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Objectives: The aims of this study were to (i) evaluate the efficacy of
phoneme discrimination training for hearing and cognitive abilities of
adults aged 50 to 74 years with mild sensorineural hearing loss who
were not users of hearing aids, and to (i) determine participant com-
pliance with a self-administered, computer-delivered, home- and game-
based auditory training program.

Design: This study was a randomized controlled trial with repeated mea-
sures and crossover design. Participants were trained and tested over
an 8- to 12-week period. One group (Immediate Training) trained during
weeks 1 and 4. A second waitlist group (Delayed Training) did no training
during weeks 1 and 4, but then trained during weeks 5 and 8. On-task
(phoneme discrimination) and transferable outcome measures (speech
perception, cognition, self-report of hearing disability) for both groups
were obtained during weeks 0, 4, and 8, and for the Delayed Training
group only at week 12.

Results: Robust phoneme discrimination learning was found for
both groups, with the largest improvements in threshold shown for
those with the poorest initial thresholds. Between weeks 1 and 4, the
Immediate Training group showed moderate, significant improvements
on self-report of hearing disability, divided attention, and working mem-
ory, specifically for conditions or situations that were more complex and
therefore more challenging. Training did not result in consistent improve-
ments in speech perception in noise. There was no evidence of any test-
retest effects between weeks 1 and 4 for the Delayed Training group.
Retention of benefit at 4 weeks post-training was shown for phoneme
discrimination, divided attention, working memory, and self-report of
hearing disability. Improved divided attention and reduced self-reported
hearing difficulties were highly correlated.

Conclusions: It was observed that phoneme discrimination training ben-
efits some but not all people with mild hearing loss. Evidence presented
here, together with that of other studies that used different training
stimuli, suggests that auditory training may facilitate cognitive skills that
index executive function and the self-perception of hearing difficulty in
challenging situations. The development of cognitive skills may be more
important than the development of sensory skills for improving commu-
nication and speech perception in everyday life. However, improvements
were modest. Outcome measures need to be appropriately challenging
to be sensitive to the effects of the relatively small amount of training
performed.
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INTRODUCTION

Auditory learning, defined as improved listening through
training (Moore et al. 2009), has been used since the 1950s
as a clinical intervention aimed at improving communica-
tion abilities in people with hearing loss (Bamford 1981).
The advent in the mid 1990s of commercial auditory training
programs, such as Fast ForWord for children with language-
based learning impairments (Tallal et al. 1996), provided
widespread, cost-effective, easy-to-deliver training solutions
that could be tailored to suit individual needs for home use.
This in turn promoted a proliferation of research on individual-
ized, computer-generated auditory training and learning. The
general aim of the research was to understand the underlying
principles and mechanisms of auditory training in normally
hearing listeners (Wright et al. 1997; Amitay et al. 2005, 2006)
and the efficacy of such interventions to improve receptive
speech perception in those with hearing loss (Fu et al. 2004;
Burk et al. 2006; Stecker et al. 2006). However, despite a grow-
ing increase of training products and research, we still have
little clear understanding of how effective auditory training is
for improving everyday listening skills.

A systematic review of the literature (Sweetow & Palmer
2005) examined the evidence that auditory training improves
communication skills in adults with hearing loss. The review
identified six peer-reviewed articles published between 1970
and 1996, which met the following inclusion criteria (1) ran-
domized controlled trials (RCTs), non-RCTs, cohort, and
before/after designs, with or without a control group, (2) adults
with hearing loss, but not cochlear implant users, (3) training
paradigm as the independent variable, and (4) outcome mea-
sures related to speech perception, or self-perception of com-
munication abilities. It was concluded that although there was
some evidence to support improved auditory skills trained dur-
ing the published studies, there was no firm evidence to suggest
that auditory training translated to effective, real-world benefits.
The review also pointed out that these studies generally lacked
scientific rigor. Four of 6 failed to include a control group, nec-
essary to distinguish training-related improvement from test-
retest effects (see also McArthur 2007), and none conducted a
power calculation to define the appropriate sample size to detect
clinically meaningful post-training differences.

A recent systematic review of studies since 1996 that used
individual computer-based auditory training for adults with
hearing loss identified 13 studies of very low to moderate
study quality (Henshaw & Ferguson 2013a). Quality concerns
included inadequate control for procedural learning or for pla-
cebo effects; very few of the more recent studies included a
control group to assess test-retest effects. Furthermore, very
few studies included a power calculation. Some did not report
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results from all the outcome measures obtained, leading to a
lack of transparency. Finally, blinding of participant or tester
was rarely implemented. A key finding was that “on-task learn-
ing” (i.e., improvement on the trained task) usually occurred
for a range of stimuli including monosyllables, syllables, words,
and phrases in people with hearing loss (Burk et al. 2006; Burk
& Humes 2008; Humes et al. 2009) and for both hearing aid
users (Stecker et al. 2006; Sweetow & Henderson Sabes 2006;
Miller et al. 2008) and cochlear implant users (Fu et al. 2004;
Miller et al. 2008; Tyler et al. 2010; Oba et al. 2011).

That on-task learning occurs is interesting theoretically, and
supports animal models of neuroplasticity (Recanzone et al.
1993). The evidence to support off-task or “generalization” of
learning (i.e., improvements in tasks that are not trained directly)
is considerably less clear (Sweetow & Palmer 2005; Henshaw
& Ferguson 2013a). To date, the “gold standard” clinical test
for demonstrating generalization has been improvements in
speech-in-noise perception, the most common complaint of
people with hearing loss. This is reflected in the majority of
auditory training studies, which used speech training stimuli as
well as speech outcome measures (Henshaw & Ferguson 2013a)
Although there is evidence to suggest that training using mul-
tiple talkers promotes greater word-in-noise learning and that
word-in-noise training can generalize to unfamiliar speakers
(Burk et al. 2006), such training does not always lead to gener-
alization to unfamiliar words, nor familiar words embedded in
unfamiliar sentences (Humes et al. 2009). Training on syllables
or phonemes has been shown to transfer to improvements in
word-in-sentence and sentence perception in cochlear implant
users (Fu et al. 2005, 2008) but not in hearing aid users (Stecker
et al. 2006; Woods & Yund 2007).

While it is important to be able to demonstrate that auditory
training results in measurable performance improvements, such
as speech perception, it is also important for those doing the
training to feel that it is benefiting them in everyday conver-
sation, which may be best shown in self-report questionnaires.
Therefore, assessment of benefit should include both subjective
and objective measures (Sweetow & Henderson Sabes 2010).
Our systematic review noted self-reported outcomes were used
in only 3 of the 13 studies, with mixed results. Improvements
were shown for hearing handicap, measured by the Hearing
Handicap Inventory for the Elderly and the Communication
Scale for Older Adults (Sweetow & Henderson Sabes 2010),
but not by the Speech Spatial and Qualities of Hearing question-
naire (Ingvalson et al. 2013) or a health status questionnaire, the
Glasgow Benefit Inventory (Stacey et al. 2010).

An increasing acknowledgment of the importance of cogni-
tion (e.g., memory and attention) in listening ability over the last
10 years has been reflected in auditory learning research. Ami-
tay et al. (2006) showed that robust learning can occur in nor-
mally hearing adults attempting to discriminate identical tones;
an impossible task. This suggests that the effects of auditory
training extend beyond sensory discrimination per se, draw-
ing upon top-down, cognitive mechanisms to improve auditory
performance. This is supported by improvements in attention,
auditory working memory (Stroop, listening span; Sweetow &
Henderson Sabes 2006) and global auditory memory (Mahncke
et al. 2006) after training on auditory stimuli.

For auditory training to be effective, those undertaking it need
to comply with the intervention. As with many health-change
behaviors, such as cessation of smoking and drinking alcohol

(Curry et al. 1991; DiClemente et al. 1999), compliance with
behavioral interventions over relatively prolonged times can be
poor, and auditory training is no exception. For example, compli-
ance rates in the United States with the Listening and Commu-
nication Enhancement (LACE) software in a clinical population
were low, at 30% (Sweetow & Henderson Sabes 2010). Histori-
cally, auditory training programs have called for prolonged train-
ing (e.g., Fast ForWord with children; typically 1 hr a day, 5 days a
week for 8 weeks), but usually without any empirical evidence to
support this. Besides the fact that this training is time-consuming
and demotivating, it may not be necessary to train for so long. In
addition, Molloy et al. (2012) have shown that for simple audi-
tory stimuli (a frequency discrimination task) there is increased
on-task learning when shorter training sessions (~8min) rather
than longer ones (>1 hr) are used. However, systematic studies of
visual learning show that outcomes are, in general, related to the
amount of training (Levi 2012).

One other important factor when considering auditory train-
ing as an effective clinical intervention is that speech percep-
tion performance and communication are maintained over time
(Sweetow & Henderson Sabes 2006; Tyler et al. 2010; Oba
et al. 2011). Current evidence suggests that post-training per-
formance on the trained tasks does not drop back to baseline for
periods of up to 6 months, and that post-training performance
levels can be regained with top-up training sessions of as little
as 1 hr (Burk et al. 2006).

There are still a large number of outstanding questions on
the benefits of auditory training, some of which are summarized
by Boothroyd (2010). These include establishing which aspects
of auditory training protocols contribute to learning, how audi-
tory training generalizes to benefits in everyday communication
and quality of life, and how individual characteristics interact
with training outcomes to identify candidacy for auditory train-
ing. To answer these questions with high-quality evidence, fac-
tors to be considered include the clear reporting of results (e.g.,
according to the CONsolidated Standards Of Reporting Trials
[CONSORT] statement; see Schulz et al. 2010) and the use of
outcome measures that are appropriate and sensitive (Henshaw
& Ferguson 2013a). Only one study in our recent systematic
review investigated the effects of auditory training on gener-
alization to speech perception, self-report of communication
difficulties and cognition (Sweetow & Henderson Sabes 2006;
Henderson Sabes & Sweetow 2007). Significant improvements
were seen in all three areas, although not for all individual tests.
As speech perception and cognition underpin communication
abilities (Kiessling et al. 2003), the main focus in the present
study was to examine outcomes across speech perception, cog-
nition, and self-report of hearing difficulties to identify whether,
and how, auditory training was contributing to communication.

Most auditory training studies show highly variable outcomes
across individual participants (Fu et al. 2004; Amitay et al. 2005;
Humes et al. 2009; Stacey et al. 2010; Millward et al. 2011), and
not everyone benefits from training (Fu et al. 2004; Oba et al.
2011). From a clinical intervention perspective, an important goal
is to identify accurately who will benefit from auditory training.
This could then lead to individually targeted interventions to pro-
mote effective remediation of hearing and communication dif-
ficulties, resulting in reduced disability and handicap.

Auditory training has the potential to be a useful clinical
intervention to support people with hearing loss. This includes
those who are hearing aid users as well as those who choose not
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to wear hearing aids, or those who have mild hearing loss and
would not necessarily benefit from amplification. The present
phoneme discrimination training study focused on adults with
mild sensorineural hearing loss who were experiencing hearing
difficulties, but had not yet sought intervention for their hearing
loss. The study’s aims were as follows:

1. to ascertain whether phoneme discrimination training
delivered improvements of trained and untrained hear-
ing and cognitive related skills;

2. to determine whether improvements were due to learn-
ing or to test familiarity (i.e., test-retest) effects;

3. to investigate whether learning was retained after a
period without training; and

4. to determine participant compliance with a home-based,
computerized phoneme discrimination training program.

PARTICIPANTS AND METHODS

This study is reported in accordance with the CONSORT
statement (Schulz et al. 2010), which offers guidance for the
transparent and unbiased reporting of RCTs. The CONSORT
statement is intended to improve the reporting of RCTs,
enabling readers to understand a trial’s design, conduct, analy-
sis, and interpretation, and to assess the validity of its results.

Participants

Adults were initially recruited via three local Nottingham
primary care practices, which sent a hearing screening ques-
tionnaire (Davis et al. 2007) to all patients who were aged 50
to 74 years (total n = 3326) on their register. The questionnaire
return rate was 42.2% (n = 1471) of whom 1152 indicated a
willingness to participate in further research. Of these, 211
people who reported hearing difficulties in both ears agreed to
participate and 96 participants attended the initial test session.

A total of 44 participants (15 female, 29 male) met the inclu-
sion criteria: (1) having symmetrical mild, sensorineural hear-
ing loss (better ear pure-tone average thresholds between 21 and
40 dB HL across 0.5, 1, 2, and 4kHz), (2) being a non-hearing
aid user, (3) being able to run simple computer games or control
amouse if never used a computer before, and (4) having English
as first language. Exclusions from the study (n = 52) were on the
basis of audiometric results (n = 44), being an existing hearing
aid user (n = 3), unwillingness to participate (n = 4), or inability
to control a computer mouse (n = 1).

Participants were allocated to either the Immediate Train-
ing group (IT; n = 23) or a wait listed Delayed Training group
(DT; n = 21) by the second author using the method of minimi-
zation (Altman 1991). The grouping variables for minimization
were age (younger, 50 to 62 years; older, 63 to 74 years), better
hearing threshold levels (HTLs) across 0.5 to 4kHz (better ear, 20
to 29 dB HL; poorer ear, 30 to 39 dB HL), and sex (male; female).

Design and Study Procedure

The study used a randomized, controlled, quasi-crossover
design, shown in Figure 1. Outcome measures were obtained
at all visits. Test sessions are labeled so that training occurred
between times tl and t2, and the retention period occurred
between times t2 and t3 for both groups. The control (no-train-
ing) period for the DT group between t0 and t1 enabled assess-
ment of test-retest effects. The auditory training software was

t1 2 t3
e, IR~ W
Training (IT)
t0 t1 t2 t3
oo I e | [ S [ >~ |
Training (DT) Control Delay
4 8 12

Time (weeks) ?

Fig. 1. Study design. Outcome measures were obtained for Immediate
Training (IT) and Delayed Training (DT) groups during up to 4 visits, inter-
spersed either with home-based phoneme discrimination training or an
equivalent (control) period without training.

demonstrated to all participants in the lab at t1, before their train-
ing. The primary outcome measure was the digit triplets test. On
the basis of data from the study by Wagener (2009), a power
calculation to show a 2.5 dB signal to noise ratio (SNR) differ-
ence between the two groups, assuming a two-sided significance
level of 0.05 and 80% power, indicated a requirement to see 20
participants in each group. On the basis of a paired-sample ¢ test,
this would result in a large effect size (Cohen’s d = 0.89).

The study was approved by the Nottingham Research Eth-
ics Committee and Nottingham University Hospitals Trust
Research and Development. Signed, informed consent was
obtained. Participants were paid a nominal attendance fee and
travel expenses for each visit, and a small inconvenience fee to
partly recompense their time for doing the auditory training.

Outcome Measures

Audiological Measures ¢ Pure-tone air conduction thresh-
olds (0.25, 0.5, 1, 2, 3, 4, and 8kHz) were obtained for each
ear and pure-tone bone conduction thresholds as required (0.5,
1, and 2kHz), following the procedure recommended by the
British Society of Audiology (BSA 2004), using a Siemens
(Crawley, West Sussex, UK) Unity PC audiometer, Sennheiser
(Hanover, Germany) HDA-200 headphones, and B71 Radioear
(New Eagle, PA) transducer in a sound-attenuating booth. Otos-
copy was performed and middle ear function was assessed by
standard clinical tympanometry by using a GSI Tympstar (Gra-
son-Stadler, Eden Prairie, MN).

Cognitive Measures ¢ Nonverbal intelligence quotient (NVIQ)
was established using the Matrix Reasoning subtest of the
Wechsler Abbreviated Scale of Intelligence (Wechsler 1999).
The Digit Span subtest (forward followed by backward) from
the Wechsler Adult Intelligence Scale-Third Edition (Wechsler
1997) was used to measure working memory. Pairs of prere-
corded spoken digit (0 to 9) sequences were presented at 70 dBA
via Sennheiser HD-25 headphones. On successful recall of each
sequence pair, the sequence increased by one digit. Discontinu-
ation occurred when both sequences were recalled incorrectly.
The Visual Letter Monitoring task (VLM) tested visual working
memory (Gatehouse et al. 2003). There were 10 consonant-vowel-
consonant words embedded in an 80-letter sequence, and two
sequences were alternated between the presentation rates across
visits. Individual letters were displayed sequentially on a computer
screen and participants pressed the keyboard spacebar (hit) when
three consecutive letters formed a recognized consonant-vowel-
consonant word (e.g., M-A-T). There were two runs, with the ini-
tial presentation rate of 1 letter/2 s, followed by 1 letter/1 s.
Divided attention was assessed using the Test of Everyday
Attention (TEA) (Robertson et al. 1994). The Telephone Search
(subtest 6; single attention) required symbols (n = 20) to be
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identified correctly, as fast as possible, while searching a simu-
lated telephone directory. The Telephone Search While Count-
ing (subtest 7; dual attention) required the Telephone Search to
be performed while simultaneously counting strings of 1kHz
tones. The time per target for each subtest and the dual-task dec-
rement (DTD; difference between single and dual tasks) were
measured using different test versions across visits.

Speech Perception in Noise Measures * Two measures of
speech perception in noise were presented free-field at a dis-
tance of 1 m. The Adaptive Sentence List (ASL) test (MacLeod
& Summerfield 1990) presented sentence lists each comprising
30 items, mixed with an 8 Hz modulated noise, fixed at 60 dBA
(Millward et al. 2011). Three different sentence lists were used,
one at each visit. Sentences consisted of five words, including
three key words (e.g., the lunch was very early), scored correct
when all key words were identified. Initial sentence presenta-
tion was at 80 dBA, which varied adaptively, in 10 and 5 dB
steps over two, one down-one up reversals, changing to a three
down-one up paradigm using a 2.5 dB step size. The speech
reception threshold (SRT) was the average SNR of the last two
reversals in dB.

The Digit Triplets test (Smits & Houtgast 2004; Smits et al.
2005) presented series of three digits (monosyllables 0 to 9)
against steady, speech-shaped background noise. Six digit lists
were randomized to minimize order effects. An audibility check
was performed at 65 dB SPL in quiet to ensure identification
of >80%, which was increased by 5 dB until the criterion was
reached. Speech level was typically 65 dB SPL. Initial digit pre-
sentation was at +5 dB SNR, and the noise varied adaptively in 2
dB steps with one down-one up reversals, and continued until 27
trials were completed. The SRT in dB was the 50% correct level.

Self-Report Questionnaires ¢ The Glasgow Hearing Aid Ben-
efit Profile (GHABP; Gatehouse 1999) assessed hearing disabil-
ity and handicap using four predefined situations (e.g., having a
conversation with 1 other person when there is no background
noise; having a conversation with several people in a group) on
a five-point scale (1 = no difficulty to 5 = cannot manage at all).
The overall hearing Disability and Handicap scores were the
mean scores converted to a percentage.

The Speech, Spatial and Qualities of Hearing (SSQ; Gate-
house & Noble 2004) assessed abilities and experience of hear-
ing in different listening situations. It comprises 49 questions
across three scales (1) Speech hearing (n = 14) (2) Spatial hear-
ing (n = 17), and (3) Qualities of hearing (n = 18). Participants
rated their hearing ability along a 0 to 10 visual analog scale for
each question (0 = not at all to 10 = perfectly). Mean scores for
each scale were derived.

Phoneme Probe ¢ The discrimination threshold (%) for one
phoneme continuum (/e/ and /a/) of the training task (given later
in the article). Participants completed one track of 30 trials at
each visit.

Auditory Training

Home-delivered auditory training used a computer game
format delivered on the ITHR-STAR platform. Training was
based on the “Phonomena” phoneme training package, fully
described by Moore et al. (2005), but with graphics designed
for adult participants. Eleven phoneme continua (/a/-/uh/,
/b/-/d/, /d/-1g/, lel-/al, ler/-lot/, li/-le/, /V/-/t/, /m/-/n/, /s/-/sh/,

/s/-/th/, and /v/-/w/), embedded in syllables where needed for
natural articulation, were synthesized from endpoints consist-
ing of real voice recordings. Each continuum transitioned from
one phoneme to the other in 96 steps, saved as discrete.wav
files. The stimuli were delivered through Sennheiser HD-25
headphones at a fixed level of 75 dBA. A three-interval, three-
alternative, forced-choice, oddball paradigm was used; the
participant’s task was to choose the odd one out from three
sequentially presented phonemes. Feedback (correct/incorrect
response) was given. Initially, two (identical) phonemes were
selected randomly from one end of the continuum and the odd
(target) phoneme from the opposite end (i.e., .wav files #1 and
#96). Correct detection of the target, delivered randomly in any
of the three intervals, resulted on the next trial in the identi-
cal and target phonemes being chosen from a more difficult
comparison (e.g., files #11 and #86; i.e., step size 10). Trials
then varied adaptively over two, one down-one up reversals,
step size 10 and 5, changing to a three down-one up paradigm
using a step size of 2. Performance was measured in terms of
the separation between stimulus file numbers at threshold. Pho-
neme discrimination threshold (%) was the average of the last
two reversals over 35 trials.

Phoneme pairs were selected sequentially on a rotational
basis. Participants were asked to train for 15min/day, 6 days/
week over a 4-week period (360 min in total). The training was
delivered, and responses logged, using a Toshiba (Weybridge,
Surrey) A300 laptop, locked down to run the training program
only. Two initial demonstration tasks of five trials were under-
taken before home-delivered training. At the end of each train-
ing session a graphical display plotted the average threshold
each day and the cumulative training time.

There was no preselection of participants based on their
computer skill levels because a significant proportion of the
initial sample responding to the postal questionnaire had never
used a personal computer (PC; 22.1%) or the Internet (54.2%;
Henshaw et al. 2012a).

Analysis of Outcome Measures

To assess training and test-retest effects and to control for
multiple testing that is implicit in repeated univariate analyses
of variance, an intercept-only multivariate analysis of variance
(MANOVA) for each category of key variables between the first
two test sessions (IT, t1-t2; DT, t0-t1; Fig. 1) was conducted for
the IT (training effect) and DT (test-retest effect) groups sepa-
rately. The key variables were grouped according to speech per-
ception (ASL sentence-in-noise; Digit Triplets), cognition (TEA,
single-task decrement and DTD; VLM, 1/s and 1/2s; Digit Span)
and hearing-related self-report questionnaires (GHABP, Disabil-
ity and Handicap; SSQ scales, Speech and Spatial).

To assess whether the IT group demonstrated any signifi-
cant training-related improvements (t1-t2) compared with
the control period for the DT group (t0-tl), a between-group
MANOVA of the significant measures from the previous analy-
sis was performed, with group (IT and DT) as the between-
subjects factor.

The final analysis assessed training-related effects for the
whole sample. If MANOVA showed no significant difference
in the pretraining and post-training results (t1-t2) between the
Immediate and Delayed Training groups, the two groups were
combined. A MANOVA was then performed for each set of
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TABLE 1. Mean (SD) for the on-task and off-task measures for the immediate training and delayed training groups at each visit
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Immediate Training

Delayed Training

Time (weeks) Time (weeks)
Variables t1 (0) t2 (4) t3 (8) 0 (0) t14) t3 (8) t4 (12)
On-task outcome measure
Auditory processing
Phoneme probe /a/-/e/ (%) 68.6 (10.5) 59.6 (4.5 57.6 (3.5 619 (6.6) 62.3 (8.9) 56.9 (7.00 57.7 (5.9)
Off-task outcome measures
Speech intelligibility SRT
Digit triplet-in-noise (dB) -70 (1.3) -73 (1.3) -7.2 (1.6 -7.0 (2.0 -68 (1.6) -75 (1.4 -73 (1.7
ASL sentence-in-noise (dB) 60.5 (4.0) 59.7 (2.9) 60.1 (2.8 62.2 (3.9 60.8 (3.8) 60.6 (3.4) 59.0 (2.9
Cognition
TEA single task 3.2 (0.9 3.1 (0.8) 3.0 (0.7) 3.6 (0.6) 3.6 (0.8 3.4 (0.8) 3.1 (0.6)
TEA dual-task decrement 1.4 (1.0) 0.8 (1.0 0.4 (0.6) 1.2 (1.0 1.1 (1.3 0.7 (0.9 0.8 (0.7)
Digit Span 162 (42) 16.8 (4.7) 16.8 (4.2 16.6 (3.1) 171 (3.4) 17.7 (41) 18.6 (3.9)
VLM 1 second (1/s) 55 (2.5 6.7 (2.6) 6.6 (2.3 5.8 (2.8) 6.1 (2.5 6.7 (2.2 7.2 (2.5
VLM 2 second (1/2s) 81 (1.7) 8.8 (1.9 8.9 (1.5 8.4 (1.6) 7.8 (2.2 8.8 (2.3 89 (1.2
Self-report
GHABP Disability (%) 342 (149 275 (18.4) 29.7 (1355 372 (179 378 (15.1) 347 (17.9) 40.0 (18.6)
GHABP Handicap (%) 27.8 (19.2) 20.8 (15.1) 21.7 (186 323 (24.7) 31.0 (20.77 316 (21.5 31.0 (23.5)
SSQ Speech (0-10) 55 (1.5 58 (1.9 55 (1.8) 5.3 (1.8) 55 (1.5 54 (1.6) 55 (1.6)
SSQ Spatial (0-10) 6.9 (1.5 6.9 (1.6) 6.3 (2.0 6.1 (1.8) 6.0 (1.8) 6.0 (1.8) 6.0 (1.8)
SSQ Qualities (0-10) 73 (1.5 73 (1.4) 6.8 (2.1) 6.5 (1.6) 6.7 (1.4) 6.8 (1.2 6.8 (1.5)

Significance levels are noted for pre- to post-training changes between visits for Immediate Training (t1-t2) and Delayed Training (t2-t3) groups. Shaded areas show the significant

(p < 0.05) improvements from paired t test analysis.

ASL, Adaptive Sentence List; GHABP, Glasgow Hearing Aid Benefit Profile; SRT, speech reception threshold; SSQ, Speech, Spatial and Qualities of Hearing; TEA, Test of Everyday Attention;

VMT, Visual Letter Monitoring.

pre- to post-training outcome measures (t1—t2). Where signifi-
cant training effects were shown, post hoc paired-sample ¢ tests
were performed to assess which individual outcome measures
reached significance.

Between-group and between-visit improvements were signed
to give a positive score. Effect size (Cohen’s d) was derived for
the change between visits based on the standard deviation of
differences for repeated measures designs. Effect size was cat-
egorized as small, moderate, and large when Cohen’s d was at
0.2, 0.5, and 0.8, respectively (Cohen 1988).

RESULTS

Performance Before Training

At baseline (IT= tl; DT = t0; Fig. 1) there were no signifi-
cant demographic differences between the IT and DT groups:
mean age (IT = 65.0 years; DT = 65.0 years), better ear HTL
(0.5 to 4 kHz: IT = 28.2 dB HL; DT = 28.0 dB HL), socio-
economic status (Index of Multiple Deprivation; Noble et al.
2008; IT = 15,036; DT = 15,317), sex ratio (male:female:
IT = 0.70; DT = 0.62), or nonverbal intelligence quotient
(IT = 55.7; DT = 57.0). There was no significant difference
between the groups for baseline phoneme discrimination thresh-
olds, for any of the baseline performance tests or questionnaire
scores (Table 1), or for computer skills (Table 2).

Training Compliance

Compliance with training was high across all participants
and there were no dropouts; 80% (35 of 44) of the sample com-
pleted the requested duration of training, with 75% (33 of 44)
exceeding the required training. Mean training time across the

three categories of computer user (never, beginner, and compe-
tent) was 384.9, 374.3, and 379.7 min, respectively. All partici-
pants completed at least 6 full blocks, and just over two thirds
(70.8%) completed at least 10 blocks. The majority of those
who did not meet the requested 360 min of training were begin-
ners (n = 6), and the remaining three were competent PC users.
All those who had never used a computer exceeded the required
amount of training. There was no difference in the mean total
training time for each group (IT = 377min, SD = 50.7; DT =
378 min, SD = 46.3). The compliance rate was higher in the IT
group (87%) than in the DT group (72%).

On-Task Phoneme Learning

Across both groups of participants there was a highly sig-
nificant improvement with training in phoneme discrimina-
tion threshold for all 11 phoneme pairs (F(1, 3931.1) =479.1,
p < 0.001), shown in Figure 2. This improvement was also
evident for each group when considered separately (IT: F(1,
2043.3)=153.3,p<0.001; DT: F(1, 1911.2)=84.2, p<0.001).
For each phoneme continuum, the regression line fitted to all the
data points had a shallower slope than the diagonal, indicating

TABLE 2. Computer skill mix for all participants, the Immediate
Training and Delayed Training groups

Group N Never Beginner Competent
All participants 44 7 (15.9%) 20 (45.5%) 17 (38.6%)
Immediate Training 23 3 (13 %) 11 (47.8%) 9 (39.1%)
Delayed Training 21 4(19%) 9 (42.9%) 8 (38.1%)
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Fig. 2. Phoneme discrimination thresholds improved with training. Mean
phoneme discrimination threshold values for all 11 phoneme pairs across
the training period (n = 44).

the largest improvements occurred for those individuals who
had the poorest initial thresholds (Fig. 3). There was a significant
correlation between the thresholds for the first and last block for

each phoneme continuum, which ranged between » = 0.35 and
r=10.64, after excluding four outliers (outside the mean £3 SD).
The vast majority of individual points fell below the diagonal,
which showed that learning was evident for most participants on
most of the phonemes. The overall magnitude of improvement
was generally greatest for the phoneme continua that partici-
pants found most difficult to discriminate at the outset (partial
N /d/-/g/ = 0.25; /s/-/th/ = 0.24; /b/-/d/ = 0.16; /a/-/uh/ = 0.16;
/m/-/m/ = 0.16; /s/-/sh/ = 0.15; /er/-/or/ = 0.14; /e/-/a/ = 0.12;
VI-Iw/l = 0.12; /i/-/e/ = 0.11; /I/-/t/ = 0.10).

There was a highly significant reduction in the mean probe
threshold (/e/-/a/) after training in both groups (Table 1). There
was no improvement in the DT group during the no-training
control phase (t0-tl), indicating that repeated testing on the
probe did not itself produce improved performance (i.e., no
test-retest effect). Nor did performance change for either group
during the 4-week post-training period (IT: t1-t2; DT: t2-t3),
indicating no further learning, or loss of learning.

Generalization of Learning

The main analysis compared outcome measures for (1)
the within-group difference between the first two visits for
the IT (t1-t2) and DT groups (t0-t1) separately, and (2) the
between-group difference for the first two visits (see Fig. 1).
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Fig. 3. The poorest initial phoneme discrimination thresholds improved the most with training. Thresholds for the first and last blocks for each individual partici-
pant. Correlation coefficient (r) = phoneme discrimination thresholds between the first and last blocks. Solid line = regression line fitted to all the data points.
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The mean and standard deviation of the outcome measures at
each test session, for both groups, are shown in Table 1.

Speech Perception * There was no significant between-visit
change in speech-in-noise test SRTs for either the IT group
(t1-2: F(2,20) = 1.02, p = 0.38) or the DT group (t0-t1: F(2,
19)=2.51, p=0.11), shown in Figure 4.

Cognition ¢ For the IT group, MANOVA showed a signifi-
cant overall improvement in performance for all the cognitive
measures between tl and t2 (F(5, 13) = 3.43, p = 0.03). This
improvement was significant for the TEA DTD (p =0.02), VLM
for 1/s (VLM, , p =0.02) and VLM for 1/2s (VLM, ,, p = 0.04),
but not for the TEA single task (p = 0.06) or Digit Span
(p = 0.12; Fig. 5; Table 1). For the DT group, there was no
change in performance between t0 and t1 (F(5, 10) =0.61, p =
0.69), suggesting no test-retest effects (Fig. 5; Table 1).

The between-group MANOVA across the first two test ses-
sions for TEA DTD, VLM, and VLM, ,_showed only weak evi-
dence to support a difference between the two groups (F(3, 29)
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=2.74, p = 0.06), indicating that improvements for the IT group
were not significantly greater than those for the DT group. For
the combined group (IT and DT; t1-t2), there was a significant
overall pre- to post-training improvement for the TEA DTD,
and both VLM tasks (F(3, 34) = 10.35, p < 0.001). Post hoc
pairwise testing showed a significant effect of training for the
TEA DTD (#(42) = 3.45, p = 0.001, Cohen’s d = 0.53), VLM, _
(1(39)=3.14, p=0.003, d = 0.50), and VLM , (#37)=2.10,p
=0.04, d=0.34).

Self-Report Questionnaires * For the IT group, MANOVA
showed a significant overall within-group improvement on
GHABP and SSQ scores between tl and t2 (F(4, 18) = 3.25,
p=0.03). This was significant for both the Disability (p = 0.004)
and Handicap (p = 0.031) scales, shown in Figure 6A, but not
for the SSQ Speech (p = 0.28) or Spatial (p = 0.72) scales (see
Table 1). For the DT group, there was no overall within-group
change between t0 and t1 (F(4, 17)=0.16, p = 0.96), suggesting
no test-retest effect for GHABP or SSQ scales.

The between-group MANOVA across the first two test ses-
sions for Disability and Handicap scores was not significant
(F(2,40)=2.47, p=0.09). For the combined group (IT and DT;
t1-t2), there was a significant pre- to post-training improvement
(F(2,41) = 5.87, p = 0.006) for Disability and Handicap. Post
hoc testing showed a highly significant effect of training for
Disability (t(42) =3.45, p =0.001; d = 0.51) but not for Handi-
cap (#(43)=1.53,p=0.13; d=0.23).

Because significant benefit from training was shown for the
overall Disability score, the same analysis was performed for the
four individual GHABP Disability situations to assess whether
improvements were dependent on situation. For the IT group, there
was a significant overall within-group improvement between tl
and t2 (F(4, 15)=4.0, p = 0.02), which was significant only for the
“having a group conversation” situation (Fig. 6B; p = 0.016). For
the DT group there was no within-group change between t0 and t1
(F(4, 14) = 1.34, p = 0.30), suggesting no test-retest effect.
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Fig. 5. Training improved complex but not simple attention and working memory. (A) Test of Everyday Attention (TEA) dual task decrement (DTD), (B) TEA single
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Fig. 6. Self-report of hearing disability and handicap improved with train-
ing. (A) Overall Glasgow Hearing Aid Benefit Profile (GHABP) scores,
(B) GHABP "having a conversation with several people in a group." For
other details, see Fig. 4.

The between-group ANOVA across the first two test sessions
for the “group conversation” situation was significant (F(1, 42) =
4.94, p = 0.03), indicating a significant improvement for the
IT group compared with the DT group. For the combined
group, there was a significant pre- to post-training (t1-t2)
improvement for group conversation (#(21) = 3.17, p = 0.005;
d=0.68; Fig. 6B).

Retention of Learning

To assess retention of learning and retention of improvements
in generalizable outcome measures from training, it is assumed
there is some evidence of improvement. We have defined this
as any increase in performance from pre- to post-training (t1—
t2). Of the measures that showed significant training-related
improvement (training probe, GHABP Disability, TEA DTD,
VLM tasks), between 52% and 75% of all participants showed
some improvement (Fig. 7). On these tasks, significant pre- to
post-training improvements were retained to t3 without further
training (Fig. 7). The t3 results remained significantly better than
pretraining performance (t1), and there was no significant change

ell7

during the post-training delay period (t2—t3) for any measure (see
also Table 1).

We predicted that self-report would be related to perfor-
mance and this was shown in the relationship between the
overall GHABP Disability score with the TEA DTD. The 9 par-
ticipants in the IT group who showed an improvement in both
measures (Fig. 8) supported this prediction (» = 0.79, p <0.01).
It is noteworthy that these 9 participants reported significantly
greater Disability at baseline (t1) than the remaining partici-
pants in this group on overall GHABP (42.3% versus 29.0%,
p <0.05) and SSQ Speech (4.7 versus 6.0, p <0.05) scores. This
suggests that training-related improvements in divided attention
can be predicted by poorer initial self-report on disability and
speech recognition ability. There were no other factors at base-
line that predicted benefit from training.

DISCUSSION

The overall aim of this study was to evaluate the benefits of a
home-delivered, phoneme discrimination training program as a
potential clinical intervention for people with mild hearing loss.
A specific focus was on 50- to 74-year olds with mild sensorineu-
ral hearing loss who experienced hearing difficulties but did not
have hearing aids. We found robust on-task learning of the trained
phoneme continua, no improvement in speech-in-noise percep-
tion, and a mixed picture of positive and null effects on cognitive
and self-report measures. Where improvements in outcome mea-
sures did occur, they were retained for at least 1 month.

Robust on-task learning was found on the trained task,
consistent with many other training studies (e.g., Humes et al.
2009; Moore et al. 2009; Wright et al. 2010). In the present
study, learning was apparent for all 11 phonemic contrasts, and
the greatest improvement was seen for those contrasts that had
the poorest performance before training at both the group mean
and individual levels. Other studies have shown similar results
whereby training improved the ability to discriminate difficult
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Fig. 7. Benefits of training were retained in those that showed improvements (indicated by fractions of overall participants) for both the Immediate Training and
Delayed training groups for (A) Phoneme probe discrimination, (B) GHABP activity, (C) TEA dual task decrement, (D) Visual Letter Monitoring (VLM) 1/s, and
(E) VLM 1/2s. Mean change (A) + 95 % confidence interval. t1 = pre-training, t2 = post-training, t3 = 4 weeks post-training.
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Fig. 8. Improved hearing disability and divided attention correlated fol-
lowing training. Filled circles: trained participants who improved on both
self-rating (GHABP) of hearing disability and divided attention (TEA dual
task decrement, DTD). Unfilled circles: trained participants who did not
improve on at least one measure. The regression line is relevant to the filled
circles only.

consonants (Stecker et al. 2006), and improvements in the per-
ception of degraded and competing speech were greatest in
those with the poorest initial scores (Henderson Sabes & Swee-
tow 2007). This suggests that the greatest gains on the trained
task were made when initial performance was poorest.

The next and critical question for this study was whether
learning transferred to improvements in untrained measures of
benefit for those with mild hearing loss. As with many audi-
tory training studies speech perception was included as a gen-
eralizable outcome but showed no significant improvement
as a result of training. It may be that the high redundancy of
sentence and some word stimuli reduced sensitivity to learning.
The Digit Triplet test, for example, has only nine distinct speech
stimuli, therefore limiting response possibilities. More gener-
ally, the evidence for transfer of learning to untrained measures
of speech perception is mixed (Henshaw & Ferguson 2013a),
and where it did occur there were only modest gains. Swee-
tow and Henderson Sabes (2006) showed the largest effect sizes
occurred in the QuickSIN when presented at the more difficult
presentation level of 45 dB compared with 70 dB.

This study, unlike most other training studies, examined cog-
nition, which along with speech perception has consequences
for disability and handicap arising from hearing loss. There was
a consistent pattern of change in pre- to post-training perfor-
mance across the cognitive measures. Significant pre- to post-
training improvements, with moderate effect sizes, were seen for
the complex cognitive tasks (i.e., TEA divided attention, VLM).
In contrast, there were no improvements in the simple cognitive
tasks (TEA single attention, Digit Span). Performance improve-
ments were retained at 1 month post-training at similar levels
to those immediately post-training, suggesting improvements
were robust in the participants (approximately two-thirds) who
demonstrated them. These results suggest that cognitive out-
come measures need to be appropriately complex and therefore
challenging to be sensitive to effects of auditory training.

Although auditory training resulted in improved perfor-
mance on the complex cognitive tasks, the mechanism underly-
ing this may not be a result of the auditory stimulus per se, but a
result of active engagement with the auditory stimulus (i.e., lis-
tening). One possible explanation for the difference in observed
effects for the cognitive measures used in this study is the role
of executive function, an umbrella term for cognitive processes

that regulate, control, and manage other processes, such as atten-
tion, working memory, inhibition, and task-switching (Chan
et al. 2008). Executive function and working memory have been
shown to improve after a period of brain training (“Brain Age”)
in young adults (Nouchi et al. 2013). This is consistent with our
results whereby tasks that demonstrate significant post-training
improvements also index executive functions (e.g., TEA divided
attention [attention switching] and VLM [memory updating]).
In contrast, tasks that do not demonstrate significant post-train-
ing effects do not index executive function (e.g., TEA single
attention, Digit Span). The generality of this principle is further
supported by evidence from a large study of multitask cognitive
training in over 11,000 participants who demonstrated on-task
learning but no generalizable learning on a simple Digit Span
test (Owen et al. 2010). A further study to test the hypothesis
that auditory training specifically improves performance on
complex cognitive tasks in this population would allow a more
definitive conclusion.

Of the self-report measures, training-related improve-
ments were only demonstrated for overall hearing disability
(GHABP), with a moderate effect size. Of the four individual
situations that contributed to the GHABP overall score, the only
significant pre- to post-training improvement, and the largest
at 12.5%, was “having a conversation with several people in a
group,” the most complex of the four listening situations. The
other three situations improved slightly, between 2 and 6%, but
none were significant. One inference from these results is that
effects of training are only revealed and beneficial in listening
situations that are complex, and therefore challenging. This is
consistent with the cognitive results.

Effects of auditory training are often modest. In this study,
pre- to post-training improvements were demonstrated within
groups, but the IT group did not show significantly more
improvements than the wait list DT group in the control con-
dition. Ideally, a meta-analysis of high-quality published arti-
cles would be the best method to address the effectiveness of
individual computer-based auditory training as intervention
for those who have a hearing impairment. However, high vari-
ability in training stimuli (tones, syllables, words, phrases,
sentences), training methods (adaptive, fixed level, user- or
experimenter-controlled, home- or lab-based), outcome mea-
sures (different measures of speech perception, self-report),
participant samples (hearing aid and cochlear implants users,
range of hearing losses), and study quality is not currently con-
ducive to such an approach.

Some factors that might contribute to the modest training
effects include the unpredictability of task-related and proce-
dural effects, the optimal amount of time to spend on training,
and the nature of the training stimuli. In this study we demon-
strated that the amount of learning varied for different training
stimuli, and the proportion of participants who showed trans-
fer of learning to generalizable outcomes varied for different
outcome measures. To date, there is no clear evidence as to
who would benefit from auditory training (Boothroyd 2010),
although clearly this would be beneficial from a clinical per-
spective in terms of managing people with hearing loss. Sepa-
rating procedural from perceptual learning is also problematic,
with some researchers assuming that perceptual learning is a
slow process requiring extensive familiarization with the train-
ing stimuli (Demany & Semal 2002; Delhommeau et al. 2002).
However, others have demonstrated that perceptual learning can
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be very rapid, and that procedural learning is often inaccurately
confused with this early and rapid perceptual learning (Hawkey
et al. 2004). Different study designs, such as the inclusion of
control groups and crossover designs, can attempt to overcome
or account for both task-related and procedural effects, but the
uncertainty still remains. It is also unclear what the optimal
duration of training is (Boothroyd 2010). It has been demon-
strated that generalizable learning lags behind that of on-task
learning (Wright et al. 2010). The duration of training should
therefore be long enough to ensure full benefit from the transfer
of learning. The vision training literature shows a clear associa-
tion between the amount of training and generalizable learning
effects (e.g., Levi 2012), that is, the longer the duration of train-
ing, the greater the learning. However, it has been shown for
auditory frequency discrimination training that, possibly inter-
acting with this effect, greater learning occurred with shorter
rather than longer sessions (Molloy et al. 2012). The duration of
training sessions in this study (15 min per day) was shorter than
that used in other studies (e.g., Humes et al. 2009, 75 to 90 min
per day) because it was important that the home-based train-
ing regimen would be acceptable and achievable in this group
of older adults. This was confirmed in follow-up focus groups
of study participants who preferred daily sessions of 15min to
alternate-day sessions of 30 min (Henshaw et al. 2012b).

A question concerning the training task was whether it was
the most suitable for developing phonetic identification. This
question has two aspects, whether the use of “odd-one-out”
selection promotes acoustic, rather than phonological aware-
ness, and whether training around the boundary of a categorical
perception task, which these tasks were, is preferred over train-
ing within a phoneme category. It is true that a listener could
potentially ignore the phonological properties of this task and
perform only on the basis of discrete auditory cues. However,
the rationale, especially in the present study, was that the trained
listeners had auditory rather than phonological processing prob-
lems, so it was probably best to focus on a speech-based task
that delivered a large number of relevant auditory discrimina-
tion trials efficiently, than on one that emphasized identification
of meaningless tokens. In fact, listeners in our similar studies
(Millward et al. 2011; Halliday et al. 2012) when asked about
their tactics, reported discriminating whole tokens (syllables)
rather than meaningless sounds. Regarding the second aspect,
of training around rather than outside a categorical boundary, we
reasoned that auditory discriminations would be equally difficult
in both situations, and that phonetic identification would only be
possible around a boundary. Note that each continuum endpoint
syllable was clearly identifiable at the start of each training track.

If auditory training is to be an effective clinical intervention
for people with hearing loss, it is important that the training is
performed, yet participant compliance often goes unreported.
Where reported, compliance rates are often exaggerated, as they
are based on participant dropout rather than on those complet-
ing the required training. Only 6 of 13 studies in our recent
systematic review (Henshaw & Ferguson 2013a) reported com-
pliance figures (Stecker et al. 2006, 92.5%; Sweetow & Hen-
derson Sabes 2006, 73%; Humes et al. 2009, 81%; Stacey et al.
2010, 73%; Oba et al. 2011, 100%; Zhang et al. 2012, 100%).
These figures are comparable with the 80% found in the pres-
ent study based on completion of required training, or 100%
if participant dropout was set as compliance criterion. Of the
other studies, only one training regimen was lab-based (Humes

et al. 2009). This suggests that those completing home-based
training, where lack of supervision might be expected to result
in lower compliance, are as compliant as those undergoing
lab-based training. However, high compliance in volunteers
who take part in a training study does not necessarily translate
to high compliance in a general clinical population. Sweetow &
Henderson Sabes (2010) reported compliance at 30% in a large-
scale clinical trial of over 3000 participants of auditory training
using LACE. It is not clear why compliance was so low but they
speculate on the importance of clinician-patient interactions
and patient motivation. Participants from the present study who
took part in two focus groups indicated that hearing loss and
the possibility of improving hearing were extrinsic motivators,
whereas the desire to complete the training and to beat their pre-
vious scores during training were intrinsic motivators (Henshaw
et al. 2012b). As with many health conditions, readiness to take
action is required to change and improve health behaviors. The
principles underpinning the Transtheoretical Health Behaviour
Change Model (DiClemente & Prochaska 1998), which define
a person’s health behavior stage (e.g., contemplation, prepara-
tion, action, and maintenance), can also be applied to auditory
training. This would form a theoretical underpinning on which
further research can establish predictors to identify those who
will comply with auditory training.

In the present study the most robust generalization of learn-
ing was to complex cognitive measures. Working memory is
highly associated with language comprehension (Ronnberg
et al. 2008). As learning is always greatest on the task that has
been trained, and listening ability is also related to cognition
(Moore et al. 2010; Zhang et al. 2012), these results suggest that
it may be beneficial to train cognition directly. We have recently
completed a trial of a working memory training program (Cog-
med) in a double-blind, randomized, active-controlled trial of
hearing aid users (Henshaw & Ferguson 2013b). A cognitive-
based training study by Smith et al. (2009) using primarily audi-
tory stimuli (Brain Fitness Program) showed improvements in
both attention and working memory in older, though not neces-
sarily hearing-impaired listeners, compared with an active con-
trol group (i.e., the control group had an activity to perform,
in this case watching educational digital video discs). A study
of working memory training has shown improvements in both
memory and language (sentence repetition) skills in children
with cochlear implants (Kronenberger et al. 2011). This early
converging evidence suggests that to improve speech percep-
tion performance, the development of cognitive skills may be
as important, or even more important than the development of
sensory skills. Likewise, the development of listening or per-
ceptual skills generally may be helped more by cognitive than
by sensory training. Further research is required to inform the
most effective training stimulus (auditory versus cognitive or a
combination of both) to improve speech perception abilities for
people with hearing loss.

CONCLUSIONS

Significant and robust learning was demonstrated for a pho-
neme discrimination task in 50- to 74-year-old adults with mild
hearing loss. The largest learning effects were found for the most
difficult-to-discriminate phonemes. Generalization of learn-
ing was shown with moderate effect sizes for complex but not
simple measures of divided attention and working memory, and
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for hearing disability, specifically for complex listening condi-
tions. There were no consistent training-related improvements
in speech perception. In the participants who showed transfer
of learning, the learning was retained for at least 4 weeks post-
training. Compliance with home-delivered training via laptop
computers in this typical, pre-hearing aid population was high,
even though only one third considered they were competent PC
users. In conclusion, phoneme discrimination training as used
in this study provided modest self-perceived benefit for listen-
ing abilities and for complex and challenging skills that are rel-
evant for listening in realistic environments.
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