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Abstract 26 

Objective: To investigate associations between auditory processing abilities, cognitive 27 

abilities, listening ability and reading ability in children. 28 

 29 

Design: This was a cross-sectional study involving 155 children (105 referred for auditory 30 

processing assessment and 50 with no reported listening concerns) aged between 7 and 13 31 

years. Each child was assessed on auditory processing tests, cognitive tests and a reading test. 32 

Additional data on reading ability was provided by the reading score from a national test. 33 

Questionnaires about the child’s listening ability were completed by a parent, a teacher, and 34 

the child. 35 

 36 

Results: Structural equation models relating auditory processing abilities, cognitive abilities, 37 

listening ability and reading ability were developed. There was evidence that listening and 38 

reading abilities were associated with cognitive abilities when adjusting for auditory 39 

processing abilities, but little evidence that listening and reading abilities were associated 40 

with auditory processing abilities when adjusting for cognitive abilities. 41 

 42 

Conclusions: It should not be assumed that auditory processing tests and cognitive tests 43 

measure separate abilities. When investigating the association between auditory processing 44 

abilities and real-world abilities, it is important to adjust for cognitive abilities. Children with 45 

listening difficulties should undergo cognitive assessments in addition to auditory processing 46 

assessments. 47 
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Introduction 48 

In both audiological research and audiological practice, the topic of auditory processing 49 

continues to be of great interest. This interest is a result of the potential for auditory 50 

processing to explain listening difficulties that are worse than would be expected from a 51 

person’s hearing threshold levels. There has been some interest in auditory processing in 52 

adults who may also have sensorineural hearing loss, but the main focus has been on children 53 

who have trouble listening at school despite having normal hearing thresholds. 54 

 55 

A widely used definition of auditory processing, which we adopt as a working definition, is 56 

that of the American Speech-Language-Hearing Association (ASHA), which defines auditory 57 

processing as “the perceptual processing of auditory information in the CNS [central nervous 58 

system] and the neurobiologic activity that underlies that processing and gives rise to 59 

electrophysiologic auditory potentials” (ASHA 2005). Examples given by ASHA of tasks 60 

that depend on auditory processing skills include sound localisation, auditory pattern 61 

recognition, and listening in the presence of competing signals. 62 

 63 

In the study of auditory processing an important role is played by cognitive abilities 64 

(primarily memory, attention and intelligence), but the distinction between auditory 65 

processing and cognitive abilities is not fully understood or agreed on. ASHA considers 66 

cognitive abilities to be “higher order” and excludes them as a cause of auditory processing 67 

disorder (ASHA 2005), whereas others have suggested that auditory processing disorder 68 

should be redefined as “primarily a cognitive disorder, rather than a sensory disorder” (Moore 69 

et al. 2010, p. e387). 70 

 71 
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Another reason that auditory processing is of interest is the possibility that it affects the 72 

development of reading ability. Several studies have investigated this, with varying 73 

conclusions. Some studies have found evidence that auditory processing abilities may affect 74 

reading ability (for example, Tallal 1980; Downie et al. 2002; Walker et al. 2002; Beron & 75 

Farkas 2004; Gyldenkærne et al. 2014), while others have found little evidence for such an 76 

effect (for example, Bretherton & Holmes 2003; Plakas et al. 2013; Hakvoort et al. 2015). 77 

However, differences in methods across these studies make comparisons difficult. 78 

 79 

Previous work with the data used here was described by Tomlin et al. (2015). The work 80 

described here extends the previous analysis in a few ways. Firstly, we make use of latent 81 

variables, which allow us to model abstract concepts and to separate a concept (for example, 82 

reading ability) from a measurement of the concept (for example, the score on a particular 83 

reading test). Secondly, instead of only testing hypotheses about individual model 84 

coefficients, we consider tests of groups of coefficients. Thirdly, we use a more sophisticated 85 

method for handling missing data. 86 

 87 

The aim of this study was to investigate the associations between scores on behavioural tests 88 

commonly used as measures of auditory processing and cognition, and the relation of those 89 

scores to measures of listening ability and reading ability. More specifically, our aims were 90 

(1) to investigate the conventional distinction between auditory processing abilities and 91 

cognitive abilities, (2) to develop a plausible model relating auditory processing abilities, 92 

cognitive abilities, listening ability and reading ability, and (3) to investigate the association 93 

between each of listening and reading abilities and (a) auditory processing abilities, adjusting 94 

for cognitive abilities, and (b) cognitive abilities, adjusting for auditory processing abilities. 95 

 96 
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Materials and methods 97 

Approval for this study was given by the Royal Victorian Eye and Ear Hospital Human 98 

Research Ethics Committee (10/941H) and the Victorian Department of Education 99 

(2010_000789). Informed consent was obtained for all children who participated. 100 

 101 

Subjects 102 

The subjects were 155 children aged between 7 and 13 years (median age 8.9 years; 89 boys 103 

and 66 girls). There were two separate recruitment streams, the first being children referred to 104 

the University of Melbourne Audiology Clinic for auditory processing assessment (105 105 

children), and the second being children with no reported listening or academic concerns, 106 

recruited through their schools (50 children). All children in the study had hearing thresholds 107 

no worse than 15 dB HL at the octave frequencies from 0.25 to 8 kHz in both ears, and 108 

tympanograms consistent with normal middle ear function in both ears (static admittance 109 

between 0.2 and 1.6 mmho and peak pressure between -100 and +20 daPa). 110 

 111 

Tests and measures 112 

Auditory processing 113 

The auditory processing tests used were the dichotic digit test (DDT; Musiek 1983), the 114 

frequency pattern test (FPT; Musiek 1994), the gaps in noise test (GIN; Musiek et al. 2005), 115 

the masking level difference test (MLD; Wilson et al. 2003), and the Listening in Spatialized 116 

Noise – Sentences test (LISN-S; Cameron & Dillon 2007).  For DDT, GIN and MLD, the 117 

Auditec of St Louis compact disc recordings were used, and for FPT, the Department of 118 

Veterans Affairs compact disc recording was used. The ear order (for FPT and GIN) and test 119 

order were randomised. Stimuli were presented at 50 dB HL via TDH-39 headphones, except 120 

for LISN-S, which uses program-determined sound levels and Sennheiser headphones. 121 
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 122 

The dichotic digit test, intended to assess dichotic listening, involved the child listening to 123 

sets of four numbers (numbers from 1 to 10, except for 7) consisting of two different numbers 124 

presented simultaneously, one to each ear, followed by another two different numbers 125 

presented simultaneously, one to each ear. The task was to repeat all four numbers in any 126 

order. After three trial sets, each child was tested on 20 sets of four numbers and received a 127 

percentage correct score for each ear based on the 40 numbers presented to that ear. 128 

 129 

The frequency pattern test, intended to assess temporal sequencing, involved the child 130 

listening to sets of three tones, with each tone being either “low” (880 Hz) or “high” (1122 131 

Hz). The task was to state the pattern of lows and highs for each set in the correct order (for 132 

example, “low, high, low”), with each complete set being scored as either correct or 133 

incorrect. Left and right ears were tested separately, and after three trial sets each ear was 134 

tested on 15 sets and received a percentage correct score. 135 

 136 

The gaps in noise test, intended to assess temporal resolution, involved the child listening to 137 

segments of broadband noise containing gaps of varying duration, and the task was to 138 

respond by pressing a button whenever a gap was detected. Left and right ears were tested 139 

separately. After a practice track, for the test track each ear received a score defined to be the 140 

shortest gap length in milliseconds to be reliably detected (at least 4 times out of 6), provided 141 

that longer gaps were also reliably detected. 142 

 143 

The masking level difference test, intended to assess binaural interaction, involved the child 144 

listening for 500-Hz tones in 500-Hz narrowband noise under a homophasic condition (tones 145 

to the left and right ears in phase, and noise to the left and right ears in phase) and an 146 
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antiphasic condition (noise in phase but tones 180° out of phase). The antiphasic condition is 147 

usually found to be easier, and the score is the homophasic signal-to-noise ratio (SNR) 148 

threshold minus the antiphasic SNR threshold. 149 

 150 

The Listening in Spatialized Noise – Sentences test, intended to assess the ability to 151 

understand speech in the presence of competing speech, involved the child listening to a 152 

series of sentences in the presence of other speech, with the task of repeating each sentence. 153 

In one condition, called “low-cue”, the competing speech was spoken by the same voice and 154 

from the same direction as the target sentences, while in the other condition, called “high-155 

cue”, the competing speech was spoken by a different voice and from different directions 156 

from the target sentences. For each of the two conditions, the score was the estimated SNR 157 

corresponding to 50% of words correct. The “spatial advantage” difference measure 158 

(Cameron & Dillon 2007) is commonly used, but since the other auditory processing tests do 159 

not have commonly used derived measures, for consistency we did not use spatial advantage 160 

in this work. 161 

 162 

Cognitive 163 

Cognitive tests were chosen to assess working memory, sustained attention, and non-verbal 164 

intelligence. 165 

 166 

Working memory was assessed using the digit span subtest of the Clinical Evaluation of 167 

Language Fundamentals, 4th edition (CELF-4; Semel et al. 2003). This involved sequences 168 

of digits of increasing length being presented to the child, with the child first having to repeat 169 

the digits in the same order as presented and then having to repeat the digits in reverse order. 170 
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The child received forward and reverse scaled scores depending on the number of sequences 171 

correctly repeated. 172 

 173 

Sustained attention was assessed using the Integrated Visual and Auditory Continuous 174 

Performance Test (IVA-CPT; Sandford & Turner 1995). This was a computer-based test 175 

involving separate visual and auditory presentations of a sequence of 500 digits (after 176 

practice trials), each being either 1 or 2, in random order, with the child having the task of 177 

responding whenever a 1 was presented. The auditory stimuli were set to comfortable 178 

listening levels and presented through Sennheiser headphones. The child received visual and 179 

auditory quotient scores. 180 

 181 

Non-verbal intelligence was assessed using the Test of Nonverbal Intelligence, 4th edition 182 

(TONI-4; Brown et al. 2010). The test protocol was adhered to, which involved the child 183 

completing visually presented patterns of increasing complexity using a multiple-choice 184 

format. The child received a quotient score. 185 

 186 

Listening 187 

Listening ability was measured using a questionnaire completed by a parent, a questionnaire 188 

completed by the child’s teacher, and a questionnaire completed by the child. The 189 

questionnaires are shown in Supplemental Digital Content 1. 190 

 191 

The parent completed Fisher’s Auditory Problems Checklist (Fisher 1976), which was made 192 

up of 25 yes/no items about the child’s hearing and related things such as ear infections, 193 

attention, motivation and academic performance. 194 

 195 
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The teacher completed a modified version of the questionnaire developed by Purdy et al. 196 

(2002). The modified questionnaire contained seven items about the child’s listening, 197 

concentration and general performance in different conditions, with each item rated by the 198 

teacher on a seven-point scale. 199 

 200 

The child completed a shortened version of the questionnaire used by Purdy et al. (2009), 201 

which itself was a modified version of the LIFE-UK questionnaire (Canning n.d.). The child 202 

rated on a five-point scale how well he or she could hear in each of seven situations, mostly 203 

classroom situations. 204 

 205 

We used item-total correlations to check the consistency of the items within each 206 

questionnaire. This led to the removal of six items from the parent questionnaire, one item 207 

from the child questionnaire, and no items from the teacher questionnaire. For more details 208 

about this, see Tomlin et al. (2015). The items that were removed are listed in Supplemental 209 

Digital Content 1. For each questionnaire, the overall score was the sum of the numerically-210 

coded ratings for the items that were retained. 211 

 212 

Reading 213 

We used two measures of reading ability: the Wheldall Assessment of Reading Passages 214 

(WARP; Madelaine & Wheldall 2002) and the National Assessment Program – Literacy and 215 

Numeracy (NAPLAN) reading score (Australian Curriculum, Assessment and Reporting 216 

Authority n.d.). 217 

 218 

WARP involved the child reading a short story passage aloud for one minute and receiving a 219 

score indicating the number of words read correctly per minute. 220 
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 221 

NAPLAN is an assessment for all children in Australia in Years 3, 5, 7 or 9 of school. It has 222 

scores for several areas but in this work we only used the reading score. The reading test 223 

involved the child reading material to himself or herself and answering questions (mostly 224 

multiple choice) about the material. We used the child’s NAPLAN score if the NAPLAN test 225 

date was within 12 months of the child’s assessment for this study. 226 

 227 

Statistical methods 228 

To remove the effects of age from the auditory processing, cognitive and reading scores, we 229 

expressed those scores as “z-scores”, defined as the number of age-specific normative 230 

standard deviations from the age-specific normative mean. The directions of the z-scores 231 

were chosen so that higher z-scores indicate better performance. The CELF-4, IVA-CPT and 232 

TONI-4 already had scaled or quotient scores with known normative mean and standard 233 

deviation, so we obtained z-scores by simply rescaling those original scores. We used 234 

normative data to calculate z-scores for DDT (Tomlin et al. 2014), FPT (Tomlin et al. 2014), 235 

LISN-S (Cameron & Dillon 2007) and WARP (Wheldall, Reference Note 1). For NAPLAN 236 

Reading, we calculated z-scores using data for the state of Victoria in the relevant year 237 

(Australian Curriculum, Assessment and Reporting Authority 2009–2012). For GIN and 238 

MLD, we calculated z-scores based on the data of the 50 children who had no reported 239 

listening problems. All further calculations and statistical analysis used these z-scores. 240 

 241 

The main statistical method we used was structural equation modelling, which is a 242 

generalisation of multiple linear regression. Whereas linear regression models have one 243 

dependent variable and one or more explanatory variables, structural equation models can 244 

have more than one dependent variable and variables that act as both dependent and 245 
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explanatory variables. Structural equation models can also include latent variables, which 246 

represent abstract concepts that are not observed directly but only observed indirectly through 247 

other variables called their indicators. By including more than one indicator of a latent 248 

variable, a model can accommodate the idea that none of the indicators measures the 249 

underlying concept perfectly. A structural equation model consists of a set of equations 250 

involving several parameters, and fitting the model to a set of data involves determining the 251 

parameter values that make the model’s predicted covariances between the observed 252 

variables match the sample covariances as closely as possible. The primary way of assessing 253 

the fit of a structural equation model is the model chi-squared test, with a statistically 254 

significant p-value indicating that the model is rejected (that is, that the model is 255 

incompatible with the data). We used a significance level of 0.05. 256 

 257 

Structural equation models were fitted in R (version 3.3.1; R Core Team 2016) using the 258 

lavaan package (version 0.5.22; Rosseel 2012). Models were fitted using the so-called MLR 259 

approach, which involves full-information maximum likelihood estimation (Arbuckle 1996) 260 

with standard errors and a model test statistic that are robust to non-normality (Rosseel 2017). 261 

This approach handles missing data without dropping subjects who have incomplete data and 262 

without imputing missing values. 263 

 264 

Results 265 

Some variables had missing data. The amount of missing data ranged from none for DDT, 266 

FPT, LISN-S and digit span, to 57% for NAPLAN Reading (see Table 1). The reason for the 267 

large amount of missing data for NAPLAN Reading was that many parents no longer had the 268 

results. Descriptive statistics are given in Supplemental Digital Content 2. 269 
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 270 

Auditory processing vs cognitive 271 

For the question of classification of abilities as auditory processing abilities or cognitive 272 

abilities, we began by inspecting the Pearson correlations between the scores. These are 273 

shown in Table 2. We do not consider significance tests for these correlations to be 274 

important, but for readers who are interested, p-values are given in Supplemental Digital 275 

Content 3. 276 

 277 

The DDT, FPT and LISN-S scores were each more highly correlated with at least one score 278 

generally thought to be cognitive in nature (memory, attention, intelligence) than with the 279 

scores from all the other auditory processing tests. In some cases, an auditory processing 280 

score was even more highly correlated with a cognitive score than with the other score from 281 

the same test (for example, left DDT was more highly correlated with forward digit span than 282 

with right DDT). While these differences in correlations were not always statistically 283 

significant, this observation casts doubt on the assumption that the auditory processing tests 284 

measure some common “auditory processing” ability and the cognitive tests measure a 285 

separate “cognitive” ability. 286 

 287 

We reach a similar conclusion if we consider average correlations instead of just the highest 288 

correlation. The DDT, FPT and LISN-S scores were each more highly correlated on average 289 

with the cognitive scores than with the scores from the other auditory processing tests (for 290 

example, left DDT was more highly correlated on average with the cognitive scores than with 291 

the seven scores from FPT, GIN, MLD and LISN-S). The GIN scores were more highly 292 

correlated on average with the scores from the other auditory processing tests than with the 293 

cognitive scores, but their average correlations with the other auditory processing scores were 294 
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low (about 0.1). The MLD score had low correlations with all the other scores. This 295 

preliminary examination therefore provided very little evidence to support the conventional 296 

classification of scores as auditory processing scores versus cognitive scores. 297 

 298 

To investigate this question using structural equation modelling, we fitted the model shown in 299 

Figure 1, with the variables classified as auditory processing or cognitive based on what the 300 

tests are commonly believed to measure. Following the usual convention, rectangles 301 

represent observed variables and ovals and circles represent latent variables. The unlabelled 302 

latent variables (circles) are error components. For example, the circle linked to DS-Fwd 303 

represents influences on the DS-Fwd score other than cognitive ability, including, but not 304 

limited to, random measurement error. Single-headed arrows (often called “paths”) mean that 305 

the variable at the tail of the arrow is assumed to affect the variable at the head of the arrow. 306 

Double-headed arrows represent covariances that are not explained by other variables in the 307 

model. 308 

 309 

Models like the one in Figure 1, containing latent variables and indicators but no single-310 

headed arrows from one latent variable to another, are called confirmatory factor analysis 311 

models, and are concerned with measurement of latent variables. In the simple model in 312 

Figure 1, the cognitive test scores depend on a common cognitive ability latent variable plus 313 

unknown factors unique to each test score (error components), and similarly for the auditory 314 

processing test scores. The model includes covariances between the error components of 315 

scores coming from the same test to account for the similarity of the tasks involved. 316 

 317 

The model in Figure 1 was not rejected at the 5% significance level (𝜒70
2 = 88.0, 𝑝 = 0.07). 318 

However, the estimated correlation between the cognitive and auditory processing latent 319 
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variables was close to 1, indicating that in this simple model, the test score covariances are 320 

best explained if cognitive ability and auditory processing ability are essentially the same 321 

thing. 322 

 323 

If we modify the model in Figure 1 by adding a constraint that the cognitive ability and 324 

auditory processing ability latent variables are uncorrelated, then the modified model is 325 

rejected (𝜒71
2 = 176.7, 𝑝 < 0.001). This occurs because it has no ability to allow for the 326 

observed correlations between auditory processing test scores and cognitive test scores. 327 

 328 

The data therefore provides evidence against the simple view that the cognitive tests measure 329 

an underlying cognitive ability and the auditory processing tests measure an underlying 330 

auditory processing ability that is unrelated to the cognitive ability. However, to keep the 331 

terminology simple, we will continue to use the term “cognitive tests” to refer to tests 332 

commonly thought of as cognitive tests (DS, CPT and TONI in this study) and “auditory 333 

processing tests” to refer to tests commonly thought of as auditory processing tests (DDT, 334 

FPT, GIN, MLD and LISN-S in this study). Similarly, we use “cognitive scores” and 335 

“auditory processing scores” to mean the scores from the cognitive and auditory processing 336 

tests, respectively, and “cognitive test skills” and “auditory processing test skills” to mean the 337 

skills that are tested by those tests. 338 

 339 

We might next ask whether the cognitive scores and the auditory processing scores can be 340 

viewed as all measuring one underlying ability, which could be thought of as central nervous 341 

system development, a concept that has been suggested by Moore et al. (2013). To 342 

investigate this, we fitted a confirmatory factor analysis model with a single latent variable 343 

influencing the cognitive and auditory processing scores (with error covariances as in the 344 
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previous model), and this model was not rejected (𝜒71
2 = 88.4, 𝑝 = 0.08). However, the 345 

usefulness of this model is questionable because the latent variable explained only a low 346 

proportion of variance of the indicators, with an average proportion of variance explained of 347 

only 0.21. The possibility that the low proportion of variance explained was due to 348 

measurement error in the scores can be ruled out for at least some of the tests (FPT and GIN) 349 

because of a high correlation between left- and right-ear scores (see Table 2). 350 

 351 

Overall model 352 

We developed an overall structural equation model that included the cognitive scores, 353 

auditory processing scores, listening questionnaire scores, and reading scores. A diagram of 354 

the model is shown in Figure 2, with the meanings of the symbols being the same as 355 

described previously. The latent variables ddt, fpt, gin and lisn can be thought of as the 356 

underlying abilities tested by the dichotic digit test, frequency pattern test, gaps in noise test 357 

and LISN-S, respectively. In this model, the cognitive latent variables (memory, attention and 358 

intelligence) are assumed to directly affect the other latent variables. The auditory processing 359 

latent variables (ddt, fpt, gin and lisn) are assumed to affect listening ability directly, but they 360 

are assumed to affect reading ability only indirectly through listening ability. 361 

 362 

The masking level difference score was omitted from the model because its correlations with 363 

the other variables were low. The visual attention score and child’s questionnaire score were 364 

omitted because including them (as additional indicators of attention and listening ability, 365 

respectively) caused poor fit or problems with the fitted model. 366 

 367 

Error covariances between pairs of left-ear scores were included because of a common 368 

reliance on the left ear, and similarly for pairs of right-ear scores (these are the double-headed 369 
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arrows at the left edge of Figure 2). The error covariance between WARP score and teacher 370 

questionnaire score had less theoretical justification and was included to improve the fit of 371 

the model. The interpretation of that error covariance, if it is positive, is that children who 372 

tended to score better on WARP for reasons other than reading ability also tended to be rated 373 

as better listeners by their teachers for reasons other than listening ability. 374 

 375 

As a technical aside, note that in Figure 2, the attention and intelligence latent variables each 376 

have only one indicator, which means that their indicators’ error variances must be assumed 377 

instead of being estimated. We assumed error variances of zero, which was equivalent to 378 

simply omitting those two latent variables and replacing each one by its indicator. 379 

 380 

The test of model fit had test statistic 𝜒73
2 = 81.8 with a corresponding p-value of 0.22, so the 381 

model was not rejected at the 5% significance level. In addition to the model chi-squared test, 382 

the fit of a structural equation model is commonly assessed using other measures called “fit 383 

indices”. We used the standardised root mean square residual (SRMR) (Kline 2011) and 384 

“robust” versions of the root mean squared error of approximation (RMSEA) (Brosseau-385 

Liard et al. 2012), the Comparative Fit Index (CFI) and the Tucker-Lewis Index (TLI) 386 

(Brosseau-Liard & Savalei 2014). This model had SRMR = 0.05, RMSEA = 0.03, CFI = 387 

0.99, and TLI = 0.98, all of which are indicative of good fit (Hu & Bentler 1999). 388 

 389 

Table 3 contains estimates of the model’s standardised parameters and, where applicable, the 390 

p-value for each test of the null hypothesis that the standardised parameter is zero. 391 

“Standardised” means that the parameter estimates are based on the variables being scaled to 392 

have a variance of 1, so that the factor loadings (coefficients of paths from latent variable to 393 
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indicator) can be interpreted as correlations between the latent variable and the indicator, and 394 

covariances (represented by double-headed curved arrows) are correlations. 395 

 396 

The main paths of interest are those representing an effect of one latent variable on another, 397 

especially the effects on listening ability and on reading ability. For each of the seven 398 

predictor variables of listening ability in the model (memory, attention, intelligence, ddt, fpt, 399 

gin, lisn), the null hypothesis of a coefficient value of zero could not be rejected. The 400 

interpretation is that for listening ability, we cannot confidently conclude that any of those 401 

seven variables has explanatory value beyond what can be explained by the other six. It 402 

should however be noted that correlations among the predictor variables cause the statistical 403 

power of these tests to be reduced. 404 

 405 

For reading ability, the null coefficient value of zero was rejected for memory, attention and 406 

intelligence, but not for listening ability. The estimated effects on reading ability were in the 407 

expected direction, with better memory, better attention and higher intelligence being 408 

associated with better reading ability. The estimated association with reading ability was 409 

strongest for memory, with a coefficient estimate of 0.56 (an increase in memory by one 410 

standard deviation was associated with an estimated increase in reading ability by 0.56 411 

standard deviations if attention, intelligence and listening ability are constant). 412 

 413 

Subjects with extreme values had the potential to be overly influential on the fitting of the 414 

model. To check this, we re-fitted the model leaving out, in turn, (1) two subjects with very 415 

poor right DDT scores, (2) one subject with a very poor LISN-S high-cue score, and (3) one 416 

subject with a very poor LISN-S low-cue score. These three fitted models were similar to the 417 

model fitted on the full data set. 418 
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 419 

We note that the six covariances between the DDT, FPT and GIN error terms were included 420 

in the model based on theoretical considerations, but from a statistical point of view they 421 

were not required. When they were left out, the resulting model was still not rejected (𝜒79
2 =422 

93.7;  𝑝 = 0.12) and there were no major changes to the parameter estimates and p-values. 423 

 424 

Effect of auditory processing, adjusting for cognition 425 

To test the combined influence of the auditory processing test skills, or the combined 426 

influence of the cognitive test skills, we can test a null hypothesis that the coefficients of 427 

several paths are all zero. This could be done using the overall model, but the interpretation 428 

would be difficult because in that model the auditory processing test skills depend on the 429 

cognitive test skills, and reading ability depends on listening ability. 430 

 431 

To allow these combined effects to be tested in a way that can be interpreted more clearly, we 432 

considered separate simpler models for each of listening ability and reading ability. The 433 

model for reading ability is shown in Figure 3, with the model for listening ability being the 434 

same except that in place of the reading ability latent variable and its two indicators, there is a 435 

listening ability latent variable with two indicators (parent questionnaire score and teacher 436 

questionnaire score). The model for listening ability is shown in Supplemental Digital 437 

Content 4. The fit of these models was not ideal, with a small number of negative variance 438 

estimates, but they still allow the hypotheses of interest to be tested. 439 

 440 

To test the combined effect of the auditory processing test skills, we test the null hypothesis 441 

that the coefficients of the paths from ddt, fpt, gin and lisn to listening or reading ability are 442 

all zero, and to test the combined effect of the cognitive test skills, we test the null hypothesis 443 
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that the coefficients of the paths from memory, attention and non-verbal intelligence to 444 

listening or reading ability are all zero. 445 

 446 

The test statistics and p-values for these tests are shown in Table 4. For both listening and 447 

reading, the null hypothesis of no effect of the auditory processing test skills was not rejected, 448 

and the null hypothesis of no effect of the cognitive test skills was rejected. If we leave the 449 

error covariances between left-ear scores and between right-ear scores out of the models, we 450 

reach the same conclusions. 451 

 452 

Discussion 453 

One of the main results of this study was a lack of evidence of association between the skills 454 

tested by the auditory processing tests and each of listening and reading abilities when 455 

adjusting for the cognitive test skills, together with clear evidence of association between the 456 

cognitive test skills and each of listening and reading when adjusting for the auditory 457 

processing test skills (Table 4). The statistical significance of the associations with the 458 

cognitive test skills suggests that the lack of statistical significance for the auditory 459 

processing test skills was not due to inadequate statistical power. 460 

 461 

This result was consistent with some previous studies and inconsistent with other previous 462 

studies. It was consistent with Moore et al. (2010), who found that much more variance in 463 

questionnaire results was explained by cognitive ability and their measure of attention than 464 

by auditory processing scores. It was also consistent with Plakas et al. (2013) and Hakvoort et 465 

al. (2015), who concluded that their electrophysiological measures of auditory processing 466 

ability were associated with reading ability only through a common association with genetic 467 

factors. 468 
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 469 

Our result was seemingly inconsistent with some previous studies. Anderson et al. (2013) 470 

found an association between central processing and speech understanding in noise, but their 471 

study was quite different from ours because they used speech-in-noise tests instead of 472 

questionnaires and their subjects were adults, some of whom had hearing loss. Several studies 473 

(Tallal 1980; Downie et al. 2002; Walker et al. 2002; Beron & Farkas 2004; Gyldenkærne et 474 

al. 2014) have found associations between measures of auditory processing ability and 475 

measures of reading ability, but while some of these studies adjusted for one or more 476 

cognitive variables, none of them adjusted for all three of memory, attention and intelligence. 477 

We cannot confidently say that had they adjusted for all three of these, they would not have 478 

found an association between auditory processing and reading, but it is a possible explanation 479 

for the apparent inconsistency. Another contributing factor may have been adjusting for the 480 

wrong “type” of cognitive variable – for example, Beron and Farkas (2004) adjusted for long-481 

term retrieval memory when working memory may have been more relevant. 482 

 483 

The lack of evidence of association between auditory processing test skills and each of 484 

listening and reading when adjusting for cognitive test skills has the interpretation that it is 485 

possible that if a child’s memory, attention and intelligence levels are known, then the child’s 486 

auditory processing scores give no additional information about the child’s listening and 487 

reading abilities. It seems unlikely that auditory processing scores would have absolutely no 488 

association with listening and reading beyond a common reliance on cognitive abilities, but it 489 

is plausible that after adjusting for cognitive abilities, the auditory processing scores are 490 

associated with listening and reading only very weakly. If that were the case, it would mean 491 

that researchers and clinicians who focus on auditory processing scores for a presumed 492 

association with listening or reading ability would be focusing on the “wrong” variables. One 493 
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practical consequence of this might be that when a child presents to a clinic with reported 494 

listening difficulties, the training recommended to remediate the listening difficulties targets 495 

the wrong skills. We note that it is possible that the cognitive variables we measured in this 496 

study are not the “right” variables either, since there could be important variables that we 497 

omitted. 498 

 499 

The implication for future research is that research studying associations between auditory 500 

processing scores and any measure of real-world ability (for example, reading ability) should 501 

measure memory, attention and intelligence, and adjust for them when looking at the 502 

association between auditory processing and the real-world ability. Not doing so risks finding 503 

a spurious association due to correlations with omitted variables. This can be illustrated with 504 

our data. For the simple reading model in Figure 3, if we leave out the memory latent variable 505 

and its indicators, then the p-value for the test of the combined effect of the auditory 506 

processing variables decreases from 0.72 to 0.002. Finding a spurious association may not 507 

necessarily be worthless, but it would mean that we would not have the full picture, and it 508 

could lead to a suboptimal choice of tests for clinical use. 509 

 510 

The implication for clinical practice is that when a child presents to a clinic because of 511 

concerns about listening difficulties (for example, difficulty with listening in the classroom), 512 

the child’s memory, attention and intelligence should be assessed directly. We still 513 

recommend the use of auditory processing testing, but our results suggest that in populations 514 

like the one studied here, it may be less important than cognitive testing. It should be noted, 515 

however, that the relative importance of auditory processing and cognitive testing may be 516 

different in different populations. We note, for example, that among the clinical subjects in 517 

this study, the proportion who met the criteria for spatial processing disorder (as described by 518 
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Cameron & Dillon 2008) was only 3%, but among 666 children assessed in a network of 519 

clinics across Australia, the proportion was 20% (Cameron et al. 2015). This large difference 520 

in proportions indicates that children were arriving at the different clinics with a different mix 521 

of problems behind their reported listening difficulties. It is not surprising that if in a 522 

particular group, cognitive deficits are more common, then the importance of auditory 523 

processing abilities in explaining their listening difficulties will be reduced. The results of 524 

this study are therefore unlikely to generalise to all clinical populations. 525 

 526 

The correlations and confirmatory factor analysis models have the interpretation that we 527 

should not assume that auditory processing tests measure a common “auditory processing” 528 

ability while cognitive tests measure a separate “cognitive” ability. This suggests that an 529 

overall diagnosis of “auditory processing disorder” may not be useful in guiding treatment. 530 

Rather, diagnoses centred on deficits in specific abilities, whether those abilities be thought 531 

of as cognitive or auditory processing in nature, seem more justified. The practice of 532 

diagnosing an unspecified type of auditory processing disorder using a criterion such as 533 

attaining scores at least two standard deviations below the mean on at least two auditory 534 

processing tests can also be criticised for being based primarily on statistical considerations 535 

rather than on real-world consequences of deficiencies in the skills being tested (Dillon et al. 536 

2012). None of this takes away from the usefulness of the term “auditory processing 537 

disorder” as an umbrella term for various deficits in “the perceptual processing of auditory 538 

information in the CNS” (ASHA 2005) as long as we do not assume that all people with such 539 

a deficit have exactly the same type of deficit or need the same treatment. 540 

 541 

The very low correlations between the MLD score and the other measures in Table 2 are 542 

worth commenting on. Since the MLD task just involves detecting a tone in noise, its 543 
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cognitive demands are less than for more complex auditory tasks, so low correlations with the 544 

memory, attention and intelligence scores are not surprising. Of the other auditory processing 545 

scores, we would expect MLD to be most strongly related to DDT and LISN-S because they 546 

also involve binaural processing, while FPT and GIN do not. However, previous research has 547 

shown that it is common for there to be a marked deficit in one type of binaural processing 548 

(identification of a frontal target in the presence of spatially separated maskers) despite 549 

performance on other binaural processing tasks (dichotic perception and MLD) being normal 550 

(Cameron & Dillon 2008). This can be explained by noting that although all types of binaural 551 

processing rely on some combination of interaural level differences and interaural time 552 

differences, the way those cues are used is different for different tasks. We might also expect 553 

a low correlation between MLD score and real-life listening ability, because the complete 554 

phase reversal in the antiphasic condition cannot occur in real life, unless the signal is a pure 555 

tone. Even then, for any given direction of arrival, phase reversal will only occur if the 556 

frequency of the pure tone is one of a small number of specific frequencies. It is therefore 557 

possible that the ability tested by MLD is not useful in real life. 558 

 559 

It seems reasonable to think that auditory processing abilities may exist independently of 560 

cognitive abilities (memory, attention and intelligence), and that it is only the auditory 561 

processing test scores (not the underlying auditory abilities) that are affected by cognitive 562 

abilities. In that case, if a more “pure” measure of a specific type of auditory processing 563 

ability is desired then difference measures (or ratio measures) of the type used by Cameron 564 

and Dillon (2007) and Moore et al. (2010) are likely to be better than raw measures. Because 565 

different parts of the same test could have different levels of dependence on cognitive 566 

abilities, we should not necessarily assume that difference measures remove the cognitive 567 

component completely, but the effect of cognitive abilities should at least be reduced. 568 
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 569 

Self-report measures (for example, questionnaires) are commonly used in research and in 570 

clinical work, but we should be cautious when interpreting such measures. We should not 571 

necessarily assume that self-report scores exclusively, or even primarily, reflect the things 572 

they are intended to measure. In our overall structural equation model (Figure 2), if we 573 

reverse the arrow between listening ability and reading ability then the model is still not 574 

rejected. Ratings of a child’s listening ability could be affected by what the respondent knows 575 

about the child’s ability in other areas, which could result in misleading conclusions. For 576 

example, if a questionnaire on listening is affected by the respondent’s knowledge of the 577 

child’s academic ability then we would overestimate the strength of association between 578 

listening ability and academic ability. In our overall model, the covariance between the error 579 

components of the WARP score and the teacher questionnaire score could be explained by 580 

the teacher rating being influenced by knowledge of other aspects of the child that also 581 

correlate with the WARP score. 582 

 583 

When interpreting structural equation models, it is important to note that a non-significant 584 

model chi-squared test does not “confirm” the model; it only means that the model cannot be 585 

rejected. There may be other models that fit the data as well as or better than the one being 586 

considered. It is also important to note that modifying a model on the basis of statistical 587 

criteria, as opposed to subject knowledge, can cause the evaluation of model fit (chi-squared 588 

test and fit indices) to be over-optimistic. We therefore tried to use theoretical knowledge and 589 

reasoning, rather than statistical criteria, as much as possible when specifying the models, but 590 

the inclusion of the WARP-Teacher error covariance was influenced by statistical criteria, as 591 

was the exclusion of the visual attention score and the child questionnaire score. Our 592 
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modelling should therefore be viewed as having included an exploratory element, and the 593 

models should ideally be verified on a new set of data. 594 

 595 

A limitation of this study was the sample size. While a sample size of 155 would be 596 

considered large in some contexts, it is quite small for fitting a structural equation model of 597 

the complexity of our overall model, and the effective sample size was even smaller because 598 

of the missing data. Had we had a larger sample size, we would have considered additional 599 

models that were more detailed. 600 

 601 

Another limitation was the use of Fisher's Auditory Problems Checklist as a measure of the 602 

child's listening ability. We used this questionnaire because it is relatively commonly used in 603 

practice, but some of its items did not directly relate to “listening ability”, and were instead 604 

about other things like attention and motivation. 605 

 606 

A further limitation that we have not examined (due to the sample size) was that the children 607 

were sampled from two distinct populations: one comprising children who were referred for 608 

an auditory processing assessment, and the other comprising children with no known 609 

listening or learning difficulties. It is possible that the two populations are different in 610 

abilities not measured in this study and that those unknown differences influenced the 611 

associations of interest. 612 

 613 
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Figure 1: Confirmatory factor analysis model. Rectangles represent observed variables, ovals and
circles represent latent variables, single-headed arrows represent causal effects, and double-headed
arrows represent covariances. Unlabelled latent variables (circles) are error components. Abbreviations
are explained in Table 1.

cognitive
ability

auditory
processing
ability

DS-Fwd

DS-Rev

CPT-Aud

CPT-Vis

TONI

DDT-L

DDT-R

FPT-L

FPT-R

GIN-L

GIN-R

MLD

LISN-LC

LISN-HC



Figure 2: Overall model. Rectangles represent observed variables, ovals and circles represent latent
variables, single-headed arrows represent causal effects, and double-headed arrows represent covariances.
Unlabelled latent variables (circles) are error components. Abbreviations are explained in Table 1.
The model includes covariances between each pair of the memory, attention and non-verbal intelligence
latent variables, but to avoid cluttering, these covariances are not shown in the diagram.
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Figure 3: Simplified model for reading ability. Rectangles represent observed variables, ovals and
circles represent latent variables, single-headed arrows represent causal effects, and double-headed
arrows represent covariances. Unlabelled latent variables (circles) are error components. Abbreviations
are explained in Table 1.
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Table 1: Abbreviation and percentage of missing data for each measure. 

 

Abbreviation Meaning Missing % 

DDT-L Dichotic digit test: Left ear 0.0 

DDT-R Dichotic digit test: Right ear 0.0 

FPT-L Frequency pattern test: Left ear 0.0 

FPT-R Frequency pattern test: Right ear 0.0 

GIN-L Gaps in noise test: Left ear 1.3 

GIN-R Gaps in noise test: Right ear 1.3 

MLD Masking level difference test 3.9 

LISN-LC Listening in Spatialized Noise – Sentences: Low-cue 0.0 

LISN-HC Listening in Spatialized Noise – Sentences: High-cue 0.0 

DS-Fwd Digit span test: Forward 0.0 

DS-Rev Digit span test: Reverse 0.0 

CPT-Aud Continuous Performance Test: Auditory 17.4 

CPT-Vis Continuous Performance Test: Visual 23.2 

TONI Test of Nonverbal Intelligence 5.2 

Parent quest. Parent questionnaire 27.7 

Teacher quest. Teacher questionnaire 38.1 

Child quest. Child questionnaire 27.1 

WARP Wheldall Assessment of Reading Passages 17.4 

NAPLAN Reading National Assessment Program – Literacy and Numeracy: Reading 57.4 
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Table 2: Pearson correlations of the auditory processing and cognitive z-scores (with pairwise 

deletion of missing data). For each pair of variables, a positive correlation indicates that in 

this sample, improved performance on one measure was associated with improved 

performance on the other measure. Abbreviations are explained in Table 1. 
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DDT-L 1.00 0.38 0.33 0.27 0.04 0.08 -0.07 0.24 0.18 0.43 0.39 0.18 0.28 0.38 

DDT-R 0.38 1.00 0.26 0.31 0.07 0.10 -0.12 0.21 0.11 0.36 0.34 0.16 0.16 0.28 

FPT-L 0.33 0.26 1.00 0.91 0.18 0.15 0.00 0.13 0.08 0.26 0.38 0.17 0.11 0.43 

FPT-R 0.27 0.31 0.91 1.00 0.21 0.16 -0.01 0.12 0.14 0.23 0.33 0.13 0.05 0.41 

GIN-L 0.04 0.07 0.18 0.21 1.00 0.80 -0.02 0.05 0.16 0.08 0.05 0.11 -0.04 0.12 

GIN-R 0.08 0.10 0.15 0.16 0.80 1.00 -0.05 0.02 0.08 0.09 0.03 0.07 0.01 0.14 

MLD -0.07 -0.12 0.00 -0.01 -0.02 -0.05 1.00 -0.05 -0.08 0.15 -0.05 -0.06 -0.01 0.07 

LISN-LC 0.24 0.21 0.13 0.12 0.05 0.02 -0.05 1.00 0.24 0.27 0.18 0.04 0.00 0.28 

LISN-HC 0.18 0.11 0.08 0.14 0.16 0.08 -0.08 0.24 1.00 0.12 0.11 0.20 0.02 0.22 

DS-Fwd 0.43 0.36 0.26 0.23 0.08 0.09 0.15 0.27 0.12 1.00 0.47 0.16 0.12 0.31 

DS-Rev 0.39 0.34 0.38 0.33 0.05 0.03 -0.05 0.18 0.11 0.47 1.00 0.39 0.29 0.32 

CPT-Aud 0.18 0.16 0.17 0.13 0.11 0.07 -0.06 0.04 0.20 0.16 0.39 1.00 0.65 0.21 

CPT-Vis 0.28 0.16 0.11 0.05 -0.04 0.01 -0.01 0.00 0.02 0.12 0.29 0.65 1.00 0.22 

TONI 0.38 0.28 0.43 0.41 0.12 0.14 0.07 0.28 0.22 0.31 0.32 0.21 0.22 1.00 

 

 

 

 

 

 

 

 

 

 



3 
 

Table 3: Estimates of standardised parameters of the overall model (Figure 2) and, where 

applicable, p-values for the tests that each standardised parameter is zero. Parentheses around 

a variable name indicate the error component of that variable. Abbreviations are explained in 

Table 1. 

 

Parameter Estimate p-value Parameter Estimate p-value 

memory  DS-Fwd  0.66 < 0.001 memory  ddt  0.88 < 0.001 

memory  DS-Rev  0.70 < 0.001 attention  ddt -0.08 0.52 

attention  CPT-Aud  1.00  intelligence  ddt  0.13 0.26 

intelligence  TONI  1.00  memory  fpt  0.37 0.002 

ddt  DDT-L  0.67 < 0.001 attention  fpt -0.07 0.52 

ddt  DDT-R  0.58 < 0.001 intelligence  fpt  0.28 0.004 

fpt  FPT-L  0.98 < 0.001 memory  gin  0.09 0.48 

fpt  FPT-R  0.92 < 0.001 attention  gin  0.12 0.17 

gin  GIN-L  0.97 < 0.001 intelligence  gin  0.06 0.71 

gin  GIN-R  0.82 < 0.001 memory  lisn  0.38 0.07 

lisn  LISN-LC  0.53 < 0.001 attention  lisn  0.03 0.90 

lisn  LISN-HC  0.44 < 0.001 intelligence  lisn  0.35 0.02 

listening  Parent quest.  0.92 < 0.001 memory  listening -0.04 0.97 

listening  Teacher quest.  0.72 < 0.001 attention  listening  0.08 0.55 

reading  WARP  0.80 < 0.001 intelligence  listening  0.24 0.17 

reading  NAPLAN Reading  0.88 < 0.001 ddt  listening  0.60 0.47 

(DDT-L)  (FPT-L)  0.13 0.60 fpt  listening -0.04 0.78 

(DDT-R)  (FPT-R)  0.26 0.003 gin  listening -0.04 0.68 

(DDT-L)  (GIN-L) -0.32 0.81 lisn  listening -0.13 0.60 

(DDT-R)  (GIN-R)  0.07 0.54 memory  reading  0.56 < 0.001 

(FPT-L)  (GIN-L) -0.43 0.81 attention  reading  0.33 0.001 

(FPT-R)  (GIN-R) -0.02 0.86 intelligence  reading  0.20 0.02 

(Teacher quest.)  (WARP)  0.48 < 0.001 listening  reading  0.12 0.23 

memory  attention  0.44 < 0.001    

memory  intelligence  0.47 < 0.001    

attention  intelligence  0.25 0.003    

 

 

 

 

 

 



4 
 

Table 4: Test statistics and p-values for the tests of the combined effect of the auditory 

processing variables and the combined effect of the cognitive variables in the simplified 

models (Figure 3 and Supplemental Digital Content 4). 

 

Set of variables tested Listening Reading 

ddt, fpt, gin, lisn 𝜒4
2 = 1.1;  𝑝 = 0.90 𝜒4

2 = 2.1;  𝑝 = 0.72 

memory, attention, intelligence 𝜒3
2 = 12.7;  𝑝 = 0.005 𝜒3

2 = 21.6;  𝑝 < 0.001 
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The questionnaire completed by the parent is shown below. On the basis of item-total correlations, 

items 1, 2, 6, 18, 20 and 21 were not included in the overall parent questionnaire score used in this 

study. 

 

 



The questionnaire completed by the teacher is shown below. All items were included in the overall 

teacher questionnaire score used in this study. 

 

  

Teacher Evaluation of Auditory Performance (TEAP)  
  

Adapted from questionnaires by Sanger et al. (1987) & Smoski et al. (1992) – see PURDY, S.C., KELLY, A.S., 

DAVIES, M.G., Auditory brainstem response, middle latency response, and late cortical evoked potentials in 

children with learning disabilities. Journal of the American Academy of Audiology, 13, 367-382, 2002.  

  

Please rate this child’s behaviour compared to other children of similar age and 

background.  

  

A1. If listening in a room where there is background noise such as others talking, children 

playing etc., this child has difficulty hearing and understanding  

          +1  0  -1  -2  -3  -4  -5  
  

A2. If listening in a quiet room (others may be present, but are being quiet), this child has 

difficulty hearing and understanding     

          +1  0  -1  -2  -3  -4  -5  
  

A3.  When listening in ideal conditions (quiet room, no distractions, face-to-face, good eye 

contact) this child has difficulty hearing and understanding   

          +1  0  -1  -2  -3  -4  -5  
  

A4. This child has difficulty following multistage oral instructions +1  0  -1  -2  -3  -4  -5  

 

A5. This child has difficulty maintaining concentration/attention when background noise is 

present.         

          +1  0  -1  -2  -3  -4  -5  

 

A6. This child has difficulty maintaining concentration/attention in ideal listening conditions 

         +1  0  -1  -2  -3  -4  -5  

 

A7. This child has difficulty completing tasks or answering questions within a reasonable time 

frame.        +1  0  -1  -2  -3  -4  -5  

 
  

 

 

 

SECTION A.  RESPONSE CHOICES  less difficulty------------------------------------------------  +1  

  same amount of difficulty----------------------------------  0  

  slightly more difficulty-------------------------------------- -1  

  more difficulty----------------------------------------------  -2  

  considerably more difficulty-------------------------------  -3  

  significantly more difficulty--------------------------------  -4  

  cannot function at all--------------------------------------- -5  



The questionnaire completed by the child is shown below, over two pages. On the basis of item-total 

correlations, item 5 was not included in the overall child questionnaire score used in this study. 

 

 
 

 

Page%1%of%2%
%

LIFE-7 (NZ) (Purdy et al., in preparation 2011) 

 

Instructions: What do you think it is like to be in the picture below?  

You have to look at the picture carefully and decide how easy it is to hear the teacher. Draw 

a cross through the box to show your answer. 

 

For example: If you think it 

is mostly easy to hear the 

words the teacher is saying 

mark the box like this: 

 

LIFE-7 (NZ) Questionnaire  

1 

 

It is a quiet day and there is no noise from outside 

the classroom. 

 

How well can you hear the teacher’s words? 

 
 

2 

 

The teacher is talking but there are children making a 

noise outside your classroom. 

 

How well can you hear the teacher’s words? 

 
 

3 

 

The teacher has asked a question to the whole class. 

Someone is giving an answer. 

 

How well can you hear the answer? 

 
 



 
 

Page%2%of%2%
%

4 

 

The teacher is talking and moving around the room. 
 

How well can you hear the teacher’s words? 

 

5 

 

The teacher is giving a test to the class. 
 

How well can you hear the teacher’s words? 

 

6 

 

There are two teachers in the class. They are both 

talking. One of the teachers is talking to you from the 

front of the class. You need to listen to this teacher. 

 

How well can you hear the teacher’s words? 

 
 

7 

 

You are in assembly. 

How well can you hear the teacher’s words? 
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Table S2a: Descriptive statistics for the observed variables on their original scales. Abbreviations for
the variables are explained in Table 1 in the article. The abbreviations in the headings are “SD” for
standard deviation, “Min.” for minimum, and “Max.” for maximum. The range is the maximum minus
the minimum. The DS-Fwd and DS-Rev scaled scores have normative mean of 10 and normative
standard deviation of 3, and the CPT-Aud, CPT-Vis and TONI quotient scores have normative mean
of 100 and normative standard deviation of 15. For GIN-L, GIN-R, LISN-LC, LISN-HC and the child
questionnaire, lower values indicate better performance, while for the other measures, higher values
indicate better performance. The questionnaire scores do not include the items that were removed.

Variable Mean SD Median Min. Max. Range

DDT-L (percent correct) 77.5 15.1 82.5 32.0 100.0 68.0
DDT-R (percent correct) 85.2 11.7 87.5 20.0 100.0 80.0
FPT-L (percent correct) 65.7 26.9 73.0 0.0 100.0 100.0
FPT-R (percent correct) 66.8 27.8 73.0 0.0 100.0 100.0
GIN-L (shortest gap in milliseconds) 5.1 1.1 5.0 3 10 7
GIN-R (shortest gap in milliseconds) 5.1 1.2 5.0 3 10 7
MLD (SNR difference in dB) 11.7 2.6 12.0 6 18 12
LISN-LC (SNR in dB) −0.2 1.3 −0.3 −3.7 8.0 11.7
LISN-HC (SNR in dB) −12.5 4.8 −13.1 −19.5 15.1 34.6
DS-Fwd (scaled score) 9.4 2.5 9.0 3 19 16
DS-Rev (scaled score) 9.4 2.3 9.0 5 15 10
CPT-Aud (quotient score) 78.8 31.6 89.5 0 125 125
CPT-Vis (quotient score) 91.2 21.9 97.0 0 124 124
TONI (quotient score) 103.5 9.2 102.0 84 128 44
Parent quest. (number of items not indicated) 13.1 4.8 14.0 1 19 18
Teacher quest. (sum; each item −5 to +1) −7.2 9.1 −8.0 −26 7 33
Child quest. (sum; each item 1 to 5) 13.5 4.5 13.0 6 27 21
WARP (correct words per minute) 102.6 49.1 108.5 2 200 198
NAPLAN Reading (achievement score) 466.4 78.8 480.0 230 625 395

Table S2b: Descriptive statistics for the observed variables on the z-score scale. For all measures,
higher z-scores indicate better performance.

Variable (z-score) Mean SD Median Min. Max. Range

DDT-L −1.16 1.62 −0.94 −5.75 2.13 7.88
DDT-R −0.52 1.21 −0.55 −5.95 2.58 8.54
FPT-L −0.72 1.53 −0.61 −5.06 2.27 7.33
FPT-R −0.62 1.63 −0.59 −4.98 2.03 7.00
GIN-L −0.09 1.13 0.00 −5.00 2.00 7.00
GIN-R −0.07 1.15 0.00 −5.00 2.00 7.00
MLD 0.17 1.16 0.24 −2.06 3.27 5.33
LISN-LC −0.38 0.83 −0.30 −2.60 2.10 4.70
LISN-HC −0.41 0.99 −0.40 −4.10 2.50 6.60
DS-Fwd −0.19 0.84 −0.33 −2.33 3.00 5.33
DS-Rev −0.22 0.76 −0.33 −1.67 1.67 3.33
CPT-Aud −1.42 2.11 −0.70 −6.67 1.67 8.33
CPT-Vis −0.59 1.46 −0.20 −6.67 1.60 8.27
TONI 0.24 0.61 0.13 −1.07 1.87 2.93
WARP −0.17 1.07 −0.17 −2.70 2.12 4.82
NAPLAN Reading 0.27 0.93 0.46 −2.45 1.76 4.20
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Table S3: Pearson correlations of the auditory processing and cognitive z-scores (with pairwise deletion
of missing data), and p-values for the tests of the null hypotheses that the true correlation values are
zero. Within each set of three rows, the first row (r) is the sample correlation value, the second row (p) is
the unadjusted p-value, and the third row (pA) is the Holm-Bonferroni adjusted p-value. For each pair
of variables, a positive correlation indicates that in this sample, improved performance on one measure
was associated with improved performance on the other measure. Abbreviations for the variables are
explained in Table 1 in the article.
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DDT-L
r 1.00 0.38 0.33 0.27 0.04 0.08 −0.07 0.24 0.18 0.43 0.39 0.18 0.28 0.38
p < 0.001 < 0.001 < 0.001 0.65 0.32 0.38 0.002 0.02 < 0.001 < 0.001 0.04 0.002 < 0.001
pA < 0.001 0.003 0.05 1.00 1.00 1.00 0.15 1.00 < 0.001 < 0.001 1.00 0.15 < 0.001

DDT-R
r 0.38 1.00 0.26 0.31 0.07 0.10 −0.12 0.21 0.11 0.36 0.34 0.16 0.16 0.28
p < 0.001 < 0.001 < 0.001 0.39 0.24 0.15 0.01 0.18 < 0.001 < 0.001 0.07 0.07 < 0.001
pA < 0.001 0.06 0.006 1.00 1.00 1.00 0.57 1.00 < 0.001 0.001 1.00 1.00 0.04

FPT-L
r 0.33 0.26 1.00 0.91 0.18 0.15 0.00 0.13 0.08 0.26 0.38 0.17 0.11 0.43
p < 0.001 < 0.001 < 0.001 0.03 0.07 0.98 0.10 0.31 0.001 < 0.001 0.06 0.22 < 0.001
pA 0.003 0.06 < 0.001 1.00 1.00 1.00 1.00 1.00 0.09 < 0.001 1.00 1.00 < 0.001

FPT-R
r 0.27 0.31 0.91 1.00 0.21 0.16 −0.01 0.12 0.14 0.23 0.33 0.13 0.05 0.41
p < 0.001 < 0.001 < 0.001 0.008 0.05 0.89 0.14 0.08 0.005 < 0.001 0.13 0.58 < 0.001
pA 0.05 0.006 < 0.001 0.48 1.00 1.00 1.00 1.00 0.29 0.002 1.00 1.00 < 0.001

GIN-L
r 0.04 0.07 0.18 0.21 1.00 0.80 −0.02 0.05 0.16 0.08 0.05 0.11 −0.04 0.12
p 0.65 0.39 0.03 0.008 < 0.001 0.85 0.52 0.05 0.35 0.58 0.21 0.69 0.16
pA 1.00 1.00 1.00 0.48 < 0.001 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

GIN-R
r 0.08 0.10 0.15 0.16 0.80 1.00 −0.05 0.02 0.08 0.09 0.03 0.07 0.01 0.14
p 0.32 0.24 0.07 0.05 < 0.001 0.57 0.82 0.33 0.26 0.71 0.41 0.92 0.09
pA 1.00 1.00 1.00 1.00 < 0.001 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

MLD
r −0.07 −0.12 0.00 −0.01 −0.02 −0.05 1.00 −0.05 −0.08 0.15 −0.05 −0.06 −0.01 0.07
p 0.38 0.15 0.98 0.89 0.85 0.57 0.58 0.36 0.07 0.57 0.52 0.90 0.41
pA 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

LISN-LC
r 0.24 0.21 0.13 0.12 0.05 0.02 −0.05 1.00 0.24 0.27 0.18 0.04 0.00 0.28
p 0.002 0.01 0.10 0.14 0.52 0.82 0.58 0.003 < 0.001 0.02 0.65 1.00 < 0.001
pA 0.15 0.57 1.00 1.00 1.00 1.00 1.00 0.20 0.04 1.00 1.00 1.00 0.04

LISN-HC
r 0.18 0.11 0.08 0.14 0.16 0.08 −0.08 0.24 1.00 0.12 0.11 0.20 0.02 0.22
p 0.02 0.18 0.31 0.08 0.05 0.33 0.36 0.003 0.14 0.16 0.02 0.86 0.009
pA 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.20 1.00 1.00 1.00 1.00 0.53

DS-Fwd
r 0.43 0.36 0.26 0.23 0.08 0.09 0.15 0.27 0.12 1.00 0.47 0.16 0.12 0.31
p < 0.001 < 0.001 0.001 0.005 0.35 0.26 0.07 < 0.001 0.14 < 0.001 0.08 0.21 < 0.001
pA < 0.001 < 0.001 0.09 0.29 1.00 1.00 1.00 0.04 1.00 < 0.001 1.00 1.00 0.008

DS-Rev
r 0.39 0.34 0.38 0.33 0.05 0.03 −0.05 0.18 0.11 0.47 1.00 0.39 0.29 0.32
p < 0.001 < 0.001 < 0.001 < 0.001 0.58 0.71 0.57 0.02 0.16 < 0.001 < 0.001 0.001 < 0.001
pA < 0.001 0.001 < 0.001 0.002 1.00 1.00 1.00 1.00 1.00 < 0.001 < 0.001 0.08 0.006

CPT-Aud
r 0.18 0.16 0.17 0.13 0.11 0.07 −0.06 0.04 0.20 0.16 0.39 1.00 0.65 0.21
p 0.04 0.07 0.06 0.13 0.21 0.41 0.52 0.65 0.02 0.08 < 0.001 < 0.001 0.02
pA 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 < 0.001 < 0.001 1.00

CPT-Vis
r 0.28 0.16 0.11 0.05 −0.04 0.01 −0.01 0.00 0.02 0.12 0.29 0.65 1.00 0.22
p 0.002 0.07 0.22 0.58 0.69 0.92 0.90 1.00 0.86 0.21 0.001 < 0.001 0.01
pA 0.15 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.08 < 0.001 0.85

TONI
r 0.38 0.28 0.43 0.41 0.12 0.14 0.07 0.28 0.22 0.31 0.32 0.21 0.22 1.00
p < 0.001 < 0.001 < 0.001 < 0.001 0.16 0.09 0.41 < 0.001 0.009 < 0.001 < 0.001 0.02 0.01
pA < 0.001 0.04 < 0.001 < 0.001 1.00 1.00 1.00 0.04 0.53 0.008 0.006 1.00 0.85
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Figure S4: Simplified model for listening ability. Rectangles represent observed variables, ovals and
circles represent latent variables, single-headed arrows represent causal effects, and double-headed
arrows represent covariances. Unlabelled latent variables (circles) are error components. Abbreviations
are explained in Table 1 in the article.

lisn

gin

fpt

ddt

memory

attention

non-verbal
intelligence

listening
ability

DS-Fwd

DS-Rev

CPT-Aud

TONI

DDT-L

DDT-R

FPT-L

FPT-R

GIN-L

GIN-R

LISN-LC

LISN-HC

Parent
questionnaire

Teacher
questionnaire


