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Abstract

Background: Auditory processing (AP) is commonly regarded as the perceptual processing of auditory

information in the central nervous system. However, the degree to which higher level cognitive processes
are involved in AP or its disorders is contentious. Furthermore, there is little evidence regarding the ef-

fects of nonauditory cognitive processes on the various tests of AP in common clinical usage and thus on
clinical diagnoses of auditory processing disorder.

Purpose: To determine the effects of increased cognitive demand, generated by using a dual-task par-
adigm, on performance on different AP tests and types of AP tests in common clinical usage. In addition,

to investigate the relationship between executive function and changes in AP test performance associ-
ated with increased cognitive demand.

Research Design: Counterbalanced repeated measures design, with assessment of AP test perfor-
mance both on its own and in a dual-task paradigm designed to increase cognitive demand.

Study Sample: Twenty-nine young adults, with no reported hearing, learning, language or attention dif-
ficulties, English as first language, and hearing and middle-ear status within normal limits.

Data Collection and Analysis: Testing was completed within a single 90-min session. A selection of
standard AP tests, representing both adaptive and nonadaptive tests, as well as tests employing differ-

ence scores, was administered. These were Competing Sentences Test, Dichotic Digits Test, Frequency
Pattern Test (nonadaptive tests); and Listening in Spatialized Noise-Sentences test, conditions ‘‘same-

voice, 0�’’, ‘‘different-voice, 0�’’, and ‘‘same-voice, 90�’’ (adaptive tests), from which the difference scores
‘‘talker advantage’’ and ‘‘spatial advantage’’ were also derived. Each AP test was completed on its own

(alone condition), and simultaneously with a visually presented task (dual-task condition). Executive func-
tion was assessed using the phonemic subtest of the Verbal Fluency Test. Nonparametric statistical test

procedures were used.

Results: All five AP measures obtained from the nonadaptive tests showed a significant performance

decrement in the dual-task condition compared with the alone condition, with one exception because of a
strong ceiling effect. By contrast, none of the three APmeasures obtained from the adaptive tests showed

a significant performance decrement in the dual-task condition. Furthermore, neither of the two AP mea-

sures based on difference scores showed a significant performance decrement, but this finding simply
reflects the lack of significant decrements in the relevant raw scores. Consistent with past reports of

associations between executive function and AP performance, a significant positive correlation was
found between executive function scores and performance on the Dichotic Digits Test. However, there

were no significant correlations between executive function scores and changes in AP test scores be-
tween alone and dual-task conditions.
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Conclusions: Performance on commonly used nonadaptive tests of AP was significantly compromised
by the increased cognitive demand resulting from the dual-task paradigm. By contrast, performance on

APmeasures obtained by adaptive test procedures was not significantly affected. Further investigation of
the resilience to increased cognitive demand of the adaptive tests used here, and other adaptive tests of

AP, is warranted. Results from this study support the further development of computerized adaptive tests
of AP for use in clinical test batteries.

Key Words: auditory processing, auditory processing disorder, cognitive demand, dual task, executive
function

Abbreviations: AP 5 auditory processing; APD 5 auditory processing disorder; CST 5 Competing

Sentences Test; DDT 5 Dichotic Digits Test; DV 5 different voice; FPT 5 Frequency Pattern Test;
LiSN-S 5 listening in spatialized noise–sentences; NVIQ 5 nonverbal intelligence quotient; SRT 5

speech reception threshold; SV 5 same voice; VFT 5 Verbal Fluency Test

INTRODUCTION

A
uditory processing (AP) is commonly defined as

the perceptual processing of auditory informa-

tion in the central nervous system (ASHA,

2005a; AAA, 2010). Individuals who have difficulty pro-
cessing auditory information effectively, despite having

normal hearing sensitivity and intellectual capacity,

may be diagnosed with an auditory processing disorder

(APD) (Chermak et al, 2002; Cameron and Dillon, 2007;

Dawes and Bishop, 2009). However, the degree to which

higher level cognitive factors may influence AP and

APD is a topic of vigorous ongoing debate (e.g., Jerger

and Musiek, 2000; Gates et al, 2010; Moore et al, 2010;
Tomlin et al, 2015), with important theoretical and clin-

ical implications. A substantial part of this debate hinges

on the definitions of AP and APD, and despite a number

of published position statements and perspectives (e.g.,

Jerger and Musiek, 2000; ASHA, 2005a; BSA, 2011;

Cacace and McFarland, 2013), there is currently no real

consensus on these definitions (e.g., CISG, 2012; Moore

et al, 2013; Vermiglio, 2014; de Wit et al, 2016).
A particular point of contention is the role of higher-

order (nonauditory) factors in APD. For example, ASHA

(2005b, p. 2) states that APD ‘‘requires demonstration of

a deficit in the neural processing of auditory stimuli

that is not due to higher order language, cognitive, or

related factors.’’ However, based on a large study of

AP in children, Moore et al (2010, p. e382) assert that

‘‘APD is primarily an attention problem.’’ Similarly,
Gates et al (2010) argue that central auditory dysfunc-

tion (in older adults) is not distinct from cognitive dys-

function.

A related, though not identical, issue concerns the clin-

ical assessment and therefore diagnosis of APD. In prac-

tice, an individual suspected of having anAPD is assessed

using a battery of tests that examinemultiple areas of AP

(e.g., Musiek and Chermak, 2007; Sharma et al, 2009).
These tests are almost universally behavioral in nature

(Jerger et al, 2002). As behavioral tests are potentially

subject to higher-order confounds (e.g., motivational, at-

tentional, or other cognitive factors), it is important for

the assessing clinician to identify and take account of

any such confounds (ASHA, 2005a). The present study

therefore seeks to investigate the extent to which higher

cognitive processes affect different tests of AP in common

clinical usage and thus clinical diagnoses of APD. It is ar-

gued that such an understanding would be of value, re-
gardless of a precise definition of APD and regardless

of whether performance on tests of AP accurately reflects

that definition.

Tests of AP

There is currently no gold-standard diagnostic test

battery of APD; however, as APD is not isolated to an
impairment of a single process within the auditory sys-

tem, it is recognized that a variety of tests need to be

used to ensure that multiple areas of AP are assessed

(Musiek and Chermak, 2007; Sharma et al, 2009). From

the particular perspective of the present study, two im-

portant distinctions aremade: (a) between tests that are

adaptive or nonadaptive in nature and (b) between tests

that do or do not employ control conditions.
In a nonadaptive test, the level of difficulty of each trial

is predetermined (Leek, 2001). In practice, the vast ma-

jority of clinical tests of AP are nonadaptive and assess

performance at a single level of difficulty only. Thus,

the ability of such tests to optimally engage a participant

and to avoid effects of fatigue, boredom or discourage-

ment depends on the difficulty level chosen by the devel-

opers of the test and on the homogeneity of test ability of
the target population (O’Beirne et al, 2012). In an adap-

tive test, the level of difficulty of each trial is dependent on

the participant’s response to one or more previous trials

(Leek, 2001). This permits most of the testing to be con-

ducted at a specified level of performance (e.g., 50% cor-

rect), regardless of differences in test ability across

participants. Adaptive measures in speech intelligibility

tests are used for the ease in which the speech reception
threshold (SRT) can be calculated, and the ability to min-

imize the within-participant SRT standard deviation

(Cameron and Dillon, 2007). Major advantages of adap-

tive testing also include the potential reduction of floor
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and ceiling effects, and a reduced susceptibility to con-

founding factors such as motivation, attention, and fa-

tigue (Jerger and Musiek, 2000; O’Beirne et al, 2012).

A second important distinction between AP tests is be-
tween tests that do or do not employ control conditions.

Tests that employ control conditions typically express re-

sults in terms of a difference score (i.e., results are calcu-

lated by determining the difference in test scores across a

pair of test conditions, which differ only in the critical pa-

rameter of interest). The influences of higher-order lan-

guage, learning, and communication factors on test

results are expected to be reduced in tests that employ
control conditions as these factors are common to each test

condition (Cameron et al, 2011). Once again, the use of

control conditions is rare in clinical tests of AP. Develop-

ment of AP tests that employ both adaptive techniques

and control conditions could reduce the potential for con-

founds unrelated to AP to influence its assessment.

Cognitive Factors and AP

Several studies have examined the relationship be-

tween AP and cognitive factors. Table 1 summarizes

a number of studies that have used broadly comparable

approaches, noting the specific AP tests used and the

broad findings of particular relevance to the present

study. Table 1 and the following discussion also note

the relevant psychometric properties of the AP tests
used, highlighting any differences in findings be-

tween AP tests that were adaptive or nonadaptive,

and between tests that did or did not employ control

conditions.

McArthur and Bishop (2004) investigated frequency

discrimination ability using a computerized adaptive

procedure (with no control condition), in individuals

with specific language impairment and a control group.
They found that individuals with poor frequency dis-

crimination also had significantly poorer memory for

temporal order than those with normal frequency dis-

crimination. (Memory for temporal order was regarded

as a ‘‘task-related ability’’ for the frequency discrimina-

tion task used in this study.) However, there were no

significant differences between the groups with respect

to the attentionmeasures or nonverbal intelligence quo-
tient (NVIQ).

In studying the comorbidity of APD, reading disorder

and language impairment in school-aged children with

suspected or diagnosed APD, Sharma et al (2009)

employed a range of nonadaptive clinical AP measures,

one of which also employed a control condition. They re-

ported significant correlations between auditory atten-

tion and/or auditory memory and two of the AP
measures, but not with the other two (which included

the measure that used a control condition).

Perhaps the most detailed and extensive of the stud-

ies in this area is that of Moore et al (2010), who

assessed 1,469 randomly selected children aged 6–11

yrs on a battery of AP and cognitive tests. They used

purpose-developed, rather than clinically used, tests

of AP, which were all adaptive, and included tests that
did and did not employ control conditions. The cognitive

measures of most relevance to our study were a mea-

sure of ‘‘intrinsic’’ attention based on performance var-

iability on the AP tests, separate measures of ‘‘extrinsic’’

(sustained) auditory and visual attention, digit and pho-

nological memory, and NVIQ. The key finding of this

study was that poorer AP test performance was closely

associated with greater variability in performance
(poorer intrinsic attention). However, perhaps surpris-

ingly, this association also applied to the AP measures

derived from control conditions (which are expected to

be resistant to attentional factors). Moore et al (2010)

also found that auditory sustained attention was not re-

lated to any of their AP measures, but visual sustained

attention was significantly related to some of their raw

AP measures. Finally, these authors found that NVIQ,
and digit and phonological memory were significantly

correlated with raw AP scores, but, as expected, were

generally not correlated with the AP scores derived from

control conditions. The major conclusion of Moore et al

(2010) was that poor performance on AP tasks may be

due to problemswith attention rather thanwith auditory

(sensory) processing per se.

Wilson et al (2011) reported data on the relationship
between four commonly used clinical AP test measures

(all nonadaptive) and a suite of auditory memory mea-

sures, in children aged 6–11 who had been referred for

AP assessment. In general, auditory memory measures

were significantly correlated with the AP measures

with little to no linguistic load.

Ahmmed et al (2014) assessed children aged 6–11 re-

ferred for APD assessment due to listening difficulties,
using a common clinical test battery (nonadaptive mea-

sures), as well as the raw AP measures used by Moore

et al (2010) (adaptive measures). This study was pri-

marily a factor analysis of the various outcomes mea-

sured. However, from the perspective of the present

study, it found, broadly, that auditory memory mea-

sures were significantly correlated with most AP mea-

sures, attention measures were significantly correlated
with a few, and NVIQ was not significantly correlated

with any APmeasure. Therewas nomajor distinction in

this regard evident between the adaptive and the non-

adaptive measures.

In a study focusing primarily on AP and attention,

Gyldenkærne et al (2014) assessed AP, sustained atten-

tion and NVIQ in children aged 7–12 with reported lis-

tening difficulties. Standard clinical tests of AP were
used, which were similar to those of Sharma et al

(2009) (all nonadaptive and one with a control condi-

tion). Sustained attention and NVIQ were found to be

significantly correlated with two of the AP measures
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that lacked a control condition, but not with the other

two (one of which employed a control condition).

Finally, Tomlin et al (2015) reported on 105 children

aged 7–13 yrs referred to an audiology clinic for a clin-
ical APD assessment, and an age-matched control

group. These authors assessed AP abilities using a

range of clinical tests that included adaptive and non-

adaptive tests (and two measures derived from control

conditions); and cognitive abilities of sustained atten-

tion, auditory working memory and NVIQ. In general,

they found cognitive measures were significantly corre-

lated with APmeasures that did not employ control con-
ditions (whether adaptive or nonadaptive), but not

with AP measures that employed control conditions

(whether adaptive or nonadaptive).

In considering the studies discussed previously and

in Table 1 together, some possible trends with respect

to the specific AP tests employed may be discerned,

for example, the dichotic digits and frequency pattern

tests appear to be more frequently related to the cogni-
tive factors studied than do the gap detection tests. Fur-

thermore, from the perspective of the psychometric

properties of the tests used, the studies on the whole

suggest that results from tests that employ control con-

ditions are indeed less related to the cognitive factors

studied than are tests that do not employ control condi-

tions. However, no such distinction is evident between

adaptive versus nonadaptive tests. The general conclu-
sion of most authors of the above studies is that perfor-

mance on AP tasks may be associated with cognitive

factors, with some differences of opinion on the relative

importance of the association, and on the causal nature

of the cognitive factors. Given the wider debate in the

field over the influence of cognitive factors on AP and

APD, there remains a need to identify which AP tests

are more resilient to the effects of cognitive factors
and why, as previously argued by Dawes and Bishop

(2009).

Furthermore, in studying the relationship between

AP test performance and cognitive factors, AP and

cognitive abilities are typically assessed separately,

and it is then determined if an association between

scores on each of these measures exists. However,

the success of this method relies on the choice of a
measure of cognitive ability being applicable to AP

task performance (at a different point in time), and

the approach may not provide information regarding

the direct effect of higher-order cognitive function on

AP task performance.

The Dual-Task Paradigm

An alternative approach to assessing the possible in-

fluence of higher-order confounds on task performance

is the use of a dual-task paradigm (Pashler, 1994). The

dual-task paradigm requires the completion of twoT
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different tasks simultaneously—the primary task and a

competing secondary task (Troyer and Craik, 2000).

Typically, unless participants are instructed to priori-

tize one task at the expense of the other, performance
in both tasks is poorer than when completed singly.

An analysis of such performance changes may provide

insight into various aspects of each task (e.g., Troyer

and Craik, 2000; Boot et al, 2005; McCulloch, 2007).

For instance, Heinrich et al (2008) used the dual-task

paradigm to demonstrate the effect of increased cogni-

tive demands on short-term auditory memory. The

study found that short-term auditory memory, as
assessed by the ability to correctly recall word pairs,

was reduced when performed simultaneously with a vi-

sually presented secondary task, compared with when

the auditory task was performed alone (Heinrich et al,

2008).

Models of dual-task interference generally invoke the

sharing of (finite) resources such as attention, process-

ing capacity, and working memory (Pashler, 1994). Use
of the dual-task paradigm to increase the cognitive de-

mands placed on participants thus affords a controlla-

ble, experimental approach to examine the relationship

between AP and such cognitive factors. The degree of

reduction in AP test performance under dual-task con-

ditionswould indicate susceptibility to such factors, and

allow a systematic comparison of this susceptibility

across AP tests and types of AP tests. Although dual
tasks have been used within auditory research to assess

‘‘listening effort’’ (reviewed by McGarrigle et al, 2014),

there do not appear to be any reports to date that de-

scribe the direct impact of a competing task on AP test

performance.

Executive Function

Executive function is an umbrella term referring to

the control of multiple cognitive processes that allow

us to perform a range of tasks, including planning

and organizing daily activities, problem solving and de-

cision making, and modulating selective attention

when confronted with novel situations. Executive func-

tion comprises at least three components (see Diamond,

2013): (a) inhibition of irrelevant, interfering stimuli or
responses; (b) working memory, that is, the ability to

temporarily store and maintain relevant information

for comparison or decision making; and (c) cognitive

flexibility, that is, the ability to switch smoothly be-

tween one stimulus or response to the next.

The term executive function is often used to encapsu-

late these three components, all of which are important

in the modulation and control of a wide range of cogni-
tive functions. In other words, the term executive func-

tion also refers to a general modulating device enabling

the cognitive processes that are responsible for the con-

trol and regulation of multiple lower level functions.

Executive function is thought to facilitate the effective

use of basic sensory, motor, perceptual and linguistic

skills, and allow self-regulated, future-oriented and

goal-directed behavior (Cheung et al, 2004). Both the al-
location and control of attention is thought to bemediated

by executive function (McCulloch, 2007; Diamond, 2013).

Foster et al (2013) reported a relationship between

auditory temporal processing and inhibition, planning

and auditory memory. The study used electrophysiolog-

ical recordings of the event-related potential mismatch

negativity response to an auditory stimulus as a mea-

sure of temporal processing, and compared these re-
sults with measures of cognition and executive

function (Foster et al, 2013). The findings indicated sig-

nificant positive correlations between auditory tempo-

ral processing, and measures of auditory (verbal)

memory and executive function. Gates et al (2010) also

found a significant relationship between measures of

executive function and AP, with composite executive

function scores explaining a reported 8–21% of variance
in AP test scores. These studies suggest that executive

functionmay be directly related to AP test performance.

However, the role of executive function in allocation and

control of attention and cognitive flexibility also sug-

gests that it may be particularly related to the impact

of a competing task on AP test performance, in a dual-

task paradigm. This relationship has not previously

been studied.

Aims

The aims of this study were:

� To determine the effect of increased cognitive de-

mand on performance on a variety of AP tests in com-

mon clinical usage by using a dual-task paradigm
� To determine whether the effects of increased cogni-

tive demand are different for AP tests with different

psychometric properties; that is, adaptive versus

nonadaptive AP tests, and tests that employ control

conditions versus tests that do not

� To investigate whether measures of executive func-

tion predict the degree to which AP test performance

is affected by the increased cognitive demand in the
dual-task condition

METHODS

Participants

Participants were 29 adults aged between 18 and 40
yrs, with no reported hearing difficulties and English as

their first language. Exclusion criteria were hearing

thresholds.20 dBHL at any octave frequency between

250 and 8000 Hz, abnormal middle ear function as
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indicated by Type B or C tympanograms, otological ab-

normalities, or previous diagnosis of learning, lan-

guage, or attention deficits. The mean age of the

participants was 29.7 yrs; 20 were female and 9 were
male. Mean three-frequency pure-tone averages (i.e.,

average of thresholds at 500, 1000, and 2000 Hz)

were 2.8 dB HL in the right ear, and 2.6 dB HL in

the left.

Audiological Procedures

All testing was completed within a single session of
approximately 90 min, commencing with a brief ques-

tionnaire covering hearing, listening, speech/language,

learning, and attention difficulties. Otoscopic examina-

tion was performed to determine any otological abnor-

malities. Pure-tone air-conduction thresholds were

obtained between 250 and 8000 Hz bilaterally, using

an Aurical Plus (version 3.09) computer-controlled au-

diometer with Telephonics TDH 39P headphones in a
sound-attenuated booth. Tympanometry was performed

using a Grason-Stadler GSI TympStar.

Auditory Processing Tests

AP ability was measured using both adaptive and

nonadaptive tests in common use and frequently report-

ed in the literature. All AP tests were administered
according to their standard clinical protocol in a

sound-attenuated booth, unless otherwise stated.

Three nonadaptive AP tests, which represent rela-

tively heavy, light and no linguistic load, were used.

These were, respectively, theWilleford Competing Sen-

tences Test (CST), Musiek Dichotic Digits Test (DDT)

version 2 (double), and Musiek Frequency Pattern Test

(FPT). These tests were administered via the same com-
puter-controlled audiometer and headphones men-

tioned previously. Each CST response was scored as

correct only if the entire sentence was repeated cor-

rectly. The right ear was always tested first, followed

by the left ear. The target sentence was presented at

35 dB SL with reference to the three-frequency pure-

tone average for the test ear (minimum presentation

level of 40 dB HL), and the competing sentence pre-
sented at 15 dB above the target. For the DDT, twenty

sets of two-digit pairs were presented at 50 dB HL, with

scoring allowing for a right ear and left ear result to be

obtained. Participants were not required to repeat the

digits in a particular order. The FPT was presented at

50 dB SL binaurally under headphones, with reference

to the 1000 Hz pure-tone threshold averaged between

ears. Twenty-five sets of tone triplets were presented,
with the high tone at 1122 Hz and the low tone at 880

Hz. Responses were provided verbally and scored correct

only if the pattern was reported correctly (e.g., ‘‘high,

high, low’’) in the correct order. Reversed responses were

scored as errors. All nonadaptive AP tests results were

recorded as percentage correct scores.

The adaptive measures of AP involved three adaptive

subtests of the Listening in Spatialized Noise-Sentences
(LiSN-S) test (PHONAK, 2009) administered under

Sennheiser HD215 headphones. The LiSN-S test as-

sesses recognition of target sentences in the presence

of two-talker competing speech, which may either be

in the same voice (SV) or a different voice (DV) as the

target sentences. Furthermore, target and competing

speechmay either be spatially colocated (0�) or separated
(90�). (The LiSN-S is conducted under headphones, spa-
tial separation is simulated by the test software using

head-related transfer functions [Cameron and Dillon,

2007].) In the present study, the LiSN-S adaptive sub-

tests for conditions SV0, DV0, and SV90� were adminis-

tered. Results for each subtest were recorded as SRTs in

dB SNR (signal to noise ratio) for 50% correct perfor-

mance, as determined by the adaptive procedure. These

SRTs were further used to derive the difference mea-
sures of ‘‘talker advantage’’ and ‘‘spatial advantage,’’ us-

ing the SV0� condition as the control condition. Talker

advantage was calculated as the difference in dB be-

tween the SV0 and DV0� SRTs, and spatial advantage

as the difference in dB between theSV0 andSV90�SRTs.

Dual-Task Condition

Each AP test was completed alone, as well as in the

dual-task condition. The secondary task used in the

dual-task condition was the ‘‘3-odds’’ task described

by Heinrich et al (2008), and implemented using the

DMDX software (Forster and Forster, 2003). Partici-

pants were presented a continuous stream of single dig-

its ona laptop computer screen at a rate of approximately

1/sec, and instructed to press a key every time three con-
secutive odd digits appeared. A brief error message was

displayed immediately for either incorrect or missed re-

sponses. Errors, in the form of both incorrect key presses

and misses, were recorded by the software. In the dual-

task condition, participants were instructed to complete

both the auditory and visual task to the best of their abil-

ity and encouraged and reminded to do so during testing.

(In contrast, when dual tasks are employed to assess lis-
tening effort, participants are typically instructed to pri-

oritise performance of the primary task, such that

performance on this task is maintained, relative to the

alone condition.) The ‘‘3-odds’’ task was manually termi-

nated when the coadministered AP test ran to comple-

tion. This took between 1.8 and 3.1 min on average,

depending on the AP test involved. The ‘‘3-odds’’ task

was also completed as a standalone test, to obtain base-
line scores for the task. Participants completed this test

for approximately 2.4 min (144 digit presentations). To

control for the variable lengths of the runs of the ‘‘3-odds’’

task, the number of errors committed in each run was
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normalized by dividing by the total number of digits pre-

sented in that run.

Executive Function Assessment

Executive function was assessed using the phonemic

subtest of the Verbal Fluency Test (VFT), which as-

sesses the ability to spontaneously generate words un-

der restricted search conditions (Strauss et al, 2006).

Participants were instructed to list as many words as

they could in 60 sec beginningwith a certain letter, with

the letters F, A, and S used, in that order, for all par-
ticipants. Participants responded verbally, and their re-

sponses were recorded using a digital voice recorder.

Phonemic fluency is considered to be a measure of ex-

ecutive function because generating words on the basis

of an orthographic criterion (a letter) is a novel, unusual

task (unlike generating animal names, for instance)

that also involves (a) keeping the instruction of the task

in mind as well as (b) inhibiting words previously gen-
erated during the task, which (c) therefore have to be in

working memory, as well as being able to (d) suppress

irrelevant responses (Henry and Crawford, 2004). In

short, the efficient completion of the phonemic VFT is

thought to rely on multiple executive function skills, in-

cluding initiating, planning, clustering, switching, and

working memory (Strauss et al, 2006).

Control of Order and of Learning Effects

To control for potential participant fatigue, and/or

learning effects, the order in which participants com-

pleted the tests was counterbalanced. Complete coun-

terbalancing across all tests was not possible for the

number of tests and participants. Therefore, all adap-

tive tests were grouped together, as were all nonadap-
tive tests (which also included the tests with control

measures). A partially counterbalanced design was

used, with eight sequences of test group/condition or-

der, shown in Table 2. This was designed to avoid the

potential of order effects (a) confounding the compari-

son of alone versus dual-task results for each test,
and (b) confounding the comparison of results between

the groups of tests. As shown in Table 2, this design en-

sured that approximately half of the participants in-

cluded (15 of 29) completed the nonadaptive AP tests

in the alone condition before the dual-task condition.

Similarly, approximately half of the participants (15

of 29) completed the adaptive AP tests in the alone con-

dition before the dual-task condition. Finally, approxi-
mately equal numbers of participants completed the

adaptive tests in the dual-task condition before the non-

adaptive tests in the dual-task condition (n 5 15), as

completed the nonadaptive tests in the dual-task condi-

tion before the adaptive tests in the dual-task condition

(n5 14). The order of tests within each group (adaptive

and nonadaptive) was not counterbalanced.

To minimize learning effects on the CST, the target
sentence list was changed for participants’ second com-

pletion of the test (i.e., list A to B or vice versa). This was

also counterbalanced among participants, to minimize

any list effects, with approximately equal numbers of

the participants who completed theCST in the alone con-

dition first (15 of 29) being presented with list A as the

target (n5 7) as list B (n5 8). Similarly, approximately

equal numbers of the participants who completed the
CST in the dual-task condition first (14 of 29) were pre-

sented with list A as the target (n5 7), as list B (n5 7).

The test lists for the DDT and FPT were the same for

both repeats, asminimal recall of the actual testmaterial

on repeat testing was anticipated for these tests.

Statistical Analysis

Statistical analysis was conducted using IBM SPSS

Statistics version 21. Normality tests indicated that

Table 2. Counterbalancing of Order in Which Adaptive (A) and Nonadaptive (NA) Groups, and Alone and Dual
Conditions of Tests Were Conducted across the 29 Participants

Test Group/Condition Order N

N (NA Alone

Before Dual)

N (A Alone

Before Dual)

N (A in Dual

Before NA in Dual)

NA alone – A alone – NA dual – A dual 4 (4) (4) (0)

A alone – NA alone – A dual – NA dual 4 (4) (4) (4)

A dual – NA dual – A alone – NA alone 4 (0) (0) (4)

NA dual – A alone – NA alone – A dual 4 (0) (4) (0)

A dual – NA alone – A alone – NA dual 4 (4) (0) (4)

NA dual – A dual – NA alone – A alone 3 (0) (0) (0)

A alone – NA dual – A dual – NA alone 3 (0) (3) (0)

NA alone – A dual – NA dual – A alone 3 (3) (0) (3)

Totals 29 15 15 15

Note: As shown, half the participants completed the nonadaptive AP tests in the alone condition before the dual-task condition; half the

participants completed the adaptive AP tests in the alone condition before the dual-task condition; and half the participants completed

the adaptive tests in the dual-task condition before the nonadaptive tests in the dual-task condition.

795

Cognitive Demand and AP Assessment/Hamlyn et al

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



scores for many of the nonadaptive AP tests were not

normally distributed (being generally clustered close

to themaximum score). Errors committed in the second-

ary (‘‘3-odds’’) taskwere also generally not normally dis-
tributed. Therefore, nonparametric tests were used

throughout, namely the Wilcoxon signed-rank test for

paired comparisons, and Spearman’s rho for correla-

tions. All significance testing (p values) are for two-

tailed testing.

The study was approved by the Southern Adelaide

Clinical Human Research Ethics Committee.

RESULTS

AP Test Performance in Alone and Dual-

Task Conditions

Figure 1 shows the mean scores (percentage correct)

for the nonadaptive tests of AP in alone and dual-task

conditions.Mean scores in the alone condition are within
the normal range for an adult population for all these

tests, that is, at least 90% in each ear for the CST and

the DDT, and at least 78% for the FPT (Musiek, 1983;

Musiek, 1994; Bellis, 2003). Wilcoxon signed-rank tests

showed a significant decrease in scores in the dual-task

condition compared with the alone condition in all of the

nonadaptive tests except CST right ear. Significant dif-

ferences were found for CST left ear (Z5 2.57, p, 0.05),
DDT right ear (Z 5 2.17, p , 0.05), DDT Left ear (Z 5

3.50, p , 0.001) and FPT (Z 5 3.26, p , 0.005), but no

significant difference was found for CST right ear (Z 5

0.33, p . 0.05). (The mean score in the dual-task condi-

tion is below the normal [alone condition] range for an

adult population in only one test, CSTLeft ear. However,

themain focus of this studywas the relative sensitivity to

increased cognitive demand of different AP tests, rather
than whether scores in the dual-task condition fell out-

side the normal range.)

Figure 2 shows the mean scores for the adaptive tests

of AP in the alone and dual-task conditions. Scores are

presented as SRT in dB SNR, withmore negative scores

indicating better performance, that is, participants

were able to identify the target signal at poorer signal

to noise ratios. Once again, scores in the alone condition
are within the normal range for the Australian adult

population (Cameron et al, 2011). No significant differ-

ences in scores between alone and dual-task conditions

were found for any of the adaptive measures of AP, that

is, SV0� (Z5 1.84, p. 0.05), DV0� (Z5 0.78, p. 0.05) or

SV90� (Z 5 1.24, p . 0.05).

Figure 3 shows the mean scores of the difference

measures ‘‘talker advantage’’ and ‘‘spatial advantage’’
in alone and dual-task conditions. No significant

change in score was seen between alone and dual-

task conditions for either talker advantage (Z 5 0.96,

p . 0.05) or spatial advantage (Z 5 0.91, p . 0.05).

However, this result is expected, given that the SRTs

of the three LiSN-S subtests from which the advan-

tage measures are derived showed no significant

differences between alone and dual-task conditions
(Figure 2).

Secondary Task Error Analysis

Errors committed in the secondary (‘‘3-odds’’) task

were analyzed as an index of relative task difficulty

in the various runs of this task. Figure 4 shows the nor-

malized number of total errors made in the ‘‘3-odds’’
task, when performed alone and in the dual-task condi-

tion with each AP test. Total errors include both misses

(i.e., no response to presentation of a third consecutive

odd digit), and false alarms (i.e., incorrect responses).

For every test of AP, except CST Right ear, a significant

increase in the errors made in the ‘‘3-odds’’ task was

seen, compared with when the ‘‘3-odds’’ task was per-

formed alone; CST Right ear (Z 5 1.13, p . 0.05),
CST Left ear (Z 5 2.98, p , 0.005), DDT (Z 5 4.46,

p , 0.001), FPT (Z 5 4.25, p , 0.001), SV0� (Z 5 4.33,

p , 0.001), DV0� (Z 5 4.18, p , 0.001) and SV90�
(Z 5 4.37, p , 0.001).

Figure 1. Mean scores of the nonadaptive tests of AP, in alone
and dual-task conditions. The figure shows a reduction in score
under dual-task conditions for every test (significant in every test
except CST right). Error bars indicate standard error of mean
(*p , 0.05; **p , 0.005).

Figure 2. Mean SRT scores on the adaptive tests of AP in alone
and dual-task conditions. There are no significant differences be-
tween scores in alone and dual-task conditions. Error bars indicate
standard error of mean.
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The number of errors on the ‘‘3-odds’’ task for CST

Right ear was not significantly greater than when com-

pleted alone. This is consistent with, and may explain,

the lack of change in CSTRight ear scores shown in Fig-
ure 1. It would suggest that participants had very little

difficulty in completing the CST Right ear, with suffi-

cient cognitive spare capacity to simultaneously com-

plete the ‘‘3-odds’’ task at a similar performance level

to that when completing the ‘‘3-odds’’ on its own. In con-

trast, Figure 4 shows that errors on the ‘‘3-odds’’ task

were significantly greater for each of the three LiSN-

S subtests than for the ‘‘3-odds’’ task taken alone (and
also greater than for most other AP tests). Therefore,

unlike the CST Right ear test, the error analysis does

not directly explain the lack of change in performance

with the increased cognitive demand in the dual-task

conditions for the three (adaptive) LiSN-S subtests

(Figure 2).

Relationship between Executive Function and
Change in AP Test Performance

Performance on the executive functionmeasure used,

VFT total score (mean score 5 47, standard deviation 5

13), is in accord with published norms for young English-

speaking adults with no reported cognitive deficits

(Strauss et al, 2006). Some previous studies (e.g., Gates

et al, 2010; Foster et al, 2013) have reported an associ-
ation between measures of executive function and of

AP. Therefore, before addressing our final aim (examin-

ing the relationship between executive function and

change in AP test performance), the relationship be-

tween executive function and AP test performance in

the alone conditionwas examined. A significant positive

correlation was found between participants’ VFT score

and bothDDTRight (rho5 0.42, p, 0.05) andDDTLeft
(rho 5 0.39, p , 0.05) scores in the alone condition. No

significant correlation was found between the executive

function measure and the score in the alone condition

for any of the other AP tests.

Figure 5 shows the test scores in both alone and dual-

task conditions versus the measure of executive func-

tion, VFT score, for all four AP measures for which a

significant change in performance between alone and
dual conditions was obtained. Scores in the alone con-

dition are plotted as filled circles, and those in the dual-

task condition as arrowheads; the lengths of the arrows

thus represent the changes in AP test score between the

two conditions. (The few instances of better scores in the

dual-task condition evident [up to 10% for the CST and

DDT, and up to 12% for the FPT] most likely reflect

the test-retest variability. Test–retest repeatability of
within 10% has been reported for the DDT (Strouse

and Hall, 1995), but does not appear to have been re-

ported for the CST or the FPT.) There was no significant

correlation between the VFT score and the change in AP

test score between alone and dual-task condition for any

of the AP measures; CST left ear (rho 5 20.17, p .

0.05), DDT Right ear (rho 5 0.31, p . 0.05), DDT left

ear (rho 5 20.15, p . 0.05), and FPT (rho 5 0.04,
p . 0.05).

DISCUSSION

All of the nonadaptive tests of AP, except for CST

Right ear, showed a significant decline in perfor-

mance in the dual-task condition compared with the

alone condition, demonstrating that increased cognitive
demand can significantly impact test performance on

standard nonadaptive measures of AP. The lack of per-

formance decrement seen for CST Right ear in the dual-

task condition likely reflects a strong ceiling effect for

Figure 3. Mean scores of the difference measures of talker and
spatial advantages. There are no significant differences between
scores in alone and dual-task conditions. Error bars indicate stan-
dard error of mean.

Figure 4. Mean number of (normalized) total errors made in ‘‘3-
odds’’ task when performed alone and in the dual-task condition
with the various AP tests as marked. The number of errors made
in the ‘‘3-odds’’ task when performed in the dual-task condition is
significantly greater than the number of errors on the ‘‘3-odds’’
task when performed alone, for all AP tests except for CST right.
Error bars indicate standard error of mean.
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this test, that is, that near-perfect performance in the

alone condition was easily achieved by the participants,

with sufficient spare capacity, such that near-perfect

performance could still be achieved in the dual-task
condition. This conclusion is supported both by the

scores for the CST Right ear shown in Figure 1, and

the minimal change in errors on the ‘‘3-odds’’ task when

performed simultaneously with the CST Right versus

alone, shown in Figure 4. (These data therefore also

demonstrate a striking right-ear advantage in young

adults with no reported listening difficulties, when cog-

nitive demand is increased by use of the dual-task par-
adigm. As evident in Figure 1, right ear scores were

significantly better than left-ear scores in the dual con-

dition, for both the CST [Z 5 2.65; p , 0.01] and the

DDT [Z 5 2.13; p , 0.05]. By contrast, right and left

ear scores did not significantly differ (i.e., no right-

ear advantage was observed) in the alone condition,

for either the CST [Z 5 1.11; p . 0.05] or the DDT

[Z 5 0.98; p . 0.05].)
By contrast, none of the scores of the adaptive mea-

sures of AP were shown to be significantly affected in

the dual-task condition. These results suggest that per-

formance on adaptive tests of AP is less susceptible to

cognitive demand (at least as manipulated in this

study) than is performance on nonadaptive tests of

AP. However, currently the vast majority of commer-

cially available AP tests are nonadaptive in nature, in-
deed the LiSN-S test appears to be the only widely used

commercially available adaptive test of (some aspects

of) AP. The present findings therefore support the de-

velopment of a new generation of computerized adap-

tive tests, based on psychophysical principles, that

assess the full range of AP abilities (Jerger andMusiek,

2000; ASHA, 2005a; Cameron and Dillon, 2007;
O’Beirne et al, 2012). The greater resilience of such

tests to cognitive demand, as indicated by these results,

would suggest greater validity as measures of the var-

ious AP abilities that they are designed to assess.

The differencemeasures of talker advantage and spa-

tial advantage also showed no significant decrement in

score in the dual-task condition. It has been proposed

that tests employing control conditions are more resil-
ient to external factors such as language, attention and

motivation as these factors are present in both test sit-

uations and thus are largely cancelled out when calcu-

lating the difference score (Cameron et al, 2011).

However, as no statistically significant difference in

raw score was seen for any of the LiSN-S subtests

(SV0�, DV0�, and SV90�) between the alone and dual-

task conditions, and talker advantage and spatial
advantage are calculated as differences between these

raw scores, it is unremarkable that no statistically sig-

nificant difference in score was seen for either of these

difference measures. Therefore, although it seems rea-

sonable that tests employing control conditions would

be more resilient to higher-order factors such as cogni-

tive demand, results from this study are unable to pro-

vide support for that proposition.
The errors recorded on the ‘‘3-odds’’ task provide an

index of difficulty in completing the composite (dual)

task. The error analysis shown in Figure 4 does not

readily explain the lack of a significant decrement in

scores in the dual-task condition for the three adaptive

subtests of the LiSN-S. This contrasts with the results

discussed previously for the CST Right ear scores. How-

ever, the combination of a relatively high proportion of
errors on the ‘‘3-odds’’ task with a lack of decrement in

scores on the LiSN-S subtests may suggest that partic-

ipants in fact prioritized these particular AP tests over

the ‘‘3-odds’’ task, despite being instructed and reminded

to complete both tasks to the best of their ability. (In a

similar vein, Choi et al (2008) reported that participants

[children] in their dual-task study seemed unable to

switch the allocation of priority from a word recognition
to a digit recall task.) It is noteworthy that the partici-

pants’ task in the LiSN-S subtests was broadly similar

to that in the CST, that is, to recognize and repeat a tar-

get sentence in the presence of competing sentence ma-

terial. The primary difference between the two (of

relevance here) may have been the level of difficulty,

which also relates to one being an adaptive and the other

a nonadaptive test.
One possibly significant difference between the non-

adaptive and adaptive tests of AP in the present study

was the brief ‘‘down time’’ (silent period) between a par-

ticipant’s response and the onset of the next trial in the

Figure 5. AP test scores in alone (circles) and dual-task (arrow-
heads) conditions vs. VFT score, for the four AP measures for
which a significant change in score between alone and dual con-
ditions was obtained. The length of each arrow represents the
change in AP test score between the two conditions. There was
no significant correlation between the VFT score and the change
in AP test score between alone and dual-task condition for any of
the AP measures.
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nonadaptive tests. As these tests (i.e., CST, DDT, and

FPT) were administered from their standard audio re-

cordings, the trial rate was fixed, allowing sufficient

time for the participant’s response after each trial. Most
participants in our study responded well within the in-

terval between trials, leading to the down time referred

to above. By contrast, successive trials in the adaptive

LiSN-S subtests were generally initiated as soon as a

participant’s response to the previous trial was scored,

leading to less down time in practice. The increased

down time associated with the nonadaptive tests may

have represented greater potential for participants to
switch attention between the two tasks. Attention

switching may be central to performance on dual tasks

(Pashler, 1994), and may also be more generally impor-

tant to auditory performance in complex environments

(e.g., Dhamani et al, 2013; Carlile, 2014). However, the

above differences in down time would be expected to re-

sult in a smaller performance decrement in the dual

condition in the nonadaptive tests than in the adaptive
tests, contrary to the results obtained. The difference in

down time between the two types of tests does not there-

fore explain the greater sensitivity to cognitive demand

found for the nonadaptive tests as compared to the

adaptive tests. It may, however, have contributed to

an increased number of errors on the ‘‘3-odds’’ task in

the dual conditions of the adaptive tests. Future studies

of this nature should seek to carefully control or elim-
inate such down time during testing.

Although it may have been expected that individuals

with higher executive function may have better dealt

with the increased cognitive demands placed on them

in the dual-task condition in the present study, the re-

sults do not support this expectation. There were no sig-

nificant correlations between the changes in AP test

scores between alone and dual-task conditions, and
themeasure of executive function used, VFT score. This

lack of an association between executive function and

AP performance decrements in the dual-task condition

may reflect the choice of executive function measure

used, and it is possible that another measure, or a com-

bination of measures, may better reflect dual-task per-

formance decrements.

The present findings cannot be directly compared
with those of past studies, as there do not appear to

be any previous reports of the direct impact of a compet-

ing task on AP test performance. However, some gen-

eral comparisons with the literature on cognitive

factors and AP (Table 1) may be appropriate. Firstly,

the significant impact of the competing task on perfor-

mance on the DDT and FPT is consistent with themany

previous findings of a link between these tests and cog-
nitive factors such as attention and memory (Sharma

et al, 2009; Wilson et al, 2011; Gyldenkærne et al,

2014; Tomlin et al, 2015). However, the present study

did not use any gap detection tests, which in previous

literature is less frequently linked with cognitive fac-

tors. With respect to test properties, whereas the pre-

sent findings suggest greater resilience of adaptive

than nonadaptive tests to cognitive demand, this dis-
tinction is not evident in the past literature on the

relationship between AP test performance and cogni-

tive measures. Past literature (e.g., Sharma et al,

2009; Gyldenkærne et al, 2014; Tomlin et al, 2015) does

suggest that tests that employ control conditions are

generally less related to cognitive factors than tests that

do not; however, as discussed previously, the present

data are unable to shed any light on this comparison.
It is emphasized that comparisons of these findings

with the past literature are limited by the substantial

differences in the approach taken, viz use of a compet-

ing task to increase cognitive demand, versus separate

measures of cognitive factors. There are also no previ-

ous reports of the relationship between the impact of a

competing task on AP performance and executive func-

tion, with which the present results may be compared.
However, the present study’s finding that (alone condi-

tion) performance on the DDT was significantly associ-

ated with the measure of executive function used is

consistent with the findings of Gates et al (2010). Those

authors found that a composite measure of executive

function (derived from amore comprehensive set of mea-

sures) was significantly associated with each of three AP

measures, including theDDT. The fact that theDDTwas
the only AP measure in the present study found to dem-

onstrate an association with the executive function mea-

sure may suggest that divided attention tasks are

particularly dependent on the processes underlying ex-

ecutive function. It is noteworthy that Gates et al

(2010) also reported a stronger association between their

measure of executive function and their two divided at-

tention AP tasks than their third (monaural) AP task.
Finally, it is acknowledged that these effects of

increased cognitive demand on AP assessments as

assessed using the dual-task paradigm in young,

healthy adults may not directly extend to clinical pop-

ulations or to other age groups. Further studies are re-

quired to draw more direct conclusions concerning the

relative susceptibility to cognitive demand of different

AP assessments in, for example, children with reported
listening difficulties.

CONCLUSION

APD is commonly defined as a difficulty in the per-

ceptual processing of auditory information in the

central nervous system that is not due to higher-order

factors. Thus, to accurately identify individuals with
the disorder, the tests used in its diagnosis need to

be resilient to these higher-order effects. In this study,

performance on commonly used nonadaptive tests of AP

was shown to be significantly compromised by increased
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cognitive demand, in a dual-task paradigm. These re-

sults are consistent with the findings of Moore et al

(2010), indicating that poor AP test performance may

in practice be attributable to attentional factors. How-
ever, performance on AP measures obtained by an

adaptive test procedure was not significantly affected

by the increased cognitive demand on participants in

the dual-task condition. Further investigation of the

resilience to increased cognitive demand of the adaptive

tests used here, and other adaptive tests of AP, is war-

ranted. Results from this study support the further de-

velopment of computerized adaptive tests of AP, and the
use of adaptive tests in clinical AP test batteries.
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