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a b s t r a c t

Introduction: Innovations in 3D spatial technology and augmented reality imaging driven by digital high-
tech industrial science have accelerated experimental advances in breast cancer imaging and the
development of medical procedures aimed to reduce invasiveness. Presentation of case: A 57-year-old
post-menopausal woman presented with screen-detected left-sided breast cancer. After undergoing all
staging and pre-operative studies the patient was proposed for conservative breast surgery with tumor
localization. During surgery, an experimental digital and non-invasive intra-operative localization
method with augmented reality was compared with the standard pre-operative localization with carbon
tattooing (institutional protocol). The breast surgeon wearing an augmented reality headset (Hololens)
was able to visualize the tumor location projection inside the patient’s left breast in the usual supine
position. Discussion: This work describes, to our knowledge, the first experimental test with a digital
non-invasive method for intra-operative breast cancer localization using augmented reality to guide
breast conservative surgery. In this case, a successful overlap of the previous standard pre-operative
marks with carbon tattooing and tumor visualization inside the patient’s breast with augmented re-
ality was obtained. Conclusion: Breast cancer conservative guided surgery with augmented reality can
pave the way for a digital non-invasive method for intra-operative tumor localization.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
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Fig. 1. 3D surface scan of the patient in the supine position with a fiducial marker
(white arrow) as a tracking reference for the Hololens system.

Fig. 2. Left breast cancer lesion with clip artifact visible at MRI with the patient in the
supine position.
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excision and a good cosmetic outcome. Due to widespread
screening an important percentage of early breast cancers are non-
palpable. As a consequence, tumor localization is needed to assist
the surgeon during surgery. Current modalities for pre-operative
localization of breast cancer lesions are all invasive procedures
requiring imaging guidance: wire-guided, carbon tattooing, or
more recently, radioactive seed localization, radio-occult lesion
localization and magnetic seeds [2].

Innovations in 3D spatial technology and augmented reality
(AR) driven by digital high-tech industrial science have accelerated
exploratory research in breast cancer imaging. Although extensive
literature exists on 3D finite elements simulation and breast tissue
modeling, few papers have addressed breast magnetic resonance
imaging (MRI) to 3D scan fusion to simulate a real breast [3e8].
Recently, a patient-specific 3D digital breast model integrating the
breast torso and tumor location was created and validated with a
MRI to 3D surface scan fusion algorithm [9]. The spatial computing
applied to a breast cancer patient, merging digital and physical
anatomic structures of the breast with tumor included in a digital
3D breast model, can be visualized through AR in the operating
theater.

The objective of this work is to report a clinical case of a breast
cancer conservative guided surgery with AR.

2. Presentation of case

2.1. Case history

A 57-year-old post-menopausal woman presented with a
screen-detected left sided breast cancer. Inferior periareolar
microcalcifications were present with an estimated mammography
extension of 17 mm associated to a 15 mm dystrophic area on ul-
trasound (US). A 29 mm breast MRI nodular lesion was observed. A
guided vacuum-assisted biopsywith clip placementwas performed
showing an invasive breast carcinoma of non-special type (NST),
grade 2, ER and PR of 100%, HER2 negative with a Ki67 of 20% (1
fragment in 10), associated with intermediate grade ductal carci-
noma in situ (DCIS). Bilateral physical examinationwas negative for
palpable lesions and axillary lymph nodes.

2.2. Experimental protocol description to produce a patient-specific
3D digital breast model (phantom model)

Three breast surface markers (BSM) were applied on the pa-
tient’s breasts (infra-mammary sulcus) along with a 10 cm fiducial
marker below the xiphoid process (Fig. 1). These reference points
were annotated with a black permanent marker at the patient’s
skin. A 3D surface scan of the patient was performed in the supine
position with arms at 90� degrees (Fig. 1), capturing the size and
shape of both breasts and torso using a Go!Scan 3D handheld by
CreaformTM. After 3D surface scan, fish-oil capsules were fixed on
the three BSMmarks for MRI acquisition. A contrast-enhanced MRI
was performed with the patient in prone position and markers in
place. The institutional breast MRI acquisition protocol was modi-
fied to include a final 5-min Dixon sequence with the phased array
torso MRI coil and the patient in the supine position with arms
along the body (Fig. 2).

Annotation, segmentation and volume computation of the MRI
tissue portions (with Dixon sequence in the supine position) were
performed and validated by two radiologists using Horos R soft-
ware v2.4.0 (breast contour, breast tissue including malignant tu-
mor and latissimus dorsi muscle anterior border). Breast surface
markers were manually annotated on the 3D surface scan (black
permanent marker) and MRI data (fish-oil capsules).

Breast MRI/3D scan fusion was accomplished with simple
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overlap between both modalities, including tumor, using BSM to
perform spatial alignment between both modalities (Fig. 3). A
patient-specific 3D digital breast model was processed and con-
verted to a point cloud breast 3D model, referred hereafter as
phantom model (Fig. 5), ready to be uploaded to an AR headset:
Hololens 1.
2.3. Surgery with AR headset

Standard pre-operative localizationwith carbon tattooing under
ultrasound guidance was performed targeting the nodular lesion
and the clip (microcalcifications). Preoperative markings were
drawn on the patient skin in the standing position. During surgery,
an experimental digital and non-invasive intra-operative localiza-
tion method with AR was compared with the standard pre-
operative localization with carbon tattooing. The breast surgeon
wearing an AR headset (Fig. 4), synchronized the patient-specific
3D digital breast model (viewed through the Hololens) with the
real patient lying down in the operating theatre bed, projecting the
tumor location inside the left breast (Fig. 5).

A breast conservative surgery with sentinel lymph node biopsy
through an inferior peri-areolar incision was performed, followed
by defect repair with local glandular flaps.



Fig. 3. Patient specific 3D digital breast model after breast MRI to 3D surface scan
image fusion with tumor highlighted red on the left breast.

Fig. 4. In action: surgeon wearing Hololens headset at the surgical theater.

Fig. 5. - Surgeon view of the phantom model (with tumor location) synchronized with
the patient through augmented reality. An overlap is observed between the two carbon
tattooing marks (white arrows) and tumor projection with augmented reality in the
red colour.
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Pathology: 17 mm tumor was removed consisting of interme-
diate grade DCIS with free margins and one negative sentinel
lymph node. No invasive cancer was found. Final TNM staging was
pTis pN0(sn)cM0.

3. Discussion

Surgeons need to be able to correlate 2D radiological images
with the real location of the tumor within the patients breast for
surgical planning, both pre and per-operatively. Despite all pre-
operative and intra-operative localization techniques, accuracy is
still not perfect, and the process requires additional exams and
invasive procedures in the pre-operative setting or expertise in US
techniques in case of an intra-operative setting.

The diagnostic breast cancer workflow includes different im-
aging modalities acquired in different positions and with different
breast compressions and consequent deformations. As breast can-
cers are diagnosed more frequently at an early stage and most of
them are non-palpable, localization techniques are frequently
needed: wire-guided, carbon tattooing, radioactive seed localiza-
tion, radio-occult lesion localization and magnetic seeds are
considered as standard. However, among these techniques, none
has proven superiority in terms of reducing positive margins [2].
Worldwide, re-excision rates following breast cancer conservative
surgery exhibit wide variability. Re-operation rates range from 0%
to 70% (by individual surgeons) in the United States [10], from 17%
to 56% in Canada [11], and from 12 to 30% [12] in England.

Several strategies have been proposed to improve breast cancer
surgical outcomes. Preoperative contrast-enhanced breast MRI has
emerged as a solution, but neither the COMICE [13] nor the MONET
[14] trial found an associated benefit. Additional studies are needed
to further exploit additional MRI information and techniques to be
applied in the surgical theater [15]. Intraoperative US (as an addi-
tional tool to standard localization techniques) has been used
successfully to some extent to reduce positive margins, therefore
reducing re-operation rates [16,17]. However, the use of intra-
operative US requires a level of expertise beyond the standard for
breast surgeons and could also be time-consuming within the
surgical theater. These considerations strongly suggest the need for
development of a novel methodology to enhance the surgeon’s
visualization for tumor localization and consequently to improve
surgical clinical outcomes.

This work describes a successful experimental test with a digital
non-invasive method for intra-operative breast cancer localization.
A patient-specific 3D digital breast model was processed and
viewed through AR to guide a breast cancer conservative surgery. In
this case an overlap of the previous standard pre-operative marks
with carbon tattooing and tumor visualization inside the patient’s
breast with AR was obtained (Fig. 5).

Perkins et al. [18] proposed a similar approach, but with a
different methodology for surgical planning and not suitable for
live surgery: they projected a breast MRI 3D hologram registered
with the patient in the supine position and applied it with six
fiducial markers. Our methodology incorporates a breast MRI to 3D
surface scan fusion in order to produce a complete patient-specific
3D digital breast model (phantom model) with only one fiducial
marker and three infra-mammary breast surface markers, used
during both imaging modalities registration to optimize image
synchronization. The diagnostic breast MRI in prone position is
performed with a final 5-min Dixon image sequence in the supine
position. The institutional protocol needed to be adapted with pa-
tient repositioning from prone to supine during the MRI registra-
tion. Breast MRI to 3D surface scan fusion algorithms with pose
transformation simulation from prone to supine [9] can potentially
leverage this technology without the need to change diagnostic
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institutional breast MRI registration protocols. A two steps pro-
spective clinical trial (pre-clinical plus clinical steps) was designed
and will start recruiting during 2021 to address this limitation.

To improve AR user experience applied for breast cancer con-
servative surgery, 3D space camera anchors installed in the roof of
the operating theatre could be used to perform real-time 3D
mapping of the patient in the operating theater, replacing handheld
3D surface scan devices.

3.1. Conclusion

Breast cancer conservative guided surgery with an AR headset,
using 3D digital breast models, could pave the way for a digital,
non-invasive method for intra-operative tumor localization. The
proposed solution has the potential to improve the surgeon’s
visualization of the tumor while improving patient’s quality of life
(no pain, no anxiety, no bleeding).
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