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a  b  s  t  r  a  c  t

Neural  mechanisms  that  detect changes  in  the  auditory  environment  appear  to rely  on  processes  that
predict  sensory  state.  Here  we  propose  that  in  tinnitus  there  is  a disparity  between  what  the  brain  predicts
it should  be  hearing  (this  prediction  based  on aberrant  neural  activity  occurring  in cortical  frequency
regions  affected  by  hearing  loss  and  underlying  the  tinnitus  percept)  and  the  acoustic  information  that  is
delivered  to the brain  by the  damaged  cochlea.  The  disparity  between  the  predicted  and  delivered  inputs
activates  a system  for auditory  attention  that  facilitates  through  subcortical  neuromodulatory  systems
neuroplastic  changes  that  contribute  to the  generation  of  tinnitus.  We  review  behavioral  and  functional
brain  imaging  evidence  for persisting  auditory  attention  in  tinnitus  and  present  a  qualitative  model  for
how  attention  operates  in normal  hearing  and  may  be triggered  in tinnitus  accompanied  by hearing  loss.
The  viewpoint  has  implications  for  the role of cochlear  pathology  in  tinnitus,  for  neural  plasticity  and
the  contribution  of  forebrain  neuromodulatory  systems  in  tinnitus,  and  for tinnitus  management  and
treatment.

©  2013  The  Authors.  Published  by  Elsevier  Ltd.  All  rights  reserved.

Contents

1. Introduction  . .  . . .  . . .  .  .  .  . . .  .  . . .  . . . .  . . .  . . . .  .  . . .  .  . . .  .  . .  .  .  . . .  .  . . .  . . .  .  . . . . . . . . . .  . . .  . . . . . . . . . .  .  . .  .  . . .  .  . . .  . . . . .  . . . . . .  .  . . . . . .  .  . . . . . . .  . .  . . . .  .  . . . . . .  . . .  .  . .  . . .  .  1755
2.  Neural  mechanisms  for  attention. . . . .  . . .  .  . . . .  . . .  .  . .  .  .  .  . .  .  . . .  .  . . . . . .  .  . . . . . . .  . . .  .  . . . . .  .  . .  . . . . .  . . . . .  . .  .  . . . . . .  .  . . . . . . .  . . . . . . .  . . . . . . . . .  .  . . .  .  .  .  . . .  .  . . . . . 1755

2.1. Top-down  and  bottom-up  auditory  attention  . . .  .  . . .  .  . . . . . . .  . . .  .  . . . . . . .  . .  . . . .  . . .  .  . . .  . .  .  . . . .  . . .  .  .  . . .  . . . .  . . . . . .  .  . . .  . . . .  . . .  . . . .  .  . .  .  .  .  .  . . . .  . . .  1755
2.2.  Role  of  basal  forebrain  and  tegmental  cholinergic  systems  .  .  . . .  . .  . . . . . . .  .  . . . . . . . .  .  . . .  .  .  . . . . . . .  . . . . . . . . . .  .  . . . . . .  . . . . . . .  .  . .  . . .  .  . . . . . .  .  . .  .  . .  1756

3.  Auditory  attention  and  tinnitus  . .  .  . . .  . . . .  .  . .  .  .  . . .  . . . .  . . .  . . . .  . . . .  . . . . . .  .  .  . . . . .  .  .  .  . .  . . .  . . . .  . .  .  . . . . . . .  .  . . .  . . . .  .  . .  . . . . .  .  . .  . . . .  . . . . . .  .  . . . .  .  . . .  . .  . . .  .  . . . 1758
3.1. Neural  changes  in  tinnitus  . . . .  . . . .  . . .  .  . . .  .  .  . .  .  . . .  .  . . .  . . .  .  . . . . . .  .  .  . . .  . . .  . . . . . . . . . . . .  .  . . .  . . . . . . . .  . . . . . . .  .  . . . .  . . .  . . . . . . . . .  .  .  .  . . . . . . . . . . .  . . . . . .  1758
3.2.  Role  of  auditory  attention  in  tinnitus  . . .  .  .  . .  .  . . . .  . . .  . . . .  . . .  . . . . .  .  . .  . . . . .  . .  . . . . . .  .  . . . . . .  . . .  . . . .  .  . . . . . . . . . . . . .  .  . . . . . . .  . . .  . .  . . . . .  . .  .  .  .  .  . . . .  . . . 1760

4.  Evidence  of  a role  for  auditory  attention  in  tinnitus  . . .  . . .  .  . . . . . . .  . . . . .  . . .  .  . .  .  . .  . . .  .  .  . . . . .  . . .  . . . .  .  . . . .  .  . .  . . . . . .  .  .  . . .  . . .  .  .  . . . . .  . .  . . .  .  .  .  .  . .  .  .  .  . .  . .  .  . 1762
4.1. Behavioral  studies  .  .  . . . . . . .  . . . . . . .  . . .  .  .  . . .  . . . . . . .  . . . .  . . .  .  . . . . . .  .  . . . .  . .  .  .  . . . . .  .  .  . . .  . .  .  . . . . . . .  . . . . .  . . .  . .  . . . . .  . . .  .  . . .  .  .  . .  . . .  .  .  .  . .  . . . . . . . . . .  . .  .  .  1762
4.2.  Electrophysiological  evidence.  .  .  . . .  .  . .  .  . . . . . . . . . . . . . .  .  . . .  . . .  .  . . .  . . . .  . . .  .  . . . . .  .  . . . . . .  . .  .  . . .  .  .  . . . . . .  .  . . . . .  .  . . .  . . . .  .  . .  . . . . .  .  . . . . .  .  .  .  .  . .  . . . .  . . . 1762
4.3. FMRI  and  PET  imaging.  . . .  .  . . .  .  . .  .  .  . . . . . . . .  .  .  . . .  .  . . .  .  . . .  .  .  . .  . . . .  .  . . . .  . . .  . . . . . .  .  . . . . . . .  . . .  . . . . . . .  .  . . . . .  . .  . . . . . .  .  . . . .  . .  .  .  . . . .  . . . .  .  . .  .  .  .  .  . . .  .  . . 1765
4.4.  Oscillatory  brain  dynamics  in  tinnitus  . .  . . . .  .  . . .  .  . . .  .  . . . . . . .  . . . . . .  . . . . . . .  . . .  .  . .  . . .  . . . . . . .  . .  . . .  . . .  . . . . . .  .  . . . . .  .  .  . . . . . . .  . .  .  . . .  .  .  .  . . .  . . . . . .  . . . 1765

5.  Summary,  limitations,  and  looking  ahead  .  . . . .  . . . .  . . . .  . . .  .  . . . . .  .  .  . . . .  . .  .  .  .  . .  .  . .  . .  . . . . .  . . . . . . .  .  . . .  . . . . .  . .  . . . .  .  .  . .  . . .  . .  . . . . .  .  .  .  .  . . . . .  .  . . . . .  .  . .  .  . .  . . .  1767
5.1.  Is a concept  of  attention  needed?  . . .  .  . . .  .  . . .  . . . .  . . .  . . . .  . . .  . . . . . . .  . . .  . . . . . . . . .  . . . .  . . . . .  . . .  . . . . .  . .  . . .  . .  . . . . . .  . .  . . . . .  . . .  .  . . . .  . .  .  . .  .  . . . . . .  .  . .  .  .  1767
5.2. Role  of  the  BF  cholinergic  and  other  neuromodulatory  systems  . .  .  . .  . . . .  . . .  . .  .  . .  . . .  . . .  . . . .  .  . . . . .  . . .  . . . . . . .  . .  . . . . . . . .  . . .  .  . . . . .  .  . . . .  . .  . .  .  .  . 1768
5.3.  Tinnitus  and  peripheral  hearing  function  .  . . .  . . . . . . .  . . . . . . .  . . . . . . .  .  . . . . . .  . .  . . . . .  . . .  . . .  . . . . . . .  . . .  . .  . . .  . . . .  . . . . . . .  .  . . . .  . . . .  .  . . . . . . . . . .  .  .  .  .  . .  . 1769
5.4.  Tinnitus  management  . . .  . . .  . . .  . . .  .  . . .  .  .  . .  . . . .  . . . . . . . . .  . . .  . . . . . .  .  . . . .  .  . . .  . . . . . . .  . .  . . . .  . . . .  . . .  . .  . . . . . .  . . . . . . .  .  . . . . . . .  . . . . . . .  . . .  .  . .  .  . .  .  . . .  . . .  . 1769
Acknowledgments  .  . .  .  . . .  .  . . .  .  . . .  .  . . .  .  . . . . . . .  . . .  .  . .  .  .  . .  .  .  . .  .  . . . . . . .  .  . .  . . . .  .  . . . . . .  .  . . . . .  .  . . . . . .  . . .  . . . . .  . . .  .  . . . . . .  .  . .  .  . .  .  .  . . .  . . . .  .  . . . . . .  . . .  .  .  .  . . .  .  . . . 1769
Appendix  A.  Supplementary  data  .  . . .  .  . . .  . . . .  . . .  .  . . .  .  . . .  .  . . .  . . . . . . .  .  . . . .  .  . .  .  . . . . .  . . . . . . .  . . . . . . .  .  . . . . . . .  . . . . . . .  . . . .  . . . . . . .  .  . . .  . . . . .  .  .  . .  . .  .  . . . . . . 1770
References  . .  . . .  . .  . .  .  . . . . . . . .  .  . . . . . .  .  . . .  .  . . . .  . . .  .  .  . . . . . . . . . .  . . . .  . . .  . . . . . .  . . . .  . .  . . . . . . .  .  . . .  . . . . . .  . . . . . . .  . .  . . .  . . . . . . . .  . .  . . . . .  . . . .  .  .  . . . . .  . . . . . . .  .  .  .  . .  . .  1770

� This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-No Derivative Works License, which permits non-
commercial use, distribution, and reproduction in any medium, provided the original author and source are credited.

∗ Corresponding author. Tel.: +1 (905) 525 9140x24052; fax: +1 (905) 529 6225.
E-mail addresses: roberts@mcmaster.ca (L.E. Roberts), husainf@illinois.edu (F.T. Husain), eggermon@ucalgary.ca (J.J. Eggermont).

1 Tel.: +1 (217) 333 7561.
2 Tel.: +1 (403) 220 5214.

0149-7634/$ – see front matter © 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.neubiorev.2013.07.007

dx.doi.org/10.1016/j.neubiorev.2013.07.007
http://www.sciencedirect.com/science/journal/01497634
http://www.elsevier.com/locate/neubiorev
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neubiorev.2013.07.007&domain=pdf
mailto:roberts@mcmaster.ca
mailto:husainf@illinois.edu
mailto:eggermon@ucalgary.ca
dx.doi.org/10.1016/j.neubiorev.2013.07.007


L.E. Roberts et al. / Neuroscience and Biobehavioral Reviews 37 (2013) 1754–1773 1755

1. Introduction

Individuals experiencing a persistent tinnitus (chronic ringing
of the ears) commonly report that their awareness of tinnitus
decreases when they focus on activities that are absorbing and do
not require processing of signals in the auditory domain. Modula-
tion of tinnitus awareness can fluctuate rapidly, suggesting either
that the neural activity underlying tinnitus is dynamically altered
or that its access to consciousness is gated by brain mechanisms
that are sensitive to context or task demands. Brain mechanisms
that direct the focus of consciousness are commonly described as
those that perform top-down attention-like functions. In contrast,
studies of neural plasticity in the auditory cortex (Fritz et al., 2003;
Weinberger, 2007) and other sensory systems (Ramanathan et al.,
2009) indicate that cholinergic neuromodulators deployed to the
cortex from the basal forebrain gate synaptic plasticity for unex-
pected and behaviorally relevant stimuli, performing a bottom-up
attention-like function. Attention has been cited as a factor con-
tributing to the development and/or modulation of tinnitus by
several models of this condition (Jastreboff, 1995; Jastreboff and
Jastreboff, 2006; Zenner et al., 2006; Searchfield et al., 2012b) and
as a possible factor contributing to the findings of research studies
(Gu et al., 2010; Husain et al., 2011; Hoare et al., 2012). However,
the mechanisms by which attention is called and how its role is
expressed in the neural changes underlying tinnitus remain a topic
of discussion (Roberts et al., 2010).

In this paper we discuss how attention may  be involved in the
generation of tinnitus and its modulation by task demands. A qual-
itative model for a role of attention in tinnitus is presented and
recent evidence is discussed in the light of it. A key assumption of
the model is that in tinnitus there is a disparity between what the
brain predicts it should be hearing (this expectation influenced by
neural activity underlying the tinnitus percept) and the acoustic
information that is delivered by the ear to the brain, when cochlear
damage indexed by the audiogram or more sensitive measures is
present. The disparity between the predicted and obtained inputs
activates mechanisms of auditory attention that may  contribute to
the establishment and persistence of tinnitus and to its modulation
by competing tasks.

2. Neural mechanisms for attention

Understanding how attention might be involved in tinnitus
is assisted by a provisional understanding of how attention sys-
tems are organized in the normal hearing mammalian brain. Brain
regions that show differential activity between a condition in which
sounds are attended to, and a condition in which they are not, can
be variable depending on the sound attribute to be detected, the
prevailing multisensory context, and the significance of the sound
including its predictive value and the mental or behavioral oper-
ations to be performed (Fritz et al., 2007). This variability arises
in part because auditory attention does not operate in isolation
of brain networks for other functions that may  be engaged by a
task, such as comparing task stimuli to those in memory, organiz-
ing behavioral responses, and processing feedback from them. The
question of how brain networks concerned with auditory atten-
tion relate to networks that perform such functions or to those
that underlie conscious executive control processes is the topic
of extensive ongoing research (Palva and Palva, 2012; Sadaghiani
et al., 2009; Dehaene and Changeux, 2011). Also debated are the
neural and synaptic mechanisms by which the effects of atten-
tion are achieved. Detailed discussions of these topics are found in
recent reviews (Fritz et al., 2007; Palva and Palva, 2012; Dehaene
and Changeux, 2011) which have provided a backdrop for the dis-
cussion to follow. It may  be that one should speak not of a single

mechanism for attention, auditory or otherwise, but of multiple
such mechanisms depending on the sensory modality and stimulus
attributes to be attended to and the conditions of testing. Alter-
natively, top-down and bottom-up forms of attention may  share
neural resources sufficient to speak of a single system for attention,
even though its expression in brain network activity may  depend
on the specific task stimuli that are present and the behavioral and
cognitive performance requirements of the task procedure.

2.1. Top-down and bottom-up auditory attention

Notwithstanding this question, there is a consensus that several
brain structures are active in auditory attention in the normal hear-
ing brain, and that auditory attention can be called by bottom-up as
well as by top-down signals. Effects attributable to top-down audi-
tory attention are revealed by tasks that direct the focus of attentive
processing to auditory signals when bottom-up sensory input and
other task variables are held constant. Contrasts comparing brain
activations between a silent baseline condition and a condition in
which sounds are presented passively have found increased blood
oxygen level dependent (BOLD) responses in primary (A1, postero-
medial Heschl’s gyrus) and nonprimary (A2, surrounding auditory
belt and parabelt cortex) auditory regions that reflect stimulus
driven activity occurring in these regions (Hall et al., 2000; Johnson
and Zatorre, 2005; Petkov et al., 2004; Tzourio et al., 1997), although
the possibility of some degree of attention being drawn to the
sounds cannot be excluded. When the same sounds are explicitly
processed in attention to fulfill a task requirement, brain activ-
ity increases further in these auditory regions (Grady et al., 1997;
Degerman et al., 2006; Paltoglou et al., 2009), although the pat-
tern of auditory activation may  depend on the nature of sounds
that are attended. For example, attention to simple spoken syl-
lables (Jäncke et al., 1999) or amplitude modulated pure tones
(Gander et al., 2010a,b) has been reported to activate A1 and A2,
whereas attention directed to melodies activated posterior regions
of the superior temporal gyrus (STG) where more complex forms
of auditory processing are believed to take place (Johnson and
Zatorre, 2005, 2006; Petkov et al., 2004). Supporting evidence for
the view that these activations serve an attentional role is found
in the observation that baseline BOLD activity in these auditory
regions is elevated when subjects listen in silence for an impend-
ing sound (Voisin et al., 2006) and when subjects consciously detect
a target noise burst on a discrimination task (hits) compared to tri-
als on which the same sound is not detected (misses; Sadaghiani
et al., 2009). In the latter study the anticipatory BOLD increment
was larger for hits than misses suggesting that neurons coding
for the target sound had been sensitized by attention, although
a contribution from behavioral response preparation cannot be
ruled out. Interestingly, in the latter study neural activity in two
non-auditory brain networks, one consisting of brain regions func-
tionally connected in baseline resting states (the frontal/parietal
“default mode” network; Raichle et al., 2001; Raichle, 2010) and the
other of non-auditory brain regions functionally coupled during the
maintenance of task set (the “intrinsic alertness network” including
the anterior cingulate gyrus and anterior insula; Dosenbach et al.,
2006, 2007), was also elevated prior to target detection, while activ-
ity in a third network (the dorsal attention system, consisting of
the right infraparietal cortex and frontal eye fields; Corbetta and
Shulman, 2002) was suppressed. Modulation of these additional
networks may  reflect the discriminative requirements of the detec-
tion task and the need to link behavioral responses with specific
auditory signals. Overall the results support the view that distinct
auditory areas (A1 and A2) are engaged by the specific stimulus con-
tent of sounds when top-down auditory attention is called, but that
other brain regions can also be modulated. The dorsal attention sys-
tem associated with vision is activated by sounds that have a spatial
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