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Abstract: Objectives: Children with Auditory Processing Disorder (APD) typically present with
'listening difficulties', including problems understanding speech in noisy environments.
We examined, in a group of such children, whether a 12-week computer-based
auditory training programme with speech material improved the perception of speech-
in-noise test performance, and functional listening skills as assessed by parental and
teacher listening and communication questionnaires. We hypothesised that, after the
intervention: 1) trained children would show greater improvements in speech-in-noise
perception than untrained controls; 2) this improvement would correlate with
improvements in observer-rated behaviours; 3) the improvement would be maintained
for at least 3 months after the end of training.
Design: This was a prospective randomised controlled trial of 39 children with normal
nonverbal intelligence, aged 7 to 11 years, all diagnosed with APD. This diagnosis
required a normal pure tone audiogram and deficits in at least two clinical auditory
processing tests. The APD children were randomly assigned to:
 A. a control group who received only the current standard treatment for children
diagnosed with APD, employing various listening/educational strategies at school
(N=19), or to;
B. an intervention group, who undertook a 3-month 5-days/week computer-based
auditory training programme at home, consisting of a wide variety of speech-based
listening tasks with competing sounds, in addition to the current standard treatment.
All 39 children were assessed for language and cognitive skills at baseline and on 3
outcome measures at baseline and immediate post-intervention. Outcome measures
were repeated 3 months post-intervention in the intervention group only, to assess the
sustainability of treatment effects.
The outcome measures were:
1) the mean speech reception threshold obtained from the 4 subtests of the Listening
in Spatialised Noise (LiSN) test, that assesses sentence perception in various
configurations of masking speech, and in which the target speakers and test materials
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were unrelated to the training materials;
2) the Children's Auditory Performance Scale (CHAPS) that assesses listening skills,
completed by the children's teachers;
3) The CELF-4 Pragmatic Profile (PP) that assesses pragmatic language use,
completed by parents.
Results: All outcome measures significantly improved at immediate post-intervention in
the intervention group only, with effect sizes ranging from 0.76 - 1.7. Improvements in
speech-in-noise performance correlated with improved scores in the CHAPS
questionnaire in the trained group only. Baseline language and cognitive assessments
did not predict better training outcome. Improvements in speech-in-noise performance
were sustained 3 months post-intervention.
Conclusions: Broad speech-based auditory training led to improved auditory
processing skills as reflected in speech-in-noise test performance and in better
functional listening in real life. The observed correlation between improved functional
listening with improved speech-in-noise perception in the trained group suggests that
improved listening was a direct generalisation of the auditory training.
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Ear Hearing 
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Dear Sirs 

We would like to submit our paper: Auditory Training Effects on the Listening Skills of 

Children with Auditory Processing Disorder , Authors: Jenny Hooi Yin Loo  ,  Stuart Rosen  , 

and Doris-Eva Bamiou to be considered for publication in Ear Hearing.    

Notification of Ethical Adherence 

Ethical approval was obtained by the National Healthcare Group Singapore. Informed written 

consent from parents and assent from children were obtained.  The Clinical Trial was 

registered with ClinicalTrials.gov (registration number: NCT02111343). 

Statement of Authorship: 

Jenny Loo: Dr. Loo helped design the study, conducted testing and auditory training, 

conducted the initial analysis, drafted the initial manuscript, and approved the final 

manuscript as submitted.  

Stuart Rosen: Dr Rosen designed the study, designed the training intervention, reviewed and 

finalised the analyses, reviewed and revised the manuscript, and approved the final 

manuscript as submitted.  

Doris-Eva Bamiou: Dr Bamiou conceptualised and designed the study, conducted the initial 

analysis, critically reviewed the initial draft and finalised the manuscript, and approved the 

final manuscript as submitted. 

 

With many thanks 

On behalf of the authors 

 

Doris-Eva Bamiou, MD, MSc, PhD, FRCP 

Cover letter



Thank you for the helpful comments. The manuscript has been revised accordingly. In 

particular: 

Section Editor Comments: 

 

“ I share the concern of the reviewers about the study's lack of an active control group.” 

This has been acknowledged in the discussion.  

“I also wonder about some aspects of the results that were contrary to expectation (e.g. 

'Other analyses' p. 14), but somewhat underplayed in the Discussion and Abstract.” We 

have sought to address this, by conducting additional analysis (as per the reviewers’ 

comments) and editing abstract and discussion. 

“Finally, I am concerned especially about Fig. 3. In contrast to the LiSN-S, where most of the 

change in the AT group was negative, suggesting improved performance, the abundance of 

CHAPS change scores for the AT group were around zero, with just a few outliers, three of 

whom got poorer scores following training, defining the significant non-parametric 

correlation. Yet the most dramatic conclusions of the study (ramped up to very bold 

statements in the Abstract) appear to rest on this figure.”  

In fact, 12 of 16 of the trained listeners (4 did not have CHAPS scores) obtained an 

improvement in the CHAPS measure. Our use of the bootstrap technique was meant to 

avoid any kind of informal selection and exclusion of data. 

“Given this issue, and Reviewer 2's question of the use of box plots, I'd also like to see 

individual data for the PP Scores in Fig. 2.” 

Bee swarm boxplots have now been provided for Fig 2 

 

Minor issues: 

“* Find another way for naming the test times. The fact that training lasted 3 months and 

the post-training time was a further 3 months leads to confusion.” 

We now use the labels ‘Baseline’, ‘Immediate Post-intervention’ and ‘3-months Post-

intervention’ 

 

“* Fig. 1 A and B should be combined. I notice that the Control group had better thresholds 

at baseline than the AT group, so a combined figure will provide a somewhat more 

informative perspective. “ 

Done. 

Response to Reviews



 

“* On p.12 there are two t-scores of 4.3 at least one of which is certainly incorrect” 

Thank you, this has now been corrected. 

 

“* On p14, "Figure 3 depicts the relationship between these two" Which two? “ 

The two are the change in mean LiSN-S and the change in mean CHAPS. This has been 

clarified in the text 

“Given that the Control group correlation in Fig. 3 was n.s., why was it combined with the AT 

for fitting the regression line?” 

Correlations in separate groups cannot be compared through significance levels, and we 

combined the two groups because, as mentioned, ‘separate robust analysis shows the 

slopes and intercepts of the two groups being indistinguishable’. 

 

Reviewer #1: 

 

Specific comments 

“Lines 59 - 73: This valuable summary of desirable characteristics did not include an obvious 

one: a placebo or sham treatment for the control group, which has been used in at least one 

study (Cameron & Dillon, 2012). Of course, inclusion of this desirable characteristic does 

mean that the field is still in the position of no single study incorporating all the 

characteristics desirable in a study of this type, even including the current study.” 

This limitation is fully acknowledged in the Discussion. 

“Lines 89 - 98: The children in this study would be much better characterised if we were told 

how many children failed each of the tests in the battery. This could be accomplished with a 

simple addition to Table 2. Such characterisation is important given the heterogeneity of 

children diagnosed with APD, so that the applicability of the findings to other groups can be 

assessed. For several reasons, it is not possible to infer this information from the ranges 

given in Table 2.” 

Done. 

 

“Line 115: It is more common to have a space between numbers and their units - e.g. 250 

Hz.” 

Done 

“Lines 161-162: Does the statement about a standard score below 85 indicating "marked 

difficulties" have any relevance to this study? Each of four tests in this section (TONI, CELF, 

TAPS-R and PhAB) conclude with a statement about what is considered normal and 

abnormal. These sentences are all expressed differently, they all refer to arbitrary cut-offs, 



and for three of them, a cut-off of one SD (i.e. a standard score of 85 or percentile of 16) is 

selected, and for the fourth one a cut-off of two SD is selected. Why these different criteria 

about what is normal, and do any of them have any relevance to the study? The inclusion 

criteria given in lines 92 to 97 mention only non-verbal IQ (presumably based on the TONI 

scores) as an inclusion criterion, and the cut-off score of 85 was given in that section. It 

would be less confusing, if the descriptions just made it clear that the results of each are 

expressed as standard scores (i.e. with a population mean of 100 and SD of 15), because the 

actual range of results (or distribution statistics) for each test are given in Table 2.” 

We have made it clear that the results of each are expressed as standard scores, and 

provided numbers of children failing each test in table 2. We kept the criterion for 

language impairment (LI) that we provided since this is the criterion used in Singapore. 

“Line 178: Reads more easily if "is" is inserted before "adaptively".” 

Done. 

“Lines 213 - 224: The training games were intentionally varied, and some may have been 

more effective than others at achieving the outcomes reported in this paper, but we have 

no way of even knowing which games were actually used, let alone their individual 

effectiveness. If the children were free to choose which game was used on any occasion, 

then does the data log referred to indicate the total training time per game, or number of 

occasions each game was used? If so, this could usefully be indicated.” 

The children were not free to choose which game was used. As mentioned in the text ‘A 

daily AT timetable was issued for 12 weeks with two different listening games to perform 

for 30 minutes per session, 5 sessions per week.’ We have added a table (table 4) with an 

indicative weekly schedule. 

“Line 223: Unclear who (parents or clinician) crosschecked the training logbook with the 

datalog, when this occurred, what the purpose was, and what happened if they differed. No 

need to necessarily add lots of details as it's not critical to the paper; just make it clear what 

this sentence means.” 

The training logbook and datalog were crosschecked by Dr Jenny Loo at the end of the 

study. This was done in order to establish the amount of training each child received.   

 

“Line 240: An earlier version of this paper that I (positively) reviewed reported 4 or 5 times 

greater training hours than this. I presume the earlier version was in error and this one is 

correct. “ 

Yes, we erroneously reported number of sessions (of 15 min each) as number of hours 

completed by each child in the previous report. This has now been corrected. 

 

“Lines 250 to 253: There is of course no contradiction in having an insignificant 3rd order 



interaction despite the second order interaction (time by condition) being significant for the 

trained group but not for the untrained group. The lack of the 3-way interaction means that 

one cannot conclude that the two 2-way interactions are in any way different, despite one 

being significant and one not. I would therefore reverse the order of the two parts of the 

sentence to make it clearer how this finding should be interpreted.”  

We have excised the mention of the different significance values in the two groups, and 

simply talked about the effect being numerically larger in the AT group. 

 

“Lines 253 - 256: This is not an accurate summary, as the improvement for the SV0 condition 

is just as large as for the DV90 condition. Suggest deletion.” 

As the following table shows, our statement is correct. 

 

Descriptive Statistics 

 N Minimum Maximum Mean Std. Deviation 

DV90change 20 -6.20 .60 -2.1200 1.66658 

DV0change 20 -4.20 .80 -.9850 1.42949 

SV0change 20 -2.90 1.00 -1.2650 .99909 

SV90change 20 -3.90 .90 -1.5200 1.53712 

Valid N (listwise) 20     

 

 

“Line 310: The logic does not seem right here. I think the authors intend the "presumably 

because" statement to be an explanation of why the ANOVA had a significant time by group 

interaction, rather than an explanation of why the t-tests were not significant. Rearrange 

the para.” 

Yes. Thank you and corrected. 

“Lines 336 - 339 and lines 379-380: On several counts I don't think it is possible to draw any 

conclusions from the lack of correlation between hours of training and change in each of 

LiSN-S, CHAPS and PP. First, the variance of 13% mentioned corresponds to a correlation 

coefficient of 0.36. With an n of only 15 an r-value of 0.36 has a 95% confidence interval 

from -0.20 to 0.74. Values near the top of this range would indicate an extremely strong 

relationship between the measures and so cannot be ruled out by this data. Second, the 

hours of training had an upper limit of 30, but a median of 27, so for half the group there 

was almost no variation in training duration. This restricted range severely limits the ability 

to detect a correlation in this data, and the correlation observed was probably determined 

almost totally by those few children with much less than median training hours. Third, if one 

includes the control group, there is obviously an intrinsic effect of training time present, as 

one group had zero training time, and the two groups had different results. For these 



reasons, the conclusion (lines 379-380) that training had produced an asymptotic degree of 

benefit is unsupportable from these data and should be deleted.” 

 

Agreed. This statement has been deleted, and we have noted that: ‘As more than half the 

number of participants from whom data was available completed all the specified training 

sessions, we did not try to relate total hours of AT to changes in any of the outcome 

measures.. 

“Line 373: typo "may is".” 

Done. 

“Lines 342 - 343: This positive conclusion, which is justified, should include the words "on 

average" or "nearly all", as it is clear from Figure 3 that the training had no beneficial effect 

(as assessed from CHAPS and LiSN-S) for two out of 16 children.” 

Done. 

“Lines 354 - 380: Another difference between experiments that has not been considered 

here, which is probably the most important, is that the median 27 hours of training in this 

experiment was distributed across four tasks, only one of which (the CCRM task) used a 

speech target spatially separated from the noise. This study consequently had much shorter 

training time using spatialized sounds than was used in Cameron & Dillon (2011), Cameron 

et al (2012) and Cameron et al (2014), that doubtless contributed to the lack of 

improvement in spatial advantage found here.” 

 We added this sentence: Training with a speech target that was spatially separated from 

the noise was only done during one of the four AT games the children played, thus 

reducing total training time for this task. 

“Lines 373 - 375: If "SPD" here is actually intended to mean "improvement in spatial 

advantage" then perhaps I understand this sentence, but if not I have no idea what it 

means. “ 

Changed to read: 

‘In contrast to the findings reported by Cameron and Dillon (2011), Cameron et al. (2012) 

and Cameron et al. (2014), performance in the four LiSN-S conditions showed comparable 

improvements, rather than a specific improvement in conditions with spatial separation.’ 

“Lines 399 - 402: This sentence is confusing. I think the intended meaning of the first part is 

that auditory training may actually improve general cognitive skills and that these improved 

cognitive skills will improve scores on language measures. What exactly is being 

hypothesized to be affected by the "combined use of intensive auditory and visual 

stimulation" in the second part of the sentence? Best to break this sentence into separate 

topics and explain each in its own (re-written) sentence. “ 



This has been rephrased.  

 

“Line 411: Delete "other" as the children in this study were not diagnosed with SPD.” 

Done. 

 

“Lines 412 - 415: This is too imprecisely expressed. Do "AT outcomes" refer to changes in 

scores as a result of training or the absolute scores after training is completed? What types 

of scores are meant: language, parental/teacher report, or auditory processing ability? This 

paper reports the correlations between changes in various scores and the baseline language 

scores. I doubt that this is what Watson et al (2003) reported.” 

 

Modified to read ‘We also found that neither baseline language nor cognitive abilities 

predict the degree of improvement with AT, in agreement with other studies (Sharma et 

al. 2012).’ 

“Line 433: Period missing after "English)".” 

Inserted. 

 

Reviewer #2: This is in general a well written manuscript describing a well designed study of 

auditory training (AT) in children with APD. However, two major conceptual issues, which 

have strong implications on the evaluation and interpretation of the findings were not 

addressed. I also find the Results section (both text and graphics) confusing and hard to 

follow (see below).  

 

Major conceptual issues: 

“First, although from a clinical stand point documenting the outcomes of auditory training 

programs for children with APD is important, the manuscript is sparse on the theoretical 

rationale for training. Although it is stated that training is expected to be helpful due to 

"neural plasticity", no model of APD is provided to justify the specifics of the training 

program and the outcome measures. For example, why is it relevant to train on speech in 

noise? Is it expected to ameliorate a deficit specific children with APD? Alternatively, since 

aspects of speech in noise performance are immature in even typically developing children 

at this age range, perhaps training is targeted at speeding up a general process, and is thus 

beneficial for APD as well as for typically developing children which were not targeted here. 

This point is especially troublesome because no normative data is reported in the 

manuscript (from this or from earlier studies), and thus one can not be sure of the relative 

standing of the APD participants that formed the current study group. On the other hand, 

no support is provided for the claim that speech in noise deficits are paramount in APD. In 

fact, it is not clear whether the studies cited for this point (L48) actually support it. Ferguson 



et al., 2011 state that "Speech intelligibility in both noise and quiet was UNIMPAIRED in the 

SLI and APD groups". Although difficulties in noise were part of the APD inclusion criteria in 

the Iliadou & Bamiou 2012 study, the lower scores of their APD group on the CHAPPS were 

not specific to the noise subscale, whereas the non-APD clinical group also scored lower on 

the CHAPPS noise subscale. “  

These are valid comments. We have modified the introduction substantially to take 

account of the comments made here. We have summarised some key issues currently 

debated regarding APD, and provided a rationale for AT and for speech based AT. The 

references for the “speech in noise” claim have been changed.  

 

“Second, the size of the treatment effect and performance of the trained and untrained APD 

groups re- typically developing children are hard to evaluate given the lack of information 

on comparative data for the three outcome measures. So yes, a mean improvement of 1 dB 

on the LiSN test is significant and the reported effect size is quite large, but what does it 

mean in terms of the performance of trained APD children relative to the "normal range"? 

There are no normative values in Singapore for LiSN-S. “ 

There are no LiSN-S norms as yet in Singapore, and we cannot address this comment. 

 

Results and Figures: 

“1. Figure 1 makes it hard to compare the trained and untrained groups. It would have been 

easier to see the potential effects of the intervention program if trained and untrained 

groups were presented on the same panel (with perhaps different panels for the different 

LiSN subtests).” 

Figure 1 has been improved (we hope!) through being redrawn. 

 

“2. Figure 1 (and the discrepancies between the medians shown on Figure 1 and the total 

average reported in Table 4) also makes it hard to determine whether data meets the 

requirements of the ANOVAs that form the major statistical analysis in the results section 

and none of the supporting data is reported (e.g., sphericity, homogeneity of variance, 

approximation to normal distribution etc').” 

 

Hyunh-Feldt corrections are now applied in all the repeated measures ANOVAs when 

necessary. 

 

“3. The presentation of the 2x2x2 ANOVA on the LiSN SRTs is very confusing. Why start with 

the higher order interactions before establishing a significant group x time interaction which 

is most critical in terms of the goals of the paper? “ 



We prefer this approach because lower-order interactions are not readily interpretable in 

the presence of higher order ones. 

 

Minor issues: 

“1) There are a few typos throughout the manuscript (for example on P1, L5 and on P3, L71), 

and in general the manuscript could benefit from some language editing.” 

Many changes have been made throughout the manuscript. We have done our best! 

 

“2) I find the discussion quite lengthy given the paucity of "theory" in the introduction and 

the extent of the findings.” 

We have shortened this somewhat but feel that what remains is important. 



Short Summary 

What is known on the subject: Auditory training improves speech-in-noise test results in 

children and adults, although the extent of generalisation to real life situations is largely 

unknown. 

What this paper adds: Auditory training improved speech in noise perception and 

functional listening/communication skills in children with auditory processing disorder 

(APD). Correlation of improved functional listening to improved speech-in-noise perception 

suggests that improved listening was a direct generalisation effect of the auditory training. 
 

Short Summary (100 words or less)
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Abstract 1 

Objectives: Children with Auditory Processing Disorder (APD) typically present with 2 

‘listening difficulties’, including problems understanding speech in noisy environments. We 3 

examined, in a group of such children, whether a 12-week computer-based auditory training 4 

programme with speech material improved the perception of speech-in-noise test 5 

performance, and functional listening skills as assessed by parental and teacher listening and 6 

communication questionnaires. We hypothesised that, after the intervention: 1) trained 7 

children would show greater improvements in speech-in-noise perception than untrained 8 

controls; 2) this improvement would correlate with improvements in observer-rated 9 

behaviours; 3) the improvement would be maintained for at least 3 months after the end of 10 

training. 11 

Design: This was a prospective randomised controlled trial of 39 children with normal 12 

nonverbal intelligence, aged 7 to 11 years, all diagnosed with APD. This diagnosis required a 13 

normal pure tone audiogram and deficits in at least two clinical auditory processing tests. The 14 

APD children were randomly assigned to: 15 

 A. a control group who received only the current standard treatment for children diagnosed 16 

with APD, employing various listening/educational strategies at school (N=19), or to;  17 

B. an intervention group, who undertook a 3-month 5-days/week computer-based auditory 18 

training programme at home, consisting of a wide variety of speech-based listening tasks with 19 

competing sounds, in addition to the current standard treatment. 20 

All 39 children were assessed for language and cognitive skills at baseline and on 3 outcome 21 

measures at baseline and immediate post-intervention. Outcome measures were repeated 3 22 
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months post-intervention in the intervention group only, to assess the sustainability of 23 

treatment effects. 24 

The outcome measures were:  25 

1) the mean speech reception threshold obtained from the 4 subtests of the Listening in 26 

Spatialised Noise (LiSN) test, that assesses sentence perception in various configurations of 27 

masking speech, and in which the target speakers and test materials were unrelated to the 28 

training materials;  29 

2) the Children’s Auditory Performance Scale (CHAPS) that assesses listening skills, 30 

completed by the children’s teachers;  31 

3) The CELF-4 Pragmatic Profile (PP) that assesses pragmatic language use, completed by 32 

parents. 33 

Results: All outcome measures significantly improved at immediate post-intervention in the 34 

intervention group only, with effect sizes ranging from 0.76 – 1.7. Improvements in speech-35 

in-noise performance correlated with improved scores in the CHAPS questionnaire in the 36 

trained group only. Baseline language and cognitive assessments did not predict better 37 

training outcome. Improvements in speech-in-noise performance were sustained 3 months 38 

post-intervention. 39 

Conclusions: Broad speech-based auditory training led to improved auditory processing 40 

skills as reflected in speech-in-noise test performance and in better functional listening in real 41 

life. The observed correlation between improved functional listening with improved speech-42 

in-noise perception in the trained group suggests that improved listening was a direct 43 

generalisation of the auditory training. 44 

 45 
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Introduction 46 

The nature of Auditory Processing Disorder (APD, H93.25 in ICD-10) remains a matter of 47 

intense debate. This is also of crucial clinical importance, since the theoretical framework 48 

adopted for APD determines the diagnostic and management process (ASHA 2005; AAA 49 

2010; BSA 2011). The clinical presentation in children is characterized by ‘listening 50 

difficulties’ despite normal pure tone thresholds, with a hallmark symptom of excessive 51 

difficulty in understanding speech in the presence of background noise (Chermak et al, 2002; 52 

Iliadou & Bamiou 2012; Dillon et al., 2012). However, families seek help because of 53 

difficulties in language development or educational attainment rather than the speech in noise 54 

symptoms (Tomlin, 2014; Heine and Slone 2008; Myklebust 1954).  55 

 56 

Much theorising about APD has centred on the importance of low-level sensory deficits, but 57 

it is becoming increasingly clear that higher order factors, for example attention and memory, 58 

appear to be crucial in accounting for the clinical presentation (Moore et al, 2010). Even AP 59 

tasks with a higher degree of complexity (that require feature extraction and categorization) 60 

show only weak correlation with language processing after controlling for cognitive factors 61 

(Grube et al, 2012). More recently developed AP tests thus attempt to disentangle auditory 62 

processing from cognitive or language influences by calculating difference scores between 63 

e.g., speech-based measures, in which the degree of difficulty is varied by manipulation of a 64 

specific situation (Cameron & Dillon, 2011). However, while the effects of higher order 65 

factors may be minimized, they are unlikely to be eliminated. Diagnostic assessment thus 66 

requires multidisciplinary input (AAA 2010; BSA 2011). 67 

 68 

These new findings have thus led to the notion that APD results from impaired neural 69 

function within the central auditory nervous system (ASHA 2005; AAA 2010) and beyond 70 
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the auditory cortex (Moore, 2013), since higher-level cognitive processing heavily subserves 71 

listening skills (Moore, 2013; Ahmmed et al, 2014). It is therefore natural for APD 72 

management strategies to attempt to capitalise on the brain’s ability for structural and 73 

functional reorganisation in response to sensory input across the life span. This brain 74 

“plasticity” may involve the activation of inactive neuronal connections and/or the formation 75 

of more efficient synaptic connections within the brain (Chermak, Bellis, & Musiek, 2007).  76 

 77 

Therefore, one possible avenue of remediation for APD is auditory training (AT), which is to 78 

say listening exercises that aim to improve auditory system function (Loo et al. 2010). The 79 

desired effect of AT is to achieve successful auditory learning, i.e. a relatively permanent 80 

improvement of perception and behaviour (Fahle & Poggio, 2002). AT studies in normal 81 

adults indicate that learning is better when the task is difficult enough to tax attention 82 

(Amitay et al, 2006). Learning appears to be driven by attention focusing on the specific 83 

stimulus dimension that is of relevance to the training task (Halliday et al, 2011). In addition, 84 

studies in normal children indicate that learning may not generalise to untrained tasks or 85 

stimuli (e.g., Halliday et al, 2012), so it may be important to train with a wide variety of 86 

material and situations. Studies of computer based auditory training programmes with a 87 

variety of simple and complex auditory tasks report post- training improvements on a range 88 

of auditory and non- auditory measures for a broad range of paediatric populations with 89 

disorders that overlap APD (Loo et al. 2010). However it remains unknown whether such 90 

improvements generalise to real-life listening situations.   91 

 92 

Current AT studies are hampered by significant limitations. Studies on normal adults or 93 

typically learning children may not be directly applicable to children with developmental 94 

disorders, particularly as learning mechanisms may change during maturation (Halliday et al,  95 
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2012). Only a handful of studies have assessed auditory training outcomes explicitly in 96 

children with APD as defined by appropriate diagnostic criteria (Wilson et al. 2013; Cameron 97 

& Dillon 2011; Sharma et al. 2012; Cameron et al. 2012; Cameron et al. 2014).  There is also 98 

a paucity of studies that used an untrained control group to estimate practice or maturational 99 

effects (e.g. Sharma et al. 2012). Assessments of listening behaviours outside the laboratory, 100 

such as by means of questionnaires to investigate whether listening in real life improves after 101 

training and whether improvements correlate with improved performance in the auditory 102 

skills the AT purports to address are similarly underemployed (Cameron & Dillon 2011; 103 

Cameron et al. 2012; Cameron et al. 2014). A true treatment effect remains uncertain, as 104 

training materials are sometimes too similar to what is employed in outcome measures, e.g. 105 

by using the same talker for training and testing (Cameron and Dillon 2011; Cameron et al. 106 

2012; Cameron et al. 2014). Although sustainability of AT benefits after intervention has 107 

been assessed in some studies (Gillam et al. 2008; Strehlow et al. 2008), these are rare for 108 

specifically APD populations (Cameron & Dillon 2011). Finally, no single study meets all of 109 

the above criteria.  110 

 111 

Here we examine the effectiveness of a computer-based auditory training intervention for 112 

children with APD using a broad range of AT ‘games’ with ecologically valid speech stimuli, 113 

diagnosed as per explicit criteria (AAA 2010; BSA 2011). We expected that the complex 114 

nature of the sound stimuli and the task demands would mean that such training would be 115 

more likely to generalise to untrained behaviours. AT was aimed at improving speech-in-116 

noise listening performance, because speech-in-noise test deficits reportedly correlate with 117 

other listening and communication indices (e.g,, Moore et al, 2010). In order to assess the 118 

effects of AT on children’s real life behaviours, we compared the changes in speech-in-noise 119 

perception and in observer-rated listening/communication behaviours between trained 120 
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children and untrained controls immediately post-intervention. We hypothesised that, after 121 

intervention, children from the AT group would show a greater improvement in speech-in-122 

noise perception than untrained controls and this improvement would correlate with 123 

improvements in observer-rated behaviours. We evaluated speech-in-noise performance of 124 

the trained group again at 3 months post-intervention to determine whether AT improvements 125 

would be sustained for that period. Finally, we examined whether the training outcomes are 126 

predictable from baseline assessments of language or cognitive skills. 127 

 128 

Materials and Methods 129 

Participants 130 

Fifty-five consecutive cases of newly diagnosed children with APD, who fulfilled the 131 

inclusion criteria below, were identified by clinical staff at the Centre for Hearing 132 

Intervention and Language Development (CHILD) in Singapore and invited to participate. 133 

Inclusion criteria were: (1) being in mainstream school (2) referred for evaluation of listening 134 

difficulties, (3) normal peripheral hearing assessment in both ears (see below), (4) failure in 135 

both ears (2 SD criterion) in two or more but not all behavioural tests of a test battery used to 136 

assess auditory processing (see below and in Table 1) (5) normal nonverbal intelligence 137 

quotient (IQ) score of more than 85 (6) absence of autism and (7) absence of frank 138 

neurological conditions such as brain tumour or head injury. Thirty-nine cases consented and 139 

were enrolled in the study.  140 

 141 

Ethics  142 
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Ethical approval was obtained by the National Healthcare Group Singapore. Informed written 143 

consent from parents and assent from children were obtained.  The Clinical Trial was 144 

registered with ClinicalTrials.gov (registration number: NCT02111343). 145 

Setting  146 

Children had baseline assessments conducted and were recruited to the study by clinical staff 147 

at CHILD between 2009 and 2011. Outcome measures were also conducted at CHILD by 148 

author JL, while the intervention was conducted at the participants’ homes. 149 

Study Design and Protocol  150 

APD children were semi-randomly assigned in a sequential method for the two sexes to an 151 

intervention auditory training (AT) group (n= 20) or an untrained control group (n = 19) by 152 

author JL, who was blinded to the children’s baseline assessments.  153 

Baseline Test Procedures  154 

Children were referred for APD assessment after an earlier clinical appointment had 155 

confirmed normal peripheral hearing sensitivity with: (1) pure tone thresholds of 20 dB HL or 156 

better at octave frequencies from 250 Hz to 8 kHz; (2) normal middle ear function with Type-157 

A tympanograms (Jerger 1970); (3) an ipsilateral acoustic reflex present at 1 kHz with a 158 

threshold less than 100 dB HL; (4) speech discrimination scores in quiet (NU6 word list) of 159 

80% or better in both ears presented at 50 dB HL.  All recruited children had the following 160 

assessments for the study purposes, conducted within a 3.5 hour test session with short 161 

intervals between tests to avoid fatigue and to reduce the effect of inattention on test 162 

performance:  163 

- Auditory processing tests (see Table 1 for test details and versions used). These were 164 

selected as per the American Speech Language and Hearing association (ASHA, 165 
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2005) and American Academy of Audiology (2010) recommendations and our 166 

previous study on this multilingual population (Loo et al. 2012). These included: two 167 

temporal sequencing tests – the frequency pattern test (FPT) and duration pattern test 168 

(DPT); a temporal resolution task, the random gap detection test (RGDT); a binaural 169 

processing task, the masking level difference (MLD); a dichotic speech test, the 170 

dichotic digits test (DDT). Tests were administered using an Orbiter 922 clinical 171 

audiometer (Madsen Electronics, Canada) with calibrated TDH-39 headphones 172 

(Telephonics, Farmingdale NY). All the test materials were presented using a Sony 173 

DVD player (Sony, Tokyo, Japan). 174 

- The Test of Nonverbal Intelligence – 3rd Edition (TONI-3; Brown, Sherbenou & 175 

Johnsen 1982) assesses participants’ cognitive skills in abstract/figural problem 176 

solving. The TONI-3 is a norm-referenced, language free measure that can be used in 177 

individuals ages 6;0 through 89;11.  178 

 179 

- The Clinical Evaluation of Language Fundamentals – Fourth UK Edition (CELF-4 180 

UK; Semel, Wiig & Secord 2006) assesses core language skill. The CELF-4 consists 181 

of the following subtests depending on the child’s chronological age: Concepts and 182 

following directions (5 to 12 years old), Word structure (5 to 8 years old),  Recalling 183 

sentences (5 to 12 years old), Formulated sentences ( 5 to 12 years old), Word classes 184 

2 (receptive, expressive, and total) (9 to 12 years old).  185 

 186 

- The Test of Auditory Perceptual Skills-Revised (TAPS-R; Gardner 1996) assesses 187 

short-term auditory memory. The TAPS-R has four subtests: Auditory Number 188 

Forward Memory (ANFM, otherwise known as digit span), Auditory Number 189 
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Backward Memory (ANBM, otherwise known as backwards digit span), Auditory 190 

Word Memory (AWM) and Auditory Sentence Memory (ASM).  191 

  192 

- The Phonological Assessment Battery (PhAB; Frederickson, Frith & Reason 1997) 193 

assesses a wide range of phonological skills. Alliteration, Rhyme, Spoonerisms and 194 

Non-word Reading subtests were conducted.  195 

 196 

The raw scores of TONI-3, CELF-4, TAPS-R and PhAB were converted into standard 197 

scores (i.e. with a population mean of 100 and SD of 15), with scores of 85 and below 198 

considered as abnormally low. In addition, a child with normal nonverbal intelligence 199 

(NVIQ score > 85, based on TONI-3) and a standard score of 70 and below (2SD’s below 200 

the UK-referenced norm mean) was considered as having language impairment (LI) in 201 

this study. 202 

The group results of these baseline assessments are summarised in table 2. Nine of the AT 203 

and twelve of the control group failed at least one subtest of TAPS-R. Three of the AT 204 

and eight of the control group failed at least 1 subtest of the PhAB. Three children in the 205 

AT and four children in the control group would be classified as having a language 206 

impairment. 207 

 208 

Outcome Measures 209 

Outcome measures included an objective measure of performance as well as two 210 

questionnaires related to real-life function skills. These included: 211 

(a) The Listening in Spatialised Noise – Sentence test (LiSN-S) (Cameron & Dillon 212 

2007, 2008) produces a three-dimensional auditory environment under headphones 213 

and assesses the ability of children to repeat back simple sentences in the 214 
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background of two other talkers which can either be the same or different to the 215 

target talker. By manipulating the location and vocal quality of the masking talkers 216 

(the target is always perceived as straight ahead), four listening conditions are 217 

created: different voices at ± 90° azimuth (DV90°), same voice at ± 90° azimuth 218 

(SV90°), different voices at 0° azimuth (DV0°), and same voice at 0° azimuth 219 

(SV0°). Responses are scored manually by keyword by the assessor on a computer 220 

and the stimulus presentation level is adaptively adjusted depending on participant 221 

response. A maximum of 30 sentences are presented in each of the four listening 222 

conditions. The outcome measure in each condition was the signal-to-noise ratio 223 

(SNR) in decibels (dB) necessary for the correct reporting of 50% of the key words 224 

in the sentences, known as the speech reception threshold (SRT). Lower SRT 225 

values indicate better performance. The LiSN-S outcome measures typically 226 

involve differences between selected conditions as a way to ‘subtract out’ the effect 227 

of various cognitive skills in test performance, like attention and linguistic closure. 228 

The advantage measures represent the benefit in dB gained when either vocal 229 

(DV0°), spatial (SV90°), or both vocal and spatial cues (DV90°) are incorporated in 230 

the maskers, compared to the baseline (SV0°) condition where fewer cues are 231 

present in the maskers (Cameron & Dillon, 2007). Because our interests are 232 

primarily in how measures change over time in the same listener, we used the 233 

individual SRTs, the overall LiSN-S performance calculated as the average of the 4 234 

LiSN-S conditions, as well as the derived measures of voice, spatial and total 235 

advantage for analysis. 236 

 237 

(b) Questionnaires of listening/communication skills   238 
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(1) The CELF-4 Pragmatic Profile (PP) (Semel et al. 2006) has 52 items and aims to 239 

identify verbal and nonverbal pragmatic deficits that may negatively impact on 240 

communication skills. Each item is scored from 1 = never to 4 = always, based on the 241 

frequency of occurrence of each skill. The PP was completed by parents who, by the 242 

nature of the experimental design, could not be blind to whether or not their child had 243 

received the intervention.  244 

(2) The Children’s Auditory Performance Scale –CHAPS (Smoski et al. 1992) has 36 245 

questions evaluating listening skills in 6 different areas (noise, quiet, ideal, multiple 246 

inputs, auditory memory sequencing, and auditory attention span) scored from +1 (less 247 

difficulty) to – 5 (cannot do at all). Raters are asked to compare the child with his/her 248 

peers. A total score is calculated from the 6 subscore averages. The CHAPS was 249 

completed by participants’ teachers, who were blinded to intervention status.  250 

Both groups had all outcome measures at baseline and at the end of the training period. The 251 

AT group then underwent a no-intervention 3 months phase, after which LiSN-S was 252 

repeated. 253 

 254 

Intervention 255 

The AT group were issued a 3-month computer based AT programme to conduct at home 256 

under parental supervision (see Table 3 for details of the training games). Three different 257 

listening games were used for speech-in-noise training, aiming to improve speech 258 

understanding, discrimination of fine phonetic detail, and keyword extraction in the presence 259 

of various types of background noises. Dichotic speech listening training with directed 260 

attention to one ear was incorporated in a fourth game. All games were presented in a child-261 

friendly visual format with visual feedback provided after each response. A daily AT 262 
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timetable was issued for 12 weeks with two different listening games to perform for 30 263 

minutes per session, 5 sessions per week (see table 4 for an indicative weekly schedule). 264 

Children were rewarded upon completion of each training session with a token or fun activity 265 

to promote compliance. Parents kept a training logbook that was crosschecked with the 266 

datalog stored in the computer at the end of the training (containing the dates and times of 267 

training). 268 

The untrained control group received no auditory training. All participants were requested to 269 

not engage with any other auditory-based interventions, except from regular school 270 

attendance and educational activities. All participants were receiving the standard current 271 

treatments for management of APD which, at the time of the study, were employment of 272 

listening strategies (such as preferential sitting) and other educational strategies (such as 273 

provision of lecture notes or pre-teaching of new concepts/vocabulary) at school and/or at 274 

home. 275 

 276 

 277 

Results 278 

Subject characteristics 279 

There were no significant differences in any baseline measure between the two groups (Table 280 

2).  All 39 children in both groups completed the study. Data on the amount of training 281 

undergone was incomplete or missing for 5 of the 20 children in the AT group because of 282 

technical failures (e.g., having to replace a faulty computer). The remaining 15 children 283 

trained for a median of 27 hours (with a range of 9-30 hours). On average, each participant 284 

completed more than 80% of the targeted training sessions for each listening game. 285 
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 286 

Changes in speech-in-noise performance 287 

All SRTs obtained from the LiSN-S are shown in Figure 1. A repeated measures ANOVA 288 

was conducted to assess differences in the 4 LiSN-S scores between the two groups before 289 

and at the end of the intervention period (2 times x 2 groups x 4 LiSN-S conditions). Hyunh-290 

Feldt epsilon corrections were applied to all F tests involving LiSN-S condition because 291 

Mauchley’s Test of Sphericity indicated a violation for this factor (p=0.04). The highest 3rd 292 

order interaction (p=0.14), and 2nd order interaction of LiSN-S condition by group (p=0.91) 293 

were not significant.  However, there was a significant interaction of LiSN-S condition by 294 

time [F(3,111)=3.7; p=0.014; partial eta squared = .09], indicating that listeners’ SRTs 295 

changed by different amounts in the different conditions. Although the lack of the 3rd order 296 

interaction implies that this effect was not different between the two groups, the changes 297 

were numerically greater in the AT group, with a tendency for more improvement in the two 298 

conditions with spatial separation between target and maskers (by about 1 dB). 299 

 300 

Most importantly, the time by group interaction was highly significant [F(1, 35)= 27.0;  301 

p<0.001; partial eta squared = .43] indicating that the trained group improved its performance 302 

by more (≈ 1.5 dB)  than the untrained group (≈ 0.1 dB). The effect size (Cohen’s d) for the 303 

difference in averaged LiSN-S SRTs was large at 1.7.   304 

 305 

The main effects of time and condition were also highly significant (both p<0.001). The time 306 

by group interaction reflects the training effect which has also influenced the main effect of 307 

time, and the large effect of condition is well known and expected (Cameron and Dillon, 308 

2007). 309 

 310 
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The sustainability of this improvement in SRTs was evaluated in the trained group only using 311 

a repeated measures ANOVA (3 test times x 4 LiSN-S conditions). Again, Hyunh-Feldt 312 

epsilon corrections were applied to all F tests involving LiSN-S condition because 313 

Mauchley’s Test of Sphericity indicated a violation for this factor (p<0.005).There was no 314 

time by condition interaction (p=0.13), but there were highly significant main effects of 315 

condition [F (2.4, 44.8) = 184.0; p < .001; partial eta squared = .91] and time [F (2, 38) = 316 

23.8; p < .001; partial eta squared = .56] effects. Helmert contrasts showed a significant 317 

difference between baseline and subsequent testing points [F (1, 19) = 93.4; p < .001; partial 318 

eta squared = .83], but no significant difference between the SRTs immediately and 3-months 319 

post-intervention, [F (1, 19) = .49; p = .49] indicating sustainability of improvement. In fact, 320 

the mean SRT after 3 months was slightly lower than immediately after the intervention, by 321 

about 0.25 dB.  322 

Changes in derived measures  323 

Because of their use in clinical applications, we also applied a repeated measures ANOVA on 324 

the 3 derived LiSN-S advantage scores, comparing the two groups before and at the end of 325 

the intervention period (2 times x 2 groups x 3 LiSN-S measures). Crucially, no interaction 326 

term involving group was significant, meaning that the intervention had no effect on changes 327 

on these outcome measures, which is not surprising given that all four base measures 328 

improved in the trained group by roughly the same amount. Only one of the four interaction 329 

terms were significant, that of time by advantage score [F(2,74)=3.7; p=0.029; partial eta 330 

squared = .09], meaning that advantage scores changed by different amounts.  Paired t-tests 331 

comparing the advantage scores at the two times showed a significant improvement 332 

(p=0.006) only for the Total Advantage (the difference between the SRTs for SV0° and 333 

DV90°). Although significant, even this change was small with only a 0.7 dB improvement 334 
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over the two times. All these findings are consistent with the analyses on the four individual 335 

SRT measures above. 336 

Changes in functional listening skills following training 337 

The total pragmatic profile and CHAPS scores at baseline and at 3 months (post intervention) 338 

are shown in table 4. Six of the PP questionnaires (2 from the AT group; 4 from the control 339 

group) were incomplete with more than one question rated as “not applicable” and analysis 340 

was thus conducted on 33 PP questionnaires only. Similarly, 4 CHAPS questionnaires from 341 

the AT group and 2 from the control group were excluded from the following analysis, as 342 

some of the questions were unrated and scores could not be tabulated. 343 

a) Pragmatic Profile (PP)  344 

A repeated measures ANOVA revealed a significant time by group interaction [F(1,31)  345 

= 8.0, p= .008, partial eta squared = .205], showing that improvements in the trained 346 

group were larger than those in the untrained group (Fig. 2). Separate paired t-tests for 347 

the two groups show a highly significant change in the trained group (t(17)=4.3, 348 

p=0.001)  and none in the untrained group (t(14)=4.3, p=0.3), which confirms the 349 

omnibus test was not overly sensitive to the differences in variability in PP scores 350 

between the two groups at baseline. Cohen’s d calculated from difference scores across 351 

the groups was 1.0.  352 

 353 

b) CHAPS  354 

A repeated measures ANOVA showed a significant time by group interaction [F(1,31)  = 355 

4.9, p= .035, partial eta square = .136], indicating that the trained group again improved 356 

more than the untrained group. This effect was weaker than for the Pragmatic Profile, in 357 

that separate paired t-tests for the two groups show no significant change for either 358 
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group. The significant time by group interaction was presumably found because the 359 

untrained group’s scores worsened slightly over time. Cohen’s d as calculated from the 360 

difference scores across groups was 0.76.  361 

Correlation between changes in AP skills and changes in functional listening abilities of 362 

children with APD 363 

Due to outliers (in particular, one trained listener who improved the most by far on the LiSN-364 

S and the CHAPS), robust methods were used to explore the relationships among the changes 365 

in the three outcome measures (Wilcox 2012). First, a boot strap method was used to evaluate 366 

Pearson correlations among changes in the two functional measures of listening and 367 

performance for speech in noise (by subtracting the baseline value from the post-intervention 368 

value for each individual). One-tailed tests were used because of the predicted direction of 369 

the correlation. The correlation between the two functional measures was relatively weak 370 

(ρ=0.31, p=.046), and would not survive a Bonferroni correction, so this was considered no 371 

more. 372 

Much stronger relationships were found between changes in mean LiSN-S and the two 373 

functional measures (PP: ρ=-0.44, p=0.007; CHAPS:  ρ=-0.64, p<0.001), so these were 374 

investigated more thoroughly. Of primary interest is the extent to which changes in the 375 

outcome measures are correlated within groups, especially for the trained group (even though 376 

these tests have less power because of the splitting of participant numbers into two groups). 377 

Again, these were examined with a bootstrap method. Neither of the two correlations were 378 

significant in the untrained group (p>0.18 for both), as would be expected from the narrow 379 

range of changes in LiSN-S in this group. In the trained group, changes in LiSN-S were not a 380 

significant predictor of changes in PP (ρ=-0.28, p=0.15), but they were for CHAPS, with the 381 

correlation of similar magnitude to that obtained in the whole group (ρ=-0.66, p=0.003). 382 
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Figure 3 depicts the relationship between the change in mean LiSN-S and the change in 383 

CHAPS, with a single fitted line because a separate robust analysis shows the slopes and 384 

intercepts of the two groups being indistinguishable (p>0.5 using ols1way() in Wilcox & 385 

Clark 2015). 386 

Other analyses 387 

 From the baseline measures, neither language and phonological skills, nor nonverbal IQ and 388 

auditory memory correlated with the changes in the overall LiSN-S performance. As more 389 

than half the number of participants from whom data was available completed all the 390 

specified training sessions, we did not try to relate total hours of AT to changes in any of the 391 

outcome measures.  392 

 393 

Discussion 394 

We found that children with APD who had undergone a 12-week intensive speech-based 395 

auditory training programme showed on average improved speech-in-noise test performance. 396 

These improvements also correlated with improvements in observer-rated communication 397 

behaviours, as assessed by questionnaires, indicating that this training led to real life benefits. 398 

No such improvements were found in untrained control children with APD. These results are 399 

to some extent consistent with two case series studies (Cameron and Dillon 2011; Cameron et 400 

al. 2014), and a small randomised controlled trial (N=10) (Cameron et al. 2012). These 401 

authors reported significant improvements in children with APD who trained with the LiSN 402 

& Learn programme on individual low cue (Cameron et al. 2014) and high cue SRTs 403 

(Cameron and Dillon 2011; Cameron et al., 2012; Cameron et al. 2014) as well as on 404 

questionnaires that assess real life listening (Cameron and Dillon 2011; Cameron et al. 2012; 405 
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Cameron et al. 2014).  Taken together, these results provide further evidence for the benefits 406 

of such training. However, there are some inconsistencies between the different studies. In 407 

contrast to the findings reported by Cameron and Dillon (2011), Cameron et al. (2012) and 408 

Cameron et al. (2014), performance in the four LiSN-S conditions showed comparable 409 

improvements, rather than a specific improvement in conditions with spatial separation. This 410 

may be because the previous studies recruited and trained children not on the basis of a 411 

general diagnosis of APD as we did, but on the basis of a spatial deficit on the LiSN-S, a so-412 

called spatial processing disorder (SPD).  SPD is present in 6% in a population with high 413 

incidence of chronic otitis media (Cameron et al. 2014) and up to 15% in children referred for 414 

speech in noise difficulties (Cameron and Dillon 2011) and may have been present in very 415 

few of our study children. We could not test for SPD due to the lack of norms for the 416 

Singaporean population. The difference in recruited populations may thus account for the 417 

difference in the observed results. Cameron et al (2012) have similarly reported no benefits of 418 

Earobics training on the LiSN-S scores for 5 children with SPD, arguing that AT intervention 419 

for APD needs to be deficit specific. However, this lack of improvement for the LiSN-S 420 

derived measures that was observed in our study may be due to other protocol differences 421 

between the studies. Training with a speech target that was spatially separated from the noise 422 

was only done during one of the four AT games the children played, thus reducing total 423 

training time for this task. We employed outcome measures using test material and talkers 424 

that had not been used for training purposes, while the previous studies used the same female 425 

voice as target in both training and outcome measures. Listeners, however, perform better 426 

with a familiar talker than an unfamiliar one (Nygaard et al. 1994). While the subtractive 427 

procedure is argued to eliminate the effect of talker familiarity, it is still possible that the 428 

improvement in spatial advantage could be greater for a trained talker than an untrained one. 429 

Dosage effects may also need to be considered, as those who complete less than a “threshold” 430 
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number of AT sessions show significantly poorer outcomes versus those who complete more 431 

sessions (Chisolm et al. 2013), and a strong correlation has been reported between LiSN-S 432 

benefit and the number of LiSN & Learn sessions accomplished (Cameron et al. 2014).  433 

 434 

Real life communication skills as reflected on the PP questionnaires improved in the AT 435 

group only. The PP was filled in by parents, who were not blinded to the intervention, and a 436 

potential bias, due to a tendency of the parent to provide a pleasing response to the 437 

researchers cannot be excluded (Lam & Bengo 2003). However, we also found a correlation 438 

between the LiSN-S and CHAPS improvements in the trained group only. This suggests that 439 

benefits were not due to a simple halo effect of the intervention, but was directly caused by 440 

the change in SRTs. The CHAPS was filled in by the teachers who were blinded to the 441 

intervention, while in several cases, the baseline CHAPS and the 3 month CHAPS were filled 442 

in by different teachers. Thus auditory training benefits appeared to generalise to better 443 

listening in the classroom environment, as rated by the teachers.   444 

 445 

It would be tempting to attribute these benefits to improved auditory processing per se. 446 

Benefits in laboratory tests after AT with noise have been reported previously in typically 447 

developing young adult listeners,  claimed to be underpinned by the enhancement of cues to 448 

pitch as measured in the  frequency following response (Song et al. 2012).  However, while 449 

auditory processing test performance improves after different types of auditory training, this 450 

improvement does not necessarily correlate with and thus account for the broader functional 451 

improvement of the child as reflected on language measures (Gillam et al. 2008). The 452 

language improvements may thus be related to improvements in general cognitive skills by 453 

the auditory tasks per se, by the combined use of intensive auditory and visual stimulation, or 454 

by the task cognitive requirements of the computer games. Attention/memory processes are 455 
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important for speech-in-noise perception (Schmithorst et al. 2012) and have been reported to 456 

improve- to some extent, and in terms of some subcomponents- in several studies of children 457 

with language related disorders or APD (Sharma et al. 2012; Stevens et al. 2008). The 458 

relative effect of auditory processing vs. cognitive type improvement vs the interaction of 459 

both improvements on the observed improved communication of children following AT 460 

remains an intriguing and debatable question. 461 

 462 

The observed improvements in our AT group were sustained for at least 3 months in speech-463 

in-noise test performance, similar to reports for children with SPD (Cameron & Dillon, 2011) 464 

indicating that speech based training may lead to sustainable improvements. We also found 465 

that neither baseline language nor cognitive abilities predict the degree of improvement with 466 

AT, in agreement with other studies (Sharma et al. 2012).  467 

 468 

There are some limitations in this study. Firstly, due to the lack of normative data for a 469 

speech-in-noise test for the Singaporean population, we were unable to determine whether the 470 

children with APD actually had any speech-in-noise or spatial processing deficits. The 471 

training incorporated several different speech-in-competition tasks and it is unclear if the 472 

improvement in the AT group was driven by a specific exercise. Further studies would need 473 

to consider separating the different types of training to examine their effectiveness, and 474 

whether this depends upon the individual. The study was unblinded, and we did not include 475 

an active control group to assess for other intervention-related effects, which could have been 476 

related, e.g., to the parent engaging with the child or to the child conducting activities 477 

designed to promote thinking and problem solving (Gillam et al. 2008). However, whilst 478 

acknowledging the ways in which the study design could be improved, it also had many 479 

strengths.  Inclusion of a no-treatment control group helped assess to what extent the changes 480 



Loo et al, AT for APD 

 

21 
 

in the outcome measures were due to the intervention vs. maturational changes over time 481 

(Loo et al. 2010). The outcome measures included tests assessing speech in noise auditory 482 

processing together with questionnaires assessing functional listening, while test materials (in 483 

Australian English) were completely unrelated to and in a different accent than the training 484 

materials (in British English). One questionnaire was completed by teachers who were 485 

blinded to the intervention. Thus, observed post-training improvements appear to reflect a 486 

genuine learning effect. Effects are likely to generalize to other clinical populations with 487 

APD, in that children were recruited from a general audiology department, and without 488 

excluding participants with language related or other developmental disorders  (with the 489 

exception of autism and low IQ).  490 

 491 

In conclusion, a 12-week long 5-day/week training with speech stimuli ranging from single 492 

words to complex sentences in the presence of competing stimuli under different conditions 493 

of spatial separation (thus resembling real-life listening conditions), led to improved speech 494 

in noise perception in tests that was reflected in improved functional listening in children 495 

with APD. Further research is required to tailor auditory training to the individualized needs 496 

of listeners. 497 

 498 

499 
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Figure 1: Boxplots of the LiSN scores. Each panel presents the performance across time of 688 

either the control or AT group, grouped by LiSN-S condition.  689 
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Figure 2. Boxplots of the Pragmatic profile (PP) raw scores as obtained from the parents of 691 

the AT and control groups at baseline and immediate post-intervention. Each plotted point 692 

represents the score obtained from a particular participant and time point.    693 
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Figure 3. Change in the CHAPS questionnaire as a function of the change in overall LiSN-S 695 

performance. The regression line was estimated using a robust technique (tsreg() in Wilcox, 696 

2012). 697 
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Table 1: The Auditory Processing (AP) Test Battery 

AP tests & Technical 

Information 

Presentation 

level & number 

of stimuli 

Task Scoring 

Frequency Pattern Test (FPT) 

Auditec – Child version 

Low: 880 Hz;   

High: 1430 Hz;     

Tone duration: 500 msec;                 

Inter-tones interval: 300 msec;           

Inter-pattern interval:10 sec      

50 dB HL 

monaurally, 

30 stimuli per 

ear 

Label the tone 

pattern verbally 

as high or low 

in a sequence of 

3 tones (e.g. 

high-low-low) 

% correct 

per ear 

Duration Pattern Test (DPT) 

Auditec  

Tone: 1000 Hz; 

Tone durations: 250 msec (short) 

or 500 msec (long);  

Inter-tones interval: 300 msec;  

Inter-pattern interval: 10 sec 

50 dB HL 

monaurally, 

30 stimuli per 

ear 

Label the tone 

pattern verbally 

as long or short 

in a sequence of 

3 tones (e.g. 

long-short-

short) 

% correct 

per ear 

Random Gap Detection Test 

(RGDT) 

Auditec 

Stimuli: 0.5, 1, 2, & 4 kHz;  

Inter-stimuli intervals: 0, 2, 5, 10, 

15, 20, 25, 30, and 40 msec. in 

random order. 

50 dB HL 

binaurally, 

4 sets of stimuli 

at different 

frequencies  

Respond 

verbally to 

indicate 

whether 1 or 2 

sounds were 

heard 

Average 

of gap 

detection 

thresholds 

for 4 

stimuli 

(ms) 

Masking Level Differences 

(500Hz) – MLD  

Auditec  

5 tone bursts (500 Hz; 300 msec) in 

3sec bursts of narrow band noise 

10 SoNo conditions (1- to -17dB 

S/N); 12 SπNo conditions (-7 to -

29 dB S/N), and 11 no tone 

conditions.  

50 dB HL, 

binaurally 

33 presentation 

Respond 

verbally 

whether tone 

pulses were 

heard or not 

within the 

buzzing noise.  

SπNo 

threshold 

minus 

SoNo 

threshold 

Dichotic Digits Test (DDT) 

Auditec   

Male voice; 25 pairs of double 

digits ( 1 to 9 except 7) 

50 dB HL, 

binaurally 

 

Repeat verbally 

all the 4 

numbers 

% 

correct 

per ear 
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Table 2: A Summary of the Baseline Data (AP, Language, Phonological Skills, Memory 

and NVIQ) for the AT and Control Groups 

Measures AT, n=20  Control, n = 19  p 

Demographic  Age [mean 

(SD)] 

9.1 (1.33)  9.0 (1.32)  0.735 

 Sex (Male)  16  16   

Non-normally  

distributed  

Median Range N 

(failed 

test) 

Median Range N 

(failed 

test) 

p* 

Behavioural 

AP  
DDT_R† 88 66-98 4 90 24-98 3 .91 

DDT_L† 84 68-96 5 85 42-93 4 1.00 

 FPT_R †  80 7-100 6 76 25-

100 

6 .91 

 FPT_L † 80 33-

100 

7 76.5 25-

100 

7 .71 

 DPT_R † 50 10-

100 

8 40 10-

100 

10 .59 

 DPT_L † 60 0-100 8 51.50 0-90 10 .52 

 RGDT ‡ 8.75 3-25 8 6.75 3-25 5 .30 

 MLD § 12 4-14 6 12 4-18 5 .84 

Phonological 

awareness 

(PhAB) 

Alliteration 100 77-

101 

1 96 76-

101 

3 .08 

Rhyming 93 69-

113 

4 92 69-

113 

8 .99 

Spoonerism 103 71-

119 

2 106 69-

128 

3 .72 

Nonword 

reading 

109 93-

131 

0 115 84-

131 

2 .79 

Auditory 

memory 

(TAPS-R) 

ANFM 97 79-

127 

4 92 72-

133 

3 .87 

ANBM 100 81-

130 

2 98 76-

118 

4 .55 

AWM 90 70-

100 

6 85 72-

116 

8 .97 

ASM 91 70-

110 

5 87 72-

110 

6 .79 

Normally  

distributed  

Mean SD  Mean SD  p¶ 

Table 2



Language 

(CELF-4) 

Core 

Language 

85.6 13.3 11 79.5 15.6 11 .20 

Nonverbal 

IQ (TONI) 

NVIQ score 108.0 13.4 0 109.7 13.7 0 .69 

ANBM = auditory number backward memory; ANFM = auditory number forward memory; 

ASM = auditory sentence memory; AWM = auditory word memory; DDT = dichotic digits 

test; DPT = duration pattern test; FPT = frequency pattern test; MLD = masking level 

differences; RGDT = random gap detection test; R = right ear; L = left ear, * Mann-Whitney 

test; ¶ t-test. Note: Unless stated otherwise, value is standard score. †  score in %; ‡  score in 

ms; § score in dB;  



Table 3: Descriptions of the Auditory Training Tasks Used. 

Games Type of training Target Speech Types of masker Response mode Algorithm 

CCRM 
Children’s Coordinate 

Response Measure: an 

expanded version of 

the WiNiCS task 

(Messaoud-Galusi, 

Hazan, & Rosen, 

2011) based on Bolia, 

Nelson, Ericson, & 

Simpson (2000)  

Speech-in-noise for words 

in sentences spoken by an 

adult British female talker 

(target speech and masker 

manipulated with respect 

to relative location: 0° 

azimuth; ± 90° azimuth). 

Sentences of the form 

“Show the dog where 

the [colour] [number] 

is” spoken by a female 

adult; number  could 

be 1 to 9 (excluding 

the bisyllabic 7); 

colour could be black, 

red, white, blue, green 

or pink.  

Theatre noise; multitalker 

babble; competing speech by 

a male talker with identical 

sentence structure but 

different animal, colour and 

number; steady-state speech-

shaped noise. 

 

Click on the target 

number and colour. 

Corrective feedback 

given. 

Adaptive 

procedure 

tracking 79% 

correct, 

stopping after 

6 reversals or 

30 trials. 

 

Who-Is-Right? 

 

Speech-in-noise for 

isolated CVC 

monosyllabic words 

spoken by an adult British 

female talker. 

A target word and two 

other non-word foils 

differing by one 

feature in the initial 

consonant (e.g.  boat, 

woat, poat) are 

presented in a random 

order. 

 

Continuous steady-state 

speech-shaped noise. 

Click on one of 3 

cartoon figures to 

indicate the position of 

the target word 

specified previously 

by a picture and 

spoken by a male 

talker. Corrective 

feedback given. 

Adaptive 

procedure 

tracking 79% 

correct, 

stopping after 

42 trials. 

Story-in-noise 

Faulkner, Rosen, & 

Green (2012) 

Speech-in-noise for words 

in phrases spoken by an 

adult British female 

talker. 

Phrases from a 

connected narrative 

taken from books 

aimed at foreign 

learners of English. 

Continuous steady-state 

speech-shaped noise. 

Click on 1-3 

keyword(s) present in 

the target phrase from 

a set of 2-6 options 

(each foil being 

phonetically similar to 

the target). Corrective 

feedback given. The 

phrase is replayed 

every time a wrong 

choice is made. 

Fixed at +10 

dB SNR, 

stopping after 

15 minutes. 

TATP 

Temasek Auditory 

Dichotic listening  

(9 different games 

Digits, mono- and bi-

syllabic words; 

Competing speech stimuli 

that are similar to the target 

Indicate on a computer 

GUI the items 

Adaptive 

procedure 

Table 3



Training Programme varying in terms of target 

speech stimuli and 

response mode). Spoken 

by an adult Singaporean 

male talker. 

sentences not longer 

than 8 words.  

speech presented 

simultaneously to the 

contralateral ear, at various 

SNRs for sounds across the 

two ears.  

presented to one ear 

whilst ignoring the 

other. Attended ear 

varied over training. 

No corrective 

feedback given. 

tracking 50% 

correct, 

stopping after 

16 reversals. 

 

 

 

 

 

 

 

 

 

 



Table 4: An overview of a week 1 training programme for children in the AT group  

Day Training 1 (15 min) Training 2 (15 min) 

Monday TATP_1 Keywords extraction_1 

Tuesday DOGGY_1 Keywords extraction_1 

Wednesday TATP_2 Keywords extraction_1 

Thursday WHO-IS-RIGHT Keywords extraction_1 

Friday TATP_3 Keywords extraction_1 

Note. The above training schedule was repeated for 12 weeks with different tasks being pre-

programmed in each listening game session. 

Table 4
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