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Background: Auditory temporal processing tests are key clinical measures in order to
diagnose central auditory processing disorder (CAPD). Although these tests have been
used for decades, there is no up-to-date evidence to determine the effectiveness of
detecting the abnormalities in central auditory processing in adults while the available
national CAPD guidelines predominantly address CAPD in the pediatric population.

Purpose: To determine the efficacy of the auditory temporal ordering tests [duration
pattern test (DPT) and frequency pattern test (FPT)], and a temporal resolution test
[gaps-in-noise (GIN) test] for detecting the central auditory processing abnormalities in
adults with documented brain pathology.

Research Design: Systematic reviews and meta-analyses.

Study samples: Four databases, including PubMed, Web of Science, Embase, and
Scopus, were systematically searched. The publications in the English language that
recruited adults (above 16 years old) with pathologic brain conditions and described the
diagnostic tests for auditory temporal processing were selected for review.

Data Collections and Analysis: All data were systematically evaluated,
extracted, categorized, and summarized in tables. The meta-analysis was
done in order to determine the effectiveness of the DPT, FPT, and GIN tests.
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Results: The results showed significantly poorer performance of DPT and FPT,
compared between participants with confirmed brain disease and normal controls, at the
mean differences of percent correct —21.93 (95% CI, —26.58 to —17.29) and —31.37
(95% CI, —40.55 to —22.19), respectively. Subjects with brain pathology also performed
poorer in GIN test at the mean difference of 3.19 milliseconds (95% Cl, 2.51 to 3.87).

Conclusion: The results from the meta-analysis provide evidence that DPT, FPT, and
GIN clinical measures are effective in the diagnosis of CAPD in adults with neurological
disorders. Poor performance on these tests is significantly related to the confirmed
brain pathology. However, different units in results presentation and variety of testing
strategies are limitations for this meta-analysis. The standard pattern of result reporting
and international protocols test strategies should be developed in order to conduct better
meta-analyses with a larger collection of suitable studies and less heterogeneity.

Keywords: auditory temporal processing, temporal ordering test, temporal resolution test, gaps-in-noise test,

frequency pattern test, duration pattern test

INTRODUCTION

Definition of Auditory Processing Disorder
Central auditory processing disorder (CAPD) is a clinical
diagnosis that is characterized by normal (or near-normal)
hearing thresholds and a variety of hearing symptoms, including
difficulties understanding speech in noisy environments,
discriminating speech, localizing sounds, auditory inattention,
or memory difficulties, that arise due to abnormal auditory
processing within the brain. Individuals with CAPD require
multisensory cues to support their listening and may experience
cognitive or language difficulties (1). These auditory difficulties
are not specific to CAPD, as they may also present in other
disorders, for example, autism spectrum disorder (ASD),
attention deficit disorder, or cognitive disorders (1).

There is a variety of tests that assess the different auditory
processing domains, including auditory discrimination,
temporal processing, dichotic listening, low-redundancy
speech recognition (monaural), and binaural interaction (2).
Baseline audiological assessments such as standard pure-tone
audiometry, speech-in-quiet audiometry, otoacoustic emissions,
and electrophysiological measures are also important when
assessing for CAPD in order to control for the presence of
peripheral auditory impairment, and complement behavioral
auditory processing tests.

Overview of Central Auditory Processing

and Tests

The central auditory nervous system (CANS) starts at the
cochlear nucleus in the brainstem and extends up to the primary
auditory cortex and association cortices (3). The peripheral
sensory input is transferred ipsilaterally and contralaterally.
This signal is processed in serial and parallel at various levels
of the auditory pathway, resulting in the complex processing
of auditory signals (3). The CAPD battery tests are not site-
specific. For example, temporal ordering and dichotic listening
tests could both detect abnormalities of bilateral auditory cortex

and interhemispheric function, as well as abnormalities in the
brainstem (3). Because of the complex structure of CANS
with its overlapping multilevel neural networks that subserve
different facets of auditory processing, a single CAPD test
may not sufficiently diagnose CAPD (2, 3). Multiple tests are
needed to evaluate the function of the CANS and determine the
possible site of lesion in order to explain the patient-reported
listening difficulties.

Although there are various types of tests for CANS assessment,
this review focuses on the studies that evaluate the ability of
auditory temporal processing tests that are commonly used in
clinical applications for central auditory processing evaluation
(3,4).

Auditory Temporal Processing Assessment
Auditory temporal processing is important for the detection
and discrimination of syllable, phoneme, and stress patterns
and phonological awareness. Temporal processing of rhythm,
meter, and tempo also supports musical perception (5). There
are four subprocesses of auditory temporal processing: (1)
temporal ordering or sequencing, (2) temporal resolution or
discrimination, (3) temporal integration, and (4) temporal
masking. The first two subprocesses are more established in
clinics in order to evaluate the central auditory processing
function of patients, since there are no commercially available
tests of temporal masking and temporal integration (6). Thus,
this review focuses on studies that evaluate auditory temporal
ordering and temporal resolution processing.

Temporal Ordering Tests

The temporal ordering tests refer to the processing of the
presence of different auditory stimuli in the pattern of occurrence
in defined time (6). The frequently used clinical tests for
temporal ordering evaluation are duration pattern test (DPT)
and frequency pattern test (FPT) (2, 7, 8). Temporal ordering
tests provide the information on bilateral hemispheres function,
integration via the corpus callosum, and association to cognitive
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and perceptual processes (6). DPT and FPT have good sensitivity,
specificity, and test-retest reliability for patients with cerebral
lesions (7-9). However, FPT was less sensitive to the brainstem
lesions compared to the cerebral lesion at 45% and 83%,
respectively (8). In contrast, DPT is more likely to be abnormal in
brainstem lesions (9). Although DPT and FPT are both temporal
ordering tests, there is no correlation between the two (10), so
they cannot be used alternatively.

Temporal Resolution Tests

Temporal resolution tests assess the shortest duration that
subjects can distinguish between two auditory stimuli (6).
The gaps-in-noise (GIN) test became popular because it can
be applied in subjects with cognitive problems or peripheral
hearing loss at a specific frequency (2, 11). Musiek et al. (12)
showed a significantly poorer GIN performance in a neurological
group with confirmed CANS involvement compared to normal
controls. They proposed that the GIN test can be reliably used to
detect abnormalities in central auditory processing particularly
for lesions at the auditory cortex level. They also reported good
test-retest reliability. However, there are some limitations of GIN
test in that it is time-consuming and may not be sensitive to
detect lesions at the brainstem (6, 12).

Rationale and Aim of the Study

The majority of published CAPD guidelines discuss auditory
processing assessments in children. Little can be found on
CAPD in adults in these guidelines. Most current papers report

the use of CAPD tests to evaluate adults with documented
underlying diseases, such as stroke, that may affect central
auditory processing. There is no uniformly accepted gold
standard diagnostic battery or diagnostic criteria for CAPD. In
the absence of this, it has been argued that auditory processing
tests should be evaluated against documented CANS lesions to
establish their sensitivity and specificity (2, 12-14).

The aim of this review paper is to determine the efficacy
of temporal ordering tests (DPT and FPT) and a temporal
resolution test (GIN test) and provide scientific evidence of their
value in detecting central auditory processing abnormalities in
individuals with documented adult-onset brain disorders who
have well-established and/or documented brain pathology.

MATERIALS AND METHODS

Database Searching

The protocols of Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) guideline (15) and the
Cochrane guideline for the intervention and the diagnostic test
accuracy (16, 17) were followed. Four databases (PubMed, Web
of Science, Embase, and Scopus) were systematically searched.
These four medical databases provide comprehensive search
result using keywords that automatically match the MeSH terms.
The inclusion criteria were (1) studies describing the tests for
auditory temporal ordering or temporal resolution, (2) studies
with only adult participants aged above 16 years old with
documented brain diseases, and (3) publication in the English

1,008 of records identified through
database searching

}

554 of records after duplicates
removed

I

218 records from PubMed

298 records from Web of Science
284 records from EMBASE

208 records from Scopus

o

554 of records screened

246 of records excluded ‘

}

308 of full-text articles assessed for
eligibility

|

293 of records excluded ‘

!

15 of studies included in qualitative
synthesis

4 studies excluded for meta-analysis

P « 2 studies: Turgeon et al. (2011) and Parsons et al. (2009):
different unit of presented results

* 1 study: Han et al. (2011): no comparison to the control
group and different unit of presented results

* 1 study: Musiek (2005): no standard deviation (SD) provided

11 of studies included in quantitative
synthesis (meta-analysis)

FIGURE 1 | Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram.
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language. The studies that recruited children participants or
published in non-English language were excluded from this
review. The studies that evaluated the auditory processing
using only electrophysiological or imaging investigations without
the behavioral auditory processing tests were excluded. Also,
studies that conducted the tests in adult participants with
cognitive, psychological/psychiatric, or developmental (early-
onset) disorders were excluded.

The publications in the past 20 years were searched on the four
databases. The database searching was completed on September
15,2020, by SC and NK using the search terms “duration pattern
test”, “frequency pattern test”, “GIN”, “gaps in noise”, “temporal
resolution”, “temporal discrimination”, “temporal ordering”,
and “temporal sequencing” combined with “auditory process*.”
After the duplicates were removed, in order to avoid bias, the
eligibility of papers was independently reviewed by at least two
authors at each key step, including abstract screening, full-
text reading, and data extraction. The results of assessments
were then compared and determined for agreement in order
to include the suitable studies for the systematic review and
meta-analysis. If the consensus could not be reached by the
two researchers, the studies were further evaluated and judged
by a third reviewer. The risk of bias of the selected studies
was evaluated following the QUADAS-2 (quality assessment of
diagnostic accuracy studies) (18) and the Newcastle-Ottawa
Scale (NOS; for case control studies) (19). The PICO format
(20), P—patient, problem, or population; I—intervention; C—
comparison, control or comparator; O—outcome, was applied to
compare the auditory temporal processing performance between
the normal individuals and individuals with underlying brain
disease as follows:

P: Adult participants without cognitive problems who
underwent auditory temporal processing tests

I: Auditory temporal ordering tests or auditory temporal
resolution tests

C: Comparison of results from each test between the normal
participants and participants with underlying neurological
brain conditions

O: Auditory temporal processing function.

Data Analysis and Meta-Analysis

The studies that met the eligibility criteria were included in
this review. All studies were categorized by the subtypes of the
auditory temporal processing tests and subsequently classified
by underlying conditions of participants. Participants with
neurologic adult-onset brain conditions were diagnosed on the
basis of neuroimaging and/or electroencephalography (EEG)
investigations: computerized tomography (CT) scan, magnetic
resonance imaging (MRI), other neuroimaging, or EEG, and/or
a formal diagnosis of neurological brain disorder made by a
medical specialist according to accepted diagnostic criteria. All
data were systematically evaluated, extracted, categorized, and
summarized in tables. To assess the effectiveness of the tests,
only studies that recruited participants with confirmed brain
disorders with control comparison were considered for further
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FIGURE 2 | Risk of bias and applicability concern summary following the
QUADAS-2 (quality assessment of diagnostic accuracy studies) criteria.

meta-analysis by using the evidence of documented brain lesions
as a gold standard.

To perform the meta-analysis, the studies that reported
participants with documented structural or functional brain
lesions were considered for eligibility, depending on the presence
of comparison between the disease and control groups and the
similarity of the unit reported in the result of each study. The
Review Manager (RevMan) program version 5.4.1, suggested by
the Cochrane Collaboration (21), was applied for meta-analysis.
The random effect model with 95% confidence interval (CI)
difference was applied in order to compare the mean difference
between the normal control groups and the documented organic
brain groups. The results from the meta-analysis were interpreted
in terms of the mean difference, 95% CI, and heterogeneity,
determined by I? statistic.

RESULTS

The schemes of database searching and the results according to
the PRISMA guideline are shown in Figure 1.
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TABLE 1| Risk of bias evaluation results using the NOS for case control studies.

Study ID Selection Comparability Exposure Total (8 %)

Is the case  Representativeness Selection of Definition of (%) Ascertainment Same method of

definition of the cases (x) controls (x)  controls (x) of exposure (*) ascertainment for

adequate? (x) cases and controls (x)

Aravindkumar * * * * *- * - 6
etal. (22)
Bamiou et al. * * * * * * * - 7
(23
Elbeltagy - * * * * % * - 6
et al. (24)
Jafari et al. * * * * * * * - 7
(25)
Koohi et al. * * * * * * * - 7
(26)
Lavasani et al. * * * * * % * - 7
@7)
Meneguello - * * * * % * - 6
etal. (28)
Musiek et al. * * * * *- * - 6
(12)
Musiek et al. * * * * * * * - 7
(13)
Parson et al. * * * * *- * - 6
(29)
Rabelo et al. * * * * *- * - 6
(30)
Troche et al. * * * * *- * - 6
(31)
Turgeon et al., * * * * *- * - 6
(32
Valadbeigi * * * * * % * - 7
et al. (33)

NOS, Newcastle-Ottawa Scale.

"The study by Han et al. (34) was not included in NOS evaluation because there was no control in the studly.

After duplicates and ineligible study exclusion and the
full-text assessment, 15 studies were recruited in this review.
The risk of bias evaluation results, using QUADAS-2 and
NOS, were shown in Figure2 and Table1, respectively.
Only 11 studies were included in the meta-analysis.
Four studies were excluded due to the reasons shown
in Figurel. These studies were classified by the CAPD
test categories and underlying conditions and summarized
in Tables 2-4.

Temporal Ordering Tests

Duration Pattern Test

Eight studies (23, 25, 27, 28, 31-34) used DPT on participants
with documented structural/functional brain disease (Table 2).
Six of these studies (23, 25, 27, 28, 31, 33), which presented the
result in the percent correct DPT and had control comparison,
were further statistically analyzed (Figure 3). Jafari et al. (25)
and Lavasani et al. (27) reported the DPT by side of brain
pathology in terms of right brain damage (RBD) vs. left
(LBD) and right temporal lobe epilepsy (RTLE) vs. left (LTLE),

respectively. In order to conduct the meta-analysis, the results
from both sides of brain pathology were combined. The DPT
results from the studies of Jafari et al. (25), Lavasani et al.
(27), Valadbeigi et al. (33), Bamiou et al. (23), and Meneguello,
Leonhardt, and Pereira (28) were presented in separate ears,
while Troche et al. (31) showed the overall result from both
ears in the different test strategies, which were the duration with
large (DurL) and small (DurS) perceptual distance, determined
by the difference in pairs of tones by a large amount [ie,
2,000 milliseconds (msec)] and a small amount (i.e., 500 msec),
respectively. The mean performance of DPT in participants
with diseases was significantly poorer than the controls with
the mean difference of —21.93 (95% CI, —26.58 to —17.29).
However, there was a high heterogeneity according to an I?
value of 89%. Afterward, all papers were reevaluated, and the
cause of heterogeneity was suspected to arise from the study
by Troche et al. (31) due to the different test strategies the
authors used. A sensitivity analysis was thus conducted. However,
the I* was still high without significant change of overall
effect (Figure 4).
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TABLE 2 | Tests for auditory temporal ordering or sequencing: DPT in participants with documented organic brain diseases.

Study Comparison Underlying Group of participants in study Analysis by
between disease conditions RevMan
and control group  of participants Group 1 (control Group 2 Group 3
group)
Bamiou et al. (23) Yes Participants in the Age and hearing Insular stroke — Yes
Totaln =16 disease group had matched controls participants
insular stroke, n=238 n=28
confirmed by MRI. Age = N/A Age = 63 (range
M:F = N/A 36-79)
M:F =5:3
Results presented in percent correct (Mean + SD) without statistical
evaluation
RE =89 + 11 RE =43 + 12 —
LE=944+9 LE=414+9
Han et al. (34) No Normal-hearing - TLE participants - No
Totaln =28 participants with n=28 (Due to no
documented TLE, Age = 38.3 comparison to the
diagnosed by clinical M:F = 20:8 control group and
history and several Average duration of different unit of
investigations. They having epilepsy = 20.0 presented results)
were also treated with + 11.4 years
AEDs. Results presented in overall percentage of patients with abnormal score
— RTLE = 53.3% —
LTLE = 60%
Bilateral TLE = 66.7%
Jafari et al. (25) Yes Participants in the Normal controls Poststroke with RBD Poststroke with LBD Yes
Totaln =70 disease group had (right-brain damage) (left-brain damage)
history of stroke, n=25 n=25 n=20
confirmed by MRI. Age =50.52 £9.65 Age=51.68+ 10.18 Age=52.91 +£9.74
M:F =18:7 M:F = 19:6 M:F =14:6
72% thrombotic stroke,64% thrombotic stroke,
28% embolic stroke  36% embolic stroke
Results were presented in percent correct (Mean + SD)
RE=90.71 £ 7.16 RE=79.80+9.35 RE=6249+954
LE=91.81 +£7.56 LE=73.04 £7.86 LE =78.38 £9.05
(significant difference  (significant difference
from controls, from controls,
p < 0.001) p < 0.001)
Combined data of RBD and LBD groups
RE =72.1 £9.33
LE =75.41 £ 8.31
Lavasani et al. (27) VYes Participants in Age-matched Right temporal lobe Left temporal lobe Yes
Totaln = 43 disease groups healthy controls epilepsy (RTLE) epilepsy (LTLE)
were diagnosed TLE n =18 n=11 n=14
with normal hearing  Age = 29.4 Age = 31.1 Age = 31.1
threshold. M:F = N/A M:F = N/A M:F = N/A
Results were presented in percent correct (Mean + SD). Authors
reported significant worse performance in LTLE groups, but there
was no significant difference between control and RTLE groups.
RE =94.99 + 4.9 RE = 93.6 + 6.04 RE =63.08 £ 2.2
LE=92.6+55 LE=93.6+6.2 LE = 63.50 + 2.34
Combined data of RTLE & LTLE groups
RE = 76.51 &+ 4.22
LE=76.74 £ 4.36
Meneguello et al. Yes All participants had ~ Normal controls TLE participants - Yes
(28) Totaln =18 normal hearing. n=10 n=28
Participants in the Age = 29 Age = 36.38
disease group were  M:F = 4:6 M:F = 4:4
confirmed their
diagnosis with TLE
and prescribed AED.
(Continued)
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TABLE 2 | Continued

Study Comparison Underlying Group of participants in study Analysis by
between disease conditions RevMan
and control group  of participants Group 1 (control Group 2 Group 3
group)
Results presented in percent correct (Mean + SD) without statistical
evaluation
RE =85.2 + 17.33 RE = 53.25 + 26.87 —
LE=87.5+15.78 LE =56.62 + 28.16
Troche et al. (31) Yes Participants in disease Age-matched Parkinson’s disease — Yes
Totaln = 27 groups had mild to controls
moderate Parkinson’s n =12 n=12
disease [defined by  Age =70.3 £5.9 Age = 68.3 + 8.7
Hoehn and Yahr (35), M:F =8:7 M:F =7:5
Stage Il Results presented in percent correct (Mean + SD).
classification]. Authors concluded no significant difference between
groups, F(4,25, p > 0.05
DurS = 92.50 + 10.35 DurS = 86.46 + 24.69 —
DurL = 100.00 + 0 DurL = 95.83 + 14.43
Turgeon et al. (32) Yes Participants in disease Normal controls Concussed group — No
Totaln =16 groups had history of n =8 n=28 (Due to different
sport-related Age =221+ 16 Age = 23.5 £ 3.38 units of presented
concussions, identified M:F = N/A M:F = N/A results)
by the criteria from the Results presented in percentage of errors in individual
American Academy of participants without statistical evaluation performed
Neurology (Practice N/A Percent errors from 2 —
parameter 2000) and )
concussed subjects
all athletes completed
a Post-Concussive were 2 SD above those
. of the non-concussed
Symptom Checklist ) .
(Aubry et al., (36) group (subject 6: RE =
43% and LE = 17%;
subject 8: RE = 13%)
Valadbeigi et al. (33) Yes Participants in disease Matched normal MS — Yes
Total n = 52 groups were controls
diagnosed n=26 n=26
relapsing-remitting Age =27.7 £ 5.2 Age =28.9 + 4.1
MS, by neurologists ~ M:F = N/A M:F = N/A

and MRI, with normal
hearing threshold.

Results were presented in percent correct (Mean = SD). Authors
reported significant difference performance between groups.

RE =85.6 £ 6.5 RE =64.3 +£6.9 —
LE=286.4+6.1 LE=67.6+56

DPT, duration pattern test; M:F, male:female; AEDs, antiepileptic drugs; MS, multiple sclerosis; TLE, temporal lobe epilepsy; RE, right ear; LE, left ear; DurS, duration with small perceptual
distance; Durl, duration with large perceptual distance; RTLE, right temporal lobe epilepsy; LTLE, left temporal lobe epilepsy. Age was presented in years: mean + SD or mean (range).

Frequency Pattern Test

The data extraction for FPT in participants with organic brain
disease from seven studies (13, 23, 24, 29, 31, 32, 34) was
presented in Table 3. Four studies (13, 23, 24, 31) that presented
the results of FPT in percent correct were eligible for statistical
analysis. The studies by Elbeltagyet al. (24), Musiek et al. (13),
and Bamiou et al. (23) presented the results of FPT from each
ear, while the study from Troche et al. (31) presented results
from different test strategies. The forest plot of the meta-analysis
for FPT is depicted in Figure 5. The control groups performed
significantly better in FPT, with the mean difference of —31.37
(95% CI from —40.55 to —22.19). However, the heterogeneity
was high, 2 = 93%. After all studies were reassessed, the study
by Troche et al. (31) was suspected of causing heterogeneity due
to the different strategies of testing. Also, the study by Elbeltagy,

Gad, and Ismail (24) performed FPT in multiple sclerosis (MS)
patients, which were different from the participants in the studies
by Musiek et al. (13) and Bamiou et al. (23). Therefore, to
perform the sensitivity analysis, the studies by Troche et al. (31)
and Elbeltagy, Gad, and Ismail (24) were excluded. The results
showed a significant reduction of heterogeneity from 93% to
0%, while the mean difference was still significantly better in the
control group (mean difference = —53.84 with 95% CI of —61.83
to —45.85) (Figure 6).

Temporal Resolution Test

Several studies used the GIN test to assess temporal resolution
processing in participants with documented structural/functional
brain disease. The data extraction is shown in Table 4. Ten papers
(12, 22-27, 30, 32, 33) were included, but only seven papers that
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TABLE 3 | Tests for auditory temporal processing: FPT in participants with documented organic brain diseases.

Study Comparison Underlying conditions Group of participants in study Analysis by
between disease of participants RevMan
and control group Group 1 (Control group) Group 2
Bamiou et al. (23) VYes Participants in the disease Age and hearing matched Insular stroke participants Yes
Totaln =16 group had insular stroke controls
confirmed by MRI. n=28 n=28
Age = N/A Age = 63 (range 36-79)
M:F = N/A M:F = 5:3
Results presented in percent correct (Mean + SD) without
statistical evaluation.
RE=97+6 RE =41 £+ 30
LE=96+6 LE =48+ 30
Elbeltagy et al. Yes Participants in the disease Matched healthy controls MS Yes
(24) Total n = 40 group were diagnosed MS ~ n =20 n=20
Age =37.3+4.2 Age=376+5
M:F = 12:8 M:F =173
Results were presented in percent correct (Mean + SD).
Authors reported significant difference between groups.
RE =85.8 + 4.5 RE=70.3+3.5
LE=842+47 LE=71.3+4.1
Han et al. (34) No Normal-hearing participants TLE participants No
Totaln =28 with documented TLE, n=28 (Due to no
diagnosed by clinical history Age = 38.3 comparison to the
and several investigations. M:F = 20:8 control group.)
They were also treated with Average duration of having
AEDs. epilepsy = 20.0 + 11.4 years
Results presented in the overall percentage of patients with
abnormal scores.
- RTLE = 80%
LTLE = 80%
Bilateral TLE = 66.7%
Musiek et al. (13)  Yes Participants in the disease Normal controls Stroke Yes
Total n = 49 group had history of stroke, n =29 n=20
confirmed by MRI and CT Age =27.0+ 10.5 Age =28.7 £ 12.2
M:F = 7:22 M:F = 11:9
Normal hearing Site of lesion
e 12 participants with right
hemisphere lesions
e 4 participants with left
hemisphere lesions
e 4 participants with
bilateral lesions.
Results were presented in percent correct (Mean + SD).
Authors claimed the significant difference between two
groups without provided statistical data.
RE =94.06 +£9.74 RE = 43.35 + 29.62
LE=94.46 +7.95 LE =36.15 £+ 29.51
Parsons et al. (29) Yes Participants in the disease Normal controls Cerebellar patient No
Total n = 30 group were diagnosed with  n =15 n=15 (Due to different
cerebellar degeneration with Results were presented in mean pitch discrimination unit of presented
high functioning threshold. Authors reported 5.5 times difference between result.)
two groups (t = 4.34, p < 0.0001)
3.8Hz (SD = 1.6) 20.9Hz (SD = N/A)
Troche etal. (31)  Yes Participants in disease Normal controls Parkinson’s disease Yes
Totaln =27 groups had mild to n=12 n=12
moderate Parkinson’s Age =70.3+5.9 Age = 68.3 + 8.7
disease, defined by Hoehn ~ M:F = 8:7 M:F =7:5

and Yahr (35) Stage II-ll
classification.

Results were presented in percent correct (Mean + SD).
Authors reported significant difference between groups

[Fi1,25 = 16.75, p < 0.05]

DurS =98.89 + 4.3
Durl = 99.17 4+ 3.28

DurS = 68.25 + 36.65
Durl = 93.75 + 18.07

(Continued)
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TABLE 3 | Continued

Study Comparison Underlying conditions Group of participants in study Analysis by
between disease of participants RevMan
and control group Group 1 (Control group) Group 2

Turgeon et al. (32) Yes Participants in disease Normal controls Concussed group No
Totaln =16 groups had history of n=38 n=2=8 (Due to the

sport-related concussions,

Age =221+1.6

Age = 23.5 + 3.38 difference of units

identified by the criteria from
the American Academy of

Results presented in the percentage of errors of individual
participants, without statistical evaluation.

in the presented
result.)

Neurology (Practice
parameter 2000) and all
athletes completed a
Post-Concussive Symptom
Checklist (Aubry et al., (36))

N/A

Percent of errors from 3
concussed subjects were normal
values (subject 3: RE = 30%;
subject 5: LE = 54%; subject 6:
RE = 33% and LE = 40%).

FPT, frequency pattern test; M:F, male:female; AEDs, antiepileptic drugs, TLE, temporal lobe epilepsy; RE, right ear; LE, left ear; DurS, duration with small perceptual distance; DurlL,
duration with large perceptual distance; RTLE, right temporal lobe epilepsy; LTLE, left temporal lobe epilepsy. Age was presented in years: mean + SD or mean (range).

presented GIN results in terms of thresholds (duration of the
gap in milliseconds) were further processed in the meta-analysis.
The studies by Rabelo, Weihing, and Schochat (30) reported the
results separated by ears. Jafari et al. (25), Lavasani et al. (27), and
Bamiou et al. (23) reported the GIN results separated by ears and
sides of lesions. Data from both sides of lesions were combined
together with the raw data from Koohi et al. (26) in order to
conduct the meta-analysis. The forest plot from the meta-analysis
showed better performance of GIN in the normal control groups
with a mean difference of 3.19 msec (95% CI, 2.51 to 3.87)
with high heterogeneity (> = 86%) (Figure 7). Due to the high
heterogeneity, the subgroup analysis was done by categorizing
into the stroke subgroup and TLE (or mesial temporal sclerosis)
subgroup. The study by Elbeltagy, Gad, and Ismail (24), which
reported the GIN result in MS patients, could not be included
to these two groups. The heterogeneity decreased from the I? of
86% to 59% in the stroke subgroup and 51% in the TLE subgroup
(Figure 8). However, there was no significant subgroup effect
(p=0.51, > = 0%).

DISCUSSION

This study aimed to determine the efficacy of auditory temporal
processing tests for detecting central auditory processing
abnormalities in adults who have well-established and/or
documented brain pathology. Confirmed pathology in the
brain was used as the gold reference standard to determine
the efficacy of the temporal processing tests in detecting
auditory processing deficits. The results from three meta-analyses
from DPT, FPT, and GIN tests all showed poorer central
auditory processing abilities in individuals with documented
brain pathology compared to normal controls. Overall, the
meta-analysis provided essential evidence that DPT, FPT, and
GIN are valid and sensitive clinical measures for central
auditory assessment in adults. However, the meta-analysis could
not be done in all included studies due to the limitation
of different patterns of result presentation and groups of

participants in studies. The discussion below shows more detail
by topic.

Temporal Ordering Tests

Duration Pattern Test Outcomes

The meta-analysis results in six studies (Figure3) showed
statistically poorer performance in participants with brain
disorder. This result is in line with the report by Vermiglio
(14) that analyzed the data from the study by Musiek et al.
(7) and reported 85.7% sensitivity and 92.0% specificity of
DPT using the participants with documented auditory cortex
involvement as a gold standard. However, this meta-analysis
also showed the presence of a high heterogeneity of data
possibly due to the heterogeneity of the neurological brain
disorders included.

Interestingly, Troche et al. (31) performed different DPT
strategies using DurS and DurL. Although there was no statistical
difference between groups, subjects with Parkinson’s disease
performed better in DurL compared to DurS. The basal ganglia
may contribute to auditory rhythm detection (37); however,
Parkinson’s disease can also cause cognitive decline (38). While
the meta-analysis provided some evidence for the potential of
DPT for diagnosing CAPD, clinicians should be aware that the
DPT results could be affected by the different DPT strategies of
testing the characteristics of brain pathology and the involved
locations of the underlying brain diseases.

Frequency Pattern Test Outcomes

According to the meta-analysis and sensitivity analysis
(Figures 5, 6), the study by Troche et al. (31) and Elbeltagy
et al. (24) were the cause of heterogeneity. The study by
Troche et al. (31) differed from the other two studies
(13, 23) in terms of the characteristics of the underlying
brain pathology (Parkinson’s disease) and test strategies,
while the study by Elbeltagy et al. (24) performed FPT in
participants with MS. Bamiou et al. (23) and Musiek and
Chermak (13) conducted FPT in participants with confirmed
brain lesions that involved the auditory region. According
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TABLE 4 | Tests for auditory temporal resolution or discrimination: GIN test in participants with documented organic brain disease.

Study Comparison Underlying conditions Group of participants in study Analysis by
between disease of participants RevMan
and control group Group 1 (Control Group 2 Group 3
group)
Aravindkumar Yes All participants had normal  Normal healthy Right MTS Left MTS Yes
et al. (22) Totaln =76 hearing. Participants in controls
disease group were n=>50 n=13 n=13
diagnosed with refractory Age = 26.3 £ 5.17 Age =31.0 £ 7.67 Age = 25.76 + 8.26
complex partial seizures M:F = 28:22 M:F = 8:5 M:F = 9:4
and MTS. Results were presented in msec of GIN threshold (Mean +
SD). Authors reported significant differences between
groups.
RE =5.22 £ 1.11 RE =8.15+2.34 RE =9.54 + 3.67
LE =5.06 + 1.00 LE =7.85+ 3.00 LE =10.15 + 4.06
Combined data of RTLE and LTLE groups
RE =8.85 + 3.02
LE =9.00 + 3.50
Bamiou et al. (23) Yes Participants in disease Age and hearing Insular stroke Insular stroke Yes
Totaln =16 group had insular stroke, matched controls participants (RBD) participants (LBD)
confirmed by MRI n=28 n=>5 n=3
Age = N/A Age = N/A Age = N/A
M:F = N/A M:F = N/A M:F = N/A
GIN threshold results presented in msec (Mean + SD),
without statistical evaluation
RE=4+1 RE=8+2 RE=11+3
LE=5+1 LE=9+1 LE=6+2
Combined data of RBD & LBD groups
RE =9.125 £ 2.20
LE =7.875 £ 1.31
Elbeltagy etal.  Yes Participants in the disease ~ Matched healthy MS - Yes
(24) Total n =40 group were diagnosed MS  controls
n=20 n=20
Age =37.3+4.2 Age=376=+5
M:F =12:8 M:F =17:3
Results (GIN threshold) presented in msec (Mean + SD).
Authors reported significant differences between groups.
RE=4.4+05 RE=9.1+1.0 —
LE=47+07 LE=98+1.6
Jafari et al. (25) Yes Participants in the disease ~ Normal controls Post-stroke with Post-stroke with Yes
Totaln =70 group had history of stroke, RBD LBD
confirmed by MRI. n=25 n=25 n=20
Age = 50.52 + 9.65 Age =51.68 £10.18 Age=52.91 +9.74
M:F =18:7 M:F = 19:6 M:F = 14:6
72% thrombotic stroke, 64% thrombotic stroke,
28% embolic stroke 36% embolic stroke
Results (GIN threshold) presented in msec (Mean + SD)
RE =6.40 + 1.84 RE =8.32 + 3.21 RE =9.50 + 2.39
LE =6.52 + 1.50 LE =956 + 2.34 LE =8.15 4+ 3.01
Combined data of RBD and LBD groups
RE =8.84 +£2.84
LE =8.93 +2.63
Koohi et al. (26) VYes Participants in disease Normal controls Stroke (from raw Yes
Totaln = 82 groups had a history of (from raw data) data)
stroke, confirmed by MRI. n=32 n=43
Their auditory functions Age =47.72 £13.06 Age =58.07 + 14.32
were assessed at 3-12 M:F = 9:23 M:F = 34:9
months after the onset of
stroke.
(Continued)
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TABLE 4 | Continued

Study Comparison Underlying conditions Group of participants in study Analysis by
between disease of participants RevMan
and control group Group 1 (Control Group 2 Group 3
group)
Results were published in number of subjects with normal
and abnormal results. However, the authors provided the
raw data in order to recruit to the meta-analysis.
RE = 5.94 + 0.98 RE = 7.93 + 1.91
LE=591+0.73 LE=8.26 + 2.71
Lavasani et al. Yes Participants in disease Age-matched RTLE LTLE Yes
27) Totaln =43 groups were diagnosed with healthy controls
TLE with normal hearing n=18 n=11 n=14
threshold. Age = 29.4 Age = 31.1 Age = 31.1
M:F = N/A M:F = N/A M:F = N/A
Results were presented in msec of GIN threshold (Mean +
SD). Authors reported significantly worse GIN threshold in
the TLE groups.
RE =4.77 £ 0.54 RE=7.09+22 RE=6.64+29
LE=5.1+0.83 LE=7.18+23 LE=720+26
Combined data of RTLE and LTLE groups
RE = 6.84 + 2.56
LE=7.194+2.42
Musiek et al. (12) Yes All participants had normal  Normal controls Neurological — No
Total n = 46 hearing. Participants in the participants [Due to no
disease group had n =250 n=18 standard deviation
confirmed neurological Age = 24.6 (range Age = 46.4 (range (SD) provided]
involvement to central 13-46) 20-65)
auditory processing. M:F = 14:36 M:F = 14:4
GIN threshold results presented in msec [Mean (range)]
RE = 4.9 (4-8) RE = 8.5 (5-20) —
LE =4.8 (3-8) LE=7.7 (5-15)
Rabelo et al. (30) Yes All participants had normal  Normal controls Mesial temporal — Yes
Totaln = 46 hearing. Participants in sclerosis
disease group were n =30 n=16
diagnosed mesial temporal  Age = 24.9 + 3.3 Age =38.9 £9.3
sclerosis. Results presented in msec of GIN threshold (Mean + SD)
RE=47+10 RE=7.4+29 -
LE=46+1.0 LE=81+17
Turgeon et al. Yes Participants in disease Normal controls Concussed group — No
(32) Totaln =16 groups had a history of n=28 n=28 (Due to different
sport-related concussions, Age =22.1 + 1.6 Age = 23.5 + 3.38 units of presented

identified by using the
criteria from the American

Results presented in percent of errors of individual

result)

participants
A fN |
cade.my ot Neurology - Percent of errors from -
(Practice parameter 2000) .
2 concussed subjects
and all athletes completed a
. were 2 SD above those
Post-Concussive Symptom
Checkiist (Aubry et al., (36) of the non-concussed
R v group (subject 6: RE =
43% and LE=17%;
subject 8: RE = 13%).
Valadbeigi et al. Yes Participants in disease Matched normal MS — No
(33) Totaln =52 groups were diagnosed controls (Due to no numeric
relapsing-remitting MS, by  n =26 n=26 data provided)
neurologists and MRI, with  Age =27.7 £ 5.2 Age =28.9 £+ 4.1
normal hearing threshold. M:F = N/A M:F = N/A

Results were presented in msec, illustrated box plot without

numeric data. Authors reported a significant difference

between MS and control groups.

GIN, gaps-in-noise; M:F, male:female; MS, multiple sclerosis; MTS, mesial temporal sclerosis; TLE, temporal lobe epilepsy; RE, right ear; LE, left ear; DurS, duration with small perceptual
distance, DurL, duration with large perceptual distance; RTLE, right temporal lobe epilepsy; LTLE, left temporal lobe epilepsy. Age was presented in years, mean + SD.
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Participants with disease

Normal controls

Mean Difference

Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Bamiou (LE) 2006 41 9 8 94 9 8 81% -53.00[-61.82,-44.18) S

Bamiou (RE) 2006 43 12 8 89 1" 8 6.8% -46.00[57.28,-34.72] ———

Jafari (LE) 2016 75.41 8.3 45 9181 7.56 25 106% -16.40[-20.23,-12.57) -

Jafari (RE) 2016 72:11 9.33 45 9071 716 25 10.6% -18.60[-22.51,-14.69) e

Lavasani (LE) 2016 76.74 4.36 25 9286 55 18 109% -15.86[-18.92,-12.80] -

Lavasani (RE) 2016 76.51 422 25 9499 49 18 11.0% -18.48[-21.28,-15.68] -

Meneguello (LE) 2006 56.62 28.16 8 857 1578 10  32% -29.08[5091,-7.25)

Meneguello (RE) 2006 53.25 26.87 8 852 17.33 10 3.3% -31.95[-53.45,-10.45) —_—

Troche (Durl) 2012 95.83 14.43 12 100 0.01 15  85% -4.17 [12.33,3.99] =

Troche (DurS) 2012 86.46 24.69 12 925 1035 15  53% -6.04 [-20.96, 8.88] ——1
Valadbeigi (LE) 2013 67.6 56 26 864 6.1 26 10.9% -18.80[-21.98,-15.62) e

Valadbeigi (RE) 2013 64.3 6.9 26 8586 6.5 26 10.7% -21.30[-24.94,-17.66) =

Total (95% CI) 248 204 100.0% -21.93[-26.58,-17.29] *
Heterogeneity: Tau®= 48.98; Chi*= 104.40, df=11 (P < 0.00001); F= 89% t t t

Test for overall effect: Z=9.25 (P < 0.00001)

-25 0 25

50

FIGURE 3 | Forest plot of meta-analysis for duration pattern test (DPT), comparing between participants with documented brain disease and normal controls.

Participants with disease

Normal controls

Mean Difference

Mean Difference

Study or Subgroup Mean SD  Total Mean  SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Bamiou (LE) 2006 41 9 8 94 9 8 92% -53.00[61.82,-44.18] ——

Bamiou (RE) 2006 43 12 8 89 1N 8 7.7% -46.00[57.28,-34.72] —_—

Jafari (LE) 2016 75.41 8.31 45 9181 756 25 125% -16.40[-20.23,-12.57] -

Jafari (RE) 2016 72.11 9.33 45 9071 7AB 25 12.4% -18.60 [22.51,-14.69] -

Lavasani (LE) 2016 76.74 436 25 926 55 18 12.8% -15.86[18.92,-12.80] -

Lavasani (RE) 2016 76.51 4.22 25 9499 49 18 129% -18.48[21.28,-15.68] -

Meneguello (LE) 2006 56.62  28.16 8 857 1578 10 35% -20.08 [50.91,-7.25] e

Meneguello (RE) 2006 5325  26.87 8 852 17.33 10  36% -31.85[53.45-10.45)

valadbeigi (LE) 2013 67.6 56 26 864 61 26 12.8% -18.80[-21.98,-1562] -

valadbeigi (RE) 2013 64.3 6.9 26 856 65 26 125% -21.30[-24.94,-17.66] -

Total (95% Cl) 224 174 100.0% -24.46 [-29.22, -19.70] &

Heterogeneity: Tau®= 43.59; Chi*= 88.42, df= 9 (P < 0.00001); F= 90% t t t

Test for overall effect: Z=10.07 (P < 0.00001)

FIGURE 4 | Forest plot of duration pattern test (DPT) for sensitivity analysis after excluding the studies from Troche et al. (31).

50

Participants with disease

Normal controls

Mean Difference

Mean Difference

Testfor overall effect: Z= 6.70 (P < 0.00001)

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Bamiou (LE) 2006 48 30 8 96 6 8 9.0% -48.00[-69.20,-26.80]

Bamiou (RE) 2006 41 30 8 97 B 8 9.0% -56.00[77.20,-3480) ———

Elbeltagy (LE) 2019 Ma 41 20 842 47 20 16.9% -12.90[15.63,-1017] G

Elbeltagy (RE) 2019 70.3 35 20 858 45 20 16.9% -15.50[-18.00,-13.00] ol

Musiek (LE) 2011 36.15 29.51 20 9446 795 29 126% -58.31[71.56,-45068 —

Musiek (RE) 2011 4335 29.62 20 9406 974 29 125% -50.71[-64.17,-37.25) i

Troche (Durl) 2012 93.75 18.07 12 9917 3.28 15 141% -5.42[-15.78, 4.94] — T
Troche (DurS) 2012 68.25 36.65 12 9889 43 15  91% -3064[51.49,-9.79] ——

Total (95% CI) 120 144 100.0% -31.37 [-40.55,-22.19] S

Heterogeneity: Tau*= 128.09; Chi*= 98.12, df= 7 (P < 0.00001); F=93% t t t y

FIGURE 5 | Forest plot of meta-analysis for frequency pattern test (FPT), comparing between participants with documented brain disease and normal controls.

to the meta-analysis results, these participants performed
significantly worse in FPT than the controls with 0% of
heterogeneity. Previous studies (13, 14) showed 75.0%
sensitivity and 100.0% specificity of FPT using documented
auditory area involvement as a gold standard. Therefore, the
present results strongly indicate that FPT is directly related
to the function of the auditory cortex, rather than other
cerebral regions.

Temporal Discrimination Tests

Using participants with confirmed brainstem or cerebral lesion
as a gold standard, Musiek et al. (12) reported 67% of sensitivity
and 94% of specificity for the GIN test and also suggested
that the GIN test was more sensitive to cortical lesions (12). A
recent meta-analysis of GIN test in participants with neurological
conditions also reported good sensitivity and specificity in
detecting pathology in the CANS (39). The meta-analysis from

Frontiers in Neurology | www.frontiersin.org

12

June 2021 | Volume 12 | Article 656117


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Chowsilpa et al. Auditory Temporal Processing and Brain Pathology

Participants with disease Normal controls Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Bamiou (LE) 2006 48 30 8 96 B 8 142% -48.00[-69.20,-26.80)
Bamiou (RE) 2006 41 30 8 97 B 8 142% -56.00[-77.20,-3480) ————
Musiek (LE) 2011 36.15 29.51 20 9446 795 29 36.3% -58.31[71.56,-45.06) ——
Musiek (RE) 2011 4335 29.62 20 9406 974 29 353% -50.71[-64.17,-37.25) —
Total (95% CI) 56 74 100.0% -53.84 [-61.83, -45.85] <
Heterogeneity: Tau®= 0.00; Chi*= 0.98, df= 3 (P = 0.81); F= 0% t + } t

Testfor overall effect: Z=13.21 (P < 0.00001)

FIGURE 6 | Forest plot of frequency pattern test (FPT) for sensitivity analysis after excluding the studies by Troche et al. (31) and Elbeltagy et al. (24).

Participants with disease Normal controls Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Aravindkumar (LE) 2012 9 35 26 5.06 1 50 6.4% 3.94 [2.57,5.31) ——
Aravindkumar (RE) 2012 8.85 3.02 26 522 1.1 50 6.8% 3.63[2.43,483) —
Bamiou (LE) 2006 7.875 1.31 8 5 1 8 7.0% 2.88[1.73,4.02] S
Bamiou (RE) 2006 9125 22 g 4 1 8 57% 5.13[3.45,6.80] ——
Elbeltagy (LE) 2019 9.8 1.6 20 47 07 20 7.8% 5.10([4.33,5.87) -
Elbeltagy (RE) 2019 9.1 1 20 44 05 20 8.3% 470[4.21,519] -
Jafari (LE) 2016 8.93 263 45 652 1.5 25 7.4% 2.41[1.44,3.38) -
Jafari (RE) 2016 8.84 2.84 45 64 184 25 71% 2.44[1.34,354)] —
Koohi (LE) 2017 8.26 2 43 591 073 32 76% 2.35[1.50,3.20] =
Koohi (RE) 2017 7.93 1.9 43 594 098 32 8.0% 1.99[1.33,2.65) =
Lavasani (LE) 2016 719 242 25 51 083 18 7.2% 2.09[1.07,3.11) —=—
Lavasani (RE) 2016 6.84 2.56 25 477 054 18 7.2% 2.07[1.04,310] e
Rabelo (LE) 2015 8.1 1.7 16 46 1 30 7.5% 3.50[2.59,4.41) ——
Rabelo (RE) 2015 7.4 29 16 47 1 30 6.2% 270[1.23,417] ——
Total (95% CI) 366 366 100.0% 3.19[2.51,3.87] &
Heterogeneity: Tau®=1.39; Chi*= 95.32, df=13 (P < 0.00001), F= 86% _140 % o é 1=D

Test for overall effect: Z=9.20 (P < 0.00001)

FIGURE 7 | Forest plot of meta-analysis for gaps-in-noise (GIN), comparing between participants with documented brain disease and normal controls.

Participants with disease Normal controls Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
GIN in stroke patients
Bamiou (LE) 2006 7.875 1.31 8 5 1 8 80% 2.88[1.73,4.02) e
Bamiou (RE) 2006 9125 22 8 4 1 8 51% 5.13[3.45,6.80) —
Jafari (LE) 2016 8.93 263 45 652 15 25 92% 2.41[1.44,3.38) I
Jafari (RE) 2016 8.84 284 45 64 184 25 83% 2.44[1.34,3.54) e o
Koohi (LE) 2017 8.26 271 43 591 073 32 102% 2.35[1.50, 3.20) il
Koohi (RE) 2017 7.93 1.91 43 594 098 32 11.8% 1.99 [1.33, 2.65) o
Subtotal (95% CI) 192 130 52.6% 2.64[2.01,3.28] -3

Heterogeneity: Tau*= 0.36; Chi*=12.24, df=5 (P = 0.03); F=59%
Test for overall effect: Z=8.12 (P < 0.00001)

GIN in temporal lobe epilepsy patients
Aravindkumar (LE) 2012 9 35 26 506 1 50 6.5% 3.94(257,5.31) e
Aravindkumar (RE) 2012 8.85 3.02 26 522 111 50 7.6% 3.63(2.43,483) ==
Lavasani (LE) 2016 718 242 25 51 o083 18  88% 2.09[1.07,3.11) e
Lavasani (RE) 2016 6.84 256 25 477 054 18 87% 2.07[1.04,3.10] p—
Rabelo (LE) 2015 8.1 1.7 16 46 1 30 97% 3.50[2.59, 4.41] G
Rabelo (RE) 2015 7.4 29 16 47 1 30 6.0% 270[1.23,417] =k
Subtotal (95% CI) 134 196 47.4% 2.95[2.29,3.62] L 2
Heterogeneity: Tau®= 0.35; Chi*=10.24, df=5 (P=0.07); F=51%
Test for overall effect: Z= 8.69 (P < 0.00001)
Total (95% CI) 326 326 100.0% 2.79[2.33,3.25) *

Heterogeneity: Tau®= 0.35; Chi*= 24.88, df=11 (P=0.010); F=56%
Test for overall effect: Z=11.89 (P < 0.00001)
Test for subgroup differences: Chi*=0.43, df=1 (P=0.51), F=0%

—
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FIGURE 8 | Forest plot of meta-analysis for gaps-in-noise (GIN) with subgroup analysis, categorized by the underlying conditions (stroke and temporal lobe epilepsy).
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seven studies in our review also supports the high specificity
of GIN, showing significantly poorer GIN results in the disease
group. We conducted a subgroup analysis by categorizing studies
into the stroke subgroup and the TLE subgroup that decreased
heterogeneity in both subgroups. We propose that different
characteristics of brain diseases may differentially affect the GIN
results. Furthermore, the observed heterogeneity could arise
due to the diversity in normative GIN threshold, difference
of technical procedures, and subject training (6). The meta-
analysis by Filippini et al. (39) similarly showed different
efficiency of the GIN test in detecting abnormality in the
CANS in different underlying neurological conditions, with
a higher efficiency for epilepsy, followed by stroke and blast
exposure (39).

Strengths, Limitations, and Suggestions
for Further Studies

The results of the meta-analysis showed high sensitivity of
DPT, FPT, and GIN test in detecting abnormalities in auditory
processing in participants with brain pathology. Of interest, a
recent study (40) identified significant heritability of 0.72 for
another measure of temporal resolution, backward masking.
These temporal processing tests may hold promise as potential
biomarkers of central auditory function. They may also reliably
identify the site of lesion and/or level of central auditory
processing deficits in adults with neurological conditions. The
study limitations included a great variety of testing strategies and
differences in units of the reported results. For example, DPT
has been reported in mean percent correct or the percentage of
participants with abnormal results. In addition, the normative
value references and cut points also differed among studies,
providing difficulties in data extraction. A standard pattern of
result reporting is required to facilitate a meta-analysis. The test
strategies should be standardized with international protocols in
order to reduce factors that may interfere with the test results.
Although there were variations in units of reporting results, each
meta-analysis included only studies with similar reporting units.

The various underlying brain conditions are another possible
cause for high heterogeneity. This meta-analysis included studies
with a variety of brain pathologies, including stroke, MS,
Parkinson’s disease, and TLE. Although the results demonstrated
that brain pathology caused lower performance in temporal
processing, there was high heterogeneity of recruited studies for
meta-analysis in DPT, FPT, and GIN. This could indicate that
different brain conditions may differentially affect performance
in temporal processing tests. Also, there was lack of information
about the medications and treatments for individuals in several
studies. Stroke and mass lesions may lead to focal CANS
lesions that directly affect auditory temporal processing. MS
is a progressive disease causing demyelination and axonal
scarring (41) that could preferentially affect myelin-rich regions,
including corpus callosum, medial longitudinal fasciculus, and
periventricular regions (42). The timing in CANS could
thus be affected by MS, and various degrees of severity in
auditory temporal processing could be observed in MS patients,
depending on the number of involved areas and severity of
MS pathology along CANS. Parkinson’s disease is a progressive
neurodegenerative disease characterized by the degeneration of

the nigrostriatal dopaminergic system (43). Basal ganglia may
affect the temporal auditory processing for complex rhythm
(37). The review by De Groote et al. (44) also showed impaired
temporal processing in patients with Parkinson’s disease. TLE
is characterized by seizure in the temporal lobe caused by an
imbalance between the excitatory and inhibitory (41, 42). Seizure
negatively affects the temporal lobe regions and later causes
their degeneration and sclerosis (42). Furthermore, a variation
of neuronal activity synchronization is also found, resulting in
cognitive function decline (41), which may also impact on the
temporal processing ability. Progression of MS and Parkinson’s
disease or uncontrolled TLE also progressively degrades the
auditory temporal processing function.

Categorizing the underlying brain diseases for subgroup
analysis may reduce heterogeneity and clarify the effect
of particular brain conditions on the temporal processing.
Furthermore, the side of brain lesions may affect the temporal
processing differently. However, most studies reported the
overall results of temporal processing without considering the
laterality of lesions. Even though the studies by Jafari et al.
(25), Lavasani et al. (27), Aravindkumar et al. (22), and Bamiou
et al. (23) reported the results regarding the location of the
lesions, the results were combined in order to proceed with
the meta-analysis. For example, Lavasani et al. (27) reported
significantly worse DPT performance in the LTLE group
compared to RTLE participants, but there was no significant
difference of DPT between RTLE and controls. However, this
study reported no significant difference of GIN in LTLE and
RTLE groups. In contrast, the study by Aravindkumar et al. (22)
reported a significant difference of GIN among left MTS, right
MTS, and control groups. Therefore, the effect of lateralization
on temporal processing should be further explored by using
a meta-analysis.

According to our search results, there were only a few studies
that directly compared the temporal processing performance
between disease groups and controls. Several studies aimed to
assess the efficacy of different testing strategies (such as efficacy of
using different types of stimuli) rather than evaluate the central
auditory function and these studies were excluded from this
present study. Other papers were excluded, as they were judged
to be of poor quality and/or subject to bias due to limitations
in study design. Overall, there is a need for additional high-
quality evidence (i.e., from randomized controlled trials using
standardized outcome measures for CAPD) to demonstrate the
effectiveness of CAPD diagnostic tests. Such evidence is pivotal to
guide service delivery models for evidence-based clinical practice.

CONCLUSION

According to our meta-analysis results, the DPT, FPT, and
GIN are sensitive detectors of auditory processing deficits
in individuals with brain pathology. Different types of brain
pathology and different sites of lesion may differentially affect
these test results, as this review also provided strong evidence that
FPT is sensitive to the function of the auditory cortex, rather than
other cerebral regions. By extrapolation, these three sensitive
clinical measures may have the potential to detect temporal
resolution and temporal ordering deficits, indicating CANS
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abnormalities, in adult individuals without obvious brain lesions
documented on imaging, and this should be further investigated.

Clinicians should be cautioned to interpret these test results in
the context of other patient characteristics (e.g., cognition) and be
aware that not all brain pathologies will lead to deficits in auditory
processing function, depending on its location characteristics and
natural history of the neurological disorder.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

REFERENCES

1. Bamiou D-E, Murphy CFB. Auditory processing disorders across the age span
In: Watkinson JC, Clarke RW, editors. Scott-Brown’s Otorhinolaryngology
Head & Neck Surgery. Paediatrics The Ear Skull Base. 2. 8th ed. Florida: CRC
Press (2018). p. 901-7.

2. AAA. American Academy of Audiology: Clinical Practice Guidelines:
Diagnosis, Treatment and Management of Children and Adults with Central
Auditory Processing Disorder 2010. Available online at: https://audiology-
web.s3.amazonaws.com/migrated/ CAPD%20Guidelines%208-2010.pdf_
539952af956¢79.73897613.pdf (accessed October 1, 2020).

3. Baran JA. Test battery principles and considerations. In: Musiek FE, Chermak
GD, editors. Handbook of central Auditory Processing Disorder. Auditory
Neuroscience and Diagnosis. 1. 2nd ed. San Diego: Plural publishing (2014).
p. 291-323.

4. Sharma S, Tripathy R, Saxena U. Critical appraisal of speech in noise
tests: a systematic review and survey. Int | Res Med Sci. (2017) 5:13-21.
doi: 10.18203/2320-6012.ijrms20164525

5. Steinbrink C, Knigge J, Mannhaupt G, Sallat S, Werkle A. Are temporal
and tonal musical skills related to phonological awareness and literacy
skills?—evidence from two cross-sectional studies with children from
different age groups. Front Psychol. (2019) 10:805. doi: 10.3389/fpsyg.2019.
00805

6. Shinn JB. Temporal processing tests. In: Musiek FE, Chermak GD, editors.
Handbook of Central Auditory Processing Disorder. 1. 2nd ed. San Diego: Plural
Publishing (2014). p. 405-34.

7. Musiek FE, Baran JA, Pinheiro ML. Duration pattern recognition in normal
subjects and patients with cerebral and cochlear lesions. Audiology. (1990)
29:304-13. doi: 10.3109/00206099009072861

8. Musiek FE, Pinheiro ML.
brainstem, and  cerebral lesions.
doi: 10.3109/00206098709078409

9. Musiek FE. Some Random Thoughts on Frequency (Pitch) and
Duration Patterns2015 2 September. (2020). Available online at: https://
hearinghealthmatters.org/pathways/2015/some-random- thoughts-on-
frequency- pitch-and-duration- patterns/ (accessed October 1, 2020).

10. Marshall EK, Jones AL. Evaluating test data for the duration pattern
testand pitch pattern test. Speech Lang Hear. (2017) 20:241-6.
doi: 10.1080/2050571X.2016.1275098

11. Shinn JB, Chermak GD, Musiek FE. GIN (Gaps-In-Noise) performance
in the pediatric population. ] Am Acad Audiol. (2009) 20:229-38.
doi: 10.3766/jaaa.20.4.3

12. Musiek FE, Shinn JB, Jirsa R, Bamiou D-E, Baran JA, Zaida E. GIN
(Gaps-In-Noise) test performance in subjects with confirmed central
auditory nervous system involvement. Ear Hear. (2005) 26:608-18.
doi: 10.1097/01.aud.0000188069.80699.41

13. Musiek FE, Chermak GD, Weihing ], Zappulla M, Nagle S. Diagnostic
accuracy of established central auditory processing test batteries in patients
with documented brain lesions. ] Am Acad Audiol. (2011) 22:342-58.
doi: 10.3766/jaaa.22.6.4

cochlear,
26:79-88.

Frequency
Audiology.

patterns  in
(1987)

AUTHOR CONTRIBUTIONS

SC conceptualized and designed the study, searched the
databases, collected and organized the data, assessed the
quality of studies, performed the statistical analysis and
systematic review, drafted the initial manuscript, and revised
the manuscript. D-EB coordinated and supervised data
collection, critically reviewed, and revised the manuscript. NK
conceptualized and designed the study, searched the databases,
organized the data, assessed the quality of studies, and critically
revised the manuscript. All authors read and approved the
final manuscript.

14. Vermiglio AJ. Review: on diagnostic accuracy in audiology: central site of
lesion and central auditory processing disorder studies. ] Am Acad Audiol.
(2016) 27:141-56. doi: 10.3766/jaaa.15079

15. Liberati A, Altman DG, Tetzlaff ], Mulrow C, Gotzsche PC, Ioannidis
JPA, et al. The PRISMA statement for reporting systematic reviews and
meta-analyses of studies that evaluate health care interventions: explanation
and elaboration. PLoS Med. (2009) 6:1-28. doi: 10.1371/journal.pmed.1
000100

16. Cochrane Collaboration. Cochrane Handbook for Systematic Reviews of
Interventions. (2019). Available online at: https://training.cochrane.org/
handbook/current (accessed October 1, 2020).

17. Cochrane Collaboration. Cochrane Handbook for Systematic Reviews of
Diagnostic Test Accuracy Version 0.4. (2008). Available online at: https://
methods.cochrane.org/sdt/handbook- dta-reviews (accessed October 1, 2020).

18. Whiting PE Rutjes AW, Westwood ME, Mallett S, Deeks JJ, Reitsma
JB, et al. QUADAS-2: a revised tool for the quality assessment of
diagnostic accuracy studies. Ann Intern Med. (2011) 155:529-36.
doi: 10.7326/0003-4819-155-8-201110180-00009

19. Wells G, Shea B, O’Connell D, Peterson J, Welch V, Losos M, et al. The
Newcastle-Ottawa Scale (NOS) for assessing the quality of nonrandomised
studies in meta-analyses. (2020). Available online at: http://www.ohri.ca/
programs/clinical_epidemiology/oxford.asp (accessed October 3, 2020).

20. Santos CMdC, Pimenta CAdM, Nobre MRC. The research question in clinical
practice: a guideline for its formulation. Rev Lat Am Enfermagem. (2007)
15:508-11. doi: 10.1590/S0104-11692007000300023

21. Cochrane Collaboration. Cochrane RevMan (RevMan 5.4). (2020). Available
online at:  https://training.cochrane.org/online-learning/core-software-
cochrane-reviews/revman (accessed October 1, 2020).

22. Aravindkumar R, Shivashankar N, Satishchandra P, Sinha S, Saini J,
Subbakrishna DK. Temporal resolution deficits in patients with refractory
complex partial seizures and mesial temporal sclerosis (MTS). Epilepsy Behav.
(2012) 24:126-30. doi: 10.1016/j.yebeh.2012.03.004

23. Bamiou DE, Musiek FE, Stow I, Stevens J, Cipolotti L, Brown MM,
et al. Auditory temporal processing deficits in patients with insular stroke.
Neurology. (2006) 67:614-9. doi: 10.1212/01.wnl.0000230197.40410.db

24. Elbeltagy R, Gad NH, Ismail MH. Central auditory function
in multiple sclerosis patients. Indian ] Otol. (2019) 25:90-6.
doi: 10.4103/indianjotol. INDIANJOTOL_80_18

25. Jafari Z, Esmaili M, Delbari A, Mehrpour M, Mohajerani MH. Auditory
temporal processing deficits in chronic stroke: a comparison of brain
damage lateralization effect. J Stroke Cerebrovasc Dis. (2016) 25:1403-10.
doi: 10.1016/j.jstrokecerebrovasdis.2016.02.030

26. Koohi N, Vickers DA, Lakshmanan R, Chandrashekar H, Werring D],
Warren JD, et al. Hearing characteristics of stroke patients: Prevalence and
characteristics of hearing impairment and auditory processing disorders in
stroke patients. ] Am Acad Audiol. (2017) 28:491-505. doi: 10.3766/jaaa.
15139

27. Lavasani AN, Mohammadkhani G, Motamedi M, Karimi LJ, Jalaei S, Shojaei
FS, et al. Auditory temporal processing in patients with temporal lobe epilepsy.
Epilepsy Behav. (2016) 60:81-5. doi: 10.1016/j.yebeh.2016.04.017

Frontiers in Neurology | www.frontiersin.org

June 2021 | Volume 12 | Article 656117


https://audiology-web.s3.amazonaws.com/migrated/CAPD%20Guidelines%208-2010.pdf_539952af956c79.73897613.pdf
https://audiology-web.s3.amazonaws.com/migrated/CAPD%20Guidelines%208-2010.pdf_539952af956c79.73897613.pdf
https://audiology-web.s3.amazonaws.com/migrated/CAPD%20Guidelines%208-2010.pdf_539952af956c79.73897613.pdf
https://doi.org/10.18203/2320-6012.ijrms20164525
https://doi.org/10.3389/fpsyg.2019.00805
https://doi.org/10.3109/00206099009072861
https://doi.org/10.3109/00206098709078409
https://hearinghealthmatters.org/pathways/2015/some-random-thoughts-on-frequency-pitch-and-duration-patterns/
https://hearinghealthmatters.org/pathways/2015/some-random-thoughts-on-frequency-pitch-and-duration-patterns/
https://hearinghealthmatters.org/pathways/2015/some-random-thoughts-on-frequency-pitch-and-duration-patterns/
https://doi.org/10.1080/2050571X.2016.1275098
https://doi.org/10.3766/jaaa.20.4.3
https://doi.org/10.1097/01.aud.0000188069.80699.41
https://doi.org/10.3766/jaaa.22.6.4
https://doi.org/10.3766/jaaa.15079
https://doi.org/10.1371/journal.pmed.1000100
https://training.cochrane.org/handbook/current
https://training.cochrane.org/handbook/current
https://methods.cochrane.org/sdt/handbook-dta-reviews
https://methods.cochrane.org/sdt/handbook-dta-reviews
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
https://doi.org/10.1590/S0104-11692007000300023
https://training.cochrane.org/online-learning/core-software-cochrane-reviews/revman
https://training.cochrane.org/online-learning/core-software-cochrane-reviews/revman
https://doi.org/10.1016/j.yebeh.2012.03.004
https://doi.org/10.1212/01.wnl.0000230197.40410.db
https://doi.org/10.4103/indianjotol.INDIANJOTOL_80_18
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.02.030
https://doi.org/10.3766/jaaa.15139
https://doi.org/10.1016/j.yebeh.2016.04.017
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Chowsilpa et al.

Auditory Temporal Processing and Brain Pathology

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Meneguello ], Leonhardt FD, Pereira LD. Auditory processing in patients
with temporal lobe epilepsy. Rev Bras Otorinolaringol. (2006) 72:496-504.
doi: 10.1016/S1808-8694(15)30995-2

Parsons LM, Petacchi A, Schmahmann JD, Bower JM. Pitch discrimination in
cerebellar patients: evidence for a sensory deficit. Brain Res. (2009) 1303:84—
96. doi: 10.1016/j.brainres.2009.09.052
Rabelo CM, Weihing JA, Schochat
individuals with neurological disorders.
doi: 10.6061/clinics/2015(09)02

Troche ], Troche MS, Berkowitz R, Grossman M, Reilly J. Tone discrimination
as a window into acoustic perceptual deficits in Parkinson’s disease. Am |
Speech Lang Pathol. (2012) 21:258-63. doi: 10.1044/1058-0360(2012/11-0007)
Turgeon C, Champoux F, Lepore F Leclerc S, Ellemberg D. Auditory
processing after sport-related concussions. Ear Hear. (2011) 32:667-70.
doi: 10.1097/AUD.0b013e31821209d6

Valadbeigi A, Weisi F, Rohbakhsh N, Rezaei M, Heidari A, Rasa
AR. Central auditory processing and word discrimination in patients
with multiple sclerosis. Eur Arch Otorhinolaryngol. (2014) 271:2891-6.
doi: 10.1007/s00405-013-2776-6

Han MW, Ahn JH, Kang JK, Lee EM, Lee JH, Bae JH, et al. Central auditory
processing impairment in patients with temporal lobe epilepsy. Epilepsy
Behav. (2011) 20:370-4. doi: 10.1016/j.yebeh.2010.12.032

Hoehn MM, Yahr MD. Parkinsonism: onset, progression and mortality.
Neurology. (1967) 17:427-42. doi: 10.1016/j.neubiorev.2020.03.001

Aubry M, Cantu RC, Dvorak ], Graf-Baumann T, Johnston K, Kelly JP, et al.
Summary and agreement statement of the First International Conference on
Concussion in Sport, Vienna 2001. Recommendations for the improvement
of safety and health of athletes who may suffer concussive injuries. Br ] Sports
Med. (2002) 36:6-10. doi: 10.1136/bjsm.36.1.6

Nozaradan S, Schwartze M, Obermeier C, Kotz SA. Specific contributions of
basal ganglia and cerebellum to the neural tracking of rhythm. Cortex. (2017)
95:156-68. doi: 10.1016/j.cortex.2017.08.015

Jankovic J. Parkinson’s disease: clinical features and diagnosis. J Neurol
Neurosurg Psychiatry. (2008) 79:368-76. doi: 10.1136/jnnp.2007.131045

E. Temporal resolution in

Clinics. (2015) 70:606-11.

39.

40.

41.

42,

43.

44,

Filippini R, Wong B, Schochat E, Musiek F. GIN test: a meta-analysis
on its neurodiagnostic value. | Am Acad Audiol. (2020) 31:147-57.
doi: 10.3766/jaaal8079

Brewer CC, Zalewski CK, King KA, Zobay O, Riley A, Ferguson

MA, et al. Heritability of non-speech auditory processing
skills. Eur ] Hum Genet. (2016) 24:1137-44. doi: 10.1038/ejhg.
2015.277

Eggermont JJ. Auditory Temporal Processing and its Disorders. 1st ed.
United Kingdom: Oxford University Press (2015).

Musiek FE, Baran JA, Shinn JB, Jones RO. Disorders of the Auditory System.
United Kingdom: Plural publishing (2012).

De Groote E, De Keyser K, Bockstael A, Botteldooren D,
Santens P, De Letter M. Beyond the periphery: central auditory
processing  in  Parkinsonian  disorders. = Mov  Disord.  (2019)

34:5335-56. Available online at: https://www.mdsabstracts.org/abstract/
beyond-the-periphery-central-auditory- processing- in- parkinsonian-
disorders/

De Groote E, De Keyser K, Bockstael A, Botteldooren D, Santens P, De
Letter M. Central auditory processing in parkinsonian disorders: a systematic
review. Neurosci Biobehav Rev. (2020) 113:111-32. Available online at: https://
www.mdsabstracts.org/abstract/beyond- the- periphery- central-auditory-
processing-in-parkinsonian-disorders/

Conlflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Chowsilpa, Bamiou and Koohi. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neurology | www.frontiersin.org

16

June 2021 | Volume 12 | Article 656117


https://doi.org/10.1016/S1808-8694(15)30995-2
https://doi.org/10.1016/j.brainres.2009.09.052
https://doi.org/10.6061/clinics/2015(09)02
https://doi.org/10.1044/1058-0360(2012/11-0007)
https://doi.org/10.1097/AUD.0b013e31821209d6
https://doi.org/10.1007/s00405-013-2776-6
https://doi.org/10.1016/j.yebeh.2010.12.032
https://doi.org/10.1016/j.neubiorev.2020.03.001
https://doi.org/10.1136/bjsm.36.1.6
https://doi.org/10.1016/j.cortex.2017.08.015
https://doi.org/10.1136/jnnp.2007.131045
https://doi.org/10.3766/jaaa18079
https://doi.org/10.1038/ejhg.2015.277
https://www.mdsabstracts.org/abstract/beyond-the-periphery-central-auditory-processing-in-parkinsonian-disorders/
https://www.mdsabstracts.org/abstract/beyond-the-periphery-central-auditory-processing-in-parkinsonian-disorders/
https://www.mdsabstracts.org/abstract/beyond-the-periphery-central-auditory-processing-in-parkinsonian-disorders/
https://www.mdsabstracts.org/abstract/beyond-the-periphery-central-auditory-processing-in-parkinsonian-disorders/
https://www.mdsabstracts.org/abstract/beyond-the-periphery-central-auditory-processing-in-parkinsonian-disorders/
https://www.mdsabstracts.org/abstract/beyond-the-periphery-central-auditory-processing-in-parkinsonian-disorders/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Effectiveness of the Auditory Temporal Ordering and Resolution Tests to Detect Central Auditory Processing Disorder in Adults With Evidence of Brain Pathology: A Systematic Review and Meta-Analysis
	Introduction
	Definition of Auditory Processing Disorder
	Overview of Central Auditory Processing and Tests
	Auditory Temporal Processing Assessment
	Temporal Ordering Tests
	Temporal Resolution Tests

	Rationale and Aim of the Study

	Materials and Methods
	Database Searching
	Data Analysis and Meta-Analysis

	Results
	Temporal Ordering Tests
	Duration Pattern Test
	Frequency Pattern Test

	Temporal Resolution Test

	Discussion
	Temporal Ordering Tests
	Duration Pattern Test Outcomes
	Frequency Pattern Test Outcomes

	Temporal Discrimination Tests
	Strengths, Limitations, and Suggestions for Further Studies

	Conclusion
	Data Availability Statement
	Author Contributions
	References


