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Self-reported difficulties in speech-in-noise (SiN) recognition are common among tinnitus pa-
tients. Whereas hearing impairment that usually co-occurs with tinnitus can explain such diffi-
culties, recent studies suggest that tinnitus patients with normal hearing sensitivity still show
decreased SiN understanding, indicating that SiN difficulties cannot be solely attributed to
changes in hearing sensitivity. In fact, cognitive control, which refers to a variety of top-down
processes that human beings use to complete their daily tasks, has been shown to be critical
for SiN recognition, as well as the key to understand cognitive inefficiencies caused by tinni-
tus. In this article, we review studies investigating the association between tinnitus and cogni-
tive control using behavioral and brain imaging assessments, as well as those examining the
effect of tinnitus on SiN recognition. In addition, three factors that can affect cognitive con-
trol in tinnitus patients, including hearing sensitivity, age, and severity of tinnitus, are dis-
cussed to elucidate the association among tinnitus, cognitive control, and SiN recognition.
Although a possible central or cognitive involvement has always been postulated in the ob-
served SiN impairments in tinnitus patients, there is as yet no direct evidence to underpin this
assumption, as few studies have addressed both SiN performance and cognitive control in
one tinnitus cohort. Future studies should aim at incorporating SiN tests with various sub-
jective and objective methods that evaluate cognitive performance to better understand the
relationship between SiN difficulties and cognitive control in tinnitus patients.
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Introduction

Tinnitus is a perception of sound without the presence of
an external source. Tinnitus in a chronic form may affect emo-
tional well-being (e.g., depression or anxiety), cause concen-
tration difficulties and sleep disturbances, and thereby signifi-
cantly impact an individual’s quality of life [1].

Cognitive control refers to a variety of top-down processes
that human beings use to complete daily tasks depending on
their current goals, including but not limited to attention, mem-
ory, and processing speed [2]. The role of cognition in tinni-
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tus has been discussed in several reviews [3,4], and articles
outlining models (e.g., [5]). Moreover, the relation between
tinnitus and cognitive control has been examined through
behavioral tests, brain imaging techniques, and electrophysi-
ological assessments. Increasing evidence suggests that cog-
nitive abilities, such as attention, may be a prerequisite for
optimal speech-in-speech processing in adverse listening en-
vironments [2,6]. Such abilities have also been reported to be
the key to understanding cognitive inefficiency in tinnitus
patients [7] and to further interpret speech comprehension
difficulties reported in the tinnitus population [8]. The aim of
this review is to discuss the association among tinnitus, cog-
nitive control, and speech-in-noise (SiN) recognition. The re-
view consists of three sections that address: 1) the relationship
between cognitive control and SiN recognition, 2) behavioral
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and brain imaging evidence supporting changes of cognitive
control in individuals with tinnitus, and 3) factors that affect
cognitive control. Finally, the review ends by identifying gaps
in knowledge that should be addressed by future research.

Cognitive Control and
Speech-in-Noise Recognition

There is a consensus that SiN ability in the adult popula-
tion can be attributed to individuals’ peripheral hearing sensi-
tivity, central auditory processing, and cognitive function [9].
Although hearing sensitivity can explain some of the SiN dif-
ficulties in listeners with hearing impairment, a growing body
of evidence suggests that such difficulties are also present in
those without hearing impairment, indicating that cognitive
ability may be a more relevant driving factor to explain SiN
difficulties [10]. In fact, an overall significant correlation of r=
0.31 between SiN recognition and cognitive performance, as
well as significant associations between SiN recognition and
various cognitive functions including inhibitory control, pro-
cessing speed, and working memory, have been demonstrat-
ed through meta-analyses in individuals without tinnitus and
with hearing sensitivity ranging from normal to moderate hear-
ing loss [10].

To date, several studies on cognitive control, especially on
attention, have suggested that individuals with chronic tinni-
tus tend to have difficulties in allocating their attentional re-
sources [4]. Therefore, it may not be unusual to postulate that
the effect of tinnitus on SiN performance can be observed in
tasks that consume a significant amount of cognitive capacity,
for example, speech recognition under multi-babble talkers.

Speech-in-noise recognition in tinnitus

A review of studies on speech comprehension from 1996
to 2016 suggests that tinnitus patients have poorer SiN rec-
ognition compared to hearing-matched controls, regardless
of the heterogeneity of tinnitus population, hearing sensitivi-
ty, or the complexity of the SiN tasks [8]. In contrast, our re-
cent study [11] did not support a general SiN deficit in tinni-
tus patients with normal hearing sensitivity, and both tinnitus
and control groups showed similar SiN performance. Instead,
our results indicated that the tinnitus group performed signif-
icantly worse when stimuli were presented monaurally to the
left ear compared to the right ear, even though bilateral tinni-
tus percept and symmetrical hearing sensitivity were reported.
Our findings suggest that the between-ear difference in tinni-
tus patients might not be solely interpreted by the structural
differences in hemispheres of the brain, but a possible involve-
ment of cognitive deficits that affect the between-ear SiN per-
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formance, because this right-ear advantage (or more specifi-
cally, left-ear disadvantage) has been shown to be modifiable
by cognitive control such as attention [11]. In line with our
assumption, Ivansic, et al. [8] indicated that most SiN studies
in tinnitus suggest a central contribution to the observed speech
comprehension difficulties. As to what might be involved in
the so-called “central contribution,” they linked it to the im-
paired cognitive functions observed in tinnitus patients and
concluded that the effect of tinnitus may be particularly on at-
tentional executive functions.

Cognitive control of attention

Attentional processing includes alerting attention (sustained
alertness to process any incoming information), orienting at-
tention (also called selective attention, which involves the con-
scious process of selecting task-relevant stimuli while ignoring
task-irrelevant stimuli), and executive attention (top-down con-
trol of attention to resolve any conflicts of information) [12].
Although these networks can be addressed separately using
various tasks, they often work together in real-world situations
such as in SiN recognition [6].

Brain regions that involve the orienting and executive con-
trol of attention have been confirmed by brain imaging stud-
ies, the former consists of the dorsal and ventral attention sys-
tem, and the latter includes the midline cortex as well as the
anterior cingulate cortex [12]. These two networks have been
extensively investigated behaviorally in the tinnitus popula-
tion [3].

Cognitive control of emotion

Relevant to cognitive control of attention, cognitive control
of emotion involves four processes: 1) the perception of a stim-
ulus under the current context, 2) attention towards or away
from the stimulus, 3) the significance of the stimulus is ap-
praised based on its relevance to an individual’s needs, and
4) response to the stimulus [13]. The regulation of emotion
can be facilitated through various strategies such as atten-
tional deployment (selective attention or distraction) towards
a stimulus [13]. Taken together, the perception of tinnitus can
impact both cognitive control of attention and emotion, and the
changes in attention can thereby cause SiN difficulties (Fig. 1).
In fact, converging evidence in brain imaging studies has con-
firmed the effect of tinnitus on non-auditory brain regions re-
lated to cognitive control [14].

Our interpretation of the interaction between cognitive
control of attention and emotion and how they affect SiN in
tinnitus differs from that proposed by Trevis, et al. (Fig. 1 in
[15]), primarily in that they presume deficits in attention
switching lead to persistence of tinnitus, whereas we are as-
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Fig. 1. Proposed association among chronic tinnitus, cognitive
control, and speech-in-noise recognition.

suming such deficits to occur as tinnitus become chronic. Fur-
ther, the severity of tinnitus may have a greater impact on cog-
nitive control than merely on the perception of tinnitus, which
differs from the Trevis, et al. framework [15].

Changes in Cognitive Control
in Tinnitus

Behavioral evidence

Regardless of the methods being used, the relationship be-
tween tinnitus and cognitive control of attention has become
a popular topic among tinnitus researchers. Roberts, et al. [5]
suggest that auditory attention is key to either building a more
accurate representation of the auditory scene when an unex-
pected auditory event occurs (in patients with non-bother-
some tinnitus), or maintaining the scene when a mismatch of
the top-down and bottom-up auditory information is present
(in patients with bothersome tinnitus). Attention towards tin-
nitus can also be explained by the term “biased competition”
[16], which specifies that sound streams that are more salient
than others (e.g., louder in intensity or more distinct com-
pared to others) can take place automatically. It should be
noted that during daily listening tasks, tinnitus patients not
only perceive their tinnitus but also external sounds such as
speech or noise. Therefore, all listening tasks can be construed
as dual-tasks due to the consumption of attentional capacity
by the already existing tinnitus.

Several recent reviews have summarized studies on the ef-
fect of tinnitus on cognitive control of attention using behav-
ioral or electrophysiological measures. For example, Moha-
mad, et al. [3] reviewed nine studies that showed behavioral
evidence on changes in cognitive performance due to tinnitus,
with a focus on the relation between tinnitus severity, work-
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ing memory, and various attentional networks. In their review,
the theoretical construct of attention was precisely catego-
rized by adopting the three major networks of the attention
system described earlier [12]. Mohamad, et al. [3] concluded
that tinnitus interferes with executive attention, but its effect
on working memory and selective attention, as well as how
the severity of tinnitus can impact these cognitive functions
is uncertain. Moreover, they identified potential biases that
need to be eliminated in future research; for example, an at-
tempt to interpret the relation between tinnitus and cognitive
functions without considering any confounding factors such
as age and hearing impairment can lead to a selection bias.

A systematic review of 18 studies conducted by Tegg-Quinn,
et al. [4] supplemented behavioral studies with those using
electrophysiological measures to assess the impact of tinnitus
on various cognitive functions. Their conclusion, similar to
the one from Mohamad, et al. [3], was that tinnitus impacts
cognitive function, specifically, the executive control of atten-
tion. They indicated that over time, studies on cognitive im-
pairment in tinnitus patients gradually shifted their interpreta-
tion of the results from a non-specific deficit in cognitive
function (i.e., a general deficit in attention) to a more refined
one (a deficiency in executive control of attention). Addition-
ally, they pointed out the problem of control groups not well-
matched on age or hearing sensitivity with the tinnitus group
in several studies.

Further, studies using dual-task paradigms (Table 1), which
involve executive attention as well as other functions of cog-
nitive control (e.g., working memory), demonstrated that tin-
nitus patients show a depletion in attentional resources [7,17].
A dual-task paradigm requires individuals to perform two
tasks simultaneously to examine the allocation of attentional
capacity, under the assumption that the attentional capacity is
limited. Generally, more attentional resources are needed to
react to the increasing difficulty in the primary task, resulting
in fewer attentional resources devoted to the secondary task.
Longer reaction times and higher error rates in the secondary
tasks may suggest a deficit in allocating the attentional re-
sources. For example, Degeest, et al. [17] found that patients
who reported a slight tinnitus handicap and normal hearing
sensitivity still showed increasing listening effort, as mani-
fested by a decrease in performance in their secondary task
when completing speech recognition in quiet or in noise tests
as the primary tasks.

In summary, increasing behavioral evidence corroborates
the overarching conclusion that tinnitus can impact cognitive
functions, especially the executive attention, which in turn
can affect SiN. Additionally, the importance of eliminating
confounding factors in studying cognitive functions in tinni-
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Table 1. Summary of behavioral studies discussed in this review

Tinnitus subjects

Poorer performance

Task(s) on cognitive

Study Mean age (SD), Tinnitus Hearing . in tinnitus relative
. o control of attention
range severity sensitivity to control group?
Hallom, et al. [7] 49.32 (12), 20-70 - HL Dual-task paradigm Yes
Heeren, et al. [26] 46.85 (15.79), 20-72 - - Attention Network Test Yes
Araneda, et al. [29] 49 (15.2), 20—67 Moderate NH+HL  Go/no-go test Yes
(mean THI=43.29)
Trevis, et al. [15] 40.31 (14.67), 1860  THI used, NH+HL  N-back task; Stop-Signal task Yes
score not reported
Degeest, et al. [17] 23.8 (4.3), 19-31 Slight (mean THI=12.2)  NH Dual-task paradigm Yes

THI: Tinnitus Handicap Inventory, HL: hearing loss, NH: normal hearing

tus is reiterated [3,4]. However, due to the heterogeneity of
tinnitus population, it might not be possible to have an opti-
mal match of both age and hearing sensitivity between the tin-
nitus and the control groups.

Brain imaging evidence

Our lab and others have used both task- and rest-based func-
tional magnetic resonance imaging (fMRI) to investigate al-
terations in the neural network engaged in mediating attention.
It should be pointed out that these studies do not demonstrate
cognitive impairment in the tinnitus group when compared
to the control group, but all describe alterations of the attention
network. This may be either due to the type of tasks used in the
fMRI studies or the type of tinnitus patients included, who
predominantly reported mild symptoms.

In two studies [18,19], we examined the activation patterns
as a result of same-different task, involving either two or three
stimuli, either auditory or visual. The auditory stimuli were
pure tones of varying frequency while the visual stimuli were
simple line drawing of the letters from the Korean alphabet
(unfamiliar to the participants). In the first study [18], we ob-
served reduced response in the parietal and frontal cortices
for the tinnitus group relative to the hearing-matched control
group (Fig. 2A) and decreased activation only in the frontal
cortex compared to the normal hearing control group. In the
second study [19], where we varied the load between two
and three stimuli, the response of the fronto-parietal attention
network was reduced in the tinnitus group compared to the
control groups for both task loads of auditory stimuli (Fig.
2A), with the effect being more pronounced at high load. In
contrast, in the visual modality, the tinnitus group exhibited
greater response of the attention network, regardless of mem-
ory load, compared to the control groups (Fig. 2B). Thus, al-
though there are alterations to the attention network due to
chronic tinnitus, these appear to take the form of reduced en-
gagement of the attention network for sounds and greater en-
gagement for visual stimuli.
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In an fMRI study of one-back task with distractors, using
both auditory and visual stimuli, Amaral and Langers [20]
found that although there were no group differences in terms
of behavior, within the tinnitus group, performance worsened
with severity. They also did not find differences in the neural
activation of the central auditory or the dorsal attention sys-
tem. Instead, they found greater engagement of the anterior
insula and the cerebellum together with a less reduced deacti-
vation of the visual cortex for the tasks for the tinnitus group
compared to the control groups (Fig. 2B). The authors inter-
pret these findings to suggest the altered engagement of the
salience (due to the insular response) and the visual networks,
inferring an abnormal response of the attentional control mech-
anisms in tinnitus.

With respect to cognitive control of emotion, a series of
task-based studies have examined the effect of tinnitus sever-
ity on emotional processing [21,22] and noted the increased
response in the limbic system in those with bothersome tinni-
tus when processing affective stimuli compared to neutral
stimuli (relative to a group with low distress). However, while
in our study [21] we observed an increased response in the su-
perior, middle and inferior frontal cortex in those with mild
tinnitus when processing affective stimuli compared to neutral
stimuli (relative to those with bothersome tinnitus), this find-
ing was not supported in the Golm, et al. study [22], where
they observed a decreased response in the middle frontal gy-
rus. This discrepancy may be related to the type of stimuli used
in the studies (affective, every-day sounds in ours [21] and
tinnitus-related and generally negative visually-presented
sentences in Golm, et al. [22]).

Resting-state fMRI studies, where the participant does not
perform a goal-directed task but is instructed to “rest and let
the mind wander,” also allow us to probe the functional con-
nections of neural networks. As we have reviewed previous-
ly [14,23], the main changes to neural networks appear to be
decreased connectivity of the default mode network and in-
creased engagement of the attention network at rest. Over time
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Fig. 2. Summary of findings in task-based functional magnetic resonance imaging studies on cognitive control of attention: brain re-
gions with decreased activation during auditory tasks (A) and regions with increased activation during visual tasks (B) for the tinnitus
group relative to the hearing-matched control group. Regions related to cognitive control of attention are marked with red frames and
those that are in the medial brain are marked with dashed frames. SFG: superior frontal gyrus, MFG: middle frontal gyrus, IFG: inferior
frontal gyrus, ACC: anterior cingulate cortex, STG: superior temporal gyrus, MTG: middle temporal gyrus, IPL: inferior parietal lobule,

SPL.: superior parietal lobule, MOG: middle occipital gyrus.

and as the severity of tinnitus increase, such alterations inten-
sify [24].

Factors Affecting Cognitive Control
in Tinnitus

Hearing sensitivity

A major problem in interpreting the findings of cognitive
control in tinnitus patients is to parse out the impact of hearing
loss, because tinnitus often co-occurs with hearing impairment
[25]. However, it is not straightforward to evaluate the type
and extent of hearing loss in the study participants, mostly
because, what constitutes hearing loss or even normal hear-
ing thresholds is variable between studies and hearing sensi-
tivity is not evaluated or not reported (e.g., [26]). Such rea-
sons can greatly prevent the readers from determining if any
observed changes in cognitive control can be attributed only
to the presence of tinnitus [4].

Although tinnitus without the presence of hearing impair-
ment can still cause cognitive deficiencies [17], it is obvious
that tinnitus accompanied by hearing loss demonstrates more
consistent results in changes of cognitive control (e.g., for
findings in brain imaging studies, [14]). In other words, it im-
plies that cognitive control is highly susceptible to changes
when tinnitus co-occurs with hearing loss, thereby making it
more challenging to parse out the effect of hearing loss on
cognitive control in tinnitus patients with hearing impairment.

Aging

In addition to hearing sensitivity, decreased cognitive con-
trol ability has been shown to be attributed to increasing age in
the general population [2]. The effect of aging seems uncer-
tain in the tinnitus population because both studies targeting
young (e.g., Degeest, et al. [17]) and older tinnitus patients
(e.g., Heeren, et al. [26]) have suggested altered cognitive
control of attention caused by tinnitus behaviorally (Table 1).
However, an insignificant effect of aging in this population
may simply be due to the complexity of behavioral tasks, with
more complex ones requiring greater effort of cognitive pro-
cessing, regardless of the effect of aging. In fact, it might be
impossible to preclude the effect of aging on cognitive con-
trol because most tinnitus studies included participants in a
wide age range (e.g., tinnitus patients aged between 20 and
72 years in Heeren, et al. [26]). Moreover, unmatched age be-
tween the tinnitus and the control groups in some studies can
adversely make the results susceptible to the effect of aging [4].

Tinnitus severity

The severity of tinnitus is often estimated by using estab-
lished questionnaires such as the Tinnitus Handicap Inventory
(THI) [27]. The THI has remained in widespread use because
it provides five ranges of scores that allows the classification
of various severity levels, despite being reported to have low
sensitivity to smaller changes because it only contains a three-
label category scale. Questionnaires that contain subscales to
reflect cognitive concerns and allow larger scale for rating, for
example, the Tinnitus Primary Function Questionnaires [1] and
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the Tinnitus Functional Index [28], are considered to have
better sensitivity. However, they have not been extensively used
for studying cognitive control in tinnitus. Surprisingly, sever-
al studies (e.g., [7] and [26], Table 1) using behavioral mea-
sures to support changes in cognitive control of attention caused
by tinnitus did not incorporate any tinnitus severity estimation.

It is difficult to predict the exact effect of tinnitus severity
on cognitive control with the variety of tinnitus questionnaires
used in estimating tinnitus severity and mixed findings from
various studies. On the one hand, some patients who reported
slight tinnitus handicap still showed difficulties in allocation
attentional resource behaviorally [17]. On the other hand, oth-
er behavioral studies found altered cognitive control processing
only in individuals who reported greater than slight tinnitus
handicap (e.g., [29]).

Although fMRI studies have not often examined the role of
severity on SiN or cognitive control, our recent paper exam-
ining resting state fMRI noted that changes to the connectiv-
ity patterns of the default mode and dorsal attention network
were correlated with severity [24], thus attesting to the fact
that severity has an impact even in the absence of a goal-di-
rected task.

Conclusion

This review assessed the relationship between cognitive
control and SiN performance in tinnitus patients. In general,
SiN studies suggest an impact of tinnitus on SiN performance,
with poorer SiN recognition observed in patients compared to
controls. Such findings appear to be independent of hearing
sensitivity or the complexity of SiN tasks, but the effect of
tinnitus severity cannot be ruled out. In terms of cognitive
control in tinnitus, studies have demonstrated that tinnitus
can alter cognitive control processing, but confounding fac-
tors such as hearing sensitivity and tinnitus severity need to
be considered for a complete interpretation of results. Because
few studies have addressed both SiN recognition and cogni-
tive control in tinnitus patients, the evidence is still not well-
defined as to how cognitive control is affected by tinnitus
and how tinnitus indirectly affects SiN performance by caus-
ing cognitive deficiencies.

Future directions

To better understand how cognitive control can impact SiN
performance in tinnitus patients, future SiN studies should
aim at incorporating both cognitive tasks and other methods
to examine changes in cognitive control (e.g., event-related
potentials or fMRI) in a cohort with tinnitus. Moreover, it
might be informative to use self-reported questionnaires to in-
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vestigate if tinnitus patients with normal hearing sensitivity
truly have concerns regarding speech recognition in adverse
listening environments. Additionally, with increasing number
of tinnitus studies, meta-analyses of studies using comparable
methods with various age groups and hearing profiles can be
advantageous in delineating an overarching conclusion on the
association among tinnitus, cognitive control, and SiN perfor-
mance.

In conclusion, deficits in cognitive control may be related
to concentration or communication difficulties when process-
ing auditory stimuli (e.g., speech recognition in noise) report-
ed by tinnitus patients regardless of their hearing status. Fu-
ture investigation in tinnitus patients incorporating a range of
ages and hearing profiles can be invaluable in assessing the
effectiveness of clinical tinnitus intervention and manage-
ment, in monitoring the progression of tinnitus (e.g., through
comparing recent-onset to chronic tinnitus, or through con-
ducting longitudinal studies), and may also play a key role in
developing patient-specific treatment strategies.
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