useful in the derivation of short-form measures with desirable measurement characteristics, suggesting that item inventories of this kind may prove useful as a starting point for the development of shorter, more specific measures of well-being benefit following hearing rehabilitation (Houghton et al., 2017). There is also ongoing work exploring the nature of hearing-specific well-being (Vercammen et al., 2020; Humes, 2021), which may result in measures of well-being that are more sensitive to hearing rehabilitation, although care should be taken when selecting these instruments to ensure that the breadth of well-being as an outcome domain—that it includes all aspects of life, not just hearing—is not lost.



Collection Considerations

With respect to the time points at which outcomes should be collected, there was disagreement between professional stakeholders in the Australian hearing industry, reflecting the lack of research into the optimal time to collect outcomes measurements. While there is good evidence that auditory ability stabilises quickly after hearing aid fitting (Dawes et al., 2014b), the period following fitting, particularly for new users, is marked by ongoing adjustment during which results obtained from outcome measures may be expected to change (Turner et al., 1996). There are also a variety of personal factors which may affect the rate at which a person adjusts to hearing aids (Dawes et al., 2014a), and it is unclear how those factors may affect different domains of adjustment. As a result, further research will be required to establish the optimal time post-fitting for any particular outcome measure to be applied.

While both Consumer and Professional groups agreed that outcomes could be appropriately collected by hearing care professionals face-to-face with a patient, the difference in preference for online delivery of questionnaires—Consumer respondents ranking it second only to face-to-face collection by a hearing care professional while Professional respondents ranking it as least preferred—suggest that a range of methods are likely to be useful in practice. The principles of experience-based co-design suggest that health services, policymakers, and consumers should be involved in the design of services and the selection of appropriate metrics for their assessment (Donetto et al., 2014), and the results of this study suggest that the methods of collection of those metrics may also be a valuable subject of co-design methods. Further work canvasing views of outcomes collection methods may also identify groups of consumers and service staff who benefit from varying methods of outcome measurement collection, requiring a multi-method approach to implementation into hearing health services.

There was substantial overlap in the identified reasons for collecting outcomes and the purposes of establishing a national database of patient outcomes. Both Consumer and Professional groups highlighted the importance of promoting patient-centred care beyond solely the provision of hearing aids, the comparison of professional practice and outcomes to national benchmarks, the value of outcomes to Government and other funders in developing policy, and potential enhancements in the development of evidence-based hearing care. This overlap suggests that to the participants in this study these two ideas—that outcome measurements should be collected and that outcome measurements should be combined and analysed across health systems—may be conceptually inseparable. Indeed, several of the reasons identified for collecting outcomes, such as the targeting by Government of auditing activities, are likely to only be possible through a centralised outcomes storage and analysis system.

Respondents were clear that centralised outcomes collection systems should be designed to maximise their benefits for various parts of the hearing health system, including hearing healthcare organisations and professionals, other healthcare providers, the public, and policymakers. When designing and implementing these systems, a broad base of stakeholders should be involved in the design and implementation of data products, ensuring their applicability across the health system. Consumers, perhaps unsurprisingly, felt that such a system could and should provide important information to consumers to support their hearing rehabilitation decision-making. The provision of information to consumers alone, however, is not sufficient to ensure that they can use that information to support healthcare decision-making; careful design of the consumer-accessible outputs of these systems will be necessary to ensure that outcomes information can be useful to consumers (Hibbard and Peters, 2003).

In addition to the benefits of aggregating outcome measurements across patients for services and systems evaluation, the results of the present study also highlight the immediate utility of outcome measurements to clinicians as a basis for decisions about the future progress of individual rehabilitation programmes. Making patient outcome measurements available to clinicians and health services may therefore provide an immediate and direct benefit to the care of the patient whose outcomes are being measured. In addition to the use of baseline measurements to support rehabilitation programme planning (such as the determination that a patient may be more likely to benefit from intensive communication training to address difficulties in particular situations, or from a referral to psychological or social support to ameliorate the effects of long-standing participation restriction), outcome measurements may identify patients whose progress has been less than might be expected, prompting additional intervention from the clinician. Providing those results that are available to hearing care professionals and organisations to the patient, both in aggregate and individualised format, may provide significant benefits to clinical practice, improve engagement and uptake by hearing care professionals and service delivery organisations, and smooth the implementation of outcome measurement within hearing health systems.

Concerns relating to the development of a national outcomes database largely related to the validity, quality, trustworthiness, and comprehensiveness of the data stored within it. Both groups expressed concerns that there could be significant potential for interested parties (particularly hearing care professionals or organisations) to modify or misrepresent data in an attempt to appear more favourably in any aggregate results. This concern has implications for the ways in which data may be collected, as methods of data collection that directly involve hearing care professionals or organisations may be viewed as more susceptible to misuse than those that bypass hearing services entirely.

Interestingly, the potential impacts on professionals and organisations of receiving poor outcomes results were not considered important by either Consumer or Professional participants. Publication of health quality data can prompt quality improvement within health systems (Fung et al., 2008), with systematic and structured outcomes an important support to quality improvement activities (Kampstra et al., 2018). Within hearing rehabilitation, improvements in service quality have been seen following the publication of outcomes data in the ongoing quality register of hearing rehabilitation clinics in Sweden (Nationellt Kvalitetsregister Hörselrehabilitering, 2019). This suggests that the ongoing collection and publication of client-centred outcomes may support a move toward improving the quality of hearing rehabilitation.



Limitations

While the results of the present study do provide important guidance for researchers, clinicians, and policymakers in the selection of outcome domains for the assessment of hearing rehabilitation, the decision in the early stages of the Delphi Review conducted with the Consumer group to restrict to a manageable number of outcome domains does mean that this list should not be considered a comprehensive description of the areas in which consumers of hearing services might experience or seek benefit from hearing rehabilitation. Indeed, several items that reached consensus in the Professional group, including reductions in social isolation and the ability to communicate in groups, were filtered out of consideration by Consumer participants at this stage. In addition, a number of items that might be considered valuable by researchers or clinicians—including feelings of empowerment, improved access to paid and volunteer work, and confidence in the effectiveness of hearing services—were also excluded from further consideration by Consumer participants. As a result, this work does not preclude the usefulness of other domains that have not been listed above, or of measures that assess other aspects of benefit. For example, where a comprehensive assessment of benefit of hearing rehabilitation is desired, the use of a general measure of improvement such as the Clinical Global Impression, which has been adapted for use in hearing rehabilitation (Öberg et al., 2009), may capture a more holistic measure of benefit, supporting the use of these more specific measures. Finally, the Delphi method used in this study involved a self-selected group of participants, and its reliance on internet-delivered text may have posed a barrier to participation for culturally and linguistically diverse Australians, those with cognitive or other difficulties, or low access to technology. Further work is required to ensure that the domains identified are indeed appropriate for the assessment of all consumers of Government-funded hearing services in Australia.



Strengths

This study includes consumers of hearing services as primary participants in the development of recommendations for the assessment of hearing rehabilitation, which has not previously been done in this field. In addition to providing a possible example to future researchers seeking to include consumers as domain experts in their research, we believe that direct involvement of consumers in research is vital to the principles of patient- and family-centred care. It is also the first in the hearing literature to make use of the Kemeny-Young method for consensus ranking, a data-driven method with useful properties including satisfaction of the Condorcet criterion (that is, it will correctly identify the choice that is preferred over every other choice by most raters should such a choice exist) and the ready availability of “off-the-shelf” algorithms for both its exact computation and heuristic approximation.



Conclusions

The recommendations from this study define a minimum patient-centred core outcome domain set that should be considered for the assessment of hearing rehabilitation in research and clinical practice. However, there is still significant research required to establish a set of outcome measures suitable for the measurement of each of these outcome domains. The selection of measurement instruments to be associated with a COS is a multi-stage process that will require considerable additional work, particularly given the identified lack of appropriate, validated measures for the identified domains (Prinsen et al., 2016). As part of this process, the measurement properties of developed or identified measures will need to be assessed. Preferably, this should be undertaken using modern psychometric methods such as those utilising Item Response Theory (IRT), which are particularly useful when assessing psychosocial, needs-based aspects of health (Tennant et al., 2004).

In general, these results have identified, through a consensus approach, a core outcome domain set that might be considered for the self-report evaluation of hearing rehabilitation and provide important background information for the design of methods to implement them across hearing healthcare systems. A broader set of self-report outcome domains that researchers and clinicians may also choose to collect in their particular context has also been identified. Furthermore, other outcome areas in addition to self-report, such as behavioural (e.g., speech perception, cognition) and physiological (e.g., electrophysiology) tests, need to be considered before there is a full COS for auditory rehabilitation. For self-report, which was the focus of this study, the range of suggested outcome domains, potential purposes for outcomes collection, and potential concerns with the establishment of centralised national outcomes collection and analysis systems strongly suggest that ongoing stakeholder engagement will be vital for the operationalisation of these results into any hearing healthcare system. In addition, significant further research is required on any selected or developed outcomes measurement instruments to determine the optimal time of outcomes collection following hearing rehabilitation.
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Understanding speech is essential for adequate social interaction, and its functioning affects health, wellbeing, and quality of life (QoL). Untreated hearing loss (HL) is associated with reduced social activity, depression and cognitive decline. Severe and profound HL is routinely rehabilitated with cochlear implantation. The success of treatment is mostly assessed by performance-based outcome measures such as speech perception. The ultimate goal of cochlear implantation, however, is to improve the patient’s QoL. Therefore, patient-reported outcomes measures (PROMs) would be clinically valuable as they assess subjective benefits and overall effectiveness of treatment. The aim of this study was to assess the patient-reported benefits of unilateral cochlear implantation in an unselected Finnish patient cohort of patients with bilateral HL. The study design was a prospective evaluation of 118 patients. The patient cohort was longitudinally followed up with repeated within-subject measurements preoperatively and at 6 and 12 months postoperatively. The main outcome measures were one performance-based speech-in-noise (SiN) test (Finnish Matrix Sentence Test), and two PROMs [Finnish versions of the Speech, Spatial, Qualities of Hearing questionnaire (SSQ) and the Nijmegen Cochlear Implant Questionnaire (NCIQ)]. The results showed significant average improvements in SiN scores, from +0.8 dB signal-to-noise ratio (SNR) preoperatively to −3.7 and −3.8 dB SNR at 6 and12 month follow-up, respectively. Significant improvements were also found for SSQ and NCIQ scores in all subdomains from the preoperative state to 6 and 12 months after first fitting. No clinically significant improvements were observed in any of the outcome measures between 6 and 12 months. Preoperatively, poor SiN scores were associated with low scoring in several subdomains of the SSQ and NCIQ. Poor preoperative SiN scores and low PROMs scoring were significantly associated with larger postoperative improvements. No significant association was found between SiN scores and PROMs postoperatively. This study demonstrates significant benefits of cochlear implantation in the performance-based and patient-reported outcomes in an unselected patient sample. The lack of association between performance and PROMs scores postoperatively suggests that both capture unique aspects of benefit, highlighting the need to clinically implement PROMs in addition to performance-based measures for a more holistic assessment of treatment benefit.

Keywords: cochlear implant, outcome measures, Quality of Life, SSQ, NCIQ, speech perception


INTRODUCTION AND PURPOSE OF THE STUDY

The ability to understand speech is the most important application of human hearing. Verbal communication enables us to conduct sophisticated social interaction and social relationships, which are essential to our health and wellbeing. Difficulties recognizing speech in the presence of background noise or in multitalker situations is the most common manifestation of hearing loss (HL; Kramer et al., 1998) and may represent a starting point for a gradually progressing social disconnection. It is therefore not surprising that untreated HL is associated with loss of social activities and autonomy, as well as depression and even cognitive decline (Lin et al., 2011; Loughrey et al., 2018). Given its increasing prevalence and serious socioemotional consequences, HL ranks among the greatest public health challenges globally in the coming decades (World Health Organization [WHO], 2021).

Most mild and moderate HL is rehabilitated with conventional hearing aids; severe and profound HL is commonly treated with cochlear implants (CI). In both cases, the primary goal of rehabilitation is to provide a level of verbal communication that enables satisfactory social interaction and performance in most everyday sound environments and situations (i.e., at home, on the phone, in a car, in a restaurant, at work, etc.), thereby improving the patient’s quality of life (QoL).

Predicting the success of cochlear implantation for an individual patient is challenging and requires a holistic approach (Boisvert et al., 2020) beyond measuring aided thresholds, as these do not provide meaningful information about the functional hearing relevant for most everyday hearing situations (Vermiglio et al., 2012). Word and/or sentence perception in quiet have been the most commonly used supra-threshold clinical outcome measures. Numerous studies have shown that cochlear implantation reliably restores sound audibility, thereby enabling speech perception in quiet and non-reverberant surroundings (i.e., sound booth; Gifford et al., 2008; Dietz et al., 2015; Boisvert et al., 2020). However, speech perception tests in quiet are not able to measure functional hearing relevant for most everyday hearing situations. Moreover, speech perception tests in quiet are prone to ceiling effects (Gifford et al., 2008; Dietz et al., 2015). Thus, speech perception tests conducted in background noise are regarded as a more adequate way to measure functionally relevant performance outcomes of cochlear implantation, since background noise better approximates complex listening situations (Holden et al., 2013; Dietz et al., 2015). However, speech-in-noise (SiN) tests have also been criticized for not fully capturing the benefits of cochlear implantation. A more comprehensive assessment may be provided by patient-reported outcome measures (PROMs; McRackan et al., 2019). Although PROMs are often used for hearing aid validation, they are less commonly use for the outcome evaluation of cochlear implantation. This is the case even though PROMs seem well-placed to reflect the impact of the change in hearing performance on a patient’s QoL. PROMs are more holistic than performance-based outcome measures in that they assess not only functional aspects of hearing but also hearing-related socioemotional consequences such as social interaction, self-esteem (SE) and emotional wellbeing (Mertens et al., 2020).

One way to categorize outcome measures is to use the International Classification of Functioning, Disability and Health (ICF; World Health Organsation [WHO], 2001). The ICF classifies health according to three domains, namely an individual’s body function and structure, their activity limitations, and their participation restrictions (World Health Organsation [WHO], 2001). PROMs typically assess activity limitations and/or participation restrictions. In audiological practice these limitations and restrictions are typically tied to communication. Two PROMs of particular importance for the current study are the Nijmegen Cochlear Implant Questionnaire (NCIQ; Hinderink et al., 2000) and the Speech Spatial and Qualities of Hearing scale (SSQ; Gatehouse and Noble, 2004). The NCIQ was specifically developed for CI users and is currently the most commonly used QoL-questionnaire for this patient group. It has been translated into many languages (Sanchez-Cuadrado et al., 2015; Ottaviani et al., 2016; Santos et al., 2017). The NCIQ assesses mainly participation restrictions related to social and emotional aspects of wellbeing. The SSQ is another PROM that has been previously used with CI users, although it has not been fully validated for this population. The SSQ assesses activity limitations related to speech perception, spatial hearing (SH), and sound quality (SQ) for different everyday situations.

In summary, changes in the patient’s activity limitations, participation restrictions, wellbeing, and QoL are rarely assessed in the clinical practice of cochlear implantation, even though these dimensions add unique insights into rehabilitation success beyond performance-based scores.

To provide an objective picture of a patient group, it is paramount to minimize any reporting biases. One way of doing this is to sample patients prospectively without any regard for the success of the intervention or difficulties along the way, and to obtain both pre- and postoperative measures from the same patient. Such a design presents a contrast to many studies that use retrospective and cross-sectional designs where patients are only tested postoperatively. The present study aims to avoid potential reporting bias by using a prospective non-selective longitudinal design that compares the change of QoL, activity limitations, participation restrictions, and SiN perception in adult patients undergoing cochlear implantation.

The primary aim of this study was to investigate performance-based and patient-reported outcome measures (PROMs) after cochlear implantation in an unselected, consecutive Finnish patient cohort undergoing unilateral cochlear implantation. We wanted to understand the benefits of cochlear implantation more fully by investigating the following three questions: (1) what are the changes to communicative ability and QoL in response to cochlear implantation? (2) What is the timeline of change? (3) To what extent do behavioral SiN scores and patient-reported disability scores covary with QoL measures? The ultimate goal was to predict a patient’s rehabilitation success more accurately.



MATERIALS AND METHODS


Study Design

This was a prospective patient cohort study. Patients referred to the Kuopio University Hospital for unilateral cochlear implantation were given the option to participate. According to the institution’s clinical routine, patients were evaluated preoperatively at 2–4 weeks before surgery, at which point they filled out the Finnish NCIQ and the Finnish SSQ. The SiN test was administered within 3 months of the preoperative questionnaire administration and was carried out in the best-aided condition, i.e., according to the device configuration that the patient was using in their everyday life at that point. The postoperative follow-up appointments were scheduled 6 and 12 months after the first fitting of the CI sound processor when patients filled out the questionnaires again and underwent the speech perception test in noise, again in the patient’s best-aided condition. Most patients used bilateral hearing aids prior to cochlear implantation; however, many patients stopped using their contralateral hearing aid after implantation.



Participants

We recruited 134 adult patients referred for cochlear implantation at the Kuopio University Hospital from January 1, 2018 to December 31, 2020. We excluded patients referred for cochlear implantation because of single-sided deafness or referred for sequential bilateral implantation. Other exclusion criteria were a diagnosis of dementia or neurological or other health conditions that severely impair vision or mobility (as judged by the study physician). Patients who, despite their agreement to participate, did not respond to either the preoperative or to one of the postoperative questionnaires were also excluded. A total of 118 patients were included in the analyses. Patient demographics, preoperative pure-tone averages and surgical data are summarized in Table 1.


TABLE 1. Patient demographics and preoperative unaided pure-tone average (0.5–4 kHz).
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Tests


The Finnish Nijmegen Cochlear Implant Questionnaire

The NCIQ comprises 60 questions divided into six subdomains of 10 questions each: basic sound perception (BSP), advanced sound perception (ASP), speech production (SPr), SE, activity (ACT), and SI. The answers to the questions were provided on a 5-point Likert scale (never, rarely, sometimes, often, and always) and scored with values of 0, 25, 50, 75, and 100. Participants also had the possibility to answer: “I don’t know” or “not applicable” to a question. These responses led to the exclusion of the question. The final score was the average of all responses and could range from 0 to 100. A higher score represented higher functioning. Separate scores were calculated for each NCIQ subdomain. Because the study was conducted with a Finnish population and an official Finnish translation of the NCIQ does not exist, the NCIQ was custom translated into Finnish.



The Finnish Speech, Spatial, and Qualities of Hearing Questionnaire

The SSQ comprises 49 questions divided into three subdomains: Speech Perception (SP), Spatial Hearing (SH) and other qualities of Hearing (SQ). The answers were provided on an 11-point Likert scale, ranging from 0 to 10. Answer scores were averaged for a final score and could range from 0 to 10. Separate scores were calculated for each subdomain and for an overall score. Because the study was conducted with a Finnish population and an official Finnish translation of the SSQ does not exist, we adapted the SSQ to Finnish culture and language.



The Finnish Matrix Sentence Test

The Finnish Matrix Sentence Test (FMST) was used as the SiN test. The FMST uses semantically unpredictable five-word sentences arranged in 20-item test lists (Dietz et al., 2014). The FMST has been validated in CI patients and has been found to be sensitive to subtle changes in hearing performance in normal-hearing participants as well as in CI recipients (Dietz et al., 2014, 2015). The clinical test protocol has been described in detail by Dietz et al. (2015). The background noise consisted of a stationary speech-shaped noise generated from the speech material and was presented at a fixed level of 65 dB SPL. The level of the speech signal changed adaptively to converge to each patient’s individual speech reception threshold in noise (SRTN), which is the signal-to-noise ratio (SNR) at which the patient recognizes 50% of the test items correctly. A total of three test lists were presented. The first list was always presented at a fixed SNR of +10 dB (i.e., signal 75 dB SPL, noise 65 dB SPL). The second and third test lists were administered with the adaptive measurement procedure. Only the third list was used as SRTN outcome measure. In patients with very poor hearing (defined here as those who scored <70% at +10 dB SNR), adaptive SRT measurements are not reliable; these patients thus did not undergo adaptive measurements (Dietz et al., 2015; Dingemanse and Goedegebure, 2019). In these cases, we defined a threshold of +5 dB SNR. This procedure resulted in two SiN measurements: (1) perceptual accuracy (in percent) at SNR +10 dB as measured by List 1 and (2) the SNR at 50% perceptual accuracy, i.e., the SRTN as measured by List 3.



Ethical Considerations

All patients were informed about the study aims and gave their written informed consent. The study complied with the Declaration of Helsinki on biomedical research involving human participants and received ethical approval from the Research Ethics Committee of the Northern Savo Hospital District (1327/2018).



Data Analysis and Statistics

Descriptive statistics are reported in the form of expected marginal means and 95% confidence intervals from univariate changes across the three time points (preoperative, postoperative 6 months, and postoperative 12 months) for all SiN results (+10 dB SNR and SRTN) and PROMs (NCIQ and SSQ). We also report p-values for the tests of differences between time points.

For adaptive SRT measurements in noise (SRTN) we used a Tobit model to account for censoring (Greene, 2003). Censoring refers to a situation in which we do not know the true value of a datapoint, or the observed value is too imprecise for values at or below a threshold and we only know that the true observation was lower than the threshold. Using this model was necessary because we used set values of +5 dB SNR for some of the participants, which then led to inaccuracies in statistical estimates. As a result, we adjusted the SRTN measurements as a left-censored normally distributed variable.

Longitudinal changes were assessed using a univariate and a bivariate latent change score model from the latent change score model framework (McArdle, 2009). In this model, latent variables represent individual changes occurring between time point pairs while adjusting for the baseline measurement. Supplementary Figures 1, 2 illustrate how these changes were modeled statistically. This model can be seen as an extension of the paired t-test over multiple time points (Coman et al., 2013) with the option to relax the assumptions of traditional models of change. We centered all time points on the baseline, i.e., preoperative mean, and thus, the unadjusted means of the change-variables correspond to baseline-adjusted paired t-tests for the changes. For univariate assessments we report baseline-adjusted standardized variances of change to enable assessment of change in variability over time. Standardized covariances between change variables are the residual correlations adjusted for baseline measurement. For bivariate assessment of change we report baseline-adjusted standardized covariances across SiN results and across the NCIQ BSP subdomain, NCIQ ASP subdomain, SSQ total, and SSQ subdomain scores. We also computed the unadjusted correlations of SSQ total and subdomain scores with the NCIQ subdomain scores. Using the R programming environment (R Core Team, 2020), mixed model parameters were estimated with package nlme (version 3.1-148) and marginal means and pairwise tests were computed with package emmeans (version 1.5.1, Pinheiro et al., 2020). Change score modeling was conducted in Mplus (version 7.4, Muthén and Muthén, (1998–2015)). Bivariate correlations were estimated and tested with the stats package in R (Length, 2020).





RESULTS


Effect of Cochlear Implantation on Speech Perception in Noise and Patient-Reported Outcomes Measures

The mean SiN scores at +10 dB SNR improved significantly from 76% preoperatively to 87 and 90% at 6 and 12 month follow-ups, respectively. Both improvements (pre- to 6 months postoperative and 6–12 months postoperative) were statistically significant (Table 2). The mean SRTNs improved significantly from −0.8 dB SNR preoperatively to −3.7 and −3.8 dB SNR at the 6 and 12 month follow-up, respectively, (Figure 1).


TABLE 2. Unstandardized means of change and regression coefficients for preoperative adjustment of change scores, and standardized covariance parameters in univariate latent change score models.

[image: Table 2]

[image: image]

FIGURE 1. Boxplots for preoperative, 6 and 12 months SRTN including normal-hearing reference mean and 95% confidence interval.


The NCIQ and SSQ subdomain scores were analyzed using the univariate latent change score model. The results of estimated marginal means from unadjusted mixed models (rather than means of raw data) are shown in Figure 2. Table 2 shows the statistical results. For the NCIQ we observed significant improvements from preoperative testing to the 6 and 12 month follow-ups for all subdomains. We observed no additional significant improvements between the 6 and 12 month follow-ups. However, a slight but statistically significant decline (p = 0.001) was observed in the subdomain “social interaction.” For the SSQ scores we observed a statistically significant increase from preoperative testing to the 6 month follow-up for all scores. There was no further statistically significant improvement in any of the SSQ subdomains between 6 and 12 month follow-up points.
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FIGURE 2. Estimated marginal means from unadjusted mixed models for the Nijmegen Cochlear Implant Questionnaire (NCIQ) subdomain scores and the Speech, Spatial and Qualities of Hearing scale (SSQ) subdomain and total score among CI recipients. BSP, basic sound perception; ASP, advanced sound perception; SPr, speech production; SE, self-esteem; ACT, activity; SI, social interactions; SP, speech perception; SH, spatial hearing; SQ, sound quality; and SD, standard deviation. Error bars indicate 95% confidence intervals.


Table 2 also shows the regression coefficients for the preoperative adjustment of change scores. Specifically, this analysis shows that poorer preoperative SiN scores at +10 dB SNR and SRTN as well as PROM (NCIQ and SSQ) scores were significantly associated with larger improvements at 6 months follow-up. However, there was no association between the preoperative values and the change occurring between 6 and 12 months for any of the outcome measures.



Covariance Analysis Between Speech Perception in Noise and Patient-Reported Outcomes Measures

The standardized covariance parameters between SiN scores at constant +10 dB SNR and SRTN as well as PROMs as calculated by the bivariate latent change score model are presented in Table 3. Significant positive covariances were found preoperatively between SiN perception scores at +10 dB SNR and the NCIQ BSP subdomain (p = 0.001) total SSQ and SSQ SP subdomain (both p ≤ 0.001). Significant negative covariances were found preoperatively between the SiN perception scores at +10 dB SNR and the NCIQ ASP and SSQ SH subdomains (both p < 0.001). In terms of change scores (preoperative to 6 months follow-up) significant positive covariances were found between the changes in SiN score at +10 dB SNR and the SSQ total (p = 0.012) and between SiN score and the SSQ SQ subdomain (p = 0.004). In addition, the analyses showed significant covariances between the change scores of SSQ SQ and SiN scores at constant +10 dB SNR 6 month postoperative in both directions of prediction.


TABLE 3. Standardized covariances between Speech-in-noise (SiN) scores and patient reported outcomes (PROMs) (bivariate latent change score models).
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The standardized covariance parameters between SRTN results and PROMs presented a very similar picture. There were statistically significant negative covariances preoperatively between SRTN and the NCIQ BSP subdomain (p < 0.001), SSQ total score (p < 0.001), SSQ SP subdomain (p = 0.049), and SSQ SQ subdomain (p < 0.001). There were statistically significant positive covariances preoperatively between SRTN and the NCIQ ASP (p = 0.002) and SSQ SH subdomains (p < 0.001; N.B. a negative SRTN indicates better performance). There were no statistically significant covariances between the SRTN and PROM changes from preoperative scores to 6 month postoperative scores.



Correlations Between Nijmegen Cochlear Implant Questionnaire Subdomains With Speech, Spatial, Qualities of Hearing Questionnaire

Between the SSQ total score and each of the NCIQ subdomains there were statistically significant, moderate-to-strong correlations within all the time points (r = 0.42–0.69, p < 0.001) as shown in Table 4. The correlations were strongest between SSQ total and the NCIQ ASP subdomain and weakest between SSQ total and the NCIQ SE subdomain.


TABLE 4. Pearson correlation for associations between the SSQ total score and component tests of the NCIQ among all participants.
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Correlation Between Speech Perception in Noise and Patient-Reported Outcomes Measures

Statistically significant correlations between SiN measures (+10 dB SNR and SRTN) and PROMs (NCIQ and SSQ) scores within a time point of measurement were most evident preoperatively (Table 5). At the 6 month follow-up, the only statistically significant correlation was between the SiN scores at +10 dB SNR and the NCIQ ASP subdomain. At the 12 month follow-up, the only statistically significant correlations were between SRTN and SSQ total score, and between SiN at +10 dB SNR and SSQ total.


TABLE 5. Unadjusted Pearson correlation for associations between SiN perception (+10 dB SNR and SRTN) results and the NCIQ and SSQ among all participants.
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DISCUSSION

When assessing the clinical outcomes of cochlear implantation, the focus normally lies almost exclusively on performance-based behavioral outcome measures such as speech perception. However, these measures often correlate poorly with perceived benefits (Capretta and Moberly, 2016; McRackan et al., 2019; Vasil et al., 2020). As such, they do not fully address the ultimate goal of cochlear implantation, which is to improve the patients’ QoL by restoring their speech perception and providing them with adequate communication skills to fully resume spcial interaction and participation. Using additional PROMs to assess QoL and other relevant subdomains of functioning would help to rectify this; however, PROMs are rarely included in the clinical routine to assess the outcomes of cochlear implantation. One reason for the omission of PROMs in the assessment is the lack of adequate instruments that fulfill modern standards, i.e., are fully psychometrically validated for the patient group. Currently, most PROMs used for CI patients were originally developed for hearing aid users, who have a very different HL profile (mild to moderate HL) and a very different rehabilitation strategy (hearing aids). Instruments developed for a different population and a different rehabilitation strategy are unlikely to adequately assess the experiences of CI users. However, one PROM that was specifically developed for CI users is the NCIQ (Hinderrick et al., 2000).

In this study, we aimed to assess the patient-reported benefits of unilateral cochlear implantation in an unselected Finnish patient cohort of patients with bilateral HL, and compare it to behaviorally assessed speech perception scores. To assess patient-reported benefit we used the NCIQ, a PROM specifically developed for CI-users, and the SSQ. An additional challenge for our study was the lack of PROMs for the use with Finnish patients. Therefore, we adapted the NCIQ and the SSQ to Finnish culture and language.

We found significant improvements in SiN measures (both at a constant SNR of +10 dB and at SRTN), perceived activity limitations and QoL after cochlear implantation. When SiN is measured with a presentation level of +10 dB SNR, the level of the speech signal is so much higher than the noise level that this test condition can be likened to speech perception in quiet. With this in mind, the improvement in SiN scores measured at a constant SNR (+10 dB SNR) fits well with previous results that have shown robust improvements in speech perception in quiet after implantation (Mudery et al., 2017; Zwolan et al., 2020). The improvement we found for SRTN demonstrates that cochlear implantation is also effective in improving patients’ speech perception in complex listening environments. The SiN perception results in the present study are comparable to those reported in a previous study in a different cohort of patients at our institution (Dietz et al., 2015). The characteristics and reference values of speech audiometry differ across languages, which makes a direct comparison of the postoperative results in the international context difficult.

The patient-reported improvements show that implantation is not only effective in improving speech perception but also in alleviating activity limitations and improving QoL across a wider range of listening situations. Notably, the benefits measured with the NCIQ and SSQ in this study for a Finnish CI population are similar in magnitude to those recently reported in a systematic review by Andries et al. (2021). This similarity emerged despite possible variations across countries and languages: for example, differences in the indications for cochlear implantation between different countries and healthcare systems, or differences in perceived benefits across different languages. For tonal languages, for example, the impact of cochlear implantation may be more limited, as they rely significantly on the adequate reproduction of spectral and temporal cues, which current CI technology is unable to provide (Wei et al., 2004).

The fact that correlations between SiN results and PROMs decrease for postoperative measurements suggests that the two types of measures assess different aspects of functioning. It is possible that even though SiN tests (such as the FMST) simulate everyday listening situations more accurately than tests performed in quiet, they still fail to capture the manifold hearing environments of everyday life. Future studies will need to examine to what extent speech perception tests in simulated realistic acoustic environments are better able to capture everyday listening and whether this leads to higher correlations with PROMs postoperatively.

The present study demonstrates that the main improvements in speech perception and PROMs took place within the first 6 months postoperatively. This is in line with previous data, which have shown that the main improvements in outcome measures can be seen within the first 6 months after fitting of the sound processor (Lenarz et al., 2012; Zhang et al., 2015; Häußler et al., 2019). Although we observed an additional, statistically significant, improvement in the speech perception tests between 6 and 12 months, the magnitude of improvement was small and within the limits of the test and statistical sensitivity. These results highlight the importance of adequate care and sound processor fitting during the early months of rehabilitation.

There was a slight, but statistically significant, decline of scores in the SI subdomain of the NCIQ between 6 and 12 months postoperative measurements. Based on our clinical experience, we speculate that the decline in the SI subdomain between 6 and 12 months is due to the fact that increased SI after cochlear implantation (observed after 6 months of use) expose patients more often to complex listening situation, which then discloses the limitations of hearing with the CI resulting in a decrease of SI. In addition, patients often stop using their contralateral hearing aids after adaptation to the CI and also often inquire about the possibility of getting a second CI in their contralateral ear.

The regression coefficients showed that lower preoperative PROMs and speech perception results indicated greater changes 6 month postoperatively. This is expected, as CIs can reliably restore the patient’s functional hearing to an adequate performance level so that they can have a relaxed conversation in quiet surroundings. Therefore, patients with the most profound HL [i.e., patients who are not able to have any (relaxed) conversation] are more likely to perceive improvements in their hearing as more significant than patients with less severe loss. Patients with less severe HL usually experience problems in complex sound environments, in which the benefits of CIs can be more variable.

Looking at the correlation measures, we found a strong correlation between the NCIQ subdomains of BSP and ASP and the SSQ total score, and a moderate correlation between the remaining subdomains of the NCIQ and the SSQ total score. The SSQ assesses mainly activity limitations associated with hearing whereas the NCIQ is thought to focus more on participation restrictions associated with socioemotional factors. This suggests an existing interconnection between HL and socioemotional issues.

Only a few studies have investigated the relationships between PROMs and SiN measures (fixed SRN and SRTN), and found mainly weak correlations (Hirschfelder et al., 2008; Vasil et al., 2020; West et al., 2020). In the present study, we found statistically significant correlations for some subdomains exclusively at the preoperative assessment (see Table 5). Importantly, we found no clinically significant associations or correlations between SiN measures and PROMs for any of the follow-up evaluations, indicating that the cochlear implantation benefits were not fully captured by the SiN test. The baseline-adjusted covariances support this, with performance-based measures showing an association with the SSQ (and its subdomains) and NCIQ (BSP, ASP) only before the intervention. Although, we also found statistically significant covariances between SiN scores (at +10 dB SNR) and some PROMs subdomains postoperatively, these have to be interpreted with caution, as no corresponding significant covariances were observed between these subdomains and the SRTN, which is the more precise and more reliable measure of performance. Taken together, these results confirm that there are other hearing-related CI benefits which are not captured by auditory performance measured with current SiN tests.



LIMITATIONS AND STRENGTHS OF THE STUDY

Several limitations associated with this study need attention. The original questions of the NCIQ and the SSQ were created by expert opinion, and the psychometric qualities of each question as well as of the questionnaires as a whole are still not fully understood. Further studies are required to fully evaluate these psychometric properties, both in terms of classical test theory (e.g., test-retest reliability, minimal relevant change) and also wider assessment along the COSMIN guidelines (Mokkink et al., 2010), and content and construct validity. Therefore, caution should be applied when interpreting these PROMs. However, as the magnitude of improvement after cochlear implantation measured in this study was substantial, it is beyond any reasonable doubt that these benefits exist.

The strengths of this study are the relatively large cohort of patients and its prospective, longitudinal design, which gives a less biased estimate of population measures than the more commonly used retrospective and cross-sectional designs. In addition, we not only report the change scores in patient-reported and behavioral outcome measures but have also investigated their association, as well as the relationship between baseline-adjusted changes at various time points.



CONCLUSION

Cochlear implantation significantly improves speech perception, QoL (NCIQ), and self-assessed hearing capabilities (SSQ) in a cohort of unselected Finnish CI recipients. The main improvements were observed within the first 6 months after sound processor activation, indicating the importance of adequate early sound processor fitting. The results highlight the fact that cochlear implantation conveys benefits which go beyond those captured by performance-based outcome measures.
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Characteristics

Phase 1
n=7

Phase 2
n=10

Phase 3
n =52

Age, mean (SD) [range]
Sex, No. (%)
Male

Female

Cl model, No. (%)
Cochlear
Advanced bionics
MED-EL

Oticon Medical
Operation side
Right

Left

Bilateral

Cl use (months), mean (SD) [range]

68.6 (7.3) [62-80]

3(42.9)
4(57.1)

4(57.1)

2(28.6)

1(14.9)
0

5(71.4)
1(14.3)
1(14.3)

100 (88.0) [13-253]

60.7 (14.3) [31-76]

56.9 (74.7) [3-220]

65 (12.9) [18-82]

25 (48.1)
6(11.5)

18 (34.6)
3(5.8)

30 (44.1) [3-234]
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No

Items

When | wear headgear (hat/cap/helmet/head scarf), |
have to remove the transmitter (magnet).

If yes, how bothersome do you find having to remove
the transmitter?

The transmitter (magnet) sometimes falls off my head.

If yes, how bothersome do you find that the transmitter
(magnet) sometimes falls from your head?

The speech processor and transmitter (magnet) have
inhibited me in the following activities:
(more than one option can be chosen)

f yes, how bothersome do you find that the speech
processor and transmitter (magnet) inhibits you?

When lying with my head on the operated side, | feel
he cochlear implant under the skin.

How bothersome do you find that you feel the cochlear
implant under the skin when lying on it?

adjusted my sleeping position after the implantation
because | want to avoid lying with my head on the
operated side.

f yes, how bothersome do you find adjusting your
sleeping position.

feel a protrusion where the cochlear implant resides
under the skin.

f yes, how bothersome do you find feeling a protrusion
where the cochlear implant resides under the skin?

How much pain have you had due to wearing the
speech processor and the transmitter (magnet)?

have had the following symptoms in the area of the
operation.
(more than one option can be chosen)

Fill out this question if you answered “Pain” in question
14. If not you can skip this question.
How much pain have you had in the area op operation.

Answer options

o Yes

o No (go to question 3)

o Not applicable for me. | never wear head gear
(go to question 3)

ot bothersome Extremely bothersome

[
\

o Yes
o No (go to question 5)

Not bothersome Extremely bothersome

!
\

e Work

e Sport

e Transport (e.g., bicycling or driving)

e Social activities

o Wearing glasses (regular glasses/reading
glasses/sunglasses)

o None of the above (go to question 7)

ot bothersome Extremely bothersome

l
\

Yes
0 (go to question 9)

ot bothersome Extremely bothersome

[
\

o Yes
o No (go to question 11)

ot bothersome Extremely bothersome

o Yes
o No (go to question 13)

ot bothersome Extremely bothersome

|
!

o pain Unbearable pain

o Pain
o Numbness
o Itchiness
o None
o Other:
No pain Unbearable pain

Scoring calculation

Yes: 5 points
No/Not applicable: O points

Visual analogue scale: 0-10
Calculation:

score/2 = maximum 5 points
Yes: 5 points

No: 0 points

Visual analogue scale: 0-10
Calculation:

score/2 = maximum 5 points
Each multiple choice item: 1 point
None of the above: O points
Calculation:

Maximum 5 points

Visual analogue scale: 0-10
Calculation:

score/2 = maximum 5 points
Yes: 5 points

No: 0 points

Visual analogue scale: 0-10
Calculation:

score/2 = maximum 5 points
Yes: 5 points

No: 0 points

Visual analogue scale: 0-10
Calculation:

score/2 = maximum 5 points
Yes: 5 points

No: 0 points

Visual analogue scale: 0-10
Calculation:

score/2 = maximum 5 points
Visual analogue scale: 0-10
Calculation:

score/2 = maximum 5 points
Each multiple choice item: 1,25 points
None: 0 points

Calculation:

Maximum 5 points

Visual analogue scale: 0-10
Calculation:
score/2 = maximum 5 points

Total score: maximum 75

Disclaimer: This is a translation of the original Dutch questionnaire for the purpose of this manuscript only. Please refrain from using in the English language
without validation. Instructions: With this questionnaire we aim to assess how much your life is affected in the last month by having a cochlear implant. Mark the
answer that best resembles your situation, or click and hold the bar to move on the scale. Filling out the questionnaire will take approximately 10 min.
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No Items

2 Impact of taking off transmitter

4 Impact of falling of transmitter

6 Impact of speech processor and transmitter inhibiting activities

8 Impact of feeling the cochlear implant under the skin

10 Impact of adjustment sleep position

i Impact of feeling the protrusion

13 Pain due to wearing the speech processor and the transmitter
15 Amount of pain in the operation area

Sample
size

17
30
30
16

41
52

Reliability analysis

ICC

0.73
0.66
0.86
0.79
0.84
0.88
0.89
0.83

95% CI

0.24-0.9
0.28-0.84

0.7-0.93
0.41-0.93

—0.87-0.98

0.78-0.94
0.81-0.94

0.1-0.97

Mean difference
(SD)

0.15 (3.40)
0.13 (3.50)
0.22 (2.08)
—0.72 (2.61)
—2.18(2.59)
—0.17 (1.34)
~0.20(0.97)
0.26 (1.59)

95% Limits of agreement

Lower limit

—6.51
—6.73
—3.85
—5.83
—7.24
—-2.79
-2.10
—2.86

Upper limit

6.82
6.99
4.29
4.39
2.88
2.46
1.70
3.38

Items are numbered in accordance with the COMPASS questionnaire.
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No Items
1 Taking off transmitter to wear headgear
3 Transmitter falls of head
5 Speech processor and transmitter inhibiting activities: i. Work
ii. Sports
iii. Transport
iv. Social activities
v. Glasses
vi. None of the above
7 Feeling the cochlear implant under the skin while lying on it
9 Adjustment of sleep position
11 Feeling the protrusion of the cochlear implant
14 Symptoms in the area of operation i. Pain
ii. Numbness
iii. ltchiness
iv. None

Cohen’s
kappa

0.7
0.73
—0.40
0.51
0.24
0.19
0.63
0.62
0.76
0.78
0.78
0.77
0.77
0.56
0.67

Standard
error

0.09
0.09
0.02
0.16
0.23
0.21
0.12
0.11
0.10
0.15
0.10
0.13
0.13
0.16
0.11

95% ClI

0.563-0.88
0.565-0.91
—0.44-0.36
0.19-0.82
—0.22-0.69
—0.22-0.60
0.39-0.86
0.40-0.83
0.57-0.96
0.49-1.07
0.568-0.99
0.561-1.02
0.561-1.02
0.24-0.87
0.46-0.88

Agreement (%)

Positive

82.8
87.3
0
58.8
28.6
25.0
73.3
81.5
82.8
80.0
95.0
80.0
62.5
87.9
61.5

Negative

90.9
85.7
96.0
92.0
94.8
93.8
89.2
80.0
93.3
97.9
83.3
96.6
96.6
93.2
94.5

Items are numbered in accordance with the COMPASS questionnaire.
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Office

Office

Office

Office

Office

Office
Church
Church
Church
Church
Church
Church
Church
Living room
Living room
Living room
Living room
Living room
Living room
Living room
Cafe

Cafe

Cafe

Cafe

Cafe

Cafe

Cafe

Dinner Party
Dinner Party
Dinner Party
Dinner Party
Dinner Party
Dinner Party
Dinner Party
Food court
Food court
Food court
Food court
Food court
Food court
Food court

Degree of HL

NH

Mild

Mild

Moderate
Moderate
Moderate-severe
Moderate-severe
NH

Mild

Mild

Moderate
Moderate
Moderate-severe
Moderate-severe
NH

Mild

Mild

Moderate
Moderate
Moderate-severe
Moderate-severe
NH

Mild

Mild

Moderate
Moderate
Moderate-severe
Moderate-severe
NH

Mild

Mild

Moderate
Moderate
Moderate-severe
Moderate-severe
NH

Mild

Mild

Moderate
Moderate
Moderate-severe
Moderate-severe

Aiding

Unaided
Aided
Unaided
Aided
Unaided
Aided
Unaided
Unaided
Aided
Unaided
Aided
Unaided
Aided
Unaided
Unaided
Aided
Unaided
Aided
Unaided
Aided
Unaided
Unaided
Aided
Unaided
Aided
Unaided
Aided
Unaided
Unaided
Aided
Unaided
Aided
Unaided
Aided
Unaided
Unaided
Aided
Unaided
Aided
Unaided
Aided
Unaided

Difference

0.55
6.17*
5.68*
17.63*
33.17*
24.16*
33.69"
0.59
5.31%
5.72%
12.88*
28.19*
33.14*
35.98*
1.54
14.29*
6.71%
25.33*
281
43.84*
2457
3.77*
18.36"
18.13*
26.37*
31.01"
43.28*
36.87*
6.19*
36.22*
19.05*
24.54*
25.05*
22.36*
17.60*
24.16*
26.89*
21.07
14.67*
16.89*
5.56
8.18"

Low 95% CI

-1.10
0.84
0.61
8.13

17.39
7.32
14.30

—0.82
0.79
1.31
5.57

1212
16.38
13.26

—0.55
517
0.32

11.66
11.90
21.74
2.01
0.22
3.99
7.29
8.75
12.22
18.28
13.83
0.49
14.32
1.96
4.31
7.26
2.37
3.94
8.98
6.11

—3.04
6.38
7.81

—-1.69
1.66

Upper 95% CI

2.44
13.77
12.96
29.73
49.09
43.66
54.09

2.26
11.95
12.52
22.92
44.74
52.30
57.58

4.22
26.89
15.51
40.69
44.72
63.85
46.80

8.49
34.99
32.37
43.65
48.55
63.98
57.20
13.16
55.21
37.72
43.34
42.33
43.46
34.55
39.43
47.14
43.89
25.18
28.26
15.25
18.29

Significant differences at the p < 0.05 level are indicated with an asterisk.
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Noise

Office
Office
Office
Office
Office
Office
Church
Church
Church
Church
Church
Church
Living room
Living room
Living room
Living room
Living room
Living room
Cafe

Cafe

Cafe

Cafe

Cafe

Cafe

Dinner party
Dinner party
Dinner party
Dinner party
Dinner party
Dinner party
Food court
Food court
Food court
Food court
Food court
Food court

Degree of HL

Mild

Mild

Moderate
Moderate
Moderate-severe
Moderate-severe
Mild

Mild

Moderate
Moderate
Moderate-severe
Moderate-severe
Mild

Mild

Moderate
Moderate
Moderate-severe
Moderate-severe
Mild

Mild

Moderate
Moderate
Moderate-severe
Moderate-severe
Mild

Mild

Moderate
Moderate
Moderate-severe
Moderate-severe
Mild

Mild

Moderate
Moderate
Moderate-severe
Moderate-severe

Mean

0.458
—0.357
5.297
18.321
45.190
47.299
—0.158
0.226
5.536
22.083
43.211
49.562
0.452
—7.927
6.428
8.907
39.235
22.024
—4.199
—7.460
5.827
6.181
22.463
13.5622
-5.410
—22.513
5.629
6.339
16.276
6.113
—14.831
—17.038
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—0.622
6.482
0.314

0.025 quant

—5.934
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7.825
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—-1.172
14.138
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—1.939
13.925
4.797
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0.975 quant

7.004
7.386
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—0.464
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31.259
2.991
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2.685
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NH participants

Participants with hearing loss

All Mild Moderate Moderate-severe
Number 10 20 6 9 5
Age (Years) 281 £ 4.7 7424 5.2 742 +£42 716452 76852
4FAHL (dB HL) < 20 470+ 114 323436 48.7 £3.9

60.0 £5.6
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ID Environment Noise level RT (Sec) Speech level (dB SPL) SNR (dB) Vocal effort
(dB SPL) ECO-SiN BKB
1 Office 58 0.2 63.4 5.4 Normal N/A
2 Church 62.5 12 65.4 2.9
3 Living room 66.9 0.2 67.4 0.4 Raised
4 Cafe 71.4 Tad 69.3 —2.1
5 Dinner party 769 0.4 71.3 —4.6 Loud
6 Food court 80.3 1 73.3 71

Numbers are rounded.
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Speech recognition scores r

Cochlear implant-specific quality of life

Word recognition in quiet 0.21
Sentence recognition in quiet 0.24
Sentence recognition in noise 0.26
Hearing-specific quality of life

Word recognition in quiet 0.28
Sentence recognition in quiet 0.20
Sentence recognition in noise NA
Health-related quality of life

Word recognition in quiet 0.33
Sentence recognition in quiet 0.34

Sentence recognition in noise 0.32

95% confidence intervals

0.121t0 0.30
0.08t0 0.39
—0.08 10 0.54

0.14t0 0.37
0.07 t0 0.33
NA

0.19t0 0.46
0.18100.48
0.19t0 0.44
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Person

Translation lead

Source-language PROM developers
Linguist #1

Native speaker health professional #1
Linguist #2

Native speaker health professional #2
Native speaker health professional #3
Native speaker reviewer #1

Native speaker reviewer #2

Linguist #3

Role in this translation project

Project management, resource management, procedure documentation/archiving, reconciliation of the
translation, oversight of the field testing

Provision of concept definitions, consulting on queries arising during translation
Forward translation including difficulty rating and participation in committee review
Forward translation including difficulty rating and participation in committee review
Back translation and participation in committee review

Participation in committee review, also field testing investigator

Participation in committee review, also field testing investigator

Revision after committee review

Revision after committee review

Back translation after committee review
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Step (Hall et al., Column in
2018b) reconciliation
report

2. Forward 1
translation

3. Back translation 9

10

"

12

13

14

4. Committee 15
Review

16

x. Additional steps 17
not mentioned in
Hall et al. (2018b)

20

21

22

23

24

25

26

Title Example

Description

Descriptor of CIQOL section Item 3

Identifier of the section of the SL CIQOL

SL English CIQOL (United States 2019) If 1 am interested, | wil join family or friends
Section of the SL CIQOL. for a social event

FT #1 French Je n'hésite pas & participer & des réunions
Macie by native speaker professional translator; With red font d'amis ou & des réunions de famille si 'en ai
used to flag discrepancies identified during reconciliation (7-8 envie.

below)

Scoring of FT difficulty by professional translator 7

[0-10], where O is extremely easy and 10 is extremely hard

FT #2 French Si un événement social m'intéresse, j'y
Macie by native speaker health professional; With red font used participe avec ma famille ou mes amis
to flag discrepancies identified during reconciliation (7-8 below)

Scoring of FT difficulty by health professional 4

[0-10], where O s extremely easy and 10 is extremely hard
(same as 4 above)

Reconciliation of FT Siun événement social avec ma famille ou
Combination of the two independent FTs (3 and 5 above), with mes amis mintéresse, 'y participe.
dedicated effort spent on the sections rated as relatively more

difficult to translate compared to other sections (4 and 6 above)

Reconciliation Reasoning “N'hésite pas” and */'ai envie” are less
Where red font flagged discrepancies between the two FTs, neutral in meaning

reasons for selecting one translation over another

BT If | am interested in a family gathering or
Made by native speaker professional translator naive to the SL social event, | participate.

cieoL

SL-BT discrepancy classification 8

A: Perfect semantic equivalence and good literal and semantic

parallels

B: Satisfactory semantic equivalence, but have used one or two

different words

C: Preserves the meaning of the SL, but without satisfactory

semantic equivalence

D: No agreement

Reconciliation Reasoning Form different but meaning mostly
Reasons for adjusting the FT based on the input of the BT, if preserved

relevant

Updated FT Si un événement social m'intéresse, 'y
With sections in red requiring input from SL developers and/or participe avec ma famille ou mes amis.
committee review

Questions for the SL developers and their comments Clarify meaning of SL item to identify best
To clarify original meaning of SL CIQOL sections, with translation

comments identified by SL initials TRM: SL meaning mostly preserved in BT

JRD: Slight difference, SL meaning is
“going/joining with family and friends to a

social event”
Updated FT Si un événement social m'intéresse, 'y
After input from SL developers, before committee review, with participe avec ma famille ou mes amis.
sections in red requiring input from committee review
Questions for committee review Background: Let's check the FT against the
Divided into background and question SL given the BT-SL discrepancies
With reference to 14 above for context Question: Ok with *Si un événement social
m'intéresse, J'y participe avec ma famille ou
mes amis.
Comments from committee review ACB: Si un événement social m'intéresse,
With comments identified by committee review participant Jy rejoins ma famille ou mes amis.
initials KJ/EF: Supports FT offered in item 5 above
EF: Je n'hésite pas & participer. si fen ai
envie.
Review from native French speaker naive to the SL CIQOL N/A: no comment provided on this item
To ensure natural language
Updated FT Je hésite pas & participer a un événement
On the basis of 16-17 above social avec des amis ou de la famille sij'en ai
envie.
Questions for the SL developers and their comments N/A: no comment provided on this item
To clarify original meaning of SL CIQOL sections, with comments identified
by SL initials
Updated FT Je hésite pas & participer a un événement
After input from SL developers, social avec des amis ou dela famille i j'en ai
envie.

Review from native French speaker with hearing impairment naive to  N/A: no comment provided on this item
the SL ClQOL
To ensure appropriateness

Updated FT Je n'hésite pas a participer & un événement

On the basis of 21 above social avec des amis ou de la famille si fen ai
envie.

BT 1 do not hesitate to participate in a social event

Performed by professional translator naive to the translation process so far with friends or family if | want to.

SL-BT discrepancy classification B

A: Perfect semantic equivalence and good literal and semantic parallels
B: Satisfactory semantic equivalence, but have used one or two different
words

G Preserves the meaning of the SL, but without satisfactory semantic
equivalence

D: No agreement

(same as 10 above)

Reconciliation Reasoning Wording siightly different but meaning fully

Reasons for adjusting the FT based on the input of the BT, f relevant preserved

Updated FT Je hésite pas & participer a un événement

FT ready for field test social avec des amis ou de la famille si fen ai
envie.

We also added the date and person responsible for each step/column in the reconciliation report. BT, back transation; FT, forward translation; SL, source language.
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Statement

Professionals consensus

Consumers consensus

ranking ranking

The hearing care professional fills out a questionnaire with the client face to face 1 1
The client fills out a paper questionnaire that is posted to them by their hearing care professional 2 =3
The client fills out a questionnaire (paper or electronic) with their GP 3 =3
The client fills out a paper questionnaire that is posted to them by their GP 4 =3
The client fills out a paper questionnaire (or electronically on a tablet) and returns it to their hearing care 5 =3
professional or the receptionist

The hearing care professional fills out a questionnaire with the client over the telephone 6 =3
The client fills out an online questionnaire that is emailed to them by their hearing care professional 2
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Phase Explanation

One An exploratory investigation of safety and the effects of dosage
in a small number of healthy participants.

Two A preliminary estimate of efficacy (i.e., the potential of the
intervention to provide benefit), in a small number of
participants with the specific health condition.

Three A definitive trial of effectiveness, involving a relatively large
number of participants who are randomized to the
intervention(s) or control.

Four Monitors side effects and how well the intervention works over
a longer period and in a very large number of participants.

Stage Key activities

Pre-trial e Formulate the PICO research question
e Design trial

Trial set-up e Protocol and ethics
e Operating procedures, including case report forms for

collecting de-identified data
o Set-up site(s)
o Register trial

The trial e Collect and store data
o Regularly review for protocol adherence

End of trial e Lock database and undertake statistical analysis

o Identify and deal with missing data
o Disseminate trial findings
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Statement Consensus percentage Direction

Outcomes are best collected by the client’s own hearing care professional because outstanding problems experienced 60% Agree
by the client can be responded to more readily

Outcome should be collected by a third party independent of the hearing care organisation to avoid the potential for bias 50% Agree
Clients will be more honest if outcomes are collected by someone independent of their hearing care organisation 43% Agree
Outcomes are best collected by the client’s own hearing care professional because the client is familiar with the hearing 33% Agree
care professional and they are familiar with the client

Outcomes should be collected by hearing advocacy groups because they are less likely to show any bias 33% Disagree
Outcomes should be collected by hearing care professionals because they are less likely to show any bias 37% Disagree
A Government body, e.g., the Hearing Services Program is the best placed group to collect outcomes 50% Disagree

For each statement, the consensus percentage is given, along with the direction in which that consensus percentage was calculated. For example, for the first item, 60%
of people rated the item as Agree or Strongly Agree, and a smaller percentage rated it as either Disagree or Strongly Disagree.
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Statement

To provide an evidence base to help inform clinical decision-making

To inform hearing care professionals as to the need for further interventions for their clients

To ensure that services offered are providing benefit to clients

To ensure that hearing care professionals are providing appropriate hearing care services to their clients

To provide a benchmark against which clinical services can be measured

To demonstrate whether the Voucher Scheme is positively impacting clients

To demonstrate the success of the rehabilitation programme for the client

To enable hearing care organisations to monitor consistency of practice

To help inform the client’s rehabilitation journey and management plan

To provide evidence for the effective use of government resources

To help promote a more holistic approach to hearing rehabilitation rather than focus solely on hearing aids

To enable the hearing care professional to compare management approaches, e.g., when trying a different rehabilitation option
To help the Government and other funders target poorly performing hearing care organisations for auditing

To facilitate the identification of hearing care professionals within an organisation who require more training or assistance
To provide population data to health researchers

Consensus percentage

97%
97%
97%
94%
94%
94%
94%
90%
87%
84%
84%
84%
81%
77%
74%

Consensus percentages meeting the consensus criterion are shown in bold.
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Section

Outcome domains

Methods of collection

National Outcomes Database:
Purposes and drawbacks

National Outcomes Database: Potential
stakeholders to run a database

Time of collection: Time points

Time of collection: Benefits and
drawbacks of time points

Reasons for collection
Parties responsible for collection

Round 1

Professional: Rating of importance and
open-ended question

Consumer: Rating of importance and
open-ended question

Professional: Open-ended questions

Professional: Open-ended questions

Professional: Open-ended question
Professional: Open-ended question

Professional: Open-ended question
Professional: Open-ended question

Round 2

Professional: Rating of importance
Consumer: Rating of importance

Professional: Ranking of importance
Consumer: Rating of comfortableness
Professional: Rating of importance

Consumer: Rating of importance.
Consumer: Rating of comfortableness.

Professional: Ranking of importance
Professional: Rating of agreement

Professional: Rating of agreement
Professional: Rating of agreement

Round 3

Professional: Rating of importance and
ranking of importance
Consumer: Ranking of importance

Professional: Ranking of importance
Consumer: Ranking of importance
Professional: Rating of importance

Consumer: Rating of importance

Professional: Rating of agreement

Professional: Rating of agreement
Professional: Rating of agreement
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Domain Consensus Consensus
percentage ranking

Improved communication ability 100% 1
Improved communication in groups 97% 2
Improved personal relationships 100% 3
Improved self-management ability 87% 4
Improved well-being 87% 5
Improved participation in activities 97% 6
Improved social engagement 90% 7
Increased use of hearing aids 77% 8
Improved sense of empowerment 80% 9
Increased independence 87% 10
Reduced social isolation 97% 11
Reduced loneliness 83% 12
Reduced listening effort 97% 13
Improved community engagement 83% =14
Improved access to education 53% =14

Consensus percentages meeting the consensus criterion are shown in bold.
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Domain Consensus Consensus
percentage ranking

| can live my life independently 90% 1

| can communicate well with my family 100% 2

| can communicate effectively with people 98% 3

| am able to do the things that | want to do 95% 4

| hear clearly with my hearing aids 95% 5

| can use my hearing aids effectively 100% 6

My hearing impacts less on my family 98% 7

| have the skills | need to communicate 93% 8

| have more control over my hearing 88% g

| trust my hearing care professional 93% 10

My hearing aids are comfortable 95% 11

| can use the telephone effectively 88% 12

| am better able to hear the TV as a result of my 84% 13

hearing care

| am able to participate in the social events that 90% 14

| want

| am satisfied with the hearing care | receive 95% 15

Consensus percentages meeting the consensus criterion are shown in bold.
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Statement

A baseline measure should be obtained at or prior to fitting of a device to help determine the course of treatment intervention

A baseline measure should be obtained at or prior to fitting of a device to assess future progress
The final outcome measure should not be collected any sooner than 3 months as clients may not have acclimatised to their devices

Outcome measures should be obtained multiple times during a year to assess the course of the rehabilitation intervention

An outcome measure should be obtained at around the 3-months period, as clients struggle with device compliance around this period
Outcome measures are likely to capture a more holistic view if conducted 12-months post fitting

Outcome measures are likely to capture a more holistic view if conducted 6-months post fitting

Consensus percentages meeting the consensus criterion are shown in bold.

Consensus percentage

93%
93%
83%
7%
50%
50%
47%
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ltem 1
Item 2
Item 3

K-Y ranking Item 1 > ltem 2 > ltem 3
Total of seven pairwise agreements

Person A

Strongly agree
Agree
Disagree
ltem 1 > ltem 2 > Item 3

Three agreements (Item 1 > Item 2;
Item 2 > ltem 3; Item 1 > ltem 3)

Person B

Agree
Disagree
Neither agree nor disagree
ltem 1 > ltem 3 > Item 2

Two agreements (item 1 > Item 2; ltem
1> Item 3)

Person C

Agree
Agree
Disagree
(tem 1 =1Item 2) > Item 3

Two agreements (ltem 1 > Item 3; ltem
2 > ltem 3)
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Azimuth

Comparison Estimate Std. Error z-value Pr(> | z|)
—90° vs. —60° 0.04 0.11 0.38 1.000
—90° vs. —30° 0.35 0.10 3.35 0.017
—90° vs. 0° 0.47 0.10 4.50 <0.001
—90° vs. 30° 0.25 0.11 2.38 0.367
—90° vs. 60° 0.19 0.11 1.82 1.000
—90° vs. 90° 0.28 0.12 2.37 0.372
—60° vs. —30° 0.31 0.08 3.69 0.005
—60° vs. 0° 0.43 0.08 5.14 <0.001
—60° vs. 30° 0.21 0.08 2.47 0.284
—60° vs. 60° 0.15 0.09 1.78 1.000
—60° vs. 90° 0.24 0.10 2.38 0.365
—30° vs. 0° 0.12 0.08 1.46 1.000
—30° vs. 30° -0.10 0.08 —1.23 1.000
—30° vs. 60° -0.16 0.08 -1.92 1.000
—30° vs. 90° —0.07 0.10 —-0.67 1.000
0° vs. 30° -0.22 0.08 —2.69 0.150
0° vs. 60° -0.28 0.08 —3.38 0.015
0° vs. 90° -0.18 0.10 —1.85 1.000
30° vs. 60° —0.06 0.08 —0.70 1.000
30° vs. 90° 0.03 0.10 0.34 1.000
60° vs. 90° 0.09 0.10 0.91 1.000

P-values were Bonferroni corrected. Bold values correspond to statistically signifi-
cant outcomes.
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SNR Comparison Estimate  Std. Error z-value Pr(> |z|)

SRT Ve vs. Vg 0.28 0.10 2.80 0.342
Ve vs. G —0.20 0.10 —1.91 1.000
V¢ vs. Gt 0.99 0.10 10.29 <0.001
Vs vs. Gi —0.48 0.10 —4.69 <0.001
Vs vs. Gy 0.71 0.09 7.65 <0.001
Givs. Gt 1.19 0.10 12.05 <0.001
SRT + 3dB V¢ vs. Vg 0.31 0.14 2027 1.000
Ve vs. G —0.08 0.15 —0.57 1.000
V¢ vs. Gy 1.76 0.12 14.46 <0.001
Vs vs. G —0.40 0.14 —2.84 0.296
Vs vs. Gy 1.45 0.11 12.95 <0.001
Givs. Gt 1.84 0.12 14.91 <0.001
SRT + 6 dB V¢ vs. Vg 0.20 0.20 0.99 1.000
Ve vs. G —0.563 0.24 —2.24 1.000
V¢ vs. Gy 2.24 0.16 14.05 <0.001
Vs vs. G -0.72 0.23 —-3.16 0.106
Vs vs. Gy 2.05 0.15 13.67 <0.001
Givs. Gt 200 0.20 14.06 <0.001

P-values were Bonferroni corrected. Comparisons are reported in this table only for
pairs of word groups at each SNR. Bold values correspond to statistically significant
outcomes.
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9 AccHL SocSupp Lifesat
1. Ifeel close to my friends. 035 077
2. I get emotional support from my family. 039 057
3. I get support from my friends. 0.44 077
4. My family has accepted my hearing loss. 050 064
5. I am satisfied with family communication about my hearing loss. 058 074
8. I am satisfied with how | am coping with my hearing loss. 0.49 038
18. My work (include work at home) is fulfing. 0.49 050
15. I have accepted my hearing loss. 047 038
17. 1 am enjoying the things | usually do for fun. 062 055
0561

18. I am content with the quality of my life right now. 062

Only factor loadings > 0.25 are shown for clarity. Items highlighted in gray at the bottom of the table were defeted from the original corpus of 18 items prior to this analysis and are
shown for completeness (see text for details.). These factor loadings can be linked to the arrows in Figure 2 to show the strength of association of each item to the various factors.
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Beta t P Zero-order r Partial r Partr

(Constant) 108234 0000

Zscore: AGE 0051 0709 0479 0053 0057 0041
Zscore (PTA4 BHrE) —0.415 ~1565 0.120 -0217 ~0.124 ~0.090
PC_Affect -0.342 —4.753 0.000 -0.548 -0.355 -0.275
PC_CPHI_PA 0211 3410 0.002 0388 0241 0.180
PC_CPHI_CP 0.039 0578 0.564 0.116 0.046 0.033
PC_CPHL_CI 0096 1512 0132 0173 0.120 0.087
PC_CPHI_Interax 0.182 2880 0.005 0293 0224 0.166
PC_CPHI_React2 0.081 1.316 0190 0061 0.104 0076
PC_CPHI_React! 0050 0808 0420 -0012 0064 0047
PC MBTIsense_intuit 0.064 0908 0365 0.123 0072 0.052
PC MBTlperceiv_judge 0.097 1.626 0.106 0.185 0.129 0.094
PC MBTithink_feel 0.169 2751 0.007 0177 0214 0.159
PC MBTlintrov_extrav 0.123 1.981 0.049 0.235 0.156 0.114
PCW3_VC —0075 —1.045 0298 0086 ~0.083 ~0.060
PCW3_PS_PO —0042 -0599 0550 ~0.024 -0.048 -0.085
PCW3_WM 0.102 1.640 0.108 0212 0.130 0.095

Significant Beta regression coeficients are shown as p-values in bold and r values in italics. Dependent Variable: SWB-HL Total (2 = 0.48; [Fise.15n = 8.93], p < 0.001). PTA4 BIE,
pure-tone average for 500, 1000, 2000, and 4000 Hz in the better ear; PC, Principal Component; CPH|, Communication Profile of the Hearing Impaired; PA, Personal Adjustment; CP.
Communication Performance; Cl, Communication Importance; Interax, Interactions with others; React! and React2 are two components regarding the individual's reaction to hearing
impairment; MBTI, Myers-Briggs Type Inventory; W3, Wechsler Adult Inteligence Scale, 3rd Edition; VC, Verbal Comprehension; PS PO, Processing Speed/Perceptual Organization;
WM, Working Memory.
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Relative Localization Performance

Predictors Odds Ratios cl P
(Intercept) 0.96 0.71-1.31 0.798
Mean Location —75° Reference

Mean Location —45° 1.82 1.53-2.17 <0.001
Mean Location —15° 2.71 2.26-3.24 <0.001
Mean Location 15° 2.49 2.08-2.98 <0.001
Mean Location 45° 1.76 1.48-2.09 <0.001
Mean Location 75° 1.27 1.07-1.51 0.006
SNR SRT Reference

SNR SRT + 3 dB 1.08 0.95-1.22 0.280
SNR SRT + 6 dB 1.22 1.07-1.38 0.002
Direction left Reference

Direction right 1.29 1.17-1.43 <0.001
Random Effects

o? 3.29

T00 Participant 0.23

ICC 0.06

N Participant 12

Observations 6924

Marginal R2/Conditional R? 0.040/0.102

Table generated using the package sjPlot (Lldecke, 2021). Bold values correspond
to statistically significant outcomes.
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Comparison Estimate  Std. Error  z-value Pr(> |z|)

Mean Location

—75° vs. —45° —0.60 0.09 —6.77 <0.001
—75°vs. —15° —1 0.09 —10.76 <0.001
—75° vs. 156° —0.91 0.09 —9.96 <0.001
—75° vs. 45° —-0.57 0.09 —6.41 <0.001
—75° vs. 75° —0.24 0.09 —2.77 0.083
—45° vs. —15° —0.39 0.09 —4.16 <0.001
—45° vs. 15° —0.31 0.09 —3.31 0.014
—45° vs. 45° 0.03 0.09 0.38 1
—45° vs. 75° 0.36 0.09 4.04 <0.001
—15° vs. 156° 0.08 0.10 0.86 1
—15° vs. 45° 0.43 0.09 4.54 <0.001
—15° vs. 75° 0.76 0.09 8.13 <0.001
15° vs. 45° 0.35 0.09 3.69 0.003
15°vs. 75° 0.67 0.09 .81 <0.001
45° vs. 75° 0.3 0.09 3.68 0.003
SNR

SRT vs. SRT + 3 dB -0.7 0.06 —1.15 0.749
SRT vs. SRT + 6 dB —0.20 0.06 —3.04 0.007
SRT 4+ 3dBvs. SRT + 6 dB —-0.12 0.06 —1.89 0177
Direction

left vs. right —0.26 0.05 —4.87 <0.001

P-values were Bonferroni corrected. Bold values correspond to statistically signifi-
cant outcomes.
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Word Discrimination Performance

Predictors Odds Ratios cl P
(Intercept) 4.62 2.95-7.22 <0.001
Azimuth —90° Reference
Azimuth —60° 0.96 0.78-1.18 0.701
Azimuth —30° 0.70 0.57-0.86 0.001
Azimuth 0° 0.63 0.561-0.77 <0.001
Azimuth 30° 0.78 0.63-0.96 0.017
Azimuth 60° 0.82 0.67-1.01 0.069
Azimuth 90° 0.75 0.60-0.95 0.018
SNR SRT Reference
SNR SRT + 3dB 3.02 2.24-4.07 <0.001
SNR SRT + 6 dB 6.68 4.53-9.84 <0.001
Word Group V¢ Reference
Word Group Vs 0.76 0.62-0.92 0.005
Word Group G; 1.22 1.00-1.50 0.056
Word Group C¢ 0.37 0.31-0.45 <0.001
SNR SRT + 3 dB: Word Group Vs 0.96 0.69-1.35 0.832
SNR SRT + 3 dB: Word Group G; 0.89 0.63-1.27 0.522
SNR SRT + 3 dB: Word Group C¢ 0.46 0.34-0.63 <0.001
SNR SRT + 6 dB Word Group Vg 1.08 0.70-1.67 0.712
SNR SRT + 6 dB Word Group C; 1.39 0.84-2.30 0.202
SNR SRT + 6 dB Word Group Ct¢ 0.28 0.20-0.41 <0.001
Random Effects
o2 3.29
T00 Subject 0.47
T11 Subject.SNR3 0.09
T11 Subject.SNR6 0.15
P01 —0.65

—0.82
ICC 0.09
N Subject 12
Observations 13848
Marginal R?/Conditional R? 0.237/0.304

Table generated using the package sjPlot (Lldecke, 2021). Bold values correspond
to statistically significant outcomes.
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A Word/sentence by auditory hierarchy (n = 2178 ST)

N %

Speech detection 5 0.2%
Speech discrimination 132 6.1%
Speech recognition 1968 90.4%
Speech comprehension 72 3.3%
B Linguistic units by domain (n = 165 ST)

ANLJ 30 18.2%
Paralinguistic 16 9.7%
Phonology 17 10.3%
Semantic/syntactic 43 26.1%
Suprasegmental (non-tonal 47 28.5%
language)

Suprasegmental (tonal language) 12 7.3%

C Self-report by health status domain (n = 945 ST)

Communication 18 1.3%
Device benefit 277 21.2%
Disability (condition specific) 408 31.2%
Disability (generic) 50 3.8%
Health 36 2.7%
Other 2 0.1%
Physiological 1 0.1%
Psychological 64 4.9%
Quality of Life 135 10.3%

D Cognitive measures by domain (n = 343 ST)

Complex attention 1083 30.7%
Executive function 142 41.4%
Learning & memory 50 14.6%
Language 70 20.4%
Social cognition 7 2.0%
Perceptual-motor function 14 4.1%
Unspecified domain 6 1.7%
Single domain 87 25.4%
Multidomain diagnostic assessment 135 39.4%

Screening (multidimensional) 115 33.5%
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ID Gender Age Fitting Hearingloss Hearing loss Experience Experience Word Right Cl type Left Cl type
(years) right ear since left ear since right Cl left Cl (years) recognition
(years) (years) (years) score (%)
1 m 47 bilateral 22 22 4 4 90 Cochlear® N6 Cochlear® N6
2 m 67 bilateral childhood childhood 14 19 45 Advanced Bionics, Advanced Bionics,
Auria (SAS) Auria (HiRes-P)

3 f 74 bilateral 40 35 18 8 85 Advanced Bionics, Advanced Bionics,
Naida CI Q90 Naida CI Q90

4 m 83 unilateral childhood childhood - 16 70 - MED-EL, Sonnet

5 f 68 unilateral na na 10 o 55 MED-EL, Opus2 -

6 f 59 bilateral 41 41 6 4 80 MED-EL, Opus2 MED-EL, Opus2

7 m 71 bilateral childhood childhood 2 11 90 MED-EL, Sonnet MED-EL, Opus2

8 f 57 bilateral 32 32 7 3 75 Cochlear®, CP810  Cochlear®, CP810

9 m 60 unilateral 18 18 16 - 60 Cochlear®, CP910 =

10 f 61 bilateral 41 41 19 8 85 Advanced Bionics, Advanced Bionics,

Harmony Harmony

11 f 52 bilateral 47 47 5 6 90 MED-EL, Opus2 MED-EL, Opus2

12 f 78 bilateral na na 11 4 55 MED-EL, Sonnet MED-EL, Sonnet

13 m 39 bilateral 18 18 3 3 90 Cochlear®, CP910  Cochlear®, CP910

14 f 51 bilateral 26 26 8 g 90 MED-EL, Opus2 MED-EL,

Synchrony
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Minimum Maximum Median Mean Std.-Dev.

Cl-recipients (n = 14) TMT-A [s] 16 76 328 39.9 19.1
TMT-B [s] 36 393 72.0 105.7 105.3
RST [%]  11.1 66.6 425 396 145

NH-listeners (n = 14) TMT-A [s] 21 g 359 407 186
TMT-B [s] 21 128 686 762 316

RST[%]  24.1 61.1 416 408 88
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Pre-operative

SNR+10 dB vs. NCIQ BSP
SNR+10 dB vs. NCIQ ASP
SNR+10 dB vs. SSQ total
SNR+10 dB vs. SSQ SP
SNR+10 dB vs. SSQ SH
SNR+10 dB vs. SSQ SQ
SRT vs. NCIQ BSP

SRT vs. NCIQ ASP

SRT vs. SSQ total

SRT vs. SSQ SP

SRT vs. SSQ SH

SRT vs. SSQ SQ

6 months

SNR+10 dB vs. NCIQ BSP
SNR+10 dB vs. NCIQ ASP
SNR+10 dB vs. SSQ total
SNR+10 dB vs. SSQ SP
SNR+10 dB vs. SSQ SH
SNR+10 dBvs. SSQ SQ
SRT vs. NCIQ BSP

SRT vs. NCIQ ASP

SRT vs. SSQ total

SRT vs. SSQ SP

SRT vs. SSQ SH

SRT vs. SSQ SQ

12 months

SNR+10 dB vs. NCIQ BSP
SNR+10 dB vs. NCIQ ASP
SNR+10 dB vs. SSQ total
SNR+10 dB vs. SSQ SP
SNR+10 dB vs. SSQ SH
SNR+10 dB vs. SSQ SQ
SRT vs. NCIQ BSP

SRT vs. NCIQ ASP

SRT vs. SSQ total

SRT vs. SSQ SP

SRT vs. SSQ SH

SRT vs. SSQ SQ

Unadjusted

103
104
78
59
58
58
85
85
65
59
58
58

53
53
50
33
32
33
48
48
46
33
32
33

62
62
61
32
32
32
53
53
52
32
32
32

0.35
0.46
0.41
0.08
—0.01
—0.04
—0.52
—0.46
—0.46
—0.03
-0.12
—0.16

0.17

0.28

0.11
—0.07
—0.05
—0.06
—0.05
—0.11
—0.09
—0.07
—0.05
—0.06

0.08
0.30
—0.01
0.14
—0.24
0.01
—0.10
—0.18
—0.31
0.14
—0.24
0.01

95% ClI
Lower Upper
0.17 0.51
0.29 0.60
0.21 0.58
-0.18 0.33
—0.26 0.25
—0.29 0.23
—0.66 —0.34
—0.61 —0.28
—0.63 —-0.24
—0.29 0.22
—0.36 0.15
—0.40 0.10
—0.10 0.42
0.01 0.51
—-0.17 0.38
—0.40 0.28
—0.39 0.30
—0.40 0.29
—0.33 0.24
—0.39 0.18
-0.37 0.21
—0.40 0.28
—0.39 0.30
—0.40 0.29
—-0.17 0.32
0.06 0.51
—0.26 0.24
-0.22 0.46
—0.54 0.12
—0.34 0.36
—0.36 0.17
—0.43 0.10
—0.53 —0.04
—-0.22 0.46
—0.54 0.12
—0.34 0.36

p-value

<0.001
<0.001
<0.001
0.561
0.959
0.794
<0.001
<0.001
<0.001
0.798
0.385
0.223

0.216
0.040
0.439
0.705
0.782
0.739
0.731
0.440
0.555
0.705
0.782
0.739

0.531
0.017
0.943
0.456
0.190
0.963
0.473
0.206
0.028
0.456
0.190
0.963

SRT, speech reception threshold; SNR+10 dB, speech reception score; NCIQ,
Nijmegen Cochlear Implant Questionnaire; NCIQ BSP, basic sound perception
subdomain of NCIQ; NCIQ ASRF, advanced sound perception subdomain of NCIQ;
SSQ total, Speech Spatial and Qualities of Hearing scale total score; SSQ SR
speech perception subdomain of SSQ; SSQ SH, spatial hearing subdomain of
SSQ; SSQ SQ, sound quality subdomain of SSQ; n = sample size available for
analysis; r = Pearson correlation; and Cl = confidence interval. Bold type face

indicates p < 0.05.
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Unadjusted model

95% CI

n r Lower Upper
Pre-operative
S8Q total vs. NCIQ BSP 100 0.65 0.52 0.75
S8Q total vs. NCIQ ASP 101 0.68 0.56 0.77
S8Q total vs. NCIQ SPr 101 0.48 0.32 0.62
S8Q total vs. NCIQ SE 101 0.47 0.31 0.61
S8Q total vs. NCIQ ACT 98 0.53 0.37 0.66
S8Q total vs. NCIQ SI 100 0.55 0.40 0.68
6 months
S8Q total vs. NCIQ BSP 78 0.53 0.35 0.67
S8Q total vs. NCIQ ASP 78 0.63 0.47 075
S8Q total vs. NCIQ SPr 78 0.45 0.26 0.61
S8Q total vs. NCIQ SE 78 0.42 0.22 0.59
S8Q total vs. NCIQ ACT 78 0.55 0.37 0.69
S8Q total vs. NCIQ SI 78 0.54 0.36 0.68
12 months
S8Q total vs. NCIQ BSP 83 0.62 0.46 0.73
S8Q total vs. NCIQ ASP 83 0.69 0.56 0.79
S8Q total vs. NCIQ SPr 83 0:57 0.41 0.70
S8Q total vs. NCIQ SE 83 0.55 0.38 0.68
S8Q total vs. NCIQ ACT 83 0.66 0.52 0.77
S8Q total vs. NCIQ SI 83 0.63 0.48 0.74

SSQ total, Speech, Spatial and Qualities of Hearing scale; NCIQ, Nijmegen
Cochlear Implant Questionnaire; NCIQ BSR, basic sound perception subdomain
of NCIQ; NCIQ ASP, advanced sound perception subdomain of NCIQ; NCIQ
SPr, speech production subdomain of NCIQ; NCIQ SE, self-esteem subdomain
of NCIQ; NCIQ ACT, activity subdomain of NCIQ, and NCIQ SI, social interactions
subdomain of NCIQ; n = sample size available for analysis, r = Pearson correlation,
and ClI = confidence interval. For all correlations p < 0.001.





OPS/images/fnins-16-786939/fnins-16-786939-t003.jpg
Variables OYpre—op s Xpre-op OAYpo-6 msAXPO—6 m O AXpo-6 msAY6-12 m OAYpo-6 msAXe—12 m OAY6-12 m, AXg—12 m

X Y Est SE p Est SE p Est SE p Est SE p Est SE p

SNR+10dB NCIQBSP  0.36 0.09 0.001 020 0.13 0.134 0.01 0.13 0.911 0.04 0.15 0788 -0.13 0.14  0.376
NCIQ ASP —-0.53 0.08 <0.001 -0.04 0.16 0.788 —-0.09 0.22 0.670 0.18 0.19 0.348 -0.16 0.30  0.592

S8Q total 049 0.08 <0.001 034 0.12 0.012 —-0.08 0.12 0.511 0.18 0.15 0249 -0.01 014 0923

8§8Q SP 0.36 0.10  0.001 026 0.14 0.077 —-0.20 0.13 0.144  -0.01 0.17 0.935 019 015  0.225

SSQSH -0.52 0.08 <0.001 -0.02 0.15 0.904 —-0.19 0.14 0173  -0.03 0.16 0.868 027 0.14  0.066

§8Q 8Q 0.14 0.10 0.189 0.43 0.13 0.004 —-0.35 0.13 0.017  -0.17 0.17 0.305 0.31 0.14  0.039

SRT NCIQBSP -0.50 0.08 <0.001 -0.03 0.15 0.853 -0.13 0.18 0.469 0.04 0.19 0813 -0.06 0.23  0.800
NCIQASP 035 0.10  0.002 022 0.14 0.139 -025 0.13 0.068  -0.07 0.16 0.665 026 014 0.072

SSQtotal —-0.49 0.08 <0.001 -0.04 0.16 0.824 011 0.21 0.601 0.01 0.18 0975 -029 o0.21 0.192

8§sQsSP -021 0.10 0.049 -0.17 0.16 0.304 0.08 0.22 0.714  -0.04 0.19 0839 -023 023 0.335

§8Q SH 039 0.10 <0.001 007 0.15 0.645 0.07 0.21 0.747  -0.06 0.17 0736  —-0.27 024  0.264

§sQsQ -0.60 0.07 <0.001 -0.10 0.17 0.571 026 0.24 0.281 0.09 0.18 0625 -0.36 0.21 0.111

SNR+10 dB, speech reception score; SRT, speech reception threshold; NCIQ, Njmegen Cochlear Implant Questionnaire; SSQ, Speech, Spatial and Qualities of Hearing
scale; NCIQ BSP, basic sound perception subdomain of NCIQ; NCIQ ASR advanced sound perception subdomain of NCIQ; SSQ SR, speech perception subdomain
of SSQ; SSQ SH, spatial hearing subdomain of SSQ; SSQ SQ, sound quality subdomain of SSQ; pre-op and PO, pre-operative; AYpo_g m, Change score between
pre-operative and 6 months value for variable Y; AYs—12 m, change score between 6 and 12 months value for variable Y, ox.y, covariance between x and y. Bold type
face indicates p < 0.05.
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Means Regression coefficients

WApo_gm WA 12 m Pre-op — A po-6m Pre-op - Ag_12m

Variable Est SE p Est SE p Est SE p Est SE p

SNR+10 dB 17.02 1.69 <0.001 2.95 1.40 0.035 -0.79 0.05 <0.001 —0.02 0.04 0.616
SRT —2.61 0.24 <0.001 —0.42 0.19 0.027 —0.66 0.08 <0.001 0.11 0.07 0.097
NCIQ BSP 22.45 1.49 <0.001 0.15 1.44 0.918 —0.70 0.07 <0.001 0.04 0.07 0.552
NCIQ ASP 17.24 1.54 <0.001 —0.04 1.39 0.978 —0.80 0.08 <0.001 0.14 0.07 0.059
NCIQ SPr 7.86 1.49 <0.001 1.40 1.41 0.321 —0.53 0.08 <0.001 —0.03 0.08 0.658
NCIQ SE 13.76 1.66 <0.001 1.65 1.35 0.221 —0.61 0.10 <0.001 0.03 0.09 0.764
NCIQ ACT 18.24 2.10 <0.001 2.59 1.93 0.179 —0.69 0.10 <0.001 0.10 0.10 0.292
NCIQ Sl 19.18 1.94 <0.001 —5.39 1.55 0.001 —0.56 0.09 <0.001 0.02 0.07 0.762
SSQ total 1.89 0.18 <0.001 0.00 0.17 1.000 —0.51 0.12 <0.001 0.07 0.1 0.541
SSQ SP 2.1 0.22 <0.001 —0.09 0.17 0.619 —0.60 0.13 <0.001 0.04 0.11 0.707
SSQ SH 1.84 0.21 <0.001 —0.26 0.21 0.220 —0.54 0.12 <0.001 0.24 0.2 0.055
SSQ SQ 1.77 0.19 <0.001 0.20 0.19 0.313 —0.56 0.11 <0.001 0.03 0.11 0.816

SNR+10 dB, speech reception score; SRT, speech reception threshold; NCIQ, Njjmegen Cochlear Implant Questionnaire; SSQ, Speech, Spatial and Qualities of Hearing
scale; NCIQ BSR basic sound perception subdomain of NCIQ,; NCIQ ASP, advanced sound perception subdomain of NCIQ; NCIQ SPr, speech production subdomain of
NCIQ; NCIQ SE, self-esteem subdomain of NCIQ; NCIQ ACT, activity subdomain of NCIQ; NCIQ SI, social interactions subdomain of NCIQ; SSQ SR, speech perception
subdomain of SSQ; SSQ SH, spatial hearing subdomain of SSQ; SSQ SQ, sound quality subdomain of SSQ; pre-op and PO, pre-operative; i, mean change in i; oy,
covariance between x and y; Apo—s m, change score between pre-operative and 6 months values;, Ag—12 m, change score between 6 and 12 months values; Est,
estimate; SE, standard error; p, p-value. Bold type face indicates p < 0.05; Standardization with respect to observed variables. Mean for pre-op measurement was
centered to zero.
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Mean Median Min Max SD

Age (years) 62.2 66.4 18 88 29.5
Preoperative PTA (9,54 kHz) (dB HL)

BEHL 80.5 81.9 33.8 110 18.0
WEHL 835 87.5 43.8 110 13.8
Etiology of hearing loss (n) (n)
Unknown 66 Sex
Meniere’s disease 20 Female 53
Otosclerosis 6 Male 65
Congenital SNHL 17
NSSNHL 4 Ear
SSNHL 2 Right 66
Other 3 Left 52

BEHL, better ear hearing level; WEHL, worse ear hearing level; SNHL, sensorineural
hearing loss; NSSNHL, non-syndromic sensorineural hearing loss; and SSNHL,

syndromic sensorineural hearing loss.
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Domain ist  ond  grd  gth  5th  gth  7th

Improved communication ability 10
Improved personal relationships 1

Improved well-being 0
Reduced participation restrictions 0
Increased independence 0
Improved perception of clarity 0

OO0 = 24 o~ O
O 4 4 24 0 O, =
-~ 0O 24 0w = O
O 4+ N w o o o
o W= 24 0O 0 O
A OO O = O O

Improved self-management ability 0

For each individual domain presented to participants, the table shows the number
of participants ranking it first, second, etc. This is the same format in which these
data were made available to participants.
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Author and year

Haris et al. (2021)
Shafiro et al. (2020)
McMahon et al. (2018)
Strelnikov et al. (2018)

Chang et al. (2017)
Zhang et al. (2016)
Shafiro et al. (2016)
Shafiro et al. (2015)

Heo et al. (2013)
Shafiro et al. (2011)

Lee and Kim (2011)

Looi and Arnephy (2010)

Inverso and Limb (2010)
Kaga and Akamasu (2009)
Reed and Delhorne (2005)
Peasgood et al. (2003)
Berland et al. (2019)

Liu etal. (2013)

Kim and Lee (2012)

20
40
39
17
15
16
10
9
8
14
14
17
9
10
4
22
17
11
10
24
21
26
22

Age (vears)
mean (range)

67 (49-62)
61 (24-84)
68 (50-83)
60 (46-74)
45 (23-67)
56 (41-71)
45 (19-65)
31 (18-45)
54 (25-68)
63 (51-87)
51(35-66)
58 (40-80)
35 (24-69)
58(20-77)
55 (43-66)
59 (39-75)
50 (14-75)
42 (29-67)
31(15-62)
9(6-11)
5(3-6)
8(6-10)
12 (7-15)

Cl experience
(vears)
mean (range)

pre-Cl, 0.5 and 1
6(1-29)
7(1.5-34)
o.

08
5
3.5 (1-4.5)
5.1(05-13)
36(1.3-9)
5(1-8)
12(06-2.6)
32(1-7)

3
23(08-4.8
pre-Cland 0.25
Atleast 1 year
NR
69(1-12)
3.4(0.8-6.9)
63(0.8-7.6)
16
29
57

Language history

Post-lingual
Post-lingual
Post-lingual
NR

Post-lingual
NR

Post-lingual

Post-lingual

Post-lingual

Post-lingual

4 post-lingual, 5 pre-lingual
Post-lingual

Post-lingual

Post-lingual

Post-lingual

10 post-ingual and 1 pre-lingual
Pre-lingual

Pre-lingual and Early Implanted
Pre-lingual

Pre-lingual

Pre-lingual

Modalities tested

Bimodal

15 bimodal, 17 unilateral, 8 bilateral
12 bilateral, 14 bimodal, 13 unilateral
NR

Unilateral
NR
Unilateral
Unilateral
Bimodal, Unilateral
Unilateral
Unilateral
Unilateral
Unilateral
NR

NR
Unilateral
NR
Unilateral
NR

Unilateral

For the columns “Age” and “Cl experience” the average and range are provided in years; N, number of participants; NR, not reported: *, only 7 of 11 participants completed all testing.
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Author and year Task Response options Stimuli Group PES resuit

Harrs et al. (2021) Identification 25 names 25 sounds (1 token each) Ol (post-test—6 months)  65% (SD = 14.3)
i (post-test—12 months) ~ 69.1% (SD = 15.7)
HI-CIC (pretest) 64% (SD = 14.1)
Shafiro et al. (2020) Identification 15 names 24 sounds (1 token each) G 74% (SD = 16.8)
ONH 95% (SD = 6)
Identification and Serial 3,4,0r5names (based 24 sounds—sequencesof  CI 50% (SD = 23)
recall on the number sounds in 3, 4, or 5 sounds ONH
agiven sequence)
McMahon etal. (2018)  Identifcation 25 names 25 sounds (1 token each)  Cl 50% (SD = 14.9)
HI-0IC 56% (SD = 26.4)
Strelnikov etal. (2018)  Identifcation Open/3 categories 16 sounds (1 token each,  Cl (new users) 33% (SD = 30)
included music) Cl (intermediate users) 35% (SD = 29)
i (experienced users) 30% (SD = 17)
Categorization Free sorting i (new users) 43%
Ol (intermeiate users) 55%
i (experienced users) 60%
Chang et al. (2017) Identification 9 names 9 sounds (1 token each) a 78.9% (SD = 20.6)
YNH 98.9% (SD = 3.5)
Zhang et al. (2016) Identification 16 names 67 sounds al 63.18%
NH 96.16%
Shafiro et al. (2016) Identification (percent 25 names 20 sounds —sequences of 5 Gl 69% (SD = 25)
correct sound name YNH 78% (SD = 4.4)
:C’:';'z;s of order MON 73% (SD = 11.8)
Mol 73% (D = 13.9)
Serial Recall percent a 45% (SD = 20.1)
correct sound names YNH 65% (D = 8.2)
placed in correct order) o ppidaies
Mol 44% (D = 20.3)
Serial recall (percent entire ol 14% (SD = 16.9)
sequences corrects) YNH 43% (D = 11.1)
MON 149% (SD = 13.4)
vol 14% (SD = 18.6)
Shafiro et al. (2015) Identification 60 names 40 sounds (4 tokens each)  Cl 47% (D = 14.9)
Heo et al. (2013) Identification Open 40 sounds (4 tokens each) Gl (bimodial) 36% (SD = 10.3)
Gl (unilateral) 29% (SD = 11.9)
Localization 8 speakers I (bimodal) 75% (SD = 7.4)
i (unilateral) 63% (SD = 5.0)
Shafiro et al. (2011) Identification 60 names 40 sounds (4 tokens each) Gl 45% (D = 16.2)
Lee and Kim (2011) Identification 10 names 40 sounds (2 tokens each) Gl 33% (SD = 17.9)
HI-HA 40% (SD = 192)
Looi and Arnephy Identification 45 names 45 sounds (2 tokens each) Ol (experienced) 59% (SD = 11.5)
(2010) NH 93% (SD = 4.3)
cic 40% (SD = 14.3)
CI(3 month post-test) 57% (SD = 21.4)
Inverso and Limb Identification Open set 40 sounds (50 total tokens) G 48% (SD = 13.5)
2010) Categorization 5 names 71% (SD = 18.5)
Kagaand Akamasu  Identifcation Open set 24 sounds <l 42%
(2009) <5} 8%
AN 50%
4images a 88%
co 46%
AN 2%
Reed and Delhorne Identification 10 names 40 sounds (3 tokens each)  C 79% (D = 15.5)
(2005)
Peasgood et al. (2003)  Identification Open set 20 sounds (1 tokeneach) Gl 41% (SD = 137)
Berland et al. (2019)  Identication Open set 18 sounds (1 tokeneach) Gl 35%
—includes musical, vocal,
and environmental sounds
Liu et al. (2013) Identification 4images 30 sounds (single token) Gl (younger group) 61% (SD = 23.8)
Cl (older group)
Kimand Lee (2012 Identifcation 10 images 40 sounds (4 tokens) a
NH
HA

Cl, cochlear implant; CIC, cochlear implant candidates; NH, normal hearing; ONH, old normal hearing; YNH, young normal hearing; MON, middle/older aged normal hearing; MOI,
middle/older aged impaired; HA, hearing aid; CD, cortical deafness (auditory agnosia); AN, auditory neuropathy; *the reported PES score is the average of two similar scores obtained
with 5 dB SNR using background noise recorded before the class and after the class.
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Adults or chidren users of cochlear implants
Cochlear implantation

A control group of normal hearing or hearing impaired peers with or
without hearing loss, pre-to-post-implantation comparisons
Quantitative assessments of environmental sound perception,
associations with speech and auditory processing measures
Observational studies: cross-sectional, pre- and post-implantation
repeated measures.
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Authorandyear LoEand  Study design Subjects Assessment Correlations

quality
cl cntrl PES tests Non-PES auditory tests CI PES and other
auditory tests
Harris et al. 2 Pre-post Adult Self [} AzBio; Speech ¢,
2021y Good SMRT Spectro-temporal ¢
Shafiro et al, 2 Cross-sectional  Aduit ONH IDand Serial 15 additional tests of speech,  Speech M 4,
(2020) Good recall music and psychoacoustic Music 9,
spectro-temporal processing  Spectro-temporal ol

MecMahonetal.  2b Cross-sectional  Adut OHI D AzBio NR
(2018) Good
Strelnikovetal.  2b Cross-sectional  Adut - IDand Disyllabic words; Sentencesin ~ Speech ¢
(2018) Good Ctgrs. noise
Changetal. (2017) 2b Cross-sectional  Adut YNH D Vowels, Consonant Speech

Good
Zhang etal. (2016) 2" Cross-sectional  Adut NH [} NR NR

Fair
Shafiro et al. 2 Cross-sectional  Adut YNH IDand Serial  BKB-SIN Specch §
(2016) Good MON recall

Mol

Shafiro et al. 2 Cross-sectional  Aduit - D CNC, SPIN-R Speech W, ¢
(2015) Good
Heoetal. (2013)  2b Cross-sectional  Aduit - D NR NR

Good Lodl.
Shafiro et al. 2 Cross-sectional  Adut - D ONG, HINT Speech ¢
(2011) Good
Lee and Kim 2 Cross-sectional  Aduit HA D Monosyllabic words Speech
o11) Fair
Looiand Armephy  2b Cross-sectional  Adut NH [} Speech perception (specific test  NR
(2010) Good Pre-post Self not described)
Inverso and Limb ~ 2b Cross-sectional  Aduit - [} CNG-Words, CNC-Phonemes,  Speech © M4
(2010) Good Ctgrs. HINT-Quiet, HINT-Noise:
Kaga and 4 GCross-sectional  Adult cD D NR NR
Akamasu (2009)  Poor AN
Reed and 4 Cross-sectional  Adut - [} NU-6 NR
Delhorne (2005)  Poor
Peasgood etal.  2b Cross-sectional  Adut - D Speech pattern perception,  Speech @4
(2003) Fair (non-traditional CUNY sentences

candidates)

Berland et al. 2 Cross-sectional  Children NH [} NR NR
(2019) Good Ctgrs.
Livetal. (2013  2b Gross-sectional  Children - D PPVT-R vocabulary test Speech B

Good
Kim and Lee 2 Cross-sectional  Children NH, HA D Word and sentence recognition  Speech $
(2012) Good (specific tests not described)

LoE, levels of evidence; Cntrl., controls; PES, Perception of environmental sounds; NR, not reported; ID, identification; Ctgris., Categorization; Locl., Locallzation; NH, normal hearing;
ONH, older normal hearing; YNH, younger normal hearing; MON, middle/older aged normal hearing; MOI, midde/older aged impaired; HA, hearing aid users; CD, cortical deafness
(auditory agnosie); AN, auditory neuropathy; Correlation magnitude symbols: @ = low r < 0.3, B = medium r = 0.3 Z 0.49, large > 0.5 not published in English; correlation
symbols reflect synchronous results for a 12-month time point for 11 subjects, to be comparable with other studies in the table.
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Median SRT in noise and IQR, min and max for DTT streaming, the first two
sessions (n = 80) or the last two sessions (n = 80) separately. Median vowel
percentage (and IQR) of the first vowel identification task and the first consonant
identification task (week 1 and 2) as well as for the last two weeks of the trials

(week 15 and 16).
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Parameter Estimate Standard error t-statistic P [B1

Unaided scores in quiet WRSmax Bo 5.60 0.13 43.4 <0.0001
(Figure 1A)
B4 -0.0714 0.0018 -40.2 <0.0001 1/dB
B2 -0.0308 0.0044 -7.0 <0.0001 1/dB
7,400 observations, 7,397 error degrees of freedom, y2-statistic vs. constant model: 2.5.-10%, p < 0.0001
SRT Bo 7.97 1.803 4.4 <0.0001
(Figure 1B)
B1 0.903 0.0307 29.4 <0.0001 1/dB
355 observations, 353 error degrees of freedom, F-statistic vs. constant model: 864, p < 0.0001
Aided scores in quiet Unilateral WRSgs (HA) Bo 4.09 0.10 39.5 <0.0001
(Figure 2A)
B4 -0.0664 0.0017 -39.7 <0.0001 1/dB
Bo -0.0337 0.0040 -8.4 <0.0001 1/dB
7,400 observations, 7,397 error degrees of freedom, y2-statistic vs. constant model: 2.5-10%, p < 0.0001
Bilateral Bo 4.61 0.11 42.2 <0.0001
WRSgs (HA)
(Figure 2B)
B4 -0.0663 0.0016 -40.2 <0.0001 1/dB
Bo -0.0572 0.0041 -14.0 <0.0001 1/dB
7,400 observations, 7,397 error degrees of freedom, y2-statistic vs. constant model: 2.6-10%, p < 0.0001
Aided scores in noise Bilateral Bo 2.76 0.10 28.7 <0.0001
WRSgs(HA)
(Figure 3)
B4 -0.0589 0.00172 -34.2 <0.0001 1/dB
Bo -0.0428 0.00427 -10.0 <0.0001 1/dB

7,400 observations, 7,397 error degrees of freedom, y2-statistic vs. constant model: 1.8:10%, p < 0.0001
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