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Abbreviations 

BKB-SIN - Bamford-Kowal-Bench Sentence in noise test 

BTE - behind-the-ear 

CCHMC - &LQFLQQDWL�&KLOGUHQ¶V�+RVSLWDO�0HGLFDO�&HQWHU 
CV ± consonant-vowel 

DSL - Desired Sensation Level 

GCBI - *ODVJRZ�&KLOGUHQ¶V�%HQHILW�,QYHQWRU\ 

HAB ± hearing aid benefit 

MRI - magnetic resonance imaging 

OMNI ± Omnidirectional, control algorithm 

OPN ± Oticon OPN hearing aid 

OSN ± OpenSound Navigator algorithm 

PROMIS - Patient-Reported Outcomes Measurement Information System 

PTA ± audiometric pure tone average 

REDCap - Research Electronic Data Capture 

RV1, RV2 ± research visit 1, 2 

SNR ± signal/noise ratio 

SPL - sound pressure level 

SRT - speech reception threshold 

SSN ± steady state noise 

SSQ - Speech, Spatial and Qualities of Hearing Scale 

TTM ± two-talker masker 
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ABSTRACT

Objectives: We completed a registered double-blind randomized control trial to compare 

acclimatization to two hearing aid fitting algorithms by experienced pediatric hearing aid users 

with mild to moderate hearing loss. We hypothesized that extended use (up to 13 months) of an 

adaptive algorithm with integrated directionality and noise reduction, OpenSound Navigator 

(OSN), would result in improved performance on auditory, cognitive, academic, and caregiver- 

or self-report measures compared to a control, omnidirectional algorithm (OMNI). 

Design: Forty children aged 6 - 13 years with mild to moderate/severe symmetric sensorineural 

hearing loss completed this study. They were all experienced hearing aid users and were 

recruited through the &LQFLQQDWL�&KLOGUHQ¶V�+RVSLWDO�0HGLFDO�&HQWHr Division of Audiology. The 

children were divided into 20 pairs based on similarity of age (within one year) and hearing loss 

(level and configuration). Individuals from each pair were randomly assigned to either an OSN 

(experimental) or OMNI (control) fitting algorithm group. Each child completed an audiology 

evaluation, hearing aid fitting using physically identical Oticon OPN hearing aids, follow-up 

audiological appointment, and two research visits up to 13 months apart. Research visit 

outcome measures covered speech perception (in quiet and in noise), novel grammar and word 

learning, cognition, academic ability, and caregiver report of listening behaviors. Analysis of 

outcome differences between visits, groups, ages, conditions and their interactions used linear 

mixed models. Between 22 - 39 children provided useable data for each task. 

Results: Children using the experimental (OSN) algorithm did not show any significant 

performance differences on the outcome measures compared to those using the control (OMNI) 

algorithm. Overall performance of all children in the study increased across the duration of the 

trial on word repetition in noise��VHQWHQFH�UHSHWLWLRQ�LQ�TXLHW��DQG�FDUHJLYHUV¶�DVVHVVPHQW�RI�25 

0DQXVFULSW��FKDQJHV�LQ�UHG��QR�WLWOH�SDJH�
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hearing ability. There was a significant negative relationship between age at first hearing aid 

use, final Reading and Mathematical ability, and caregiver rated speech hearing. A significant 

positive relationship was found between daily hearing aid use and study-long change in 

performance on the Flanker test of inhibitory control and attention. Logged daily use of hearing 

aids related to caregiver rated spatial hearing. All results controlled for age at testing/

evaluation and false discovery rate. 

Conclusions: Use of the experimental (OSN) algorithm neither enhanced nor reduced 

performance on auditory, cognitive, academic or caregiver report measures compared to the 

control (OMNI) algorithm. However, prolonged hearing aid use led to benefits in hearing, 

academic skills, attention, and caregiver evaluation. 36 
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INTRODUCTION 37 

 38 

About 15% of children aged 6-19 years in the US have pure tone average (PTA) hearing 39 

thresholds > 15 dB HL (Niskar et al., 1998; Su & Chan, 2017), the level at which hearing loss in 40 

children is considered functionally significant. However, only a small minority of these children 41 

have bilateral PTA  26 dB HL, the threshold used in Butcher and colleagues¶��2019) meta-42 

analysis to calculate a 0.11% prevalence of bilateral hearing loss at newborn screening and, 43 

hence, to be routinely referred for hearing aid assessment. This seems a missed opportunity, 44 

since hearing aid use provides benefit for even the most mild hearing loss (McCreery et al., 45 

2020). 46 

 47 

Both children (Tomblin et al., 2014) and adults (Gatehouse, 1992) have also been found to 48 

obtain additional benefit from hearing aid use across time following initial fitting (acclimatization). 49 

While such acclimatization is controversial in adults, with several studies finding no greater, 50 

long-term benefit (Bender et al., 1993; Dawes et al., 2014; Humes et al., 2002; Humes & 51 

Wilson, 2003; Taylor, 1993), the weight of evidence in children favors increased benefit (Moeller 52 

& Tomblin, 2015). This issue is clinically significant because some of the same evidence shows 53 

the importance of earliest possible intervention for hearing loss (Moeller & Tomblin, 2015). The 54 

greater improvement in language and academic skills obtained by early hearing aid use 55 

presumably reflects improved speech perception through a process of auditory perceptual 56 

learning (Walker et al., 2020). 57 

 58 

Intervention for hearing impairment is especially important in children who are learning language 59 

through everyday activities and in educational settings (McCreery et al., 2019; Walker et al., 60 

2015a, 2020). Hearing aids are ideally used extensively during waking hours (Muñoz & Hill, 61 

https://www.zotero.org/google-docs/?lpI5I9
https://www.zotero.org/google-docs/?FL5IVl
https://www.zotero.org/google-docs/?FL5IVl
https://www.zotero.org/google-docs/?FL5IVl
https://www.zotero.org/google-docs/?qxMd4L
https://www.zotero.org/google-docs/?V8JiAU
https://www.zotero.org/google-docs/?x9AYLX
https://www.zotero.org/google-docs/?x9AYLX
https://www.zotero.org/google-docs/?C5FDlb
https://www.zotero.org/google-docs/?C5FDlb
https://www.zotero.org/google-docs/?WOJGau
https://www.zotero.org/google-docs/?g9NNtH
https://www.zotero.org/google-docs/?vtyUv1
https://www.zotero.org/google-docs/?vtyUv1
https://www.zotero.org/google-docs/?VhsjTg
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2015), and provide enhanced speech intelligibility (Ertmer, 2011), enabling long duration 62 

exposure to socially- and educationally-relevant stimulation. However, children using hearing 63 

aids exhibit greater listening effort, evidenced by slower reaction times to verbal instructions, 64 

especially at more adverse signal to noise ratios, which may negatively impact learning and 65 

academic achievement in the classroom (McGarrigle et al., 2019). Both duration and salience of 66 

stimulation are considered to be key elements of perceptual learning (Wildt et al., 2019). 67 

Children also learn more easily than adults (Lucas et al., 2014), possibly due to enhanced brain 68 

plasticity and/or greater motivation with the task regimen.  69 

 70 

It seems plausible that improving the features of hearing aids that are most useful for children, 71 

such as directional microphones (Chung & Zeng, 2009; Gravel et al., 1999), may further 72 

improve acclimatization. For example, children may be more dependent than adults on spatial 73 

localization of sound, due to reduced selective attention (Wightman et al., 2006), and the need 74 

to learn in noisy classrooms (Picard & Bradley, 2001) and home environments (Erickson & 75 

Newman, 2017). In response to these learning and environmental considerations, OpenSound 76 

Navigator (OSN) was developed to provide adaptive, integrated directionality and noise 77 

reduction. Briefly, OSN utilizes a dual microphone array to analyze the acoustic environment. 78 

Subsequent directionality and noise reduction processing attenuate noise sources and diffuse 79 

noise respectively. The system updates 500 times/second across 16 independent frequency 80 

channels, enabling a rapid, spatial-based adaptive system with high selectivity to speech 81 

sounds (Le Goff et al., 2016). 82 

 83 

In a previous, exploratory study (Pinkl et al., 2021), we showed that 6-12 year old children fitted 84 

with OSN-enabled hearing aids for two months received enhanced caregiver assessments of 85 

their speech and sound perception, spatial sound awareness and ability to participate in 86 

conversations. However, their measured speech perception, language, cognitive and academic 87 

https://www.zotero.org/google-docs/?VhsjTg
https://www.zotero.org/google-docs/?bktMkH
https://www.zotero.org/google-docs/?hLmxPc
https://www.zotero.org/google-docs/?muiSrO
https://www.zotero.org/google-docs/?oYPQQc
https://www.zotero.org/google-docs/?acXvLH
https://www.zotero.org/google-docs/?SjT0Xf
https://www.zotero.org/google-docs/?cIGaRJ
https://www.zotero.org/google-docs/?iyon0g
https://www.zotero.org/google-docs/?iyon0g
https://www.zotero.org/google-docs/?1BPZYN
https://www.zotero.org/google-docs/?pmtV6U
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skills were unaffected by using the hearing aids. As there was no control group in that study, it is 88 

possible that the enhanced assessments were affected by reporter bias. In addition, the 89 

acclimatization period was short and the sample size limited. Finally, it is possible that the range 90 

of measures used, although wide, missed other important aspects of listening and learning.  91 

 92 

Browning et al. (2019) assessed speech in noise perception in children using OSN or 93 

omnidirectional (OMNI) algorithms after no acclimatization. They found that speech in steady 94 

state noise (SSN) thresholds were better for the OSN than for the OMNI algorithm, regardless of 95 

whether the target talker was facing the participant or not. No algorithm difference was found for 96 

a speech in two-talker speech condition. However, they used a within-subject design; each child 97 

was tested with both algorithm options rather than using a separate OMNI control group. 98 

 99 

To address these gaps in evidence, we designed a new, expanded, registered double-blind 100 

randomized control trial that compared extended (up to 13 months) use of the OSN algorithm 101 

with a control, OMNI algorithm, programmed into the physically identical Oticon OPN hearing 102 

aids. We added outcome measures for speech in noise (BKB-SiN), statistical grammar learning 103 

and participant fatigue to our previous behavioural testing battery of speech perception, 104 

cognition, academic and caregiver report outcomes. We hypothesized that extended use of the 105 

OSN algorithm would result in improved performance on the range of skills previously examined 106 

and on other skills (statistical learning, and self-report effort measures) newly introduced in this 107 

study. 108 

 109 

MATERIALS AND METHODS 110 

< Table 1 about here > 111 

Participants 112 

https://www.zotero.org/google-docs/?52oY6Q


6 

Recruitment: Eligible participants were initially identified through a CCHMC Division of 113 

Audiology medical record search. Study staff pre-screened each eligible child and mailed paper 114 

recruitment materials. After 2 weeks, families were contacted by phone and/or email regarding 115 

their interest in the study. If interested, the parent/guardian of the potential participant completed 116 

a series of online questionnaires. If all eligibility criteria (see below) were met, study staff 117 

consented the parent/guardian over the phone using the eConsent Framework in the Research 118 

Electronic Data Capture (REDCap; Harris et al., 2009) platform, also used for collecting and 119 

managing all study data. REDCap is a secure, web-based application providing: 1) an intuitive 120 

interface for validated data entry; 2) audit trails for tracking data manipulation and export 121 

procedures; 3) automated export procedures for seamless data downloads to common 122 

statistical packages; and 4) procedures for importing data from external sources. Participants 123 

were assented if they were 11 years of age or older.  124 

 125 

Inclusion: Forty-two children were enrolled, but two were withdrawn due to noncompliance or 126 

discomfort. The 40 remaining were experienced pediatric HA users, ages 6,7 to 13,2 127 

(years,months; mean = 9,9). Age of hearing loss diagnosis ranged from birth to 8 years (mean = 128 

3,8; Table 1), while age at receipt of first hearing aids ranged from 3 months to 9 years (mean = 129 

4,1). Inclusion criteria were a) native English speakers, b) no history of ear surgeries, c) 130 

symmetrical sensorineural hearing loss in the mild to moderately-severe range from 500-4000 131 

+]��VHH�³$XGLRORJLFDO HYDOXDWLRQ´�EHORZ���G��QR�KLVWRU\�RI�GHYHORSPHQWDO�GHOD\V��H��QR�PHGLFDO�132 

diagnoses of neurologic/psychiatric disorders or attention deficits, f) history of consistent 133 

ELQDXUDO�+$�XVH��DQG�J��QR�SULRU�H[SHULHQFH�ZLWK�2WLFRQ¶V�261�DOJRULWKP��$�IXUWKHU�FULWHrion was 134 

magnetic resonance imaging (MRI) compatibility; MRI results will be reported elsewhere. Three 135 

participants who were not MRI-compatible were enrolled to provide matches for other 136 

participants (one of whom was withdrawn).  137 

 138 

https://www.zotero.org/google-docs/?jmi2KP
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Ethics and preregistration: Ethical approval for all clinical tests, services and data collection 139 

procedures was obtained from the CCHMC Institutional Review Board. The study was 140 

preregistered with clinicaltrials.gov (NCT03771287).  141 

 142 

Blinding and Randomization: Participants were recruited in age (within one year) and hearing 143 

loss (level and configuration) matched pairs, irrespective of sex. The individuals in each pair 144 

were randomly assigned to a group; one child used the omnidirectional setting (control), and the 145 

other used the OpenSound Navigator (experimental). This randomization was assigned via a 146 

coin flip by a research coordinator who was not involved in recruitment, testing, or analysis for 147 

WKLV�VWXG\��(DFK�FKLOG¶V�enabled hearing aid algorithm was saved in REDCap and was 148 

accessible only to this external research coordinator and to the study audiologists. When 149 

UHVHDUFK�VWXG\�VWDII�VFKHGXOHG�HDFK�SDUWLFLSDQW¶V�KHDULQJ�DLG�ILWWLQJ�DSSRLQWPHQW��WKH�H[WHUQDO�150 

research coordinator notified the fitting audiologist. As part of standard care, the hearing aid 151 

DOJRULWKP�ZDV�HQDEOHG��261�RU�RPQLGLUHFWLRQDO��DQG�DGGHG�LQ�WKH�SDUWLFLSDQWV¶�PHGLFDO�UHFRUG�152 

notes. Participants, their caregivers, and study research staff were unaware of each 153 

SDUWLFLSDQW¶V�HQDEOHG�algorithm until both participants in any pair had completed the study.  154 

 155 

Incentives: Participants received a payment of $30 for completing the first research and MRI 156 

visits and $60 for completing the second research and MRI visits. At the end of the study they 157 

received a $40 bonus if they wore their hearing aids for at least 8 hours a day (as per their 158 

logging data). The children were allowed to keep their study hearing aids and accessories at the 159 

end of the study. 160 

 161 

< Figure 1 about here > 162 

 163 

Procedures 164 
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The study schedule of participant visits is shown in Fig. 1. Many of the procedures have been 165 

described in detail previously (Pinkl et al., 2021) and will be presented only briefly here. All 166 

audiological visits followed a checklist of procedures to ensure that all study audiologists 167 

followed the same evaluation and fit protocols. 168 

 169 

Audiologic evaluation: A clinical evaluation which included pure-tone thresholds, obtained using 170 

the modified Hughson-Westlake procedure (Hughson and Westlake,1944), word recognition 171 

and immittance testing, was performed on all participants by licensed audiologists at the 172 

Division of Audiology, CCHMC. Air and bone conducted pure-tone signals were presented 173 

through EARTone 3A insert earphones and a MelMedtronics B71 adult bone oscillator, 174 

respectively, using a GSI 61 Clinical Audiometer (Grason-Stadler, Eden Prairie, MN). Pure-tone 175 

thresholds were obtained from 250-8000 Hz at half-octave increments via air-conduction (Fig. 2) 176 

and 500-4000 Hz at octave increments via bone-conduction.  177 

 178 

< Figure 2 about here > 179 

 180 

Monaural and binaural speech testing was completed via air-conduction and included speech 181 

reception thresholds (SRT, left, right ears separately) and monosyllabic word recognition. 182 

Speech recognition testing was performed using recorded male voices with open-set lists (NU-183 

6, W-22 or PKB; Auditec, Inc.) presented in quiet at 40 dB SL (sensation level; based on SRT) 184 

or the participant's most-comfortable level. Standard 226-Hz tympanometry (Hunter & 185 

Blankenship, 2017) was completed using a GSI Tympstar Middle Ear Analyzer or Titan/IMP440. 186 

Previous audiometric results were used for participants who received an audiologic evaluation 187 

at CCHMC within six months of study enrollment. Earmold impressions were also taken at this 188 

visit; participants were permitted to continue use of prior earmolds if the audiologists thought 189 

they provided adequate fit and comfort. 190 

https://www.zotero.org/google-docs/?BhaTle
https://www.zotero.org/google-docs/?os73nJ
https://www.zotero.org/google-docs/?os73nJ
https://www.zotero.org/google-docs/?os73nJ
https://www.zotero.org/google-docs/?G2YIAF
https://www.zotero.org/google-docs/?rXPMOn
https://www.zotero.org/google-docs/?rXPMOn
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  191 

Hearing aid fitting:  Within one month of the audiologic evaluation, bilateral Oticon OPN 1 PP 192 

behind-the-ear (BTE) HAs with standard tubing, custom ear molds and a compatible wireless 193 

microphone and Bluetooth streamer (ConnectClip), were dispensed for each participant. Ear 194 

molds were either skeleton or canal style and made from silicone material with venting size 195 

selected by the fitting audiologist. Manual controls on the hearing aids were disabled. The OSN 196 

algorithm was enabled, where used (see Randomization, above), with all features set to 197 

manufacturer default settings. This included noise reduction with the levels set to 0 dB for 198 

simple environments and -7 dB for complex listening environments. The directionality mode was 199 

VHW�WR�³2SHQ�$XWRPDWLF´�ZLWK�WKH�WUDQVLWLRQ�KDQGOHV�VHW�WR�PHGLXm. For the control, OMNI group, 200 

WKH�GLUHFWLRQDOLW\�PRGH�ZDV�VHW�WR�³Pinna OPQL´�ZLWK�WKH�QRLVH�UHGXFWLRQ�GLVDEOHG� 201 

 202 

HA verifications were performed using Verifit 2.0 (Audioscan, Dorchester, ON, Canada). To 203 

measure the Speech Intelligibility Index (SII) real-ear speech mapping was completed using a 204 

standard recorded passage presented at 55, 65 and 75 dB (low, average and loud, respectively) 205 

sound pressure level (SPL). Prescriptive targets were set using Desired Sensation Level (DSL) 206 

Y����EDVHG�RQ�HDFK�SDUWLFLSDQW¶V�DXGLRPHWULF�WKUHVKROGV�DQG�LQGLYLGXDO�UHDO�HDU-to-coupler 207 

differences. Real-ear probe microphone measurements were used to ensure that HA gain met 208 

prescriptive targets. Fine-tuning gain adjustments were made so that HA output was within 5 dB 209 

at 250, 500, 1000 and 2000 Hz and 8 dB at 3000 and 4000 Hz of the prescriptive targets 210 

(Bagatto et al., 2016; Bagatto et al., 2011). Participants and accompanying caregivers were 211 

instructed on HA use and care by the fitting audiologist. They were asked to ensure hearing aids 212 

were used whenever possible, with a minimum of 8 hours per day. Participants who utilized 213 

hearing aid compatible assistive listening devices and Bluetooth streaming for classroom 214 

learning were instructed to continue using those same devices with adapters and audio boots 215 

provided by Oticon when necessary. Usage data on these listening devices was not collected. 216 

https://www.zotero.org/google-docs/?Qt2zyu
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 217 

Research visit 1 (RV1): Participants completed the first round of experimental behavioral 218 

testing, as well as an initial MRI, 2-7 days after hearing aid fitting. The test battery included 6 219 

different assessments: a free-field word repetition task, sentence repetition tasks in quiet and in 220 

noise, a novel word learning task, a set of standardized cognition tasks, and an academic 221 

achievement task. Parents of participants were asked to complete caregiver report 222 

TXHVWLRQQDLUHV�WKDW�DVVHVVHG�WKHLU�FKLOG¶V speech and hearing abilities.  223 

 224 

Audiology follow-up: One month after hearing aid fitting, the fitting audiologist checked the 225 

KHDULQJ�DLG�ILW�DQG�DGYLVHG�RQ�WKH�FKLOG¶V�DYHUDJH�GDLO\�XVDJH��9DOLGDWLRQ�PHDVXUHV�LQFOXGHG�226 

aided free-field narrow-band thresholds (center frequencies of 500, 1000, 2000 and 4000 Hz) 227 

and speech recognition in quiet testing (NU-6, W-22 or PBK lists, consistent with the initial 228 

audiologic test). Word recognition was completed using recorded male voices presented at 35 229 

and 55 dB HL presented at 0° azimuth.  230 

 231 

Research visit 2 (RV2): Participants returned 6-13 months after their hearing aid fitting. The 232 

initial battery of testing was repeated, with different versions to reduce learning effects, in 233 

addition to a novel statistical grammar learning task. Caregivers completed the same 234 

TXHVWLRQQDLUHV��WKLV�WLPH�LQ�UHIHUHQFH�WR�WKHLU�FKLOG¶V�VSHHFK�DQG�ODQJXDJH�DELOLWLHV�ZLWK�WKHLU�235 

study hearing aids. A novel pediatric fatigue questionnaire, the PROMIS, was administered both 236 

as a self-report by the participant and, independently, as a caregiver report. 237 

 238 

Optional Algorithm Change: Upon completion of the study, participants were unblinded and had 239 

the option of scheduling a final study follow-up appointment with their fitting audiologist for 240 

programming changes. At this appointment, they could change the hearing aid programming 241 

following discussion with the audiologist. Most participants chose to continue use of the OSN 242 
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SURJUDP��RU�WR�HQDEOH�261�LI�WKH\�KDG�EHHQ�LQ�WKH�201,�JURXS��(DFK�SDUWLFLSDQW¶s daily hearing 243 

aid usage (Fig. 2B) was reviewed and discussed with caregivers.  244 

 245 

Unblinding: Research staff involved in testing and/or analysis were unblinded after all 246 

participants had completed the study. 247 

 248 

Behavioral testing 249 

All tests were performed in a double-walled sound-treated booth (IAC) with an observation 250 

window. Participants wore their study hearing aids in the experimental setting. Unless otherwise 251 

stated, auditory test stimuli were generated in Matlab and presented through an M-Track Eight 252 

interface (M-Audio, Cumberland, RI), Servo 120a power amplifiers (Samson Technologies, 253 

+LFNVYLOOH��1<���DQG�-%/�&RQWURO��;WUHPH��´�ORXGVSHDNHUV�LQ�PDQXIDFWXUHU
V�HQFORVXUHV�254 

(Harman International Industries, Stamford, CT), atop microphone stands at a height of 96 cm. 255 

The tester was outside the booth and communicated with the participant visually and via 256 

intercom.  257 

 258 

Order of testing was randomized in a Latin square design across participants. All tests were 259 

completed twice: within one week of hearing aid fitting (RV1; Fig. 1) and 6-13 months post-fitting 260 

(RV2). Test sessions of sentence repetition and novel word learning were recorded using 261 

Audacity (v. 2.3.2). Recordings were re-scored by a second researcher. If there was agreement 262 

between the two researchers, the initial score was used. Disagreements were reconciled by a 263 

third researcher.  264 

 265 

Word repetition in noise: This test (Figure 3A) was adapted from custom software supplied by 266 

Boys Town National Research Hospital (Browning et al., 2019) and measured frontally-267 

presented monosyllabic target word thresholds in rearward masking noise. Target words were 268 

https://www.zotero.org/google-docs/?qontYv
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from English reading lists suitable for 5 and 6 year olds (Corbin et al., 2016), normalized to a 269 

fixed intensity of 65 dBrms SPL and spoken by adult males in an American English dialect. Two-270 

talker masker (TTM) speech streams were created from separate passages from Jack and the 271 

Beanstalk. Speech-shaped noise (SSN) was based on the spectral envelope of the TTM speech 272 

streams. Maskers were set at an initial level of 55 dBrms SPL. Three test conditions varied 273 

either the target direction or the noise type (Fig. 3A).   274 

 275 

Participants used a chin rest for head and hearing aid microphone positioning to remain in the 276 

center of a speaker ring, diameter 2m. They were instructed to remain still, look straight ahead, 277 

listen closely for the target word, and repeat it back. If they were unsure what word they heard, 278 

they were instructed to guess. Correct/incorrect identification of Target increased/decreased 279 

masker level by 4 dB on next trial. After the second reversal, step size was reduced to 2 dB. 280 

Speech reception threshold (SRT) was the mean of the last 6 reversals, following 8 total 281 

reversals. 282 

 283 

Sentence repetition in quiet: Speech perception, verbal working memory and grammatical 284 

knowledge were assessed by listening to and repeating recorded sentences (after Moll et al., 285 

2015). The recorded sentences were provided by an online research platform from Uppsala 286 

University (Audio Research, 2018; Ranjbar & Nakeva von Mentzer, 2020) and presented by a 287 

native female speaker at 50 dBrms SPL in Standard American English. Two loudspeakers were 288 

situated either side of a computer monitor (±5° azimuth) on a table 84 cm in front of the seated 289 

participant, who was instructed to listen closely to the stimuli, and repeat back the sentence. If 290 

the participant forgot or did not hear the sentence, they were encouraged to guess. Each 291 

sentence was scored based on the accuracy of word content and order. Sentences were 292 

categorized for memory by length (involving use or non-use of adjectives) and for grammar by 293 

complexity (use or nonuse of a ditransitive passive sentence structure where subject and object 294 

https://www.zotero.org/google-docs/?ymOijg
https://www.zotero.org/google-docs/?LlxJSM
https://www.zotero.org/google-docs/?LlxJSM
https://www.zotero.org/google-docs/?6RUiBn
https://www.zotero.org/google-docs/?6RUiBn
https://www.zotero.org/google-docs/?6RUiBn
https://www.zotero.org/google-docs/?6RUiBn
https://www.zotero.org/google-docs/?6RUiBn
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were expressed by two prepositions). Sentences could thus be short with low complexity (e.g. 295 

³7KH�PRP�EDNHG�KHU�GDXJKWHU�D�SLH�´���VKRUW�ZLWK�KLJK�FRPSOH[LW\��H�J��³$�SLDQR�ZDV�GHOLYHUHG�296 

E\�WKH�GDG�WR�KLV�VRQ�´���ORQJ�ZLWK�ORZ�FRPSOH[LW\��H�J��³7KH�NLQG�PDQ�RUGHUHG�WKH�WLUHG�ZRPDQ�D�297 

KRW�FRIIHH�´���RU�ORQJ�ZLWK�KLJK�FRPSOH[LW\��H�J��³$�SXUSOH�SHQFLO�ZDV�RIIHUHG�E\�D�IULHQGO\�JLUO�WR�298 

WKH�QHZ�ER\�´���'LIIHUHQW�VHWV�RI�VL[WHHQ�VHQWHQFHV�FRPSULVHG�WKH�WDVN�OLVW�DW�HDFK�UHVHDUFK�YLVLW��299 

Each set had four sentences from each of the four categories.  300 

 301 

Sentence repetition in noise: The Bamford-Kowal-Bench Sentences in Noise (BKB-SIN) test 302 

contains 18 list pairs of recorded sentences in four-talker babble noise (Bench et al., 1979; 303 

(W\PǀWLF�5HVHDUFK�������. In this study, participants were presented with one list pair (2 x 10 304 

sentences) at a constant 70 dBrms SPL from a frontal speaker. Sentences were preceded by 305 

WKH�YHUEDO�FXH�³5HDG\´�DQG�VSRNHQ�E\�D�PDOH�YRLFH�LQ�6WDQGDUG�$PHULFDQ�(QJOLVK��7KH�306 

concurrent babble noise level increased by 3 dB after each sentence, progressively reducing 307 

signal-to-noise ratio (SNR) from +21 to -6 dB across each 10 sentence sublist �(W\PǀWLF�308 

Research, 2005; Holder et al., 2018). Participants were asked to repeat each sentence verbally 309 

and were scored by the number of correctly identified keywords, averaged across the two 310 

sublists. Reported scores are the SNR-50, the SNR at which 50% of target words were correctly 311 

identified, normalized as SNR loss relative to normal hearing listeners. 312 

 313 

Novel word learning in quiet: The NEPSY-II, a standardized neuropsychological test battery, 314 

assesses multiple neurocognitive domains (Brooks et al., 2009; Korkman et al., 1997). The 315 

Repetition of Nonsense Words subtest gauges novel word-learning ability. Successful 316 

completion of the task requires participants to decode phonological stimuli and articulate novel 317 

words. Thirteen recorded nonsensical words in a male voice were presented at 65 dB SPL 318 

through the same speaker configuration as the sentence repetition in quiet task. Words varied 319 

from two to five syllables in length, where one correctly-pronounced syllable amounted to one 320 

https://www.zotero.org/google-docs/?kEcKG3
https://www.zotero.org/google-docs/?kEcKG3
https://www.zotero.org/google-docs/?LIQ5rp
https://www.zotero.org/google-docs/?LIQ5rp
https://www.zotero.org/google-docs/?6XRO9C
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point. Points from each word were summed to formulate a composite score, which was then 321 

scaled by age. 322 

 323 

Novel grammar learning in noise: The children were exposed to a novel grammar (von Koss 324 

Torkildsen et al., 2013) in the form of a game where they were teaching an alien a new 325 

language. During a single exposure at RV2, children were introduced to an aX and Yb grammar, 326 

with a and b components consisting of a single syllable nonword (CV), X representing one-327 

syllable nonwords (CVC), and Y representing one-syllable nonwords (CVCCV). Examples of the 328 

D;�µSRH¶�JUDPPDU�DUH�³SRH�]HN´�DQG�³SRH�]XJ´��ZKHUHDV�<E�µNRR¶�JUDPPDU�LV�H[HPSOLILHG�E\�329 

³ZDJVR�NRR´�DQG�³]LNYRH�NRR´��$IWHU�IRXU�H[DPSOHV��WR�LQWURGXFH�WKH�SDUWLcipant to the format of 330 

the task, the grammar exposure was split into 12 blocks, each 4 trials long ending with 2 two-331 

alternative forced choice trials to assess their learning. This totaled 48 exposures to the 332 

grammar with 24 test trials to assess grammar knowledge. Target words were presented at 0° 333 

azimuth and speech shaped background noise, created from the spectral envelope of the 334 

nonwords used in the task, was presented at 180° azimuth throughout the task. This test was 335 

administered only at RV2. 336 

 337 

Cognition: 7KH�1,+�7RROER[�&RJQLWLRQ�%DWWHU\�DVVHVVHV�WKH�EUDLQ¶V�KLJKHU-level functions 338 

language, perception, planning and execution of behavior, and memory (Weintraub et al., 2013). 339 

This battery was administered because of the previously demonstrated close relationship 340 

between hearing loss, listening difficulty and cognitive ability (Moore et al., 2020; Petley et al., 341 

2021). Four subtests from this battery, each lasting 5-15 minutes, were administered to 342 

participants on an iPad with the tester seated next to them. Individual subtests produced a raw 343 

score as well as an age-standardized score. Together the results of each standardized subtest 344 

FRPSULVH�WKH�µ(DUO\�&KLOGKRRG�&RPSRVLWH¶�VFRUH� 345 

 346 

https://www.zotero.org/google-docs/?eoLWnP
https://www.zotero.org/google-docs/?eoLWnP
https://www.zotero.org/google-docs/?Qz55iI
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Ɣ The Picture Vocabulary Test assesses receptive vocabulary. Four pictures were 347 

presented together on the screen, and a single word was spoken by a female voice in 348 

Standard American English. Participants were instructed to select the picture that best 349 

matched the meaning of the spoken word.  350 

Ɣ The Flanker Inhibitory Control and Attention Test measures attention and inhibitory 351 

control, an element of executive function. Five shapes (fish or arrows) were presented in 352 

a row on the screen, each pointing either left or right. Participants selected the direction 353 

(left or right) of the middle stimulus, while ignoring the distractors, as quickly as possible. 354 

Accuracy and response time were factored into scoring. 355 

Ɣ The Dimensional Change Card Sort Test assesses the planning and execution of 356 

behavior (attention shifting, executive function). In each trial, participants were presented 357 

one of two shapes (e.g. a ball or a boat) that could be either yellow or blue. The word 358 

³VKDSH´�RU�³FRORU´�DSSHDUHG�RQ�WKH�VFUHHQ��LQVWUXFWLQJ�WKH�SDUWLFLSDnt how to choose 359 

quickly the appropriate matching item.  360 

Ɣ The Picture Sequence Memory Test assesses episodic memory. Illustrations were 361 

presented in a specific order with verbal narration, after which they were randomly 362 

shuffled. Participants were asked to place the illustrations back in the order in which they 363 

were presented.  364 

 365 

Academic achievement: Four standardized subtests were selected from The Woodcock-366 

Johnson IV (Schrank et al., 2014) to test reading and mathematical ability. Questions 367 

progressively increased in difficulty throughout each subtest with scoring procedures following 368 

basal and ceiling rules. Participants were guided through the assessment by the tester, who 369 

was seated next to them.  370 

 371 

https://www.zotero.org/google-docs/?8lGQkh
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Ɣ The Letter-Word Identification test measures word identification ability and pronunciation 372 

accuracy. Single words were listed vertically on a screen, and the participant was 373 

instructed to read each word out loud from top to bottom. 374 

Ɣ The Passage Comprehension test measures reading comprehension. Younger children 375 

are initially presented with pictures and must point to a specific one upon tester 376 

instruction. These transition to sentences with a word missing wherein the participant 377 

must silently read the sentence and tell the tester what the missing word is. Older 378 

children were tasked with lengthier passages that required the use of context clues to 379 

determine the missing word.  380 

Ɣ The Applied Problems test presented math problems in word or picture form. 381 

Participants were given a pencil and scrap paper to use at their discretion.  382 

Ɣ The Calculation test assesses straightforward mathematical knowledge. Participants 383 

were given a worksheet that began with simple numerical calculations (addition, 384 

subtraction, etc.) and eventually geometric, logarithmic, and calculus-based problems.  385 

 386 

Caregiver- and self-report scales 387 

Speech, Spatial and Qualities of Hearing Scale (SSQ): The SSQ (Gatehouse & Noble, 2004) is 388 

a self-report measure of hearing ability in varying contexts. This study used a version adapted 389 

for children (Galvin & Noble, 2013) LQ�ZKLFK�FDUHJLYHUV�UDWHG�WKHLU�FKLOG¶V�OLVWHQLQJ�DELOLW\�in 390 

everyday scenarios on a scale from 0-100. Twenty-seven items were included across four 391 

categories: speech hearing, spatial hearing, qualities of hearing, and conversational uses of 392 

hearing. A higher average score for each category indicated better ability. This questionnaire 393 

was completed at both RV1 and RV2 (Fig. 4).  394 

 395 

Glasgow Hearing Aid Benefit Profile: The GHABP (Gatehouse, 1999) is a self-report measure  396 

of the effectiveness of assistive technology in hearing-impaired adults. In this study, a modified 397 

https://www.zotero.org/google-docs/?msQcKl
https://www.zotero.org/google-docs/?LGHn3E
https://www.zotero.org/google-docs/?ol3h32
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pediatric version based on caregiver report was used (Kubba et al., 2004). The Glasgow 398 

&KLOGUHQ¶V�%HQHILW�,QYHQWRU\��*&%,��FRQVLVts of 24 questions on the effectiveness of recent or 399 

present hearing aids covering hearing disability, handicap, hearing aid usage, hearing aid 400 

benefit, hearing aid satisfaction, and residual disability relative to the benefit of prior hearing 401 

aids. This questionnaire was administered at both RV1, when it asked about effectiveness of the 402 

pre-study hearing aids, and RV2, when it asked about the study (OPN) hearing aids. All 403 

questions utilized a five-point Likert scale with each scalepoint corresponding to a numerical 404 

score (100 = much better, 50 = a little better, 0 = no change, -50 = a little worse, -100 = much 405 

worse). The 24 responses were averaged to create a composite wherein higher/more positive 406 

values reflected greater intervention benefit. 407 

 408 

Pediatric Fatigue Questionnaire: The Patient-Reported Outcomes Measurement Information 409 

System (PROMIS) short form includes measures of physical, mental, and social health (Irwin et 410 

al., 2010; Lai et al., 2013; Varni et al., 2014). The shortened form of the Pediatric Fatigue 411 

measure includes 10 items assessing feelings of tiredness on a five-point Likert scale (1 = 412 

Never, 2 = Almost Never, 3 = Sometimes, 4 = Often, 5 = Almost Always; Lai et al., 2013). 413 

Recent research suggests that hearing impairment may increase risk for fatigue due to the 414 

increased need for deliberate listening and attention (Hornsby et al., 2016). Though much of this 415 

evidence is based on subjective accounts, the use of patient-reported outcomes is arguably the 416 

most direct source of information on health outcomes (Gerhardt et al., 2018). Participants 417 

completed a self-report version with the assistance of study staff, and parents completed a 418 

proxy version. Scores were averaged to create a composite for each version; higher scores 419 

indicate more frequent feelings of fatigue. The PROMIS Pediatric Fatigue measure was 420 

administered only at RV2.  421 

 422 

Statistical analysis 423 

https://www.zotero.org/google-docs/?IxhiIV
https://www.zotero.org/google-docs/?6BB2lP
https://www.zotero.org/google-docs/?6BB2lP
https://www.zotero.org/google-docs/?q5B7Nh
https://www.zotero.org/google-docs/?UK3nhb
https://www.zotero.org/google-docs/?j5EFBx
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Linear mixed effects models with correlated errors (Raudenbush & Bryk, 2002) were applied to 424 

study the main outcome differences between research visits 1 and 2 and the algorithm groups 425 

(OSN, OMNI; Table 2). The interaction effect between visit and group was also explored. 426 

Differences between test conditions were tested using a PROC Mixed model, controlling for test 427 

age and family Benjamini-Hochberg adjustment for false discovery rate. Where available, 428 

standardized test scores were used. Novel grammar learning in noise was administered only at 429 

RV2. A repeated measures ANOVA compared accuracy on the aX and Yb grammars. Planned 430 

follow up analysis used one sample t-tests to compare the accuracies of these grammars to 431 

chance (50%). The PROMIS questionnaire was also only administered at RV2. ANCOVA was 432 

used separately to study the group difference for the self-report and the care-giver report 433 

scores, controlling for age. A planned paired samples t-test was used to compare if the self- and 434 

care-giver reports were significantly different from one another. Linear mixed models were also 435 

applied to study effects of hearing aid use (age at first use, mean daily use during study). 436 

Participants who showed a clear button preference (i.e. clicking the same button for the majority 437 

of the trials: OSN n = 3, OMNI n = 4), or who logged less than 6 hours of daily HA use (OSN n = 438 

3, OMNI n = 3) were excluded from the analysis of that task, or of the whole study, respectively. 439 

An OSN participant with HA technical difficulties was also excluded. Between 22 ± 39 440 

participants provided usable data for each task. Data were analyzed employing SAS statistical 441 

software, version 9.4 (SAS Institute, Cary, N.C.). A two-sided significance level was set at 0.05 442 

 443 

RESULTS 444 

Audiometry, hearing aid use and aided audibility dose 445 

The two groups (OSN and OMNI) were well matched for age, mean hearing loss and interaural 446 

symmetry (Table 1; Fig. 2A) with no mean PTA group difference (left t 38 = 0.77, p = 0.44; right t 447 

38 = 0.37, p = 0.72). However, there was a wide range of individual audiogram configurations 448 
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and hearing loss severity. Hearing aid use varied considerably within both groups (Fig. 2B). 449 

Nevertheless, both the median and the variability of hearing aid use between the two groups 450 

was near identical (Wilcoxon rank-sum exact test, p = 0.98), suggesting that the dose of aided 451 

audibility (Walker et al., 2020) would also be near identical in the two groups. To confirm this, 452 

we calculated a weighted hearing aid benefit (HAB) by multiplying the aided SII for each ear by 453 

the average use hours for the same ear, divided by the maximal possible benefit (SII=1.0, use = 454 

24 hours). Thus, the maximum benefit would be equal to 1.0 for each ear using this modified 455 

formula. The average was 0.37 for the right ear and 0.38 in the left ear for the OMNI group. For 456 

the OSN group, the average HAB was also 0.37 in the right and 0.38 in the left ear. There was 457 

no difference between groups for either ear in the HAB (p=0.984 for right, and p=0.914 for left 458 

ears, student t-test).  459 

 460 

Behavioural testing 461 

Linear mixed models showed no significant interaction between algorithm group and research 462 

visit for any outcome (Table 2). The hypothesis that extended use of the OSN algorithm would 463 

result in improved performance was therefore rejected. The following presentation provides 464 

further detail of performance by all participants on each outcome measure across the study and 465 

in relation to hearing aid use. 466 

 467 

< Figure 3 about here > 468 

 469 

Word repetition in noise (Fig. 3A): Performance (threshold SNR) differed between the three 470 

conditions (F2, 78 = 7.45, p = 0.001). Word repetition was poorer in the two- talker speech 471 

masker (Condition 3) compared with the speech-shaped noise masker (Conditions 1; t71 = -3.71, 472 

p = 0.001; and 2; t78 = -2.81, p = 0.017) but was unaffected by whether the target was in front 473 

(Condition 1) or 60o left (Condition 2) of the listener (t78 = -0.72, p = 0.75). Overall, performance 474 
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improved across time between RV 1 and 2 (F1, 29 = 11.72, p = 0.002), but only in Conditions 2 475 

and 3 (Table 2). No significant interactions were found between Condition and RV. 476 

 477 

Sentence repetition in quiet (Fig. 3B): Short sentences were reproduced more accurately than 478 

long sentences (F1,28 = 15.61, p < 0.001, ߟଶ= 0.36) and sentences of low complexity were 479 

reproduced more accurately than those of high complexity (F1,28 = 22.80, p < 0.001, ߟଶ= 0.45). 480 

However, following Tukey-Kramer adjustment, no significant difference was found between 481 

Long & low and Long & high sentences. Accuracy on Long sentences of low complexity 482 

decreased significantly between visits, and younger children performed more poorly on the Long 483 

sentence/high complexity task than did older children (Table 2). 484 

 485 

Sentence repetition in noise (Fig. 3C): SNR loss scores were mostly in the range 3-7 dB, 486 

descrLEHG�E\�WKH�WHVW�PDQXDO�DV�D�³0LOG�615�ORVV´��ZKHUH��-��G%�LV�³1RUPDO´�DQG��-15 dB is 487 

³0RGHUDWH´��No SNR differences were observed based on group, visit or age (Table 2). 488 

 489 

Novel word learning in quiet (Fig. 3D): No significant change in scores across RV was observed.  490 

 491 

Novel grammar learning in noise (Fig. 3E): This was assessed at RV2 only, as the stimuli and 492 

paradigm needed to be novel. The participants learnt the Yb grammar significantly better than 493 

the aX grammar (F1,20 = 8.96, p = 0.007, ߟଶ= 0.31). Further analysis showed that participants 494 

did not learn the aX grammar, ZKHUH�WKH�JUDPPDU�NH\�µSRH¶�ZDV�DW�WKH�VWDUW�RI�WKH�ZRUG��495 

significantly more than chance (50%). But they did learn the Yb grammar (F1, 20 = 14.63, p = 496 

0.001; r = 0.66, p = 0.0006���ZKHUH�WKH�JUDPPDU�NH\�µNRR¶�ZDV�DW�WKH�HQG�RI�WKH�ZRUG��Accuracy 497 

IRU�WKH�<E�JUDPPDU�LQFUHDVHG�VLJQLILFDQWO\�ZLWK�WKH�FKLOG¶V�DJH��)1,20 = 14.63, p = 0.001; r = 0.66, 498 

p = 0.0006), by 6.72% for each year. There was no significant difference between OSN and 499 

OMNI groups RQ�HLWKHU�
SRH¶��)1, 20  �������S� �������RU�µNRR¶��)1, 20 = 0.04, p = 0.84) accuracy. 500 
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 501 

Cognition (Fig. 3F): Age-standardized scores have a mean of 100 and a SD of 15. Participant 502 

scores were in the range 80-120 for all of the four subtests. Across all participants there was a 503 

significant difference between subtest scores (F3,93 = 5.29, p = 0.005, ߟଶ= 0.15 Greenhouse-504 

Geisser corrected), with picture sequence memory test performance significantly better than 505 

that for the flanker task (t = -3.97, p < 0.001, d = -0.69). 506 

 507 

Academic achievement (Fig. 3G): Age-standardized scores ranged between 90 and 120 on both 508 

outcomes and, compared with most other tests and excepting a few outliers, were remarkably 509 

stable for each individual across time. There was no significant change between RV1 and RV2 510 

(Reading: F1, 61.9 = 3.08, p = 0.08; Math: F 1, 58.7 = 0.05, p = 0.83) and no significant difference 511 

between OSN and OMNI groups (Reading: F 1, 37.8 = 3.50, p = 0.07; Math: F (1, 37.2) = 3.15, p = 512 

0.08) overall or between research visits.  513 

 514 

Questionnaires 515 

Speech, Spatial and Qualities of Hearing Scale (SSQ; Fig. 4A): Between RV1 and RV2, all 516 

scores either increased significantly (Speech, Spatial, Quality) or showed a trend to do so 517 

(Conversation) (Table 2). The Spatial score also showed a trend towards improved performance 518 

between RV1 and RV2, specifically in the OMNI group. This may suggest that caregivers 519 

perceived an increased benefit of the OMNI strategy as a result of prolonged use of that 520 

strategy. However, note that OMNI scores were lower than OSN scores at RV1. Finally, for 521 

these non-standardized scores there was an overall trend for increasing score with age. 522 

 523 

< Figure 4 about here > 524 

 525 
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Glasgow &KLOGUHQ¶V Benefit Profile (GCBP; Fig. 4B): Significantly higher overall scores for the 526 

OSN group than for the OMNI group were found, but significantly lower overall scores were 527 

found at RV2 than at RV1 (Table 2). The difference between groups at RV2 was not significant 528 

(Two sample t-test: t31 =  1.61, p = 0.12). This pattern of results is difficult to interpret but does 529 

not clearly support or challenge the primary hypothesis. 530 

 531 

Pediatric Fatigue Questionnaire (PROMIS; Fig. 4C): The PROMIS was administered at RV2 532 

only and showed no significant difference between OSN and OMNI groups on either the 533 

participant self-report scores (F1, 28 = 4.01, p = 0.06) or those by their caregivers (F1, 29 = 3.45, p 534 

= 0.07)��7KHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�SDUWLFLSDQWV¶�VHOI-report and their caregiver 535 

scores (Paired t-test: t29 = 0.12, p = 0.90).  536 

 537 

Hearing aid use and academic achievement 538 

Given the similarity between OSN and OMNI performance, we combined both groups to 539 

evaluate the effect of hearing aid fitting and use patterns with increased power��3DUWLFLSDQWV¶�DJH�540 

at first hearing aid fit (Table 1) correlated significantly with their WJ-IV Reading (r = -0.42, p = 541 

0.016) and Mathematics (r = -0.43, p = 0.012) outcomes at RV2, but not at RV1 (Reading: r = -542 

0.36, p = 0.037; Mathematics: r = -0.34, p = 0.052; Fig. 5A), following test age and family-wise 543 

correction. The improvement in the Flanker task between RV1 and RV2 correlated significantly 544 

with their average daily hearing aid usage during the trial (r = 0.47, p = 0.006; Fig. 5B). These 545 

comparisons at RV2 remained significant after family correction and indicated that the overall 546 

duration of hearing aid use was associated with better academic and cognitive outcomes. 547 

However, no other significant relationships between test performance and age at first fit or 548 

duration of hearing aid use were found. A significant negative relationship was found between 549 

age at first hearing aid use and caregiver rated speech hearing. A significant positive 550 
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relationship was found between daily hearing aid use and caregiver rated spatial hearing (data 551 

not shown). 552 

 553 

< Figure 5 about here > 554 

 555 

DISCUSSION 556 

 557 

Long term use of a hearing aid processing algorithm (OSN) designed to improve speech 558 

hearing in situations of competing speech neither enhanced nor reduced performance on a 559 

variety of age-standardized auditory, cognitive, and academic tasks, relative to a control, 560 

omnidirectional processor. Some improvements in performance, both objective (perceptual, 561 

linguistic, cognitive, academic) and subjective (SSQ, GCBP), were observed between RV1 and 562 

RV2 in both treatment groups. These were likely due to practice (Taylor et al, 2020) or caregiver 563 

expectation (SSQ). However, some exceptions to these otherwise unsurprising results were 564 

observed. One was the emergence of a significant relationship between age at first hearing aid 565 

use and both Reading and Mathematics scores that became significant at RV2 and another was 566 

the improvement of inhibitory control and attention with daily hearing aid use during the trial.  567 

 568 

Enhanced target word repetition in SSN, compared with a two-talker masker (TTM), has 569 

previously been reported in children with mild/moderate hearing loss using OPN hearing aids, 570 

regardless of whether the target talker was directly in front of the child (Browning et al., 2019). 571 

Other studies using headphone stimulation have also shown more TTM in younger children, but 572 

not in older youth or adults (McCreery et al, 2020; Buss et al, 2021). In the study reported here, 573 

we confirmed these findings of greater TTM, and extended them by showing improved 574 

performance in the off-center target test (Condition 2) after 7-13 months of OPN hearing aid 575 

https://www.zotero.org/google-docs/?dlAdnF
https://www.zotero.org/google-docs/?sZ0Ivr
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use. Browning and colleagues (2019) additionally found that performance using the OSN 576 

processing algorithm was superior to that of the same children using the OMNI algorithm in SSN 577 

masking, but not in TTM. Here, different groups of children used OSN and OMNI algorithms, 578 

and we did not find enhanced benefit of OSN during either SSN masking or TTM. It is possible 579 

that the difference between these studies was due to the reduced variance associated with 580 

retesting the same participants in two test conditions.  581 

 582 

Previously, we found that word repetition in noise did not improve after 2-3 months of using 583 

OSN in a new fitting, but caregiver reports of ability improved over the study period (Pinkl et al., 584 

2021). Here, we report improved word repetition in noise after 7-13 months of continuous use of 585 

OSN and OMNI. In addition, we found a general improvement in attention and caregiver-586 

reported (SSQ) speech abilities. Together, these results provide evidence for longer-term 587 

acclimatization. Acclimatization may reflect enhanced training, motivation and/or expectation, 588 

along different timelines. For example, there may be a general and rapid, positive motivation 589 

and caregiver expectation after a new intervention (Gilliver et al., 2013), followed by a more 590 

gradual perceptual learning. 591 

 592 

There is a growing literature on the effects of complex processing enhancements on speech 593 

perception using hearing aids (Cox et al., 2014; directional microphones - Magnusson et al., 594 

2013; noise reduction - Brons et al., 2014; Magnusson et al., 2013; frequency compression - 595 

Hopkins et al., 2014; Picou et al., 2015). In a recent review, Lesica (2018) summed up these 596 

HQKDQFHPHQWV�DV�VKRZLQJ�RQO\�³PRGHVW�DGGLWLRQDO�EHQHILW´��S�������EH\RQG�DPSOLILFDWLRQ��%\�597 

showing no significant difference in a highly controlled study of the auditory and related 598 

cognitive and academic performance of children using omni or directional microphones with 599 

noise reduction pURFHVVLQJ�VWUDWHJLHV��WKH�UHVXOWV�UHSRUWHG�KHUH�DSSHDU�WR�VXSSRUW�/HVLFD¶V�600 

thesis. However, his optimistic suggestion was that alternative strategies based on recent 601 

https://www.zotero.org/google-docs/?MyI1Sm
https://www.zotero.org/google-docs/?MyI1Sm
https://www.zotero.org/google-docs/?2NjEJ4
https://www.zotero.org/google-docs/?ziZh2U
https://www.zotero.org/google-docs/?K1u9qc
https://www.zotero.org/google-docs/?K1u9qc
https://www.zotero.org/google-docs/?ouSywK
https://www.zotero.org/google-docs/?1ZKyts
https://www.zotero.org/google-docs/?lIhOAq
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developments in physiology and artificial intelligence should improve matters in the near future. 602 

In particular, an emphasis on the importance of cognitive and environmental factors to 603 

determine optimal, individualized processing strategies seems particularly suited to a pediatric 604 

population. 605 

 606 

Moeller & Tomblin (2015), Ching et al (2018), and Nakeva von Mentzer et al. (2020) have 607 

shown the importance of early and prompt fitting of hearing aids for children with hearing loss. 608 

The average age of our participants was 9 years 9 months and the length of hearing aid usage 609 

prior to the study was 4 years 1 month. We showed that, regardless of processing strategy, the 610 

age of hearing aid fit continued to have an effect on academic achievement during development 611 

with the relationship between age of first hearing aid use and reading/mathematics scores 612 

showing significance at RV2, and trending at RV1. 613 

 614 

The end of our study was conducted during the COVID-19 pandemic with eight of our 615 

participants (OSN = 5, OMNI = 3) completing RV2 during periods of school closures (Table 1). It 616 

is of note that four of these children (OSN = 2, OMNI = 2) were not included in the final analysis 617 

as they stopped wearing their hearing aids consistently with their daily usage below 6 hours. 618 

Consistent daily use of HAs has been highlighted as a strong predictor of cognitive and 619 

academic scores (Walker et al., 2015b). We echo this with the relationship between daily HA 620 

use and change in performance on the selective attention (flanker) task. Adding a covariate of 621 

whether the participants completed testing during the pandemic did not affect our findings. 622 

Significant relationships between hearing aid use and caregiver reports must be interpreted with 623 

caution because of possible bias related to caregiver knowledge of hearing aid use. 624 

 625 

We have provided a broad spectrum of test approaches including auditory sensitivity, several 626 

forms of speech listening, learning in noise and in quiet, cognitive and academic performance, 627 
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and caregiver- and self-report. On none of these tests was any significant performance 628 

difference found between the OMNI and the OSN processing strategies. A potential exception to 629 

this was the GCBP, where significantly enhanced scores for the OSN group were found across 630 

research visits. However, the questions asked in each visit differed, and neither the interaction 631 

between group and visit, nor the difference between groups at RV2, was significant. 632 

Nevertheless, it remains a possibility that in more realistic test environments differences would 633 

be found between these hearing aid strategies, for example, where distracting sounds were 634 

presented simultaneously from several different directions or where visual information is 635 

combined with auditory. While a within-subject design reduces individual differences, our study 636 

had multiple levels of quality checks built in. These included groups well matched in hearing 637 

level, audiogram shape and age, double-blinding throughout the study until the last participant 638 

completed their RV2, checklists to ensure all audiologists followed the same rigorous fitting 639 

protocols, and study pre-registration. We found no evidence that children learned how to use 640 

the additional features provided by OSN.      641 
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Table legends 841 

Table 1: Participant demographics and summary of hearing aid models used prior to the study 842 

along with how long they wore their study hearing aids (time from HA fitting to RV2). 843 

 844 

Table 2: Linear mixed model main outcome p-values. Values in black were non-significant, 845 

those in red were significant, following Benjamini-Hochberg (B-H) adjustment, and those in blue 846 

were no longer significant following (B-H) adjustment. Refer to Figures 3 and 4 for data. Note 847 

that Novel grammar learning in noise, and the PROMIS fatigue questionnaire were not included 848 

in the model. 849 

Figure legends 850 

Figure 1: Study timeline. 851 

 852 

Figure 2: Hearing loss and hearing aid use. (A) Audiograms, showing individual thresholds in 853 

light grey and group means in color (OSN dark, OMNI light). PTAs calculated from 500, 1000 854 

and 2000 Hz. (B) Average daily hearing aid use during the study, as measured by the hearing 855 

aid logging feature. Points are individual data. %R[SORWV�VKRZ�WKH�JURXSV¶�PHGLDQ and quartiles, 856 

with the whiskers indicating maximum and minimum number of hours. 857 

 858 

Figure 3: Behavioral test performance. No difference was found between the OMNI and OSN 859 

group on any task. (A) Word repetition in noise. Signal-to-noise ratio (SNR) thresholds for words 860 

in noise for three Conditions: 1: Target speech at front with speech-shaped noise (SSN) 861 

maskers behind; 2: Target on left with SSN maskers behind; 3: Target speech at front with two-862 

talker speech masking (TTM) behind. (B) Sentence repetition in quiet scores for the four 863 

sentence types. (C) Sentence repetition in noise. (D) Novel word learning in quiet showing age 864 

standardized scores from the NEPSY. (E) Novel grammar learning in noise, measured only at 865 
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RV2. The artificial grammar was presented at front with SSN presented at rear. The horizontal 866 

dashed line on the graph marks vocabulary learning at chance, 50%. Error bars show SEM. (F) 867 

Cognition measured by age standardized scores on 4 subtasks from the NIH Toolbox 868 

(Weintraub et al., 2013): picture vocabulary; attention ± flanker task; executive function ± 869 

dimensional change card sorting task; episodic memory ± picture sequence memory test. (G) 870 

Academic achievement measured by composite reading and mathematics age standardized 871 

scores (Woodcock-Johnson IV Tests of Achievement). For all figures, colored dots and joining 872 

show individual score change between RV1 and 2. Boxplots show the 25th, 50th and 75th 873 

percentile of each group; whiskers indicate maximum/minimum scores. 874 

 875 

Figure 4: Questionnaires. (A) Speech, spatial and qualities of hearing scale (SSQ; Galvin & 876 

Noble, 2013). (B) Glasgow hearing aid benefit profile (Kubba et al., 2004). For figures (A) and 877 

(B), the colored dots show individual scores with the lines linking each LQGLYLGXDO¶V�SHUIRUPDQFH�878 

between RV1 and RV2. (C) PROMIS pediatric fatigue questionnaire showing standardized T-879 

scores from the self- and caregiver-reports (Varni et al., 2014). Lower scores indicate more 880 

frequently reported fatigue. Colored dots show individual scores and lines link self- with 881 

caregiver-report, both measured at RV 2 only. In all graphs the boxplots show group 25th, 50th 882 

and 75th percentiles and the whiskers indicate maximum and minimum scores.  883 

 884 

Figure 5: Hearing aid (HA) use predicted academic performance and attention. (A) Negative 885 

FRUUHODWLRQV�EHWZHHQ�WKH�FKLOGUHQ¶V�DJH�DW�ILUVW�KHDULQJ�DLG�ILW�ZLWK�:--IV Reading and 886 

Mathematics outcomes at RV2. (B) Positive correlation between daily hearing aid usage and 887 

change in performance on the NIH toolbox attention task (flanker task).  888 
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Table 1 

Pair Group Shape 
of HL R PTA L PTA Maternal education 

Age at 
RV1 

Age of 
diagnosis 

Age at 
first HA Previous HA Type Time with 

previous HA 
Time with 
study HA 

RV2 during 
COVID 

(y, m) (y) (y) Make Model (y, m) (m)  

1 
OSN Bowl/notch 40.0 53.3 No high school 8, 7 6 6 Oticon Sensei Pro 2, 0 8 no 

omni Bowl/notch 43.3 43.3 College degree 9, 1 1 5 Widex Dream 220 3, 2 8 no 

2 
OSN Bowl/notch 71.7 76.7 College degree 11, 6 1 1 Phonak Sky Q-70 M13 4, 4 11 no 

omni Bowl/notch 58.3 66.7 College degree 13, 4 2 2 Phonak Sky V50 P 2, 9 6 no 

3 
OSN Falling 45.0 36.7 College degree 7, 7 birth 9 months Oticon Sensei Pro 1, 8 8 no 

omni Falling 61.7 63.3 College degree 8, 5 5 5 Oticon Sensei Pro SP 1, 7 8 no 

4 
OSN Falling 20.0 20.0 College degree 11, 5 3 3 Oticon Safari 600P 8, 4 8 no 

omni Falling 23.3 25.0 College degree 11, 7 1 1 Phonak Sky Q50 M13 4, 5 9 no 

5 
OSN Falling 23.3 26.7 Some college 11, 10 8 8 Phonak Sky V90 M 2, 2 7 no 

omni Bowl/notch 50.0 46.7 No high school 11, 8 7 8 Phonak Sky Q-50 SP 3, 11 8 no 

6 
OSN Flat 68.3 68.3 College degree 11, 0 3 3 Phonak Sky Q50-SP 4, 7 9 no 

omni Flat 65.0 61.7 Post-graduate degree 10, 0 birth 2 months Phonak Bolero V 90-P 3, 3 11 no 

7 
OSN Rising 35.0 36.7 Some college 10, 6 3 3 Oticon Safari 600P 6, 2 10 no 

omni Rising 31.7 31.7 Post-graduate degree 9, 6 5 6 Phonak Sky Q50-M13 2, 7 9 no 

8 
OSN Bowl/notch 28.3 36.7 Some college 9, 9 5 5 Phonak Sky 50 Q M 13 4, 6 12 no 

omni Falling 30.0 23.3 College degree 10, 0 1 1 Phonak Nios S H20 III 5, 5 8 no 

9 
OSN Bowl/notch 40.0 41.7 College degree 6, 8 4 4 Oticon Sensei Pro 2, 0 11 no 

omni Bowl/notch 43.3 45.0 College degree 6, 2 4 months 9 months Oticon Safari 600P 5, 6 10 no 

10 
OSN Falling 41.7 41.7 College degree 11, 7 0 3 Widex Inteo BTE 7, 11 8 no 

omni Bowl/notch 31.7 38.3 Some college 12, 4 3 3 Oticon Safari 8, 0 9 no 

11 
OSN Rising 26.7 30.0 College degree 8, 10 6 6 Oticon Sensei Pro 2, 2 15 yes 

omni Falling 40.0 23.3 College degree 9, 8 7 7 Oticon Sensei Pro 2, 6 9 no 
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12 
OSN Bowl/notch 51.7 51.7 College degree 11, 11 3-6 

months 
3-6 

months Oticon Sensei Pro 2, 9 8 yes 

omni Bowl/notch 56.7 45.0 Some college 10, 10 8 8 Phonak Sky Q 50 SP 2, 7 12 yes 

13 
OSN Flat 45.0 45.0 Some college 7, 6 5 5 Oticon Sensei Pro 1, 11 9 yes 

omni Rising 38.3 43.3 Some college 7, 11 1 month 2 months Phonak Sky Q50 SP 3, 8 10 no 

14 
OSN Flat 48.3 48.3 College degree 8, 6 1 month 5 months Oticon Safari 600 P 8, 1 13 yes 

omni Flat 48.3 48.3 Some college 8, 7 4 4 Widex Dream 440 4, 7 13 yes 

15 
OSN Falling 51.7 50.0 Some college 10, 5 4 months 5 months Oticon Vigo Pro 9, 11 9 no 

omni Falling 10.0 11.7 College degree 9, 4 5 6 Phonak Sky Q 50 M13 3, 3 10 no 

16 
OSN Bowl/notch 58.3 58.3 College degree 9, 5 4 5 Phonak Sky Q70 SP 4, 5 10 no 

omni Flat 30.0 30.0 Post-graduate degree 9, 7 Unknown Unknown Unknown Unknown 9, 4 9 no 

17 
OSN Flat 36.7 38.3 Some high school 10, 11 8 9 Oticon Sensei Pro 1, 10 9 no 

omni Rising 43.3 50.0 Some college 11, 11 7 7 Resound LiNX3D977 1, 10 10 yes 

18 
OSN Flat 35.0 35.0 Post-graduate degree 10, 4 4 4 Oticon Safari 600 5, 10 13 yes 

omni Falling 35.0 36.7 Post-graduate degree 10, 5 5 5 Oticon Sensei Pro 1, 1 11 no 

19 
OSN Flat 45.0 48.3 Post-graduate degree 6, 10 2 2 Phonak Sky Q50 m13 4, 2 9 no 

omni Flat 45.0 45.0 Some college 7, 5 1 month 3 months Phonak SkyQ 50 m13 3, 5 7 no 

20 
OSN Falling 36.7 35.0 Post-graduate degree 9, 7 5 5 Oticon Sensei Pro 5, 0 11 no 

omni Falling 31.7 31.7 College degree 10, 2 2 2 Phonak Sky V90-P 2, 2 8 no 
 

 



Table 2  

Outcome measure Algorithm 
Group 

Research 
Visit 

Group* 
Visit 

Age 

Word repetition in noise     
Condition 1 (dB SNR) 0.061 0.127 0.796 0.137 
Condition 2  0.306 0.019 0.655 0.826 
Condition 3  0.843 <0.001 0.674 0.458 
Sentence repetition in quiet     
Short and low accuracy (%) 0.321 0.998 0.839 0.869 
Short and high accuracy  0.869 0.113 0.583 0.328 
Long and low accuracy  0.404 0.016 0.323 0.196 
Long and high accuracy  0.525 0.143 0.881 0.007 
Sentence repetition in noise     
SNR loss (dB) 0.297 0.117 0.391 0.321 
Novel word learning in quiet     
Standard score 0.746 0.409 0.869 0.063 
NIH Cognition Toolbox     
Picture vocabulary (Standard score) 0.162 0.371 0.574 0.240 
Flanker inhibition and attention 0.622 0.308 0.728 0.048 
Dimensional change card sort 0.225 0.164 0.203 0.286 
Picture sequence memory 0.327 0.036 0.720 0.055 
SSQ hearing evaluation scale     
Speech (score) 0.883 <0.001 0.475 0.277 
Spatial 0.931 0.008 0.083 0.057 
Quality 0.670 0.024 0.628 0.104 
Conversation 0.732 0.086 0.984 0.083 
Glasgow &KLOGUHQ¶V Benefit      
Score 0.041 0.021 0.642 0.148 



Academic achievement     
Reading (score) 0.125 0.097 0.088 0.045 
Math (score) 0.058 0.778 0.230 0.698 
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