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BACKGROUND AND OBJECTIVE: Recent years have shown an advancement in the development of augmented reality
(AR) technologies for preoperative visualization, surgical navigation, and intraoperative guidance for neurosurgery.
However, proving added value for AR in clinical practice is challenging, partly because of a lack of standardized
evaluation metrics. We performed a systematic review to provide an overview of the reported evaluation metrics
for AR technologies in neurosurgical practice and to establish a foundation for assessment and comparison of such
technologies.

METHODS: PubMed, Embase, and Cochrane were searched systematically for publications on assessment of AR for
cranial neurosurgery on September 22, 2022. The findings were reported according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses guidelines.

RESULTS: The systematic search yielded 830 publications; 114 were screened full text, and 80 were included for analysis.
Among the included studies, 5% dealt with preoperative visualization using AR, with user perception as the most frequently
reported metric. The majority (75%) researched AR technology for surgical navigation, with registration accuracy, clinical
outcome, and time measurements as the most frequently reported metrics. In addition, 20% studied the use of AR for
intraoperative guidance, with registration accuracy, task outcome, and user perception as the most frequently reported
metrics.

CONCLUSION: For quality benchmarking of AR technologies in neurosurgery, evaluation metrics should be specific to
the risk profile and clinical objectives of the technology. A key focus should be on using validated questionnaires to
assess user perception; ensuring clear and unambiguous reporting of registration accuracy, precision, robustness, and
system stability; and accurately measuring task performance in clinical studies. We provided an overview suggesting
which evaluation metrics to use per AR application and innovation phase, aiming to improve the assessment of added
value of AR for neurosurgical practice and to facilitate the integration in the clinical workflow.
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ugmented reality (AR) is a technology that enables the
ABBREVIATIONS: AR, augmented reality; FDA, Food and Drug integration of virtual and real environments, falling within
Administration; FRE, fiducial registration error; MxR, mixed reality; the broader category of mixed reality (MXR) technologies
NASA-TLX, National Aeronautics and Space Administration Task Load . . . .
. L MxR encompasses a range of technologies on the reality—virtuality
Index; OR, operating room; TRE, target registration error. X | 4 o
continuum, offering varying degrees of consolidation between the
real and virtual world (Figure 1).! AR technology finds numerous
medical applications, including 3-dimensional (3D) visualization and

Supplemental digital content is available for this article at operativeneurosurgery-
online.com.

OPERATIVE NEUROSURGERY VOLUME 26 | NUMBER 5 | MAY 2024 | 491


https://orcid.org/0009-0005-7557-2737
mailto:t.m.kos@umcutrecht.nl
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1227/ons.0000000000001009
http://www.operativeneurosurgery-online.com
http://www.operativeneurosurgery-online.com

8L+AWAOANOMNBRAAAAYO/PIAEIDVIASALLIAIPO0AEIEAHIOII/ADAUMYTXOD

MADYOINXOHISGBZIYU 10+ NIOITWNOTZTARYHAASHAQUF AQ auljuosuo/wod mm| sjfeusnol//:dny woly papeojumoq

¥¢0¢/81/¥0 Uo

KOS ET AL

h

MIXED REALITY

y

Real

Environment
Only physical objects

Augmented
Reality
Real environment
enhanced with digital
objects

Reality-Virtuality
Continuum

Augmented Virtual
Virtuality Environment
Virtual environment Fully immersive digital
enhanced with real objects environment

FIGURE 1. The reality—virtuality continuum, as described by Milgram et al’

interaction with medical imaging data. Within the domain of
neurosurgery, AR technology can provide valuable 3D insights into
relevant anatomic structures and their relationships. Such insights can
aid in surgical planning and guidance and can also be used for surgical
training, medical education, and patient information purposes.”
Several review articles have discussed the use of AR in neuro-
surgery, covering various key areas including education, spine sur-
gety, surgical navigation, vascular and neuro-oncological surgery, and
surgical planning.”® They have also described the different indica-
tions and AR applications in neurosurgical practice.*> Despite a
considerable growth in the number of publications on AR appli-
cations for neurosurgery over the past few years and rapid technical
development of these technologies, the integration of these tech-
nologies in clinical practice remains lagging. Regulatory approval,
clinical acceptance, and certification of these devices for im-
plementation in the operating room (OR) require rigorous evaluation
of technical safety and effectiveness. The lack of standardized eval-
uation methods complicates quality assessment, risk analysis, and
comparison of AR for different neurosurgical applications. Recog-
nizing this issue, the US Food and Drug Administration (FDA) has
initiated efforts to establish standardized evaluation methodologies.
They have formed an FDA working group for implementation of
MxR technologies in the OR® and organized a public workshop
specifically addressing the challenges associated with evaluating MxR
technologies.””” These efforts are essential for ensuring the safe and
effective adoption of MxR technologies in clinical practice.
Therefore, the objectives of this review are two-fold: (1) to
provide an overview of the currently used evaluation metrics for
AR tools for the purpose of preoperative neurosurgical planning,
intraoperative guidance, and surgical navigation and (2) to provide
a basis for a consistent evaluation framework for technical and
clinical use assessment and valorization of these techniques.

METHODS

Search Strategy and Selection Process

A systematic review of the outcome metrics used for the assessment
of AR techniques for preoperative planning and intraoperative

492 | VOLUME 26 | NUMBER 5 | MAY 2024

guidance in neurosurgery was performed in accordance with the
Preferred Reporting Items for Systematic reviews and Meta-Analyses
guidelines.® A systematic search was conducted in the databases
PubMed, Embase, and Cochrane on September 22, 2022. The re-
spective search strings are presented in Supplemental Digital
Content 1, htep://links.lww.com/ONS/B47, Search String. This
review was not registered in any systematic review database. Publi-
cations found in this search were checked for duplicates and assessed
for eligibility by two independent authors. Inclusion criteria were as
follows: (1) publications describing the application or evaluation of an
AR for preoperative planning and/or intraoperative use for human
cranial neurosurgical procedures, (2) publications with full English
text, (3) publications describing original research by the authors, and
(4) publications that have been peer-reviewed. Exclusion criteria
were as follows: (1) publications in which AR for neurosurgery was not
the main research subject or no evaluation methods or quality metrics
were mentioned, (2) publications describing AR applications for
surgical training or education, and (3) publications describing non-
AR applications.

Data Extraction

Each included publication was reviewed by the first author. Information
on the authors, year of publication, and surgical purpose was extracted. For
our further data extraction, we have adapted the taxonomy presented by
Gsaxner et al’ specifically for AR applications with neurosurgical purposes to
categorize each publication according to (1) AR application, (2) type of AR
device, and (3) evaluation metrics.

AR Device

The following four categories were used to categorize the AR devices:
(1) head-mounted devices showing a hologram, (2) tablets and smart-
phones showing a 3D scene, (3) micro- or endoscopic field-of-view image
overlays showing a projection through the microscope or on the external
screen, and (4) external projection system/Laser Imaging Detection And
Ranging camera, which are capable of measuring the varying depths of
their environment.

Evaluation Metrics

Five categories of evaluation metrics were identified and used: (1)
registration accuracy, (2) clinical outcome, (3) time measurements, (4)
technical reliability, and (5) user perception.
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FIGURE 2. Flowchart summarizing the study selection process according to the Preferred Reporting Items for Systematic

Applications of AR for Neurosurgical Procedures

Three application categories with increasing risk profiles were used: (1)
AR for preoperative visualization, where the AR application serves as a
method for data visualization; (2) AR surgical navigation, where regis-
tration of the virtual on the real environment is required; and (3) AR for
intraoperative guidance, where next to image guidance, tracking of
surgical tools is also required.

RESULTS

Search Results

The systematic search yielded 830 publications. After du-
plicate removal, 587 records remained for screening of title and
abstract. Articles were mainly excluded when they described an
immersive virtual reality application instead of an AR appli-
cation, for describing surgical training instead of intraoperative
applications, or if there was no cranial application. One hun-
dred and fourteen records were included for full-text eligibility

OPERATIVE NEUROSURGERY

assessment. After independent revision by two authors (TK, EC),
80 publications were included in this systematic review. Nine
publications were excluded specifically for a lack of outcome
measures (Figure 2).

Study Demographics

Figure 3 shows the number of included publications per year.
It shows an overall increase in publications over time. The
number in 2022 was reduced, possibly in part due to this re-
view’s search date.

AR Device

In 30 studies (38%), the use of a head-mounted device for
neurosurgery was evaluated (Supplemental Digital Content 2,
Table 1, heep://links.lww.com/ONS/B48).'98¢ Tn most of these
studies, the HoloLens (Microsoft) was used for AR visualization.
In 26 studies (32%), an image overlay, for either the microscopic
or endoscopic field of view, was used. In 13 studies (16%) a tablet
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FIGURE 3. Publications per year, until search date 22 September 2022.

or smartphone was used for AR visualization. In 11 studies (14%)
an external Laser Imaging Detection And Ranging camera or a
projection device facilitated an AR visualization of the medical
images. Figure 4 further specifies the distribution of the types of
AR devices.

Evaluation Metrics

Most of the studies reported on multiple evaluation metrics
(Supplemental Digital Content 3, Table 2, http://links.lww.
com/ONS/B49).10-83:85-90 Based on the results of this review, the
following evaluation categories have been defined: (1) registration
accuracy, (2) clinical outcome, (3) time measurements, (4) task
performance, (5) technical reliability, and (6) user perception

(Table).

Registration Accuracy

The most frequently used evaluation metric for assessing the
registration accuracy was the distance between the target object
and the virtual object, reported in mm or in number of pixels, for
which pixel size was provided in most studies. Different methods
were used for measuring the distance between two points. A
distance measure without further specification of the calculation
method was provided in 22 studies. The target registration error
(TRE) was described in 14 studies. The fiducial registration error
(FRE) was described in 12 studies. In 10 studies, a visual as-
sessment of the registration accuracy was described. Furthermore,
in three studies, the accuracy of their AR system compared with
the conventional neuronavigation system was described, and in
two studies, an overlap measure of the structures of interest was

described.

494 | VOLUME 26 | NUMBER 5 | MAY 2024

Time Measurements

The most frequently used time measurement was the regis-
tration time, which is defined as the time needed for registration
of the AR model onto the real environment. The registration
time was reported in 13 studies. In nine studies, the operative
time when using an AR system was reported, in six studies, the
preoperative planning time when using the AR system was re-
ported, and in five studies, the time taken for performing a task
while using the AR system was reported.

Technical Reliability

The technical reliability of the AR systems was evaluated in
nine studies. In five studies, (a lack of) technical failures during
AR use was reported. In two studies, the registration precision
was reported, and in one study, the registration robustness of
the AR system was reported, defined as the successful regis-
tration ratio. In one study, the system latency of the AR
technology was reported.

Task Performance

Task performance metrics were reported for two tasks:
placement of craniotomy burr holes and ventricular drains.
The most frequently reported performance metric was the
deviation from the target point, which was reported in 12
studies. The deviation from the target angle was reported in
five studies. Task success rate was reported in nine studies, and
a distance measure of craniotomy tracing accuracy was re-
ported in two studies. In one study, a qualitative task-specific
performance metric was reported, in this case for correct drain
placement.
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FIGURE 4. Distribution of AR devices used in the included studies. AR, augmented reality.

Clinical Outcome

In 13 studies, the occurrence of surgical complications was
mentioned. In eight studies, tumor removal rates were reported.
AR technologies were also assessed by healthy structure preser-
vation, craniotomy size, change of surgical approach, recognition
of unexpected findings, and general clinical outcome. In one
study, the correspondence of AR with intraoperative findings
was assessed, and in two studies, the indications for use of AR
technology were mentioned. In three studies, tumor volume
measurements were provided.

User Perception

Qualitative assessment of the use of AR technology was
performed through various questionnaires. In 11 studies, a
usability evaluation was conducted although the specific type
of questionnaire or assessment varied. Although a differenti-
ation was made between using a questionnaire or comments,
in none of the studies, the used questions were specified. In

OPERATIVE NEUROSURGERY

nine studies, the usefulness of the AR system was assessed
through a questionnaire or general user comments. The er-
gonomics of the system were evaluated separately in six studies,
and the surgeons’ spatial aptitude and National Aeronautics
and Space Administration Task Load Index,”! scores were
reported in three studies. Furthermore, in two studies, the
surgeons’ pre-task trust and post-task trust in the AR system
were evaluated.

Applications of AR for Neurosurgical Procedures

In four studies (5%), an AR application for preoperative visual-
ization of imaging data was described (Supplemental Digital
Content 4, Table 3, http://links.lww.com/ONS/B50),!0-83:85-90
Their most frequently described evaluation metrics were user per-
ception metrics (Table). Clinical outcome was mentioned in one
study. The evaluation of an AR application for surgical navigation
was described in 60 studies (75%). The most frequently described
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TABLE. Evaluation Metric Frequency

Frequency
Evaluation metric Preoperative planning Surgical navigation Intraoperative guidance Total
Registration accuracy (63)
Distance measure 19 3 22
Target registration error 12 2 14
Fiducial registration error 9 3 12
Visual assessment registration accuracy 9 1 10
Comparison of neuronavigation 3 3
Overlap measure 2 2
Time measurements (33)
Registration time 11 2 13
Operative time 9 9
Planning time 5 1 6
Time for task 3 2 5
Technical reliability (9)
Technical failures 5 5
Precision 2 2
Robustness 1 1
System latency 1 1
Task performance (29)
Target point deviation 8 4 12
Task success rate 5 4 9
Target angle deviation 5 5
Task accuracy 2 2
Qualitative task performance evaluation 1 1
Clinical outcome (38)
Complication occurrence 1 10 2 13
Tumor removal 8 8
General clinical outcome 4 1 5
Craniotomy size 2 1 3
Volume measurements 3 3
AR indication 2 2

Corresponding intraoperative findings

Recognition of unexpected findings

Surgical approach

Preservation structures
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TABLE. Continued.
Frequency

Evaluation metric Preoperative planning Surgical navigation Intraoperative guidance Total

User perception (48)
Usability 1 6 4 1
Usefulness 6 3 9
Performance evaluation 1 3 2 6
Ergonomics 1 4 1 6
Clinical feasibility 1 4 5
Task load (NASA-TLX) 2 1 3
Spatial aptitude 1 2 3
Depth perception 3 3
Trust in system 2 2

AR, augmented reality; NASA-TLX, National Aeronautics and Space Administration Task Load Index.

evaluation metrics were for registration accuracy, clinical outcome,
and time measurements. An AR application for IGIs was described in
16 studies (20%). Their most frequently described evaluation metrics
were for registration accuracy, task performance, and user perception.

DISCUSSION

In this systematic review, 80 original research articles were
assessed, with a focus on the evaluation metrics used for the AR
technology. The results from this review revealed a large variability
and low consistency in evaluation metrics used. As in other fields,
like machine learning in medical image analysis, clinical bench-
marking could facilitate comparison of different techniques and
establish quality standards for the use of AR in clinical practice.

Clinical benchmarking involves defining a specific clinical
problem, using accompanying data sets, establishing an appro-
priate infrastructure, and evaluating the technology based on its
ability to address the clinical problem.”>?? In addition, in the
development of AR technology for neurosurgical practice, the
Idea, Development, Exploration, Assessment, Long-term study
(IDEAL) framework for surgical innovation”* could be taken into
consideration, which provides a checklist structure suggesting
evaluation study design and metrics. Similar to the development
of surgical tools, the evaluation metrics used for assessing AR
technologies depend on their use case and innovation phase. The
three application categories defined in this review have increasing
risk profiles in their application, requiring different types of as-
sessment. An overview of the proposed evaluation metrics per
application and innovation phase is presented in Figure 5. The
evaluation of AR technologies used for preoperative visualization

OPERATIVE NEUROSURGERY

has primarily involved the assessment of user perception of the
technology, which is essential for its implementation. User per-
ception can be measured through various aspects, preferably using
validated questionnaires. This review found that the system us-
ability and usefulness were most frequently assessed although the
evaluation methods were inconsistent and no validated ques-
tionnaires were used. To evaluate the usability of AR systems in
clinical practice, we propose the use of the validated Usefulness,
Satisfaction and Ease of Use (USE) questionnaire,”” which
consists of 30 questions rated on a seven-point Likert scale, di-
vided over the categories “Usefulness,” “Ease of Use,” “Ease of
Learning,” and “Satisfaction” and is commonly used to quantify
the usability of systems. In addition to the usability of the system,
the experienced task load can be measured by the National
Aeronautics and Space Administration Task Load Index,”! which
was used in three articles.

The use of AR technologies for surgical navigation and in-
traoperative guidance requires accurate and robust registration of
the virtual overlay onto the real environment. Two commonly
used distance measures for registration accuracy metrics are the
FRE and the TRE. The FRE is a localization error between the
location of a set of fiducial markers on a rigid base in physical space
and in image space, defined as the total root mean square value of
the errors measured per marker. The TRE is a measure for the
registration accuracy onto a specific target point of interest (eg, a
tumor). It is defined as the Euclidean distance between the
physical target point of interest and the virtual point, which is
measured in a 3D coordinate system. The FRE can be used to
determine the accuracy of the fiducial registration and is useful in
cases where the target point is attached to the same rigid base as
the fiducial markers. In procedures where this is not the case and a
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FIGURE 5. Overview of evaluation metrics per application and IDEAL’® innovation phase. AR, augmented reality; FRE, fiducial registration error; IDEAL, Idea,
Development, Exploration, Assessment, Long-term study; NASA-TLX, National Aeronautics and Space Administration Task Load Index; TRE, target registration error USE,

high accuracy is essential, such as frameless stereotactic neuro-
surgery, the TRE is the recommended measure for image-to-
patient registration.”>”” A frequently used subjective measure for
registration accuracy was visual assessment. While relying solely
on visual observation is not recommended, an advantage of using
AR in surgery is the option for adjustment of the registration, for
example, in the case of intraoperative brain shift. In addition,
although few articles have reported this metric, the technical
reliability of an AR system is important for its clinical applica-
bility. This includes reporting on the system’s stability through
the on/off time ratio, the registration robustness through the
successful registration ratio, and precision through the SD of
the registration accuracy. The system’s accuracy and reliabil-
ity should be evaluated in a realistic OR setting before clinical
implementation.

The evaluation of AR technologies for intraoperative guidance
requires additional task-specific outcome metrics. Study designs
should enable the measurement and potential comparison of task
accuracy with and without AR guidance. Before clinical testing, in
phase 2b (Figure 5), this is generally performed in phantoms.
Phase 2b would be followed by the comparison of clinical out-
comes in procedures with and without the use of AR guidance.

498 | VOLUME 26 | NUMBER 5 | MAY 2024

This research has not reached the phases where cost-effectiveness
and quality assurance regarding the technology and clinical
benefits are measured yet. For future endeavors, Figure 5 provides
an indication of the evaluation metrics that would be suitable for
the following phases. For further clarification of Figure 5, an
example of a phase 1 study researching surgical navigation would
be the research by van Doormaal et al,%” who report on the FRE
and the technical failures for their technology. An example of a
phase 2a study researching preoperative visualization would be the
research by Morales-Mojica et al,”° who report on system latencies
and user perception. The studies by Van Gestel et al'? and Finger
et al’? are interesting examples of a phase 2b/3 study researching
intraoperative AR guidance, reporting on task accuracy measures
and clinical performance.

Valorization and FDA approval of AR technology for surgical
navigation and intraoperative guidance require the assessment of
the safety and cost-effectiveness of AR technologies, demonstrating
that the benefits in clinical practice outweigh the risks.® For this
purpose, we propose to report the outcomes of a study comparing
AR use with non-AR use, eg, regarding surgical accuracy, pro-
cedure time, or clinical outcome. The evaluation metrics should
accurately represent the risk profile and neurosurgical use case,

operativeneurosurgery-online.com


http://www.operativeneurosurgery-online.com

8L +AWAOANOMNBRAAAAYO/POAEIDVIASALLIAIPO0AEIEAHIOII/AOAUMYTXO

MADYOINXOHISGBZIYU 10+ NIOITWNOTZTARYHAASHAQUF AQ auljuosuo/wod mm| sjfeusnol//:dny woly papeojumoq

¥¢0¢/81/¥0 Uo

eg, ventricular drain or craniotomy burr hole placement. Findings
related to the stability and robustness of the AR system and any
adverse health events encountered during its use should be re-
ported. For compliance with Conformité Européenne certification
and adherence to the European medical device regulation, the AR
technology must satisfy the general safety and performance re-
quirements specified in the medical device regulation, which also
encompasses a clinical evaluation of the safety and performance of
the system.”®

Study Limitations

This study has several limitations. The AR applications were
categorized into three groups, and the evaluation metrics were
grouped within these categories, based on frequency of reporting,.
Articles purely describing AR indications, without further men-
tioning evaluation measures, were not included in this review. If
no explicit evaluation metrics regarding, eg, registration accuracy
were mentioned but some distance measure was reported, it was
classified under the general distance measure. The generalization
allowed analysis of the evaluation metrics but might have resulted
in some loss of specificity. The use of standardized evaluation
metrics enables comparison of different approaches with a similar
use case, but the balance between standardization and use case
specificity should be taken into consideration for correct inter-
pretation of Figure 5. In addition, the use of AR technologies in
clinical practice might extend these three categories in the future,
moving toward a “surgical cockpit” and, eg, incorporating per-
formance feedback and intraoperative neuromonitoring. Fur-
thermore, no quality of evidence assessment was applied in the
present analysis. This is primarily attributed to a large hetero-
geneity in study designs and reporting practices, which presents
challenges in conducting a standard quality of evidence assess-
ment. Using a nonvalidated quality of evidence assessment could
introduce bias, and thus also considering the aim of this review, no
articles were excluded based on their study design and reporting
style. However, in addition to Figure 5, we emphasize the im-
portance for future research to prioritize unambiguous reporting
and clear study designs because this would improve the overall
quality of evidence in this field.

CONCLUSION

This systematic review proposes an evaluation approach per
neurosurgical AR application and innovation phase based on the
current literature. To establish quality benchmarking and measure
the value of AR technologies in neurosurgical practice, evaluation
metrics should be specific to the technology’s risk profile and
clinical objectives. Key points include using validated question-
naires to assess user perception; ensuring clear and unambiguous
reporting of registration accuracy, precision, robustness, and
system stability; and accurately measuring task performance in
clinical studies. Adopting these recommendations will enhance
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the reliability and validity of evaluations for AR technologies in
neurosurgery, facilitating their integration into the clinical
workflow and ultimately improving patient outcomes.
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COMMENTS
M ixed reality (MxR), the union of virtual reality and augmented

reality, is a technology that has come to stay as part of the neu-
rosurgeon’s armamentarium. These tools allow the surgeon to drive
through the surgery “with GPS” and facilitate the correct development of
the same.

This technology can also be used for morphometric studies, education
and training, and patient engagement, among other applications. In my
experience, MxR has changed my way of performing minimally invasive
surgery, providing extra security in the procedure by being able to have a
constant reference of the location of targets and antitargets or points to
avoid. There are an increasing number of publications in the literature on
its application in surgery, and especially in neurosurgery, but due to its
novelty, there is a great heterogeneity in the nomenclature and parameters
that are evaluated when performing these studies. This heterogeneity of
terms leads to confusion and makes it impossible to develop solid
evidence.

The authors present a manuscript of great value that attempts to
homogenize these parameters. The inclusion of the IDEAL framework in
the three surgical applications of MxR (preoperative visualization, surgical
navigation, and intraoperative guidance) seems to be just that, ideal, for
this purpose. In addition, the authors provide three examples to guide the
reader who is interested in making a publication in relation to MxR, to
choose the best possible performance parameters and nomenclature. This
is an important task because the homogenization of these parameters will
lead to more solid evidence in the application of this technology.

Miguel Saez-Alegre
Rochester, Minnesota, USA
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