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Introduction: Among several controversies surrounding the field of Auditory
Processing Disorder (APD), one of the central unresolved topics is the putative
neural origin of APD. More specifically, it is debated whether basic sensory
auditory neural processes are affected in individuals with APD. The objective of
the current study was to understand whether or not basic sensory auditory neural
processes at the level of the brainstem are affected in those with APD.

Methods: We approached this question by conducting a meta-analysis of studies
that compared the Auditory Brainstem Response (ABR) to brief non-speech
sounds in individuals with vs. without APD. The ultimate criterion for a study
to be included in this meta-analysis was the presence of both APD and non-
APD groups on whom ABR waves |, lll, and V were collected in response to
clicks. In order to extract these studies, a list of inclusion and exclusion criteria
were employed during our search using Google Scholar and PubMed databases
(accessed between March 2021 and July 2023), resulting in the inclusion of 8
studies. From these studies, we retrieved ABR waves |, lll, and V peak amplitude
and latency measures.

Results: Overall, we found no significant differences between those with and
without APD on the ABR waves peak latency (wave |: effect size = —0.0365,
C.I. = 0.0384; wave llI: effect size = —0.0540, C.I. = 0.1417; wave V: effect size
= —0.0577, C.l. = 0.1589) and peak amplitude measures (wave [: effect size =
0.0327, C.I. = 0.0473; wave llI: effect size = 0.1415, C.I. = 0.1648; wave V: effect
size =0.1281, C.I. = 0.1346).

Conclusion: These findings suggest that the click-evoked ABR does not seem
to be implicated in those with APD.

KEYWORDS

click-evoked ABR, Auditory Processing Disorder (APD), APD diagnosis,
electrophysiology, auditory brainstem

Introduction

Auditory Processing Disorder (APD) has been a controversial topic in the field of
Audiology for decades. Among the several controversies surrounding APD [sometimes
also referred to as “Central Auditory Processing Disorder” or “(Central) Auditory
Processing Disorder”], one of the key issues is the putative neural origins of APD (Moore,
2018; Vermiglio, 2018). Here we investigated whether or not APD is associated with
deficits in basic sensory auditory processing at the level of the auditory brainstem by
conducting a meta-analysis of the existing literature. More specifically, we examined
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whether studies that measured the click-evoked auditory brainstem
response (ABR), a key index of basic sensory auditory neural
processing at the brainstem, revealed differences between
individuals with vs. without a clinical indication of APD.

Based on the current definition by the American Speech
Language and Hearing Association (American Speech-Language-
Hearing Association, 2005a, Definition and Nature of APD,
paragraph 1), an APD diagnosis is considered in the case of reduced
performance on behavioral tests involving auditory discrimination,
temporal processing, binaural processing, and speech perception in
adverse listening conditions. The current diagnostic criteria entail
performance at 2 standard deviations (SD) below the respective
age-matched normative data on two or more behavioral tests
(Chermak and Musiek, 1997), or performance below 3 SD on
at least one behavioral test (American Speech-Language-Hearing
Association, 2005b). Even though the current diagnostic criteria
are based solely on behavioral performance metrics, ASHA states
that APD has origins in the auditory nervous system, is specific
to the auditory domain, and is unaffected by other higher-order
processes such as language and cognition (American Speech-
Language-Hearing Association, 2005b). Similarly, the report from
the consensus conference of 14 experts in the field of APD (Jerger
and Musiek, 2000) suggested that “An APD may be broadly
classified as a deficit in the processing of information that is specific
to the auditory modality” (page 468). Given the assumed specificity
of APD to the auditory domain (and, therefore, its neural origins
in the auditory system), a thorough investigation of such putative
neural origins in the auditory system is warranted.

Prevalence of APD in school-aged children has been found
to range between 2.5% (Schow et al., 2020) to 6.2% (Esplin and
Wright, 2014). Children with APD may exhibit delay in their
speech and language acquisition (Magimairaj et al., 2020, 2021)
and lags in their academic performance (de Carvalho et al,, 2017).
These difficulties in listening extend well into adolescence (Kojima
et al., 2024) and adulthood (Del Zoppo et al., 2015). As a result,
the current meta-analysis focused on the findings from studies that
included participants over an age range of 5-24 years.

Scalp recorded auditory evoked potentials (AEPs) provide
viable means to investigate the neural origins of APD. AEPs can
be classified as those elicited from the peripheral (subcortical) level
of the auditory nervous system (e.g., ABR), and those elicited
from the central (cortical) level of the auditory nervous system
(e.g., Long Latency Response) (Picton et al., 1981). Cortical AEPs
are known to be more prone to modulation by higher-order
cognitive and linguistic processes (Cacace and McFarland, 2013).
For example, attending to auditory stimuli enhances the amplitudes
of the corresponding cortical components (e.g., N1 and P2) (Davis,
1964; Gross et al., 1965; Satterfield, 1965; Picton and Hillyard,
1974). Similarly, language experience enhances the amplitude of the
cortical components. For example, individuals with tone language
experience exhibit enhanced amplitude for pitch-related cortical
components in the latency range of 600-900 ms (e.g., Pa, Na, Pb,
Nb, Pc, and Nc) (Krishnan et al., 2014a,b). In contrast, depending
on the type of stimuli used, subcortical AEPs are less affected by
higher-order processes (e.g., attention, memory, and language) and
can therefore be considered an indicator of basic sensory auditory
processing. For example, the amplitude of the click-evoked ABR is
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generally unaffected by attention and thus, can be recorded while
participants are asleep (Elsayed et al., 2015).

Over the years, the ABR has emerged as a popular subcortical
AEP technique in the field of audiology for auditory threshold
estimation (Stapells, 2000) and retrocochlear site-of-lesion testing
(Starr, 1976; Glasscock et al., 1979; Achor and Starr, 1980; Bauch
et al., 1982; Musiek and Geurkink, 1982; Rhee et al., 1999).
Typically, the ABR occurs within the first 8-10ms following
stimulus onset and contains five-seven peaks, namely waves I, II,
III, IV, and V, VI, and VII (Jewett and Williston, 1971). While
the later waves of the ABR may have overlapping anatomical
generators, predominantly, wave I of the ABR originates from the
distal part of the auditory nerve, wave II from the proximal part of
the auditory nerve and cochlear nucleus, wave III from the superior
olivary colliculi, wave IV from the lateral lemniscus, and wave
V from the inferior colliculi (Moller and Jannetta, 1985; Melcher
etal, 1996a,b). The ABR has clinical relevance in that it is sensitive
to detecting vestibular schwannomas, acoustic neuromas, intra-
and extra-axial brainstem lesions, demyelination, and auditory
neuropathy (Young et al., 2021). Individuals with disorders such
as auditory neuropathy and acoustic neuroma exhibit difficulties
in speech perception in noise (Apeksha and Kumar, 2017) and
individuals with lower brainstem lesions (e.g., superior olivary
colliculi) exhibit problems with sound localization (Masterton and
Imig, 1984), both of which are characteristics of APD (American
Speech-Language-Hearing Association, 2005a). More specifically,
a reduced wave I amplitude of the ABR at higher intensities
indicates damaged low spontaneous rate type-1 auditory nerve
fibers (Kujawa and Liberman, 2009). Similarly, a reduced ABR
wave amplitude and prolonged ABR wave latency at high stimulus
repetition rates (e.g., 90.1/s) are indicative of neural processing dys-
synchrony or auditory neuropathy (Cone-Wesson, 2004). An inter-
aural I-V interpeak latency difference is indicative of vestibular
schwannomas (Tanaka et al., 1996). To differentially diagnose the
lesion in the lower (cochlear nucleus and superior olivary colliculi)
vs. upper brainstem (lateral lemniscus and inferior colliculi),
interaural and interpeak (I-IIL, III-V, I-V) latencies and amplitude
are useful (Hood, 1998). Given the usefulness of the click-evoked
ABR in detecting auditory deficits, an investigation into the waves
I, 111, and V amplitudes and latencies of the click-evoked ABR for
detecting deficits in auditory processing is warranted.

In order to investigate whether basic sensory auditory neural
processes (up to the inferior colliculi) are aberrant in APD, we
conducted a meta-analysis of the existing literature that recorded
ABRs for individuals diagnosed with APD (American Speech-
Language-Hearing Association, 2005a,b). The metrics of interest
included peak amplitude and peak latency for waves I, III, and
V, which are routinely recorded in auditory electrophysiological
evaluations, especially for site-of-lesion testing purposes (Xie et al.,
2018). Clinically, the most commonly used stimuli for recording
ABRs are clicks. Since these stimuli are transients of very short
duration (e.g., 100 ps), devoid of cognitive or linguistic load,
the ABRs evoked by such stimuli are largely unaffected by the
higher-order processes of attention or language and thus can be
considered as measures of “pure”, or selective auditory processing
that is unaffected by the nonauditory factors (e.g., sleep, cognition,
language experience) (Davis and Beagley, 1985; Bansal, 2018). If the
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meta-analysis revealed an overall difference between APD vs. non-
APD groups with respect to their ABR metrics (latencies and/or
amplitudes of waves I, III, and/or V), this would indicate that
the click-evoked ABR peak amplitude and latency are sensitive
measures for detecting APD. Conversely, if the meta-analysis
revealed no difference between APD vs. non-APD groups with
respect to the ABR metrics, this would indicate that the click-
evoked ABR peak amplitude and latency are not sensitive for
detecting APD.

Material and methods
Eligibility criteria

For the identification of relevant studies, our inclusion criterion
was that studies needed to compare APD vs. non-APD groups with
respect to the amplitude and latency measures of the traditional
click-evoked ABR (i.e., waves L, III, and/or V).

Search strategy and information sources

The following keywords were used to search for the relevant
literature in Google Scholar and PubMed: Auditory Processing
Disorder, Auditory Processing deficits, Auditory Processing Disorder
testing, Auditory Processing Disorder electrophysiological testing,
Auditory Processing Disorder Auditory Evoked potentials, Auditory
Processing Disorder EEG, Auditory Processing Disorder objective
testing, and Auditory Processing Disorder physiological testing.
The search used Boolean OR and no wild card characters were
used to truncate or combine search terms. Out of the search
results, we identified those studies that were pertinent to Auditory
Processing testing. As a result, we excluded, amongst others,
studies that focused on the developmental maturation of auditory
processing, studies that were based on screening and diagnostic test
development for APD, studies that investigated neuroimaging data
(e.g., MRI), studies that were based on evoked potentials other than
ABR (e.g., long latency response, mismatch negativity), and studies
that were solely based on auditory training for APD.

Coding

The included studies were coded and summarized by the first
and the second authors with respect to their APD diagnostic
criteria, ABR parameters, and overall findings (see Table 1).
Participants

Participants in the included studies were in the age range of
5-24 years.
Extraction of data

Data for the APD and non-APD groups were extracted from

the text, tables, and/or graphs (using a pencil and a ruler; Beeson
and Robey, 2006) in the published studies.
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Calculation of effect size

The effect
following formula

size (Cohen’s d) was calculated via the

d = (Xcu — Xapp)/SD (1)

where X1 and Xapp denote the mean of the data for non-APD and
APD groups, respectively; SD is the standard deviation, which was
calculated using the following formula

2

N ) SDZ,,; + (n2 — 1) SD3pp,
nl +n2

where nl refers to the number of ears and SD¢y denotes the
standard deviation for the non-APD group, while n2 refers to the
number of ears and SDapp denotes the standard deviation for the
APD group. This formula was used specifically to control for the
unequal number of ears in the APD vs. non-APD groups.

Effect sizes for these studies were plotted together using forest
plots for comparison. Effect sizes derived from each study were
weighted for the number of ears evaluated in each study (see e.g.,
Maggu et al., 2021). For example, if all studies combined constituted
100 ears that were tested, study A with 40 ears was weighted more
than study B with 10 ears. Finally, weighted average effect sizes were
calculated for all the studies, and these were plotted as diamond
plots for an overall comparison. Both forest plots and diamond plots
were plotted using R studio (RStudio Team, 2019).

Results

Study selection and characteristics

This pre-selection resulted in an initial 84 studies via title
analysis; we then applied an additional four selection steps
(Figure 1). In the first exclusion step, 31 studies that were based
on other disorders (e.g., ADHD) and did not actually contain APD
participants were excluded (e.g., Wible et al., 2005; Kwon et al,
2007; Ramezani et al., 2018). In the second exclusion step, 27
studies that did not contain original data (e.g., reviews, research
commentaries) were excluded (e.g., Bamiou et al., 2001; Johnson
et al., 2005; McFarland and Cacace, 2012) resulting in 26 studies
where analysis of abstracts was conducted. In the third exclusion
step, 9 studies were excluded due to an insufficient number of
participants i.e., studies with less than three participants were
excluded (e.g., Lenhardt, 1981; Jerger et al., 2002; Krishnamurti
et al., 2013), resulting in 17 studies where critical analysis were
conducted. In the fourth exclusion step, nine studies were excluded
because they did not actually report any of ABR waves I, III, or V
(e.g., Filippini et al., 2012; Rocha-Muniz et al., 2014; Wimalarathna
etal.,, 2021), which were the variables of interest here. The inclusion
and selection of the studies adhered to the reporting standards of
PRISMA (Moher et al., 2009) and SCRIBE (Tate et al., 2016).

Table I provides a summary of the studies included in the
current meta-analysis. Since we placed an emphasis on the
comparison of APD vs. non-APD groups, including studies
containing data for both groups (i.e., APD and non-APD) was
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TABLE 1 Summary of studies included in the current meta-analysis review along with their characteristics.

References

N(ears), age,

Diagnostic criteria

ABR rep rate

ABR intensity

10.3389/fauot.2024.1369716

ABR findings

and gender
Hurley (2004) N: 48 non-APD, Screened for auditory processing 11.1/s 70 dB peak SPL - No significant difference in
48 APD disorders using SCAN-C and two ABR latency between APD
Age: 7-12 yo language tests: Peabody Picture and non-APD group
Gender: Male Vocabulary Test-III (PPVT-III) and - Non-APD group displayed
Oral and Written Language Scales greater ABR amplitudes (for
(OWLS) waves [, ITI, and V) than the
APD group
Filippini and N:20 non-APD, Auditory processing assessment 19/s 80 dB nHL - No significant difference
Schochat (2009) 20 APD (information on specific tests unclear) between the APD and
Age: 7-24 yo non-APD group on ABR
Gender: N/A amplitude and/or latency
Morlet et al. (2019) N: 48 non-APD, Referred specifically for an APD 27.71s 80 dB nHL - No significant difference
38 APD evaluation based on APD related between the APD and
Age: 7-12 yo symptoms; diagnosed by audiologists non-APD group on ABR
Gender: 12M/7F based on the APD test battery from amplitude and/or latency
(APD), AAA and ASHA based on abnormal
10M/14F (non- scores on SCAN-3,
APD) Bamford-Kowal-Bench Sentences in
Noise, Dichotic Digits Test, Frequency
Pattern Test/Pitch Pattern Sequence
Test, Staggered Spondaic Words Test,
Random Gap Detection Test, Phonemic
Synthesis Test (PST), and Auditory
Continuous Performance Test
Allen and Allan N:23 non- APD, Abnormal scores on 5 central auditory 27.71s,57.71s <110 dB HL - No significant difference
(2014) 40 APD processing tests: gap detection task between APD and non-APD
Age: 7-17 yo (AFT-R), dichotic test (SSW), temporal groups on absolute wave
Gender: 39M/24F patterning test (PPS), speech in noises latencies
Both groups were task (WIC), filtered speech task (FS)
referred for testing
due to their
reported
listening difficulties
Jirsa (2001) N: 60 non-APD, Diagnosis of APD based on abnormal 11.1/s 75 dB nHL - APD group significantly
74 APD scores on the Dichotic Digits Test (DD), differed from the non-APD
Age: 9.2-13.6 yo Dichotic Sentence Identification Test group on ABR latency
Gender: 20M/17F (DSI), Frequency Pattern Test (FP), measures.
(APD); Auditory Duration Pattern Test (DP),
17M/13F (TD) Time Compressed Speech Test,
Synthetic Sentences Identification Test
with Ipsilateral Competing Message
(SSI-ICM)
Ankmnal-Veeranna | N:44 non-APD, Referrals due to concerns with 13.3/s 80 dB nHL - APD group significantly
etal. (2019) 216 sSAPD hearing/listening in noisy conditions; differed from the non-APD
Age: 4.11-35 yo behavioral checklists for auditory group on ABR latency
(TD); 5.25-15.7 processing problems and educational measures.
yo (sAPD) risk indicating need for central auditory
Gender: N/A processing assessment
Gopal and Pierel N: 18 non-APD, Diagnosed with auditory processing 11.1/s <5dB nHL (ABR - No significant differences

(1999)

18 APD

difficulties by certified speech-language

thresholds), 55 dB

between APD and non-APD

Age: 7-13 yo pathologists based on CELF-R and above monaural groups on latency and
Gender: N/A TAPS; failed the SCAN or SCAN-A test threshold for ABR amplitude for right, left, and
peak V (5) binaural ABRs
Gopal et al. (2002) N:20 non-APD, Experimental/CAPD group all failed the 11.1/s 81.1/s 60 dB nSL - APD group significantly
20 CAPD SCAN or SCAN-A test differed from the non-APD
Age: 9.2-15.7 yo group on ABR amplitude

Gender: 6M/4F in
non-APD; 7M/3F
in experimental

APD, auditory processing disorder; sAPD, suspected auditory processing disorder; TD, typically developing; SCAN-C, screening test for auditory processing in children; SCAN-A, screening test
for auditory processing in adults; CAPD, central auditory processing disorder; SSW, staggered spondaic word test; PST, phonemic synthesis test; PPVT, Peabody picture vocabulary test; PPS,
pitch pattern sequencing test; WIC, words-in-competition test; FS, filtered speech task; DD, dichotic digits test; DSI, dichotic sentence identification Test; DP, duration pattern test; SSI-ICM,
synthetic sentences identification test with ipsilateral competing message; TAPS, test for auditory processing skills; CELF-R, clinical evaluation of language fundamentals—revised.
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84 APD studies identified via database searches
(PubMed and Google Scholar) - Title analysis
N
31 studies excluded due to the
’ absence of APD participants
(e.g. comorbid conditions,
v such as ADHD, schizophrenia)
53 studies involving APD diagnosed participants and
ABR testing N
27 studies excluded due to lack of
> original data (e.g. review papers,
perspective papers, surveys,
v general papers)
>
26 studies involving comparison of APD vs. Non-APD
participants on ABR testing - Abstract analysis
9 studies excluded due to insufficient
number of participants
v (e.g. case studies)
17 studies comparing more than two participants -
Critical analysis
9 studies excluded due to lack of data
on waves |, Ill, and V of ABR
[ 8 studies selected for data extraction ]
FIGURE 1
PRISMA chart depicting the stages of study inclusion/exclusion.

a pre-requisite (inclusion step #3). The diagnostic criteria used
in these studies ranged from administering checklists (Ankmnal-
Veeranna et al, 2019) to administering standard APD tests
(Hurley, 2004). In general, the stimulus presentation level for ABR
measurements was >70 dB HL. Repetition rates varied across
studies from 11.1/s (Jirsa, 2001) to 81.1/s (Gopal et al, 2002).
Data collected with different repetition rates within a study were
extracted as separate data points (e.g., Gopal et al., 2002; Allen and
Allan, 2014). This variability across parameters was minimized by
calculating the normalized effect size (Cohen’s d) within each study
using the formulae in Equations 1, 2.

Seven of the eight studies reported ABR latencies, while six
studies reported ABR amplitudes as well. With respect to ABR
latency, seven studies reported wave V latency, and six studies
reported wave I and wave IIT latencies. With respect to ABR
amplitude, six studies reported wave V, five studies reported wave I,
and four studies reported Wave III amplitudes (Table 2).

Figures 2, 3 display forest plots of the effect sizes for ABR
latency and ABR amplitude, respectively. Here, for ABR latency,
a negative Cohen’s d value indicates a longer latency in the
APD group than in the non-APD group. For ABR amplitude, a
positive Cohen’s d value indicates a smaller wave amplitude in the
APD group than in the non-APD group. Effect sizes whose 95%
confidence intervals do not cross zero are considered statistically
significant at the a = 5% level (Cochrane, 2020).

Frontiersin Audiology and Otology

ABR latency

For wave I latency, one study (i.e., Ankmnal-Veeranna et al,
2019) revealed a significantly longer ABR wave I latency in the APD
group than the non-APD group. For wave III and V latencies, two
studies (i.e., Jirsa, 2001; Ankmnal-Veeranna et al., 2019) revealed
significantly longer ABR wave III and V latencies in the APD group
than in the non-APD group.

ABR amplitude

For wave I amplitude, one study (i.e., Hurley, 2004) revealed
a significantly smaller APD wave I amplitude in the APD group
than in the non-APD group. For wave III and wave V amplitudes,
three studies (i.e., Gopal and Pierel, 1999; Gopal et al., 2002; Hurley,
2004) revealed significantly smaller APD wave III and wave V
amplitudes in the APD group than in the non-APD group.

Finally, we examined the average effects across studies. Overall,
while there were trends toward longer latencies and smaller
amplitudes in the APD group, we found no dissimilarity between
the APD and non-APD groups with respect to the latency
(Figure 4A) and amplitude (Figure 4B) measures for ABR waves I,
I, and V.
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TABLE 2 Distribution of the included studies across the amplitude and latency measures of ABR waves |, Ill, and V.

References Amplitude Latency

Wave Il Wave Il
Hurley (2004) + + + + + +
Filippini and Schochat + + + + + +
(2009)
Morlet et al. (2019) + + + + + +
Allen and Allan (2014) + + + + +
Jirsa (2001) + + +
Ankmnal-Veeranna + + +
et al. (2019)
Gopal and Pierel (1999) + +
Gopal et al. (2002) + + +

A Wave I Latency (n=6) B
!

Gopal et al. (2002) - 81.1/s
Gopal et al. (2002) - 11.1/s

Allen, P., Allan, C. (2014) - 57.7/s

'""i""“+'""#"‘“+"""""“+"""""""'"""“"""

Ankmnal-Veeranna et al. (2019)

Jirsa (2001)

Studies
Studies

Gopal, K., Pierel, K. (1999)

Allen, P., Allan, C. (2014) - 27.7/s

Morlet et al. (2019)

Filippini, R., Schochat, E. (2009)

Hurley (2004)
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FIGURE 2

horizontal lines denoting 95% confidence intervals.

Forest plots for ABR Latency difference between non-APD and APD
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Hurley (2004)
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Wave III latency (n=6) C Wave V latency (n=8)

Gopal et al. (2002) - 81.1/s

Gopal et al. (2002) - 11.1/s

Allen, P., Allan, C. (2014) - 57.7/s -

Ankmnal-Veeranna et al. (2019)1 W

Jirsa (2001) ——
8
;g.
& Gopal, K., Pierel, K. (1999) —e
1
1
I
— Allen, P., Allan, C. (2014) - 27.7/s —a—
| 1
| '
| '
T Morlet et al. (2019) ——
I '
| 1
I '
! '
—e— Filippini, R.., Schochat, E. (2009) -
i 1
| '
| '
- Hurley (2004) -
I '
| i
| 1
e
-0.2 00 02 -0.2 0.0 02
Cohens d Cohens d

Discussion

The current meta-analysis investigated whether individuals
with APD exhibit deficits in basic sensory auditory neural processes
(elicited from the neural centers between auditory nerve and
inferior colliculi), as assessed with click-evoked ABR. Across
the studies reviewed here, we found no statistically significant
difference between APD and non-APD individuals with respect
to the peak amplitude and latency measures of the three main

Frontiersin Audiology and Otology

ABR waves (i.e., I, ITI, and V), which are key indicators of neural
processing in the early stages of auditory processing. Overall,
despite the recent emphasis on the use of ABR for detecting APD in
individuals (Ankmnal-Veeranna et al., 2019), the current findings
suggest that APD is not significantly implicated with deficits in
basic sensory auditory processes, at least with respect to traditional
non-speech ABR stimuli (i.e., clicks). Overall, the findings from the
current meta-analysis are consistent with the findings of Filippini
and Schochat (2009), Allen and Allan (2014), and Morlet et al.
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FIGURE 3

extending horizontal lines denoting 95% confidence intervals.

Forest plots depicting the Cohen'’s d (x-axis) peak amplitude difference between the APD and non-APD groups for ABR waves | (A), lll (B), and V (C) in
each study (y-axis). The width of the solid squares reflects the weight contributed by the respective study toward the overall effect size, with

A

Wave V (n=8)

Wave III (n=6)

Wave I (n=6) ‘

10 05 00 05 10
Pooled effect size

FIGURE 4

I, and V.
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(2019) in terms of ABR peak amplitudes and latencies in those
with APD.

These findings could be explained by a variety of factors,
such as:

(1) ABR metrics: the current meta-analysis analyzed the metrics
that were most commonly available across the included
studies, i.e., amplitude and latency of ABR waves I, III, and

Frontiersin Audiology and Otology

V. Even though these three waves have historically been
considered as major landmarks of traditional ABR (Xie et al.,
2018), there are additional potentially informative metrics,
such as the interpeak latency difference (e.g., IILI, V:I, V:III),
amplitude ratios (e.g., V/I amplitude ratio), and the slope of
the peak, each of which play key roles in the identification
and differential diagnosis of the loci of lesions or processing
deficits (Montaguti et al., 2007; Sato et al., 2009; McCullagh

07 frontiersin.org


https://doi.org/10.3389/fauot.2024.1369716
https://www.frontiersin.org/journals/audiology-and-otology
https://www.frontiersin.org

Maggu et al.

et al., 2020). Future studies should therefore routinely report
these additional metrics to enable a more comprehensive
understanding of the putative brainstem contributions
toward APD.
(2) APD diagnostic criteria: In most of the studies included in
the current meta-analysis, individuals were diagnosed with
APD based on their reduced performance on a behavioral
APD test battery. However, diagnosing APD on the basis
of behavioral tests remains problematic because this might
additionally recruit higher-order confounding factors such
as language, memory, and attention (Dawes and Bishop,
2009, 2010; Sharma et al., 2009; Miller and Wagstaff,
20115 de Wit et al, 2016, 2018). As a result, the existing
behavioral tests and criteria for an APD diagnosis might
be unable to capture the deficits that are specific to the
auditory domain (Moore, 2018; Vermiglio, 2018; Ankmnal-
Veeranna et al., 2019; Maggu and Overath, 2021). Put
differently, the current null result (no significant difference
in the ABR measures between individuals with and without
APD) does not preclude the possibility that there exist
basic auditory processing differences between non-APD and
APD individuals.
Stimuli: As stated above, the majority of the previous APD

—~
W
~

studies using ABRs used clicks (or tonebursts) as stimuli.
It is possible that these stimuli are simply not sensitive
or complex enough for revealing deficits in the auditory
brainstem as they pertain to APD. For example, clicks are
known to stimulate the basal region (i.e., higher frequencies)
of the basilar membrane more than the apical region (Neely
et al., 1988; Dau et al,, 2000), while tonebursts excite only
a narrow region on the basilar membrane that is sensitive
to their particular frequency (e.g., 1,000 Hz). In contrast,
a more holistic stimulus such as the “optimized chirp”
(Dau et al., 2000), which stimulates both basal and apical
regions of the cochlear partition and thereby more evenly
captures responses from both low and high frequencies,
could be employed to more comprehensively study the ABR.
Similarly, frequency following responses elicited with brief
speech stimuli (e.g., 40 ms/da/) (Skoe and Kraus, 2010)
could potentially be useful in understanding APD-related
deficits in auditory processing at the level of the subcortical
auditory system.

In addition to the above-mentioned general factors, it is
worth noting that with respect to peak latency, one study stood
out (Ankmnal-Veeranna et al., 2019), in that it reported large
differences between the APD and non-APD groups for wave I,
III, and V latencies. Compared to the other studies in this meta-
analysis, the study by Ankmnal-Veeranna et al. (2019) differs
from the others in at least two respects. First, their study had
a larger sample size (n = 216 for APD, n = 44 for non-APD)
compared to the other studies (whose sample sizes ranged from
20 to 60 subjects in each group). Second, the participants that
were included in their APD group were not actually formally
diagnosed using the currently accepted behavioral APD test battery
(American Speech-Language-Hearing Association, 2005b); instead,
they were included simply based on referrals by physicians,
teachers, community audiologists, family friends, or parents for
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their concern regarding the children’s hearing abilities. If these
children exhibited reduced performance on the screening checklists
for auditory processing problems and educational risk [Children
Auditory Performance Scale (Smoski et al., 1998) and Screening
Identification for Targeting Educational Risk (Anderson, 1989)],
Ankmnal-Veeranna et al. (2019) included them in the APD group.
As a result, they referred to their participants as suspected-APD
or sAPD. In comparison, it is noteworthy that the other studies
(which used behavioral APD tests to diagnose APD) only showed
a small to negligible effect on ABR peak latencies. For example,
the participants in both APD and non-APD groups in the study by
Allen and Allan (2014), were reported to have listening difficulties
but were classified as APD vs. non-APD based on their performance
on behavioral tests and were found to not significantly differ on the
ABR measures.

The lack of significant ABR differences between individuals
with vs. without APD can be interpreted in (at least) two ways.
One possibility is that APD is indeed not associated with basic
sensory auditory processing deficits, but only arises from later,
central auditory processing deficits. Second, differences in basic
auditory processes between individuals with and without APD do
indeed exist, but the standard simple ABR measures alone are
not sensitive enough to capture them. For example, deficits in the
auditory brainstem at the level of the superior olivary colliculi
can be detected by evaluating binaural listening. However, given
the paucity of studies investigating binaural ABRs in APD [e.g.,
binaural interaction component (BIC)], at the moment it is difficult
to understand the effects of APD on binaural ABRs.

In order to better understand these possibilities, we suggest
targeting the early auditory system with a battery of objective
(physiological and electrophysiological) tests—rather than purely
behavioral tests—that may prove instrumental in identifying the
deficits associated with APD in the early auditory nervous system
(Maggu and Overath, 2021), particularly those children who exhibit
challenges in their listening abilities (e.g., speech perception in
noise). By employing such an objective test battery, APD testing will
adhere to the standpoint of American Speech-Language-Hearing
Association, 2005a,b) with respect to the domain specificity of APD
to the “auditory domain” and the auditory neural origins of APD.
We suggest an objective test battery that contains both tests that
evaluate for deficits in the peripheral auditory nervous system (also
known as site-based tests), as well as tests that evaluate for deficits
in the basic auditory “processes” such as speech-in-noise, frequency
discrimination, localization, and binaural interaction (also known
as process-based tests). We propose that an APD diagnosis is only
warranted if performance is poor on the objective test battery
(Maggu and Overath, 2021).

Limitations

One of the chief limitations of the current study is the
heterogeneity across the selected studies. More specifically, the
included studies differed from each other in terms of intensity
levels, repetition rates, and behavioral diagnostic criteria. Another
key limitation of the current study could be the relatively smaller
sample of the included studies (i.e., n = 8). We believe that this is
mainly due to the paucity of studies that have been conducted in
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this direction comparing the APD and non-APD groups across the
click-ABR measures. Although we tried to include as many studies
as possible in the current meta-analysis, as a result of the limited
sample size, the current meta-analysis could not perform statistical
analysis pertaining to selection bias.

Future directions

The current meta-analysis provides a starting point toward
understanding the basic sensory auditory processing in individuals
with APD. We found no significant difference between those with
and without APD on click-evoked ABR waves I, ITI, and V latencies
and amplitudes. However, there is a need for future studies to revisit
this research question and strengthen the volume of research to
achieve a more comprehensive and conclusive understanding. In
addition to expanding the range of click-evoked ABR metrics (peak
amplitude and latency, interpeak amplitude and latency, amplitude
ratio, and wave slope), BIC, and ABR stimuli (e.g., optimized chirp,
40 ms/da/), future studies should also consider investigating other
neural aspects of basic auditory processing (e.g., efferent system).
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