1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Hear Res. Author manuscript; available in PMC 2018 November 01.

Published in final edited form as:
Hear Res. 2017 November ; 355: 23-32. doi:10.1016/j.heares.2017.09.002.

A methodological assessment of studies that use voxel-based
morphometry to study neural changes in tinnitus patients

Nicholas Scott-Wittenborn, BA, Omar A. Karadaghy, BA, Jay F. Piccirillo, MD, and Jonathan
E. Peelle, PhD

Department of Otolaryngology — Head and Neck Surgery Washington University School of
Medicine, Saint Louis, MO

Abstract

Background—The scientific understanding of tinnitus and its etiology have transitioned from
thinking of tinnitus as solely a peripheral auditory problem to an increasing awareness that cortical
networks may play a critical role in tinnitus percept or bother. With this change, studies that seek
to use structural brain imaging techniques to better characterize tinnitus patients have become
more common. These studies include using voxel-based morphometry (VBM) to determine if
there are differences in regional gray matter volume in individuals who suffer from tinnitus and
those who do not. However, studies using VBM in patients with tinnitus have produced
inconsistent and sometimes contradictory results.

Objective—This paper is a systematic review of all of the studies to date that have used VBM to
study regional gray matter volume in people with tinnitus, and explores ways in which
methodological differences in these studies may account for their heterogeneous results. We also
aim to provide guidance on how to conduct future studies using VBM to produce more
reproducible results to further our understanding of disease processes such as tinnitus.

Methods—Studies about tinnitus and VBM were searched for using PubMed and Embase. These
returned 15 and 25 results respectively. Of these, nine met the study criteria and were included for
review. An additional 5 studies were identified in the literature as pertinent to the topic at hand and
were added to the review, for a total of 13 studies.
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Results—There was significant heterogeneity among the studies in several areas, including
inclusion and exclusion criteria, software programs, and statistical analysis. We were not able to
find publicly shared data or code for any study.

Discussion—The differences in study design, software analysis, and statistical methodology
make direct comparisons between the different studies difficult. Especially problematic are the
differences in the inclusion and exclusion criteria of the study, and the statistical design of the
studies, both of which could radically alter findings. Thus, heterogeneity has complicated efforts
to explore the etiology of tinnitus using structural MRI.

Conclusion—There is a pressing need to standardize the use of VBM when evaluating tinnitus
patients. While some heterogeneity is expected given the rapid advances in the field, more can be
done to ensure that there is internal validity between studies.

Keywords
Magnetic Resonance Imaging; voxel-based morphometry; tinnitus; gray matter

1.0 Introduction

Historically, tinnitus was considered a disease of the peripheral auditory system, but this
view has been replaced in the last twenty years (Jastreboff 1990; Bauer 2004). There is a
growing awareness that while the inception of tinnitus may be due to pathology or injury in
the auditory periphery, it is fundamentally a central disease based on maladaptive
neuroplasticity and misappropriated attention (Shore, Roberts, and Langguth 2016;
Rauschecker, Leaver, and Muhlau 2010; Kraus and Canlon 2012; Roberts, Husain, and
Eggermont 2013). To validate this theory of the pathophysiological origin of tinnitus,
scientists have begun to use magnetic resonance imaging (MRI) to determine if there are any
structural abnormalities in the brain of tinnitus patients. \oxel-based morphometry (VBM)
(Mechelli et al. 2005) is one method used to quantify regional brain volume from structural
MRI scans.

Although a number of studies have used VBM to better understand tinnitus, the results are
inconsistent (Adjamian et al. 2014). One problem associated with comparing VBM studies
of tinnitus is that the methods used to generate the images are complex, and a full
understanding of the process requires knowledge in multiple fields of expertise, including
neuroscience, neuroimaging, physics, otolaryngology, and statistics. The aim of this
investigation is to perform a systematic review of the methodological rigor of studies that
use VBM to evaluate patients with tinnitus. Our goal is to help interpret prior research while
also providing guidance for future studies that seek to identify structural brain changes
associated with tinnitus.

One larger issue that we do not address is whether there are likely to be structural brain
changes associated with tinnitus that are detectable using MRI-based approaches. It may be
that the underlying changes in neural processing are subtle enough that they are not
detectable using macroanatomical techniques. Alternatively, the heterogeneity across
different patient phenotypes may obscure effects at the group level. These are empirical
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questions in the sense that if there is no true difference in brain structure between patients
with tinnitus and controls, well-designed studies should point to this conclusion. However,
the assumptions underlying the use of VBM to study patients with tinnitus (or any special
population) are important to consider when planning or interpreting a research study.

It is also important to note that VBM is not the only approach for studying regional gray
matter differences: surface-based techniques estimating cortical thickness can also be used,
although the correspondence between volume- and surface-based approaches is not always
straightforward (Hutton et al. 2009). We have chosen to focus on VBM in part because there
are more existing studies that use VBM to study patients with tinnitus compared to other
approaches.

1.1 A brief overview of voxel-based morphometry

VBM is an imaging technique that estimates brain tissue density or volume from structural
MRI images. Typically, images from each individual are segmented into tissue classes (e.g.,
gray matter, white matter, cerebrospinal fluid) and spatially normalized to a common
stereotactic space smoothed with a three-dimensional Gaussian kernel. The smoothed,
normalized images can then be statistically assessed (for example, comparing groups of
participants, or performing correlation analyses across participants).

One significant challenge that arises when analyzing VBM data is that the statistical tests are
performed across many thousands of voxels: if uncontrolled for multiple comparisons, false
positives are common. Several approaches have been developed for controlling false
positives in neuroimaging at either the voxel or cluster level (a larger group of voxels),
including using Gaussian random field theory (Friston et al. 1994), false discovery rate
(Chumbley and Friston 2009; Genovese, Lazar, and Nichols 2002), and permutation testing
(Nichols and Holmes 2002; Smith and Nichols 2009). If random field theory is used, for
inference to be valid local adjustments to smoothness are required to control for image
nonstationarity (Hayasaka et al. 2004).

There are a multitude of choices on how to execute each of these steps. Since the
introduction of VBM, advances have been made in various areas including: tissue class
segmentation (Ashburner and Friston 2005), spatial normalization by using high-
dimensional diffeomorphic registration approaches (Avants and Gee 2004; Ashburner 2007),
and understanding of statistical analyses and covariates (Barnes et al. 2010; Malone et al.
2015; Peelle, Cusack, and Henson 2012).

2.0 Methodology

2.1 Study selection criteria

The selection criteria for articles in this review were that they be published in peer-reviewed
journals in the English language and that they used VBM to assess gray matter in adults with
tinnitus.
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2.2 Literature search

The process for paper selection is shown in Figure 1. A comprehensive literature review of

imaging studies concerning tinnitus was performed using PubMed and Embase with the

assistance of a research librarian. The following terms constituted the Embase search:

“*tinnitus’/exp OR tinnitus AND (‘voxel based morphometry’/exp OR ‘voxel based
morphometry”)” and returned 25 results. The PubMed search used the following terms:
“Tinnitus and ‘voxel based morphometry’” and returned 15 results. Two of the authors
(NSW and OAK) analyzed the results, removing duplicates and studies that were not
primary investigations of gray matter volume assessed by VBM. This process left nine
studies that addressed VBM and tinnitus. Upon further review, we identified one additional
article (Leaver et al., 2011) that did not appear in the search, but was cited in the VBM/
tinnitus literature; reviewers also pointed us to three additional papers (Allan et al. 2016,
Krick et al. 2015, Mahoney et al. 2011). In total, 13 articles met the selection criteria of the
study.

2.3 Data extraction and study assessment

To evaluate methodological rigor we used the principles put forth by Ridgway et al. (2008).
These principles, which combine common sense research design with items focused on
VBM study reproducibility, guided our own data selection. Specifically, Ridgway et al.
encourage researchers to detail the procedures used for segmentation and spatial
normalization.

All authors agreed on the data points to be collected prior to study initiation. Two of the
authors (NSW and OAK) did independent data extractions and evaluations. We discussed
discrepancies between the two extractions and came to a consensus on all discrepancies.
There were no issues that necessitated including a third reviewer.

3.0 Results

3.1 Demographics and study design

The list of studies can be found in Table 1. The demographic information of these studies is
in Table 2. The sample size of the studies ranged from seven to 257 with a mean of 56.1
participants and median of 24. None of the studies discussed sample size justification or
power calculations. Nine of the studies explicitly stated their subjects’ tinnitus severity,
while four mentioned which severity score they used, but did not include the actual score
(Allen et al. 2016, Leaver et al. 2011, Leaver et al. 2012, Melcher et al. 2013).

The papers used three different, basic study designs: those without any control groups, those
with only cases and controls, and those who included controls with hearing loss as a separate
group for analysis. Three studies did not use any control groups and analyzed brain volume
changes of tinnitus using only regression models (Schecklmann et al. 2012, Schecklmann et
al. 2013, Vanneste et al. 2015). Three of the studies that used controls had controls with
hearing loss and with normal hearing (Allan et al. 2016, Boyen et al. 2013, Husain et al.
2011). The other seven studies used a single control group in their VBM study (Krick et al.
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2015, Landgrebe et al. 2009, Leaver et al, 2011, Leaver et al. 2012, Mahoney et al. 2011,
Melcher et al. 2013, Mihlau et al. 2005).

There was also significant heterogeneity in terms of the inclusion and exclusion criteria used
by the studies. Five of the studies excluded those individuals who had psychiatric disease
(Husain et al. 2011, Krick et al. 2015, Landgrebe et al. 2009, Shecklmann et al 2012,
Vanneste et al. 2015). Four of the studies did not allow for any type of hearing loss
(Landgrebe et al. 2009, Melcher et al. 2013, Mhlau et al. 2006, Schecklmann et al. 2013).
An important consistency of the studies is that all but three (Allan et al. 2016, Boyen et al.
2013, Mahoney et al. 2011) of the studies excluded patients with anatomical causes of
tinnitus, such as acoustic neuroma.

The selection criteria for controls were also variable, with four studies matching only on age
and sex (Krick et al. 2015, Landgrebe et al. 2009, Mahoney et al. 2011, Muhlau et al. 2006);
three studies matching controls on age, sex, and hearing loss (Allan et al. 2016, Husain et al.
2011, Melcher et al. 2013); and one study that did not describe how they chose their controls
(Boyen et al. 2013). Two studies did not mention matching their controls to patients on any
variables (Leaver et al. 2011, Leaver et al. 2012).

3.2 Technical data

Table 3 summarizes the technical details of data acquisition. All of the studies described the
type and field strength of the scanner that they used. Of the 13 studies, 10 also reported the
size of their voxels, three did not (Mahoney et al. 2011, Melcher et al. 2013, Miihlau et al.
2006). Similarly, 10 studies reported the size of their acquisition matrix, three did not (Allan
et al. 2015, Husain et al. 2006, Melcher et al. 2013).

3.3 Preprocessing of image data

Of the 13 articles, 8 used Statistical Parametric Mapping (SPM; Wellcome Department of
Imaging Neuroscience, University College, London) version 8, three used SPM5, and two
used SPM2. One performed additional steps such as manually setting the origin prior to
automated preprocessing (Melcher et al. 2013). Four of the studies described their reference
space (Boyen et al. 2013, Husain et al. 2011, Landgrebe et al. 2009, Leaver et al. 2011).
Eight of the studies described their tissue segmentation procedure (Allan et al. 2015, Boyen
et al. 2013, Husain et al. 2011, Krick et al. 2016, Landgrebe et al. 2009, Melcher et al. 2013,
Muiihlau et al. 2006, Vanneste et al. 2015). Seven of the thirteen studies used an 8 mm
isotropic Gaussian kernel Full Width Half Maximum smoothing, one used 12 mm (Leaver et
al. 2011), three used 10 mm (Allan et al. 2015, Krick et al. 2016, Landgrebe et al. 2009), one
used 6 mm (Leaver et al. 2012), and one did not state their smoothing parameter (Mahoney
et al. 2011). A full review of imaging processing is in Table 4.

3.4 Statistical methodology

All of the papers analyzed the whole brain. The actual statistical analysis of the whole brain
is in Table 5. Of note, two of the studies that used controls first used an ANOVA or
ANCOVA analysis before performing t tests (Boyen et al. 2013, Husain et al. 2011). In
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addition, while most of the control-based studies used a correction for multiple comparisons,
two studies did not (Leaver et al. 2011, Leaver et al. 2012).

All of the papers looked at regions of interest (ROIs). Although multiple approaches were
used to define ROIs, the most common was to combine Brodmann areas from Wake Forest
University Pickatlas (ANSIR Laboratory Wake Forest University School of Medicine,
Winston-Salem) and subcortical auditory nuclei defined by the Montreal Neurological
Institute (MNI) coordinates. The specific of region of interest analyses are displayed in
Table 6.

Three of the studies only used regression analysis of their tinnitus population. The full list of
regressors of the different studies is in Table 7. The only commonalities between all
regression models were the use of age and sex as covariates.

3.5 Data and code sharing

Among the studies examined, we could not find any of the datasets or analysis code publicly
available. To assess whether data might be available privately, we sent the corresponding
author of each of the 13 studies a link to a short, anonymous survey, and requested a
response within two weeks. After two months, we received 7 responses, of which 3 indicated
the data would, in principle, be available for sharing. The most common reason authors gave
for not being able to share the data was the lack of IRB approval (3). Of the three authors
who said data would be available, one said that the original authors would require co-
authorship on any new paper as a condition of data sharing (and two others indicated
collaboration and/or co-authorship would be strongly preferred). The full text of the survey
and itemized responses are available from https://osf.io/r84fb/.

3.6 Results of analysis

The results of the analyzed studies are in Table 8. From this summary, it is evident that there
is little agreement in the results of each of the different studies.

4.0 Discussion

We found considerable heterogeneity in study design and statistical methodology, making
direct comparisons between studies impossible. The studies had significant differences in
inclusion and exclusion criteria (especially pertaining to psychiatric disease), handling of
hearing loss in matching patients and controls, and basic study designs (case control vs.
cohort). The statistical methodology also varied with significant differences in the statistical
treatment of data even between papers with similar study designs. We focus our discussion
on what we see as the areas most likely to be useful in reaching consensus in future studies.

4.1 Demographics and study design

Establishing the selection (inclusion and exclusion) criteria and the use of matching criteria
are among the most important study choices that an investigator makes and have a large
effect on the results. These study choices determine patient characteristics, including degree
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of hearing loss, presence of psychiatric disease, age, and sex, all of which are associated
with differences in regional brain volume.

Hearing loss has been associated with reduced gray matter volume in auditory cortex (Peelle
et al. 2011; Eckert et al. 2012). The matching of hearing loss between tinnitus patients and
controls can be challenging because matching includes accounting for the degree, laterality,
and frequency profile of hearing loss. However, if these effects are not properly controlled
for, either through inclusion/exclusion criteria or matching, such differences could confound
the results of a control group-based study.

Psychiatric disease can also affect gray matter volume. Several studies have looked at the
effect that depression has on gray matter volume (van Tol et al. 2010; Soriano-Mas et al.
2011; Halford and Anderson 1991). While some studies did not show whole brain
differences, a meta-analysis of 26 studies concluded that depression was associated with
reductions in gray matter in several areas of the brain (Bora et al. 2012). Controlling for
psychiatric disease through exclusion criteria is problematic because of the well-known
connection between depression and tinnitus (Bhatt, Bhattacharyya, and Lin 2016). Through
the use of validated measures of various cogent clinical phenomena related to the tinnitus
experience, such as depression, anxiety, and cognitive failure, investigators can standardize
the criteria for various clinical phenomena. Readers and future investigators can then
interpret the impact of these clinical features on the study population. With the use of
validated measures, readers and investigators can understand what a particular value means
and the clinical implication of a change in the value. We do not mean to prescribe a certain
measure for each cogent clinical condition, but rather we recommend that investigators
select a validated measure with known psychometric and clinimetric properties that
represents the best the goals of the study.

We do not mean to imply that certain subgroups of tinnitus patients should be excluded from
future studies. Rather, we suggest that given the large heterogeneity in tinnitus patients and
the likely impact this heterogeneity in etiology has on diagnostic test interpretation and
treatment response, it is important that investigators clearly define which subgroups of
tinnitus patients are included in the study, and include sufficient subjects within these unique
subgroups to allow for accurate and precise analyses. Furthermore, investigators should
present data in such a way that readers and future investigators can clearly see the results
within a subgroup.

Age, which is associated with gray matter changes in multiple regions (Peelle, Cusack, and
Henson 2012; Hutton et al. 2009; Good et al. 2001), is also a possible confounder. This is
the only trait that almost all the studies used as matching criteria. Multiple studies have
demonstrated that there are significant differences between gray matter volume of males and
females and as such, this should be factored into matching (Vanneste, Joos, and De Ridder
2012; Seydel et al. 2013).

Another weakness of the reviewed studies is that none reported a power calculation or other
analysis to determine an adequate sample size. Sample size calculations for neuroimaging
studies are challenging and their omission is common. However, in recent years new tools
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have been developed to facilitate this important step in study design (Mumford and Nichols
2008; Joyce and Hayasaka 2012; Durnez et al. 2016), which need not always require pilot
data. In fact, access to prior study data or statistical maps to facilitate power analysis is a
benefit of increased data sharing. Increased use of power analyses in the future will help to
guard against underpowered studies, which may not be able to detect a true difference in the
volume of gray matter and might account for some of the inconsistent results from these
VBM studies.

4.2 Technical data

All of the studies presented their technical data clearly and in sufficient detail to allow for
easy interpretation and comparison.

4.3 Processing of image data

The reporting of processing steps was sufficient in the majority of studies to allow for
reproducibility. Each study noted the software the used, including version, and discussed any
manual preprocessing that they carried out. Every study but one described the parameters of
their smoothing.

Studies that used SPM did not always adequately describe their reference spaces, often
saying they used default parameters. Although it is reasonable to infer that SPM uses
ICBM152 (i.e., MNI152) space based on software defaults, the group reference space should
always be explicitly noted. This is particularly important to facilitate either the interpretation
of stereotactic coordinates or the use of results in future meta-analyses.

Several studies also failed to discuss tissue class segmentation adequately (Leaver et al.
2011, Schecklmann et al. 2012, Schecklmann et al. 2013). While this may not seem
necessary because some authors described using the “default” parameters, the rapid pace of
improvement in the both the software and the imaging techniques—including the possibility
for default parameters to change—means that a more explicit description of the steps used to
generate the data should be included to allow for retrospective review of the different
studies’ findings.

4.4 Statistical methodology

While the presentation of statistical methodology varied among the different studies, they all
discussed in appropriate detail how they analyzed the data. All of the studies stated what
statistical program and major version they used to evaluate the data. However, it is important
to differentiate the major types of statistical analysis used in the studies. There are two major
types of studies identified in this analysis, case control and cohort studies. Additionally,
there were two types of case control studies: those that used multiple group comparisons vs.
those that did not.

The statistical models employed were correctly used in nine of the eleven studies: two-
sample t-tests to compare tinnitus patients with controls (when a control group was used),
and multiple regression using some aspect of tinnitus severity as a predictor. One potential
difficulty arises in the two studies (Boyen et al. 2013, Husain et al. 2011) that used an
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ANOVA to identify differences between tinnitus and control groups, followed by a two-
sample t-test in the areas showing a significant difference. Because these tests are not
independent, care must be taken that the results of the posthoc t-tests are interpreted
correctly (i.e., the corrected p values may not be accurate) (Kriegeskorte et al. 2009).

The level of control over false positives varied among studies for both the whole brain and
ROI analysis. Two of the studies did not correct for multiple comparisons at all, which
obscures the expected false positive rate and thus makes the results difficult to interpret
(Leaver et al. 2011, Leaver et al. 2012).

The second statistical analysis technique that was frequently used in these studies was the
use of a regression model to determine correlation between tinnitus characteristics, study
demographics, and VBM findings. A problem with comparing these studies is that all three
used the tinnitus questionnaire (TQ) (Goebel and Hiller 1994), while many of the other
studies used the tinnitus handicap inventory (THI) (Newman, Jacobson, and Spitzer 1996),
two different evaluations of tinnitus severity. There is little work on cross validity of these
two different assessments of tinnitus severity (Mgller et al. 2010). While they have similar
psychometric properties, there is no work on how differences between the two assessments
may correlate to imaging findings (Zeman et al. 2012). Thus, trying to compare results based
on the scores of these two studies is difficult and may not be valid. There is also a newer
measurement of tinnitus severity, the tinnitus functional index (TFI), that may be more
sensitive in detecting changes to tinnitus severity (Meikle et al. 2012).

4.5 Data and code sharing

There has been increasing realization in the neuroimaging community that sharing of
analysis code and raw data can improve the reproducibility of research (Gorgolewski and
Poldrack 2016; Pernet and Poline 2015). Reproducibility is also improved with the
continuing development of tools for sharing raw data (Poldrack et al. 2013) and
unthresholded statistical maps (Gorgolewski et al. 2015). One way to minimize the effect of
different analysis approaches would be to reanalyze datasets using a standardized approach;
unfortunately, this is impossible if the original data are unavailable or if authors do not
request data from peers. In addition, data sharing would facilitate combining participants
across different cohorts, which would help to increase sample size. Future studies would do
a service to the field by making their data publicly available. It is notable (though perhaps
not surprising) that none of the investigators of these 13 papers used the data from a previous
paper in their analysis. If data were easier to obtain, it might facilitate re-analyses, power
analyses, and aggregating data across multiple studies.

5.0 Conclusions

Our review of studies using VBM to investigate regional gray matter volume in patients with
tinnitus revealed a large amount of heterogeneity across studies, making direct comparisons

lAggregating data also raises practical challenges due to differing hardware, acquisition protocols, and patient populations at different
research centers.
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difficult. Future studies could improve on the situation by adopting some straightforward

changes:

1. Performing power analyses prior to study initiation to determine the proper
sample size.

2. Making raw data and analysis code available to promote confirmatory analyses
and data aggregation.

3. Reporting effect size in addition to statistical significance (e.g., gray matter
volume at the whole brain or ROI level).

4. Using the TFI as the standardized, validated, measurement of tinnitus severity to
simplify comparison between studies, as well as other measures of tinnitus (THI
and TQ) (time permitting) in order to ensure cross study validity.?2

5. Inclusion and exclusion criteria should be standardized for hearing loss and

depression to create a homogenous and representative population in all studies.
Ideally, all studies would include a factorial design including participants with
and without tinnitus, split by those that are or are not depressed. However, a
problem with this approach is the high comorbidity of depression with tinnitus,
so (a) finding patients with tinnitus who are not depressed and (b) even if they
can be found, their rarity brings into question how generalizable the findings are.
As a compromise, we recommend that tinnitus studies include participants with
depression in order to have generalizable results. In addition, patients with
tinnitus and controls should be matched on sex and hearing loss.

We believe that implementation of these recommendations will significantly improve the
validity of future studies using VBM to assess tinnitus and help to resolve the inconsistency
of the findings in the literature.
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Highlights

. We reviewed studies using voxel-based morphometry to examine regional

gray matter volume in patients with tinnitus.

. Our literature search identified 13 studies that met inclusion criteria.

. The identified studies varied considerably in their methodology, including

inclusion/exclusion criteria, software programs, and statistical analyses,
making direct comparisons or meta-analyses impractical.

. We provide suggestions on ways future studies can improve reliability.
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Figure 1.
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PRISMA diagram showing the selection process for studies included in the review. Of the 40
articles identified through database searching, 25 came from Embase and 15 from PubMed.
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