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Highlights
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psychoacoustic and electrophysiological evaluation
e Lack of hearing sensitivity assessment is documented in electrophysiological
studies

Abstract
Background: Hearing efficiency is known to influence and interact with communication
and mental health. Hearing impairment may be hidden when co-occurring with

neurological disorders.

Purpose: We performed a systematic review and meta-analysis in order to address the
following questions: 1) which specific tools of auditory processing show clear deficits,
separating Temporal Lobe Epilepsy (TLE) patients from normal controls,2) How well

is TLE evaluated in terms of hearing and auditory processing?

Methods: The study inclusion criteria were: 1) patients diagnosed with temporal lobe
epilepsy, 2) presence of a normal control group, 3) auditory processing assessment
using auditory stimuli with behavioral tests and/or P300 or Mitch Match Negativity
(MMN) latency and/or amplitude, 4) publications written in English, 5) publication date



after 2000. 132 articles were retrieved and based on PRISMA & PICO criteria 23

articles were analyzed.

Results: Temporal resolution and processing as measured by the behavioral tests of
Gaps-In-Noise (GIN) and Duration Pattern Test (DPT) document deficiencies in TLE
patients and separate them from normal controls. Electrophysiology as measured by
MMN & P300 shows statistically significant differences in TLE patients compared to
controls with patients showing deficient auditory processing. A clear difference
between studies with psychoacoustic assessment as opposed to electrophysiology ones
may be due to lacking or incomplete evaluation of peripheral hearing by gold standard

tools (76.9% in electrophysiology studies).

Conclusion: Auditory processing is deficient in patients with TLE. There is a clear need
to evaluate hearing efficiency before proceeding to auditory processing evaluation with

behavioral or electrophysiological tests.

Key words: hearing, temporal lobe epilepsy, auditory processing, time resolution,

duration pattern recognition

Abbreviations: TLE: temporal lobe epilepsy, MMN: Mitch Match Negativity, GIN:
Gaps-In-Noise, DPT: Duration Pattern Test

1. Introduction

Hearing efficiency is known to influence and interact with communication,
learning, social aspects of life, cognition and mental health [1,2]. Understanding the
connection of hearing with all these elements of life is a prerequisite to establishing a
better approach to when, how and why to evaluate hearing capacity. To answer the
question when to evaluate an individual for hearing, one must take under consideration
that hearing impairment may be hidden when co-occurring with a neurological disorder

[3]. This refers to the characteristic “invisible disability” of hearing impairment [4].
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Symptoms may extend beyond constantly asking people to repeat phrases, saying
"sorry, what did you say?" or similar behavior. Instead, individuals with hearing
impairment may have frequent headaches due to their constant struggle to hear
accurately or seem like being inattentive or avoid communication all together leading
to social isolation. Such symptoms should lead to hearing evaluation [5]. Common
clinical practice does not comply with this leading to undiagnosed hearing impairment
in adults [6].

To answer the question how to evaluate hearing one should start with pure tone
audiometry and extend to speech in noise evaluation as a first step of an auditory
processing assessment. Hearing evaluation in the presence of a neurological disorder is
usually either absent or not elaborate enough [7]. In a clinical setting it might be difficult
to evaluate every patient and the need to gather reliable information about patients that
may be requiring a detailed evaluation is essential. A recent exploratory study [3]
showed that despite current recommendation to include a full functional ability and
communication assessment in patients with stroke, hearing is not specifically included
in the assessment. This reveals the need for transferring published research knowledge
into clinical practice and might be the result of limited multidisciplinary
communication in the medical community. Lastly, to answer the question why there is
a need to evaluate hearing as described above one should refer to the importance and
frequency of occurrence of hearing impairment. Hearing impairment is the third leading
cause of years lived in disability at a global level [8] and middle life untreated hearing

loss is the biggest modifiable cause of dementia [9].

Amongst neurological disorders potentially associated with deficits in auditory
processing Temporal Lobe Epilepsy (TLE) is particularly relevant. Auditory function
may be affected in TLE as the epileptogenic foci in the temporal lobe may affect
auditory processing through temporary neural dysfunction. Temporal lobe may be
considered as the last stop of bottom-up auditory processing while encompassing
primary and secondary auditory areas to fully perceive and interpret incoming
auditory signals [10]. Accordingly, this systematic review and meta-analysis aims to
address the following two questions: 1) which specific tools of auditory processing

show clear deficits separating TLE patients from normal controls and 2) to what



extent does the evaluation of auditory perception in patients with Temporal Lobe

Epilepsy (TLE) align with established gold standard assessment tools?

2.Material & Methods

The study was registered with PROSPERO database (registration number
CDR42024526181) for the International Prospective Register of Systematic Reviews.
Two databases, Scopus and PubMed were systematically searched with the following
key words for papers between January 2000 to December 2023:(“auditory
processing”’) AND (“temporal lobe epilepsy”), (‘“auditory processing”) AND
(“temporal lobe epilepsy””) AND (“P300”), (“auditory processing”’) AND (“temporal
lobe epilepsy””) AND (“MMN”), (“temporal processing”) AND (“temporal lobe
epilepsy”), (“temporal processing”) AND (“temporal lobe epilepsy”’) AND (“P300™),
(“temporal processing”) AND (“temporal lobe epilepsy”’) AND (“MMN”), (“dichotic
listening””) AND (“temporal lobe epilepsy”), (“dichotic listening”) AND (“temporal
lobe epilepsy’”) AND (“P300”), (“dichotic listening”) AND (“temporal lobe
epilepsy”’) AND (“MMN?”), (“temporal lobe epilepsy”’) AND (“P300”), (“temporal
lobe epilepsy”’) AND (“MMN”). The databases were chosen as the most relevant

material is included as well as due to ease of access.

The study inclusion criteria were: 1) patients diagnosed with temporal lobe epilepsy, 2)
presence of a normal control group, 3) auditory processing assessment using auditory
stimuli with behavioral tests and/or electrophysiological methods, focused on P300 or
Mitch Match Negativity (MMN) latency and/or amplitude, 4) publications written in
English, 5) publication date after 2000. Studies that didn’t fulfill the above criteria were

excluded.

After searching the electronic databases with keywords and filters, the records found
were screened by title and abstract by two independent review authors and those
unrelated to the study subject were rejected. In case of disagreement a third senior
reviewer provided input to resolve the conflict. Full text was sought and assessed for

the remaining records and they were either accepted or rejected based on the inclusion
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criteria. Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines were followed [11].

The research was structured and organized according to the PICO model [12], which is
an acronym for Target Population, Intervention, Comparison, Outcomes and Study
type. The population of interest or health problem (P) corresponds to patients with
temporal lobe epilepsy, (1) to behavioral and /or electrophysiological evaluation (P300
or MMN) of auditory processing, C) corresponds to comparison of results for each test
between clinical and control groups and O) refers to the auditory processing evaluation

outcomes.

2.1 Meta-analysis

As the systematic review revealed abnormal auditory processing in both behavioral and
electrophysiological studies and in order to perform a comprehensive evaluation of
auditory dysfunction in TLE, a meta-analysis was conducted for all tests that were used
in at least four different publications. The meta-analysis was conducted using the
“metafor” packages from R software (version 4.3.2) [13]. Due to the fact that a variety
of measurements from the same population were reported (e.g. left ear/ right ear,
multiple measurements from each participant), a multilevel model of meta-analysis was
used to account for the nested structure of the data, including non-independent effect
sizes in a single model [14, 15]. Additionally, in this model, using the “dmetar” and
“esc” packages, 12 values estimating heterogeneity variance both within and between
study [16,17] can be reported. The Knapp-Hartung method was applied to account for
heterogeneity in regression coefficients [18] while variability between and within
studies was also assumed through the use of a random effects model [16]. For the
normalization of the effect sizes of all the studies that were included, the Standardized
Mean Difference (SMD) was calculated. Hedge’s g adjustment [19] for small sample
bias was used in order to correct the effect sizes and avoid skewing the results, as the

studies involved a relatively small number of participants.

In order to create a conceptually and visually meaningful comparison of the data, the
signs of some of the measurements were changed. Thus, regardless of the test that is



reported, a positive sign and/or a higher value, indicates higher performance in hearing
evaluation. A total of three models will be presented. The first one presents only the
behavioral data, the second presents all the electrophysiological data together and the
last model includes all measures together.

3.Results

3.1 Data extraction and quality assessment

Literature review resulted in one hundred and thirty-two (132) publications, seventy-
four (74) in Scopus and fifty-eight (58) in PubMed. When the seventy-one (71)
duplicates were removed, sixty-one (61) articles remained. Following the title and
abstract evaluation twenty-nine (29) publications were excluded as irrelevant to the
population of interest. For the thirty-two (32) remaining reports, the full text was
retrieved and assessed. Sixteen (16) studies were excluded, five (5) because a healthy
control group was not included in the study, (3) three studies were review papers, two
(2) due to lack of clearly description of the behavioral test that was used, and (3) three
studies because P300 data were lacking. Three (3) studies were conducted in Benign
epilepsy with Centro-temporal spikes (BECTS) patients thus not considered acceptable.
Seven (7) additional studies were found following citation searching from the already
included seventeen (17) articles. The last step was to evaluate the accepted articles
following the guidelines proposed by the Cochrane’s tool for assessing risk of bias
(RoB2) [19], which did not lead to the exclusion of any studies. This was evaluated by
all authors and includes five domains with an overall RoB judgment domain. The five
domains that were judged according to high, low or some concerns included
randomization process, deviation from intended evaluations, missing data, outcome

measure and selection of the reported results.

3.2 Overview

A total of twenty-three (23) studies were finally included. (Fig.1)
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(n=7) (n=0)

Reports of new included studies
(n=7)

Fig. 1. PRISMA 2020 flow diagram of study selection.

Peripheral hearing: Pure tone audiometry, the gold standard evaluation of hearing

sensitivity was present with specific cut-off thresholds in 8 [20-27] out of 10 behavioral
studies[20,21,22,23,24,25,26,27,28,29], 1[34] in 6 of P300 studies [30,31,32,33,34,35],
1[39] out of 5 studies using MMN [36,37,38,39,40] and 1[42]out of 2 studies [41,42]
combining electrophysiology and behavioral auditory processing assessment (see table
1 for details).

Table 1.

no
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Author

Behavioral studies

Lavasani, A.N, et.al (2016)
Aravindkumar, R., et.al (2012)
Aravindkumar, R., et.al (2014)
Rajasekaran, A.K., et.al (2021)
Ismail, N. M., et.al (2019)
Rabelo, C. M., et.al 2015
Meneguello, J., et.al (2006)

Shahbazi, S., et.al (2016)
Ehrlé, N., et.al 2001
Bidet-Caulet, A., et.al (2009)
MMN studies

Peripheral hearing evaluation

pure tone thrs.
pure tone thrs.
pure tone thrs.
pure tone thrs.
pure tone thrs.

pure tone thrs.

<20 dBHL, SRTs, tympanometry, acoustic reflex
<25 dBHL

<25 dBHL

<25 dBHL

<20 dBHL, tympanometry, acoustic reflex

<20 dBHL

pure tone audiogram (no specified cut-off threshold), SRTs,

tympanometry, acoustic reflex

pure tone thrs.

no data

self-report

<25 dBHL, tympanometry



1 Hara, K., et.al (2012) self-report
2 Miyajima, M., et.al (2011) self-report
3 Hirose, Y., et.al (2014) self-report
4 Zhao, L., et.al (2017) pure-tone audiogram, tympanometry
5 Lopes, R., et.al (2014) no data
P300 studies
1 Chen, R-C., et.al (2001) no data

2 Mudabbir, M.M., et.al (2021) self-report
3 Chayasirisobhon, W. V., etal | no data

2017
4 Artemiadis, A.K., et.al 2014 no data
5 Casali, R., et.al (2016) pure tone thrs. <15 dBHL, tympanometry

6 Gokgay, F., &Gokcay, A. (2005) | no data
Combined studies
1 Rocha, C. N., et.al (2010) history of auditory problems
2 Boscariol, M., et.al (2015) pure tone thrs. <15 dBHL, tympanometry

Table 1. Peripheral hearing assessment in the included studies. Abbreviations & Acronyms: thrs:
threshold, SRTs: speech recognition thresholds, no data: no referral to hearing status or no

description of the method used for peripheral hearing evaluation.

Behavioral evaluation of auditory stimuli process requires evaluation of different
domains such as monaural low redundancy, dichotic- binaural interaction and temporal
aspects of hearing. Literature review resulted in ten studies [20-29] assessing auditory
processing with behavioral tests (Table 2), with temporal processing being the most

studied aspect.

Table 2.

Behavioral studies | Adults
Author Sample Behavioral test Results
(age range)



1. Lavasani. A.N,
et.al (2016)

2. Aravindkumar,
R., et.al (2012)

3.Aravindkumar,
R., et.al (2014)

not included in the
meta-analysis as the
test used was not
used by at least 4
studies in total

4.Rajasekaran,
AK., etal (2021)

HC n=18
(20-50y)

Pat. n=25
(20-50y)

RTLE n=11

LTLE n=14

HC n=50
26.3y(SD=5.17)

RTLE n=13

31y(SD=7.67)

LTLE n=13
25.76y(SD=8.26)

HC n=50
27.16y(SD=4.95)

Pat. n=100

MTLE+HS n=50
26.62y(SD=7.56)

MTLE-HS n=50
27.36y(SD=9.42)

HC n=50
(15-50y)

Pat. n=100

GIN th. (ms) Mean (SD)-PCI
% mean (SD).

DPT % mean (SD)

RE: 4.77 (0.54) - 70.7% (6.4)
LE: 5.10 (0.83) - 69.2% (8.3)

RE: 94.99(4.9)
LE: 92.60 (5.5)

RE:7.09(2.2) — 59.20% (2.8) RE:93.6(6.04)
LE: 7.18(2.3) - 57.90% (1.3) LE:93.6(6.2)
RE:6.64(2.9) — 61.06% (1.3) RE:63.08 (2.2)
LE:7.20(2.6) — 58.30% (1.3) LE:63.50 (2.34)

GIN th. (ms) Mean (SD)-PCI % mean (SD)

RE 5.22(1.11) - 69.77(8.98)
LE 5.06 (1.00) - 71.10(8.89)

RE 8.15 (2.34) - 55.13(14.47)
LE 7.85 (3.00) - 51.92 (17.96)

RE 9.54 (5.67) - 47.82 (12.70)
LE 10.15(4.06) - 48.72 (12.49)

DDT % mean (SD)

FR right ear: 98.00 (3.13)
FR left ear: 96.70 (3.70)
DR right ear:99.90 (0.70)
DR left ear: 99.80 (1.10)

FR right ear: 80.55 (14.18)
FR left ear:  71.25 (16.60)
DR right ear: 89.95 (16.13)
DR left ear: 83.00 (22.58)

FR right ear: 73.10 (21.75)
FR left ear:  65.05 (22.18)
DR right ear: 81.95 (24.03)
DR left ear: 77.20 (23.55)

DPT % mean (SD)

RE: 93.10 (9.99)
LE: 93.70 (9.08)

-Mean GIN thr. ss better in HC vs
RTLE

(p=0.01 RE & p=0.02 LE)

- Mean GIN th.ss better in HC vs LTLE
(p=0.03 RE & p=0.012 LE

-Mean DPT ss better in HC vs LTLE
(p=0.000 RE & p=0.000 LE)

-Mean DPT ss better in RTLE vs LTLE
(p=0.00RE & p=0.00 LE)

-mean GIN thr. Ss better in HC vs
RTLE & LTLE
(p=0.000 in both ears)

- mean PCl ss better in HC vs RTLE &
LTLE
(p=0.000 in both ears)

-no ss difference between RTLE vs
LTLE

-ss difference better HC vs MTLE +HS
& MTLE-HS in all conditions (p<
0.001)

-ss difference MTLE+HS vs MTLE-HS
on FR-right ear condition (p=0.046)

-mean percentage of correct
response ss better in HC vs all
patients’ groups (p<0.001)

-no ss difference between clinical
groups



5. Ismail, N. M.,
et.al (2019)

6. Rabelo, C. M.,
et.al 2015

7.Meneguello, J.,
et.al (2006)

8.Shahbazi, S., et.al
(2016)

not included in the
meta-analysis as the
test used was not
used by at least 4
studies in total

9.Ehrlé, N, et.al
2001

not included in the
meta-analysis as the
test used was not
used by at least 4
studies in total

MTLE+HS n=50
(15-50y)

MTLE-HS n=50
(15-50y)

HC  n=10
(12-16y)
14.3(SD=1.2)

TLE n=30
(12-16 )
13.8(SD=15)

HC n=30
24.9(SD=3.3)

Pat. n=16
38.9(SD=9.3)

HC n=10
(16-48y)

TLE n=8
(22-51y)

HC n=25
(18-59y)

LTLE n=25
(18-59y)

HCn=6
(22-55y)

RTLE n=8
(17-52y)

RE:55.90(25.96)
LE:56.20(28.38)

RE:49.10(32.15)
LE:46.30(32.46)

GIN ap (ms). thr. Mean (SD)-total GIN score% mean (SD)

RE 4.8 (0.8) - 743 (4.3)
LE 4.8 (0.8) - 73.0 (4.6)

RE 8.8 (1.7) - 49.2 (7.3)
LE 8.5 (1.6) - 49.9 (7.4)

GIN thr(ms) Mean (SD)-PCI % mean (SD)

RE 4.7 (1.0) - 75.6 (7.6)
LE 4.6 (1.0) - 76.1 (7.6)

RE 7.4 (2.9) - 57.6 (13.0)
LE8.1(1.7)-52.7 (13.1)

DPT % DDT % Non-verbal dichotic test %
(average) (average) (average)

F.A RGH LGH
RE: 85.2%. RE: 99.2% RE: 11.1. 11.8. -
LE: 85.7% LE: 98.7% LE: 12.8 - 11.9
RE:53.3% | RE:94.6% fEEf 1121: 115 s
LE: 56.6% LE: 91.5% e . ’
ssw

Right non-competing condition 2.16(2.86)

Right Competing condition 3.32(3.11)
Left non-competing condition  2.69(4.31)
Left Competing condition 3.96(3.82)

RE  3.64(3.27)

LE. 4.24(3.73)

Total 3.92(3.20)

Right non-competing condition.  10.98(8.35)
Right Competing condition 15.16(17.07)
Left non-competing condition 12.68(9.61)
Left Competing condition 20.00(14.44)

RE  11.04(7.12)
LE 13.48(7.61
Total 12.04(6.50)

anisochrony discrimination thresholds % (tempo 80 msec)

16.4% (mean)

17.7% (mean)

-mean approx. GIN th.& total GIN
score (%) ss better in HC vs TLE
(p<0.001)

-ss negative correlation between
total GIN % & GIN total correct score
and disease duration

-ss positive correlation between
approx. GIN th. and disease duration

-ss lower (better) GIN thr.in HC vs
TLE (p<0.001)

-ss poorer performance in PCl in TLE
vs HC

-HC similar performance to TLE to
sound source discrimination

-TLE lower performance vs HC in
DPT

-TLE lower performance in verbal &
non -verbal dichotic tests

-ss difference (p<0.001) in all
conditions, TLE higher vs HC

-poor direct relationship btw
duration of epilepsy and total score
(p=0.04)

-ss higher score in TLE vs HC | order
effect (p=0.048), ear effect (p<0.001)
and reversals (p=0.008)

-ss higher threshold LTLE vs RTLE
(P<0.01) and vs HC (P<0.01) at 80
msec tempo

-threshold obtained with 80msec
tempo ss different from other
tempos (P<0.01)



LTLE n=10
(25-44y)
10.Bidet-Caulet, HC n=18
A., et.al (2009)
not included in the
meta-analysis as the | TLE n=26

test used was not
used by at least 4
studies in total

27.5% (mean)

7 Non-verbal tests

-auditory modulation detection tests

-auditory short-memory tests

-acoustic short-term memorization of pure tones

-acoustic short-term memorization of environmental sounds

-auditory object short-term memorization

-short -term memorization and extraction of an environmental
sound within a sound mixture

-auditory semantic identifications

-ss worse correct response rate in
patients pre- and post-surgery vs HC
in:

acoustic short-term memorization of
pure tones (pre: P=0.008, post:
P=0.005)

acoustic short-term memorization of
environmental sounds (pre: P=0.028,
post: P=0.014)

auditory object short-term
memorization (pre: P=0.016, post:
P=0.036)

short -term memorization and
extraction of an environmental
sound within a sound mixture (pre:
P<0.001, post: P<0.001)

auditory semantic identifications
(pre: P<0.001, post: P<0.001)

-ss worse accuracy after larger
resection vs smaller resection
surgery in acoustic short-term
memorization of pure
tones(P=0.047)

Table 2 Studies assessing auditory processing with behavioral tests. Abbreviations & Acronyms:

HC: healthy control, Pat.: patients, n: number, RE: right ear, LE: left ear, TLE: temporal lobe

epilepsy, RTLE: right temporal lobe epilepsy LTLE: left temporal lobe epilepsy, MTLE: mesial

temporal lobe epilepsy, HS: hippocampal sclerosis, GIN: gaps in noise, DPT: duration pattern test,

DDT: dichotic digit test, SSW: staggered spondaic word, Thr.: Threshold, PCI: percent of correct

identification, Ap.: approximate , SD: standard deviation, F.A: free attention, RGH: right guided

hearing, LGH:left guided hearing, ms:millisecond, SD: standard deviation, y:year

A total of eleven papers [30-40] conducted an electrophysiological study in TLE

patients by measuring latency and/or amplitude of P300 event related component (ERP)

or MMN. (Table 3).

Table 3.

MMN studies adults

Author/year Sample
Age range

MMN studies adults

1. Hara, K, et.al

(2012)
HC n=22
(20-50y)

Electrophysiology test

MMN latency (ms)
mean (SD)
Consonant vowel stimuli

MMN amplitude (nV)
mean (SD)
Consonant vowel stimuli

Stimuli Result

Fz 144.1 (28.5)
Cz 138.0 (29.6)
Mast. R.  139.9 (30.5)
Mast. L. 1495 (36.7)

Fz. -1.23 (1.6)
cz. -0.96 (1.42)
MastR. 1.19 (1.11)
Mast. L. 1.36 (1.20)

Consonant -difference btw standard &
vowel deviant stimuli (MMN)
(90dB SPL) mean amplitudes was ss

smaller in TLE vs HC in
mastoid sites (P<0.05)
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2.Miyajima, M., et.al
(2011)

3. Hirose, Y., et.al
(2014)

4.Zhao, L., et.al
(2017)

MMN studies

TLE n=19
(20-50 y)

HC n=20
(23-50y)
34y(SD=7.8)

TLE n=20
(20-50 y)
33.9y(SD=10.0)

HC n=15
(22-48 )
32.4y(SD=9.1)

TLE n=15
(20-50 y)
33.2y(SD=9.8)

HC n=30
44.27(SD=9.61)

TLE n=30
37.74y(SD=13.7
4

children

Fz. 150.1 (26.7)

cz. 143.3 (28)
MastR. 130.7 (35.6
Mast.L. 1415 (36.9

MMN latency (ms)
mean (SD)

Frequency stimuli

Fz. 133 (28)
cz. 141 (42)
MastR  150(33)
MastL 145 (31)

Fz. 179 (36)
cz. 171 (41)
MastR 185 (39)
MastL 157 (53)

MMN latency (ms)
mean (SD)
Duration stimuli

Fz. 224 (19.1)
Cz. 214 (17.4)

Mast R 221 (25.6)
Mast L 223 (26.9)

Frequency stimuli

Fz. 150 (23.6)
cz. 152 (24.7)
Mast. R 146 (19.9)
Mast. L 144 (19.8)

Duration stimuli

Fz 219 (21.7)
Cz 219 (23.3)
Mast. R 228 (22.3)
Mast. L 219 (24.9)

Frequency stimuli

Fz 156 (25.6)
Cz 155 (25.0)
MastR 144 (22.1)
MastL 135 (20.4)

MMN latency (ms)
mean (SD)

Frequency stimuli

Fz. 176.09 (27.23)
Cz. 177.40 (26.44)
Mast.R 174.90 (23.67)
Mast.L 174.36 (24.37)
Fz. 196.83 (11.54)
Cz 196.29 (13.14)
Mastoid

Mast.R  198.58 (15.77)

Mast.L  196.95 (16.27)

Fz -2.19 (1.86)
Cz -2.33 (1.60)
MastR.  0.32 (1.38)
Mast.L.  0.26 (1.32

MMN amplitude (nV)
mean (SD)

Frequency stimuli

Fz.  -0.05(0.73)
Cz.  -0.10(1.19)
MastR 0.47 (0.58)
Mast L 0.35 (0.51)

Fz.  -0.75(0.84)
Cz.  -0.64(0.93)
MastR  0.02(0.63)
Mast.L  0.06(0.91

MMN amplitude (nV)
mean (SD)

Duration stimuli

Fz. -1.28 (0.98)
cz -1.08 (1.15)
Mast. R 0.68 (0.45)
Mast. L 0.67 (0.51)

Frequency stimuli

Fz. ~1.20 (0.58)
Cz. ~0.87 (0.74)
Mast. R 0.50 (0.40)
MastL.  0.68 (0.55)

Duration stimuli

Fz. -1.51 (0.71)
Cz -153(0.72)
Mast. R 0.17(0.50)
Mast.L  0.37(0.63)

Frequency stimuli

Fz -0.49 (1.08)
Cz. -0.40 (1.22)
MastR  0.26 (0.47)
Mast.L 0.47 ((0.65)
MMN amplitude (nV)
mean (SD)

Frequency stimuli

Fz. -1.93(-0.93)
Cz.  -2.26(-1.07)
MastR  2.14 (1.48)
Mast.L 2.04 (1.30)

Fz -1.94(-1.37)
Cz. -1.93(-1.35)
Mastoid

Mast.R  2.28(1.34)
Mast.L  2.27(1.34)

Tonal freq.
changes
(90 dB SPL)

Tonal
duration
changes

Tonal freg.
changes
90dB SPL)

Tonal freg.
changes
(70dB SPL)

-mean MMN amplitudes ss
higher in TLE vs HC in
frontocentral sites (P<0.05)
-mean MMN latency was ss
longer in TLE vs HC in both
sites (P<0.05)

- TLE greater standard
waveform amplitudes vs HC
(P<0.001) at mastoids

-mean MMN amplitudes
were ss lower in TLE vs HC
at mastoids (Duration
stimuli) (P<0.05

-Mean MMN latency was ss
longer in TLE vs HC at both
frontocentral (P<0.05) and
mastoid (P<0.001) sites.
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5.Lopes, R., et.al
(2014)

This study was not
included in the
metaanalysis due to
no reported sd

P300 studies
6.Chen, R-C,, et.al
(2001)

7.Mudabbir, M.M.,
et.al (2021)

8.Chayasirisobhon,
W. V., et.al 2017

9.Artemiadis, A.K.,
et.al 2014

HC n=10
(4-16y)

Pat. n=17
(4-17y)

adults

HC n= 60-44.2y
(SD=16.7)

Pat. n=40

IGE n=27-
30.59y
(SD=12.50)

TLE n=13
4091y
(SD=15.11)

HC n=15
28.13y(SD=4.76)

RTLE n=15
29.2y(SD=5.84)

LTLE n=15
26.20y
(SD=6.25)

HC n=30
Age matched

TLE n=3
(11-78y)
39.8y(SD=18)

MMN latency (ms)
Duration stimuli

110-162 (range).

149 (average).

P300-age corrected P300
latency (ms)

mean (SD)

Frequency stimuli

RE 342.0 (23.1) - 0.2(20.2)
LE 342.1 (22.1) - 0.1(18.9)

RE 350.0 (40.5)- 13.8(40.4)
LE 350.7 (38.0) — 15.0(37.2)

P300 latency (ms)
mean (SD)

Frequency stimuli

323.93(40.28)

351.06(47.23)

328.80(36.03)

P300 latency (ms)
mean (SD

Frequency stimuli

Fz 319.1(18.9)
Cz 3154 (17.6)
Pz 323.8(233)

Fz. 324.7 (418)
Cz. 327.4(3L5)
Pz. 324.1(32.2)

P300 latency (ms)
median(range)

Frequency stimuli

Tonal
duration
changes
(60dB HL)

P300 amplitude (uV) Tonal freq.

mean (SD) changes
(70dB)

Frequency stimuli

RE 14.1 (6.4)

LE 14.0 (6.7)

RE 12.6 (6.5)

LE 11.8 (5.9)

P300 amplitude (nV) Tonal freq.

mean (SD) changes
(-dB)

Frequency stimuli

2.304((1.46)

2.77(1.19)

2.68(1.78)

P300 amplitude (nV) Tonal freq.

mean (SD) changes
(60 dB HL)

Frequency stimuli

Fz 10,1(4,9)

Cz 11.05 (5.8)

Pz 11.2 (5.6)

Fz 14,0 (6.7))

Cz 15.0 (7.0)

Pz 13.4 (6.9)
Tonal freq.
changes
(40dB)

-MMN latency abnormal
6/17 pat.

-MMN amplitudes abnormal
7/17 pat. all TLE

-age corrected P300 latencies
in patients

ss longer vs HC (P<0.001)
-TLE pat. mean age
corrected P300 latency ss
longer vs HC (P<0.05)

-high frequency seizures
(>400) group age corrected
P300 latency ss longer vs
HC (P<0.05)

-no ss difference of P300
amplitude & latency btw
TLE and HC or btw patient
subgroups

- correlations of auditory
P300 latency & amplitude of
LTLE with cognitive scales

-no ss difference in P300
amplitude & latency btw
TLE and HC

-TLE longer latency and
lower amplitude vs HC
-P300 latency & amplitude
are good predictors of TLE
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This study was not
included in the
metaanalysis due to
no reported sd

P300 studies
10.Casali, R, et.al
(2016)

11. Gokeay, F.,
&Gokeay, A. (2005)

This study was not
included in the
metaanalysis due to
no reported sd

HC n=16
(19-61y)
Median 35y

TLE n=43
(17-57y)
Median 32.5y
children

HC n=16
10.5 y(SD=1.9)

BECTS n=13
11.6 y(SD=1.8)

TLE n=7
11.5y(SD=1.8)

HC n=2
(9-18)y
Mean=13.5y

Part. epilepsy
n=55

(9-18) y
Mean =13.1y

Gen. epilepsy
n=45
(9-18)
Mean=14.4y

Intr. epilepsy
n=20
(8-20)
Mean=14.9y

346 (288-408)

377 (320-448)

P300 latency (ms)

mean (SD)
Frequency stimuli

318(27.7)

324.1(4.8)

336.3 (23.5)

P300 latency (ms)
mean
Frequency stimuli

337

335

360

333

P300 amplitude (nV)
mean (SD)
Frequency stimuli

5.77 (2.37)

48(3.2)

4.65 (2.45)

Tonal freq. -TLE group P300 latencies
changes ss longer vs HC (P=0.037))
75dB HL

monoaurally

Tonal freq. -P300 latency longer in

changes partial epilepsy group

(95dB SPL) | (P=0.043) and intractable
group (P=0.005) vs HC
-ss lower repeated words in
auditory number assay test in
patient groups vs HC

Table 3. Studies assessing auditory processing with electrophysiological methods (MMN or P300).

Abbreviations & Acronyms: HC: healthy control, Pat.: patients, n: number, SD: standard deviation,

TLE: temporal lobe epilepsy, RTLE: right temporal lobe epilepsy, LTLE: left temporal lobe

epilepsy, BECTS: Benign epilepsy with Centro-temporal spikes, MMN: mitch match negativity,

Fz: frontal lobe midline sagittal plane electrode placed, Cz: central midline sagittal plane electrode

places, Pz: parietal lobe midline sagittal plane electrode placed, ms: millisecond, uV: microvolt,

part.: partial, gen: generalized, Intr.: intractable, year, SD: standard deviation, freq: frequency
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The concurrent use of both behavioral and electrophysiological tests was employed

only in two studies (Table 4). Boscariol et al [42] reported temporal processing deficits

in TLE patients indicated by pathological results in both GIN and DPT but no

statistically significant difference in P300 latency and amplitude compared to healthy

controls. Rocha et.al [41] evaluated dichotic listening and documented lower

performance in both ears of left TLE patients and concurrently a trend to P300 longer

latency and lower amplitude in study group. In addition, P300 was not recorded in half

patients.
Table 4.
CHILDREN
Author Sample
1.Boscariol,
M., et.al
(2015)
HC n=16
10.52y(SD=1.92)
Pat. n=19
11.56y(SD= 1.79)
ADULTS
2.Rocha, C.
N., etal
(2010)
HC n=12
(20-25y)

22.83y(SD=1.14)

Behavioral test
GINthr. (ms) mean (SD)-
PCI % mean (SD)

RE: 4.75 (2.37) -
77.81(6.05)
LE: 4.38 (0.62) -
78.96(7.52)

DPT% mean (SD)
Naming

Humming
RE:83.83(6.69)
88.04(12.28)
LE:82.00(11.57) -
86.20(10.24)

GINthr. (ms) mean (SD)-
PCI % mean (SD)

RE:8.21(2.37) -
62.89(13.37)
LE: 7.47(2.01) -
59.91(10.58)

DPT % mean (SD
Naming
RE:61.19(24.94) -
65.77(22.29)
LE:54.89(26.44) -
65.94(23.85)

Humming

DDT % mean (SD)

RE: 97.71 (1.67)
LE: 99.1 (1.23)

Electrophysiological test | Stimuli

P300 latency(ms) - Tonal freq.

amplitude(uV) mean (SD) changes
75dB HL

Frequency stimuli

RE:317.5(28.17) - 5.88(2.18)

LE:318.5(28.13) - 5.67(2.61)

P300 latency(ms)- amplitude

(1V) mean (SD)

RE:330.84(30.18) - 4.63(2.99)

LE: 323.05(29.37) - 4.90(2.78)

P300 latency(ms)-amplitude Tonal freg.

(V) mean (SD) changes
75dB HL

Frequency stimuli

C3RE:309.33(28.38) —
8.92(5.10)
C3LE:291.50(37.53) -
9.85(5.18)
C4RE:307.33(37.46) —
9.00(4.03)
CALE:298.00(37.03) —
6.92(3.29)

Results

-ss higher GIN thr.
in TLE vs HC
(p<0.001)

-ss lower PCl in
TLE vs HC
(p<0,001)

- ss lower
performance in DPT
testin TLE vs HC
both naming &
humming (p=0.002)
-no ss difference
btw groups in
latency (p=0.34) and
amplitude (p=0.19)

-HC performed ss
better vs LTLE in
DDT both ears (p=
0.0238 RE, p=
0.0226 LE)

-P300 not recorded
in 6 individuals of
LTLE group

-P300 ss longer
latency LTLE vs
HC in sites C3LE &
C4RE (p=0.0326 &
p =0.0526
respectively)

-P300 ss lower
amplitude in LTLE
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P300 latency(ms)- vs HC in sites C3LE

LTLE n=12 amplitude(iV) mean (SD) & C4RE (p=0.0583
(20-50y) RE:81.67 (22.01) C3RE:321.17(40.36) - & p=0.0580
35.8y(SD=8.12) LE:83.75 (20.16) 7.51(4.85) respectively)

C3LE:327.08(38.37) -
5.92(4.43)
CARE:343.58(48.37) -
5.26(5.06)
CALE:328.67(45.56) -
7.59(4.18)

Table 4. Studies assessing auditory processing with both electrophysiological and behavioral tests.
Abbreviations & Acronyms: HC: healthy controls, Pat.: patients, TLE: temporal lobe epilepsy, RE:
right ear, LE: left ear RTLE: right temporal lobe epilepsy, LTLE: left temporal lobe epilepsy,
BECTS: benign epilepsy with Centro-temporal spikes, GIN: gaps in noise, DPT: duration pattern
test, DDT: dichotic digit test, Thr.: Threshold, PCI: percent of correct identification, PPS: pitch
pattern sequence, MMN: Mitch Match Negativity, ms: millisecond, uV: microvolt, SD: standard
deviation, y: year, freq: frequency

3.3 Meta-analysis

The first meta-analysis model (fig.2) presents all the studies (k = 38) including a
behavioral assessment of the two groups (DPT, GIN%, GINms). The overall effect size
as revealed in the forest plot, is negative and statistically significant (estimate = -1.7905,
SE =0.1738, p<0.000, CI -2.1427to0 -1.4383). This finding indicates that TLE patients
have overall lower auditory processing performance, as assessed by behavioral tests.
The Q test for heterogeneity (Q (df = 37) =154.6195, p. < 0.0001) is significant
indicating heterogeneity in the effect sizes as a variety of factors seems to affect the
outcome (e.g. test, study, ear). The estimated variance components are 12 (level 3) =
0.029 and 72 (level2) = 0.2. Thus, 1> = 7.78% heterogeneity is due to the employment of
different tests, while 12 = 54.05% of the total heterogeneity is due to study level

variation.

An ANOVA was conducted to compare the efficiency of a three and a two-level model.
Findings indicated that a two-level model could also be employed as the AIC number
of the two models was very close but it was preferred, following the relevant literature
[16], to keep the three-level model as it better describes the nested and non-independent
nature of the dataset. This approach was also preferred for all the other models that are

presented.
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Following the funnel plot (fig.3) and the significant findings of Egger’s Test (F (1, 36)
= 84.8606, p < 0.0001), a leave-one-out sensitivity analysis was conducted. A total of
six studies were removed using the threshold of two standard deviations. The meta-
analysis was repeated but findings did not reveal a substantial change as both models
had highly significant overall effects (p <0.001), while the heterogeneity of the model

after removing the six studies increased from 12 = 61.84% to 1% = 76.5%.
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Study SMD : 95% CI
Lavasani et al. (2@16)(right ear, DPT, RTLE) ] -8.25 [-1.@9, 51]
Lavasani et al. (2@16)(right ear, DPT, LTLE} 7.65 [-9.70, s1]
Rajasekaran et al. (2821)(right ear, DFT, MTLE HS}  —— | -1.85 [-2.33, .33]
Rajasekaran et al. (2021)(right ear, D®T, MTLE) - 1.82 [-z.29, 35]
Meneguello et al. (2886)(right ear, DPT, TLE) |—-—| 1.31 [-2.35, 28]
Lavasani et al. (2016)(leftr ear, DPT, RTLE) - 8.16 [-8.59, sz]
Lavasani et al. (2816)(left ear, DPT, LTLE) 6.26 [-7.98, .54]
Rajasekaran et al. (2821)(left ear, DFT, MTLE MS) —e——H 1.75 [-2.21, -1.29]
Aajasekaran et al. (2821){left ear, DPT, MTLE) I_._.l -1.96 [-2.44, La8]
Meneguello et al. (2886)(left ear, DPT, TLE) — e | 1.28 [-2.21, L1E]
Lavasani et al. (2016)(right ear, GIN (%), RTLE) e | 2.83 [-2.95, 11]
Aravindkumar et al. (2812)(right ear, GIN (%), RTLE) |_._| -1.39 [-2.84, 73]
Lavasani et al. (2@16)(right ear, GIN (%), LTLE) P 1.87 [-2.71, @3]
Aravindkunar et al. (2812)(right ear. GIM (%), LTLE) e — 2.18 [-2.98, -1.45]
Ismail et al. (2819)(right ear, GIN (%), TLE) |—.—| -3.59 [-4.67 521
Rabelo et al. {2015)(right ear, GIN (%), MTS) ——— 1.78 [-z.49, er]
Lavasani et al. (2016)({left ear, GIN (%). RTLE) | ——— 1.61 [-z.47, 75]
Aravindkumar et al. (2012)(left ear, GIN (X}, RTLE) ] -1.66 [-2.34, L9E]
Lavasani et al. (2@16)({left ear, GIN (%), LTLE) e 1.64 [-2.45, 83]
Aravindkunar et al. {2812)(left ear, GIM (%), LTLE} e -2.25 [-2.98, -1.52]
Ismail et al. {2019)(left ear, GIN (%), TLE) | —— | -3.24 [-4.26, -2.22]
Rabelo et al. {2815){left ear, GIN (%), MTS) |—-—| z.3@ [-3.87, -1.53]
Boscaricl et al. (2@15)(right ear, GIN (%), TLE, RE) | -1.33 [-2.87, -8.68]
Boscariol et al. (2815)(left ear, GIN (%), TLE, RE) |—-—| -1.95 [-2.77, -1.14]
Lavasani et al. (2818)(right ear, GIN (ms), RTLE) |—-—| 1.56 [-2.42, -8.70]
Lavasani et al. (2016)(left ear, GIN (ms). RTLE) [ —— -1.27 [-2.89, as]
Lavasani et al. (2816)(right ear, GIN (ms), LTLE) |_-_| -8.91 [-1.85, 18]
Lavasani et al. (2016)({left ear, GIN (ms), LTLE) P i.1e [-1.85, -@8.34]
Aravindkumar et al. (2812)(right ear., GIN (ms), RTLE) |—.—.| -1.99 [-2.69 28]
Aravindkumar et al. (2812)(left ear, GIN (ms), RTLE) |_-_| -1.78 [-2.38, e2]
Aravindkumar et al. (2012)(right ear, GIN (ms), LTLE) P 1.56 [-2.23, -0.89]
Aravindkumar et al. (2812)(left ear, GIN (ms), LTLE) |—.—.| -z.47 [-3.22 7z]
Ismail et al. {2019)(right ear, GIN (ms), TLE) | ————————— z.5e [-3.41, -1.59]
Ismail et al. {2019){left ear, GIM (ms), TLE} | z.45 [-3.35, 55]
Rabelo et al. {2e1s)(right ear, GIN (ms), MTS) E—— | -1.39 [-z2.@6, vz]
Rabelo et al. {(2015){left ear, GIN (ms), MTS) | —— 2.64 [-3.45, 82]
Boscaricl et al. (2015)(right ear, GIN {ms}, TLE, RE) }—-—| 1.39 [-2.14, 85]
Boscariol et al. (2015)(left ear, GIN (ms), TLE, RE) | — e | -1.91 [-2.72, 11]
RE Madel -.. 1.7% [-2.14, -1.44]

T
-2.5

a
Standardized Mean Difference (SMD)

Fig.2: Meta analysis forest plot comparing the performance in psychoacoustic/behavioral tests of

the TLE patients with the control groups. The studies are presented according to ear measurements

(left ear, right ear, both ears), behavioral test conducted (DPT, GIN), unit of measurement
(percentage for DPT, ms and percentage for GIN), type of temporal lobe epilepsy (TLE, RTLE,

LTLE).
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Standard Error

1.5

Standardized Mean Difference

Fig. 3: Funnel plot of the behavioral studies after the sensitivity analysis

The second model that is presented (fig.4) presents the electrophysiological studies
(MMN and P300), (k = 69). The overall effect size was found to be significant (estimate
= -0.3489, SE=0.1532, p=0.0259, ClI -0.6546 to -0.0431), indicating that the two
participant groups differ significantly in their performance. The Q test for heterogeneity
(Q(df=68)=196.8676, p.<0.0001) was significant implying heterogeneity of the effect
sizes. The estimated variance components were 12 (level 3)= 0.1820and 72
(level2)=0.1517. This means that heterogeneity is not due to test differences but due to
study level differences (1% (level 2) = 34.65%). Overall, total 1> was 76.24% revealing
significant study heterogeneity. The Egger’s test indicated potential publication bias
(intercept = -2.0360, SE = 0.6003, p = 0.0012). However, the leave-one-out sensitivity
analysis did not indicate any outliers in any of the effect sizes that could potentially
affect the conclusions presented above. The forest plot (fig.4) presents a pooled effect
size of -0.35 with a 95% confidence interval ranging from -0.65 to 0.04 indicating a
marginally statistically significant difference between the two populations.
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Study

Forest Plot

SMD

95% CI

Mudabbir et al. (2021)(both, P300_amp. frequency stimuli, RTLE)

Mudabbir et al. (2021)(both, P300_amp. frequency stimuli, LTLE)

Casali et al. (2016)(both, P360_amp. frequency stimuli, TLE)

Boscariol et al. (2015)(right ear, P300_amp. frequency stimuli, TLE, RE)
Boscariol et al. (2015)(left ear, P300_amp. frequency stimuli, TLE, RE)
Chayasirisobhon et al. (2017)(both, P300_amp. (Cz) frequency stimuli, TLE)
Chayasirisobhon et al. (2017)(both, P300_amp. (Fz) frequency stimuli, TLE)
Chen et al. (2001)(both, P360_amp. (LE) frequency stimuli, IGE/TLE)
Chayasirisobhon et al. (2017)(both, P300_amp. (Pz) frequency stimuli, TLE)
Chen et al. (2001)(both, P300_amp. (RE) frequency stimuli, IGE/TLE)

Rocha et al. (2010a)(right ear, P300_amp. C3 frequency stimuli, LTLE)
Rocha et al. (2010a)(left ear, P300_amp. C3 frequency stimuli, LTLE)
Rocha et al. (2010a)(right ear, P300_amp. C4 frequency stimuli, LTLE)
Rocha et al. (2010a)(left ear, P300_amp. C4 frequency stimuli, LTLE)
Rocha et al. (2010b)(right ear, P300_amp. C3 frequency stimuli, LTLE)
Rocha et al. (2010b)(left ear, P300_amp. C3 frequency stimuli, LTLE)
Rocha et al. (2010b)(right ear, P300_amp. C4 frequency stimuli, LTLE)
Rocha et al. (2010b)(left ear, P300_amp. C4 frequency stimuli, LTLE)
Boscariol et al. (2015)(right ear, P300_lat. frequency stimuli, TLE, RE)
Boscariol et al. (2015)(left ear, P300_lat. frequency stimuli, TLE, RE)
Chayasirisobhon et al. (2017)(both, P300_lat. (Cz) frequency stimuli, TLE)
Chayasirisobhon et al. (2017)(both, P300_lat. (Fz) frequency stimuli, TLE)
Chen et al. (2001)(both, P360_lat. (LE) frequency stimuli, IGE/TLE)
Chayasirisobhon et al. (2017)(both, P360_lat. (Pz) frequency stimuli, TLE)
Chen et al. (2001)(both, P300_lat. (RE) frequency stimuli, IGE/TLE)

Rocha et al. (2010a)(right ear, P300_lat. C3 frequency stimuli, LTLE)
Rocha et al. (2010a)(left ear, P300_lat. (3 frequency stimuli, LTLE)
Rocha et al. (2010a)(right ear, P300_lat. C4 frequency stimuli, LTLE)
Rocha et al. (2010a)(left ear, P300_lat. C4 frequency stimuli, LTLE)

Hara et al. (2012)(both, MMN_amp. (Cz) consonant vowel stimuli, TLE)
Miyajima et al. (2011)(both, M4N_amp. (Cz) frequency stimuli, TLE)

Zhao et al. (2017)(both, MMN_amp. (Cz) frequency stimuli, TLE)

Hirose et al. (2014)(both, MWN_amp. (Cz) duration, TLE)

Hirose et al. (2014)(both, MMN_amp. (Cz) frequency, TLE)

Hara et al. (2012)(both, MMN_amp. (Fz) consonant vowel stimuli, TLE)
Miyajima et al. (2011)(both, MMN_amp. (Fz) frequency stimuli, TLE)

Zhao et al. (2017)(both, MMN_amp. (Fz) frequency stimuli, TLE)

Hirose et al. (2014)(both, MMN_amp. (Fz) duration, TLE)

Hirose et al. (2014)(both, MN_amp. (Fz) frequency, TLE)

Hara et al, (2012)(both, MMN_amp. (Mast L) consonant vowel stimuli, TLE)
Miyajima et al. (2011)(both, MW_amp. (Mast L) frequency stimuli, TLE)
Zhao et al. (2017)(both, MMN_amp. (Mast L) frequency stimuli, TLE)

Hirose et al. (2014)(both, MMN_amp. (Mast L) duration, TLE)

Hirose et al. (2014)(both, MMN_amp. (Mast L) frequency, TLE)

Hara et al. (2012)(both, MMN_amp. (Mast.R.) consonant vowel stimuli, TLE)
Miyajima et al. (2011)(both, MW_amp. (Mast.R.) frequency stimuli, TLE)
Zhao et al. (2017)(both, MMN_amp. (Mast.R.) frequency stimuli, TLE)
Hirose et al. (2014)(both, MMN_amp. (Mast.R.) duration, TLE)

Hirose et al. (2014)(both, MMN_amp. (Mast.R.) frequency, TLE)

Hara et al. (2012)(both, MMN_lat. (Cz) consonant vowel stimuli, TLE)
Miyajima et al. (2011)(both, MW_lat. (Cz) frequency stimuli, TLE)

Zhao et al. (2017)(both, MWN_lat. (Cz) frequency stimuli, TLE)

Hirose et al. (2014)(both, MMN_lat. (Cz) duration, TLE)

Hirose et al. (2014)(both, MWN_lat. (Cz) frequency, TLE)

Hara et al. (2012)(both, MMN_lat. (Fz) consonant vowel stimuli, TLE)
Miyajima et al. (2011)(both, MMN_lat. (Fz) frequency stimuli, TLE)

Zhao et al. (2017)(both, MMN_lat. (Fz) frequency stimuli, TLE)

Hirose et al. (2014)(both, MMN_lat. (Fz) duration, TLE)

Hirose et al. (2014)(both, MMN_lat. (Fz) frequency, TLE)

Hara et al. (2012)(both, MMN_lat. (Mast.L.) consonant vowel stimuli, TLE)
Miyajima et al. (2011)(both, MWN_lat. (Mast.L.) frequency stimuli, TLE)
Zhao et al. (2017)(both, MMN_lat. (Mast.L.) frequency stimuli, TLE)
Hirose et al. (2014)(both, MMN_lat. (Mast.L.) duration, TLE)

Hirose et al. (2014)(both, MMN_lat. (Mast.L.) frequency, TLE)

Hara et al. (2012)(both, MMN_lat. (Mast.R.) consonant vowel stimuli, TLE)
Miyajima et al. (2011)(both, MMN_lat. (Mast.R.) frequency stimuli, TLE)
Zhao et al. (2017)(both, MMN_lat. (Mast.R.) frequency stimuli, TLE)
Hirose et al. (2014)(both, MMN_lat. (Mast.R.) duration, TLE)

Hirose et al. (2014)(both, MMN_lat. (Mast.R.) frequency, TLE)

0.33

-0.25

23,

-0.43 [-1.11,

RE Model

-2.5

Q 2.5
Standardized Mean Difference (SMD)

Fig.4: Meta analysis forest plot comparing the performance of the TLE patients with the control

groups in electrophysiological tests. The studies are presented according to ear measurements (left

ear, right ear, both ears), electrophysiology test conducted MMN (amplitude and latency), P300
(amplitude and latency), type of temporal lobe epilepsy (TLE, RTLE, LTLE).
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Fig. 5: Funnel plot of electrophysiological studies

The next model (fig. 6) presents the data for both behavioral and electrophysiological
studies (k = 107). The overall effect size was found to be significant (estimate = -
1.1832, SE = 0.3681, p<0.01, CI -1.9131 to -0.4534) revealing that the two groups had
significant differences in their performance. The Q test for heterogeneity (Q(df=106)
= 803.3295, p<.0001) was significant implying heterogeneity of the effect sizes. The
estimated variance components were 12 level 3 = 0.6063 and 2 level 2 = 0.2673. This
means that 12 level 3 = 72.57% variance is due to variation caused by the different tests
while 17 level 2 = 16.16% is due to study level variation. Overall, findings indicate that
TLE patients have overall lower auditory processing performance, as assessed by both

behavioral and electrophysiological tests.
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Fig. 6: Meta analysis forest plot comparing the performance of the TLE patients with the control

groups. The studies are presented according to ear measurements (left ear, right ear, both ears),
behavioral test conducted (DPT, GIN), electrophysiology test conducted MMN (amplitude and
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latency), P300 (amplitude and latency), test details, unit of measurement (percentage for DPT, ms
for GIN), type of temporal lobe epilepsy (TLE, RTLE, LTLE).

Standard Error

Standardized Mean Difference

Fig. 7: Funnel plot of behavioral and electrophysiological studies
4.Discussion

The current systematic review and meta-analysis shows that TLE patients have reduced
hearing capacity, due to reduced auditory processing rather than hearing sensitivity
performance. This is the case for behavioral psychoacoustic tests assessing temporal
processing, such as the Duration Pattern sequence Test and Gaps-In-Noise.
Electrophysiology, reported by MMN & P300, alone or combined to behavioral tests,
also shows statistically significant worse performance for TLE patients compared to
normal controls. The meta-analysis conducted shows that the auditory processing
deficits are statistically significant, separating TLE patients from normal controls, with
psychoacoustic tests showing a more robust result that could be due to the optimal

peripheral hearing testing in behavioral studies compared to electrophysiology studies.
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The limited number of papers with a combined behavioral and electrophysiologic
approach all show that TLE patients have abnormal auditory processing in different
domains. Rocha et al [41] evaluated auditory processing in adults with mesial temporal
sclerosis and found that patients underperformed in the dichotic listening task compared
to healthy controls. P300 recordings were absent in half of the patients, while there was
a tendency towards P300 wave longer latency and lower amplitude Researchers
concluded that patients presented with both impaired binaural integration ability and a
high incidence of unrecorded P300. In another study, Boscariol et.al [42] documented
abnormalities in the temporal processing domain, when they performed Gap In Noise
(GIN) and Duration Pattern (DPT) tests in children with epilepsy, but no P300
alterations were found when these patients were compared to healthy controls. The
abnormal results in GIN and DPT, tasks that require corpus callosum and primary
auditory cortex optimal functioning, could be due to temporal and extratemporal
regions dysfunction caused by epilepsy. There is some argument whether GIN is only
a temporal processing test or involves cognition as well, especially attention and
decision making. Papesh A., et.al [43] tried to correlate GIN to both endogenous (P300)
and exogenous (P200, NZ100) electrophysiological components in blast-exposed
veterans. They reported a significant association between GIN and P300, as expected,
suggesting that both tasks share common neural pathways and that GIN depends on
attention and memory too. Interestingly, GIN was found to correlate with exogenous
potentials as well. The relation between GIN and N1 wave indicates that gap detection
ability is associated with the strength of the acoustic stimuli represented in the acoustic

cortex.

Auditory event related potentials, particularlyP300 and MMN, are objective ways to
evaluate the processing of auditory information through the Central Auditory Nervous
System (CANS). They reflect the electrical activity of generators located in various
cortical and subcortical loci, including the auditory cortex and thalamus, produced by
acoustic stimuli [44]. Both are elicited by auditory stimuli in the so-called oddball
paradigm, and the registered potentials are the result of the individual’s ability to
discriminate between different auditory stimuli. MMN is a negative polarity ERP
component that does not require the subjects’ attention. It is evoked when, in a series
of stimuli, a deviant stimulus mismatches with the anticipated standard one. The

generators of MMN lie in frontal and mastoid areas bilaterally [45]. It measures
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auditory sensory memory, processing, and auditory discrimination and is a sensitive
index of discrimination deficits [45]. On the contrary, P300 is an endogenous positive
late potential produced when the patient has to identify, attend to, and report the rare
(odd-ball) stimuli. Although P300 implicates cognitive functions, it is also related, at
least at a first level, to auditory perception ability [46]. Based on the reviewed literature,
MMN absence could be interpreted as brain inadequacy to maintain an echoic memory
trace due to pathological discrimination of sound characteristics. On the other hand,
P300 absence seems to correlate with the presence of brain pathology and could indicate

abnormal cognitive processing. [47,48]

The reviewed research shows abnormalities in most of the studies assessing P300 and
MMN in TLE patients. Only two studies [31,32] reported no difference in P300 latency
between TLE patients and healthy controls. Three [30,34,35] of the six P300 studies
confirmed significant latency prolongation, indicating slower neural processing speed
in TLE [48]. One study [33] found significantly prolonged P300 and, at the same time,
lower amplitude in patients, but it should be pointed out that they presented with both
hippocampal and extrahippocampal impairments. As for the five studies [36-40]
assessing MMN, differences in amplitude and/or in latency were reported depending
on the site used to record it, suggesting that epilepsy has different effects at the two
sites that are thought to be MMN generators. Two researchers [36,38] found amplitude
reduction in TLE only in the mastoid area, whereas the fronto-central recording didn’t
differ between patients and controls. Interestingly, this change in amplitude was
reported when the MMN was elicited by speech sound [36] and duration deviant
oddball paradigms [38]. Two studies [37,39] found latency prolongation in both
mastoid and frontocentral sites when pure tones, differing in frequency, were employed
to elicit the MMN. One study [40] demonstrated MMN amplitude abnormalities in
temporal generators of TLE patients that related to lesion location.

It should be mentioned that the MMN studies have heterogeneity in the type of the
acoustic stimuli used to elicit the electrophysiological component. In two studies
[37,39] the deviant stimulus differed in frequency, while in one study, [40] the
difference was in stimuli duration. Hirose et.al [38] used tonal stimuli that differed in
both frequency and duration for MMN production and reported amplitude reduction in

mastoid areas only by duration deviants. There is also a study by Hara et.al [36] in
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which MMN was elicited by vowel speech sounds, and reduced amplitude was also
documented in mastoids. Stimuli intensity also varies from 60dBHL in Lopes [40]
study, 70 dB SPL in Zhao et al [39], and 90 dB SPL in the remaining three studies [36-
-38]. Studies assessing the P300 wave all use tonal stimuli that differ in frequency,
while the stimuli intensity varies between 40 dB [33], 60 dB [32],70 dB [30], 75 dB
[34,] and 95 dB [35]. This great methodological heterogeneity may explain the less
robust but still significant ability of electrophysiological tests to differentiate TLE from
controls. Psychoacoustic tests used in behavioral evaluation studies have more
homogeneous methodology and a more robust ability to differentiate of TLE patients

from controls.

Behavioral assessment revealed temporal processing deficits in all studies. Temporal
processing refers to the ability of CANS to perceive sound in time and is crucial for
many processing skills [50]. In two studies [20,28] patients with left TLE performed
worse compared to right TLE patients in tests assessing temporal aspects of auditory
processing, in agreement with research suggesting that the left hemisphere is
specialized for temporal processing. Dichotic perception was abnormal in the three
studies [22,26,27] that evaluated this auditory processing domain. Worse performance
of patient groups compared to healthy controls and bilateral deficits were documented
in these studies as well. Sound source localization ability was normal in the one study
that evaluated it [26]. Only one researcher [29] evaluated patients before and after
anterior temporal lobectomy and reported underachievement in auditory short-term
memory and identification tasks, but surgery didn’t alter their performance. The lack of
laterization could reflect the fact that processing of sound presupposes the anatomical
and functional integrity of both brain hemispheres and the corpus callosum. [50,51]
This finding is also in line with studies reporting that epilepsy, even when unilateral,

provokes damage in an extensive neuronal network in both hemispheres [52].

It should be noted that testing of hearing sensitivity is either incomplete or lacking in
13 out of 23 studies found by this systematic review. This translates into 56.5% of
studies not properly testing for hearing sensitivity while trying to assess auditory
processing. This reflects limited awareness of hearing evaluation guidelines, as hearing
sensitivity evaluation should precede auditory processing assessment. The majority of

published papers on TLE patients evaluating auditory processing uses either
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psychoacoustic/behavioral tests or electrophysiology tests, thus limiting their
usefulness for clinical practice. In clinical practice, the question to be answered is: Does
a person has difficulty hearing in everyday life situations. To answer this, one must
keep in mind that hearing threshold evaluation is based on the audiogram as a gold
standard test, which is a behavioral test. Auditory Processing evaluation is the next step,
with a minimum of a speech in noise/babble, dichotic digit, and temporal resolution
tests. This clinical approach provides all essential elements of hearing sensitivity and
auditory processing, with electrophysiology adding to the assessment by addressing the
integrity of the auditory system. The fact that this approach is not used in most studies
lead to a poorer representation of hearing as a whole, even though specific tests show

deficits in patients clearly differentiating them from normal controls.

Even though pure tone audiometry is the gold standard test for hearing evaluation and
hearing loss is known to affect P300 recordings [53,54], ten of the thirteen studies that
assessed an ERP component excluded patients based on self-reported hearing problems
or did not present hearing evaluation data at all. Only three [34,39,42] studies (23.1%),
two of them [34,42] involving children, conducted pure tone audiometry. These
findings are in agreement with the van der Merwe, J., et al [55] review study. They
reported that only 36% of the studies assessing P300 in neurological patients describe
their hearing status, and 70% of them rely on patients’ self-reports about their hearing
difficulties. They concluded that peripheral hearing evaluation should be included in
P300 studies.

This systematic review and meta-analysis revealed a lack of evaluation of hearing
sensitivity in the majority of studies using electrophysiology to evaluate auditory
processing and/or cognition in Temporal Lobe Epilepsy (TLE) patients. The main issue
with the absence of proper hearing sensitivity evaluation is the high possibility of
undiagnosed hearing loss. TLE patients are selectively being evaluated by specific
auditory processing tests, with limited studies providing a broad assessment of auditory
processing. However, individual auditory processing tests are consistently showing
deficits that are in accordance with electrophysiology results based on P300 and MMN
with respect to latency and amplitude. To answer the first research question regarding
which specific tools of auditory processing show clear deficits separating patients from

normal controls, the Gaps-In-Noise test, Duration Pattern test, MMN & P300 are
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showing a clear deficit for patients. To answer the second research question of this
review, there is either a lack of or a partial evaluation of hearing sensitivity and auditory
processing in TLE patients. There are certain limitations to this study. It should be noted
that the number of studies is small. The auditory processing tests administered do not
cover the full range in clinical practice, and the psychoacoustic/behavioral ones (GIN,
DPT) are showing a clearer discriminatory power than the electrophysiological ones

(P300, MMN), possibly due to more consistent methodology protocols.
5.Conclusion

Both behavioral and electrophysiological tests indicate disturbed auditory processing
in TLE patients. Prior to any auditory processing assessment, it will be important to

evaluate hearing sensitivity in adults and children with temporal lobe epilepsy.
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