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Abstract
There is increasing evidence that alterations in the focus of attention results in changes in neural
responding at the most peripheral levels of the auditory system. To date, however, those studies
have not ruled out differences in task demands or overall arousal in explaining differences in
responding across intermodal attentional conditions. The present study sought to compare changes
in the response of cochlear outer hair cells, employing distortion product otoacoustic emissions
(DPOAEs), under different, balanced conditions of intermodal attention. DPOAEs were measured
while the participants counted infrequent, brief exemplars of the DPOAE primary tones (auditory
attending), and while counting visual targets, which were instances of Gabor gradient phase shifts
(visual attending). Corroborating an earlier study from our laboratory, the results show that
DPOAEs recorded in the auditory ignoring condition were significantly higher in overall
amplitude, compared with DPOAEs recorded while participants attended to the eliciting primaries;
a finding in apparent contradiction with more central measures of intermodal attention. Also
consistent with our previous findings, DPOAE rapid adaptation, believed to be mediated by the
medial olivocochlear efferents (MOC), was unaffected by changes in intermodal attention. The
present findings indicate that manipulations in the conditions of attention, through the corticofugal
pathway, and its last relay to cochlear OHCs, the MOC, alter cochlear sensitivity to sound. These
data also suggest that the MOC influence on OHC sensitivity is composed of two independent
processes, one of which is under attentional control.
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Attending to an acoustic stimulus, a simple sinusoid or complex sound, at the expense of
competing sensory information, either within or across modalities, has been shown to
improve behavioral accuracy and heighten cortical sensitivity to the acoustic target
(Schröger and Eimer, 1993). Visual distraction, by contrast, often interferes with auditory
processing, impairing the behavioral response to the auditory target and diminishing the
cortical signature in event-related potentials (Keil et al., 2007). This pattern of results has
been interpreted as reflecting a reduced availability of attentional resources for processing
an auditory stimulus in the presence of engaging visual distractors (Wickens et al., 1983;
Weissman et al., 2004).

Although a multitude of well-supported models of cross-modal distraction effects exist,
many of them describe a restricted pool of attentional resources that limit the ability to
process both a distractor and a target with the same accuracy, and that both attentional
competition and load are associated with costs in performance (Jolicoeur, 1999; Weissman
et al., 2009). Recent findings suggest that this limitation of resources affects sensory
registration in the respective cortices (Weissman et al., 2004), whereas other authors have
argued for a higher-order cognitive origin of cross-modal interference (Dalton et al., 2009).
Consequently, an important question in this literature has been the physiological and
temporal locus of auditory attention/distraction effects, including the extent to which
manipulations of attention differently affect different brain structures or even sensory
processing at the periphery. This issue is also of importance in the context of models of
awareness (Dehaene et al., 2006), some of which have postulated that conscious processing
of an attended stimulus is characterized by reverberant activity, distributed across sensory
and higher-order brain areas. Here we ask whether such conscious, attentive processing -
through top-down projection - affects the peripheral sensory organ. To determine the extent
to which selectively attending to one modality over another is the critical variable
underlying any observed experimental effects, it is imperative that the physical environment
be held constant, while changing only the subject’s task (Hillyard, 1993). In addition, it is
essential to ensure that the difficulty and nature of the task are comparable across attention
conditions.

In the present study, we examined the role of medial olivocochlear efferent (MOC) tracts
innervating outer hair cells (OHCs) of the cochlea in intermodal attentional selection. MOC
tracts are particularly relevant in this context as they provide the only descending neural
connection between the corticofugal tracts originating in the cortex and the cochlea, and
have been shown capable of directly altering the cochlear activity in both humans and non-
human animals in response to cortical stimulation (Xiao and Suga, 2002; Perrot et al., 2006;
Delano et al., 2007; Suga, 2008; Liu et al., 2010); thus, the MOC provides the effective
route for top-down modulation of the sensory periphery during distraction and attentional
selection.

The role of the corticofugal and MOC systems in mediating a peripheral response in
auditory selective attention can be addressed directly by measuring attention-induced
changes in distortion product otoacoustic emissions (DPOAEs). DPOAEs are produced by
the nonlinear mechanical behavior of cochlear OHCs to sound (Wilson, 1980; Probst et al.,
1991; Yates et al., 1992). Because OHCs receive a rich, descending innervation from MOC
neurons, DPOAEs offer a valuable, non-invasive measure of MOC control of outer hair cell
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function (Liberman et al., 1996; Kim et al., 2001; Bassim et al., 2003; Smith et al., 2012)
and are one of the most widely employed clinical tools for evaluating the sensitivity of the
cochlea.

In a recent study using DPOAEs to characterize changes in OHC function with attention
(Smith et al., 2012), we manipulated task modality by instructing participants to either read a
book and count the occurrence of the letter “a” (visual task) or count the either short- or
long-duration DPOAE-eliciting tones (auditory task). In a second experiment, DPOAEs
were recorded while the participants watched muted movies with subtitles (auditory
ignoring/visual distraction) and were compared with DPOAEs recorded while the
participants again counted the DPOAE-eliciting tones. In both experiments, the level of the
DPOAEs recorded during the auditory-ignoring condition were statistically higher than
those recorded in the auditory-attending condition. Importantly, because the only
corticofugal input to the cochlea is through the MOC, and given the suppressive nature of
MOC action on OHCs (c.f., Guinan, 1996, 2006, 2010; Robertson, 2009), any observed
effect must result in some reduction in the response to the eliciting tones - in this case, to the
attended tones (Smith et al., 2012). These data suggest that the observed alteration in
cochlear sensitivity at the DPOAE frequency results from a modulation of inhibitory
efferent input, as a function of task properties. To the extent that the DPOAE reflects
cochlear activity at a frequency other than the target frequency, one question arising from
these findings is whether the attended frequency is suppressed, or alternatively, frequencies
competing with the target frequency are suppressed through the MOC. In the present study,
however, we first aim to replicate the finding of suppression of DPOAEs in response to the
attended modality.

The observed suppression of DPOAE amplitude to attended auditory stimuli is consistent
with the findings from several studies by Michie et al. (1996). In their studies, Michie and
colleagues sought to replicate findings from several groups using different attention and
stimulus paradigms – all of which reported a relative decrease in the amplitude of ignored
responses (Puel et al., 1988; Méric and Collet, 1992, 1994; Giard et al., 1994; Maison et al.,
2001); this was the expected peripheral consequence of ignoring a stimulus as this effect is
the generally accepted effect observed cortically (Woldorff et al., 1987; Johnson and
Zatorre, 2005; Kauramäki et al., 2007). In contrast to data from cortical measures, in four of
five experiments, Michie and colleagues demonstrated statistical increases in the level of
evoked OAE responses to ignored auditory stimuli, findings we have now corroborated
(Smith et al., 2012).

A question arises, however, as to whether the inhibition or suppression of OHCs during
auditory attending conditions, as observed by several authors, is related to the fact that the
visual attention/auditory ignoring task (often involving silent movies or challenging visual
search tasks) is more engaging or arousing than an auditory attention task, which often
consists of counting tones or detecting intermittent acoustic targets. In the present study we
examined the robustness of the inhibitory effect of attention on OHC responses observed in
earlier work by comparing the response of outer hair cells under different, balanced
conditions of intermodal attention.

2. Experimental Procedures
2.1 Participants

Eight college-aged students (18–26 years, six females) participated in the experiment. A
brief history was taken from each participant to document ear-related complaints, such as
current ear congestion or infection, history of ear infections, ear surgery, noise exposure,
music player and headphone use and ototoxic and chronic medication use.
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All experiments were approved by the Institutional Review Board of the University of
Florida.

2.2 Instrumentation and stimulus parameters
The equipment, auditory stimuli and DPOAE recording and analysis procedures have been
described in previous reports (c.f., Bassim et. al. 2003 and Smith et. al. 2012). Briefly, two
primary tones generated digitally (RX6 and RP2.1 DSP processors, Tucker-Davis
Technologies, Gainesville, FL) were fed individually to two transducers in each ear
(Etymotic Research, Elk Grove Village, IL). The primaries and the otoacoustic emissions
were measured in the ear canal with a low-noise microphone probe (ER 10B+, Etymotic
Research), sampled continuously at a rate of 48.83 kHz, digitized (Tucker-Davis
Technologies), and stored to the hard drive.

2.2.1 Auditory stimuli—The primary tones, f1 and f2, were presented with a frequency
ratio f2/f1 = 1.21 and f1 level = 70 dB SPL, and f2 level = 65 dB SPL. A DP-gram, assessing
the sensitivity of the ear across a range of frequencies, was constructed by varying the f2
frequency in a 20-step geometric progression from 1.2 to 10.8 kHz, and the frequency
producing the strongest DPOAE level in either ear was selected for further study during the
experiment. The primary tones, though chosen to generate the largest DPOAE in one ear,
were presented identically in both ears at all times in order to produce the largest DPOAE in
the selected ear. Responses from the non-selected ear, though collected, were not further
analyzed. The tones were either 1.5 or 3 sec in duration (≈20% 1.5 sec and ≈80% 3 sec),
presented in a randomized manner with an inter-trial interval of 3 sec. Using long-duration
tones, as opposed to transient or click stimuli, to measure DPOAEs offers the advantage of
characterizing the both the presence of MOC activity as well as its onset time course
(Liberman et al., 1996; Kim et al., 2001; Bassim et al., 2003; Smith et al., 2012). The rise/
fall times of all stimuli were zero, with the primaries beginning at 0° of phase in order to
reduce the effects of frequency splatter. This splatter was further minimized by measuring
the DPOAE amplitude at the 2f1-f2 frequency peak, discarding the first ≈1 ms, with a bin
width of 11.92 Hz.

Once the eartip transducers/microphone assembly was fully seated within the ear canal, the
acoustic system output was calibrated at the start of each session, and calibration tests were
repeated throughout the session to detect the emergence of small changes in probe
placement or orientation. During each session, the primary tone and DPOAE levels were
plotted on screen on a stimulus-by-stimulus basis and any sudden, or systematic change in
signal levels, usually indicating a displacement of the probe/microphone system in the ear
canal, resulted in the session being interrupted. In these situations, the earphones were re-
positioned and another calibration was performed.

2.2.2 Visual stimuli—All visual stimuli were presented on a flat-panel monitor, situated
outside the sound-attenuating chamber and, through the chamber observation window,
directly in front of the participant. During each trial, after presentation of a fixation cross,
Gabor patches oriented 45° to the right of vertical were presented in the center of a screen
placed 72” (1.83m) away from the subject. Each Gabor patch was composed of 7 alternating
black/white sinusoidal bars whose greatest contrast (100% Michelson) was at the center of
the stimulus, with a Gaussian decline to the edges. The Gabor patch subtended a visual angle
of 2.18° with 3.21 cycles per degree. After a 1.5 or 3 sec delay (presented randomly in a
session, ≈20% 1.5 sec and ≈80% 3 sec), the patch was phase shifted by 180°. The visual
stimulus was presented for a total of 4 sec in each trial with an inter-stimulus interval of
approximately 3 sec. During the inter-stimulus interval, a fixation cross was present
occupying 0.8° of visual angle.
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A miniature video camera, connected to a monitor outside of the sound chamber, permitted
monitoring of the subject’s behavior in the test session. Visual stimuli and auditory stimuli
were presented simultaneously during each trial, with the visual stimulus onset delayed with
respect to the auditory stimulus by a random interval ranging between 500 and 1000 ms
from the onset of the auditory stimulus. The random delay interval was introduced to
prevent participants’ usage of the other modality, respectively, to identify short-duration
targets. Post-experimental assessment of the strategy adopted by the participants suggested
that they focused solely on the to-be-attended modality to complete the task.

2.3 DPOAE analysis
The microphone signals were divided and a real-time spectral analysis (Fast Fourier
Transform; FFT) was performed by a second computer during each trial to monitor the
levels of the primary signals, as well as to monitor for the presence of the 2f1-f2 DPOAE.
During data analysis, a two-component exponential was fitted to the DPOAE contours
(Sigma Plot; Systat Software, San Jose, CA) to facilitate calculation of the magnitude of
adaptation, and well as the adaptation onset time constant (c.f., Kim et al., 2001). A
participant’s data were included in the overall analysis only if the observed rapid adaptation
was larger than the measured variance in the adaptation contour; using this criterion gave
confidence that MOC activity, necessary for any attentional effects, could be observed in
that participant’s DPOAE response. Absolute DPOAE levels across attention conditions
were estimated by averaging the data points in each trace from 1000 ms to 1500 ms. The
results obtained for each participant under the testing conditions were compared statistically
using a non-parametric Wilcoxon signed-rank test with alpha set at 5%.

2.4 Experimental procedure
All experiments were conducted inside of an IAC (Industrial Acoustics Corporation, Bronx,
NY) sound-attenuating chamber. After initial screening, participants were seated in a
comfortable reclining chair within the sound booth, detailed instructions were provided,
eartips were inserted in both ears and the calibrations performed. As described above, a DP-
gram was then measured for each ear and, to maximize the response signal-to-noise ratio,
the f2 frequency producing the largest emission in either ear was selected for further study in
a given session; only these chosen responses, and not those from the opposite ear, were
further analyzed. Stimulus conditions were optimized to produce the largest DPOAE in one
ear for that individual, though the same stimuli were presented binaurally during each trial.
DPOAE responses were recorded and saved to disk, and the responses from the ear with the
selected DPOAE, were averaged across subjects. Trials with variations in the primary levels
and/or DPOAE responses (greater than the magnitude of rapid adaptation) were discarded
before calculating averages. At least two sessions under each attention condition were
conducted, with 128 trials in each session.

Auditory stimuli of 1.5 (short) or 3 sec (long) duration were pseudo-randomly presented
binaurally in each session with ≈20% of the trials of the short duration. Visual stimuli were
presented simultaneously on the screen in front of the participant, starting with a short
pseudo-randomized delay of 500 – 1000 ms after auditory stimuli onset. The visual stimuli
changed phase either 1.5 sec (short) or 3 sec (long) after onset and stayed on the screen for a
total of 4 sec before being replaced by a fixation cross. Short visual stimuli were presented
in ≈20% of the trials in a pseudo-randomized fashion in a session (the pseudo random order
not coupled with that of the auditory stimuli). The inter-trial interval was 3 sec. Participants
were instructed to press a response key when a target event (short duration tone in the
auditory attend condition; short latency phase change of the Gabor patch in the visual attend
condition) was present. During the auditory attending condition, participants were asked to
respond to occurrences of short duration auditory stimuli and to ignore the visual stimuli
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(they were instructed to look at the screen). During the visual attending condition,
participants were asked to ignore the auditory stimuli and respond to visual targets.

2.5 Analysis of behavioral data
We extracted the percentage of hits and misses, along with the false alarm and correct
rejection rate, for the auditory and visual conditions separately. Response times were
disregarded, as subjects were not instructed to respond as fast as possible.

3 Results
3.1 Behavioral results

Mean hit rates were acceptable across modalities, with 94.6% (SD 9.2%) hits for the
auditory targets (5.3% false alarms), and 85.0% (SD 21.1%) hits for the visual targets (6.5%
false alarms). The resulting d’ (sensitivities) were 3.23 for the auditory and 2.55 for the
visual domain. When comparing auditory and visual tasks with a paired t-test, hit rates did
not differ, t(7) = 1.6, p=.144; neither did false alarm rates, t(7) = −.63, p = .55.

3.2 DPOAE results
Figure 1 shows individual DPOAE adaptation contours measured for eight listeners under
conditions of attending to the DPOAE-eliciting tones while ignoring the Gabor patches (red
line), and while attending to the Gabor patches and ignoring the eliciting tones (blue line).
For the purposes of estimating the magnitude and onset time constant of DPOAE adaptation,
each contour is fitted with a two-component exponential (Kim et al., 2001; Bassim et al.,
2003). Though the shape of the contours varied somewhat across subjects, all contours
showed the rapid decrease in DPOAE amplitude characteristic of MOC-mediated rapid
adaptation (Liberman et al., 1996; Kim et al., 2001; Bassim et al., 2003; Smith et al., 2012).
For all subjects, the absolute onset level of the DPOAE contours while attending to the
Gabor patches, and ignoring the primary tones, was relatively higher than when attending to
the eliciting tones.

When the decrease in DPOAE level, from the visual-attending DPAOE to the auditory-
attending DPOAE, is plotted for both the onset and offset of the primary tones for each
subject (Figure 2), it reflects an approximate, parallel, downward shift of the contours by
approximately 0.19 dB on average. This parallel shift can also be seen when the contours for
each attending condition are averaged across subjects (upper panel, Figure 3). When the
mean contours for both attending conditions are normalized to onset level (lower panel,
Figure 3), it is apparent that the two contours mimic each other in onset slope and overall
shape.

Across individual subjects and attending conditions, the onset time constant, a measure of
the slope of the rapid adaptation time course, with a shorter time constant reflecting a
steeper onset slope, varied from approximately 40 ms to 200 ms (Figure 4, open symbols).
When compared across attention conditions for each subject, the calculated onset time
constants, with one exception, were comparable for both attending conditions. As predicted
from the similarity of the mean DPOAEs recorded under both attention conditions (Figure
4), a comparison of the mean time constants from each attention condition (solid black
circle) shows the time constants were statistically indistinguishable.

4 Discussion
The present results demonstrate that attending to the primary, eliciting tones (auditory
attending condition), results in DPOAEs that are relatively lower in overall amplitude,
compared with DPOAEs recorded from the same primary tones, when the eliciting tones are
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ignored and the subject is required to report Gabor patch phase shifts (auditory ignoring
condition). On average, the effect of attending to the eliciting tones was observed as a
parallel, downward shift of approximately 0.19 dB, with an across subject range of
approximately 0.08 to 0.35 dB (Figure 1). When the DPOAE contours recorded under both
attending and ignoring conditions are superimposed, it is apparent that the magnitude of
MOC-mediated rapid adaptation is unaffected by attention.

These findings are consistent with a previous study where DPOAEs were compared under
different task conditions, with varying demands and different visual and auditory distractors
(Smith et al., 2012). In that work, DPOAEs measured while subjects either read a book and
counted the occurrence of the letter “A”, or watched a muted DVD movie and read subtitles,
were significantly lower in absolute level compared with when participants were instructed
to attend to the same auditory stimuli and to count occurrences of short-duration tones. In
that study, as in the present, the observed decrease in overall DPOAE level when attending
to the eliciting tones was concomitant with a rapid adaptation component. Rapid adaptation
has previously been shown in the cat to be mediated by the MOC (Liberman et al., 1996)
and, in the rat, the middle ear reflex (Relkin et al., 2005). In humans, we have argued
elsewhere (Bassim et al., 2003) that rapid adaptation, as with the cat, is due to normal MOC
function. This argument was based on several factors, including the relatively low-level
tones we used to elicit the DPOAEs and the observation that those tones were approximately
20 dB below middle ear reflex threshold in the same subjects (Bassim et al., 2003). These
findings suggest that the MOC efferents have two simultaneous functions in influencing
inner ear function; first, through the process of rapid adaptation, to reduce the response of
OHCs to sustained background noise, while unmasking simultaneous target signals
(Winslow and Sachs, 1987) and, second, to alter the sensitivity of the cochlea during
focused attention.

At higher levels within the CNS, it is generally believed that attending to a stimulus results
in a relatively larger signal in the corresponding cortex, compared with when the same
stimulus is ignored (c.f., Woldorff et al., 1987; Johnson and Zatorre, 2005; Kauramäki et al.,
2007; Saupe et al., 2009). On initial comparison, our observation of decreases in overall
DPOAE level when attention is focused on the presented auditory signals appears
inconsistent with this widely accepted viewpoint. The reasons for this discrepancy remain
uncertain, but may be either, or both physiological or methodological in nature. The cortex
interacts with the cochlea via the corticofugal pathway, originating in the superior temporal
gyrus, and its final MOC efferent link between the superior olivary complex and the OHCs
in the organ of Corti (c.f., Robles and Delano, 2008). MOC fibers terminate on the
subnuclear regions of OHCs, and, when activated, alter membrane resistances to produce a
decrease in the OHC resting potential and an overall reduction in the OHC’s mechanical
amplification of basilar membrane motion (Mountain, 1980; Siegel and Kim, 1982; Housley
and Ashmore, 1991; Murugasu and Russell, 1996; Cooper and Guinan, 2003). Given its
mode of action, MOC activity is suppressive in nature, and activation of the descending
pathways to the cochlea can only result in a suppression of targeted receptors, as we have
observed here and in previous work (Michie et al., 1996; Smith et al., 2012).

The question remains, however, if some methodological considerations can explain the
discordant findings. For example, so far as we are aware, all previous studies of the cortical
effects of attention rely on dichotic, or monaural stimulation paradigms (Näätänen, 1990;
Woldorff and Hillyard, 1991; Woldorff et al., 1993), where as our studies of the peripheral
consequences of alterations in focused attention have employed binaural stimulation;
binaural stimulation is widely known to increase the magnitude of MOC-mediated
suppression because BOTH crossed and uncrossed MOC tracts are activated (c.f., Liberman
et al., 1996; Bassim et al., 2003) and result in a greater suppression of DPOAEs compared
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with monaural stimulation. Thus, it is intuitive that attentional studies employing binaural
acoustic signals, as we have employed, activating both crossed- and uncrossed MOC
systems, would result in relatively lower DPOAE levels compared with monaural
stimulation protocols, as has been employed for more central or cortical studies of attention
(Woldorff and Hillyard, 1991).

Another consideration, given the role of the MOC in suppressing the response of the OHCs
to background noise (Winslow and Sachs, 1987; Kawase and Liberman, 1993; Lima da
Costa et al., 1997; Voytenko and Galazyuk, 2010), is that attentionally-driven MOC action
might function to suppress OHC activity to endogenous noise (e.g., heart sounds,
respiration, vascular noise, myogenic noise, etc.) and, as a consequence increase the signal-
to-noise ratio, and the amplitude, of the attended signal cortical potential, which might not
be apparent in a DPOAE measure. Similarly, many reports have shown that MOC activity is
tonotopically tuned (Cody and Johnstone, 1982; Liberman and Brown, 1986; Brown, 1989).
In the present experiment, participants are instructed to attend to the DPOAE primary tones,
but the 2f1-f2 DPOAE is at a frequency some cochlear distance below the primaries and,
depending on the sharpness of the tuning, attending to the primaries might result in a
suppression of the DPOAE response (Greenberg and Larkin, 1968; Dai et al., 1991;
Strickland and Viemeister, 1995). Further research presently underway will examine the role
of the target frequency and may co-register DPOAEs and electrocortical measures to address
this question.
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• Participants attended to either auditory pure tone or visual Gabor patch stimuli.

• Cochlear OHC activity was compared under the two attention conditions using
DPOAEs.

• DPOAE amplitude was higher during auditory ignoring than during auditory
attending.

• Efferent mediated DPOAE rapid adaptation was not affected by attention
condition.
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Figure 1.
Individual DPOAE adaptation contours measured for eight listeners under conditions of
attending to the DPOAE-eliciting tones, while ignoring the Gabor patches (red line), and
while attending to the Gabor patches and ignoring the eliciting tones (blue line). The f2
frequency and chosen ear are displayed on the bottom left of each graph.
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Figure 2.
Difference in DPOAE level, from the visual-attending DPOAE and the auditory-attending
DPOAE, plotted for both the onset and offset of the primary tones for each subject.
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Figure 3.
Average DPOAE contours for both auditory-attending and visual-attending conditions
(upper panel) and the same conditions when normalized to stimulus onset (lower panel).
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Figure 4.
Onset short (i.e., rapid adaptation) time constants compared across auditory- and visual-
attending conditions for all subjects.
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