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Abstract

Objective—Determine the extent to which pre-fitting acceptable noise level (ANL), with or 

without other predictors such as hearing aid experience, can predict real-world hearing aid 

outcomes at 3 and 12 months post-fitting.

Design—ANLs were measured before hearing aid fitting. Post-fitting outcome was assessed 

using the International Outcome Inventory for Hearing Aids (IOI-HA) and a hearing aid use 

questionnaire. Models that predicted outcomes (successful vs. unsuccessful) were built using 

logistic regression and several machine learning algorithms, and were evaluated using the cross-

validation technique.

Study sample—132 adults with hearing impairment.

Results—The prediction accuracy of the models ranged from 61% to 68% (IOI-HA) and from 

55% to 61% (hearing aid use questionnaire). The models performed more poorly in predicting 12-

month than 3-month outcomes. The ANL cutoff between successful and unsuccessful users was 

higher for experienced (~18 dB) than first-time hearing aid users (~10 dB), indicating that most 

experienced users will be predicted as successful users regardless of their ANLs.

Conclusions—Pre-fitting ANL is more useful in predicting short-term (3 months) hearing aid 

outcomes for first-time users, as measured by the IOI-HA. The prediction accuracy was lower than 

the accuracy reported by some previous research that used a cross-sectional design.
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INTRODUCTION

Acceptable noise level (ANL) is a measure that quantifies an individual’s willingness to 

accept background noise while listening to speech (Nabelek et al, 1991; Nabelek et al, 

2006). In a series of early studies, Nabelek and her colleagues first demonstrated the 

association between ANL and real-world hearing aid outcomes (Nabelek et al, 2006; 

Nabelek et al, 2004; Nabelek et al, 1991). For example, Nabelek et al (2006) investigated the 

relationship between ANL and the pattern of hearing aid use for 191 adults with hearing 

impairment. Most of the users had between three months to three years hearing aid 

experience. To assess the hearing aid use pattern, a questionnaire (referred to as the HA-Use 

in this article) that classified respondents into full-time, part-time, and non-users was 

employed. Nabelek et al found that the mean ANL of full-time users (7.7 dB) was lower 

than part-time users (13.5 dB) and non-users (14.4 dB). Nabelek et al (2006) further grouped 

the participants as successful users (full-time users) and unsuccessful users (part-time and 

non-users), and used a logistic regression analysis to examine the relationship between ANL 

and the probability of success. The results indicated that ANL was significantly associated 

with the probability of success. The classification accuracy of the logistic regression model 

was as high as 85%.

Since Nabelek’s works were published, several studies have been conducted to investigate 

the relationship between ANL and real-world hearing aid outcomes (Table 1). For example, 

using HA-Use as the outcome measure, Freyaldenhoven et al (2008b) replicated the results 

of Nabelek et al (2006) and reported 68% classification accuracy. Using the same subject 

group as Nabelek et al (2006), Freyaldenhoven et al (2008a) further demonstrated that when 

combining ANL and the unaided Abbreviated Profile of Hearing Aid Benefit questionnaire 

(APHAB; Cox & Alexander, 1995), classification accuracy increased to 91%. Note that 

these studies (Freyaldenhoven et al, 2008a, b; Nabelek et al, 2006) used a cross-sectional 

design in which research participants completed the ANL test and used questionnaires to 

report their recent experience with hearing aids.

The association between ANL and outcomes measured using standardized questionnaires 

has also been investigated in prospective studies. Ho et al (2013b) used the Chinese version 

(Cox et al, 2002) of the International Outcome Inventory for Hearing Aids questionnaire 

(IOI-HA; Cox & Alexander, 2002) to measure the outcomes for 80 adults three months post 

hearing aid fitting. Most participants (77.5%) were first-time hearing aid users. The results 

indicated that users with lower unaided ANLs, which were measured before the hearing aid 

fitting, tended to report better outcomes at three months post-fitting. ANL significantly 

explained 16.2% of the variance of the IOI-HA score. A logistic regression analysis further 

indicated that the classification accuracy for hearing aid success defined by the IOI-HA was 

67.5%, which was very close to the 68% accuracy reported by Freyaldenhoven et al (2008b). 
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Consistent with Ho et al (2013b), Taylor (2008) tested 27 first-time hearing aid users and 

found that pre-fitting ANL explained 16.8% of the variance in IOI-HA outcomes measured 

at 30 days post-fitting.

However, several studies (Olsen et al, 2012; Schwartz & Cox, 2012; Walravens et al, 2014; 

Table 1) did not demonstrate a clear association between ANL and hearing aid outcome. In a 

cross-sectional study, Olsen et al (2012) recruited 63 adults whose mean hearing aid 

experience was 11 years. Consistent with the trend found by Nabelek et al (2006), the mean 

ANLs of full-time users were approximately 2 to 6 dB lower (better) than ANLs of part-time 

users and non-users. However, because most participants were full-time users (90.5%), no 

statistical analysis was conducted to examine the relationship between ANL and hearing aid 

use pattern. Olsen et al (2012) further indicated that, contrary to Ho et al (2013b) and Taylor 

(2008), there was no clear association between ANL and IOI-HA outcome.

In another cross-sectional study (Walravens et al, 2014), ANL was measured for 96 hearing 

aid owners. Among these participants, 48% and 42% owned hearing aids for one to five 

years and for more than five years, respectively. The results of the HA-Use revealed that the 

ANL of full-time users (7.5 dB) was higher (poorer) than that of part-time (4.9 dB) and non-

users (4.5 dB). Although the difference was not statistically significant, the trend of the 

findings by Walravens et al (2014) was contrary to Nabelek et al (2006).

Despite the growing body of ANL literature, the usefulness of using ANL to predict real-

world hearing aid outcomes remains unclear for several reasons. First, most previous studies 

used a cross-sectional design. It is unknown to what extent the results of these studies can 

generalize to the condition wherein ANL is used to predict future hearing aid outcome.

Second, although the prospective studies by Taylor (2008) and Ho et al (2013b) 

demonstrated the association between pre-fitting ANL and short-term post-fitting outcome 

(one and three months post-fitting, respectively), it is unknown if ANL can predict longer-

term outcomes. This is because the ability for ANL to predict outcome may decrease over 

time after hearing aid fitting. More specifically, one possible reason for individuals with 

higher ANLs tending to report poorer outcomes is that they are less willing to accept the 

noise generated or amplified by hearing aids. These individuals may eventually acclimatize 

to the noise or benefit from hearing aids’ noise reduction technologies after a longer period 

of time. As a result, long-term outcomes might more likely be affected by factors other than 

noise acceptance and therefore might not be predictable by ANL. This hypothesis is 

supported by Walravens et al (2014), who suggested that the non-significant relationship 

between ANL and hearing aid use was due to their participants’ longer hearing aid 

experience.

The third reason why the usefulness of ANL has not been fully supported is that the 

prediction accuracy reported in the literature might be overestimated. In previous research 

the performance of the prediction model was often evaluated by the dataset that was utilized 

to build the model (e.g., Freyaldenhoven et al, 2008a, b; Ho et al, 2013b; Nabelek et al, 

2006). As indicated by Nabelek et al (2006), using the same dataset to build and evaluate the 

prediction model would overestimate the model’s performance. Currently, only one study 
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(Schwartz & Cox, 2012) has tried to use a new dataset to evaluate the prediction model 

established by other research. Schwartz and Cox recruited 50 adults who had at least six 

months of bilateral hearing aid experience. ANL was used to predict hearing aid success, 

such that the participants who had ANLs equal to or smaller than 7 dB were predicted to be 

successful users (Nabelek et al, 2006). Four standardized questionnaires were used to 

measure outcomes, including the Satisfaction with Amplification in Daily Life (SADL; Cox 

& Alexander, 1999) and APHAB. For each outcome measure, the participants were 

classified as successful or unsuccessful users based on somewhat arbitrary criteria. For 

example, the participants who had a SADL score less than 5 points were defined as 

unsuccessful users (SADL scores range from 0 to 7). The results revealed that the accuracy 

of the prediction made by ANL ranged from 52% to 64%, which was much lower than the 

85% accuracy reported by Nabelek et al (2006). However, the discrepancy in prediction 

accuracy between these two studies could be due to Nabelek et al (2006) establishing the 

ANL criteria based on hearing aid use pattern, while Schwartz and Cox (2012) used 

questionnaires other than the HA-Use to measure outcomes.

In short, the gap in the literature regarding the usefulness of using ANL to predict hearing 

aid outcomes stems from (1) the cross-sectional design of previous research, (2) the lack of 

long-term evaluation in prospective studies that take into account the effect of hearing aid 

experience, and (3) the limitation of how prediction models have been built and evaluated. 

To fill the gap, the objective of the current study was to investigate the extent to which pre-

fitting ANL, with or without other predictors such as hearing aid experience, could predict 

short-term (3 months post-fitting) and long-term (12 months) outcomes. To achieve this 

objective, prediction models were built using logistic regression and several machine 

learning classifiers (e.g., decision tree). The performance of the prediction models was 

evaluated and compared using the cross-validation technique. The current study was part of 

a larger study and the 3-month outcome results of the first 80 participants of the current 

study have been reported in Ho et al (2013b).

METHODS

Participants

Participants were recruited from the Hearing Aid Clinic in the Buddhist Dalin Tzu-Chi 

General Hospital, Taiwan. Participants were eligible for inclusion in this study if they (1) 

were older than 20 years of age, (2) spoke Taiwanese as their primary language, and (3) 

decided to purchase hearing aids. In agreement with Nabelek et al (2006), once enrolled, if a 

participant’s rationale for hearing aid disuse was not related to instrument performance, 

participation was terminated (severe illness, n = 2; device lost, n = 1). In total, 132 adults 

participated in the study and completed at least one outcome measure (see below).

Table 2 summarizes the participants’ demographic, audiometric, and hearing aid fitting data. 

Hearing loss was defined as a mixed hearing loss if the mean air-bone gap across 0.5, 1, 2, 

and 4 kHz was greater than 10 dB. Although approximately half of the participants’ hearing 

aids were fit unilaterally, none of the participants had a unilateral hearing loss. Table 2 also 

summarizes the results of the Chinese version (Chang et al, 2009) of the Hearing Handicap 

Inventory for Elderly-Screening questionnaire (HHIE-S; Ventry & Weinstein, 1983). The 
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HHIE-S is a 10-item questionnaire that was designed to screen self-reported emotional and 

social consequences of hearing loss. The HHIE-S scores range from 0 to 40, with higher 

scores representing more negative impacts.

The participants’ hearing aids were fit by audiologists who were independent of the study. 

The choice of hearing aid model, style, features, and bilateral/unilateral fitting was not 

controlled in the study and was determined on an individual basis by the audiologists and 

study participants. As reported by Ho et al (2013b), the gain/output and setting of the 

features were determined or guided by the manufacturer’s fitting software and no real-ear 

measures were conducted.

ANL test

ANL was measured using Taiwanese speech material. The material was a story taken from a 

Chinese children’s book and read by a male Taiwanese adult at a normal conversational 

effort and speed. The twelve-talker babble from the official ANL CD (Cosmos Dist. Inc.) 

was used as the noise signal. The details of the development of the speech material, the 

selection of the babble, and the validation of the Taiwanese ANL are described in Ho et al 

(2013a).

The standard procedures described in the official ANL CD manual (Cosmos Dist. Inc.) were 

used to measure ANL. In brief, to measure the most comfortable level (MCL), the 

participants used hand signals to adjust the speech level. The speech signal was initially 

presented at 30 dB HL (American National Standards Institute, 2010). The participants first 

signaled to increase the speech level until it was too loud and then signaled to decrease the 

level until it was too soft in 5 dB steps. The speech level was then adjusted in 2 dB steps to 

the level that was most comfortable for listeners. Once the MCL had been established, the 

noise was added to find the maximum background noise level (BNL). The noise was initially 

presented at 16 dB below the MCL. As with the MCL, the participants increased the noise 

until it was too loud, and then decreased the noise until it became too soft in 5 dB steps. 

Finally, the participants were asked to find the maximum level that they could accept or put 

up with while listening to the speech. The background noise was adjusted in 2 dB steps. The 

ANL was calculated by subtracting the BNL from the MCL.

Before testing, verbal and written instructions were provided to participants. The 

instructions were translated from the English version included with the ANL CD. Special 

care was taken to ensure that the phrases “accept” and “put up with” were accurately 

translated (Ho et al, 2013a). Before the commencement of the formal measure, several 

(typically one to two) ANL practices were taken until the participants fully understood the 

procedures. For the first 105 participants, ANL was measured once. ANL was measured 

twice consecutively for the rest of 27 participants. For these 27 participants, the two ANLs 

were averaged and used in analyses. Because only 2 out of the 27 participants had 

differences between the two ANL measures larger than 2 dB (4 dB, n = 1; 6 dB, n = 1), it is 

likely that for the first 105 participants one measurement was able to assess ANL with 

reasonable accuracy.
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The participants’ ANLs were measured binaurally in a sound-treated booth without wearing 

hearing aids. The speech and noise stimuli were generated by a computer and a sound 

interface, routed to a GSI-61 audiometer, and then presented to the listener at 0° azimuth and 

0° elevation from a Grason-Stadler loudspeaker. The loudspeaker was located in a corner of 

the booth. The distance between the loudspeaker and the listener was 1.2 m. The audiometer 

and sound field were calibrated according to American National Standards Institute 

S3.6-2010.

Hearing aid outcome measure

Hearing aid outcome was assessed using two self-report inventories. The first inventory was 

the Chinese version of the IOI-HA (Cox et al, 2002). This inventory is a seven-item 

questionnaire designed to evaluate the effectiveness of hearing aid interventions. Each of the 

seven items assesses one of the outcome domains that are important to the overall success of 

hearing aid: (1) daily use, (2) benefit, (3) residual activity limitation, (4) satisfaction, (5) 

residual participation restriction, (6) impact on others, and (7) quality of life. Possible scores 

for each item range from 1 to 5, with higher scores suggesting better outcomes. The global 

score, which is the sum of the scores of the seven items (ranging from 7 to 35), was used to 

quantify overall hearing aid outcome. In the current study, participants who had global 

scores higher than 26.3, which is the mean norm score of the Chinese IOI-HA reported by 

Liu et al (2011), were defined as successful users.

The second inventory was the Chinese translation of the HA-Use (Nabelek et al, 2006). The 

HA-Use has only one question (“How do you use your hearing aids?”) with three possible 

responses: (1) wearing hearing aids whenever needed, (2) occasionally, and (3) not wearing 

hearing aids. In accordance with Nabelek et al (2006), participants who wore hearing aids 

whenever needed (full-time users) were defined as successful users while those who wore 

hearing aid occasionally (part-time users) or did not wear hearing aids (non-users) were 

defined as unsuccessful users.

Procedures

All participants read and signed a statement of informed consent approved by the 

Institutional Review Board at the Buddhist Dalin Tzu-Chi General Hospital. After agreeing 

to participate in the study, ANL was measured. Three and twelve months after hearing aid 

fitting, a research assistant called the participants on the phone to administer the IOI-HA and 

HA-Use. The assistant read the questions and available responses to the participants and 

then recorded their responses. If the participant had difficulty understanding the assistant on 

the phone, a participant’s family member was asked to serve as a liaison to assist 

communication between the participant and assistant. For various reasons such as loss of 

contact with participants and participants’ unwillingness to complete the longer IOI-HA, 

outcome data were not collected from all participants: the numbers of completed 3- and 12-

month IOI-HA and 3- and 12-month HA-Use were 130, 123, 131, and 128, respectively. 

Because the current study was an observational study, the assistant did not encourage the 

participants who reported poorer outcomes to return to the clinic.
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Prediction model

To examine the extent to which pre-fitting ANL, with or without other predictors, could 

predict hearing aid outcomes (successful vs. unsuccessful), logistic regression that takes a 

linear combination of predictors to compute the probability of a class of the categorical 

dependent variable was used. Logistic regression was selected because it has been used in 

previous ANL research (Freyaldenhoven et al, 2008a, b; Ho et al, 2013b; Nabelek et al, 

2006).

In addition to logistic regression, five machine learning algorithms, or classifiers, were 

included in the current study. These classifiers were selected due to their popularity in the 

machine learning literature. The reason for including other classifiers is that logistic 

regression is an inherently simple classifier that assumes the classes of the categorical 

dependent variable are linearly separable. The alternative classifiers selected make different 

assumptions about the relationship between variables and use various mechanisms to make 

predictions and, therefore, might outperform logistic regression.

The first algorithm was a naïve Bayes classifier, assuming independence between predictors. 

The second algorithm was a 3-nearest-neighbors instance based classifier, which uses the 

characteristics of the three data points that are closest to a given instance using Euclidean 

distance in the data space to predict the categorical class. A decision tree created using the 

C4.5 algorithm, which uses the most informative predictors to split classes, was the third 

classifier. The fourth algorithm was a multilayer perceptron classifier, which is an artificial 

neural network classification algorithm. The fifth algorithm was a sequential minimal 

optimization support vector machine, which can perform a non-linear classification by 

finding a maximum margin hyper-plane that separates the categorical classes. For detailed 

information about these algorithms, see Witten and Frank (2005).

For each of the four hearing aid outcomes (3- and 12-month IOI-HA and HA-Use) and each 

of the six classifiers (logistic regression plus the five machine learning algorithms), three 

prediction models were built (i.e., trained) using the software Weka 3.6.12 (Hall et al, 2009). 

The first model used ANL as the sole predictor. The second model employed eight patient-

centered variables available in the current study as predictors: ANL, age, gender (male or 

female), pure tone average across ears, hearing loss type (mixed or sensorineural), hearing 

aid experience (first-time or experienced user), unilateral/bilateral fitting, and HHIE-S score. 

These variables were used because they are typically available to audiologists before or at 

the time of hearing aid fitting and might be useful for hearing aid success prediction. The 

third model used ANL and hearing aid experience as predictors. Weka’s correlation-based 

feature selection algorithm indicated that ANL and hearing aid experience were the 

predictors most relevant to hearing aid outcome prediction.

In addition to the above-mentioned prediction models, a simple classifier called ZeroR was 

included in the current study. ZeroR is the simplest classifier which ignores all predictors 

and predicts the majority category. For example, ZeroR will be trained to predict all hearing 

aid users as successful users if most users in the dataset utilized to train this classifier were 

successful users. ZeroR has no predictability power; it is often used to determine a baseline 

performance and serves as a benchmark for other prediction methods.
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The prediction models, including ZeroR, were evaluated using ten iterations of ten-fold 

cross-validation. Specifically, the dataset was randomly partitioned into ten equal size 

subsets. Nine of the subsets were used to train the model (i.e., the training set) and the 

remaining subset was utilized to evaluate the model (i.e., the test set). After each evaluation, 

several metrics such as prediction accuracy, area under the receiver operating characteristic 

curve (AUC), and true positive and negative rates were computed. This evaluation process 

was then repeated ten times (the folds), with each of the ten subsets used exactly once as the 

test data set. The ten-fold cross-validation was repeated ten times (the iterations), resulting 

in 100 test results for each model. The cross-validation process was conducted using the 

Weka Experimenter interface. In the current study the overall performance of the prediction 

model was evaluated using the AUC.

RESULTS

Hearing aid outcome

Recall that for the IOI-HA (scores ranging from 7 to 35), a participant was a successful user 

if his/her IOI-HA global score was higher than 26.3 (the mean norm score of the Chinese 

IOI-HA). For the HA-Use, a participant who wore hearing aids whenever needed (full-time 

user) was a successful user. The first column of Table 3 shows the mean global score of the 

IOI-HA and the numbers of full-time, part-time, and non-users defined by the HA-Use. The 

mean IOI-HA scores (27.3 and 28.1) were close to, but slightly higher than, the mean score 

(26.3) of the norm reported by Liu et al (2011). For 3- and 12-month IOI-HA outcomes, 

63.1% and 73.2% of the participants, respectively, were successful users (the second column 

of Table 3). For the HA-Use, approximately 75% of the participants were successful users, 

which is higher than the 36% reported by Nabelek et al (2006) but lower than the 91% 

reported by Olsen et al (2012).

To examine the relationship between hearing aid success defined by the IOI-HA and HA-

Use, chi-square tests were conducted. The results indicated that the two types of hearing aid 

success were associated (p < 0.001 and φ = 0.43 for 3 months; p < 0.001 and φ = 0.55 for 

12-months). The significant but moderate associations suggested that the IOI-HA and HA-

Use measured similar but different aspects of outcome. Because the IOI-HA’s first item 

assessed the degree of hearing aid daily use, this item should generate consistent results with 

the HA-Use (Nabelek et al, 2006). The mean scores of the IOI-HA’s first item (ranging from 

1 to 5) for full-time, part-time, and non-users were 4.7, 3.2, and 1.0, respectively (3- and 12-

month data combined). T-tests with Bonferroni correction indicated that all differences in the 

item score between the three user groups were significant.

Figure 1 shows the relationship between 3- and 12-month IOI-HA global scores. The 

significant correlation (r = 0.79, p < 0.001) indicated that in general the IOI-HA outcomes 

were stable across time. For hearing aid success defined by the IOI-HA, 11.5% (n = 14) of 

the participants who completed this measure at both 3 and 12 months changed from 

unsuccessful to successful users and 4.1% (n =5) reported the opposite. For the HA-Use, 

3.9% (n = 5) of the participants changed from unsuccessful to successful users and 7.9% (n 

= 10) reported the opposite.
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Pre-fitting ANL and hearing aid success

The third and fourth columns of Table 3 show the mean ANLs for successful and 

unsuccessful users defined by each outcome measure. Although the differences were not 

large, successful users generally had lower (better) pre-fitting ANLs. Four separate t-tests 

were conducted for each outcome to determine if ANL was different for successful and 

unsuccessful users. Bonferroni correction was applied to adjust multiple comparisons. The 

results indicated that the ANL of successful users was lower than that of unsuccessful users 

for 3-month IOI-HA (unadjusted p < 0.001), 12-month IOI-HA (unadjusted p = 0.001), and 

3-month HA-Use (unadjusted p = 0.004). However, the difference was not significant for 12-

month HA-Use (unadjusted p = 0.033). Figure 2 shows IOI-HA score as a function of ANL. 

In general, IOI-HA score decreased as ANL increased.

Predicting hearing aid success

Figure 3 shows the mean AUC averaged across 100 cross-validation results of each 

prediction model when the model used ANL (Figure 3A), all patient-centered variables (3B), 

and ANL plus hearing aid experience (3C) to predict hearing aid success. An AUC value of 

1 represents a perfect prediction model while a value of 0.5 represents a worthless model. In 

general, a model with an AUC value lower than 0.7 is considered to be a poor model 

(Masegosa, 2013). A series of paired t-tests were conducted to examine the difference in 

AUC between the logistic regression and each of the remaining classifiers (including 

ZeroR), corrected for multiple comparisons. The difference that reached the significance 

level is labeled by an asterisk in Figure 3. The results first indicated that, in most cases, 

logistic regression had higher AUCs (i.e., better performance) than ZeroR, which was a 

worthless classifier and had an AUC of 0.5. However, the logistic regression model that used 

ANL as the sole predictor to predict the 12-month HA-Use outcome did not outperform 

ZeroR. The results further indicated that the logistic regression models’ AUCs were 

significantly higher than several classifiers and were not lower than any of the classifiers 

evaluated in the current study. Therefore, the rest of the paper will focus on logistic 

regression.

The top half of Table 4 shows the mean prediction accuracy and AUC averaged across the 

100 cross-validation results of each logistic regression model that predicted hearing aid 

success. Prediction accuracy represents the probability for the model to correctly identify 

successful and unsuccessful users from all individuals in the dataset. Table 4 also shows the 

true positive and negative rates (TPR and TNR, respectively) of each model. The TPR 

represents the probability for the model to identify unsuccessful users from those who were 

truly unsuccessful with hearing aids, while the TNR reflects the probability to identify 

successful users from those who were truly successful with hearing aids.

Table 4 indicates that many models, especially those that predicted HA-Use outcomes, while 

having relatively high prediction accuracy (~70% to 78%), had relatively low AUCs (~0.6 to 

0.65). Furthermore, most models had high TNRs but low TPRs. These results were due to 

the imbalance between the numbers of successful and unsuccessful users in the dataset. 

Specifically, the ratio of successful to unsuccessful users was approximately 3 to 1 for the 

HA-Use outcome (Table 3). Because successful users outnumbered unsuccessful users, the 
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logistic regression models were trained to predict most participants as successful users so 

that the prediction accuracy could be maximized. As a result, although the models could 

achieve high accuracy and could correctly predict most successful users (i.e., high TNRs 

shown in Table 4), only a small portion of unsuccessful users could be identified (i.e., low 

TPRs). Because the predictions made by these models were similar to the ZeroR that 

predicted all participants were successful users, the models had low AUCs and their high 

prediction accuracy was misleading.

To remedy the data imbalance problem, the logistic regression models were re-trained using 

cost-sensitive machine learning algorithms. In short, standard learning algorithms, such as 

logistic regression, compute the probability of a given category (e.g., successful user 

category) for a given instance (e.g., a patient). A probability threshold (typically 50%) is 

then used to transform the probability into nominal predictions. Cost-sensitive learning is an 

approach that changes the probability threshold without explicitly doing so by specifying the 

“costs” of different misclassifications. In the current study the misclassification cost was 

determined by the ratio of the number of successful users to the number of unsuccessful 

users in the dataset. For example, if the ratio of successful to unsuccessful users in the 

dataset is 3 to 1, the cost of misclassifying an unsuccessful user as a successful user will be 

set to three times of the cost of doing the opposite. This misclassification cost would ensure 

that the TPR of a given model was roughly equal to its TNR. The rationale for equating the 

TPR and TNR is based on the assumption that it is equally important to identify successful 

and unsuccessful users. The cost-sensitive learning and the selection of the cost of the 

current study was conceptually similar to Freyaldenhoven et al (2008a, b), which used the 

ratio of the number of successful users to the number of all users in the dataset to determine 

the probability threshold of the logistic regression model.

The results of the cost-sensitive logistic regression models are shown in the bottom half of 

Table 4. These models had the same AUCs as the original models because (1) the receiver 

operating characteristic curve is created by varying the probability threshold of a model and 

(2) the cost-sensitive model was developed from the original model by changing its 

probability threshold. The TPR and TNR of the cost-sensitive models were roughly equal, 

indicating that these models were equally good at identifying successful and unsuccessful 

users. Compared to the original models, the cost-sensitive models had lower prediction 

accuracy, ranging from 61% to 68% (IOI-HA) and from 55% to 61% (HA-Use). These 

accuracy values were more consistent with the AUCs and more reasonably reflected the 

extent to which ANL could predict outcomes. Therefore, the rest of the paper will focus on 

the results of the cost-sensitive models.

To examine the effect of time (3-month/12-month), outcome measure (IOI-HA/HA-Use), 

and predictor (ANL/all variables/ANL plus hearing aid experience) on the overall 

performance of the prediction model, a three-way analysis of variance (ANOVA) was 

conducted. The dependent variable was AUC (obtained from 100 cross-validation tests). The 

results revealed that all the main effects were significant (time: F1, 396 = 14.3, p < 0.001; 

outcome: F1, 396 = 39.6, p < 0.001; predictor: F2, 792 = 11.1, p < 0.001). Follow-up analyses 

further indicated that the AUC of the ANL-plus-hearing aid experience models did not differ 

from the models that included all variables, while it was larger than the AUC of the models 
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that used ANL as the sole predictor. No interaction was significant. These results indicated 

that the prediction models performed more poorly in predicting the 12 months than 3 months 

post-fitting outcomes, in predicting the HA-Use outcomes than IOI-HA outcomes, and when 

ANL was used as the sole predictor.

Because the models that used ANL and hearing aid experience as the predictors had similar 

AUCs, but were simpler than the models that included all variables, they are suitable for 

clinical use. Table 5 shows the models’ ANL cutoff between successful and unsuccessful 

users. Individuals who have ANLs lower than the cutoff will be predicted as successful 

users. The cutoffs were higher for the original models than the cost-sensitive models, 

reflecting that the original models tended to predict most participants to be successful users. 

The cutoffs were higher for experienced users than first-time users. For first-time users, the 

ANL cutoffs of all cost-sensitive models were around 9 to 10 dB.

DISCUSSION

Hearing aid outcome

The Chinese versions of the IOI-HA and HA-Use were administered on the phone to 

measure hearing aid outcomes in the current study. The significant associations between 

these two measures and the strong relationship between the IOI-HA’s first item (hearing aid 

daily use) and the HA-Use supported the validity of the outcome measures used in the 

current study.

For both the IOI-HA and HA-Use, outcomes were generally stable between 3 and 12 months 

post-fitting. This is consistent with the literature (Humes et al, 2002).

Pre-fitting ANL and hearing aid success

The results of the study indicated that, for the IOI-HA, the participants who had lower pre-

fitting ANLs tended to report better outcomes at both 3 and 12 months post-fitting. These 

results are consistent with Ho et al (2013b) and Taylor (2008).

Compared to the IOI-HA, the relationship between pre-fitting ANL and HA-Use was not as 

strong. Specifically, although the mean pre-fitting ANL of full-time users was lower than 

that of part-time/non-users, this difference was not statistically significant at 12 months post-

fitting. Because the ANL differences (1.5 to 2.1 dB; Table 3) were smaller than those 

reported by Nabelek et al (2006) and Freyaldenhoven et al (2008b) (> 4 to 5 dB), the current 

study was unable to replicate the strong relationship between ANL and HA-Use reported by 

these two studies. This discrepancy could stem from previous studies measuring ANL and 

outcome at the same time point, while the current research examines the relationship 

between pre-fitting ANL and post-fitting outcomes. It could also result from the 

uncontrolled subject number in each user group (full-time, part-time, and non-user) in the 

current study, while Nabelek et al (2006) and Freyaldenhoven et al (2008b) aimed to have an 

equal subject number across the three groups and therefore had more non-users.
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Predicting hearing aid success

All logistic regression models, except for the model that used ANL as the sole predictor to 

predict the 12-month HA-Use outcomes, performed better than ZeroR, which had no 

predictability power (Figure 3). These results suggested that in most cases ANL, with or 

without other predictors, provided useful information for outcome prediction. However, 

except for the models that predicted 3-month IOI-HA outcomes, most models had AUCs 

lower than 0.7 (Table 4) and can be considered as poor models (Masegosa, 2013). The cost-

sensitive models’ prediction accuracy ranged from 61% to 68% for the IOI-HA and from 

55% to 61% for the HA-Use.

Caution should be taken when comparing the model’s prediction accuracy in the current 

study to previous research. This is because (1) the current study used a prospective design 

while most of the previous research used a cross-sectional design and (2) previous research 

often used the same dataset to train and evaluate the prediction model, which can 

overestimate model performance. Regardless, in terms of using ANL as the sole predictor to 

predict the HA-Use outcome, the 55% to 60% prediction accuracy of the cost-sensitive 

models in the current study is somewhat close to the 68% reported by Freyaldenhoven et al 

(2008b) but much poorer than the 85% reported by Nabelek et al (2006). The 55% to 68% 

accuracy across all cost-sensitive models of the current study, however, was fairly close to 

the 52% to 64% accuracy reported by Schwartz and Cox (2012), which used the ANL 

criteria established by Nabelek et al (2006) based on the HA-Use to predict outcomes 

measured using questionnaires other than the HA-Use.

Role of time and hearing aid experience

The current study suggests the effect of time on outcome prediction. Approximately 16% (n 

= 19) of the participants who completed the IOI-HA at both 3 and 12 months reported 

changing hearing aid success and most of them (n = 17) were first-time users. For the HA-

Use, 12% (n = 15) of the participants changed outcomes and all of them were first-time 

users. The mean ANL of those who changed from unsuccessful at 3 months to successful 

users at 12 months was higher than the ANL of those who reported the opposite (12 dB vs. 

10 dB, for both IOI-HA and HA-Use). Because a number of participants who had higher 

ANLs initially reported poorer outcomes at 3 months and then became successful users at 12 

months (and vice versa), the prediction models performed more poorly in predicting the 12-

month than 3-month outcomes. This result suggests that the role of noise acceptance in 

determining outcomes may decrease over time after hearing aid fitting. If this is the case, 

more long-term post-fitting outcomes (e.g., years) may not be predictable from pre-fitting 

ANL measurements. An alternative explanation is that some participants’ noise acceptance 

(and ANL) could have changed from pre-fitting to 12 months post-fitting, which could in 

turn cause hearing aid outcome to change. If this is the case, although pre-fitting ANL may 

not predict long-term post-fitting outcome, the relationship between ANL and outcome still 

exists. A prospective study that measures both ANL and hearing aid outcomes at same time 

points across a longer period of time is needed to examine these speculations.

The result that experienced users had higher ANL cutoffs than first-time users (Table 5) 

suggests the importance of hearing aid experience in outcome prediction. In the clinical 
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population of the current study, experienced users had better outcomes and most (~90%) of 

them were successful users regardless of their ANLs. As a result, the prediction models had 

very high ANL cutoffs for experienced users (Table 5). This result confirms the role of 

previous hearing aid experience in outcomes (Humes & Humes, 2004). The results also 

suggest that, for those who have previous hearing aid experience and are willing to come to 

the clinic and purchase hearing aids again, ANL is less important in predicting their post-

fitting outcomes.

For first-time users, the ANL cutoff ranged from 9 to 10 dB (Table 5), which is almost 

identical to those reported by Nabelek et al (2006) and Freyaldenhoven et al (2008b). 

Therefore, it seems that an ANL around 9 to 10 dB is a reasonable cutoff between successful 

and unsuccessful hearing aid users for both IOI-HA and HA-Use.

Limitations

The current study has several limitations concerning its generalizability. Firstly, because the 

IOI-HA and HA-Use had different relationships with ANL, the results of the current study 

may not generalize to other outcome measures. Secondly, the current study’s participants 

were very heterogeneous in terms of age, hearing loss type, and unilateral/bilateral fitting. 

They also had more severe hearing losses (mean pure tone average across ears = 70 dB HL) 

compared to previous ANL research and had more males than females. The heterogeneity 

seemed not to affect the performance of the prediction model because including more 

patient-centered variables other than hearing aid experience (e.g., gender) into the model did 

not improve the AUC, i.e., the model’s performance. However, it is still unknown if the 

results of the current study can generalize to other clinical populations in different cultures. 

Finally, all of the limitations reported in Ho et al (2013b), which include (1) only one ANL 

measurement was conducted on most participants and (2) hearing aids were fitted without 

using real-ear measures, apply to the current study. See Ho et al (2013b) for the detailed 

discussion of these limitations.

CONCLUSIONS

The current study indicates that pre-fitting ANL, together with other predictors such as 

hearing aid experience, could predict post-fitting outcomes. The performance of the 

prediction models was better when predicting the IOI-HA than HA-Use. The prediction 

accuracy ranged from 61% to 68% for the IOI-HA and from 55% to 61% for the HA-Use. 

The performance of the prediction models was affected by time, such that the models 

performed more poorly in predicting the 12-month outcomes than 3-month outcomes. 

Finally, because most experienced hearing aid users in the clinical population were 

successful users regardless of their ANLs, ANL played a smaller role in predicting their 

outcomes.
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Acronyms and abbreviations

ANL acceptable noise level

AUC area under the receiver operating characteristic curve

BNL background noise level

HA-Use the hearing aid use questionnaire developed by Nabelek et al (2006)

IOI-HA International Outcome Inventory for Hearing Aids

HHIE-S Hearing Handicap Inventory for Elderly-Screening

MCL most comfortable level

TNR true negative rate

TPR true positive rate
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FIGURE 1. 
Relationship between 3 and 12-month global IOI-HA scores. The dashed line represents 

perfect match.
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FIGURE 2. 
Global IOI-HA score as a function of ANL. The data points were jittered to better illustrate 

the relationship between IOI-HA and ANL.
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FIGURE 3. 
Mean area under the receiver operating characteristic curve (AUC) of the classifiers that 

used either ANL (3A), all available patient-centered variables (3B), or ANL plus hearing aid 

experience (3C) to predict outcomes. Error bars = 1 SD. SMO-SVM: sequential minimal 

optimization support vector machine.
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Table 2

The participants’ demographic, audiometric, and hearing aid fitting data, and scores of the Hearing Handicap 

Inventory for Elderly-Screening (HHIE-S). Pure tone average (PTA) was the average of hearing thresholds 

across ears at frequencies 0.5, 1, 2, and 4 kHz.

Variable Subjects (n = 132)

Age (years) Mean 72.3

SD 9.1

Range 44 – 87

Gender Male n = 84 (63.6%)

Female n = 48 (36.4%)

PTA (dB HL) Mean 70.0

SD 11.3

Range 36.9 – 102.5

Hearing loss type Mixed n = 39 (30.0%)

Sensorineural n = 93 (70.0%)

Hearing aid experience First-time user n = 103 (78.0%)

Experienced user n = 29 (22.0%)

Unilateral/bilateral fitting Unilateral n = 65 (49.2 %)

Bilateral n = 67 (50.8%)

HHIE-S Mean 29.6

SD 8.0

Range 8 – 40
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Table 3

The outcome (first column), percentage of hearing aid success (second column), and ANL of successful and 

unsuccessful users (third and fourth columns) of each measure. Standard deviations are in parentheses. The 

three numbers shown at the bottom of the first column indicate the participant numbers of full-time, part-time, 

and non-users, respectively.

ANL

Outcome Hearing aid success Successful Unsuccessful

IOI-HA

 3 months (n = 130) 27.3 (4.7) 63.1% 9.8 (3.0) 12.5 (3.9)

 12 months (n = 123) 28.1 (5.5) 73.2% 10.1 (3.3) 12.6 (4.0)

HA-Use

 3 months (n = 131) 99/28/4 75.6% 10.3 (3.2) 12.4 (4.4)

 12 months (n = 128) 94/23/11 73.4% 10.4 (3.2) 11.9 (4.5)
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Table 5

ANL cutoff between successful and unsuccessful users defined by the IOI-HA and HA-Use for first-time and 

experienced hearing aid users.

ANL cutoff (dB)

First-time user Experienced user

3 months 12 months 3 months 12 months

IOI-HA, original model 11.8 15.0 18.9 20.7

HA-Use, original model 16.5 17.3 24.4 28.8

IOI-HA, cost-sensitive model 9.4 10.1 17.0 16.0

HA-Use, cost-sensitive model 9.8 9.0 18.6 21.4
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