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Introduction: Accumulating evidence suggests a role of the brainstem in
tinnitus generation and modulation. Several studies in chronic tinnitus patients
have reported latency and amplitude changes of the different peaks of the
auditory brainstem response, possibly reflecting neural changes or altered
activity. The aim of the systematic review was to assess if alterations within
the brainstem of chronic tinnitus patients are reflected in short- and middle-
latency auditory evoked potentials (AEPS).

Methods: A systematic review was performed and reported according to
the PRISMA guidelines. Studies evaluating short- and middle-latency AEPs
in tinnitus patients and controls were included. Two independent reviewers
conducted the study selection, data extraction, and risk of bias assessment.
Meta-analysis was performed using a multivariate meta-analytic model.

Results: Twenty-seven cross-sectional studies were included. Multivariate
meta-analysis revealed that in tinnitus patients with normal hearing,
significantly longer latencies of auditory brainstem response (ABR) waves |
(SMD = 0.66ms, p < 0.001), Ill (SMD = 0.43ms, p < 0.001), and V (SMD
= 0.47ms, p < 0.01) are present. The results regarding possible changes in
middle-latency responses (MLRs) and frequency-following responses (FFRs)
were inconclusive.

Discussion: The discovered changes in short-latency AEPs reflect alterations
at brainstem level in tinnitus patients. More specifically, the prolonged
ABR latencies could possibly be explained by high frequency sensorineural
hearing loss, or other modulating factors such as cochlear synaptopathy or
somatosensory tinnitus generators. The question whether middle-latency AEP
changes, representing subcortical level of the auditory pathway, are present in
tinnitus still remains unanswered. Future studies should identify and correctly
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deal with confounding factors, such as age, gender and the presence of
somatosensory tinnitus components.

Systematic review registration:

https://www.crd.york.ac.uk/prospero/

display_record.php?ID=CRD42021243687, PROSPERO [CRD42021243687].

KEYWORDS

tinnitus, auditory evoked potentials, brainstem, auditory brainstem responses (ABRs),
middle-latency responses (MLRs), frequency-following responses (FFRs), systematic
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Introduction

Tinnitus, or “ringing in the ears,” is the conscious perception
of an auditory sensation in the absence of a corresponding
auditory source. It is a very common symptom with a prevalence
of 10-15% in an adult population (1). This symptom is
often associated with reduced quality of life and psychosocial
wellbeing (2). There are many factors associated with the onset
of tinnitus, the most common one being hearing loss (3, 4).
Other possible triggering factors include ototoxic medications,
head and neck trauma, temporomandibular dysfunctions, neck
pain, neurological and psychological conditions (1).

Literature strongly suggests that the brainstem has a role
in tinnitus generation and modulation, as well as in non-
auditory comorbid conditions associated with tinnitus, such as
neck disorders, anxiety, sleep disorders, difficulty concentrating,
and depression (5). Animal studies have consistently shown
disturbances in the level and patterns of spontaneous neural
activity of brainstem auditory nuclei, linked with the onset
of tinnitus. More specifically, these changes include increased
spontaneous firing rates and bursting activity, which are both
forms of hyperactivity, and increased neural synchrony (5-7).
These disturbances are first found in the cochlear nucleus and
inferior colliculus (8-11) and may be relayed to higher levels of
the pathway (5).

On functional magnetic resonance imaging (fMRI) scans,
increased resting state activity is also found in the auditory
nuclei in the brainstem (12, 13). Multiple structures in the
brainstem, including the cochlear nuclei and inferior colliculi,
display abnormal function linked to tinnitus (12, 14, 15). It is
important to remember that these brainstem structures send
signals via multiple pathways to other brainstem and cortical
regions, resulting in a cascade of changes directly associated with
tinnitus generation (5).

Among clinical procedures to assess various levels of the
auditory system, the most widely used involve auditory evoked
potentials (AEPs) (16, 17). It is a technique that is used for
the evaluation of neural activity in the auditory pathway, from
cochlea to auditory cortex (18). AEPs are generally categorized
in three classes according to their latency: short-, middle- and
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long-latency AEPs (Figure 1). Short-latency AEPs, often referred
to as auditory brainstem responses (ABRs) (19), are scalp-
recorded responses during the first 10 ms after stimulus onset.
Brief acoustic stimuli, of which the “click” stimulus is used
most often (20), activate the nerve fibers at the first part of the
auditory pathway, from the most distal portion of the auditory
nerve to the brainstem (21, 22). The generated impulses are
recorded by surface electrodes placed on the scalp, forehead,
and both mastoids (23). The readings consist of a sequence of
up to 7 positive wave peaks, labeled with roman numerals I-
VII (24). The proposed sources of waves I, III, and V of click
ABR, which are the most reliably recorded waves (21), are the
distal portion of the auditory nerve, the superior olivary nucleus,
and the inferior colliculus, respectively (Figure 1) (25-27). The
measurement of ABRs is a widely used technique in clinical
practice to assess auditory function, and is especially of interest
in populations that are difficult to test behaviorally, such as
infants (22, 28).

Middle-latency AEPs, also referred to as middle-latency
responses or MLRs, are believed to be generated in the thalamus,
in subcortical regions and in the primary auditory cortex (29).
MLRs consist of three positive (PO, Pa, Pb) and two negative
peaks (Na, Nb) (19, 29). Long-latency AEPs are generally
a product of the neocortex reflecting higher-order, cortical
processing (30).

Additionally, the frequency-following response (FFR) is
distinguished from other evoked potentials by precisely
reflecting the neural processing of a sound’s acoustic features
(31, 32). One way to interpret FFR responses is by examining
the timing of response peaks in the time-domain waveform. By
applying a fast Fourier transform (FFT), the encoding strength
of individual frequencies in the FFR can be examined, such
as the fundamental frequency (Fo), the first formant (F;), and
high harmonics (HH) (31). The FFR has a stimulus-to-response
latency of 5-9ms (33) and could therefore be considered as a
short-latency AEP. This response is believed to be generated
predominantly in the auditory midbrain (34-38), a hub of
afferent and efferent activity (39). Consequently, the FFR reflects
an array of influences from the auditory periphery and the
central nervous system (31). FFR recordings are increasingly
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Schematic representation of the auditory pathway and corresponding AEP components through stimulation with a click. These components
include the auditory short-latency responses or auditory brainstem responses (ABR) (waves I-VI) (blue), the auditory middle latency responses
(NO-Pb) (red), and the auditory late-latency responses (N1-P3) (green). Localization of the neuronal generators of the ABR waves are also
depicted. Created with BioRender.com, AEPs adapted from Burkard et al. (21), Lammers (29).

considered a valuable tool to index the current functional state
of the auditory system (40).

The recently published systematic review and meta-analysis
by Cardon et al. (41) provides an overview of the literature
regarding long-latency AEPs in subjective tinnitus patients.
A decreased amplitude and prolonged latency of P300 was
observed, resulting in the consideration of this potential as a
prospective biomarker for subjective tinnitus. This potential
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is mainly observed in the central and parietal regions of the
cerebral cortex (42) and is often used as a measure of cognitive
processing (43, 44).

There is no consensus yet on potential AEP changes at
the level of the brainstem and the midbrain. Evidence from
animal studies with salicylate-induced tinnitus revealed shorter
ABR peak latencies, reduced wave I amplitudes, and increased
amplitude of wave IV (45). In contrast, in animals with
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noise-induced tinnitus, all ABR waves had reduced amplitudes
(45). This implicates that salicylate and noise induce different
changes within the auditory brainstem, but still cause the
tinnitus percept.

Since there is evidence suggesting a role of the brainstem in
tinnitus generation, our aim was to perform a systematic review
to examine if alterations in the brainstem auditory nuclei in
tinnitus patients are reflected in short- and middle-latency AEPs.
Based on experimental laboratory studies, we expect to find
shorter peak latencies and larger amplitudes of the brainstem
responses, reflecting increased neural synchrony.

Materials and methods

Protocol registration

The protocol of this study has been registered in PROSPERO
on 04/05/2021 (ID CRD42021243687) at https://www.crd.
york.ac.uk/PROSPERO/. The Preferred Reporting Items for
Systematic Reviews and Meta-analyses Protocols (PRISMA-P)
statement (46, 47) was the guideline during the design and
writing of this study.

Eligibility criteria

Regarding study population, adults with chronic subjective
tinnitus were included. The following exclusion criteria
were implemented: no tinnitus, objective tinnitus, pulsatile
tinnitus, tinnitus caused by middle ear pathology, tinnitus
caused by a tumor, brain tumors, sudden sensorineural
hearing loss, drug induced tinnitus, Méniéres disease,
Schwannoma, alcoholism, intracranial hypertension, multiple
sclerosis, diabetes, cerebrovascular disease, Alzheimer’s disease,
Parkinson’s disease, migraine. The included outcomes were all
short- and middle-latency AEP measures; long-latency AEPs
were excluded. As for study design, reviews, systematic reviews,

and meta-analyses were excluded.

Search strategy

The search strategy was based on the domain-determinant-
outcome model. In this model, the domain was defined as
adults with chronic subjective tinnitus. Short- and middle-
latency AEPs were the determinants. Finally, the outcome was
described as the prevalence of alterations in short-and middle-
latency auditory evoked potentials in tinnitus patients compared
to controls. The databases that were searched in the scope of this
systematic review and meta-analysis are PubMed and Web of
Science. Search strings were adapted for each of these databases.
The search strategy included terms relating to tinnitus and short-
and middle-latency auditory evoked potentials and has been
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evaluated by an independent librarian from the University of
Antwerp, as is recommended by the Institute of Medicine (48).
Only primary research published in English and Dutch was
considered for this review. There were no restrictions on date
of publication. Database searching ended on 30/04/2021. The
search strategies for PubMed and Web of Science are presented
in the Supplementary material S1.

Study selection

Titles and abstracts of the articles retrieved by the database
searches were screened by two independent authors (L] and
JDP). Articles that were included based on the title and abstract
and met the eligibility criteria, were subsequently subjected to
a full-text screening by the same two independent authors. In
case of disagreement, this was resolved by a consensus meeting
between the two reviewers. If a consensus could not be reached,
an extra reviewer (WDH) was consulted.

Data extraction

A standardized form was used for data extraction. The
following data were extracted by the two reviewers (L]
and JDP): study design, study population (sample size, sex,
age, hearing level), study protocol/methodology, outcome
measures [methods of AEP measurements, AEP component(s),
characteristics (latency, amplitude)], and results. If reported,
measures on tinnitus duration, loudness, and subjective severity
were also included in the data extraction tables.

Risk-of-bias and quality assessment

Two reviewers (L] and JDP) evaluated the quality of the
studies independently based on a checklist. Disagreements
between authors were solved by discussion or with a third
reviewer (WDH). To assess the methodological quality of cross-
sectional studies, the Joanna Briggs Checklist for Analytical
Cross-Sectional Studies (49), which consists of eight items, was
used. Each item was assessed as “yes,” “no,” “unclear;” or “not
applicable.” By analogy with Marshall et al. (50), we assigned a
score of 1 to a “yes” rating for each of the 8 criteria, resulting in
a score from 0 to 8. A cut-off score of 4 was used to exclude low-
quality studies from synthesis. Moderate risk of bias was defined
as a score of 5 or 6 and low risk of bias to scores of 7 and 8.

Meta-analyses
Meta-analyses were conducted using the Metafor package

in R (version 3.6.2, ©2019 The R Foundation for Statistical
Computing) (51). Effect sizes were calculated as standardized
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mean differences between tinnitus groups and control groups.
In order to minimize clinical variety and considering our
main goal was to investigate the possible influence of
tinnitus on AEPs, without hearing loss as a (possible)
influencing factor, we only included papers which specified
that the included tinnitus patients had clinically normal
PTA thresholds (<20 dB HL) in our meta-analyses. Papers
in which tinnitus patients had other comorbidities, such as
temporomandibular dysfunctions, were also excluded in the
final meta-analysis. Data pooling was considered if studies were
clinically homogeneous.

Since several included papers reported data on multiple
short- and middle-latency AEP components within the same
group of subjects, sampling errors of these results were
expected to be correlated. To account for this correlation, a
multivariate model was applied. Furthermore, AEP components
needed to be reported in a minimum of three papers
to be included in the meta-analysis. This is in analogy
to Cardon et al. (41). In a multivariate meta-analysis,
covariances between the sampling errors of various outcome
measures are a necessary addition to the model. However,
the correlations between several outcome measures within
one paper, which is required information to compute these
covariances, are often not reported. To account for this lack
of information, a variance-covariance matrix was constructed
based on correlations between different AEP components
in a dataset used in our previously published study in
which ABRs in young adults with and without tinnitus were
acquired (41, 52).

In order to assess statistical heterogeneity in this multivariate
model, forest plots were inspected and I?> was computed
according to the approach described by Jackson et al. (53).
This approach is based on the variance-covariance matrix
of the fixed effects under the model with random effects
and the model without. In order to explore outliers or
influential studies, post-hoc analyses were performed for all
ABR components included in the multivariate model. Outlier
detection was based on Cook’s distance and influence diagnostics
were used to visualize influence of individual studies. The
identified influential studies were not removed from the final
analysis, since outliers and influential cases might reveal
important patterns regarding study characteristics that could
be acting as potential moderators (54). Furthermore, evidence
for publication bias was investigated in using funnel plots and
Egger’s regression tests.

Results

Study selection

In total, 1,209 articles were retrieved from the searched
databases. After the removal of 313 duplicates, the
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articles went through a first screening phase based on
title and abstract. This resulted in the exclusion of 829
articles. After full-text screening and critical appraisal, 27
papers were included. A detailed overview of the study
selection process can be found in the PRISMA flowchart in
Figure 2.

Study characteristics

Twenty-seven cross-sectional studies comparing AEPs
between tinnitus patients and controls were included. The
average number of tinnitus patients enrolled in these studies
was 27, ranging from 10 to 113. On average, 35 control subjects,
ranging from 10 to 220, were included. The mean age of tinnitus
patients was 37.8 years, ranging from 18 to 68 years, and the
mean age for controls was 34.2 years, ranging from 18 to 68
years (n = 24 papers). The proportion of male patients (reported
in 23 studies) in the tinnitus group was, on average, 60.1%
(ranging from 0 to 100%). In control subjects, the proportion
of male subjects was 57.0% (ranging from 0 to 100%). The mean
duration of tinnitus (reported in 8 studies) was 34 months.

The researched AEP varied across papers. In 24 studies,
ABRs were measured, all of which used click stimuli to elicit
the responses. The study by Pinkl et al. (55) used both click
stimuli and tone burst stimuli. The most commonly studied
ABR parameters were latencies of wave I (n = 21), wave III
(n = 20), and wave V (n = 21). Interpeak latencies (IPLs)
I-III (n = 14), III-V (n = 14), and I-V (n = 16), and
amplitudes of waves I (n = 15), IIl (n = 11), and V (n =
16) were also frequently studied. Amplitude ratios III/I, V/III,
and V/I; were only reported in 5, 2, and 8 papers, respectively.
MLRs (16, 56, 57) and FFRs (58-60) were acquired in three
studies each.

For each individual study, a summary of the characteristics
of the tinnitus group and control group, and main results
are presented in the Supplementary material S2. Different
AEP components, more specifically ABRs, MLRs, and FFRs,
were investigated in the different cross-sectional papers.
The following sections go into more detail about each of
these components.

Risk of bias

The studies that met the inclusion criteria were assessed for
risk of bias. According to our cutoff scores, 18 of the 27 included
cross-sectional studies had a low risk of bias. The remaining nine
studies had a moderate risk of bias. An overview of the risk of
bias assessment is presented in Table 1. Additional information
on the 8 items that were scored within risk of bias assessment
can be found in the Supplementary material S3.
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Auditory brainstem responses

Results of the 24 cross-sectional studies that investigated
ABR latencies and amplitudes are summarized in the
Supplementary material S4.  Results for tinnitus patients
with and without hearing loss will be discussed separately in the
sections below.
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Tinnitus patients with hearing loss:
Best-evidence synthesis

Due to  the
studies investigating ABRs in tinnitus patients with

clinical ~ heterogeneity =~ between

hearing loss, statistical pooling was not feasible.

Therefore, a best-evidence synthesis (61) was

performed. The standardized mean differences
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Cartocci et al. (89)
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dos Santos-Filha et al. (90)
dos Santos Filha et al. (16)
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Hsu et al. (92)

Kehrle et al. (67)

Konadath and Manjula (85)
Makar et al. (68)

Nemati et al. (83)

Omidvar et al. (60)

Paul et al. (59)

Schaette and McAlpine (73)
Shim et al. (93)

Shim et al. (94)

Song et al. (95)
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presented in the included studies are shown in
Figure 3.

The overall results of the best-evidence synthesis show that
no consistent changes in any of the ABR components were
present in tinnitus patients with hearing loss. There is a possible
weak tendency toward longer latencies of waves I, III, and V.
However, these results are heavily influenced by an outlier (62).
Furthermore, a very subtle tendency toward a shorter IPL I-
III and longer IPL III-V and I-V are shown. Regarding ABR

amplitudes, no consistent differences could be identified.

Tinnitus patients without hearing loss:
Meta-analysis

Eleven studies investigating ABR components in normal
hearing tinnitus patients were included in the meta-analysis. A
detailed overview of the reasons for exclusion in the final meta-
analysis can be found in the Supplementary material S5. The
characteristics of the study participants of the studies included in
our meta-analysis are shown in the Supplementary material S6.

The following ABR components were included in data
pooling: latencies of waves I (n = 9), IIl (n = 9), and V (n
= 10); interpeak latencies (IPLs) I-IIIl (n = 7), III-V (n =
8), and I-V (n = 7), amplitude wave I (n = 3) and V (n =
3). Standardized Mean Differences (SMDs) between tinnitus
patients and controls within each study were calculated for
these elements. The final multivariate model, shown in Figure 4,
resulted in significant SMDs between tinnitus patients and
controls for four of the included ABR components. Latencies
of waves I (SMD = 0.66ms, p < 0.001), III (SMD = 0.43 ms,
p < 0.001), and V (SMD = 0.47 ms, p < 0.01) are shown to be
significantly longer in tinnitus patients than controls. Statistical
heterogeneity for wave I amplitude was too high (I? = 89.84%),
so data could not be pooled. SMDs for interpeak latencies I-III,
II1-V, and I-V and amplitude of wave V were close to zero.

For each component, post-hoc analyses were performed
by excluding possible outliers or influencing studies. This is
discussed in detail in Supplementary material S7. Overall, the
removal of outliers and influential papers did not change
the outcomes compared to the primary analyses for all ABR
components included in the meta-analyses.

Publication bias was investigated using funnel plots and
Egger’s regression tests for each ABR component separately. No
evidence for publication bias was found for any of the other ABR
components. Funnel plots for ABR latencies of waves I, III, and
V, as well as forest plots with the outliers and influential papers
excluded, are given in the Supplementary Figures S7, S8.

Middle-latency responses

MLR latencies and amplitudes were investigated
in three studies, whose results are depicted in the
Frontiersin Neurology

08

10.3389/fneur.2022.941876

Supplementary material S9. Regarding Na and Pa latencies,
none of these studies reported significant differences between
tinnitus patients with normal hearing and controls. Not all
possible MLR waves were examined in all four of these papers.
For instance, wave Pb latency was discussed in only two of them.
No consistent differences in any of the other MLR latencies or
amplitudes could be identified.

Frequency-following responses

Being only investigated by three of the included studies, the
FFR was the least studied AEP in our systematic review. More
specifically, Guest et al. (58), Paul et al. (59), and Omidvar et
al. (60) examined the fundamental frequency (Fp) in tinnitus
patients with normal hearing compared to controls. All three of
these studies reported lower, though non-significant, response
amplitudes in tinnitus patients. However, it must be noted that
all of these studies used different stimuli and intensity levels
to elicit the FFR (58-60). By eliciting the FFR with a 40 ms
synthesized syllable /da/, Omidvar et al. (60) also reported
significantly decreased amplitudes of the first formant frequency
range (Fj) and higher frequency region (HH) in tinnitus
patients. Moreover, the mean latencies of all FFR waves (more
specifically, waves V, A, C, D, E, E and O) were significantly
longer in subjects with tinnitus than in the control group.

Discussion

Our meta-analysis showed prolonged latencies of waves I,
III, and V in tinnitus patients with normal hearing. The best-
evidence synthesis in tinnitus patients with hearing loss did not
reveal any consistent differences.

In contrast to our expectations of reduced wave latencies due
to increased spontaneous firing rates and neural synchrony, our
meta-analyses revealed consistent prolongation of wave latencies
in several studies.

A prolongation of the latency of wave I, parallel to a
lengthening of the later ABR latencies of waves III and V,
occurs in ears with sensorineural hearing loss (63-66). No
differences in interpeak latencies were found, which further
supports this theory (65, 66). Thus, it suggests that patients
of the tinnitus group might have had sensorineural hearing
loss at higher frequencies which cannot be measured by click
ABR (67, 68). In addition, in normal hearing tinnitus patients
somatosensory triggers such as temporomandibular dysfunction
could also modulate auditory brainstem activity causing delayed
ABR latencies (13, 69, 70).

In previous research, a decreased amplitude of wave I
has been observed (71, 72). This decrease in amplitude was
hypothesized to be caused by the presence of hidden hearing
loss, or cochlear synaptopathy, which describes the degeneration
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FIGURE 3

First Author and Year

Standardized Mean
Difference [95% CI]

Latency wave |

Gilles et al. 2016 (N = 19 TI, 23 controls)
Guetal. 2012 (N = 15TI, 21 controls)
Ikner et al. 1990 (N = 35 TI, 35 controls)
Attias et al. 1993 (N = 12 TI, 12 controls)
Pinkl et al. 2017 (N = 6 Tl, 10 controls)

Latency wave Il

Gilles et al. 2016 (N = 19 TI, 23 controls)
Gu etal. 2012 (N = 15 TI, 21 controls)
Ikner et al. 1990 (N = 35 TI, 35 controls)
Attias et al. 1993 (N = 12 Tl, 12 controls)
Pinkl et al. 2017 (N = 6 TI, 10 controls)

Latency wave V

Gilles et al. 2016 (N = 19 TI, 23 controls)
Gu etal. 2012 (N = 15 TI, 21 controls)
lkner et al. 1990 (N = 35 TI, 35 controls)
Attias et al. 1993 (N = 12 Tl, 12 controls)
Pinkl et al. 2017 (N = 6 Tl, 10 controls)

Interpeak latency I-lll

Gilles et al. 2016 (N = 19 TI, 23 controls)
Ikner et al. 1990 (N = 35 TI, 35 controls)
Pinkl et al. 2017 (N = 6 TI, 10 controls)
Attias et al. 1993 (N = 12 TI, 12 controls)

Interpeak latency IlI-V

Gilles et al. 2016 (N = 19 TI, 23 controls)
Ikner et al. 1990 (N = 35 TI, 35 controls)
Pinkl et al. 2017 (N = 6 Tl, 10 controls)
Attias et al. 1993 (N = 12 Tl, 12 controls)

Interpeak latency I-V

Gilles et al. 2016 (N = 19 TI, 23 controls)
lkner et al. 1990 (N = 35 TI, 35 controls)
Pinkl et al. 2017 (N = 6 Tl, 10 controls)
Attias et al. 1993 (N = 12 Tl, 12 controls)

Amplitude wave |

Gilles et al. 2016 (N = 19 TI, 23 controls)
Gu etal. 2012 (N = 15 TI, 21 controls)
Attias et al. 1993 (N = 12 TI, 12 controls)

Amplitude wave Il

Gilles et al. 2016 (N = 19 TI, 23 controls)
Guetal. 2012 (N = 15TI, 21 controls)
Attias et al. 1993 (N = 12 Tl, 12 controls)

Amplitude wave V

Gilles et al. 2016 (N = 19 TI, 23 controls)
Gu etal. 2012 (N= 15 TI, 21 controls)
Attias et al. 1993 (N = 12 Tl, 12 controls)
Pinkl et al. 2017 (N = 6 Tl, 10 controls)

i
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0.21[-0.40, 0.82]
2.18(1.35, 3.01]
5.93(4.84, 7.02]

-0.16 [-0.97, 0.64]
0.11[-0.90, 1.13]

-0.36 [-0.98, 0.25]
1.82[1.04, 2.61]
4.29(3.43, 5.14]

~0.25 [-1.05, 0.56]

-0.52[-1.55, 0.51]

0.07 [-0.54, 0.68]
-0.98 [-1.68, ~0.28]
470(3.79, 561]
-0.17 [-0.97, 0.63]
1.11[0.03, 2.20)

-0.52[-1.14, 0.10]
-1.16 [~1.67, ~0.66]

0.12[-0.90, 1.13]
-0.39 [-1.20, 0.42]

0.56 [-0.06, 1.18]
2.97(2.29, 3.65]
1.11[0.02, 2.19)

-0.21[-1.01, 0.60]

0.20 [-0.41, 0.81]
2.64(2.00, 3.28]
0.80 [-0.25, 1.85]
0.40 [-0.41, 1.21]

0.49 [-0.13, 1.11]
-4.24 [-5.42, -3.06]
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3.30(2.29, 4.31]
-0.12[-0.92, 0.68]
~0.63 [-1.67, 0.40]

Favors smaller amplitude / shorter latency Standardized Mean Difference Favors larger amplitude / longer latency

Standardized mean differences for the different ABR components across studies comparing tinnitus patients with hearing loss to controls. The
studies of Attias et al. (97) and Rosenhall et al. (98) could not be included in this analysis, since numerical results of different ABR components
were not reported in these papers.
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. Standardized Mean
First Author and Year Difference [95% ClI]

Latency wave |

Dadoo etal. 2019 (N = 40 TI, 40 controls) 0.35[-0.09, 0.80]
dos Santos Filha et al. 2014 (N = 30 TI, 30 controls) 0.26 [-0.24, 0.77]
Gabr et al. 2019 (N = 30 TI, 30 controls) 0.34[-0.17, 0.85]
Hsuetal. 2013 (N= 15TI, 15 controls) 0.35[-0.37, 1.07]

Kehrle et al. 2008 (N = 37 Tl, 38 controls)
Konadath et al. 2016 (N = 20 TI, 20 controls)
Makar et al. 2017 (N = 30 Tl, 30 controls)
Omidvaretal. 2018 (N = 18 TI, 20 controls)
Pinkl et al. 2017 (N = 5 TI, 10 controls)

1.08[0.59, 1.56]
0.37 [-0.25, 1.00]
123068, 1.78)
0.43[-0.21, 1.07]
154033, 2.75]

0.66 [0.37, 0.95]
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Model results for Latency wave I: N = 9, tau® = 0.117, I = 59.72%, p = 0.000
Latency wave Il

Dadoo etal. 2019 (N = 40 TI, 40 controls) 0.10 [-0.33, 0.54]
dos Santos Filha et al. 2014 (N = 30 Tl, 30 controls) 0.25[-0.26, 0.76]
Gabr et al. 2019 (N = 30 TI, 30 controls) 0.22[-0.29, 0.73]

Hsuetal 2013 (N= 15TI, 15 controls)
Kehrle et al. 2008 (N = 37 Tl, 38 controls)
Konadath et al. 2016 (N = 20 TI, 20 controls)
Makar et al. 2017 (N = 30 TI, 30 controls)
Omidvar etal. 2018 (N = 17 TI, 20 controls)
Pinkl et al. 2017 (N = 5 TI, 10 controls)

0.60 [-0.13, 1.34]
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Model results for Latency wave III: N = 9, tau® = 0.048, 1> = 41.59%, p = 0.000

Latency wave V

Cartocci etal. 2012 (N = 10 T1, 14 controls)
Dadoo etal. 2019 (N = 40 TI, 40 controls)
dos Santos Filha et al. 2014 (N = 30 Tl, 30 controls)
Gabr et al. 2019 (N = 30 TI, 30 controls)
Hsuetal. 2013 (N= 15TI, 15 controls)
Kehrle et al. 2008 (N = 37 Tl, 38 controls)
Konadath et al. 2016 (N = 20 TI, 20 controls)
Makar et al. 2017 (N = 30 Tl, 30 controls)
Omidvar etal. 2018 (N = 18 TI, 20 controls)
Pinkl et al. 2017 (N = 5 TI, 10 controls)
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0.93(0.46, 1.41]
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Interpeak latency I-lll

Dadoo etal. 2019 (N = 40 TI, 40 controls)
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Pinkl et al. 2017 (N = 5TI, 10 controls)
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-0.14 [-0.59, 0.31]
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Omidvar etal. 2018 (N = 17 TI, 20 controls)

Pinkl et al. 2017 (N = 5 TI, 10 controls)
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Pinkl et al. 2017 (N = 5 TI, 10 controls)
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Model results for Interpeak latency I-V: N = 7, tau? = 0.043, I? = 55.27%, p = 0.657 0.06 [-0.19, 0.31]
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Model results for amplitude wave I: N = 3, tau® = 1.479, I = 89.84%,

Amplitude wave V

Gabr et al. 2019 (N = 30 TI, 30 controls)
Konadath et al. 2016 (N = 20 TI, 20 controls)
Pinkl et al. 2017 (N = 5 TI, 10 controls)

-0.18 [-0.68, 0.33]
-0.33[-0.95, 0.29]
0.11[-0.97, 1.18]

Model results for amplitude wave V: N = 3, tau? = 0.060, I> = 19.04%, p = 0.943 0.01[-0.38, 0.41]
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FIGURE 4

Forest plot of the primary multivariate analysis of ABR components in studies comparing tinnitus patients without hearing loss to controls.
Results are grouped according to ABR component. Results from individual papers are presented as Standardized Mean Differences (SMD) + 95%
confidence intervals. Overall results from the primary meta-analytic model are given for each component. SMD with 95% confidence intervals
are represented by diamonds, while error bars correspond to credibility/prediction intervals, defined as the intervals where ~95% of the true
outcomes are expected to fall.
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of the cochlear synapses without loss of hair cells (60, 73, 74).
Our meta-analysis did not replicate these results. However, some
researchers argue that the click ABR is not sensitive enough
to identify cochlear synaptopathy in humans (58). Thus, this
theory of cochlear synaptopathy in tinnitus patients also cannot
be refuted by our results. In the study by Guest et al. (58),
FFRs were also acquired in order to examine the presence of
cochlear synaptopathy in tinnitus patients. More specifically,
fundamental frequency (Fp) differences were expected to
increase due to synaptopathy. However, no significant effects
were found.

The mean age over all studies in our meta-analysis was
almost 5 years higher for tinnitus patients (38.9 years) compared
to controls (34.1 years). This difference could be the cause of
a small age bias, which might also influence the results. The
possibility of a gender bias is rather small, since there only
was a minor difference in mean proportion of genders between
tinnitus (proportion of males = 0.61) and controls (proportion
of males = 0.59).

Recent studies reported differences in ABR components
between tinnitus with and without co-occurrence of hyperacusis
in rodents (75) and humans (76). More specifically, Hofmeier
et al. (76) reported a prolonged latency and reduced amplitude
of wave V in audiologically examined tinnitus patients without
hyperacusis (n = 30). In tinnitus with concomitant hyperacusis
(n=20), enhanced amplitudes of ABR wave IIT and ABR wave V
for high sound intensities were identified. In the current review,
hyperacusis was not an exclusion criterion. Therefore, we cannot
determine whether concomitant occurrence of hyperacusis has
a possible influence on the discovered results. The possible
variation in the presence of hyperacusis may also be a possible
explanation for the different results between studies.

Clinical implications

In the review by Cardon et al. (41), the parietocentral
(42) P300 is put forward as a potential biomarker for tinnitus
at cortical level. The current review proves that by acquiring
ABR waves I, III, and V, changes earlier on in the auditory
pathway, more specifically at brainstem level, can be revealed in
some tinnitus patients. At present, we cannot confirm whether
the cortical changes are a result of the changes earlier on in
the auditory pathway. Moreover, the P300 depends on the
processing of the stimulus context and levels of attention and
arousal (44), and is therefore often used as a measure of
cognitive processing (43). In contrast, ABR waves are unaffected
by arousal and attention (77, 78), therefore providing us with
different information on auditory processing. Thus, auditory
brainstem responses and cortical auditory evoked potentials
might complement each other to identify the various changes on
different levels of the auditory pathway in tinnitus patients with
identical or different underlying pathologies.
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Furthermore, even though tinnitus patients can present with
normal hearing, reflected by a normal pure tone audiometry,
sensorineural hearing loss at high frequencies could still be
present. For that reason, it may be of interest to acquire ABRs
in tinnitus patients who present with a normal audiogram
anyway and to perform a high frequency audiometry, in order to
diagnose potential latency shifts associated with high-frequency
hearing loss.

Directions for further research

Risk of bias assessment revealed a low risk of bias in
the majority of the included studies. Throughout the various
studies, identifying and dealing with confounding factors
proved to be the most common source of risk of bias.
However, it is well known that AEPs can be affected by
several factors, including age, gender, and hearing loss (79—
81). For instance, several of the papers in the current review
did not report age or gender of participants (55, 62, 82,
83), or did not mention whether matching was performed
(16, 56, 57, 59, 84-86). Therefore, we strongly recommend
future research to identify and report these confounding
factors, and to set clear inclusion criteria accordingly to avoid
sampling errors.

We were not able to draw any conclusions on possible
differences in MLR and FFR potentials, mainly because
insufficient studies investigating these components could
be included in our systematic review. Since our review
was able to highlight AEP changes at brainstem level and
the review by Cardon et al. (41) did so for the cortical
level, there still remains a knowledge gap about whether
changes occur at subcortical level. Since MLRs are considered
to represent subcortical activation (30) and FFRs arise
from multiple cortical and subcortical sources (33, 87),
these potentials might help to fill in this knowledge gap.
This would allow us to further understand which changes
occur in tinnitus patients along the complete auditory
pathway, from cochlea to cortex. Thus, our recommendation
is to conduct cross-sectional studies measuring MLRs,
and FFRs, which are carried out in sufficiently large and
homogeneous samples.

Strengths and limitations

To our knowledge, this is the first systematic review
and meta-analysis investigating both short- and middle-
latency AEPs in tinnitus patients. The use of a powerful
the
risk

and well-constructed methodology contributed to
More
of bias assessment was performed by two independent
broad

strength of the present paper. specifically,

reviewers, a search Strategy was constructed,
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and this paper was reported according to the PRISMA
guidelines (47).

Nevertheless, we encountered a few limitations. Although
we intended to homogenize the included data in our meta-
analysis as much as possible, some clinical heterogeneity
instance, there were some differences

is inevitable. For

in gender ratio and mean age across studies. Some
variation in the methodology for the acquisition ABRs
was also present, such as the ABR system, the type of
transducer, the presentation level, and the filtering settings.
Moreover, some papers that were eligible to be included
in our meta-analyses did not report ABR latencies and
amplitudes, and consequently could not be included in the
final analyses.

Additionally, provide
details of the subjects.
These include duration, loudness, and subjective severity

most

papers did not
characteristics

many

on the tinnitus

of tinnitus.

As mentioned earlier, there may be multiple factors
underlying tinnitus (1), which could potentially be a
confounding factor on AEPs. In the current review, we
tried to accommodate for this by performing separate analyses
for tinnitus patients with and without hearing loss, and by
setting in- and exclusion criteria as clearly as possible. In
risk of bias assessment, we assessed whether the individual
studies identified these confounding factors and how they
were addressed (Table 1; Supplementary material S3). These
items proved to be the most common source of risk of bias
throughout the various studies. Thus, despite these efforts to
minimize clinical heterogeneity, the influence of multifactorial
tinnitus pathways on cortical and subcortical activation patterns
could have affected the results of the included studies and
this review.

Conclusion

Significantly longer latencies of ABR waves I, IIJ,

and V are shown in tinnitus patients with normal
hearing compared to controls. This could be explained
by a high frequency sensorineural hearing loss or
other less known modulating factors such as cochlear
synaptopathy or somatosensory tinnitus generators. No
conclusions on possible changes at subcortical level could be

drawn yet.
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