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PURPOSE The treatment of breast cancer, the leading cause of cancer and cancer mortality among women
worldwide, is mainly on the basis of surgery. In this study, we describe the use of a medical image visualization
tool on the basis of virtual reality (VR), entitled DIVA, in the context of breast cancer tumor localization among
surgeons. The aim of this study was to evaluate the speed and accuracy of surgeons using DIVA for medical
image analysis of breast magnetic resonance image (MRI) scans relative to standard image slice-based vi-
sualization tools.

MATERIALS AND METHODS In our study, residents and practicing surgeons used two breast MRI reading
modalities: the common slice-based radiology interface and the DIVA system in its VR mode. Metrics measured
were compared in relation to postoperative anatomical-pathologic reports.

RESULTS Eighteen breast surgeons from the Institut Curie performed all the analysis presented. The MRI analysis
time was significantly lower with the DIVA system than with the slice-based visualization for residents, prac-
titioners, and subsequently the entire group (P < .001). The accuracy of determination of which breast
contained the lesion significantly increased with DIVA for residents (P=.003) and practitioners (P=.04). There
was little difference between the DIVA and slice-based visualization for the determination of the number of
lesions. The accuracy of quadrant determination was significantly improved by DIVA for practicing surgeons
(P = .01) but not significantly for residents (P = .49).

CONCLUSION This study indicates that the VR visualization of medical images systematically improves surgeons’
analysis of preoperative breast MRI scans across several different metrics irrespective of surgeon seniority.

JCO Clin Cancer Inform 5:1127-1133. © 2021 hy American Society of Clinical Oncology
Creative Commons Attribution Non-Commercial No Derivatives 4.0 License @&

INTRODUCTION

Breast cancer (BC) is the leading cause of cancer and
cancer mortality among women worldwide. In 2018,
2.1 million BC diagnoses and 626,000 deaths were
reported.! Of these diagnosed BC cases, it has been
shown that 33% are locally advanced.? Surgery is the
primary therapeutic strategy of BC.

surgery residents have followed a radiology curriculum
in the United States.® The surgeon, as the last actor in
the patient treatment workflow, is hence often limited
in the exploitation of the medical image which, for
oncology, contains among the most valuable clinical
information.

As a means of visualizing 3D structures, virtual reality
(VR) is a promising avenue to improve surgical diag-
nosis and planning.*® VR is a natural vehicle through
which 3D data can be understood.” When a user wears
a VR headset, stereoscopy simulates their sense of
sight and their senses of touch and locomotion are
realistically imitated with low-latency motion detectors
integrated in specialized handheld VR controllers. The
combined effect of this sensory simulation is the
sensation of total immersion in entirely artificial
computer-generated environments. In this study, we

Efficient carcinogenic and esthetic resection requires
breast surgeons to carry out mental projections of
planar radiologic images into three-dimensional (3D)
surgical scenarios including surgical incision, resec-
tions, and remodeling. It also requires mapping of
tumor morphologies, geometries, relative positions,
and relative volumes within the breast. This 3D rep-
resentation can be difficult to apprehend initially,
especially for younger surgeon practitioners and res-

idents, when analyzing magnetic resonance image
(MRI) scans slice-by-slice. It has been reported that
only 12% of surgeon medical faculty and 1% of

sought to present medical images to surgeons in this
unique visual context in the form of realistic 3D rep-
resentations of their patients that we refer to as avatars.
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CONTEXT

Key Objective

The majority of breast cancer (BC) treatments involve a surgical procedure. Despite this fact, surgeons consistently perform
poorly in reading critical surgical staging magnetic resonance image (MRI) examinations of patients with BC, primarily
because of a lack of radiologic training. In this study, we evaluate the proficiency of BC surgeons at analyzing MRI
examinations represented using standard slice-based radiologic tools and using a previously reported tool, DIVA, which
represents MRI examinations as three-dimensional reconstructions in virtual reality.

Knowledge Generated

Compared to standard radiologic tools, we find that surgeons more rapidly and more accurately analyze breast MRI ex-
aminations using DIVA. These results hold regardless of surgeon seniority.

Relevance

In DIVA, we demonstrate a method to potentially significantly improve surgeon proficiency in reading MRI examinations
without the need for massive retraining. The reported increase in efficiency of medical image reading has the potential to
improve surgical planning and greatly improve communication between surgeons and radiologists.

We describe the use of a visualization tool on the basis of
VR, entitled DIVA, in the context of BC tumor localization
among surgeons. The usefulness of DIVA has already been
evaluated in the context of craniofacial trauma education
for undergraduate medical students with promising results
and outside the medical context for microscopy images
associated with scientific research.®®

The aim of this study was to quantitatively evaluate the
speed and accuracy of surgeons using DIVA for medical
image analysis of breast MRI sequences relative to stan-
dard image slice-based visualization.

MATERIALS AND METHODS
Participants

We included 18 breast surgeons from the Gynecological,
Breast and Reconstructive Cancer Surgery department at
the Institut Curie to perform all the analysis. These surgeons
included nine residents and nine practicing surgeons. This
surgery department is part of a large tertiary cancer center,
consistently ranked among the best in France and Europe,
and was responsible for more than 3,200 surgeries in
2019.1° Each practicing surgeon participant will have op-
erated several hundred patients with BC per year.

Images

We selected MRI sequences from 25 patients who had
underwent surgery between 10/01/2018 and 20/11/2019
from the Institut Curie Picture Archiving and Communication
System (PACS). Among the MRI sequences of operated
patients, 14 had a mastectomy and 11 had a lumpectomy
performed. Two additional sequences corresponded to
healthy control cases for patients not requiring surgery.

All MRI sequences were performed as part of a preoper-
ative staging. The standard breast MRI protocol included
T2 sequences, T1 gradient-echo sequences, and injected
dynamic 3D sequences with a gadolinium-containing

1128 © 2021 by American Society of Clinical Oncology

contrast agent. Only the T1-weighted contrast-enhanced
MRI examination was used in this study. MRI data were
collected from the computer server of the radiology de-
partment and anonymized with subject identification
codes. Images selected included normal tests from
screening of high-risk women and BC cases absent of
neoadjuvant chemotherapy. MRI sequences that were
difficult to analyze because of the presence of a marked
masking background glandular enhancement (BIRADS
type C and D) were excluded.!!

DIVA Software

DIVA is a previously reported software platform that in-
stantaneously generates 3D patient reconstructions from
original MRI scans in their native DICOM file format.”®1213
These patient reconstructions, or patient avatars, are ren-
dered using a volumetric ray-casting technique.'* In contrast
to surface rendering approaches (eg, segmentation), this
technique allows all pixels of the image to be rendered si-
multaneously and to have their characteristics (eg, trans-
parency, color, and lighting effects) modified in real time.

DIVA works on a dual usage mode principle. The first mode
is a desktop interface, which contains basic input and
output functions as well as a widget to modify the patient
avatar representation using a specialized 3D lookup table or
filter. The second usage mode is the VR interface, which
allows navigation and visualization of the full patient avatar
in an immersive context. Patient avatar visualizations were
on the basis of predefined filters with a radiologist. Users
were able to grasp avatars with VR controllers and orient
them in space to facilitate their analyses of the MRI. In this
study, physicians used solely DIVA's VR interface with the
HTC Vive VR headset.

Data Collection and Visualization

In our study, residents and practicing surgeons used two
image reading modalities: T1-weighted contrast-enhanced
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MRI examination using the radiologic slice-based interface
common to PACS frontend software and by using DIVA in its
VR mode. For the slice-based modality, we used the image
viewer available at the Institut Curie, which is developed by
Carestream Health (Rochester, New York). Surgeon par-
ticipants were free to use all software features available in
the PACS image viewer. Figure 1 illustrates the two image
analysis modalities. Additionally, a recording of the use of
DIVA in the context of this study is available in the Data
Supplement.

For each physician participating in the study, we measured
the time taken to analyze the images using the different
approaches (slice-based and DIVA). Time taken to analyze
the images was the uninterrupted time interval measured
from the start of looking at the images until the surgeons
indicated their analysis was complete. We recorded the
results of their readings concerning the tumor and the
envisaged surgical strategy. For time measurements, we
additionally used the radiologist report as a modality for
analyzing the case (without the use of the MRI).

Each surgeon analyzed three randomly selected MRI scans
for each modality, making nine total image analyses per
surgeon (on nine different patients). We note that some
technical issues during the surgeon interview process
meant that not all surgeons evaluated exactly nine cases.
Table 1 shows the cases evaluated across the different
groups.

Outcomes

Speed was defined as the analysis time required to produce
a conclusion on tumor localization and surgical strategy.
Accuracy metrics were defined in relation to the postop-
erative anatomical-pathologic report in a binary true or false
manner. Three metrics were measured to ascertain the
accuracy of the tumor localization: breast determination (ie,
in which breast the tumor was located), number of lesions,
and breast quadrant localization. Additionally, surgeons
were asked to envisage a surgical strategy on the basis of
their analyses, which was then compared with the actual
surgical treatment performed on the patient.

As the quadrant in which the lesion is located can be
subject to different interpretations (eg, a quadrant chosen
in the MRI may not correspond to the same quadrant in a

mammogram), we associated each quadrant with the two
adjacent quadrant interfaces as the same answer. For
example, the union of the lower quadrants and the lower-
inner quadrant would be considered the same answer.

Statistical Analysis

All practicing surgeon responses were compared using the
generalized likelihood ratio tests. Analysis times between
different approaches (ie, DIVA and slice-based) were
compared with the Kolmogorov-Smirnov test. All statistical
tests used a significance level of 5% (ie, P value < .05).
Analyses were performed using Python and associated
SciPy and scikit-learn libraries.!516

RESULTS
Speed

The analysis time required to determine the number of
lesions and their location was significantly lower with the
DIVA system than with the slice-based visualization, for
residents, practicing surgeons, and subsequently in the
entire group (P < .001). The analysis time of the DIVA
system was comparable to the time needed to read the
radiologist report to reach conclusions on the location of the
different lesions (P= .14 in the entire group). A box plotand
histograms of the time taken to analyze the images between
all modalities are shown in Figure 2. The median time with
DIVA was 37 seconds compared to 145 seconds with the
slice-based visualization, and 45 seconds with the text-only
radiologist report.

Accuracy—Breast Determination

Regarding the determination of which breast contained the
lesion or lesions, 59.3% of the residents and 79.2% of
experienced practicing surgeons were correct in their de-
terminations using the slice-based visualization. With the
DIVA system, this proportion of correct answers for the
residents and practicing surgeons was significantly higher
at91.7% (P =.003) and 95.8% (P = .04), respectively, as
shown in the spider plots of Figure 3.

Accuracy—Number of Lesions

For the determination of the number of lesions, 66.7% of
the residents determined this information correctly using
the slice-based visualization. This percentage was 75%
using the DIVA system (P=.49). For experienced surgeons,

FIG 1. Two medical image visualization
modalities used in this study: (A) slice-
based visualization of MRI scan using
viewing feature available with the hospital
PACS and (B) immersive visualization
using DIVA. The surgeon uses VR to grasp
and interact with the 3D patient avatar.
MRI, magnetic resonance image; PACS,
Picture Archiving and Communication
System; VR, virtual reality.
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TABLE 1. Number of Evaluations for Each Modality Across the Entire Group,
Practicing Surgeons, and Residents

Modality Entire Group Practicing Surgeon Cases Residents Cases
Slice-based 51 24 27
DIVA 48 24 24
Radiologist report 54 27 27

NOTE. Only time measurements were performed with the radiologist report.

there was no difference between the two systems with
79.2% of correct answers with both systems (Fig 3).

Accuracy—Quadrant Determination

For quadrant determinations, we used a fused quadrants
approach to compare responses of surgical residents and
practicing surgeons to the definitive pathologist or radiol-
ogist report. For this outcome, 66.7% of the residents and
b58.3% of the practicing surgeons were correct in their
quadrant determinations with the slice-based visualization.
With the DIVA system, this proportion of correct answers
was 75% (P =.49) and 87.5% (P = .01) for the residents
and practicing surgeons, respectively (Fig 3).

Accuracy—Surgical Strategy Determination

In determining the surgical strategy, 44.4% of residents
and 66.7% of experienced surgeons chose the same
surgical strategy actually applied to the patient when using

A 25 4
B Slice-based
20 4 m DIVA
- mmm Radiologist report
= 15 A
=]
o
O 10 4
5 .
0 |
0 50 100 150 200 250 300
B Time (seconds)
Radiologist
Report t n !
DIVA - I“ ----------- 1
Slice-Based - e by I
T T T T T T T
0 50 100 150 200 250 300
Time (seconds)

FIG 2. Analysis time for different viewing modalities for the entire group:
(A) histograms of the time necessary to analyze the MRI scans in study
for entire group of surgeons using the slice-based visualization and DIVA
approaches (N = 52) and (B) box plots of the same data. MRI, magnetic
resonance image.
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the slice-based visualization. With the DIVA system, this
proportion of concordance was increased to 70.8%
(P=.03)and 83.3% (P=.12), respectively, as indicated in
Figure 3.

Effect of Seniority

The results describing the correlations of surgeon seniority
in the measurement of the aforementioned analysis metrics
are available in the Data Supplement. With increasing
seniority, there was an improved analysis performance with
DIVA. There was no clear correlation in improved slice-
based visualization performance with seniority.

DISCUSSION

In this study, we show that the DIVA system improves the
speed and accuracy of BC image analysis for surgeons,
notably for residents. The immersive 3D breast and tumor
representations provided by the DIVA system, moreover,
have the potential to enhance the surgical approach and
could greatly assist surgeons in the preparation of com-
plicated cases.

It is important to emphasize that 3D rendering of medical
images is not new. In fact, most PACS software tools contain
3D rendering or reformatting tools, although they are highly
underexploited by surgeons. In an online survey, we per-
formed on 59 French obstetrics and gynecologic surgeons,
we found that 48 (81%) seldom or never use 3D volume
rendering tools with existing PACS software (Data Sup-
plement). From our accounts, this is because of a lack of
training to take advantage of 3D reformat tools and a lack of
interactivity in these typically static renderings.

In our survey, we found that 31% of BC surgeons are
sometimes unsure about the extent of a BC lesion. Inter-
estingly, 37% are often or sometimes unsure about the
envisioned surgical strategy after reading the images.
Additionally, we found that 98% of surgeons expressed an
interest in using a VR-based solution to visualize patient
representations (yes and maybe in Data Supplement). A
likely explanation for this response is that surgeons, today,
are not fully satisfied with the medical image visualization
tools available to them.

A few studies have presented the use of VR in breast
surgery and reconstruction!’!°; however, none have
quantitatively evaluated its usefulness for surgeons, in their
daily practice. In the context of the study presented, the
surgeon was asked to make a surgical decision purely on
the basis of the breast MRI, which is not what happens in
practice. It does, however, permit an assessment of the
weight of the medical image in a surgical decision.

Relative to slice-based radiology tools, DIVA enhances the
efficiency of medical image analysis for surgeons. Effec-
tively, surgeons more accurately assess tumor localization
in less time relative to the typical slice-based visualization
approach. The improved accuracy is demonstrated by the
increase in the proportion of correct diagnoses pertaining to

Downloaded from ascopubs.org by 157.99.12.121 on February 28, 2023 from 157.099.012.121
Copyright © 2023 American Society of Clinical Oncology. All rights reserved.



Breast MRI Analysis for Surgeons Using Virtual Reality

Breast Breast Breast
determination determination determination
100% 100%
Surgical No. of Surgical No. of Surgical ‘ \ No. of
strategy " lesions strategy lesions strategy \ lesions
wr V
—— Slice-based —— Slice-based —— Slice-based
DIVA Breast DIVA Breast DIVA Breast
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FIG 3. Spider plots of the percentage accuracy of the four metrics (breast determination, number of lesions, breast quadrant, and surgical
strategy) evaluated in the MRI scan analysis for (A) the entire group, (B) the practicing surgeons, and (C) the residents.

the site, number, and quadrant location of the breast le-
sions relative to the initial radiologist report. The immersive
3D breast and tumor representations provided by the DIVA
system significantly raised the probability of agreement and
consistency among participants pertaining to the choice of
the surgical strategy.

Our study measured and compared three metrics associ-
ated with tumor localization (Fig 1). DIVA outperforms the
slice-based visualization for every metric. Notably, DIVA
seemingly removes ambiguity in determining in which
breast the tumor is located, with surgeons choosing the
correct breast 94% of the time compared to 69% with the
slice-based approach. This can be explained simply by the
fact that 3D patient avatars in VR directly resemble patients
in proportion and size. Arguably, DIVA essentially removes
ambiguity in identifying in which breast the tumor is located.

Immersive stereoscopic visualization allows surgeons to
immediately capture the position of the tumor by simply
determining the position of the tumor relative to the contour
of the breast. This task is made fairly intuitive with DIVA's
lossless rendering approach that permits the tumor and
breast contour to be rendered simultaneously (along with
other structures such as blood vessels, pectoral muscles,
and sentinel lymph nodes) without any pretreatment. By
contrast, for the nonradiologist, quadrant identification is
particularly challenging using purely slice-based visuali-
zations, especially along the superior-inferior axis as breast
MRI slices are typically viewed in the axial orientation.

The difference in accuracy between DIVA and the slice-
based visualization approach for the number of lesions is
less pronounced at 77% and 73% for the entire group,
respectively. In both situations, nonspecific enhancement
of the image because of gadolinium created artifacts in the
visualization, which were incorrectly assessed as tumors.

Regarding the envisaged surgical strategy, the accuracy
(relative to the results of the postoperative anatomical-
pathologic report) increased for the entire group but most
considerably for resident surgeons. This effectively implies

JCO Clinical Cancer Informatics

that the lack of experience that young surgeons have in
dealing with PACS medical image visualization tools can be
compensated with VR-based visualization using DIVA.

The consequences of these systematically improved met-
rics when using DIVA suggests an improved surgical
planning whose benefits may be passed on to the patient
being operated. Specifically, patients requiring a total
mastectomy and those who may benefit from a conser-
vative treatment using an oncoplastic surgical technique
may be more readily identified. As an example, a recent
case study we published showed how the DIVA system
informed the decision to resect a multifocal lower-quadrant
breast tumor.*?

Medical benefits from the use of DIVA in preoperative
planning may include a reduction in the number of total
mastectomies (30.9% of patients at the Institut Curie in
2018) and reconstructions (ie, an increase in the preva-
lence of breast conserving surgeries), as well as a reduction
in the risk of a second surgery (5.8% of patients at the
Institut Curie in 2018), which is prevalent in BC
operations.'22° This potential reduction in second surgeries
may result from VR enhancement of proper margins and
proper breast quadrant localization by the surgeon, thus
leading to less tumor recurrence. More broadly, the ability
to better perceive the mammary gland volume, tumor
volume, vascularization, and tumor location opens new
opportunities and discussions regarding patient treatment
plans. We additionally mention related studies from the
Netherlands that measured ratios between tumor and
breast volumes using 3D reconstructions of MRI images to
predict cosmetic results of breast surgery?! and a French
study that evaluated a per-operative utilization of 3D MRI
reconstruction to localize nonpalpable breast lesions,??
which both yielded promising results.

For high patient volume cancer centers, the near order-of-
magnitude reduction in time for surgeons to analyze the
breast MRI scan with DIVA is of particular interest. The
median image analysis time with DIVA was 3.92 times
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faster compared with the slice-based visualization. Properly
streamlined in the surgical workflow, the use of DIVA in the
clinical setting may additionally address challenges asso-
ciated with patient management.

The significant improvement in tumor localization metrics
for resident surgeons using DIVA as compared to the slice-
based visualization additionally implies a great pedagogical
interest for VR in the context of surgery. In a previous study,
DIVA was used in the Université de Paris Medical Faculty to
teach students of craniofacial trauma surgery.® In this
study, 98% of students expressed a high degree of satis-
faction and, importantly, an improved understanding of
craniofacial trauma. The results from resident surgeons in
this study strongly suggest that similar results would be
attained in a BC-oriented surgical training.

Despite the exceptional experience of the BC service in
which this study was conducted (3,200 patients operated
in 2019), performance in reading MRI sequences with
standard slice-based visualization tool suffered, likely be-
cause of a lack of formal training in radiology.® In this
regard, the VR-based visualization in DIVA can supplement
the training of surgeons in a cost-effective fashion. To date,
the results of this study have justified the purchase of
several VR systems at the Institut Curie hospital center. In
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