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Abstract
Currently, all hearing aid benefit outcome measures rely on retrospective selfreport, which can often be inaccurate due to memory decay, recollection biases, and the
use of cognitive heuristics. Contextual momentary assessment (CMA) involves repeated
collection of real-time data on an individual’s experience in their natural environment;
CMAs circumvent the error and bias related to retrospective assessments, making them
more ecologically valid for capturing day-to-day variations in experiences.
The purpose of the present paper was to answer three research questions: (a) Is
CMA capable of facilitating valid and reliable evaluations of subjective listening
experiences in lab-controlled acoustic conditions?; (b) Is CMA validity and reliability
altered significantly by the timing of the CMA relative to the listening event (Experiment
I)?; (c) Is CMA validity and reliability altered by the presence of, or focus on a secondary
task (Experiment II)?
To address these research questions, this study employed a block-randomized,
within-subject design where 12 participants with sensorineural hearing loss were fitted
with hearing aid(s), and completed CMA ratings based on listening situations where they
performed a sentence repetition task. The study was comprised of two experiments
involving three independent variables: (a) speech level; (b) signal-to-noise ratio (SNR);
(c) CMA timing (Experiment I), or task focus (Experiment II). CMAs were composed of
four rating dimensions: intelligibility, noisiness, listening effort, and loudness.
For the listening situations employed in this lab study, the reliability, construct
validity, and criterion validity results were as follows: (a) intelligibility ratings were
ii

reliable, demonstrated construct validity, and had the strongest correlation with
intelligibility scores when the CMA was completed after listening situations where there
was no secondary task; (b) noisiness ratings were reliable, demonstrated construct
validity, and correlated the strongest with measured background noise intensities when
rated while experiencing the listening situation; (c) listening effort ratings were unreliable
and had questionable construct validity; (d) loudness ratings were reliable, demonstrated
construct validity, and correlated the strongest with measured speech intensities when
rated while experiencing the listening situation. Based on these results, CMA ratings of
intelligibility, loudness, and noisiness, but not listening effort, show potential to be useful
for measuring hearing aid benefit.
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Chapter 1: Literature Review
1.1 Introduction
Hearing loss is associated with social isolation, poor cognitive functioning (Lin et
al., 2011), incident dementia (Lin et al., 2011), and overall morbidity and mortality
(Cacioppo, Hawkley, Norman, & Berntson, 2011), particularly among older adults.
Despite the rapid advancement of hearing aid technology, three out of four people with a
mild hearing loss, and six out of ten with moderate-to-severe hearing loss do not use
hearing aids (Kochkin, 2009). Additionally, only 55% of 3000 hearing aid users surveyed
were either “satisfied” or “very satisfied” with their hearing aids (Kochkin, 2010).
Whether individuals with hearing loss are satisfied or dissatisfied with their hearing aids is
related to the number of personally important listening situations where the user perceives
a significant hearing aid benefit, allowing them to reclaim activities that were previously
difficult due to their hearing loss (Kochkin, 2010). Accordingly, increasing the probability
for user-perceived hearing aid benefit and satisfaction is the primary goal of the hearing
aid fitting and fine-tuning process, and demands the provision of a systematic approach,
supported by evidence (Valente et al., 2006). The hearing aid fitting and fine-tuning
process is typically performed in a controlled, quiet setting, which does not accurately
predict the benefit of hearing aid use in everyday situations (Cox, Alexander, & Rivera,
1991; Boymans & Dreschler, 2000). In order to capture hearing aid benefit in everyday
situations, outcome measure questionnaires are used to assess and document the
difference between the wearer’s auditory performance or experience after several weeks
or months of hearing aid use and their auditory performance or experience before hearing
1

aid fitting (Humes, 2001). Due to their importance in evaluating hearing aid satisfaction,
benefit and usage, outcome measures are of interest to clinicians, hearing aid providers,
researchers, hearing aid manufacturers, third-party payers, and hearing aid wearers
(Humes, 2003).
1.2 Audiological outcome measures
Outcome measures are typically performed objectively and subjectively as a part
of the hearing aid fitting process. Commonly used objective outcome measures focus on
measuring an increase in speech audibility or intelligibility in everyday listening situations
(Valente et al., 2006). There are many subjective self-report outcome measures available
for use in clinic, addressing areas such as auditory disability (activity limitation) with and
without hearing aids (e.g. Abbreviated Profile of Hearing Aid Benefit [APHAB] [Cox &
Alexander, 1995]), auditory handicap (participation restriction) with and without hearing
aids (e.g. the Hearing Handicap Inventory for the Elderly or for Adults [HHIE/A]
[Newman, Weinstein, Jacobson, & Hug, 1990; Ventry & Weinstein, 1982]), patient
satisfaction with hearing aids (e.g. Satisfaction with Amplification in Daily Life [SADL]
[Cox & Alexander, 1999]), or several dimensions related to hearing aid use (e.g. the
International Outcome Inventory for Hearing Aids [IOI-HA] [Cox & Alexander, 2002]).
There are also questionnaires addressing the evaluation of patient-specific goals (e.g. the
Client Oriented Scale of Improvement [COSI] [Dillon, James, & Ginis, 1997], and the
Glasgow Hearing Aid Benefit Profile [GHABP] [Gatehouse, 1999]).
1.3 Potential issues with currently used outcome measures
Perceived satisfaction and benefit, as evaluated by subjective outcome measures,
2

vary based on multiple factors, including the patient’s hearing profile (Gatehouse, 1994),
amplification variables (Souza & Tremblay, 2006), personality and perceived needs of the
patient (Hutchinson, Duffy, & Kelly, 2001; Schum, 1999), hearing aid provider comments
(Bentler, Neibuhr, Johnson, & Flamme, 2000), whether amplification was delivered in a
privately or publicly funded clinic (Cox, Alexander, & Gray, 2005), and even the format
and wording of questionnaire items (Schwarz, 1999). Another potential source of outcome
assessment variability is the retrospective recall required when performing any of the
available self-reported outcome measures. A large body of literature indicates that
retrospective assessment of events and experiences can often be inaccurate, due to
memory decay, recollection biases, and the use of cognitive heuristics to fill the gaps in
their memory so as to “make a good story” (Clark & Teasdale, 1982; Gorin & Stone,
2004, Shiffman, Stone, & Hufford, 2008). Furthermore, memory for auditory stimuli has
been long considered relatively weaker than memory for visual or tactile stimuli (Bigelow
& Poremba, 2014; Cohen, Horowitz, & Wolfe, 2009). An individual’s memory for certain
auditory stimuli characteristics can last for just a few seconds, or up to as long as 24
hours, depending on what characteristics of the sound(s) are being recalled (Deutsch,
1975, Winkler & Cowan, 2005; Yarmey & Matthys, 1992). The inaccuracy of
retrospective assessments is increasingly likely for average first-time hearing aid users,
who are 66-70 years old (Kochkin, 2009); studies indicate that a rapid decline in episodic
memory performance begins at about 60-80 years of age (Burke & Light, 1981; Nilsson,
2003). Additionally, current outcome measures are performed at a single time point, and
are unable to accurately capture changes in an individual’s experiences or behaviour over
time, and across situations (Carney, Tennen, Affleck, del Boca, & Kranzler, 1998). These
3

findings suggest that retrospective self-reported outcome measures of hearing aid benefit
may be inadequate for measuring perceived hearing aid benefit, especially if the goal of
the outcome measure is a contextual association such as measuring benefit during one of
the wearer’s varying everyday listening situations.
1.4 Contextual momentary assessment (CMA)
The growing widespread use of smartphones in North America (Barbour, 2013;
Smith, 2013), allows for the use of a different methodological approach to collect
subjective outcome measures of perceived hearing aid benefit. This methodological
approach is known as contextual momentary assessment (CMA) or ecological momentary
assessment (EMA) and involves repeated collection of real-time data on an individual’s
experience in their natural environment (Shiffman et al., 2008). CMA circumvents the
error and bias related to retrospective assessments, is more ecologically valid than
retrospective assessments, and is highly suited for capturing day-to-day variations in
mood, experiences and behaviours (Shiffman et al., 2008). CMA yields qualitatively
different information in comparison to traditional retrospective self-report measures;
CMA is more valid and better-suited for capturing experiences in a specific moment
whereas retrospective measures are better suited for obtaining an overall impression or
prediction of future behavior (Shiffman et al., 2008). Based on this evidence, it is possible
that CMA could be a better method for measuring hearing aid benefit, especially for
specific everyday listening situations. Although CMA employs various technologies,
targets of assessment, and schedules of data collection, it is always focused on obtaining
repeated measures in real-time from individuals in their natural environment (Stone,
4

Shiffman, Atienza, & Nebeling, 2007).
1.5 Challenges to CMA usage
Challenges for the application of CMA to clinical treatment generally include
participant burden, sample bias, poor compliance, increased reactivity (i.e., the potential
for behavior or experience to be affected by the act of assessing it), and the user’s
technological ability (Palmier-Claus, 2011). Recent studies on employing CMA to assess
hearing aid experiences have found that CMA is feasible for evaluating subjective
experiences by hearing aid users (Hasan, Chipara, Wu, & Aksan, 2014; Hasan, Lai,
Chipara, & Wu, 2013). Galvez et al. (2012) found that CMA was feasible among elderly
hearing aid users; the potential limitations of participant burden and poor compliance
were minimized with a maximum of four alerts per day and three minutes to complete
each questionnaire. Additionally, Galvez et al. (2012) reported that the hearing aid users
did not demonstrate reactivity based on pre- and post- HHIE scores. As for the limitation
of the user’s technological ability, a study in 2013 found that 56% of adults in the U.S. are
smartphone owners1 (Smith, 2013). The growing ownership of smartphones suggests that
the CMA limitation of user technological ability with smartphones will likely become
negligible in the near future.
1.6 CMA validity and reliability
Before the CMA methodology can be applied to collect outcome measures for any
clinical treatment, it is important that the validity and reliability be established (Thiele,

1

Smartphone ownership decreases with age; 55% of individuals between 45 and
54, 39% between 55 and 64, and 18% over 65 own a smartphone (Smith, 2013).
5

Laireiter, & Baumann, 2002). There are two possible threats to CMA validity and
reliability as a hearing aid outcome measure: (a) response timing relative to the event, (b)
presence of a secondary task.
1.6.1 CMA response timing
CMA response timing (i.e., the length of time between the CMA prompt and the
completion of the CMA) relative to a particular listening event has the potential to affect
the validity and reliability of CMA ratings. The suspension of a CMA response is
necessary in the field at times when CMA is inconvenient (e.g., when driving, during a
movie, during a meeting). CMA response timing issues have been previously researched,
with evidence showing that suspending a CMA prompt until after an event, or frequently
suspending a CMA prompt may threaten the ecological validity of the data (Scollon, KimPrieto, & Diener, 2003; Tennen, Affleck, Coyne, Larsen, & DeLongis, 2006). An
individual’s memory for sounds could threaten the ecological validity of CMAs targeting
the perceived benefit of hearing aids in a particular listening situation. The ability to
identify voices can vary from 2 minutes (Winkler & Cowan, 2005) to 24 hours (Yarmey
& Matthys, 1992), and the ability to remember sound qualities such as pitch can decay
within a few seconds (Deutsch, 1975). Additionally, annoyance ratings performed while
listening to highly disruptive speech and completing a secondary task (visual memory)
have been shown to be much higher in comparison to post-task annoyance ratings
(Zimmer, Ghani, & Ellermeier, 2008). Based on these findings, it is important to
determine whether the validity and reliability of CMA responses are altered when ratings
are made immediately after a listening event as opposed to ratings made while
6

experiencing the particular listening event. Future studies will determine an acceptable
length of time after the listening event before CMA ratings could potentially become
invalid and/or unreliable.
1.6.2 Presence of a secondary task
Since multi-tasking occurs regularly in daily life, the presence of a secondary task
at the time of completing the CMA could potentially affect the validity and reliability of
CMA ratings. Currently, many people engage in media-multitasking (Foehr, 2006), such
as watching TV while using a smartphone. It is possible that the presence of a secondary
task while the individual is trying to attend to speech or music, or simply the presence of
having to complete the CMA during a listening situation may affect CMA ratings. Fraser,
Gagne, Alepins, and Dubois (2010) demonstrated that a secondary task has an effect on
listening effort; they found that subjective ratings of listening effort were significantly
higher when participants were performing a dual-task paradigm involving speech
recognition and tactile pattern recognition in comparison to effort ratings when
performing the single task of speech recognition.
When performing two tasks simultaneously (e.g., communicating while
performing a secondary task), the prioritization and allocation of attentional resources
may affect how accurately individuals perceive and recall a listening event. Studies on
dual-task paradigms indicate that the division of attention based on task prioritization can
have an effect on task performance (Fisher, 1975; Janssen, Brumby, & Garnett, 2012;
Wickens, 2003). Additionally, memory encoding is challenged when an individual’s
attention is divided between two tasks (Naveh-Benjamin, Craik, Guez, & Krueger, 2005;
7

Nyberg, Nilsson, Olofsson, & Backman, 1997). Based on previous research regarding the
effects of multi-tasking on task performance and memory encoding, it would be useful to
determine whether the presence and relative prioritization of a secondary task affects the
rating validity and reliability for sound and speech characteristics.
1.7 Purpose
CMA has the potential to be a useful approach for collecting an accurate measure
of hearing aid benefit during specific day-to-day listening situations, providing a more
complete description of the hearing aid users’ everyday experiences during their treatment
than retrospective questionnaires. Outcome measures collected using the CMA
methodology can be used in several other ways: (a) to verify and fine-tune the functioning
of automatic program switching2, (b) to guide the adjustment of the hearing aid settings
for particular listening situations, (c) to allow for the provision of a more individuallytailored counseling strategy regarding the individual’s lifestyle and related listening
situations. The use of CMAs to collect data regarding hearing aid users’ experiences has
already been deemed feasible among hearing aid users (Galvez et al., 2012; Hasan et al.,
2013; Hasan et al., 2014), but before outcome measures collected using the CMA
methodology can be used for optimizing hearing aid benefit, we must establish whether

Automatic program switching is a hearing aid feature that responds to a wearer’s
day-to-day variation in their listening environment by classifying the acoustic scene, and
based on the classification, applies changes to microphone directionality, turns features
such as noise reduction on or off, and adjusts the frequency response of the hearing aid to
best suit the listening environment (Edwards, 2007). Automatic program selection can
sometimes be inconsistent with the wishes of individual wearers, particularly in speechin-noise situations; further analysis of the acoustic parameters and subjective preferences
of the individual wearer may help to optimize and fine-tune the automatic program
switching feature (Buechler, 2001).
8
2

CMA is capable of facilitating valid and reliable subjective measures of listening
experiences.
1.8 Research questions
The overall primary objective of this study was to determine whether CMA is
capable of facilitating valid and reliable evaluations of subjective listening experiences in
lab-controlled acoustic conditions. Secondary and tertiary objectives of this study were to
determine whether CMA validity and reliability are altered significantly by the timing of
the CMA relative to the listening event (Experiment I), or by the presence of a secondary
task, with focus on either the primary or the secondary task (Experiment II).

9

Chapter 2: Methodology
2.1 Introduction
This study employed a block-randomized, within-subject factorial design
involving three factors: (a) 3 levels of speech intensity for sentences [50, 65, and 80 dB
SPL]; (b) 3 levels of signal-to-noise ratio (SNR) [0, +5, +10 dB]; (c) 2 levels of CMA
timing (Experiment I) [rated while or after listening to the sentences], or task attention
focus (Experiment II) [sentence repetition focus or connect-the-dots focus].
Participants completed the study over one or more sessions in the Amplification
Research Lab at the University of British Columbia. During the initial screening, which
lasted up to 1 hour, participants completed the following tasks: (a) informed consent; (b)
hearing history and general health questionnaire; (c) cognitive screening test; (d) hearing
test; (e) near vision screening test; (f) hearing aid fitting; and (g) questionnaires regarding
demographics, hearing status, hearing aid satisfaction, and personality.
During the data collection phase, which was completed either immediately after
the screening or over one or more additional sessions, participants performed Experiment
I and Experiment II, beginning with a practice session for each experiment. In both
Experiment I and Experiment II, a CMA was completed for each listening trial. For each
and every listening trial in both experiments, participants repeated back 4 sentences (with
a per-trial overall minimum of 16 keywords) and completed a CMA regarding the 4
sentences. In Experiment I, participants completed the CMA either while listening to the
four sentences, or immediately after they were done listening to the four sentences. In
Experiment II, participants performed a secondary visuo-motor task while listening to the
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sentences simultaneously, then completed the CMA immediately after they were done
listening to the sentences. In Experiment II, the participants’ attention was focused on
either the primary sentence repetition task or on the secondary connect-the-dots task.
Experiment II also incorporated eight equally-distributed baseline trials, with four
involving only sentence repetition in quiet, and four involving only connect-the-dots. For
both experiments, participants experienced 3 trials for each of the 18 experimental
conditions (54 total trials per experiment). Overall, every participant performed 116
listening trials in total ([Experiment I = 54] + [Experiment II = 54 + 8 baseline trials = 62]
= 116) across both experiments. The trial listening conditions were presented in a random
order for each participant using a Latin square randomization to minimize sequence
effects. Sequence effects were further minimized by assigning half of the participants to
begin with Experiment I, and the other half to begin with Experiment II. The time to
complete all the trials ranged from 1.5 to 3 hours.
2.2 Participants
Participants included 12 adults, 3 males and 9 females, who were 21 to 76 years of
age (mean age, 49.1 years). All participants were experienced hearing aid users (at least 6
months of recent, regular hearing aid use) with a mild to severe sensorineural (i.e., lesion
or disease of the inner ear and/or the auditory nerve) hearing loss, based on a threefrequency (0.5, 1, and 2 kHz) pure-tone average (PTA) ranging from 31 to 64 dB HL
(mean PTA, 50 dB HL). Audiograms for each individual participant are presented in order
by their code number in Appendix A. Mean, maximum, minimum, 25th, and 75th
percentile pure-tone air conduction thresholds for both ears in dB HL at 0.25, 0.5, 1, 2, 3,
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4, 6, and 8 kHz across participants are shown in Appendix B. Participant characteristics
(age, gender, hearing aid experience, right and left ear pure-tone averages, cognitive
screening, and health-related QoL) are shown in Table 2.1. One participant (505) had a
unilateral profound loss, and was fitted with only one hearing aid on their aidable ear for
the study; their unaidable (left) ear threshold was not included in the data used for
Appendix B. All other participants were fitted binaurally.
Participants were recruited through the distribution of pamphlets advertising the
study in community centres, senior centres, and hearing aid clinics in the Vancouver area,
and through email advertisement to past study participants with hearing aid experience.
All participants were initially screened through phone and email contact to meet the
following inclusion criteria: over 18 years of age, fluent in English, able to transport
themselves to and from the lab, and have at least 6 months of current hearing aid
experience. At the first session, participants were screened to meet the following
additional inclusion criteria: completed informed consent; passed (scored ≥ 26) the
Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005); near visual acuity
equal to or better than 20/100; self-reported minimum of “5” on a 10-point scale of healthrelated quality of life; sensorineural hearing loss (average air-bone gap no more than 15
dB across 0.5, 1, and 2 kHz), and have a three-frequency PTA (0.5, 1, and 2 kHz) between
25 dB HL and 70 dB HL binaurally, or in one ear if the other ear’s PTA was over 70 dB
HL.
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Table 2.1. Participant characteristics listed by increasing age

Participant
code #
109
505
171
906
449
223
881
155
687
164
314
733

Age
21
24
30
35
37
42
57
61
66
67
73
76

Gender
M
F
F
F
M
F
M
F
F
F
F
F

Hearing aid
experience
(years)
15
20
15
30
32
35
7
26
30
16
15
10

Pure-tone average (dB
HL)
Right
60
37
45
52
57
60
27
57
58
50
48
47

Left
57
107
47
33
57
55
28
45
55
50
43
55

MoCA score
28
29
29
28
30
30
28
27
29
29
30
27

Healthrelated QoL
score
7
9
10
8
10
10
10
5
9
8
10
9

Note. Pure-tone averages (PTA) are based on 3 frequencies: 0.5, 1, and 2 kHz. dB HL = Hearing level (American National Standards
Institute, 2010); MoCA = Montreal Cognitive Assessment; health-related QoL = health-related quality of life.
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2.3 Apparatus and stimuli
2.3.1 Auditory stimuli
The auditory stimuli were 536 female-voiced sentences with 3 to 5 keywords each,
from the Institute of Electrical and Electronic Engineers (IEEE) (Brouwer, Van Engen,
Calandruccio, & Bradlow, 2012; IEEE, 1969), and Bamford-Kowal-Bench (BKB)
(Bench, Kowal, & Bamford, 1979; Calandruccio et al., 2010; Van Engen, 2010) sentence
lists, in a background of four-talker babble noise (Auditec of St. Louis, 1971). All
sentences were adjusted to have the same root-mean-square (rms) level using PRAAT
(version 5.3.77). The sound intensity levels chosen for the sentences (50, 65, and 80 dB
SPL), and the noise (0, +5, +10 dB SNR) are considered to represent the range of speech
levels and SNR in various environments (Pearsons, Bennett, & Fidell, 1977; Smeds,
Wolters, & Rung, 2015).
The noise used for all trials was a four-talker babble taken from a commercially
available recording composed of two male and two female talkers reading independent
passages (Auditec of St. Louis, 1971). The 11-minute-long noise track was played
continuously throughout each trial, beginning from the point that the noise track was
paused at the end of the previous trial. The noise and speech levels were calibrated weekly
throughout data collection, and biological listening checks were performed daily prior to
testing.
2.3.2 Contextual momentary assessment questionnaire
The CMA questionnaire was composed of four sound quality or speech
intelligibility ratings and was completed using the touch screen of an android smartphone
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(Motorola Moto G), which required a near visual acuity of 20/125 to complete. Four
dimensions were rated using an 11-point Likert-type scale: (a) intelligibility, (b) noisiness,
(c) listening effort, (d) loudness. The four rating dimensions, end-point categories, and
instructions to be used for each question were taken from Preminger and Van Tasell
(1995a, 1995b). CMA rating instructions and end-point categories used are shown in
Appendix C.
Preminger and Van Tasell (1995a, 1995b) employed a 100-point rating scale, and
based on Miller (1956), assumed that a realistic confidence interval for responses was
approximately 20 points. Instead of a 100-point scale, this study used an 11-point Likerttype scale with end point categories for the two extremes of the scale. The 11-point
Likert-type (0 to 10) scale was chosen based on the following factors: (a) the rating scale
had to fit and be easily visible on a smartphone screen; (b) the number of scale intervals
used was sufficient for describing the range of subjective categories for each rating
dimension; (c) test-retest reliability tends to be maximal at 7 response categories, and
decreases minimally for scales with more than 10 response categories (Preston &
Coleman, 2000; Weijters, Cabooter & Schillewaert, 2010); (d) it is a standard scale used
for outcome measures in audiology.
2.3.3 Hearing aids
All participants were fitted with a pair of Phonak Ambra microM behind-the-ear
(BTE) hearing aids. The aids were fitted using SlimTubes, closed domes, and the NALNL1 fitting prescription through Noah 4 and Phonak TargetTM 3.2 software. Real-ear
verification of the fitting was completed using the FONIX® 7000, to ensure that the
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frequency response to the speech-weighted spectrum at 50, 65, and 80 dB SPL input
levels was within +/- 8 dB of the NAL-NL1 targets prescribed for 500, 1000, and 2000 Hz
whenever possible (per the criteria established by Polonenko et al., 2010). Mean, range,
25th, and 75th percentiles for dB distance from NAL-NL1 prescription gain targets at 0.5, 1
and 2 kHz for both ears in response to a 65 dB SPL speech-weighted spectrum are shown
in Appendix D.
The hearing aids were set with SoundRecover3 off, and a single, fixed hearing aid
program called “Speech in Noise”. “Speech in Noise” is one of the frequency response
settings from Phonak’s automatic program-switching system “SoundFlow”. The program
“Speech in Noise” was chosen because it would be triggered in the field under acoustic
situations similar to all the lab-controlled listening conditions. The hearing aid settings
were then saved to Noah 4 when the fitting was complete.
2.3.4 Secondary task
Participants completed the secondary connect-the-dots task on a touch screen
using the SANZEN “Trail Making” program (Keller, 2014), which was developed for
creating and administering cognitive tests for neuropsychological assessment. The
program allowed for greater ease of administering the secondary connect-the-dots task,
and was capable of timing participants’ responses, automating the scoring, and providing

3

SoundRecover’s primary objective is to restore audibility for high frequency
inputs through to 10 kHz. SoundRecover compresses the signal above a specified cut off
frequency whereas frequencies below the cut off frequency will be amplified normally
(Phonakpro.com, 2014). Due to variable clinical outcomes (Glista, Scollie, Bagatto,
Seewald, Parsa, & Johnson, 2009; O’Brien, Yeend, Hartley, Keidser, Nyffeler, 2010;
Simpson, 2009) and lack of evidence-based research to guide the selection of frequency
compression parameters, the SoundRecover feature was not enabled for this study.
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accurate results, but was not used as a cognitive test in this context. The reasons for using
connect-the-dots as the secondary task were as follows: (a) the task was sufficiently
challenging and distracting, but not overly challenging that participants would require
extensive practice beforehand; (b) most participants over 18 years of age would be
physically able to complete the task while simultaneously performing the listening task;
(c) the task was non-linguistic and visuo-motor, so it would minimally interfere with the
auditory and language processing involved in the listening task (Baddeley & Logie, 1999;
Pashler, 1994).
The secondary connect-the-dots task required participants to touch circled
numbers on a screen starting at 1 (labeled “START”) and connect the numbered circles
from 1 to 40 in increments of 1 as quickly and as accurately as possible. The placement
coordinates of the numbered dots were randomly chosen using a MATLAB randomization
function for each connect-the-dots trial. In total, 58 connect-the-dot trials with randomized
patterns were created so that no pattern was repeated for each participant. For screenshots
of a sample connect-the-dots trial, see Appendix E.
2.3.5 Equipment
Participants were seated in a double-walled sound-treated booth facing a speaker
(Behringer TRUTH B2031A) 2 ft directly in front at 0° azimuth in the horizontal plane. A
touch screen display (Elo Touch Solutions 1915L 19” Desktop Touchmonitor) was placed
on a table to the side of their handedness for the secondary connect-the-dots task. A
microphone (Crown Sound Grabber II Pressure Zone Microphone) was mounted on the
table in front of the participant and connected to a digital voice recorder (Olympus DS17

2300) to record their spoken responses on the sentence repetition task for later
verification, if needed. The participant was provided with a written copy of the CMA
rating dimension instructions on the table in front of them. Appendix C shows the
instructions for rating each CMA dimension.
To run the experiment, the experimenter used a custom-written (© Gillen)
MATLAB (version R2013b) function that automated the following: randomization of the
listening trial conditions, presentation of the four-talker noise at the correct SNR for each
listening trial, presentation of randomly-chosen sentence tracks at the appropriate speech
level, collection of the number of keywords repeated back correctly for each sentence, as
well as prompting the experimenter when to display the connect-the-dots task, and when
to alert the participant to begin filling out the CMA on the handheld device. The
MATLAB program commands were viewed on the experimenter’s primary display
monitor. A secondary display (which could be controlled by the experimenter) was split
using an analogue monitor splitter to the touch screen monitor (Elo Touch Solutions
1915L 19” Desktop Touchmonitor) in the sound booth for the participant to view and use
to complete the connect-the-dots task. The participant’s touch screen display was
controlled by the experimenter through a data transfer switch, and was used to alert the
participant when to complete the CMAs for Experiment I (timing of rating).
2.3.5 Questionnaires
Each participant filled out questionnaires regarding demographics, hearing status,
hearing aid satisfaction, and personality (see Appendix F for questionnaire package). The
questionnaire on demographics gathered information regarding age, gender, living
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arrangement, education level, employment status, income, and how recently they (or their
family) had immigrated to Canada. The questionnaires on hearing status included the
Hearing Handicap Inventory for the Elderly or for Adults (HHIE/A) (Newman et al.,
1990; Ventry & Weinstein, 1982), and the Abbreviated Profile of Hearing Aid Benefit
(APHAB) (Cox & Alexander, 1995). The questionnaires on hearing aid satisfaction
included the Satisfaction with Amplification in Daily Life (SADL) (Cox & Alexander,
1999), and the International Outcome Inventory for Hearing Aids (IOI-HA) (Cox &
Alexander, 2002); these questionnaires were filled out regarding the participants’ own
hearing aids. The personality questionnaire used was the Big Five Inventory (BFI) (John,
Donahue, & Kentle, 1991; John, Naumann, & Soto, 2008). Questionnaire data were
collected as possible co-variates for later analyses, but will not be reported further in this
thesis.
2.4 Procedure
2.4.1 Session I (screening)
Participants initially completed informed consent (see Appendix G), and filled out
a questionnaire on their hearing history and general health (see Appendix H). If the
participant scored less than “5” on a 10-point scale of health-related quality of life, they
were asked if they felt well enough to continue the session, or if they would like to
reschedule their appointment. Following the consent and hearing health forms, the
experimenter administered a 10-minute cognitive screening test, the Montreal Cognitive
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Assessment4 (MoCA) (Nasreddine et al., 2005). See Appendix I for the MoCA test form,
and Appendix J for MoCA administration instructions. The MoCA was chosen over the
Mini-Mental State Examination (MMSE) due to research evidence suggesting that the
MoCA was more sensitive to mild cognitive impairment (Freitas, Simões, Alves, &
Santana, 2013).
Participants’ hearing thresholds were then obtained using insert earphones (ER3A) while seated in a double-walled, sound-attenuating room with ambient noise levels
complying with American national standards (American National Standards Institute,
1999). The hearing evaluation included otoscopy, pure-tone air- (at 0.25, 0.5, 1, 2, 3, 4, 6,
and 8 kHz) and bone-conduction (at 0.5, 1, 2, 3 and 4 kHz) audiometry, and loudness
discomfort levels (LDLs) for 500 Hz and 3000 Hz (see Appendix K for LDL
methodology used). Pure-tone audiometry was performed by the experimenter using a 5
dB step-size bracketing method (2 steps down, one step up, threshold at the tone intensity
with 50% response rate) with a GSI-61 audiometer calibrated in accordance with
American national standards for threshold measurement (American National Standards
Institute, 2010). A near vision screening was also performed using a Reading Text chart at
16 cm from the participant’s eyes, to screen for at least 20/100 corrected near vision. The
hearing aid fitting was real-ear verified using the FONIX® 7000 to meet NAL-NL1
prescription gain targets, and then saved to Noah 4. Lastly, participants were given a
questionnaire package on demographics, hearing status, hearing aid satisfaction, and
personality (see Appendix F) to complete at the lab or at home.

4

One participant opted to receive the MoCA task instructions in written form so
they could be sure that they understood the task correctly.
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2.4.2 Session II
Session II lasted up to 3 hours and was performed either immediately after the
screening session or over multiple separate sessions, depending on the participant’s
preference5. Session II consisted of Experiments I and II; each participant was randomly
assigned to start with either Experiment I or II, and, for Experiment II, to start with either
their attention focused on sentence repetition or connecting-the-dots. Before each
experiment, the participant performed up to two practice trials for familiarization with the
task. Each participant was randomly assigned a particular sequence of listening conditions
for each experiment in order to reduce sequence effects.
2.4.3 Practice session (Experiment I)
In the practice session for Experiment I, participants were told to read the
instructions for the four CMA rating dimensions, and were provided a written copy of the
instructions if they needed to remind themselves of the instructions at any time. The
participants were then instructed on how to use the smartphone to fill out the CMA. When
participants reported that they were comfortable using the handheld device, two practice
trials were performed to ensure that the participant understood the instructions for the
experimental task.
2.4.4 Experiment I—timing of ratings
In Experiment I, CMAs were performed either while, or immediately after
listening to the sentences in one of the nine different listening conditions. For every

5

Only one participant (out of twelve) was tested across two separate sessions. All
other participants completed the testing in one session.
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randomly presented listening condition, participants performed a sentence repetition task
where they repeated back four randomly chosen sentences, for a total of 16-18 keywords
per trial. The presentation timing of each sentence as well as the scoring of each sentence
was controlled by the experimenter who was able to use visual cues to aid with scoring
(they were able to see the participant through the sound booth window). An audio
recording of the participant’s responses was collected for later verification, if needed.
For each listening trial, participants were alerted to begin completing the CMA on
the smartphone via a message presented on the touch screen display. When the participant
was to perform the CMA while listening to the sentences, the alert always occurred
immediately after the experimenter entered the number of keywords correct score for the
first sentence. The rating responses were logged by the smartphone once completed. Prior
to testing, participants were instructed on the sentence repetition task and were told to
complete the CMA ratings as soon as they saw the alert on the touch screen. The verbatim
instructions were as follows:
You will hear a woman say sentences with people talking in the background.
Please repeat back the sentences that the woman says. Repeat as much of the sentence as
you can, even if you only could hear one word. It is ok to guess if you are unsure. You
will be alerted to complete an evaluation of your listening situation on the computer
screen. Please complete your ratings on the device as soon as you are alerted. You may
take a break at any time. Any questions?
Through the course of Experiment I, all nine listening conditions were experienced
three times, each with a CMA performed either while or immediately after listening to the
sentences for a total of fifty-four listening trials (3 speech levels * 3 SNRs * 2 rating
timing levels * 3 repetitions).
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2.4.5 Practice session (Experiment II)
In the practice session for Experiment II, if the participants had not done so
already, they were familiarized with the four CMA rating dimension instructions, and how
to use the smartphone to complete the CMA. Participants were then familiarized with the
connect-the-dots task, and performed 5 timed (30 second) trials of the connect-the-dots
task. Before starting the test trials, two practice trials were completed to ensure that the
participant was comfortable with the instructions for the experiment.
2.4.6 Experiment II—task focus
In Experiment II, CMA was always performed immediately after listening to the
sentences, with attention primarily focused on either the sentence repetition task or a
secondary non-linguistic, visuo-motor task of connect-the-dots. Each listening trial
involved a sentence repetition task and a simultaneous connect-the-dots task. The
sentence presentation began as soon as the participant pressed the circled number “1”
(START) on the touch-screen. When the keywords correct score for the fourth sentence
track was entered, the touch screen for the secondary task was shut off, and the participant
completed a CMA. Equally distributed throughout Experiment II (every 7 trials), there
were 8 baseline trials. When focus was directed at sentence repetition, the baseline trials
involved sentence repetition of four sentences in quiet at average intensity (65 dB SPL),
with no secondary task. When focus was directed at the connect-the-dots task, the baseline
trials involved only the connect-the-dots task. The scores on the connect-the-dots task
during these baseline trials were collected in order to help calculate the participants’
baseline performance for the connect-the-dots task.
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Participants were instructed to regard either the sentence repetition task or the
connect-the-dots (secondary) task as the more important of the two, using instructions
adapted from those shown to be effective in altering primary attention (Fisher, 1975). The
verbatim instructions for the primary task (sentence repetition) focus were as follows:
You will work on two tasks simultaneously. Repeat back the sentences that the
woman says, and use the touch screen to connect the dots in order starting from 1 as
accurately and as quickly as possible. We are asking that you regard the sentence
repetition task as the main and most important of the two. At the end of the session,
please complete the evaluation of your listening situation on the handheld device. Let me
know if you need to rest between test sessions. Remember, the sentence repetition task is
the main and most important of the two.
The verbatim instructions for the secondary task (connect-the-dots) focus were as follows:
You will work on two tasks simultaneously. Repeat back the sentences that the
woman says, and use the touch screen to connect the dots in order starting from 1 as
accurately and as quickly as possible. We are asking that you regard the connect-the-dots
task as the main and most important of the two. At the end of the session, please complete
the evaluation of your listening situation on the handheld device. Let me know if you need
to rest between test sessions. Remember, the connect-the-dots task is the main and most
important of the two.
All participants then performed 3 repetitions of the 9 listening conditions with 4
equally distributed rest trials (31 trials total). Participants were then instructed to change
their attention focus using the instructions framework taken from Fisher (1975), before
performing the same number of trials again (another 31 listening trials) with the new task
focus.
In summary, participants experienced all nine listening conditions three times for
each task focus for a total of 54 trials (3 speech levels * 3 SNRs * 2 task focus levels * 3
repetitions) plus 8 baseline trials for a total of 62 trials in Experiment II.
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2.5 Data analysis
2.5.1 Overview
Two important traits of an outcome measure are validity and reliability. Validity is
the ability of an instrument to measure what it intends to measure, and reliability is the
ability of the instrument produce the same value each time it is used if no change has
occurred (Devon et al., 2007). The validity for each of the four rating dimensions was
analyzed by examining criterion validity and construct validity. Criterion validity refers to
the strength of the relationship between the subjective ratings and their corresponding
objective measures, while construct validity is the degree to which an instrument
measures what it is intended to measure (Devon et al., 2007). Reliability was evaluated
using intra-rater reliability for each rating dimension based on the repeated measurements
participants performed in the same lab-controlled listening situations.
2.5.2 Criterion validity
The criterion validity was evaluated for the intelligibility, noisiness, listening
effort, and loudness ratings by evaluating how strongly they correlated with related
objective measures. The general guidelines used for interpreting the correlation
coefficients were as follows: 0 = Zero, .1–.3 = Weak, .4–.6 = Moderate, .7–.9 = Strong, 1
= Perfect (Dancey & Reidy, 2004). Intelligibility ratings for each completed CMA were
correlated to the percent total keywords the participant repeated back correctly (scored by
the experimenter) in the corresponding listening trial. Noisiness and loudness ratings were
correlated to the known, calibrated intensity levels that were presented for the background
noise and the speech level during the corresponding listening trial.
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Criterion validity analysis of the listening effort rating dimension was not as
straightforward as intelligibility, noisiness and loudness. Analyzing listening effort is
problematic because subjective ratings are often not correlated with objective measures of
listening effort (Fraser et al., 2010; McGarrigle et al., 2014; Sarampalis, Kalluri, Edwards,
& Hafter, 2009). However, listening effort has some relation to intelligibility in speech-innoise situations and is often measured objectively in research using recall, or reactionbased secondary task paradigms (Picou, Ricketts, Hornsby, 2013). To examine listening
effort validity, this study compared listening effort ratings to intelligibility (percent
keywords correct) for Experiments I and II, and to performance on the secondary connectthe-dots task in Experiment II.
The effects of rating timing (Experiment I), task focus (Experiment II), and
secondary task presence on the criterion validity of the ratings were analyzed by
determining whether the correlation of subjective ratings to their corresponding objective
measures were significantly stronger under one condition compared to the other. These
dependent correlations were compared by hand using Steiger’s (1980) modification of
Dunn and Clark’s z with a backtransformed average z procedure (Silver, Hittner, and
May, 2004, Equation 5), which was shown to have a minimal Type I error rate (Silver et
al., 2004).
2.5.3 Construct validity
The construct validity was evaluated for the four rating dimensions by comparing
the change in ratings to the following a priori hypotheses: (a) intelligibility ratings will
increase (improve) with increasing SNR, (b) noisiness ratings will increase (be perceived
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as louder) with increasing background noise6, (c) listening effort will increase (worsen)
with decreasing SNR, (d) loudness ratings will increase with increasing speech level. The
CMA ratings (dependent variables) for each of the 4 dimensions (intelligibility, noisiness,
listening effort, loudness) were analyzed for each of the two experiments with a three-way
repeated-measures analysis of variance (ANOVA) using the IBM SPSS Statistics program
(IBM Corp., 2013) (Experiment I independent variables—CMA timing [2 levels], speech
level [3 levels], signal-to-noise ratio [3 levels]; Experiment II independent variables—task
focus [2 levels], speech level [3 levels], signal-to-noise ratio [3 levels]).
The effect of secondary task presence was analyzed by comparing CMA ratings
made with and without the secondary task: focus on the sentence repetition task in
Experiment II compared to ratings made after the sentences in Experiment I using a threeway repeated-measures ANOVA (independent variables--number of tasks [2 levels],
speech level [3 levels], signal-to-noise ratio [3 levels]).
2.5.3 Reliability
Reliability, defined in this study as the consistency of ratings within a specific
listening condition within each participant (intra-rater reliability), was evaluated using
intraclass correlation coefficients (ICC). ICCs were calculated for the four rating
dimensions of intelligibility, noisiness, listening effort, and loudness for each timing
condition for Experiment I (timing of ratings), and for each task focus condition for

Increasing background noise level is shorthand for “decrease in SNR within each
speech level”. The background noise levels employed in this study ranged from 40 dB to
80 dB by 5 dB increments.
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Experiment II (task focus). The ICCs and their 99% confidence intervals7 were
determined by hand using a method appropriate for randomized block designed
experiments where participants perform multiple measurements for each condition (Gwet,
2008, Equation 10; Balakrishnan & Gwet, 2014). The general guidelines used for
interpreting the intra-rater reliability ICCs were as follows: < .40 = “Poor”, .40–.74 =
“Fair to good”, .75–1.00 = “Excellent” (Cicchetti & Sparrow 1981).
2.5.4 Secondary task (connect-the-dots) performance
Performance on the secondary connect-the-dots task was analyzed to examine
whether participants as a whole did indeed focus on either the primary or secondary task
as instructed. Baseline performance on the connect-the-dots task was calculated using the
dots per minute scores for the final 28 practice connect-the-dot trials and the 4 equally
distributed baseline trials that were performed throughout the testing block in Experiment
II where participants were focused on connect-the-dots. Using paired t-tests, connect-thedots performance was compared for the following: (a) the focus on connect-the-dots
condition versus the focus on sentence repetition condition, (b) the baseline performance
versus focus on sentence repetition, and (c) the baseline performance versus focus on
connect-the-dots.

7

The comparison of ICCs in this study was a multiple inference, and requires
adjusting confidence intervals to 99% in order to reduce Type I error (Hochberg &
Tamhane, 1978).
8
Pilot studies with 3 normal-hearing young adults showed that the last 2 of 5
practice connect-the-dots trials reached an asymptote where dots per minute scores were
within +/- 2 of each other.
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Chapter 3: Results
3.1 Overview
Criterion validity
Ratings for intelligibility, noisiness, and loudness were strongly correlated
(Dancey & Reidy, 2004) with their corresponding objective measures (percent keywords
correct, background noise intensity, and speech level) regardless of rating timing,
secondary task presence, or task focus. Intelligibility had the strongest correlation with
percent keywords correct when rated after the listening event, in the absence of a
secondary task. Noisiness and loudness had the strongest correlation with background
noise intensity and speech intensity when ratings were made while the participant was
listening to the sentences.
Ratings for listening effort were moderately correlated with the objective measure
of intelligibility (percent keywords correct) in the single task condition, and rating timing
had no effect on the strength of correlation. When a secondary task was present, listening
effort ratings correlated weakly with percent keywords correct, and task focus had no
effect on the strength of correlation. Listening effort ratings were also moderately
correlated with secondary connect-the-dots task performance (correct dots per minute),
and was not significantly different due to task focus.
Construct validity
Results for Experiment I and Experiment II revealed that ratings for three of the
four dimensions, intelligibility, noisiness, and loudness, changed significantly in the
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patterns predicted: (a) intelligibility ratings increased (improved) with increasing signalto-noise ratio (SNR) (i.e., speech increased in intensity compared to the background
noise); (b) noisiness ratings increased (worsened) with increasing speech level and with
decreasing SNR under each of the three speech levels; (c) loudness ratings increased with
increasing speech level. CMA timing (Experiment I) had a significant effect on noisiness
at 80 dB SPL, and on loudness at 65 dB SPL and 80 dB SPL. Both noisiness and loudness
ratings made after the sentences were lower than ratings made while listening to the
sentences. The presence of a secondary task, and whether the task focus was on the
sentence repetition task or on the secondary task (connect-the-dots) did not have any
effect on ratings for all any of the 4 dimensions across all 9 listening conditions.
Results for the fourth rating dimension, listening effort, partly agree with the
hypothesis that effort increases with decreasing SNR, In Experiment I, an interaction
between SNR and speech level was evident. Increasing SNR resulted in a significant
decrease in listening effort ratings, but only for 65 dB SPL and 80 dB SPL speech levels.
Listening effort ratings showed ceiling effects (maximum listening effort) for 50 dB SPL.
In Experiment II, listening effort ratings were unaffected by changes in SNR when a
secondary task was present. Listening effort data for Experiment II show that there were
ceiling effects (maximum listening effort) for many participants.
Reliability
Intra-rater reliability was fair to good (Cicchetti & Sparrow 1981) for intelligibility
ratings in both Experiments I and II, and fair to good for noisiness and loudness ratings
made after listening to the sentences and when a secondary task was present. Intra-rater
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reliability was excellent for noisiness and loudness ratings made while listening to the
sentences. Listening effort intra-rater reliability was poor across both Experiments I and
II.
3.2 Experiment I—timing of ratings
3.2.1 Intelligibility
Criterion validity
Scatter plots with regression lines for percent keywords correct and intelligibility
ratings made while listening to the sentences (panel A), and after listening to the sentences
(panel B) are shown in Figure 3.1. In both conditions, the participants’ intelligibility
ratings correlated strongly (Dancey & Reidy, 2004) with the percent keywords they
repeated back correctly9 (while: r = .75, 95% CI [.70, .80], p < .001; after: r = .83, 95% CI
[.80, .86], p < .001). There was an effect of rating timing on the correlation between
intelligibility ratings and percent keywords correct; intelligibility ratings made after
listening to the sentences correlated more strongly with their corresponding percent
keywords correct than intelligibility ratings made while listening to the sentences, z =
3.64, p < .001.

9

Sentence repetition performance (percent correct keywords) means and standard
deviations for each participant, and means and standard errors across participants in each
of the 9 listening conditions are shown in Appendix L.
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Figure 3.1. Correlation between intelligibility ratings and sentence repetition percent keywords correct for ratings made while
listening to the sentences (panel A), and after listening to the sentences (panel B). Pearson’s correlation coefficients are shown inside
the graphs.
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Construct validity
Means and 95% confidence intervals for Experiment I intelligibility ratings are
shown in Figure 3.2, and listed in Table M.1 in Appendix M. A three-way analysis of
variance showed that timing of rating (CMA completion either while listening to or
immediately after listening to the sentences) had no effect on intelligibility ratings, F(1,
11) = 1.42, p = .259. There was an interaction between SNR and speech level on
intelligibility ratings, F(4, 44) = 9.12, p < .001. The results revealed a general pattern of
increasing (improved) intelligibility ratings with increasing SNR, as well as with
increasing speech level.
At the 50 dB SPL speech level, increases in SNR from 0 to +10, t(11) = 12.38, p =
.005, and from +5 to +10 t(11) = 12.38, p = .005, led to significantly higher intelligibility
ratings; however, an increase in SNR from 0 to +5 had no effect, t(11) = 3.93, p = .073.
At 65 dB SPL, increases in SNR from 0 to +5, t(11) = 36.80, p < .001, from +5 to +10,
t(11) = 20.71, p < .001, and from 0 to +10, t(11) = 51.20, p < .001, led to significantly
higher intelligibility ratings. At 80 dB SPL, increases in SNR from 0 to +5, t(11) = 66.18,
p < .001, from +5 to +10, t(11) = 17.83, p < .001, and from 0 to +10, t(11) = 73.38, p <
.001, led to significantly higher intelligibility ratings.
At 0 SNR, increases in speech level from 50 to 65 dB SPL, t(11) = 13.04, p = .004,
and from 50 to 80 dB SPL, t(11) = 28.39, p < .001, led to significantly higher
intelligibility ratings. However, an increase in speech level from 65 to 80 dB SPL at 0
SNR had no effect, t(11) = 0.50, p = .495. At +5 SNR, increases in speech level from 50
to 65 dB SPL, t(11) = 29.13, p < .001, and from 50 and 80 dB SPL, t(11) = 42.42, p <
.001, led to significantly higher intelligibility ratings (improved intelligibility); however,
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an increase in speech level from 65 to 80 dB SPL had no effect on intelligibility ratings,
t(11) = 1.74, p = .214. At an SNR of +10, increases in speech level from 50 to 65 dB SPL,
t(11) = 24.38, p < .001, and from 50 to 80 dB SPL, t(11) = 27.15, p < .001, led to
significantly higher intelligibility ratings. However, an increase in speech level from 65 to
80 dB SPL at +10 SNR had no effect on intelligibility ratings, t(11) = 3.06, p = .108.
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Figure 3.2. Mean ratings for intelligibility made while or immediately after listening to four sentences in each of the 9 listening
conditions that varied by signal-to-noise-ratio (SNR) (0, +5, +10) and speech level (50, 65, 80 dB SPL). Mean percent keywords
correct for each listening condition in Experiment I across participants are shown for comparison. Error bars indicate 95% confidence
intervals for the mean.
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Reliability
The intraclass correlation coefficients (ICCs) for intelligibility ratings and their
99% confidence intervals are shown in Figure 3.3. The intelligibility intra-rater reliability
was fair to good (Cicchetti & Sparrow 1981) regardless of CMA timing. The ICC for
intelligibility ratings made while listening to the sentences was .53, 99% CI [.32, .90], and
.56 for intelligibility ratings made after listening to the sentences, 99% CI [.35, .91].
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Figure 3.3. Comparison of mean intraclass correlation coefficients (ICCs) for each rating dimension (intelligibility, noisiness,
listening effort, and loudness) made while (W), or after (A) listening to the sentences, and with focus on either the sentence repetition
task (SR), or with focus on the secondary connect-the-dots task (CTD). Error bars indicate 99% confidence intervals for the mean.
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3.2.2 Noisiness
Criterion validity
Scatter plots with regression lines for background noise intensity and noisiness
ratings made while listening to the sentences (panel A), and after listening to the sentences
(panel B) are shown in Figure 3.4. When participants rated noisiness while listening to the
sentences, their ratings correlated strongly (Dancey & Reidy, 2004) with the range of
background noise intensities, r = .77, 95% CI [.73, .81], p < .001. When participants rated
noisiness after listening to the sentences, their ratings correlated moderately with the
range of background noise intensities r = .66, 95% CI [.60, .72], p < .001. There was an
effect of rating timing on the correlation between noisiness ratings and background noise
intensity; noisiness ratings made while listening to the sentences correlated more strongly
with their corresponding background noise intensities than noisiness ratings made after
listening to the sentences, z = 4.35, p < .001.
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Figure 3.4. Correlation between noisiness ratings and corresponding calibrated background noise intensities for ratings made while
listening to the sentences (panel A), and after listening to the sentences (panel B). Pearson’s correlation coefficients are shown inside
the graphs.
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Construct validity
Means and 95% confidence intervals for Experiment I noisiness ratings are shown
in Figure 3.5, and listed in Table M.1 in Appendix M. A three-way analysis of variance
showed that there was an interaction between timing of rating (CMA completion either
while listening to or immediately after listening to the sentences) and speech level on
noisiness ratings, F(2, 22) = 5.95, p = .021; noisiness ratings made after listening to the
sentences were significantly lower than noisiness ratings made while listening to the
sentences, but only when the speech level was 80 dB SPL. There was no interaction
between speech level and SNR, F(4, 44) = 0.55, p = .700, but there was a main effect of
speech level, F(2, 22) = 85.88, p < .001, and a main effect of SNR, F(2, 22) = 57.36, p <
.001. The results revealed a pattern of increasing (worse) noisiness ratings (the noise was
perceived as louder) with increasing speech level, and with decreasing SNR.
Changes in SNR had a main effect on noisiness ratings, F(2, 22) = 57.36, p < .001.
Increasing SNR from 0 to +5, t(11) = 117.30, p < .001, from +5 to +10 dB SNR, t(11) =
14.19, p = .003, and from 0 to +10 SNR, t(11) = 85.51, p < .001, led to significantly lower
(better) noisiness ratings (the noise was perceived as quieter).
When ratings were made while listening to the sentences, an increase in speech
level from 50 to 65 dB SPL, t(11) = 67.57, p < .001, from 65 to 80 dB SPL t(11) = 35.57,
p < .001, and from 50 to 80 dB SPL, t(11) = 197.50, p < .001, led to significantly higher
noisiness ratings (the noise was perceived as louder). When ratings were made
immediately after listening to the sentences, an increase in speech level from 50 to 65 dB
SPL, t(11) = 27.03, p < .001, from 65 to 80 dB SPL, t(11) = 32.15, p < .001, and from 50
to 80 dB SPL, t(11) = 99.02, p < .001, also led to significantly higher noisiness ratings. At
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80 dB SPL, an interaction between rating timing and speech level occurred such that
noisiness ratings made after the sentences were significantly lower (the noise was
perceived as quieter) than noisiness ratings made while listening to the sentences, t(11) =
12.74, p = .004. There was no effect of timing on noisiness ratings at 50 dB SPL, t(11) =
1.15, p = .307, or at a 65 dB SPL speech level, t(11) = 0.94, p = .352.
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Figure 3.5. Mean ratings for noisiness made while or immediately after listening to four sentences in each of the 9 listening conditions
that varied by signal-to-noise-ratio (SNR) (0, +5, +10) and speech level (50, 65, 80 dB SPL). The background noise intensities (dB
SPL) for each listening condition are listed along the bottom of the figure for comparison. Error bars indicate 95% confidence
intervals for the mean.
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Reliability
The intraclass correlation coefficients (ICCs) for noisiness ratings and their 99%
confidence intervals are shown in Figure 3.3. The noisiness intra-rater reliability was fair
to good (Cicchetti & Sparrow 1981) when ratings were made after listening to the
sentences, and excellent when noisiness was rated while listening to the sentences. The
ICC for noisiness ratings made while listening to and repeating back the sentences was
.80, 99% CI [.66, .97], and .63 for noisiness ratings made after listening to and repeating
back the sentences, 99% CI [.43, .93].
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3.2.3 Listening effort
Criterion validity
Scatter plots with regression lines for percent keywords correct and their
corresponding listening effort ratings made while listening to the sentences (panel A), and
after listening to the sentences (panel B) are shown in Figure 3.6. When participants rated
listening effort while listening to the sentences, their ratings correlated moderately
(Dancey & Reidy, 2004) with the percent keywords correct, r = -.46, 95% CI [-.37, -.53],
p < .001. When participants rated listening effort after listening to the sentences, their
ratings also correlated moderately with the percent keywords correct, r = -.43, 95% CI [.34, -.52], p < .001. There was no effect of rating timing on the correlation between
listening effort ratings and percent keywords correct, z = 0.36, p = .716.
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Figure 3.6. Correlation between listening effort ratings and sentence repetition percent keywords correct for ratings made while
listening to the sentences (panel A), and after listening to the sentences (panel B). Pearson’s correlation coefficients are shown inside
the graphs.
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Construct validity
Means and 95% confidence intervals for Experiment I listening effort ratings are
shown in Figure 3.7, and listed in Table M.1 in Appendix M. A three-way analysis of
variance showed that timing of rating (CMA completion either while listening to or
immediately after listening to the sentences) had no effect on listening effort ratings, F(1,
11) = 0.38, p = .549. There was an interaction between speech level and SNR, F(4, 44) =
4.47, p = .028, a main effect of SNR, F(2, 22) = 18.31, p < .001, but no main effect of
speech level, F(2, 22) = 2.64, p = .094 on listening effort ratings. The results suggested a
pattern of decreasing listening effort (less effort was needed) with increasing SNR.
At a 50 dB SPL speech level, changes in SNR had no effect on listening effort,
F(2, 22) = 1.75, p = .198. At 65 dB SPL, an increase in SNR from 0 to +5, t(11) = 12.21,
p = .005, from +5 to +10 SNR, t(11) = 19.25, p < .001, and from 0 to +10 SNR, t(11) =
6.77, p = .025, led to significantly lower listening effort ratings. At 80 dB SPL, an
increase in SNR from 0 to +5, t(11) = 5.47, p = .039, from +5 to +10 SNR, t(11) = 16.14,
p = .002, and from 0 to +10, t(11) = 11.21, p = .006, led to significantly lower listening
effort ratings.
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Figure 3.7. Mean ratings for listening effort made while or immediately after listening to four sentences in each of the 9 listening
conditions that varied by signal-to-noise-ratio (SNR) (0, +5, +10) and speech level (50, 65, 80 dB SPL). Error bars indicate 95%
confidence intervals for the mean.
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Reliability
The intraclass correlation coefficients (ICCs) for listening effort ratings and their
99% confidence intervals are shown in Figure 3.3. The listening effort intra-rater
reliability was poor (Cicchetti & Sparrow 1981) across Experiment I. The ICC for
listening effort ratings made while listening to the sentences was .23, 99% CI [.05, .71],
and .20 for listening effort ratings made after listening to the sentences, 99% CI [.02, .68].
3.2.4 Loudness
Criterion validity
Scatter plots with regression lines for speech intensity and their corresponding
loudness ratings made while listening to the sentences (panel A), and after listening to the
sentences (panel B) are shown in Figure 3.8. When participants rated loudness while
listening to the sentences, their ratings correlated strongly (Dancey & Reidy, 2004) with
the range of speech intensities, r = .74, 95% CI [.69, .79], p < .001. When participants
rated loudness after listening to the sentences, their ratings also correlated strongly with
the range of speech intensities, r = .65, 95% CI [.59, .71], p < .001. There was an effect of
rating timing on the correlation between loudness ratings and speech intensity; loudness
ratings made while listening to the sentences correlated more strongly with their
corresponding speech intensities than loudness ratings made after listening to the
sentences, z = 3.508, p < .001.
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Figure 3.8. Correlation between loudness ratings and corresponding calibrated speech intensities for ratings made while listening to
the sentences (panel A), and after listening to the sentences (panel B). Pearson’s correlation coefficients are shown inside the graphs.
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Construct validity
Means and 95% confidence intervals for Experiment I loudness ratings are shown
in Figure 3.9, and listed in Table M.1 in Appendix M. A three-way analysis of variance
showed that there was an interaction between CMA timing (CMA completion either while
listening to or immediately after listening to the sentences) and speech level on loudness
ratings, F(2, 22) = 4.03, p = .032; loudness ratings made after the sentences were
significantly lower (perceived as quieter) than loudness ratings made while listening to the
sentences, but only when the speech level was at 65 or 80 dB SPL. There was no
interaction between SNR and speech level, F(4, 44) = 0.64, p = .639, and no main effect
of SNR on loudness ratings, F(2, 22) = 1.14, p = .322. The results revealed a pattern of
increasing loudness ratings with increasing speech level.
When loudness ratings were made while listening to the sentences, an increase in
speech level from 50 to 65 dB SPL, t(11) = 41.37, p < .001, from 65 to 80 dB SPL, t(11) =
23.29, p < .001, and from 50 to 80 dB SPL, t(11) = 142.1, p < .001, led to significantly
higher loudness ratings. When loudness ratings were made after the sentences, an increase
from 50 to 65 dB SPL, t(11) = 43.84, p < .001, from 65 to 80 dB SPL, t(11) = 27.36, p <
.001, and from 50 to 80 dB SPL, t(11) = 152.00, p < .001, led to significantly higher
loudness ratings. Loudness ratings made after the sentences were significantly lower than
loudness ratings made while listening to the sentences at 65 dB SPL, t(11) = 8.02, p =
.016, and at 80 dB SPL, t(11) = 9.38, p = .011. There was no effect of CMA timing on
loudness ratings at 50 dB SPL, t(11) = 0.57, p = .468.
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Figure 3.9. Mean ratings for loudness made while or immediately after listening to four sentences in each of the 9 listening conditions
that varied by signal-to-noise-ratio (SNR) (0, +5, +10) and speech level (50, 65, 80 dB SPL). Error bars indicate 95% confidence
intervals for the mean.
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Reliability
The intraclass correlation coefficients (ICCs) for loudness ratings and their 99%
confidence intervals are shown in Figure 3.3. The loudness intra-rater reliability was fair
to good (Cicchetti & Sparrow 1981) when ratings were made after listening and repeating
back the sentences in Experiment I, and excellent when rated while listening to the
sentences. The ICC for loudness ratings made while listening to the sentences was .80,
99% CI [.65, .97], and .55 for loudness ratings made after listening to the sentences, 99%
CI [.34, .91].
3.3 Experiment II—task focus
3.3.1 Connect-the-dots performance
Connect-the-dots performance data from Experiment II were collected and
analyzed to determine whether participants appeared to prioritize one of the two tasks as
instructed. Means and standard deviations for each participant, and means and standard
errors across participants for connect-the-dots performance (correct dots per minute) are
shown in Table 3.1. Across participants, the connect-the-dots performance was
significantly higher (increased correct dots per minute) when participants were instructed
to focus on the secondary connect-the-dots task than when participants were instructed
focus was on the primary sentence repetition task, t(323) = 9.32, p < .001. The average
performance when participants were focused on the connect-the-dots task was also
significantly higher than the average baseline performance, t(59) = 2.77, p = .007. There
was no significant difference between average baseline performance and average
performance when participants were focused on the sentence repetition task, t(59) = 0.70,
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p = .489.
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Table 3.1. Participant characteristics (age and gender), and their corresponding means and standard deviations for connect-the-dots
performance (baseline, focus on sentence repetition, focus on connect-the-dots). Overall mean and standard errors across participants
are listed at the bottom of the table.

Age
21
24
30
35
37
42
57
61
66
67
73
76

Participants
Gender
M
F
F
F
M
F
M
F
F
F
F
F

Overall mean and standard error

Connect-the-dots performance (dots per minute)
Baseline
SR Focus
CTD Focus
21.3±3.5
26.7±3.4
26.3±4.9
22.5±5.0
20.4±4.6
21.7±4.9
29.2±2.6
35.5±7.0
39.1±4.9
27.1±2.4
24.7±5.5
30.1±6.0
25.9±4.9
18.6±6.9
27.6±4.8
28.0±6.1
8.1±5.7
26.9±3.6
18.8±3.0
11.6±3.0
18.4±2.8
14.1±5.9
15.0±4.5
15.2±4.6
13.6±2.9
18.1±4.2
18.5±7.1
19.3±4.1
18.4±5.1
19.6±5.9
14.6±5.9
10.8±3.1
14.1±4.9
20.7±1.7
21.7±5.0
25.8±7.9
21.2±0.8

19.1±0.5

23.6±0.5

54

3.3.2 Intelligibility
Criterion validity
Scatter plots with regression lines for percent keywords correct and intelligibility
ratings made while focused on the primary sentence repetition task (panel A), and while
focused on the secondary connect-the-dots task (panel B) are shown in Figure 3.10. When
participants rated intelligibility while focused on the primary sentence repetition task,
their ratings correlated strongly (Dancey & Reidy, 2004) with the percent keywords they
repeated back correctly, r = .76, 95% CI [.71, .81], p < .001. When participants rated
intelligibility while focused on the secondary connect-the-dots task, their ratings also
correlated strongly with the percent keywords they repeated back correctly, r = .73, 95%
CI [.68, .78], p < .001. There was no effect of task focus on the level of correlation
between intelligibility ratings and percent keywords correct, z = 1.23, p = .221.
There was a significant effect of secondary task presence on intelligibility ratings;
the correlation for intelligibility ratings to percent keywords correct made after listening
to the sentences in Experiment I was stronger than the correlation for intelligibility ratings
made when participants were focused on the primary sentence repetition task in
Experiment II, z = 3.14, p < .001.
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Figure 3.10. Correlation between intelligibility ratings and sentence repetition percent keywords correct for ratings made while
focused on the primary sentence repetition task (panel A), and while focused on the secondary connect-the-dots task (panel B).
Pearson’s correlation coefficients are shown inside the graphs.
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Construct validity
Means and 95% confidence intervals for Experiment II intelligibility ratings are
shown in Figure 3.11, and listed in Table M.2 in Appendix M. A three-way analysis of
variance showed that the presence of a secondary task had no effect on ratings for
intelligibility, F(1,11) = 2.24, p = .163. Task focus (whether the participant was instructed
to focus on the primary sentence repetition task or the secondary connect-the-dots task)
also had no effect on intelligibility ratings, F(1,11) = 1.39, p = .263. There was an
interaction between SNR and speech level on intelligibility ratings, F(4,44) = 6.72, p <
.001. The results revealed a pattern of increasing CMA intelligibility ratings (improved
intelligibility) with increasing SNR, as well as with increasing speech level.
At the 50 dB SPL speech level, an increase in SNR from 0 to +5, t(11) = 6.24, p =
.030, from +5 to +10, t(11) = 19.22, p < .001, and from 0 to +10, t(11) = 24.05, p < .001,
led to significantly higher intelligibility ratings. At 65 dB SPL, an increase in SNR from 0
to +5, t(11) = 22.57, p < .001, from +5 to +10, t(11) = 11.06, p = .007, and from 0 to +10,
t(11) = 55.68, p < .001, led to significantly higher intelligibility ratings. At 80 dB SPL, an
increase in SNR from 0 to +5, t(11) = 37.13, p < .001, from +5 to +10, t(11) = 34.37, p <
.001, and from 0 to +10, t(11) = 65.53, p < .001, led to significantly higher intelligibility
ratings.
At 0 SNR, an increase in speech level from 50 to 65 dB SPL, t(11) = 18.80, p <
.001, and from 50 to 80 dB SPL, t(11) = 10.67, p = .007, led to significantly higher
intelligibility ratings. However, there was no effect on intelligibility ratings, t(11) = 0.21,
p = .676, when the speech level was increased from 65 to 80 dB SPL. At +5 SNR, an
increase in speech level from 50 to 65 dB SPL, t(11) = 30.70, p < .001, and from 50 to 80
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dB SPL, t(11) = 21.83, p < .001, led to significantly higher intelligibility ratings.
However, there was no effect on intelligibility ratings, t(11) = 0.18, p = 0.657, when the
speech level was increased from 65 to 80 dB SPL. At +10 SNR, an increase in speech
level from 50 to 65 dB SPL, t(11) = 13.04, p = .004, from 50 to 80 dB SPL, t(11) = 28.39,
p < .001, and from 65 to 80 dB SPL led to significantly higher intelligibility ratings.
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Figure 3.11. Comparison of mean ratings for intelligibility made with instructed focus on either the primary sentence repetition task
or the secondary connect-the-dots task in each of the 9 listening conditions that varied by signal-to-noise-ratio (SNR) (0, +5, +10) and
speech level (50, 65, 80 dB SPL). Average percent keywords correct for each listening condition in Experiment II across participants
are shown for comparison. Error bars indicate 95% confidence intervals for the mean.
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Reliability
The intraclass correlation coefficients (ICCs) for intelligibility ratings and their
99% confidence intervals are shown in Figure 3.3. The intelligibility intra-rater reliability
was fair to good (Cicchetti & Sparrow 1981) across Experiment II regardless of secondary
task presence or task focus. The ICC for intelligibility ratings made while the participants’
focus was on sentence repetition was .57, 99% CI [.36, .92], and .56 for intelligibility
ratings made while the participants’ focus was on the connect-the-dots task, 99% CI [.35,
.91].
3.3.3 Noisiness
Criterion validity
Scatter plots with regression lines for background noise intensity and their
corresponding noisiness ratings made while focused on the primary sentence repetition
task (panel A), and while focused on the secondary connect-the-dots task (panel B) are
shown in Figure 3.12. When participants rated noisiness while focused on the primary
sentence repetition, their ratings correlated moderately (Dancey & Reidy, 2004) with the
range of background noise intensities, r = .66, 95% CI [.60, .72], p < .001. When
participants rated noisiness while focused on the secondary connect-the-dots task, their
ratings also correlated moderately with the range of background noise intensities, r = .67,
95% CI [.61, .73], p < .001. There was no effect of task focus on the level of correlation
between noisiness ratings and the range of background noise intensities, z = .39, p = .698.
Secondary task presence had no effect on noisiness ratings; there was no
significant difference between the correlation for noisiness ratings made after listening to
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the sentences in Experiment I to the correlation for noisiness ratings made when
participants were focused on the primary sentence repetition task in Experiment II, z =
0.05, p = .957.
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Figure 3.12. Correlation between noisiness ratings and corresponding calibrated background noise intensities for ratings made while
focused on the primary sentence repetition task (panel A), and while focused on the secondary connect-the-dots task (panel B).
Pearson’s correlation coefficients are shown inside the graphs.
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Construct validity
Means and 95% confidence intervals for Experiment II noisiness ratings are shown
in Figure 3.13, and listed in Table M.2 in Appendix M. The presence of a secondary task
had no effect on noisiness ratings, F(1, 11) = 0.68, p = .426, and there was no effect of
task focus on noisiness ratings, F(1, 11) = 0.03, p = .874. There was a main effect of
speech level, F(2, 22) = 42.75, p < .001, and a main effect of SNR, F(2, 22) = 97.00, p <
.001, such that noisiness ratings increased (the noise was perceived as louder) with
increasing speech level, as well as with decreasing SNR. There was no significant
interaction between speech level and SNR, F(4, 44) = 0.51, p = .215. The results revealed
a pattern of increasing noisiness ratings with increasing speech level, and with decreasing
SNR.
An increase in speech level from 50 to 65 dB SPL, t(11) = 19.55, p < .001, from
65 to 80 dB SPL, t(11) = 37.82, p < .001, and from 50 to 80 dB SPL, t(11) = 58.64, p <
.001, led to significantly higher noisiness ratings. An increase in SNR from 0 to +5, t(11)
= 55.70, p < .001, from +5 to +10 dB SNR, t(11) = 67.05, p < .001, and from 0 to +10
SNR, t(11) = 147.1, p < .001, led to significantly lower noisiness ratings (the noise was
perceived as quieter).
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Figure 3.13. Mean ratings for noisiness made with instructed focus on either the primary sentence repetition task or the secondary
connect-the-dots task in each of the 9 listening conditions that varied by signal-to-noise-ratio (SNR) (0, +5, +10) and speech level (50,
65, 80 dB SPL). The background noise intensities (dB SPL) for each listening condition are listed along the bottom of the figure for
comparison. Error bars indicate 95% confidence intervals for the mean.
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Reliability
The intraclass correlation coefficients (ICCs) for noisiness ratings and their 99%
confidence intervals are shown in Figure 3.3. The noisiness intra-rater reliability was fair
to good (Cicchetti & Sparrow 1981) when ratings were made with a secondary task
present, regardless of the task focus. The ICC for noisiness ratings made while the
participants’ focus was on sentence repetition was .73, 99% CI [.55, .96], and .70 for
noisiness ratings made while the participants’ focus was on the connect-the-dots task,
99% CI [.52, .95].
3.3.4 Listening effort
Criterion validity
Scatter plots with regression lines for percent keywords correct and their
corresponding listening effort ratings made with focus on the primary sentence repetition
(panel A), and with focus on the secondary connect-the-dots task (panel B) are shown in
Figure 3.14. When participants rated listening effort while focused on the sentence
repetition task, their ratings correlated weakly (Dancey & Reidy, 2004) with the percent
keywords correct, r = -.32, 95% CI [-.42, -.22], p < .001. When participants rated listening
effort while focused on the connect-the-dots task, their ratings also correlated weakly with
the percent keywords correct, r = -.11, 95% CI [-.22, .00], p < .001. There was no effect of
task focus on the correlation between listening effort ratings and percent keywords
correct, z < 0.01, p = .999. There was also no significant effect of secondary task
presence; the correlation for listening effort ratings made after listening to the sentences in
Experiment I to the correlation for listening effort ratings made when participants were
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focused on the primary sentence repetition task in Experiment II were not significantly
different, z = 0.02, p = .983.
Scatter plots with regression lines for correct dots per minute (secondary connectthe-dots task performance) and their corresponding listening effort ratings made with
focus on the primary sentence repetition (panel A), and with focus on the secondary
connect-the-dots task (panel B) are shown in Figure 3.15. There was no effect of task
focus on the level of correlation between listening effort ratings and correct dots per
minute, z = 0.60, p = .548. When participants rated listening effort while focused on the
sentence repetition task, their ratings correlated moderately with their dots per minute
score, r = -.47, 95% CI [-.56, -.38], p < .001. When participants rated listening effort while
focused on the connect-the-dots task, their ratings also correlated moderately with their
dots per minute score, r = -.46, 95% CI [-.55, -.37], p < .001.
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Figure 3.14. Correlation between listening effort ratings and sentence repetition performance (percent keywords correct) for ratings
made while focused on the primary sentence repetition task (panel A), and while focused on the secondary connect-the-dots task
(panel B). Pearson’s correlation coefficients are shown inside the graphs.
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Figure 3.15. Correlation between listening effort ratings and secondary connect-the-dots performance (dots/min) for ratings made
while focused on the primary sentence repetition task (panel A), and while focused on the secondary connect-the-dots task (panel B).
Pearson’s correlation coefficients are shown inside the graphs.
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Construct validity
Means and 95% confidence intervals for Experiment II listening effort ratings are
shown in Figure 3.16, and listed in Table M.2 in Appendix M. The results revealed no
significant differences among mean listening effort ratings for task focus, F(1, 11) = 2.98,
p = .112, SNR, F(2, 22) = 1.91, p = .173, or speech level, F(2, 22) = 0.48, p = .627. There
was also no interaction between SNR and speech level on listening effort ratings, F(4, 44)
= 1.62, p = .186. The presence of a secondary task had no effect on ratings for listening
effort, F(1, 11) = 2.32, p = .156.
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Figure 3.16. Mean ratings for listening effort made with instructed focus on either the primary sentence repetition task or the
secondary connect-the-dots task in each of the 9 listening conditions that varied by signal-to-noise-ratio (SNR) (0, +5, +10) and
speech level (50, 65, 80 dB SPL). Error bars indicate 95% confidence intervals for the mean.
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Reliability
The intraclass correlation coefficients (ICCs) for listening effort ratings and their
99% confidence intervals are shown in Figure 3.3. The listening effort intra-rater
reliability was poor (Cicchetti & Sparrow 1981) across Experiment II regardless of
secondary task presence or task focus. The ICC for listening effort ratings made while the
participants’ focus was on sentence repetition was .01, 99% CI [-.11, .13], and .05 for
listening effort ratings made while the participants’ focus was on the connect-the-dots
task, 99% CI [-.08, .33].
3.3.5 Loudness
Criterion validity
Scatter plots with regression lines for speech intensity and their corresponding
loudness ratings made while focused on the primary sentence repetition task (panel A),
and while focused on the secondary connect-the-dots task (panel B) are shown in Figure
3.17. There was no effect of secondary task presence on loudness ratings; the correlation
for loudness ratings made after listening to the sentences in Experiment I was not
significantly different than the correlation for loudness ratings made when participants
were focused on the primary sentence repetition task in Experiment II, z = 0.60, p = .273.
There was also no effect of task focus on the level of correlation between loudness ratings
and the range of speech intensities, z = 0.52, p = .302. When participants rated loudness
while focused on the primary sentence repetition, their ratings correlated strongly (Dancey
& Reidy, 2004) with the range of speech intensities, r = .62, 95% CI [.55, .69], p < .001.
When participants rated loudness while focused on the secondary connect-the-dots task,
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their ratings also correlated strongly with the range of speech intensities, r = .64, 95% CI
[.58, .70], p < .001.
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Figure 3.17. Correlation between loudness ratings and corresponding calibrated speech intensities for ratings made while focused on
the primary sentence repetition task (panel A), and while focused on the secondary connect-the-dots task (panel B). Pearson’s
correlation coefficients are shown inside the graphs.
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Construct validity
Means and 95% confidence intervals for Experiment II loudness ratings are shown
in Figure 3.18, and listed in Table M.2 in Appendix M. There was no effect of secondary
task presence, F(1, 11) = 1.06, p = 0.326, task focus, F(1, 11) = 1.26, p = .283, SNR, F(2,
22) = 0.26, p = .639, and no interaction between SNR and speech level, F(4, 44) = 1.16, p
= .343, on loudness ratings. There was only a–– main effect of speech level, F(2, 22) =
52.30, p < .001, on loudness ratings. The results revealed a pattern of increasing loudness
ratings with increasing speech level.
An increase in speech level from 50 to 65 dB SPL, t(11) = 28.03, p < .001, from
65 to 80 dB SPL, t(11) = 26.04, p < .001, and from 50 to 80 dB SPL, t(11) = 45.84, p <
.001, led to significantly higher loudness ratings.
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Figure 3.18. Mean ratings for loudness made with instructed focus on either the primary sentence repetition task or the secondary
connect-the-dots task in each of the 9 listening conditions that varied by signal-to-noise-ratio (SNR) (0, +5, +10) and speech level (50,
65, 80 dB SPL). Error bars indicate 95% confidence intervals for the mean.
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Reliability
The intraclass correlation coefficients (ICCs) for loudness ratings and their 99%
confidence intervals are shown in Figure 3.3. The loudness intra-rater reliability was fair
to good (Cicchetti & Sparrow 1981) regardless of the task focus. When loudness was
rated while listening to the sentences, the intra-rater reliability was excellent. The ICC for
loudness ratings made while the participants’ focus was on sentence repetition was .62,
99% CI [.42, .93], and .50 for loudness ratings made while the participants’ focus was on
the connect-the-dots task, 99% CI = [.28, .89].
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Chapter 4: Discussion and Conclusion
4.1 Introduction
Due to the recent proliferation of smartphones and the many hearing aid
technological advancements over the last decade, an efficient and accurate method for
collecting listening-situation-specific hearing aid benefit outcome measures is now
possible; this methodology is called contextual momentary assessment (CMA), and
involves the repeated measurement of experiences on a day-to-day basis (Shiffman et al.,
2008). CMA can provide real-time subjective hearing aid benefit data in relation to any of
an individual’s varied listening situations, thereby circumventing the biases and memory
requirements inherent in retrospective outcome measures. Recent research indicates that
using smartphones for collecting data on hearing aid benefit is feasible among adult
hearing aid users (Galvez et al., 2012). However, no studies have been done to establish
the validity and reliability of CMA ratings when evaluating auditory experiences, or
whether factors such as rating timing relative to the listening event, secondary task
presence, and relative focus on the primary or secondary task threaten the validity and
reliability of CMA ratings. The current study was performed to address these issues.
Validity and reliability are important psychometric attributes for any outcome
measure instrument. This study evaluated the criterion validity, construct validity, and
intra-rater reliability of four speech and sound quality rating dimensions: intelligibility,
noisiness, listening effort, and loudness. Criterion validity was evaluated by determining
the significance and strength of correlations between subjective ratings and their
corresponding objective measures. Construct validity was evaluated by comparing the
77

resulting pattern to a predicted pattern of ratings for each dimension. The intra-rater
reliability of ratings was evaluated through intraclass correlation coefficients (ICCs) based
on the within-subject repeated measures for each of the nine lab-controlled speech-innoise listening conditions. The current study’s validity and reliability results for the four
speech and sound quality rating dimensions are discussed below along with their
implications.
4.2 Intelligibility
A summary of the intelligibility rating dimension results for validity and reliability
are shown in Table 4.1. The method used in this study for defining and rating
intelligibility was valid and reliable for the range of speech-in-noise listening situations
presented. Intelligibility ratings were most correlated (r = .83) to objective measures of
intelligibility (percent keywords correct) when rated immediately after a listening event
where the participant was not performing a secondary task. This correlation is similar to
those found in previous studies examining the relationship between objective and
subjective ratings of intelligibility in hearing impaired individuals; Cox, Alexander, and
Rivera (1998) reported a correlation of r = .92, while Cienkowski and Speaks (2000)
reported a correlation of r = .86 between intelligibility ratings and objective intelligibility
scores. The presence of a secondary task significantly reduced the correlation strength
between subjective and objective measures of intelligibility, which may be due to the
detrimental effect of divided attention on the encoding of memories (Naveh-Benjamin et
al., 2005; Nyberg et al., 1997). Timing of the intelligibility rating with respect to the
listening event also made a difference in correlation strength; intelligibility ratings were
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significantly more correlated to the objective percent keywords correct when rated after
the listening event was over. In fact, during data collection, several study participants
mentioned that their confidence regarding the accuracy of their intelligibility judgments
was best when they made ratings immediately after the listening event.
The construct used in this study for defining and rating intelligibility was found to
be valid across Experiment I and Experiment II. Participants perceived an increase in
intelligibility with increasing SNR as hypothesized, as well as with increasing speech
level. The 11-point Likert-type rating scale method was appropriate for characterizing
subjective intelligibility based on the range of listening conditions employed in the study,
which are considered to represent the range of speech levels and SNR in various realworld environments (Pearsons et al., 1977; Smeds et al., 2015).
The intra-rater reliability for intelligibility ratings across Experiment I and
Experiment II was fair to good (Cicchetti & Sparrow 1981), indicating that when
presented with the same lab-controlled listening condition, participants had somewhat
similar intelligibility ratings. The variance of intra-rater ratings among repeated measures
in the same listening condition could be attributed to varied familiarity with the presented
sentences (Sakamoto, Iwaoka, Suzuki, Amano, & Kondo, 2004), or varying levels of
fatigue and attention during each listening trial.
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Table 4.1. Summary of results for the intelligibility rating dimension

Intelligibility

Experiment I - timing of ratings

Experiment II - task focus
Focus
SR
CTD
effect?

Secondary task
effect?

WHILE

AFTER

Timing effect?

.75*

.83*

.83 > .75*

.76*

.73*

.76 = .73

.83>.76*

Construct validityb

p < .001

p < .001

p = .259

p < .001

p < .001

p = .263

p = .163

Reliability (ICC)c

.53

.56

-

.57

.56

-

-

Criterion validity (r)a

Note. SR = sentence repetition; CTD = connect-the-dots; r = Pearson’s correlation coefficient.
a
Intelligibility ratings were correlated with the participants' corresponding objective intelligibility scores (percent keywords correct).
b
Based on hypothesis test outcome for: H0 = Intelligibility ratings do not change significantly; H1 = Intelligibility ratings increase
(improve) with decreasing SNR (background noise becomes more intrusive).
c
Intraclass correlation coefficient (ICC) < 0.40 = Poor (Cicchetti & Sparrow, 1981).
*p < .01.
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4.3. Noisiness
A summary of the noisiness rating dimension results for validity and reliability are
shown in Table 4.2. The method used in this study for defining and rating noisiness was
valid and reliable for the range of speech-in-noise listening situations that were presented.
Noisiness ratings were most correlated to the range of background babble noise intensities
when ratings were made while participants were involved in the listening event and were
not simultaneously performing a secondary task. When analyzing the construct validity of
noisiness ratings, it was evident that noisiness ratings made after a particularly noisy
(more intense background noise) listening event tended to be lower than ratings made
while the listening event was occurring. Participants appeared to perceive the louder
listening situations as less extreme when they made ratings afterwards. In general,
noisiness ratings appeared to have construct validity; participants perceived an increase in
noisiness with increasing background noise as hypothesized.
The reliability for noisiness ratings was fair to good (Cicchetti & Sparrow 1981),
for all conditions except for ratings made while listening to the sentences in Experiment I,
which had excellent intra-rater reliability. The noisiness rating results also suggest that
participants were able to reliably detect the 5 dB changes in background noise level
employed in this study. These results were hypothesized, because the human just
noticeable difference (jnd) for changes in sound intensity ranges from 0.25 to 2.5 dB SPL
(Valente, Fernandez, & Monroe, 2010).
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Table 4.2. Summary of results for the noisiness rating dimension

Noisiness

Experiment I - timing of ratings

Experiment II - task focus
Focus
SR
CTD
effect?

Secondary task
effect?

WHILE

AFTER

Timing effect?

.77*

.66*

.77 > .66*

.66*

.67*

.66 = .67

.66=.66

Construct validityb

p < .001

p < .001

p = .021c

p < .001

p < .001

p = .874

p = .426

Reliability (ICC)d

.80

.63

-

.73

.70

-

-

Criterion validity (r)a

Note. SR = sentence repetition; CTD = connect-the-dots; r = Pearson’s correlation coefficient.
a
Noisiness ratings were correlated with the corresponding background noise intensities.
b
Based on hypothesis test outcome for: H0 = Noisiness ratings do not change significantly; H1 = Noisiness ratings increase (perceived
as louder) with increasing speech level and with decreasing SNR (background noise becomes more intrusive) at each speech level.
c
Rating timing interacted with speech level such that at the 80 dB SPL speech level, noisiness ratings made after listening to the
sentences were significantly lower than noisiness ratings made while listening to the sentences.
d
Intraclass correlation coefficient (ICC) < 0.40 = Poor (Cicchetti & Sparrow, 1981).
*p < .01.
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4.4 Listening effort
A summary of the listening effort rating dimension results for validity and
reliability are shown in Table 4.3. Listening effort ratings for the speech-in-noise
situations used in this study had poor reliability, but show signs of validity based on
moderate-strength correlations with objective scores for intelligibility (percent keywords
correct) in Experiment I and secondary task performance in Experiment II. Listening
effort ratings were only slightly correlated to intelligibility scores (percent keywords
correct) in Experiment II. The significant, but only moderate correlations with both
intelligibility scores and secondary task performance indicate that listening effort can be
explained to an extent by each of these objective measures, but not entirely. Indeed, there
are many studies on listening effort that report a lack of correlation between subjective
and objective measures of listening effort (Fraser et al., 2010; McGarrigle et al., 2014;
Sarampalis et al., 2009).
Listening effort ratings made regarding the speech-in-noise conditions employed
in this study revealed ceiling effects. Listening effort ratings also demonstrated
questionable construct validity; listening effort ratings decreased (improved) with
increasing SNR as expected in Experiment I, but did not significantly change with
increasing SNR in Experiment II. Raters often reported they were exerting maximum
effort, with some experiencing maximum effort when the SNR was at the maximum level
employed in this study (+10 dB), indicating that the SNR levels used were very
challenging for many of the participants. Research has shown that when the SNR drops
below 15 dB, hearing impaired individuals have to spend more effort on listening,
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whereas normal hearing individuals tend to spend more effort on listening when the SNR
drops below 5 dB (Valente, Hosford-Dunn, & Roeser, 2008). Schulte et. al. (2009)
showed that listening effort is at a maximum until SNR increases up to a level (that varies
from person-to-person) where listening effort begins to rapidly decrease; consequently,
there can be different ratings of listening effort for the same objective intelligibility score.
The intra-rater reliability for listening effort was poor across both experiments.
The variability in listening effort ratings in this lab study could be due to individual
factors such as working memory capacity (Larsby, Hällgren, Lyxell, 2008), age
(Tomporowski, 2003), and fatigue (Janisse, 1977). In the field, however, contextual
factors such as familiarity with the speaker (Van Engen & Peelle), ability to lip read
(Picou et al., 2011), and type of background noise (Schulte et al., 2009) may also
influence an individual’s listening effort.
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Table 4.3. Summary of results for the listening effort rating dimension

Listening effort

Experiment I - timing of ratings

Experiment II - task focus
Focus
SR
CTD
effect?

Secondary task
effect?

WHILE

AFTER

Timing effect?

-.46**

-.43**

-.46 = -.43

-.32**
(-.47**)

-.11*
(-.46**)

-.32 = -.11

-.43=-.32

Construct validityb

p = .001

p = .001

p = .549

p = .173

p = .173

p = .112

p = .156

Reliability (ICC)c

.23

.20

-

.01

.05

-

-

Criterion validity (r)a

Note. SR = sentence repetition; CTD = connect-the-dots; r = Pearson’s correlation coefficient.
a
Listening effort ratings were correlated with both intelligibility scores (percent keywords correct), and secondary connect-the-dots
task performance (correct dots per minute) shown in brackets.
b
Based on hypothesis test outcome for: H0 = Listening effort ratings do not change significantly; H1 = Listening effort ratings decrease
(improve) with increasing SNR (background noise becomes less intrusive).
c
Intraclass correlation coefficient (ICC) < 0.40 = Poor (Cicchetti & Sparrow, 1981).
*p < .05. **p < .01.
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4.5 Loudness
A summary of the loudness rating dimension results for validity and reliability are
shown in Table 4.4. The method used in this study for defining and rating loudness was
valid and reliable for the range of speech-in-noise listening situations that were presented.
Loudness ratings were most correlated with the range of speech intensities when ratings
were made while participants were involved in the listening event and were not
simultaneously performing a secondary task. When analyzing the construct validity of
loudness ratings, it was evident that loudness ratings made after a particularly loud
listening event tended to be lower than ratings made while the listening event was
occurring. Similar to our findings with noisiness ratings, participants appeared to perceive
the louder listening situations as less extreme when they made ratings afterwards. In
general, loudness ratings appeared to demonstrate construct validity; participants
perceived an increase in loudness with increasing speech level as hypothesized.
The reliability for loudness ratings was fair to good (Cicchetti & Sparrow 1981),
for all conditions except for ratings made while listening to the sentences in Experiment I,
which had excellent intra-rater reliability. As with the noisiness rating dimension,
loudness rating validity and reliability was best while the listening situation was
occurring, because the speech source was immediately available for evaluation.
The pattern of change in loudness ratings showed that participants were able to
reliably detect the 15 dB changes in speech level employed in this study; this finding was
hypothesized, and as with the noisiness rating dimension, converges with previous
research findings on the human jnd for changes in sound intensity. The human jnd for
sound intensity ranges from 0.25 to 2.5 dB SPL (Valente et al., 2010), which is well
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below the 15 dB step-size that was used for the speech stimuli, and the 5 dB step-size that
was used for the background noise stimuli in this study. The loudness rating scale is likely
capable of detecting smaller than 15 dB changes in speech intensity in the field.
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Table 4.4. Summary of results for the loudness rating dimension

Loudness

Experiment I - timing of ratings

Experiment II - task focus
Focus
SR
CTD
effect?

Secondary task
effect?

WHILE

AFTER

Timing effect?

.74*

.65*

.74 > .65*

.62*

.64*

.62 = .64

.65=.62

Construct validityb

p < .001

p < .001

p = .032c

p < .001

p < .001

p = .283

p = .326

Reliability (ICC)d

.80

.55

-

.62

.50

-

-

Criterion validity (r)a

Note. SR = sentence repetition; CTD = connect-the-dots; r = Pearson’s correlation coefficient.
a
Loudness ratings were correlated with the corresponding intensity of speech (dB SPL).
b
Based on hypothesis test outcome for: H0 = Loudness ratings do not change significantly; H1 = Loudness ratings increase with
increasing speech level.
c
Rating timing interacted with speech level such that at the 65 and 80 dB SPL speech level, loudness ratings made after listening to the
sentences were significantly lower than loudness ratings made while listening to the sentences.
d
Intraclass correlation coefficient (ICC) < 0.40 = Poor (Cicchetti & Sparrow, 1981).
*p < .01.
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4.6 Implications
For listening situations similar to those employed in this lab study, intelligibility,
noisiness, and loudness ratings have at least fair to good validity and reliability when rated
either while or immediately after the listening situation regardless of the presence of a
secondary task. Although there were small significant differences in validity for the
intelligibility, noisiness, and loudness dimensions due to timing, these effects may not be
clinically relevant. Listening effort ratings, on the other hand, appear to be highly
unreliable for speech-in-noise situations (from 0 to +10 dB SNR) among hearing aid users
who have a sensorineural hearing loss. Despite poor reliability, listening effort ratings
may still be practical as an outcome measure by using the dimension to detect when an
individual experiences a significant decrease (improvement) in listening effort. A sudden
decrease in perceived listening effort has been shown to occur at a particular SNR point
(Schulte et al., 2009), which varies from person to person due to both individual and
contextual factors. To control some of this variability, listening effort ratings should be
accompanied by data regarding contextual and/or individual factors in the field, such as
whether the hearing aid user was able to lip read, how familiar they were with the speaker,
and what type of background noise was present. It is also possible that the method used in
this study for measuring listening effort was not adequate for accurately capturing the
intended meaning of “listening effort”.
4.7 Strengths and limitations
A primary strength of this study was the lab-controlled factorial design that
included the random presentation of listening conditions for each participant. The level of
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evidence for CMA’s ability to facilitate valid and reliable evaluations of intelligibility,
noisiness, listening effort, and loudness among experienced hearing aid users with a mild
to severe sensorineural hearing loss is high. However, the results of this study should be
considered in light of three limitations. One limitation is that there were only 12
participants used in this study. Another limitation of this study was that participants knew
they were going to perform ratings of their listening situation, and may have been more
attentive and accurate when completing the ratings than in a field setting. Additionally,
the results of this study were measured in a laboratory setting and cannot be easily
generalized beyond the limited number of listening conditions used; this limitation was
necessary in order to be able to make in-lab assumptions based on controlled acoustic
conditions, which is a fundamental strength of this study.
4.8 Conclusion
From these findings, we concluded that CMA ratings for intelligibility, noisiness,
and loudness among hearing aid users with a mild to severe sensorineural hearing loss
were valid and reliable for the lab-controlled speech-in-noise listening conditions used in
this study. Noisiness and loudness ratings were most valid and reliable when rated while
the listening situation of interest was occurring, and when the rater was not performing
more than one task simultaneously. Intelligibility was best evaluated immediately after the
listening situation. Listening effort however, had poor reliability and showed ceiling
effects among hearing aid users for the range of speech-in-noise situations used in this
study. Listening effort may still be practical for use as an outcome measure for easier
listening situations where the SNR is better than +10 dB. Further work examining the
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utility of the CMA methodology for collecting outcome measures on hearing aid benefit
in field-based speech-in-noise listening situations is warranted.
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Appendices
Appendix A Participant audiograms listed by code

Figure A.1. Participant 109’s audiogram. X’s and O’s, ☐’s and Δ’s, >’s and <’s, ]’s and
[’s, and L’s and R’s represent left and right unmasked and masked air conduction
thresholds, unmasked and masked bone conduction thresholds, and loudness discomfort
levels respectively.

106

Figure A.2. Participant 155’s audiogram. X’s and O’s, ☐’s and Δ’s, >’s and <’s, ]’s and
[’s, and L’s and R’s represent left and right unmasked and masked air conduction
thresholds, unmasked and masked bone conduction thresholds, and loudness discomfort
levels respectively.
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Figure A.3. Participant 164’s audiogram. X’s and O’s, ☐’s and Δ’s, >’s and <’s, ]’s and
[’s, and L’s and R’s represent left and right unmasked and masked air conduction
thresholds, unmasked and masked bone conduction thresholds, and loudness discomfort
levels respectively.
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Figure A.4. Participant 171’s audiogram. X’s and O’s, ☐’s and Δ’s, >’s and <’s, ]’s and
[’s, and L’s and R’s represent left and right unmasked and masked air conduction
thresholds, unmasked and masked bone conduction thresholds, and loudness discomfort
levels respectively.
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Figure A.5. Participant 223’s audiogram. X’s and O’s, ☐’s and Δ’s, >’s and <’s, ]’s and
[’s, and L’s and R’s represent left and right unmasked and masked air conduction
thresholds, unmasked and masked bone conduction thresholds, and loudness discomfort
levels respectively.
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Figure A.6. Participant 314’s audiogram. X’s and O’s, ☐’s and Δ’s, >’s and <’s, ]’s and
[’s, and L’s and R’s represent left and right unmasked and masked air conduction
thresholds, unmasked and masked bone conduction thresholds, and loudness discomfort
levels respectively.
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Figure A.7. Participant 449’s audiogram. X’s and O’s, ☐’s and Δ’s, >’s and <’s, ]’s and
[’s, and L’s and R’s represent left and right unmasked and masked air conduction
thresholds, unmasked and masked bone conduction thresholds, and loudness discomfort
levels respectively.

112

Figure A.8. Participant 505’s audiogram. X’s and O’s, ☐’s and Δ’s, >’s and <’s, ]’s and
[’s, and L’s and R’s represent left and right unmasked and masked air conduction
thresholds, unmasked and masked bone conduction thresholds, and loudness discomfort
levels respectively.
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Figure A.9. Participant 687’s audiogram. X’s and O’s, ☐’s and Δ’s, >’s and <’s, ]’s and
[’s, and L’s and R’s represent left and right unmasked and masked air conduction
thresholds, unmasked and masked bone conduction thresholds, and loudness discomfort
levels respectively.
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Figure A.10. Participant 733’s audiogram. X’s and O’s, ☐’s and Δ’s, >’s and <’s, ]’s and
[’s, and L’s and R’s represent left and right unmasked and masked air conduction
thresholds, unmasked and masked bone conduction thresholds, and loudness discomfort
levels respectively.
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Figure A.11. Participant 881’s audiogram. X’s and O’s, ☐’s and Δ’s, >’s and <’s, ]’s and
[’s, and L’s and R’s represent left and right unmasked and masked air conduction
thresholds, unmasked and masked bone conduction thresholds, and loudness discomfort
levels respectively.

116

Figure A.12. Participant 906’s audiogram. X’s and O’s, ☐’s and Δ’s, >’s and <’s, ]’s and
[’s, and L’s and R’s represent left and right unmasked and masked air conduction
thresholds, unmasked and masked bone conduction thresholds, and loudness discomfort
levels respectively.
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Appendix B Hearing thresholds across participants

Figure B.1. Mean hearing thresholds for the left and right ear across participants. Data
points indicate mean thresholds, dotted lines indicate minimum and maximum thresholds,
and error bars indicate the 25th, and 75th percentile pure-tone air conduction thresholds in
dB HL (re: American National Standard Institute, 2010). NR = no response at the upper
limit of the audiometer.
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Appendix C CMA rating instructions
Intelligibility
This is the percentage of spoken words that you can understand. When you make your
ratings, think about your ability to understand each word. (Don't make your judgments
based on your ability to understand each speech sound, or each sentence.) If you can
understand all of the words assign a rating of “All words understood (10)”, and if you
cannot understand any of the words assign a rating of “No words understood (0)”. If you
can understand a portion of the words assign a number that corresponds to that portion.
Remember, base your rating only on how intelligible the spoken words sound to you; your
rating should not be influenced by any other aspects of the speech quality, including
loudness.
Noisiness
For this judgment, consider how much noise you hear while listening to the speech. Noise
is anything that you hear that is not the speech you are trying to attend. Assign a rating of
“No noise (0)” if you do not hear any noise or if the noise is so quiet that it is at the
quietest level that you can hear. Assign a rating of “Uncomfortably loud noise (10)” if the
noise is so loud that it would be uncomfortable to listen to for more than 5 minutes. Use
the numbers between 0 and 10 for noisiness levels between these two end-points.
Listening effort
For this judgment, estimate the amount of effort you need to give to this listening task in
order to understand as much of the speech as you possibly can. If you do not have to use
any effort in order to understand the speech, assign a rating of “No effort (0)”. (You
would not need any effort to understand the speech if you were able to complete a
difficult task, such as figuring out a math problem, at the same time as you listened to the
speech.) If you need to use all your concentration or effort in order to understand the
speech, assign a rating of “Maximum effort (10)”. For conditions between 0 and 10,
assign a rating based on the proportion of your effort required to understand the speech.
Remember, base your rating only on how much listening effort is required. Your rating
should not be influenced by any other aspects of the speech quality, such as intelligibility.
Loudness
This rating should indicate how loud the speech seems to you. Assign a rating of
“Uncomfortably loud (10)” if the speech is so loud that it would be uncomfortable to
listen to for more than 5 minutes. Assign a rating of “Very quiet (0)” if the speech is so
quiet that it is at the quietest level that you can hear. Use the numbers between 0 and 10
for loudness levels between these two endpoints.
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Appendix D Hearing aid fitting distance from NAL-NL1 target gain

Figure D.1. Mean distance of hearing aid fittings from NAL-NL1 gain targets across
participants. Solid lines indicate mean distance from NAL-NL1 targets, dotted lines
indicate minimum and maximum distances from targets, and error bars indicate the 25th,
and 75th percentile distances from targets in dB SPL.
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Appendix E Screenshots of a sample connect-the-dots trial

Figure E.1. Connect-the-dots task instructions screen.

Figure E.2. Connect-the-dots task testing screen.
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Appendix F Questionnaire package
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Appendix G Informed consent form
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Appendix H Hearing history form
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Appendix I

MoCA test form
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Appendix J MoCA administration instructions
MoCA Version Nov. 2014, Copied from Z. Nasreddine MD at www.mocatest.org
Montreal Cognitive Assessment (MoCA)
Administration and Scoring Instructions
The Montreal Cognitive Assessment (MoCA) was designed as a rapid screening
instrument for mild cognitive dysfunction. It assesses different cognitive domains:
attention and concentration, executive functions, memory, language, visuoconstructional
skills, conceptual thinking, calculations, and orientation. Time to administer the MoCA is
approximately 10 minutes. The total possible score is 30 points; a score of 26 or above is
considered normal.
1. Alternating Trail Making:
Administration: The examiner instructs the subject: "Please draw a line, going from a
number to a letter in ascending order. Begin here [point to (1)] and draw a line from 1
then to A then to 2 and so on. End here [point to (E)]."
Scoring: Allocate one point if the subject successfully draws the following pattern: 1
�A- 2- B- 3- C- 4- D- 5- E, without drawing any lines that cross. Any error that is not
immediately self-corrected earns a score of 0.
2. Visuoconstructional Skills (Cube):
Administration: The examiner gives the following instructions, pointing to the cube:
“Copy this drawing as accurately as you can, in the space below”.
Scoring: One point is allocated for a correctly executed drawing.
 Drawing must be three-dimensional
 All lines are drawn
 No line is added
 Lines are relatively parallel and their length is similar (rectangular prisms are
accepted)
 A point is not assigned if any of the above-criteria are not met.
3. Visuoconstructional Skills (Clock):
Administration: Indicate the right third of the space and give the following instructions:
“Draw a clock. Put in all the numbers and set the time to 10 after 11”.
Scoring: One point is allocated for each of the following three criteria:
 Contour (1 pt.): the clock face must be a circle with only minor distortion
141

acceptable (e.g., slight imperfection on closing the circle);
 Numbers (1 pt.): all clock numbers must be present with no additional numbers;
numbers must be in the correct order and placed in the approximate quadrants on
the clock face; Roman numerals are acceptable; numbers can be placed outside the
circle contour;
 Hands (1 pt.): there must be two hands jointly indicating the correct time; the
hour hand must be clearly shorter than the minute hand; hands must be centred
within the clock face with their junction close to the clock centre.
A point is not assigned for a given element if any of the above criteria are not met.
4. Naming:
Administration: Beginning on the left, point to each figure and say: “Tell me the name of
this animal”.
Scoring: One point each is given for the following responses: (1) camel or dromedary, (2)
lion, (3) rhinoceros or rhino.
5. Memory:
Administration: The examiner reads a list of 5 words at a rate of one per second, giving
the following instructions: “This is a memory test. I am going to read a list of words that
you will have to remember now and later on. Listen carefully. When I am through, tell me
as many words as you can remember. It doesn’t matter in what order you say them”. Mark
a check in the allocated space for each word the subject produces on this first trial. When
the subject indicates that (s)he has finished (has recalled all words), or can recall no more
words, read the list a second time with the following instructions: “I am going to read the
same list for a second time. Try to remember and tell me as many words as you can,
including words you said the first time.” Put a check in the allocated space for each word
the subject recalls after the second trial.
At the end of the second trial, inform the subject that (s)he will be asked to recall these
words again by saying, “I will ask you to recall those words again at the end of the test.”
Scoring: No points are given for Trials One and Two.
6. Attention:
Forward Digit Span: Administration: Give the following instruction: “I am going to say
some numbers and when I am through, repeat them to me exactly as I said them”. Read
the five number sequence at a rate of one digit per second.
Backward Digit Span: Administration: Give the following instruction: “Now I am going to
say some more numbers, but when I am through you must repeat them to me in the
backwards order.” Read the three number sequence at a rate of one digit per second.
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Scoring: Allocate one point for each sequence correctly repeated, (N.B.: the correct
response for the backwards trial is 2-4-7).
Vigilance: Administration: The examiner reads the list of letters at a rate of one per
second, after giving the following instruction: “I am going to read a sequence of letters.
Every time I say the letter A, tap your hand once. If I say a different letter, do not tap your
hand”.
Scoring: Give one point if there is zero to one errors (an error is a tap on a wrong letter or
a failure to tap on letter A).
Serial 7s: Administration: The examiner gives the following instruction: “Now, I will ask
you to count by subtracting seven from 100, and then, keep subtracting seven from your
answer until I tell you to stop.” Give this instruction twice if necessary.
Scoring: This item is scored out of 3 points. Give no (0) points for no correct subtractions,
1 point for one correction subtraction, 2 points for two-to-three correct subtractions, and 3
points if the participant successfully makes four or five correct subtractions. Count each
correct subtraction of 7 beginning at 100. Each subtraction is evaluated independently;
that is, if the participant responds with an incorrect number but continues to correctly
subtract 7 from it, give a point for each correct subtraction. For example, a participant
may respond “92 – 85 – 78 – 71 – 64” where the “92” is incorrect, but all subsequent
numbers are subtracted correctly. This is one error and the item would be given a score of
3.
7. Sentence repetition:
Administration: The examiner gives the following instructions: “I am going to read you a
sentence. Repeat it after me, exactly as I say it [pause]: I only know that John is the one
to help today.” Following the response, say: “Now I am going to read you another
sentence. Repeat it after me, exactly as I say it [pause]: The cat always hid under the
couch when dogs were in the room.”
Scoring: Allocate 1 point for each sentence correctly repeated. Repetition must be exact.
Be alert for errors that are omissions (e.g., omitting "only", "always") and
substitutions/additions (e.g., "John is the one who helped today;" substituting "hides" for
"hid", altering plurals, etc.).
8. Verbal fluency:
Administration: The examiner gives the following instruction: “Tell me as many words as
you can think of that begin with a certain letter of the alphabet that I will tell you in a
moment. You can say any kind of word you want, except for proper nouns (like Bob or
Boston), numbers, or words that begin with the same sound but have a different suffix, for
example, love, lover, loving. I will tell you to stop after one minute. Are you ready?
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[Pause] Now, tell me as many words as you can think of that begin with the letter F. [time
for 60 sec]. Stop.”
Scoring: Allocate one point if the subject generates 11 words or more in 60 sec. Record
the subject’s response in the bottom or side margins.
9. Abstraction:
Administration: The examiner asks the subject to explain what each pair of words has in
common, starting with the example: “Tell me how an orange and a banana are alike”. If
the subject answers in a concrete manner, then say only one additional time: “Tell me
another way in which those items are alike”. If the subject does not give the appropriate
response (fruit), say, “Yes, and they are also both fruit.” Do not give any additional
instructions or clarification.
After the practice trial, say: “Now, tell me how a train and a bicycle are alike”. Following
the response, administer the second trial, saying: “Now tell me how a ruler and a watch
are alike”. Do not give any additional instructions or prompts.
Scoring: Only the last two item pairs are scored. Give 1 point to each item pair correctly
answered. The following responses are acceptable:
Train-bicycle = means of transportation, means of travelling, you take trips in both;
Ruler-watch = measuring instruments, used to measure.
The following responses are not acceptable: Train-bicycle = they have wheels; Rulerwatch = they have numbers.
10.

Delayed recall:

Administration: The examiner gives the following instruction: “I read some words to you
earlier, which I asked you to remember. Tell me as many of those words as you can
remember. Make a check mark for each of the words correctly recalled spontaneously
without any cues, in the allocated space.
Scoring: Allocate 1 point for each word recalled freely without any cues.
Optional:
Following the delayed free recall trial, prompt the subject with the semantic category cue
provided below for any word not recalled. Make a check mark in the allocated space if the
subject remembered the word with the help of a category or multiple-choice cue. Prompt
all non-recalled words in this manner. If the subject does not recall the word after the
category cue, give him/her a multiple choice trial, using the following example
instruction, “Which of the following words do you think it was, NOSE, FACE, or
HAND?”

144

FACE:

category cue: part of the body

multiple choice: nose, face, hand

VELVET:

category cue: type of fabric

multiple choice: denim, cotton, velvet

CHURCH:

category cue: type of building

multiple choice: church, school, hospital

DAISY:

category cue: type of flower

multiple choice: rose, daisy, tulip

RED:

category cue: a colour

multiple choice: red, blue, green

Use the following category and/or multiple-choice cues for each word, when appropriate:
Scoring: No points are allocated for words recalled with a cue. A cue is used for
clinical information purposes only and can give the test interpreter additional information
about the type of memory disorder. For memory deficits due to retrieval failures,
performance can be improved with a cue. For memory deficits due to encoding failures,
performance does not improve with a cue.
11.

Orientation:

Administration: The examiner gives the following instructions: “Tell me the date today”.
If the subject does not give a complete answer, then prompt accordingly by saying: “Tell
me the [year, month, exact date, and day of the week].” Then say: “Now, tell me the name
of this place, and which city it is in.”
Scoring: Give one point for each item correctly answered. The subject must tell the exact
date and the exact place (name of hospital, clinic, office). No points are allocated if
subject makes an error of one day for the day and date.
TOTAL SCORE: Sum all subscores listed on the right-hand side. Add one point for an
individual who has 12 years or fewer of formal education, for a possible maximum of 30
points. A final total score of 26 and above is considered normal.
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Appendix K Loudness discomfort levels methodology
Loudness Discomfort Levels (LDLs) were performed for 500 and 3000 Hz.
Methodology:
1. Participants were handed a “categories of loudness chart” displaying 7 categories: very
soft, soft, comfortable but slightly soft, comfortable, comfortable but slightly loud, loud
but o.k., uncomfortably loud.
2. Participants were given the following instructions: “We need to do a test to determine
where to set the amplifier on your hearing aid. We want to set it such that sounds do not
become uncomfortably loud. If we set it too high, sounds could get too loud, and you may
not want to wear the hearing aid. You will hear some sounds through the earphone, and
after each one I want you to tell me which of the loudness categories on this sheet (hand
loudness chart to patient) best describes the sound to you. So after each sound, tell me if it
was “comfortable”, or “comfortable, but slightly loud”, or “loud, but O.K.”, or
“uncomfortably loud”, etc. I will be zeroing in on the “uncomfortably loud” category
because that is where I want the hearing aid to stop. Think of uncomfortably loud as
where you want the hearing aid to stop and not get any louder. We want the hearing aid to
keep sounds in the comfortable regions and not let sounds get into the uncomfortable
regions. So after each sound, tell me the category that best described it for you.”
3. Starting at 80 dB HL, a pure-tone warble (500 or 3000 Hz) was presented in ascending
5 dB steps until the participant reported “uncomfortable”. The pure-tone was then
decreased by 5 steps and then re-ascended in 5 dB steps. The “uncomfortable” threshold
was the level where the participant reported “uncomfortable” on 2 out of 3 ascending
trials. This value was used as the individual’s LDL.
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Appendix L Sentence repetition keywords correct (%) by participant age
Table L.1. Mean sentence repetition performance and standard deviations for each participant listed by age

Note. Overall means and standard errors across participants are listed at the bottom of the table.
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Appendix M CMA rating means across participants
Table M.1. CMA rating means and 95% confidence intervals of the mean across participants for Experiment I
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Table M.2. CMA rating means and 95% confidence intervals of the mean across participants for Experiment II

Note. SR = sentence repetition focus; CTD = connect-the-dots focus.
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