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Impairment  in  attentional  processes  may  be involved  in  tinnitus.
Tinnitus  patients  (compared  to controls)  performed  the  Attention  Network  Test.
A  specific  deficit  for  executive  control  of attention  was  observed.
This  deficit  correlated  with  years  of tinnitus  duration  and  the  frequency  of  coping  strategies.
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a  b  s  t  r  a  c  t

Tinnitus  can  be  defined  as  the  perception  of  noxious  disabling  internal  sounds  in the  absence  of  external
stimulation.  While  most  individuals  with  tinnitus  show  some  habituation  to  these  internal  sounds,  many
of  them  experience  significant  daily  life  impairments.  There  is now  convincing  evidence  that  impairment
in  attentional  processes  may  be involved  in  tinnitus,  particularly  by hampering  the habituation  mecha-
nism  related  to  the prefrontal  cortex  activity.  However,  it is thus  still  unclear  whether  this  deficit  is an
alteration  of  alerting  and  orienting  attentional  abilities,  or the  consequence  of more  general  alteration  in
the executive  control  of  attention.  In the present  study,  20 tinnitus  patients  were  compared  to  20  matched
healthy  controls  using  the  Attention  Network  Test,  to clarify  which  attentional  networks,  among  alert-
ing,  orienting,  and  executive  networks,  show  differences  between  the  groups.  The  results  showed  that
patients  with  tinnitus  do not  present  a general  attentional  deficit  but rather  a specific  deficit for  top-down
LPFC executive  control  of attention.  This  deficit  was highly  correlated  with  patient  characteristics  of  years  of
tinnitus  duration  and  the  frequency  of coping  strategies  employed  to alleviate  tinnitus  distress  in daily
life.  These  findings  are  discussed  in  terms  of recent  neurobiological  models  suggesting  that  prefrontal
cortex  activity  might  especially  be related  to tinnitus  habituation.  Therapeutic  perspectives  focusing  both
on rehabilitation  of the  executive  control  of  attention  and  neuromodulation  are  also  discussed.

©  2014  Elsevier  B.V.  All  rights  reserved.
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1. Introduction

Tinnitus, which can be defined as the perception of noxious dis-
abling internal sounds in the absence of corresponding external
stimulation, has a lifetime prevalence of 16–21% [1]. While about

75–80% of the patients show some habituation to these internal
sounds [2], tinnitus is associated with significant daily life impair-
ment when such habituation fails, often leading to anxious and
depressive states [3–6]. Understanding the origin and underlying
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echanisms of chronic tinnitus thus constitutes a crucial challenge
or current basic research, in view of the huge psychological con-
equences of this pathology.

Although uncertainty still abounds regarding the neurobio-
ogical mechanisms underlying tinnitus, there is now convincing
vidence from functional neuroimaging [7–9] and neurophysiology
10] that this condition is related to abnormal functioning of the
entral auditory system. Moreover, during the last decades, several
uthors have argued that impairment in attentional processes may
lso be involved in tinnitus, particularly by hampering the habitua-
ion mechanism [11–13]. This involvement of non-auditory deficit
s reinforced by the fact that tinnitus is not only related to abnor-

al  activity in auditory, but also in non-auditory brain regions
8,14]. Centrally, alterations have been found in the prefrontal cor-
ex [15–17], a region playing a crucial role in attentional processes
18,19]. As pointed out by several authors [17,20–24], these alter-
tions might be specifically related to the prevention of tinnitus
abituation as well as to its psychological consequences in the daily

ife.
These findings suggest that attention processes may  play an

mportant role in the maintenance, and perhaps the develop-
ent, of the disorder. Although uncertainty still abounds regarding
hether the former is a causal factor or a by-product of the disor-
er, it has been shown that patients with tinnitus exhibit attention
eficits. However, while some studies showed that tinnitus leads to
ltered performance in selective [24], divided [25,26] and sustained
27] attention, other suggested that these alterations might rely
n reduced top-down executive control (i.e. the ability to resolve
onflicts among responses and voluntarily regulate the allocation
f attention resources) rather than on attentional processes per
e [26,28]. It has also been suggested that the attentional deficits
n tinnitus may  merely be part of a general impairment in speed
rocessing [29]. As a consequence, it is still unclear whether these
eficits are the consequence of a general alteration in the execu-
ive control of attention, the consequence of genuine alterations
n a specific attentional ability, or merely the results of a general
lowdown effect in cognitive processing.

A possible explanation for these discrepancies among earlier
esults is the use of very diverse tasks, simultaneously explor-
ng several attentional abilities. These earlier studies were in fact
ot based on a firm theoretical model of attention and were thus
ot able to precisely compare the impairments across different
ub-components of the attentional system. A more systematic and
eliable exploration of the attentional system, based on a unified
ask relying on a cognitive model and offering a specific evaluation
f each attentional sub-component, is clearly needed. The Attention
etwork Test (ANT) [30], based on a strongly validated model of
ttention [31,32], constitutes an adapted tool for this purpose. This
ask, based on a combination of the Posner’s cueing task [33] and
he Flanker task [34], efficiently evaluates the three independent
ttentional networks identified in the model, namely (1) The alert-
ng network, allowing to achieve and maintain a state of alertness,
.e. high sensitivity or readiness to react to incoming stimulation;
2) The orienting network, allowing to select information from sen-
ory input by engaging or disengaging attention to one stimulus
mong others and/or shifting the attentional resources from one
timulation to another; (3) The executive control network, allowing
o resolve conflicts among responses and involving the top-down
ontrol of attention.

Typically, the different components of attention have been
xamined using different paradigms. Thus, three different tasks
ay  be used to examine these attention components within the
ame individuals. In that case, it is not possible to examine how
hese components simultaneously interact. The ANT, however,
llows the examination of these components all at once and to
xamine how they interact. It is noteworthy that neuroimaging
esearch 269 (2014) 147–154

studies provided demonstration of distinct brain activation pat-
terns related to each attentional network, i.e. superior temporal
and thalamic activation for alerting, superior parietal lobule and
temporal fusiform gyrus activation for orienting, thalamic and
superior–inferior frontal activation for executive control [35].

Hence, the ANT has been recently used to differentiate the atten-
tion deficits associated with diverse neurological conditions. For
instance, it has been reported that individuals with mild cognitive
impairment exhibited a specific alteration of the orienting network
[36], while multiple sclerosis led to a specific impairment of the
alerting network [37]. Similarly, this task has been also used across
a wide range of psychiatric conditions. For instance, while autism
spectrum disorders are associated with a global impairment of the
three attentional networks [38], a specific impairment in the exec-
utive control network was found in schizophrenia [39], addiction
[40], and anxiety disorders [41].

Although the ANT could bring insights on the hypothesized
impact of tinnitus on attentional processes, this task has sur-
prisingly not yet been used among individuals with tinnitus. The
aim of the present study was  to offer the first insights into the
integrity or deficit of the three attentional networks in tinnitus.
In order to better understand the attentional impairments in this
pathology, we wished to explore the hypothesis of a differential
deficit between these networks. Since previous data suggested that
tinnitus depletes top-down executive resources that are recruited
during an attentional task [25,26,29] and since this condition is
related to less activation in frontal brain areas [15–17], we  hypoth-
esized that patients with tinnitus would present a specific deficit
for the executive control network, as this network mostly relies on
frontal areas.

2. Materials and methods

2.1. Ethics Statement

Participants were provided with full details regarding the aims
of the study and the procedure. All participants gave their written
informed consent. The study was approved by the Ethical Commit-
tee of the Psychological Science Research Institute of the Université
Catholique de Louvain and carried out according to the Declaration
of Helsinki.

2.2. Participants

The participants were recruited through an advertisement sent
to the Belgian Association of Patients suffering from Tinnitus. The
inclusion/exclusion criteria were similar to previous studies in the
field [29,42]. Eligible participants (a) were between the age 20
and 80 years old, (b) had experienced constant unilateral or bilat-
eral tinnitus within the past 6 months, (c) undertook a medical
check-up by a physician specialized in hearing disorders, (d) had
sufficient hearing abilities to follow the instructions. Participants
were excluded if (a) there was  an active diagnosis of any acute
or chronic brain neurological condition; (b) they used a tinnitus
masking apparatus, or (c) they presented major general cognitive
impairment. This last aspect was  evaluated using the Mini Men-
tal State Exam (MMSE) [43], a semi-structured neuropsychiatric
interview. All the participants reported a MMSE  score above 27/30,
which depicted the absence of any major cognitive impairment
(i.e., scores below 24/30 are considered a problematic) [43]. Tinn-
itus characteristics and impact on daily life were assessed using
the Tinnitus Psychological Impact Questionnaire (QIPA; see below)

[44].

The clinical group of Tinnitus subjects (TS) consisted of 20 par-
ticipants (10 men, 10 women) aged between 20 and 72 years old
(M = 46.85, SD = 15.79). Patients were matched for age, gender, and
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Table  1
Participants characteristics as a function of training allocation (SD in parentheses).

Tinnitus group (N = 20) Control group (N = 20)

Demographic measures
AgeNS 46.85 (15.85) 45.65 (14.93)
Gender ratio (female/male)NS 10/10 10/10
Educational level (in years)NS 21.30 (3.88) 22.65 (1.53)

Clinical scores
Beck Depression Inventory (BDI)NS 6.35 (9.38) 7.80 (8.85)
State  and Trait Anxiety Inventory A (STAI-A)NS 23.95 (9.42) 23.65 (9.39)
Mini  Mental State Exam (STAI-B)NS 29.00 (.92) 29.50 (.76)

Tinnitus characteristics (QIPA)a

Tinnitus duration (in years)** 10.90 (13.78)
Presence on a day** 6.40/7 (1.85)
Extent to which it triggered negative emotions** 25.80/80 (16.87)
Ruminations triggered by tinnitus** 7.20/21 (4.86)
Difficulties in everyday life** 29.10/70 (17.57)
Coping strategies to alleviate tinnitus distress

(a) Intensity** 32.10/77 (9.08)
/14 (3
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ble cue (two asterisks respectively appearing above and below the
fixation cross) or spatial cue (an asterisk appearing above or below
the fixation cross and indicating the location of the upcoming tar-
get). Moreover, flankers were located in the horizontal line on each
(b) Efficacy** 6.65

otes. NS = Non-significant; **p < .001; a = for tinnitus descriptions, one-sample t-tests
core on that variable.

ducation level (i.e., same level of graduation) with 20 control sub-
ects (CS) who were free of any history of tinnitus, psychiatric,
nd neurological disorder. CS were recruited through the volunteer
ool of the Université Catholique de Louvain and in the commu-
ity by word of mouth. Each participant had a normal-to-corrected
ision. Education level was assessed according to the number of
ears of education completed since starting primary school. Partic-
pants were paid 5 euros for their participation. Their demographic
haracteristics appear in Table 1. It should be noted that, as shown
n Table 1, for each dimension of the QIPA scale, all the tinnitus
atients reported a score significantly higher than the one obtained

n the absence of symptoms or impairment on that dimension (all
 values > 3.66, all ps < .001).

.3. Measures

.3.1. Questionnaires
TS were first instructed to fill-in the QIPA. The QIPA is a 42-item

elf-report questionnaire that explores different facets of the tinn-
tus’ characteristics and of its impact on daily life functioning [44].
his scale exhibits good psychometric properties, including both
nternal and external validity [45]. Specifically, the QIPA assesses
he tinnitus duration (in years) as well as six dimensions of tinni-
us experience during the past week. The first dimension measures
he amount of time the tinnitus was present on a single day (in
ne item). The second dimension assesses through 12 items the
xtent to which the tinnitus triggered negative emotions. A third
imension, including three items, targets the negative rumination
riggered by the tinnitus and a fourth dimension, including 10
tems, measures the difficulties in everyday life resulting from the
innitus. Finally, the fifth dimension evaluates the coping strategies
nitiated to alleviate tinnitus distress and the sixth one assesses the
eeling of self-efficacy for these coping strategies.

In tinnitus and control subjects, we also assessed several
sual psychological scores. Validated self-completion question-
aires were used to assess depression (Beck Depression Inventory)
45] and anxiety proneness (trait version of the State and Trait
nxiety Inventory) [46].

.3.2. Experimental measures

The Attention Network Test (ANT) was administered in order

o determine the efficiency of three independent attentional
etworks: alerting, orienting and executive control [30]. Partic-

pants had to determine as fast and accurately as possible the
.50)

conducted in order to test whether patients significantly differed from the minimum

direction of a central arrow (the target) located in the middle of
a horizontal line projected either at the top or at the bottom of the
screen. They provided their answer by pressing the corresponding
button (left or right) on the keyboard. Each target was preceded by
a cue condition, with four possible cue types (Fig. 1, upper part):
no cue, center cue (an asterisk replacing the fixation cross), dou-
Fig. 1. Description of the Attention Network Test. Notes. This figure illustrates the
four possible cues (upper part), the six possible targets (middle part) and an example
of  the trials used in the task (lower part, i.e. neutral trial preceded by a double cue,
the correct response being “right”).

Source: Adapted from Fan et al. [30].
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ide of the target, with three possible flanker types (Fig. 1, middle
art): either two arrows in the same direction as the target (congru-
nt condition), two arrows in the opposite direction (incongruent
ondition), or two dashes (neutral condition). As shown in Fig. 1
lower part), each trial had the following structure: (1) a central
xation cross (random duration between 400 and 1600 ms); (2) a
ue (100 ms); (3) a central fixation cross (400 ms); (4) a target and
ts flankers, appearing above or below the fixation cross (the tar-
et remained on the screen until the participant responded or for
700 ms  if no answer was given); (5) a central fixation cross [last-

ng for 3500 ms  minus the sum of the first fixation period’s duration
nd the reaction time (RT)]. Reaction time (RT, in milliseconds) and
ccuracy (percentage of correct responses) were recorded for each
rial.

The experiment comprised 288 trials, divided in three blocks of
6 trials each (with a short break between blocks). There were 48
ossible trials, based on the combination between four cues (no
ue, center cue, double cue, spatial cue), three flankers (congru-
nt, incongruent, neutral), two directions of the target arrow (left,
ight) and two localizations (upper or lower part of the screen). Tri-
ls were presented in a random order and each possible trial was
resented twice within a block. The task was programmed and pre-
ented using E-Prime 2 Professional® (Psychology Software Tools,
ittsburgh, PA, USA). The distance between participant’s eyes and
he screen was around 50 centimeters, and the target stimuli sub-
ended a visual angle of about 4◦ in the horizontal field. The task
as administrated individually in a dimly lit and quiet room during

 single session of 35 min.

.4. Procedure

The participant first signed the informed consent and filled
n the questionnaires. Then, they read the instructions on the
omputer screen. These instructions were emphasized by the
xperimenter and a training session started, consisting in 24
andomly selected trials. Finally, the experimenter recalled the
nstructions and answered the remaining questions before start-
ng the experimental task. After the experimental task, participants

ere fully debriefed.

. Results

.1. Power analysis

An a priori power analysis was conducted to determine the
ppropriate total sample size for testing our hypotheses (G*Power
.1.3) [47]. The power analysis indicated that a sample of 14 partic-

pants by group would yield adequate power (i.e. 80%) to detect
 medium effect size of f = .25 at p < .05 using a 2 (groups) × 4
cues) × 3 (flankers) repeated-measures design (which is the more
owerful statistical test used in the present study, see below). These
esults thus confirmed that the present study has enough statistical
ower to test our hypothesis.

.2. Data reduction and data analytic plan

Data reduction was first performed following the recommen-
ations of Ratcliff [48] for dealing with outliers and errors in RT
asks: (1) trials with incorrect responses were excluded from the
T analyses (.72% of trials); (2) RTs shorter than 200 ms  or longer
han 2000 ms  were removed form analyses (less than .001% of trials
ith correct responses); (3) RTs more than 1.96 standard devia-
ions below or above each participant’s mean for each experimental
ondition were discarded as outliers (.02% of the remaining tri-
ls). A preliminary analysis showed no difference in RT or accuracy
ccording to the direction (left or right) and localization (upper or
esearch 269 (2014) 147–154

lower) of the arrow, and these trials were thus merged, leading to 24
trials for each of the 12 experimental conditions (four cues × three
flankers).

A first general 2 × 4 × 3 repeated-measures analysis of variance
(ANOVA) was  then performed separately for RT and accuracy with
Group (TS, CS) as between-subjects factor, and Cue (no cue, central
cue, double cue, spatial cue) and Flanker (congruent, incongruent,
neutral) as within-subjects factors.

In a subsequent analysis, a subtraction method [30] was used to
isolate the effect of the three attentional networks: (1) The alert-
ing effect was calculated by subtracting the mean result (i.e. RT or
accuracy score) for double cue trials from the mean result for no cue
trials (No cue − Double cue); (2) The orienting effect was calculated
by subtracting the mean result for spatial cue trials from the mean
result for center cue trials (Center cue − Spatial cue); (3) The execu-
tive control effect was  calculated by subtracting the mean result for
congruent trials (summed across cue types) from the mean result
for incongruent trials (Incongruent − Congruent). For both alerting
and orienting effects, higher subtraction scores for RT (and lower
for accuracy) indicated greater efficiency. On the contrary, higher
subtraction scores for RT (and lower for accuracy) indicated less
efficiency in the executive control of attention, as conflicts in the
incongruent conditions increased the RT as compared to congruent
ones [36]. On the basis of these subtraction effects, a second gen-
eral 2 × 3 repeated-measures ANOVA was performed separately for
RT and accuracy with Group (TS, CS) as between-subjects factor
and Attention Network (Alerting, Orienting, Executive Control) as
within-subjects factor.

Since two  separate ANOVAs were performed for RT and accu-
racy, the significance threshold of these ANOVAs has been adjusted
for multiple comparisons using Bonferroni corrections to consider
chance capitalization. For each ANOVA, significant main effects and
interactions were then followed by corrected post hoc independent
samples t-tests. Independent samples t-tests were also computed
to explore group differences in scores of clinical scales. Analyses
of covariance (ANCOVA) were performed to test the influence of
potential biasing variables (i.e., gender, age, medication, depres-
sion, anxiety, and MMSE  score) on RTs and accuracy scores in ANT.
Finally, two-tailed Pearson correlations were used to explore the
links between the experimental data and the QIPA score. As our
main interest concerns the exploration of a potential deficit in TS as
compared to CS, the results section will focus on group comparison.

3.3. Statistical analyses

3.3.1. Clinical scores
As shown in Table 1, TS and CS did not significantly differ in

terms of age [t(38) = .25, p = .81], gender, education [t(58) = 1.45,
p = .16], depression [t(38) = .50, p = .62], and trait anxiety [t(58) = .10,
p = .93], nor in the MMSE  score [t(38) = .1.47, p = .15].

3.3.2. Experimental measures
3.3.2.1. General analysis. A 2 (groups) × 4 (cues) × 3 (flankers)
repeated-measures ANOVA was performed separately for RT and
accuracy. The results for each group in each experimental condition
are presented in Table 2.

- Accuracy: No main effect of group was  found [F(1,38) = .55,
p = .46, �2

p = .01] nor any interaction with Cue [F(3,114) = .37,
p = .77, �2

p = .01], Flanker [F(2,76) = .97, p = .39, �2
p = .03], or

Group × Cue × Flanker interaction [F(6,228) = .75, p = .61, �2
p =
.02].
- RT: A significant main effect of group was found [F(1,38) = 6.53,

p < .02, �2
p = .15]: TS presented longer RT than CS. An interac-

tion between Group and Flanker was  also found [F(2,76) = 6.04,
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Table  2
Mean latencies for correct responses and accuracy for subjects with tinnitus and control subjects in each experimental condition of the Attention Network Test (ANT) (SD in
parentheses).

Group No cue Center cue Double cue Spatial cue

Congruent

Reaction Times (ms)
TS 628 (152) 641 (125) 618 (116) 628 (152)
CS  533 (78) 565 (74) 594 (85) 533 (78)

Accuracy (% Correct)
TS 99.20 (2.78) 99.40 (1.47) 98.15 (5.79) 98.75 (3.91)
CS  99.80 (.89) 99.80 (.89) 100.00 (.00) 99.80 (.89)

Incongruent

Reaction Times (ms)
TS 790 (160) 790 (159) 781 (184) 740 (177)
CS  680 (92) 681 (91) 668 (100) 609 (101)

Accuracy (% Correct)
TS 97.15 (4.61) 96.75 (7.39) 97.30 (5.84) 97.55 (5.11)
CS  98.50 (2.97) 98.45 (5.42) 98.45 (4.93) 98.95 (2.19)

Neutral

Reaction Times (ms)
TS 655 (126) 630 (144) 622 (129) 596 (112)
CS  571 (77) 553 (73) 552 (73) 510 (73)
TS 99.00 (2.87) 99.00 (3.15) 99.20 (2.09) 98.60 (3.25)
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Accuracy (% Correct)
CS  99.80 (.89) 

ote. TS = subjects with tinnitus; CS = control subjects.

p = .004, �2
p = .14]. There were no Group × Cue interaction

[F(3,114) = 2.92, p = .10, �2
p = .07], nor Group × Cue × Flanker

interaction [F(6,228) = .564, p = .76, �2
p = .02].

Between-group post hoc comparison (t-tests) revealed that TS
resented longer RT than CS for Congruent [t(38) = 2.38, p < .05],

ncongruent [t(38) = 2.69, p < .01] and Neutral [t(38) = 2.48, p < .05]
ankers. The difference was, using paired t-test on TS performance,
ignificantly higher for Incongruent than for both Congru-
nt [t(19) = 10.71, p < .001] and Neutral [t(19) = 10.66, p < .001]
ankers.

.3.2.2. Analysis of attentional networks (subtraction method). A
 (groups) × 3 (attentional networks) repeated-measures ANOVA

as performed separately for RT and accuracy. The results related

o the RT indexes of these three attentional networks are illustrated
n Fig. 2.

ig. 2. Differential reaction times (RT) indexes (in milliseconds) among patients
ith tinnitus and matched control participants for the three attentional networks,
amely Alerting (RTNo Cue − RTDouble Cue), Orienting (RTCentral Cue − RTSpatial Cue) and
xecutive Control (RTIncongruent − RTCongruent). Notes. The presence of tinnitus is asso-
iated with a specific alteration for executive control (*p < .001), with preserved
lerting and orienting abilities. Error bars represent standard errors of the mean.
98.75 (2.67) 99.60 (1.79) 99.60 (1.79)

- Accuracy: No main effect of Group was  found [F(1,38) = .61, p = .44,
�2

p = .02] nor interaction between Group and Attentional Net-
work [F(2,76) = .53, p = .59, �2

p = .01].
- RT: A main effect of Group [F(1,38) = 5.53, p = .02, �2

p = .13] was
found, the Attentional Network indexes being higher among TS
than CS. Centrally, an interaction between Group and Attentional
Network was  found [F(2,76) = 5.67, p < .005, �2

p = .13]: As com-
pared to CS, TS were impaired for the Executive Control index
[t(38) = 2.73, p < .01], but not for Alerting [t(38) = .1.51, p = .14] nor
for Orienting [t(38) = 1.81, p = .09].

3.3.2.3. Complementary analyses.

- To test for the links between tinnitus characteristics (mirrored
by the QIPA score and the years of tinnitus duration) and ANT
performance of Tinnitus subjects, Pearson’s correlations were
performed. While no significant correlation was found between
all the QIPA dimensions including tinnitus duration and alerting
[rs < 18, ps > .33] or orienting [rs < .24, ps > .19], the extent of the
executive control impairment was significantly correlated with
the number of years the participants had suffered from tinni-
tus [r(20) = .55, p = .01] as well as with the intensity of the coping
strategies they used to reduce the tinnitus as assessed in the QIPA
section focusing on coping strategies [r(20) = −.54, p = .02].

- To test for potential biasing effect of demographic (i.e. gender,
age, medication, education) and psychopathological variables (i.e.
depression, anxiety), and MMSE  scores were included as covari-
ates in our ANOVA as well as our correlational analyses (using
partial correlations). No significant influence of these variables
on any experimental result was observed (p > .05 for every test).

4. Discussion

This study was the first to directly investigate the integrity of
attentional networks in Tinnitus subjects (TS) by means of the ANT,
a reliable and theoretically-grounded task. The central result is that
TS do not present a general attentional deficit but rather a spe-
cific deficit for the attentional network related to the top-down
executive control of attention.

This observation refines earlier observations suggesting that TS
present globally longer RT than CS [29]. TS would thus suffer from

impairments in executive control ability, which is necessary to
focus attentional resources on task-relevant information (i.e. the
central arrow in ANT) and to inhibit the processing of confusing and
task-irrelevant stimuli (i.e. incongruent flankers). In other words,
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he present findings suggest that the attentional deficits in TS are
ainly due to a reduced ability to detect and resolve the conflict

etween task-relevant stimulus and the interference provoked by
ask-irrelevant stimuli. It should be noted that there are impor-
ant links between executive attention and prepotent response
nhibition (i.e. the capacity to deliberately control or suppress an
utomatic behavior), and that both the former and the latter mech-
nisms are involved in top-down resource-demanding control [49].
ur results are therefore consistent with those having demon-

trated specific inhibitory control impairment in TS [24,28]. This
xecutive control impairment in TS appears specifically associated
ith tinnitus, as no influence of depressive or anxious states, med-

cation, gender, level of education, or general cognitive processing
as found.

In contrast, the present findings also suggest that alerting and
rienting attentional networks are preserved among TS, depicting
hat they are able to take the cues into account to improve their
erformance. More specifically, TS have a preserved ability to (1)

ncrease one’s phasic alertness and establish a vigilance state to
repare the processing of an upcoming stimulus (as indexed by
lerting index); and (2) orient attentional resources toward spe-
ific information by successively disengaging attention from earlier
ocus, moving it toward the new target and engaging attention to
t.

The differential deficit in executive control cannot be explained
y a higher complexity of this network as compared to alerting
nd orienting networks, since earlier studies have clearly shown a
everse deficit (preserved executive control network with impaired
lerting or orienting ones) in other clinical populations [36,50].
owever, it should be noted that alerting, as operationalized in the
ontext of the ANT (i.e., by comparing the performance with and
ithout warning signals) refers more to phasic than tonic alert-
ess. Alertness can be subdivided into phasic and tonic alertness.
hile the former refers to the ability to sustain attention over

 period of time, the latter involves a rapid change in cognitive
tate after a presentation of a warning signal that prepares the
ndividual to fast reactions [51]. Future studies should thus also
xplore whether tonic alertness is preserved or impaired among TS.
inally, no group differences were observed for the accuracy lev-
ls in any attention network, which clearly proves that TS correctly
nderstood the requirements of the task. It is noteworthy that this
bservation is in line with earlier studies indicating that tinnitus
mpaired more the top-down executive control of attention than
he cognitive efficiency of attention (i.e. response accuracy) [29].

Although no causal link can be inferred from correlation anal-
ses [52], we observed highly significant correlations between the
ncreased RT for incongruent trials and some tinnitus character-
stics (years of tinnitus duration and amount of coping strategies
nitiated to alleviate tinnitus distress). This is in accordance with
revious accounts arguing that impairment in attentional pro-
esses may  be involved in preventing habituation mechanisms
o alleviate the perception of noxious disabling internal sounds
e.g. 3–6]. Moreover, it has also been reported that the inabil-
ty to adequately initiate strategies to alleviate tinnitus distress is
mong the strongest predictors of long-term tinnitus chronification
e.g. 53,54]. Since the impairment in executive control of atten-
ion specifically correlates with tinnitus duration and intensity of
ried coping strategies in the present study, this finding adds to a
mall but growing empirical literature suggesting that the exec-
tive control deficit may  be, at least partially, related to tinnitus
aintenance. Future studies are thus clearly needed to directly test
hether the impairments in executive control of attention predict

on-habituation to tinnitus and its chronification.

This hypothesis makes sense in view of the current knowledge
bout the cerebral correlates of attentional networks and the brain
mpairments in TS. On the one hand, executive control of attention
esearch 269 (2014) 147–154

is related to the physiological recruitment of prefrontal brain areas
whereas alerting and orienting mostly rely on temporal-thalamic
and parietal-fusiform structures, respectively [35,55,56]. On the
other hand, it has been reported that tinnitus is not only related
to abnormal activity in the auditory system, but also to failure of
limbic and non-auditory brain regions to block the tinnitus signal
[8,14]. In previous studies, the prefrontal cortex has been iden-
tified as an important hub [15–17]. It has been also reported an
increased functional connectivity between limbic regions and the
task-positive network in TS, which is a brain network involved in
top-down allocation of attention [57]. More centrally, it has been
suggested that alterations in prefrontal cortex activity might espe-
cially be related to the prevention of habituation to tinnitus as well
as to its psychological consequences [20–23]. Here we showed a
specific impairment of executive control, i.e. the attentional net-
work relying on frontal brain areas, which is in accordance with
these earlier findings pointing out that alterations of prefrontal
brain areas could act as a direct mechanism of tinnitus chronifi-
cation. However, again, further studies with the use of functional
neuroimaging in TS performing the ANT are clearly needed to
directly test this hypothesis.

At the therapeutic level, our results provide support to the
potential interest of rehabilitation programs focusing on execu-
tive control of attention. Several efficient rehabilitation programs
have been recently proposed in TS [e.g. 58–60], including a global
rehabilitation using multi-determined tasks. In view of the present
results, rehabilitation strategies should be adapted to focus on
attentional remediation of executive control, whereas rehabili-
tating the preserved alerting and orienting networks appears of
little usefulness. Several procedures have already been developed
to specifically rehabilitate each attentional network [61–63], and
those focusing on executive control rehabilitation [64,65] could be
adapted to TS. Recently it has also been suggested that mindful-
ness training may  have impact on executive control of attention
[e.g. 66,67]. Mindfulness training consists in a psychological inter-
vention that trains participants to disengage their attention from
task-irrelevant thoughts or sensations by redirecting their focus to
a particular arbitrary concrete focus, such as breathing sensations
[68]. Randomized controlled trials already provided evidence that
mindfulness may  help to alleviate the psychological distress result-
ing from tinnitus [e.g. 42, 69–71]. Future studies should thus further
explore the impact of such a program on the executive attention
impairment among TS, and explore whether such an improvement
may, in turn, reduce the psychological distress resulting from tinn-
itus.

Finally, inducing virtual lesions in frontal brain areas in TS by
means of neuromodulation procedures also constitutes a potential
therapeutic tool since earlier studies already indicated the effec-
tiveness of repetitive transcranial magnetic stimulation (rTMS)
over auditory temporal cortical areas in TS patients [e.g. 72–74].
A promising alternative for the alleviation of tinnitus is the use
of transcranial direct current stimulation (tDCS), a form of non-
invasive brain stimulation able to induce transient and likely lasting
tinnitus relief [75,76]. In addition, the stimulation of the pre-
frontal regions, particularly the dorsolateral part, seems to be a
potential strategy for enhancing neuromodulation effects to alle-
viate tinnitus in TS [e.g. 75,77–79]. However, the hypothesis that
tinnitus impacts the executive control network through prefontal
regions dysfunction is in need of experiments directly testing the
involvement of these brain regions during a task directly assessing
executive control of attention. To achieve this aim, one interesting
way could be to combine neuromodulation of cortical activity by

tDCS, functional neuroimaging to assess cortical activity changes
and behavioral results using the ANT in tinnitus subjects.

In the present study, we did not measure participants’ hearing
threshold levels and did not match the experimental and control
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roups on this variable. However, the impact of this weakness
s limited since all the stimuli were presented visually. More-
ver, consistently with previous studies in the field, we  used a
isual attentional task. However, one cannot exclude that the atten-
ional impairments in tinnitus would be different for auditory than
isual stimuli. Future experiments should thus directly examine
he impact of the stimuli modality (auditory versus visual) used in
he task on the different networks. While our results are clearly sig-
ificant and based on a sound experimental design, they will also
ave to be replicated in larger groups of TS. Future studies should

ndeed examine whether the same pattern of results are observed
n patients who exhibit severe tinnitus and who  are treatment-
esistant. One cannot exclude that these patients may  exhibit a
ifferent pattern of impairments, including accuracy disturbances
r alterations in the two other attentional networks. In the same
ein, future studies should also examine whether the present find-
ngs differ from individuals who cope well to tinnitus in their daily
ife to those who do not. Neuroimaging and neuromodulation stud-
es should also be conducted to confirm the implication of frontal
rain areas in executive control impairments.

Despite its limitations, we believe that the present study, by
ffering the first exploration of attentional networks using the ANT
nd by showing a clear differential deficit between impaired exec-
tive control and preserved alerting and orienting, is a valuable
rst step toward a better understanding of the cognitive processes

nvolved in attentional deficits in tinnitus.
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