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Abstract. Studies on attentional bias have overwhelmingly focused on the priority of different stimuli and have rarely manipulated the state of
the observer. Recently, the threat of unpredictable shock has been utilized to experimentally induce anxiety and investigate how negative
arousal modulates attentional control. Experimentally induced anxiety has been shown to reduce the attentional priority afforded to reward-
related stimuli while enhancing the efficiency of goal-directed attentional control. It is unclear which of these two influences might dominate
when attending to reward-related stimuli is consistent with task goals and by extension what the scope of the modulatory influence of threat on
attention is. In contrast to paradigms in the visual domain, a novel auditory identification task has demonstrated a robust influence of target-
value associations on selective attention. In the present study, we examined how the threat of shock modulates the influence of learned value
on voluntary attention. In both threat and no-threat conditions, we replicate prior findings of voluntary prioritization of reward-associated
sounds. However, unlike in studies measuring involuntary attentional capture, threat did not modulate the influence of reward on attention. Our
findings highlight important limitations to when and how threat modulates the control of attention, contextualizing prior findings.

Keywords: threat, reward, motivation, auditory attention

Object representation in higher order brain networks is the
product of competition among sensory stimuli for atten-
tional priority, with the priority gain of one object leading
to a cost in another (e.g., Desimone & Duncan, 1995; Itti &
Koch, 2001). Attentional priority can be voluntarily allo-
cated to features, objects, or regions in space that match an
observer’s current task goals (e.g., Posner, 1980; Wolfe
et al., 1989). In contrast, attention can also be involuntarily
biased by physically salient, low-level features such as
color and shape contrast (e.g., Theeuwes, 1991, 1992).
Moreover, attention can be biased toward stimuli or lo-
cations that have previously been allocated attention in the
past, referred to as experience-driven attention or selec-
tion history (e.g., Anderson et al., 2011; Geng & Behrmann,
2002; Jiang & Swallow, 2013; Kristjansson et al., 2002;
Schmidt et al., 2015). In the case of reward history, as
demonstrated in the value-driven attentional capture
(VDAC) paradigm (Anderson et al., 2011), participants
learn to associate a color stimulus with a reward in a
training phase. In the subsequent test phase, participants
complete a new task in which the previously reward-

associated color is utilized as a task-irrelevant distractor.
Thus, attending to reward-associated stimuli is consistent
with task goals in the training phase and inconsistent with
task goals in the test phase, probing themotivational effect
of reward and the involuntary consequences of reward
history on the control of attention, respectively. Using this
paradigm, previously reward-associated distractors have
been consistently shown to draw eye movements (e.g.,
Anderson & Kim, 2019a, 2019b; Anderson & Yantis, 2012)
and slow down the speed with which the target of visual
search can be reported in the test phase (e.g., Anderson et al.,
2011; Anderson & Halpern, 2017; Anderson & Yantis, 2013).
Studies on the mechanisms of attentional biases have

overwhelmingly focused on determining which kinds of
stimuli have high priority and have rarely manipulated the
physiological state of the observer. In hungry individuals,
food-related stimuli are allocated increased attentional
priority compared to control stimuli (Hardman et al., 2013;
Mogg et al., 1998; Placanica et al., 2002). Likewise, fear-
related stimuli are more robustly attended in individuals
with high trait anxiety (e.g., Bar-Haim et al., 2007; Quigley
et al., 2012). The threat-of-shock paradigm (Grillon et al.,
2004) can be utilized to experimentally induce anxiety.
Using a threat-of-shock manipulation, it has been shown
that previously reward-associated stimuli less robustly
capture attention under threat, evidenced by fewer
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distractor-evoked eye movements and less substantial
distractor-related slowing of target report (Kim &
Anderson, 2020a, 2020c), while goal-directed atten-
tional control is facilitated in a visual search task, with
participants more frequently employing an optimal search
strategy and less frequently missing the target (Kim et al.,
2021a). Potentially related to adaptations deprioritizing
reward-related stimuli in favor of negatively valenced
stimuli when threatened (Kim & Anderson, 2020a,
2020c), along with general improvements in goal-directed
cognitive processes to promote survival (Kim et al., 2021a),
it is clear that threat can have divergent effects on the
control of attention. Relevant to a more comprehensive
understanding of threat’s influence on attention is de-
termining the more dominant of the two mechanisms of
modulatory control, which can be measured when reward-
related stimuli are task-relevant under threat, with im-
plications for the scope of threat-related modulations of
attentional control.

The influence of reward on attention has predominantly
been investigated in the visual domain, and studies in-
vestigating attentional biases toward auditory stimuli are
relatively limited (see Anderson, 2019; Parmentier, 2014,
for reviews). While most studies investigating attentional
biases by sounds have utilized a cross-modal approach that
interfaces visual and auditory systems (e.g., Anderson,
2016b; McDonald et al., 2000; Sanz et al., 2018;
Stormer et al., 2009), few have investigated the mecha-
nisms of how learned value modulates auditory attention
specifically (e.g., Asutay & Västfjäll, 2016; Folyi et al.,
2016; Folyi & Wentura, 2019). Recently, the design of
the VDAC paradigm has been translated into the auditory
domain using solely auditory stimuli (Kim et al., 2021b)
and has identified both robust voluntary attentional biases
toward reward-associated targets in the training phase,
indicated by faster report of high-value targets, and in-
voluntary attentional capture by currently task-irrelevant
but previously reward-associated distractors in the test
phase, indicated by a slowing of target report in the
presence of a previously high-value distractor. In contrast,
typical approaches to studying VDAC in the visual domain
often produce nonsignificant effects of reward during
training in which the speed of target report is little
influenced by the associated value (e.g., Anderson, 2016a;
Anderson & Halpern, 2017; Kim & Anderson, 2020b). The
VDAC paradigm in the auditory domain thus lends itself
more naturally to an investigation of how threat modulates
attention to reward-related but currently task-relevant stimuli.

In the present study, we investigated how experimen-
tally inducing anxiety modulates voluntary attentional
biases using the training phase of the VDAC paradigm
in the auditory domain (Kim et al., 2021b). We utilized a
between-subjects approach in which half of the participants

were exposed to unpredictable threat of electric shock while
they performed the task (Kim & Anderson, 2020c). Of
interest was whether the influence of threat on facilitating
motivated or goal-directed attention would dominate, en-
hancing the priority of reward-related stimuli, or whether
the influence of threat in blunting reward-related priority
would dominate, resulting in weaker priority for high-value
stimuli. A third possibility is that these two influences might
offset, resulting in no net influence of threat, the likelihood
of which could be assessed using Bayesian statistics.

Materials and Methods

Participants

Forty-eight participants (threat group: 12 female, 12 male;
no-threat group: 15 female, 9 male), whose ages ranged
from 18 to 34 years inclusive (threat group: M = 20.8,
SD = 3.1; no-threat group: M = 20.5, SD = 3.6), were re-
cruited from the Texas A&M University community. No
significant mean differences were found in age between
the two groups, t(23) = 0.29, p = .771, and a χ2 test of
independence showed that were was no significant asso-
ciation between gender and group, χ2(1, 48) = 0.76,
p = .561. All participants were English-speaking and re-
ported normal or corrected-to-normal visual acuity and
normal color vision. All procedures were approved by the
Texas A&M Institutional Review Board. Written informed
consent was obtained for each participant, and all study
procedures were conducted in accordance with the prin-
ciples expressed in the Declaration of Helsinki. Partici-
pants were compensated with their earnings in the task.

Our sample size was based off a power analysis eval-
uating the effect of reward on response time (RT) in an
identical version of the experimental task (Kim et al.,
2021b), estimating a sample size of n = 30 to yield
power (1 � β) > .8. In addition, we have previously
measured the modulatory effect of threat on VDAC in a
between-subjects design, but measuring involuntary at-
tentional capture in the visual domain, and found a sig-
nificant interaction effect of threat and reward with a
sample size of 32 (Kim & Anderson, 2020c). Thus, given
the novelty of the experimental design and to be con-
servative with our effect size, we decided to recruit and
analyze complete datasets from 48 participants.

Apparatus

A Dell OptiPlex 7040 (Dell, Round Rock, TX, USA)
equipped with MATLAB software (Mathworks, Natick, MA,
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USA) and Psychophysics Toolbox extensions (Brainard,
1997) was used to present the stimuli on a Dell P217H
monitor. The participants viewed the monitor from a
distance of approximately 70 cm in a dimly lit room.
Participants also wore Beyerdynamic DT 770 Pro 250Ω
professional studio headphones (Beyerdynamic, Heil-
bronn, Germany) to listen to all sounds. For participants in
the threat condition, paired electrodes (BioPac Systems,
Inc., Goleta, CA, USA) were attached to the left forearm of
each participant and electric shocks were delivered
through an isolated linear stimulator under the constant
current setting (STMISOLA, BioPac Systems), which were
controlled by customMATLAB scripts. Motor responses to
the auditory stimuli were made on a Millikey MH-5 re-
sponse box (LabHackers Research Equipment, Halifax,
Canada).

Auditory Stimuli

The auditory stimuli were the same as those used in Kim
et al. (2021b). All auditory stimuli were recorded using a
Spark SL condenser microphone (Baltic Latvian Universal
Electronics LLC, Westlake Village, CA, USA), with an
Arrow audio interface (Universal Audio Inc., Scotts Valley,
CA, USA), on a 2017 MacBook Pro (Apple Inc., Cupertino,
CA, USA). The recordings were sampled and modified
using the built-in functions on the Logic Pro X software
(Apple Inc.). The spoken letters used were U, I, and O, and
the spoken numbers used were 1, 2, 3, and 4. These letters
and numbers were chosen based on their phonetics (not
rhyming and similar intonation). All recorded samples of
the numbers and letters were cut to begin at exactly the
same time, compressed to make the sound intensity equal,
and condensed to be 300ms in duration to ensure acoustic
similarities across all stimuli.

Experiment Procedure

The experiment began with a brief hearing test in which
participants indicated when they perceived 5 tones of
300–700Hz (sin wave form, increments of 100Hz), which
were presented at intervals that randomly varied between
3,000 and 11,000 ms (increments of 2,000 ms). Each
tone was played to each ear separately, in random order,
and volume was adjusted if needed until the participant
was 100% correct in identifying the tones. The computer
volume was originally set to ∼56 dB, and all participants
were 100% accurate in the hearing test without adjust-
ment, resulting in the original intensity being retained for
the entire experiment in all cases. Participants in the threat
condition were then connected to the isolated linear

stimulator and underwent a shock calibration procedure to
achieve a subjective intensity of shock that is “unpleasant,
but not painful” (e.g., Kim & Anderson, 2020a, 2020c;
Kim et al., 2021a). No mention of electric shock was given
to participants in the no-threat condition. Then, partici-
pants practiced the upcoming experimental task for 12
trials. This practice script would repeat until participants
achieved at least 80% accuracy. Finally, participants
completed six runs of the task and were compensated the
total monetary reward accumulated throughout the
experiment.

Task Design

Each run of the auditory identification task consisted of 72
trials. Each trial began with a fixation display (1800 ms),
followed by the auditory stimuli (300ms), an interstimulus
interval (ISI), auditory and visual feedback (1,500ms), and
an intertrial interval (ITI; see Figure 1). Throughout each
trial, a fixation cross (0.7° × 0.7° visual angle) was pre-
sented at the center of the screen. During the presentation
of the auditory stimuli, participants would simultaneously
hear a spoken letter played to one ear and a spoken
number played to the other ear. The possible letter–
number combinations and what side they were presented
on the headphones were fully counterbalanced, and the
order of trials was randomized each run. Participants were
instructed to listen for the letter they heard and press the
respective button on the response box (learned during
practice). For each participant, correct report of one target
letter was associated with high reward (7 cents), another
with low reward (1 cent), and a third with no reward
(0 cents). The letter-to-value mapping was counter-
balanced across participants. The ISI lasted for 1,500,
2,700, or 3,900 ms (equally often, order randomized).
Next, participants were given feedback based on what
button they pressed. If the participant did not respond
before the end of the ISI, they were presented with the
words “Too Slow” and their accumulated total earnings,
while if they pressed the wrong button they were presented
with the words “Incorrect” and their accumulated total
earnings (no sound was presented during such feedback).
For correct responses, participants were shown their
corresponding reward earnings and their accumulated
total earnings, in addition to an audible cue for 500 ms
(sin wave form, high reward = 650 Hz, low reward = 500
HZ, and no reward = 350 Hz). An auditory cue was as-
sociated with each reward value so that participants would
still be exposed to reward-related feedback even if they
chose not to look at the computer screen (which was not
necessary to perform the task accurately). Finally, the ITI
lasted for 900, 2,700, or 4,500 ms (exponentially
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distributed, with the shorter time lengths being more
frequent). The fixation cross disappeared for the last
200 ms of the ITI to indicate the participant that the next
trial was about to begin.

Participants in the threat condition received a total of 10
electric shocks per run that was pseudo-randomly deter-
mined with the constraint that shocks were never ad-
ministered on consecutive trials nor on the last trial of a
run. Furthermore, electric shocks were evenly spaced out
so that two shocks were administered every 15 trials to
maintain a continuous state of elevated state anxiety (e.g.,
Kim & Anderson, 2020a, 2020c; Kim et al., 2021a). On
shock trials, participants were administered the electric
shock in place of hearing the auditory stimuli, and the ISI
and reward feedback time were omitted for that trial.

Data Analysis

RT was measured from the onset of the auditory stimuli.
Only correct responses were included in the RT analyses.
RTs more than 3 SDs above and below the M for a given
condition for a given participant were trimmed (e.g.,
Anderson & Yantis, 2013; Kim& Anderson, 2020a, 2020c;
Kim et al., 2021b). Repeated-measures ANOVA analyses
were conducted in SPSS (SPSS Statistics, IBM, Armonk,
NY, USA). When the key interaction term for RT was
nonsignificant using traditional null hypothesis testing, we
also quantified the Bayes factor (BF) using Bayesian
ANOVA testing in JASP (e.g., Wagenmakers, Love, et al.,
2018; Wagenmakers, Marsman, et al., 2018). We denoted
the Bayes factors as BF10 which measures the strength of
the evidence in support for the alternative hypothesis
compared to the null hypothesis. A BF10 of 1 to 0.33

reflects anecdotal evidence, 0.33 to 0.1 moderate evi-
dence, and < 0.1 strong evidence in favor of the null
hypothesis.

Results

We conducted a repeated-measures ANOVA analysis with
reward as the within-subjects factor (high, low, and no)
and the threat condition (threat and no-threat) as the
between-subjects factor over accuracy and RT. For ac-
curacy, we found a significant main effect of reward,
F(2,92) = 4.10, p = .020, η2

p = .082, but no significant effect
of threat, F(1,46) = 0.11, p = .742, nor an interaction,
F(2,92) = 0.22, p = .802 (see panel A of Figure 2). To probe
the effect of reward in each group, we conducted post hoc
pairwise comparisons between each reward condition. In
the threat group, there was a significant difference be-
tween the high and no reward conditions, t(23) = 2.13,
p = .044, d = 0.360, but no significant differences between
the low and no reward conditions, t(23) = 0.54, p = .598,
and the high and low reward conditions, t(23) = 0.93,
p = .361. In the no-threat group, there was again a sig-
nificant difference between the high and no reward con-
ditions, t(23) = 2.10, p = .047, d = 0.404, but no significant
differences between the low and no reward conditions,
t(23) = 1.76, p = .091, and the high and low reward con-
ditions, t(23) = 1.11, p = .277.

In the ANOVA over RT, we found a significant main
effect of reward, F(2,92) = 16.46, p < .001, η2

p = .264, but
no significant effect of threat, F(1,46) = 0.02, p = .891, nor
an interaction, F(2,92) = 0.26, p = .774 (see panel B of
Figure 2). We again conducted post hoc pairwise

Figure 1. Sequence of trial events. Participants completed an auditory stimuli identification task in which one of three possible letters were
associated with high, low, or no reward feedback. Half of the participants completed the entire experiment under threat of shock, while the other
half were never introduced to threat of shock.
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comparisons between each reward condition. In the threat
group, we identified a significant difference between the
high and no reward conditions, t(23) = 3.05, p = .006,
d = 0.518, and the high and low conditions, t(23) = 3.25,
p = .004, d = 0.396, but no significant differences between
the low and no reward conditions, t(23) = 0.45, p = .655. In
the no-threat group, we again identified a significant
difference between the high and no reward conditions,
t(23) = 5.10, p < .001, d = 0.794, and the high and low
conditions, t(23) = 3.18, p = .004, d = 0.517, but no sig-
nificant differences between the low and no reward
conditions, t(23) = 1.75, p = .093.
Given that we did not find evidence to reject the null

hypothesis concerning the modulatory influence of threat
(H0: threat does not interact with reward) as previously
seen in studies measuring involuntary attentional capture
(Kim & Anderson, 2020a, 2020c), we evaluated the evi-
dence for the alternative hypothesis (HA: threat interacts
with reward) using a Bayesian ANOVA in JASP over RT.
We found the preferred model to include just the effect of
reward, BFM = 7.941, corroborating our prior findings from
the main effect of value from the repeated-measures
ANOVA. Relative to the preferred model, a model with
an additional main effect of threat was not likely,
BF10 = 0.442, and there was strong evidence in support of
the null hypothesis concerning a model that included an
interaction, BF10 = 0.061.

Discussion

Our findings replicate a prior study demonstrating a sig-
nificant effect of reward on task-related attentional biases
in the auditory domain (Kim et al., 2021b). However, we
provide evidence that threat does not modulate reward’s
influence on the voluntary control of attention through

both null hypothesis testing and Bayesian statistics, which
contrasts with prior studies of threat modulating invol-
untary attentional capture by reward-related stimuli (Kim
& Anderson, 2020a, 2020c). These diverging results are
consistent with their distinguishable underlying mecha-
nisms, with motivated attention being associated with the
ability to selectively process information by allocating
neural resources within the frontoparietal attention net-
work and involuntary attention associated with the re-
flexive orienting to specific stimuli supported by the
ventral attention network (e.g., Bowling et al., 2020;
Corbetta et al., 2008; Engelmann & Pessoa, 2007; Locke
& Braver, 2008; Prinzmetal et al., 2009). The threat of
shock and effects of elevated state anxiety have been
defined as a sustained physiological response that
heightens vigilance (e.g., Davis et al., 2010; Sussman, Jin,
et al., 2016; Sussman, Szekely, et al., 2016), and it is
unknown whether negative arousal commonly modulates
all modes of attentional processing. Our results suggest
that the modulatory role of threat on value-based attention
may be particular to mechanisms of involuntary atten-
tional capture and, at least in the auditory domain, do not
extend as robustly to motivated attentional processes.
In the context of goal-directed attentional control, threat

has previously been shown to facilitate search efficiency
and improve task performance (Kim et al., 2021a). Fur-
thermore, a state of heightened vigilance has been shown
to reduce task-related errors in a Go/No-Go task, again
demonstrating that threat facilitates improvements in
information processing and benefits task performance
(Grillon et al., 2017). In contrast, in the context of the
influence of reward on attention, threat has been shown to
suppress value-driven attentional biases and reduce at-
tentional capture by previously reward-associated stimuli
(Kim & Anderson, 2020a, 2020c). Thus, it is plausible that
the null results in the present study are a result of two
offsetting attentional control mechanisms in which threat

Figure 2. Behavior results. (A) Accuracy and (B) response time broken down by trials based on target-reward contingencies (unrewarded, low-value,
and high-value) by subject group (under threat of shock and under no-threat of shock). Error bars depict within-subjects confidence intervals
calculated using the Cousineau method (Cousineau, 2005) with a Morey correction (Morey, 2008). *p < .05, **p < .01, ***p < .001.
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facilitates motivated attention more broadly while sup-
pressing the more automatic influence of learned value on
information processing.

While the robust value-driven effects in the training
phase of the VDAC paradigm in the auditory domain
provided a useful tool in measuring the influence of threat
on voluntary, reward-motivated attentional biases, VDAC
is generally less studied in the auditory domain. The extent
to which threat modulates attentional processes in the
auditory system remains underexplored. Our threat ma-
nipulation exactly mirrored that which has consistently
both impaired and facilitated the control of attention in the
visual domain (Kim&Anderson, 2020a, 2020c; Kim et al.,
2021a), and so it is unlikely that the lack of evidence for an
interaction with threat in the present study was the result
of an ineffective manipulation of threat. The effect of
reward on attention in the present study was highly robust,
and so there was also ample space for threat to modulate
such reward-related priority. An effect of value depen-
dence (low vs. high value) was evident in training phase
performance, and it does not appear to be the case that
threat and value-based attentional priority directly com-
plete for neural resources (Kim & Anderson, 2020a), so it
seems unlikely that the effect of reward was so strong as to
preclude threat-based modulation (i.e., ceiling effect).
What is clear from the findings of the present study is that
the influence of threat with respect to both the value-
modulated and goal-directed control of attention is not
uniform, either differing across sensory systems or being
subject to modulation from competing reward-related and
goal-dependent influences. When threatened but moti-
vated by rewards, it does not appear to be the case that
threat necessarily results in a deprioritization of reward-
related influences, with motivational processes potentially
offsetting a tendency toward such deprioritization. Our
findings provide an important boundary condition con-
cerning how threat influences attention: Although threat
impedes value-based distraction, we see no evidence that
threat impairs the ability to voluntarily orient to reward-
related stimuli, consistent with an overall highly adaptive
mechanism of attentional modulation.

The extent to which the observed prioritization of high-
value targets relies on attentional processes per se is un-
clear. As in implementations of the VDAC paradigm in the
visual domain (e.g., Anderson et al., 2011; Anderson &
Halpern, 2017), auditory targets competed for represen-
tation with nontarget distractors although, in this case,
it was a single distractor (but see Kim & Anderson, 2019,
for an implementation of the VDAC paradigm in the
visual domain with one distractor). The resolution of
such competition generally requires selective attention
(Desimone & Duncan, 1995). It remains possible, how-
ever, that value modulated perceptual learning, with high-

value stimuli being prioritized independently of selective
attention, although both perceptual learning in general and
the modulatory effect of reward on perceptual learning
more specifically typically require more protracted train-
ing (e.g., Seitz et al., 2009; Serences & Saproo, 2010).

The present study is not without methodological limi-
tations. Although we have replicated the anxiety-inducing
effect of threat of shock in both within-subjects and
between-subjects designs (e.g., Kim & Anderson, 2020a,
2020b, 2021c), we cannot rule out the possibility that
group differences (e.g., personality and state-anxiety)
could have interfered with our threat manipulation in
this current dataset (essentially, a failure of random as-
signment). We a priori chose to complete a between-
subjects design due to the relatively stronger behavioral
differences reported compared to a within-subjects design
(Kim&Anderson, 2020c). Furthermore, although we have
verified that our threat of shock protocol induces a neg-
ative arousal effect using pupil size analyses (Kim &
Anderson, 2020a) and self-report questionnaires (e.g.,
Kim & Anderson, 2020a, 2021c), this current dataset lacks
a manipulation check that confirms a significant change in
arousal within the threat group.

In conclusion, our findings support for two distinct
mechanisms of the influence of threat on the value-
dependent control of attention, with threat distinctly
blunting the automatic but not the voluntary and moti-
vational influences of reward. However, future research is
needed to understand the scope of this potential distinc-
tion. It remains unclear whether threat of unpredictable
electric shock modulates value-based attentional pro-
cesses differently across vision and audition and whether
this influence varies with the type of threat and the sensory
system implicated. A threat in the auditory dimension
(e.g., unpredictable aversive loud noise) might be more
effective at modulating value-based attentional priority in
the auditory domain. As a teaching signal, however,
electric shock and aversive white noise have shown to have
comparable effects on visual attention (e.g., Anderson &
Britton, 2020; Mikhael et al., in press). Our findings are at
odds with the idea that threat has a broadly uniform in-
fluence on the value-based control of attention, inviting
further investigation into the specific factors that deter-
mine whether and how threat and reward interact to
determine how stimuli are processed. While the neural
mechanisms of threat and involuntary attentional capture
by reward cues have previously been investigated in the
visual domain (Kim & Anderson, 2020a), no such studies
have been conducted in the auditory domain and with
voluntary attentional biases. Our study provides a
framework for future investigations into how processing of
attention, threat, and reward interact across sensory
modalities.
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