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Objectives. Even though vestibular rehabilitation therapy (VRT) using head-mounted display (HMD) has been highlighted
recently as a popular virtual reality platform, we should consider that HMD itself do not provide interactive environ-
ment for VRT. This study aimed to test the feasibility of interactive components using eye tracking assisted strategy
through neurophysiologic evidence.

Methods. HMD implemented with an infrared-based eye tracker was used to generate a virtual environment for VRT.
Eighteen healthy subjects participated in our experiment, wherein they performed a saccadic eye exercise (SEE) un-
der two conditions of feedback-on (F-on, visualization of eye position) and feedback-off (F-off, non-visualization of
eye position). Eye position was continuously monitored in real time on those two conditions, but this information
was not provided to the participants. Electroencephalogram recordings were used to estimate neural dynamics and
attention during SEE, in which only valid trials (correct responses) were included in electroencephalogram analysis.

Results. SEE accuracy was higher in the F-on than F-off condition (P=0.039).The power spectral density of beta band was
higher in the F-on condition on the frontal (P=0.047), central (P=0.042), and occipital areas (P=0.045). Beta—event-
related desynchronization was significantly more pronounced in the F-on (-0.19 on frontal and —0.22 on central clus-
ters) than in the F-off condition (0.23 on frontal and 0.05 on central) on preparatory phase (P=0.005 for frontal and
P=0.024 for central). In addition, more abundant functional connectivity was revealed under the F-on condition.

Conclusion. Considering substantial gain may come from goal directed attention and activation of brain-network while
performing VRT, our preclinical study from SEE suggests that eye tracking algorithms may work efficiently in vestibu-
lar rehabilitation using HMD.
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performance that VR [4]. Recently, virtual reality has been high-
lighted as a supplemental platform for overcoming these serious
concerns, wherein a head-mounted display (HMD) that provides
fully immersive experience is commonly adopted for clinical ap-
plications because of its affordability and portability.

Numerous previous studies have suggested that the attractive
components of virtual reality may contribute to successful out-
comes [5-8]. In addition, when we focus on the theoretical back-
ground that virtual reality enables visual-vestibular interactions
by abundant visual stimuli [9,10], virtual reality likely provides
an optimized environment for better performance in VR exer-
cises.

However, findings on the clinical efficacy of virtual reality for
VR are inconsistent [5,11]. Furthermore, despite growing inter-
est in fully immersive wearable device such as HMD as a popu-
lar virtual reality platform for VR, the clinical optimization for
dizzy patients is still in its beginning stages. To this end, we first
developed HMD-based virtual reality contents on the basis of
classical Cawthorne-Cooksey exercises [12,13], which have not
been previously reported to our knowledge (Supplementary
Materials 1-3, Video clips 1-3). However, we paradoxically no-
ticed that HMD itself was not able to provide a desirable envi-
ronment for VR. This finding is based on the theoretical conflict
between the nature of a VR program requiring repeated perfor-
mance of a task over time with intervention by a supervisor and
the difficulty of this type of intervention within the fully immer-
sive environment of HMD. Therefore, we hypothesized that the
addition of an interactive component may be critical to optimize
HMD for VR; thus, we added visual feedback via an eye tracker
so that participants would be able to conduct VR exercises in a
correct and interactive manner by perceiving their eye-gaze po-
sition without intervention by the supervisor.

Here, we attempted to measure neurophysiological responses
in the context of attention and brain dynamics during saccadic
eye exercise (SEE) as a part of VR in HMD. To date, previous in-
vestigations into the clinical implications of virtual reality have
been carried out only in a context with clinical parameters such
as a functional scale after VR [11,14]. Thus, even the present
study investigated the neurophysiologic response for SEE, our
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= Interactive environments play a critical role in performance of
neurorehabilitation but head-mounted display-only does not
provide such ideal environment for vestibular rehabilitation.

= Fighteen subjects performed a saccadic eye exercise with and
without visual feedback in the virtual space.

= An eye tracking strategy enhanced goal-directed attention and
brain connectivity while performing a saccadic exercise, which
may be effective for improving the performance of rehabilita-
tion exercises.

results may provide fundamental insights into the clinical opti-
mization of fully immersive virtual reality for all neurorehabili-
tation therapy with an interactive aspect, including VR.

MATERIALS AND METHODS

Development of digital content and experimental environment
An HMD (Oculus developers kit 2; Oculus, Irvine, CA, USA)
implemented with an infrared-based eye tracker (SMI, Teltow,
Germany) was used to generate an immersive virtual environ-
ment for the VR exercise. Digital contents for VR were designed
by Unity 3D program (Unity Technologies, San Francisco, CA,
USA), wherein we developed (1) smooth pursuit eye exercise,
(2) SEE, (3) gaze stabilization exercise, and (4) visuo-vestibular
head-eyes exercise (Supplementary Materials 1-3, Video clips
1-3). We selected the saccadic exercise as our experimental envi-
ronment from those contents to avoid difficulty of analysis due
to significant artifacts from head movement. The environment
was revised to minimize visual distractors for our experiment
(Fig. 1).

Subjects and experiment paradigm

Eighteen healthy subjects participated in our experiment (six
women; mean age, 26.5 years; range, 21 to 36 years) in accor
dance with the ethics guidelines established by the Institutional
Review Board of the Hallym University College of Medicine
(IRB No. 2016-1102). Inclusion criteria were (1) normal vestibu-
lar function on conventional vestibular testing, (2) less than 40
years old, (3) no active or prior history of vertigo, and (4) no
history of psychiatric problems. Electroencephalograms (EEGs)
were used to obtain electrophysiological evidence. The partici-
pants wore an HMD in a sitting position while an EEG cap was
fitted over the head, and the electrodes were connected to an
analytic computer through wires. All subjects were asked to fix-
ate their eyes on a fixation point for 1.5+0.5 seconds and to
then move their eyes quickly from one to the other target pre-
sented in the horizontal plan (saccadic eye movement for 1.25
seconds). The experimental environment consisted of two blocks
of feedback-on (F-on, visualization of eye position) and feed-
back-off (F-off, non-visualization of eye position) conditions, the
order of which was randomly allocated among subjects (80 tri-
als per block) (Fig. 1). There were no differences in the behavior
al outcome and neurophysiologic response between the subjects
who underwent F-on first (F-off later) and the F-off first (F-on
later) (P>0.05). Eye and gaze position were continuously re-
corded in real time during all experimental exercises regardless
of the visualization of eye position, but this information was not
provided to the participants. The time from -1,250 to —1,000
ms (fixation period) relative to target presentation onset was
used as a reference period to estimate event-related neural ac-
tivity. StimTracker (Quad model; Cedrus Corp., San Pedro, CA,
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Experiment A: F-on saccadic exercise 20 trials X4

Fixation (1.5 sec) Saccadic exercise (1.25 sec) Fixation (1.5 sec)

AN
@ @

Experiment B: F-off saccadic exercise 20 trials x4

Fixation (1.5 sec) Saccadic exercise (1.25 sec) Fixation (1.5 sec)

L.

Fig. 1. Saccadic eye exercise condition under a head-mounted display and the experimental paradigm. Participants were instructed to move
their eyes quickly from target to target presented at 1.25-second intervals in the virtual space and to then fix their eyes on a fixation point for 1.5
seconds. In experiment A (feedback-on [F-on] condition), participants were provided with information regarding eye position in real time (a
small white circle) and feedback by changes in the visual target (from black to red) when the gaze fell on the designated visual target. Con-
versely, no feedback function was provided in experiment B (feedback-off [F-off] condition). Real-time eye position was continuously recorded

in both conditions, but this information was not provided to the participants.

USA) was used to avoid operating system delays.

Signal acquisition and preprocessing

EEG recordings were used to infer functional neural dynamics,
including the visual-vestibular interaction at the cortical level
during VR. The detailed methods were described previously [15].
Briefly, the EEG signal was recorded via a BrainAmp DC ampli-
fier with a 32-channel actiCAP (Brain Products, Munich, Ger-
many) at a sampling rate of 5,000 Hz and at the FCz reference,
which was distributed along the scalp according to the interna-
tional 10-10 system. Electrode impedances were maintained be-
low 5 kQ during the recordings. The raw EEG data were resam-
pled offline at 512 Hz and band-pass filtered using a 1 Hz high-
pass filter and a 50 Hz low-pass filter implemented in Brain Vi-
sion Analyzer software (Brain Products). After re-referencing to
the common average reference, visual inspection and interpola-
tion was applied to identify and reject the bad intervals and
functioning channels. Eye movements such as blinks and other
muscular artifacts were removed using independent component
analysis [16]. Only valid trials (correct responses) were included.
The time from —1,250 to —1,000 ms (fixation period) relative to
target presentation onset was used as a reference period to esti-
mate event-related neural activity. A semiautomatic artifact re-
jection algorithm was used to reject the epoch with peak signal
amplitudes of more than 80 uV. We also tested whether the
HMD would result in an elevation of the noise level for stable
analysis, and the results showed no significant noise elevation

100

40 L

Accuracy of saccadic exercise (%)

F-off condition F-on condition

Fig. 2. Accuracy of saccadic exercise. The accuracy was 81.82% +
14.13% in the feedback-on (F-on) condition and 65.71% +24.32%
in the feedback-off (F-off) condition, which showed a significant dif-
ference. *P=0.039.

compared with baseline, consistent with previous works [17,18].
After EEG data preprocessing, three subjects (all male) were ex-
cluded from the final analysis because of excessive artifacts in
the raw EEG data.

EEG power spectrum and time-frequency analysis

The power spectral density (PSD) and event-related spectral
perturbation (ERSP) as functions of frequency and time-fre-
quency were processed by the EEGLAB [19] using custom func-
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tions/scripts running in MATLAB R2016a (MathWorks, Natick,
MA, USA). The PSD was converted to a logarithmic scale (dB
power) in the frequency domain and was calculated for each
EEG epoch using a Hanning window with a length of 512 ms,
which resulted in a frequency resolution of 1 Hz. For statistical
analysis for PSD, we pooled EEGs channels of four sperate sym-
metrical clusters over the scalp: frontal (F3, Fz, F3), central (C3,
Cz, C4), parietal (P3, Pz, P4) and occipital (O1, Oz, and O2) in
the frequency bands theta (4-7 Hz), alpha (8-12 Hz), and beta
(13-30 Hz). The PSD data were averaged in the entire time
courses over each frequency band in the cluster.

In the time-frequency domain, we decomposed the EEG sig-
nal using short-term Fast Fourier Transform with a window size
of 512 data points and a two pad-ratio for ERSP measures [20].
The results are presented as both event-related synchronization
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(ERS) and event-related desynchronization (ERD) over time
from the specific baseline provided (pre-saccade fixation time).
The statistics for the ERSP were obtained after dividing the en-
tire time length into four consecutive data points of 250 ms
from —1,000 to 0 ms. The statistical analysis for ERSP and PSD
were measured by f-test between condition. All statistics were
measured using IBM SPSS ver. 20.0 (IBM Corp., Armonk, NY,
USA). We did not investigate the neural activity of the gamma
band during saccadic eye movement after target onset for power
spectrum and time frequency domain because rapid ocular
muscle movements such as saccades impair the EEG signal in
that frequency range [21].

Functional connectivity analysis
The directed transfer function was applied to the map and image
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Fig. 3. Mean power spectral density (PSD) at the frontal (A), central, (B) parietal (C), and occipital (D) channel clusters. The asterisk in the thick
rectangular space represents a statistically significant difference (P<0.05) between the feedback-off (F-off) and feedback-on (F-on) conditions
in the given frequency bands; theta (4-7 Hz), alpha (8-12 Hz), and beta (13-30 Hz). The bottom panel in each cluster indicates a comparison
of PSD between F-off versus F-on conditions in the given beta frequency range. The beta band-PSD in the frontal area, central area and oc-
cipital area were significantly higher in the F-on condition than in the F-off condition (*statistically significant differences, £=0.047 for frontal,
P=0.042 for central and P=0.045 for occipital area). The error bars in each figure for PSD represent standard error of the mean from given fre-

guency band datasets.
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of the functional connectivity at the source level using a modi-
fied MATLAB-based open-source toolbox, eConnectome (Bio-
medical Functional Imaging and Neuroengineering Laboratory,
University of Minnesota, Minneapolis, MN, USA) [22,23]. A
more detailed protocol has been described in our previous study
[15]. In the present study, we manually created four bilateral re-
gions of interests: (1) frontal eye field (FEF; right: x=22, y=26,
z=45; left: x=-23, y=24, z=44); (2) parieto-insular vestibular
cortex (PIVC; right: x=49, y=-35, z=18; left: x=-50, y=-38,
z=18); (3) primary visual cortex (V1, right: x=11, y=-78, z=9;
left: x=-11, y=-78, z=10), and (4) primary somatosensory cor-
tex (S1, right: x=41, y=-27, z=47; left: x=-40, y=-27, z=47)
based on the standard brains from the Montreal Neurological
Institute [24], which is related to visual-vestibular and multisen-
sory processing. Dynamic mean functional connectivity of the
theta band on the saccadic period, and gamma band (30-50 Hz)
on the fixation period are respectively presented, in which sta-
tistical assessment of the connectivity was performed using a
surrogate (1,000 surrogate data sets, P<0.05).

RESULTS

Behavioral data

Reaction time (RT) for each condition was computed from eye
movement onset, defined as the time when a participant’s eyes
were exactly placed on the visual targets. The RTs for the F-off
and F-on conditions were 306.21+95.36 and 342.29+62.24 ms,
respectively, and were not significantly different. We defined cor
rective eye movement as participants exactly focusing their eyes
on a visual target during a SEE, and accuracy was calculated as
the number of corrective eye movements divided by the total
number of trials (the number of corrective eye movements/the
number of total trials X 100): the accuracy was 81.82% +14.13%
in the F-on condition and 65.71% £24.32% in the F-off condi-
tion, which showed a significant difference (P=0.039) (Fig. 2).

Power spectral and time-frequency analysis

Beta band-PSD under the F-on condition was 0.45+0.42 dB
for the frontal area, 0.42+£0.44 dB for the central area and
0.51+0.41 dB for the occipital area, which were significantly
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Fig. 4. Event-related spectral perturbation (ERSP) at the frontal (A) and central (B) channel clusters. ERSP was calculated on a prestimulation
time window as —1,000 ms before the onset of target presentation (dash line) at the frontal (A) and central (B). The power level is coded on a
color scale in decibels, in which synchronization appears red while desynchronization appears blue on the ERSP plots. The ERSP revealed
larger beta-ERD in the feedback-on (F-on) than in the feedback-off (F-off) condition, in which mean beta-ERDs during preparatory period from
—750 to -500 ms were calculated to be —0.19 on frontal and —0.22 on central area in F-on condition, whereas event-related power modulations
during the same time period showed ERS (0.231 on frontal and 0.05 on central) rather than ERD pattern in F-off condition, which was statisti-
cally significant (*P=0.005 for frontal and P=0.024 for central). ERS, event-related synchronization; ERD, event-related desynchronization.
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higher than the 0.15+£0.11 dB for the frontal area, 0.13+0.11
dB for the central area and 0.2910.21 dB for the occipital area
under the F-off condition (P=0.047 for the frontal, P=0.042 for
the central, and P=0.045) for the occipital area; each upper
panel (Fig. 3A, B, and D). However, we did not find any signifi-
cant difference in theta or alpha oscillatory power between the
two conditions.

In the grand average waveform of event-related power modu-
lations, beta-ERD were more significant before the onset of target
presentation in the F-on than F-off condition. Mean beta-ERDs
during preparatory period from —750 to -500 ms were calculat-
ed to be —0.19 on frontal and —0.22 on central clusters in F-on
condition, whereas event-related power modulations during the
same time period showed ERS (0.231 on frontal and 0.05 on
central) rather than ERD pattern in F-off condition, which was
statistically significant compared with those of F-on condition
(P=0.005 for frontal and P=0.024 for central). From this result,
we summarized that beta-ERD was more pronounced under the
F-on condition during the mid-time of the preparatory phase for
the saccadic exercise than under the F-off condition (Fig. 4).

Functional connectivity for VR exercise

The network of connectivity under the F-on condition was com-
pared with that in the F-off condition. During the saccadic exer-
cise period, participants exhibited significantly abundant dy-

Feedback-off Feedback-on

Theta band for saccadic exercise

namic connectivity across the FEF, S1, PIVC and V1 areas in the
F-on condition compared with the F-off condition (Fig. 5A, B).
Interestingly, contrary to the general expectation that FEF mod-
ulates saccadic eye movement, we detected no significant func-
tional connectivity (approximately >50% of interactions within
the network) between FEF and visual-vestibular during saccadic
exercise in the F-off condition, suggesting that participants may
not actively follow the target with their eyes.

In the fixation period, we investigated the functional connec-
tivity of the gamma band to estimate attention, in which we
found significant differences in functional connectivity between
the two conditions (Fig. 5C, D). More specifically, participants
exhibited significant functional connectivity from the right
PIVC to the contralateral PIVC and to both V1s, as well as be-
tween both S1s, in the F-on condition. However, we did not find
significant connectivity besides that between both PIVCs in the
F-off condition.

DISCUSSION

Virtual reality has been used for numerous clinical applications
in recent years, especially in rehabilitation or medical simula-
tion. Furthermore, recent advances in virtual reality technology
and the release of low-cost HMDs that provide fully immersive

Feedback-off Feedback-on
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Gamma band for fixation

0 0.25

0.75 1

Fig. 5. Dynamic mean functional connectivity across four bilateral visual-vestibular multisensory processing-related brain regions. Functional
connectivity is shown for the theta band for the saccadic period (A, B), and the gamma band for the fixation period, respectively (C, D). Scale
bar represents the coefficient value using statistical assessment of surrogates (1,000 surrogate data sets, £<0.05). During the saccadic exer-
cise period, more abundant dynamic connectivity in the theta band across the frontal eye field (FEF), primary somatosensory cortex (S1), pari-
eto-insular vestibular cortex (PIVC) and primary visual cortex (V1) areas in the feedback-on (F-on) condition than in the feedback-off (F-off)
condition was observed. In the fixation period, those from the right PIVC to the contralateral PIVC and both V1s, as well as between both S1s
were observed under the F-on condition. However, no dynamic functional connectivities besides those between both PIVCs were observed

under the F-off condition.
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experience have yielded a paradigm shift in VR strategies. The
underlying theoretical background is based on the idea that the
realistic visual condition provided by virtual reality may enhance
adaptation by retinal slip [25]. A recent meta-analysis clinically
supported that rehabilitation exercises using virtual reality can
be a very valuable treatment modality for functional gain [11].

However, our concern is that a fully immersive environment
such as HMD may lead to potentially adverse consequences.
This idea arises from the concept that VR exercises should be
performed in an interactive manner involving a supervisor for
better performance [10], yet the fully immersive environment
of an HMD is completely isolated from the real world and may
make it impossible for a supervisor to intervene. For instance,
the supervisor may not even be aware of a participant’s scatter-
ing of attention during a given session due to the enclosed space
created by the HMD.

We did not provide any information for participants that their
eyes were being tracked and recorded in real time. Electrophysi-
ological responses were measured using EEGs during VR with
HMD to investigate the neuro-dynamics of the brain relating
goal-directed attention and functional connectivity, which may
provide in-depth neural evidence for optimization of the imple-
mentation of HMD even this is preliminary result from heathy
individuals because these neuro-dynamics tested are essential
components for enhancing the performance of VR [9,10].

The corrective eye exercise rate was 81.80% under the F-on
condition, which showed a statistically higher accuracy than the
65.67% under the F-off condition (P=0.039). This result is
largely expected because participants would attempt to correc-
tively move their gaze towards a moving target for saccadic ex-
ercise based on the perception of their eye position. If patients
tend to not exactly focus their eyes on a given visual target, in-
tervention by the supervisor is required. However, the supervi-
sor would not recognize whether patients correctly performed
the VR exercise until after the session, given the immersive vir-
tual reality environment, which suggests that the fully immer-
sive virtual reality itself may lead to undesirable consequences
in VR performance like viewing television because the partici-
pant is isolated from the outside while wearing it.

Our EEG power spectral analysis supported this hypothesis.
The beta band-PSD was significantly higher in the F-on than in
the F-off condition in the frontal (P=0.047), central (P=0.042)
and occipital areas (P=0.045). EEG beta band activity de-
creased in the occipital area and was related to attentional defi-
ciency [26], and it is assumed to facilitate long-range interactions
on a cortical network level [27,28]. Accordingly, observation of
a higher beta neural oscillatory power under the F-on condition
indicates that participants may perform the exercise with sus-
tained attention (Fig. 3).

Here, we further investigated ERSP to evaluate signal process-
ing in the time domain. During preparation, execution, and
mental simulation of movement, the spectral power in the beta

rhythms decreased bilaterally over the sensorimotor cortex [29-
31], providing a mechanism for selective activation of sensorim-
otor ensembles. We found that beta-ERD patterns were usually
exhibited before the actual saccadic movement, which is consis-
tent with previous works [29-31]. However, we noted that beta-
ERD was significantly more pronounced in the F-on condition
than in the F-off condition during the time-period from —750 to
-500 in the frontal and central area (Fig. 4). We speculated that
certainty of the movement direction and expected loading of at-
tention about the upcoming saccadic movement may result in a
larger beta-ERD under the F-on condition [32,33]. Therefore,
we suggest that participants may perform VR exercises with
goal-directed attention under the F-on rather than the F-off con-
dition, even though it remains unclear whether these rhythms
contribute independently to motor behavior.

We investigated differences in neural connectivity between
the two conditions during VR. Cortical structural changes have
been linked to functional recovery after vestibular neuritis
[34,35], and VR performance is dependent on mechanisms re-
lated to neuronal plasticity of the central nervous system
[36,37]. During the saccadic exercise period, we noticed more
abundant dynamic connectivity in the theta band across the
FEF, S1, PIVC and V1 areas in the F-on condition than in the F-
off condition. Interestingly, FEF was not included as a functional
area because it had more than 50% of interactions within the
network under the F-off condition even during saccadic exer-
cise, contrary to the general expectation that FEF modulates
saccadic eye movement. We speculated that participants actively
did not move their eyes corresponding to the saccadic target,
which is consistent with our behavioral results. In the fixation
period, participants exhibited significant functional connectivity
from the right PIVC to the contralateral PIVC and both V1s, as
well as between both S1s, under the F-on condition. However,
no dynamic functional connectivities besides those between
both PIVCs were observed under the F-off condition.

Taken together, even though immersive virtual reality such as
HMD may be ideal for promoting habituation [25], our neural
evidence suggests that the immersive environment, completely
isolated from outside intervention, would not work for better
VR performance. Thus, interactive functions must be integrated
into immersive platforms or another platform like a projection
based virtual reality display should be considered. However,
several aspects of these conclusions should be substantiated
with a more qualified study design because our electrophysiolo-
gy results were obtained for SEE from healthy subjects and did
not consider long-term clinical efficacy, but that was not our
main concern. In addition, we did not conduct a comparison
study including a conventional VR exercise condition due to
methodological limitations.

Finally, it should be noted that our approach is regarding on
attention and functional connectivity for SEE using HMD. Our
electrophysiological measurements did not include head rota-
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tion protocol due to difficulty of artifact rejection. SEE should
be a part of adapted strategy to enhance the decreased slow
phase component of the vestibular ocular reflex in patient with
vertigo [38]. However, considering the main components of VR
are head and eye exercise, electrophysiological measurements
from SEE may not be representative of the whole VR exercise.
However, the neurophysiological evidence suggests eye tracking
assisted strategy may also work for enhancement of perfor-
mance of VR with HMD though active engagement of patients.
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