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CHAPTER 1

Introduction

1.1 Specific Aims

Breast cancer is the most common cancer in American women and the second most deadly [1]. About 70 -
80% of breast cancer patients are eligible for breast conserving therapy, or breast conserving surgery (BCS)
(removal of the lesion with a margin of healthy tissue) followed by radiation [2, 3]. This procedure has shorter
surgical times, shorter post-operative hospital stays, and improved cosmetic outcomes, as the breast usually
retains its original shape, and symmetry with the contralateral breast is maintained. In eligible patients, breast
conserving therapy has equivalent survival outcomes to mastectomy (removal of breast tissue, nipple, areola,
and skin) [4-7], or even improved survival [8—-11]. However, these outcomes are dependent on complete
excision, or negative margins. High reoperation rates set breast cancer apart from other common general
surgeries with an observed versus expected morbidity (O/E) ratio nearly three times higher than that of other
general surgeries [12]. In the last few years, BCS reoperation rates have been reported around 5-30% [13—
16]. These high and variable rates of positive margins in breast cancer surgeries have been referred to as “the
other breast cancer epidemic” [17].

Current approaches to reduce these high reoperation rates focus on intraoperative margin assessment and
lesion localization. Intraoperative margin assessment techniques evaluate the border of an excised specimen
so that more tissue can be excised in regions that correspond to a positive margin, or residual cancer. Unfor-
tunately, difficulty orienting the excised mass can lead to increased resection volumes and the need for repeat
surgeries. Ideally, margins would be managed before cuts are made and before the tissue loses its in-situ
shape. Lesion localization works towards this but is confounded by the dynamic movements of breast tissue
and the stark differences in patient positioning between preoperative imaging and surgery. Most localization
methods focus on identifying the center of a lesion using an implanted marker, or seed. These systems guide
towards the intraoperative location of the seed, but can not indicate the lesion border. Using preoperative im-
ages as a reference, surgeons rely on spatial reasoning to understand the location of the seed with respect to
the lesion boundaries, even though the shape of the tumor is likely distorted by imaging-to-surgery deforma-
tions [18, 19]. Understanding lesion position and extent is critically important to obtaining negative margins.
When tumor boundaries can be visualized with intraoperative ultrasound (IOUS), positive margin rates are
relatively low at 0-14% [20-25]. However, only 50% of non-palpable tumors are visible on ultrasound (US)

[26], and US underestimates size in over 40% of those tumors [23, 27]. Excising the lesion with a margin



of healthy tissue helps compensate for border estimation inaccuracies, but reoperation rates for BCS remain
high. There remains a need for a lesion localization method that provides accurate lesion position and extent.
In this thesis, an intraoperative guidance system is proposed to offer improved understanding of tumor
margins. A data collection system pairing stereo cameras, an optical tracker, and tracked ultrasound is pro-
posed for breast data acquisition and visualization. This intraoperative data acquisition framework is incor-
porated into an image guidance software platform along with high sensitivity preoperative supine MR images
that most closely represent surgical positioning. A nonrigid patient-specific biomechanical model utilizing
the linearized iterative boundary reconstruction method [28] and automatic skin fiducial tracking set this work
apart from previous intraoperative breast guidance. We hypothesize that high-sensitivity MR imaging cou-
pled with computer vision technology and patient specific biomechanical models can be utilized to provide
lesion position and extent before and during BCS. Towards this end, this thesis aims to improve localization
accuracy in breast tissue by addressing the following specific aims:
Aim 1: Characterize supine breast deformations between preoperative imaging and surgical presenta-
tion. The proposed guidance system is used to characterize supine breast deformation in vivo for ten breasts
across six healthy volunteers. Breast deformations are examined in the context of simple arm motion and
image-to-surgery repositioning.
Aim 2: Correct for image-to-surgery breast deformations with a sparse-data-driven model-based frame-
work. An existing iterative model-based correction strategy [28] is extended to deform preoperative supine
breast MR images to fit intraoperative data. Novel boundary condition reconstruction is tailored to reflect
anatomical support regions of the breast. Registration accuracy is evaluated at surface and subsurface fea-
tures across seven healthy volunteers and one breast cancer patient.
Aim 3: Monitor soft tissue deformations with computer vision tracking of skin fiducials. To provide
intraoperative sparse-data measurements of the breast surface, stereo cameras are used to measure precise
ink-based skin fiducials throughout arm motion in the supine position for eight breasts across six healthy
volunteers. Fiducial localization accuracy is compared to tracked stylus designated points. Data extent and

tracking fidelity are quantified.

1.2 Clinical Significance

In the United States, one in eight women will be diagnosed with breast cancer in their lifetime, and an
estimated 290,560 people will be diagnosed with breast cancer in 2022 [1]. It is the leading cause of cancer
death in women worldwide, falling second only to lung cancer in the US [1, 29]. In the last several decades,
there has been a shift from more extensive surgeries, such as radical and total mastectomy, towards less

extensive surgeries, such as breast conserving therapy, with no change in outcomes [4-7]. Breast conserving



therapy, or BCS coupled with post-operative radiation, has been shown to have a significantly decreased rate
of recurrent cancer in the ipsilateral breast when compared with mastectomy and BCS without radiation [4].
More recent studies suggest that, in addition to improved cosmesis, breast conserving therapy may actually
have better survival outcomes, with lower rates of complications and disease specific mortality [8—11, 30, 31].
However, these equivalent or superior outcomes associated with breast conserving therapy are dependent on
complete excision, or negative margins. Resecting the entire lesion in a single pass surgery is critical, as
reoperations are associated with a two to eight fold increase in local recurrence [32]. Unfortunately, positive
margin rates in BCS are high, around 5-30% in the last few years [33—-37], with the most averages around
10-20% [13-16].

Current approaches to reduce reoperation rates focus mainly on two areas: margin assessment and lesion
localization. During surgery, margin assessment techniques evaluate the removed tissue after excision to
determine if the margins are positive (requiring re-excision) or negative (indicating successful surgery). If
margins are determined to be positive, re-excision is performed, removing further tissue from the region
associated with the specimen’s positive margin. However, margin assessment suffers from a loss of spatial
orientation upon excision. Breast tissue is highly deformable and once it is cut, it recoils, changing shape and
moving away from its original position. As soon as the tissue is cut, exact correspondence is lost between the
excised mass and the remaining tissue. After it is removed, the specimen usually compresses significantly,
and distinct boundaries are lost. The dramatic shape changes and the irregular shape of the mass result in
difficulty re-excising the correct location during the first surgery. These difficulties lead to an increase in
volume of resected tissue, and/or a need for reoperation.

Lesion localization aims to intraoperatively guide surgeons, however this remains challenging. During
surgery, geometric and spatial cues are lost as BCS involves few landmarks, highly deformable tissue, and
extreme movements. Recent localization methods are mainly seed-based. Seed-based methods generally
implant a marker into the lesion under cross-sectional image guidance. These seeds can then be localized
during surgery, giving audio and visual feedback on the magnitude of the distance between the handheld
probe and the implanted marker. Seeds are generally considered accurately placed if they are within 10 mm
of the lesion centroid. The distance from the probe to the seed allows surgeons to approximate the lesion
position. However, to estimate the lesion borders during surgery, the surgeon must rely on spatial reasoning
and preoperative images of the breast where the breast is in a different orientation. When tumor boundaries
are visible during surgery, such as with IOUS, outcomes are improved [38—40], though only 50% of non-
palpable tumors are visible on US [26]. The promising results of intraoperative US show the benefits of
tumor extent information during surgery, but many patients have non-echogenic tumors and cannot benefit

from this technique.



Tumor displacements between prone and supine breast positions are reported between 18—68 mm [18, 19,
41-43]. Due to this large change, we propose a single supine preoperative MR to initialize our model, and
provide additional information to surgeons. For a supine MR, the patient is lying face up, just as in surgery,
and no deformation is applied. Of the three imaging modalities used for breast lesions (mammography, ultra-
sound, and MR), each method over-estimates lesion size in some patients, and underestimates size in others
[23, 27]. Though more expensive than mammography or ultrasound, MR offers a three-dimensional represen-
tation of the breast and is generally considered the most accurate imaging modality for breast cancer, offering
high sensitivity [27, 41, 44, 45]. Furthermore, rising evidence shows that supine preoperative imaging better
estimates breast geometry and tumor size than prone MRI [19, 42, 46, 47]. It is important to note here that
while supine MR images are taken with patient in a similar position to surgical presentation, the arm cannot
be outstretched in the surgical position during imaging in a closed bore MR scanner. Finite element models
to predict the large changes in breast position from standing to supine often require estimating a stress-free
geometry [48, 49]. Because the induced deformation is more limited here, depending mainly on rotations
of the operating room table and the change in arm position, the supine MR can be used to directly produce
the initial mesh, and breast displacements can be sparsely measured intraoperatively. From these measured
displacements, an inverse modeling approach can be employed to solve for the true displacement field. This
displacement field can be applied to the preoperative mesh to produce volumetric images of the deformed,
intraoperative state. In related work, Barth ef al. used 68 surface fiducials to rigidly register a preoperative
supine MR image to the intraoperative three dimensional (3D) breast surface [S0]. Their optically tracked
surface fiducials can only be used for surgical planning and must be removed for surgery. Using supine MR
to guiding surgery resulted in a reoperation rate of 12% with this rigid registration framework. This thesis
presents a novel expansion on this, incorporating nonrigid inverse modeling to accurately capture the defor-
mations between supine MR and intraoperative positioning. Additionally, with the use of stereo cameras and
26 drawn fiducials, the surface of the breast can be obtained intraoperatively throughout surgery.

With respect to inclusion of subsurface data, it is intuitive that subsurface data would improve model
prediction accuracy, and this path has been pursued for decades. For diagnostic and screening purposes,
subsurface features have been used to improve registration between breast images of different modalities
[51, 52]. Herein, subsurface information around the target lesion is used to improve prediction accuracy over
purely boundary-data based methods. This work evaluates the impact of subsurface features on nonrigid
registration.

Stereo cameras are well suited for intraoperative surface monitoring as data collection can be automated
and integrate into existing surgical workflows. Stereo cameras provide fast and rich surface measurements,

with high pixel density and color information. This thesis demonstrates that stereo cameras work well with



ink-based skin fiducials that are hand-drawn directly onto the breast surface. These inked skin fiducials can
be easily sterilized and remain on the patient for the duration of procedure (compared to optically tracked
fiducials that can be used for an initial alignment, but must be removed at the start of surgery).

This work is a novel contribution to image-guided breast surgery for: (1) use of stereo-camera and com-
puter vision strategies for near-real-time automatic skin surface acquisition, (2) rapid inverse model-based
registration of supine MR to intraoperative presentation, and (3) comprehensive evaluation of model-based
correction across over 150 clinically relevant regions of interest. Here we propose a customized, automated
approach for lesion localization in BCS. Use of stereo cameras in breast surgery is novel and practical for
obtaining the surface quickly. This methodology extends guidance past initial surgical planning, and into
the operating theater during surgery. This work aims to shift the paradigm of breast cancer treatment and
reduce the reoperation rates, demonstrating the success of automated accurate image guidance that is easily

integrated into operating rooms.



CHAPTER 2
Background

This chapter provides an overview of breast anatomy, a review of breast cancer imaging, and the surgical
options for breast cancer patients. The summary of breast cancer discusses difficulties contributing to high
reoperation rates and current strategies for reducing the rates of positive margins. Next, this chapter provides
a review of intraoperative lesion localization approaches with a quantitative comparison of existing meth-
ods. Finally, this section introduces previous biomechanical breast modeling approaches and intraoperative

measurement techniques in the context of image-guided approaches.

2.1 Breast Anatomy

The female breast is comprised of adipose and glandular tissues (Figure 2.1). Adipose tissue is fatty tissue,
while glandular tissue is comprised of the lobes that create milk and the ducts that carry milk to the nipple.
The nipple lies on the skin surface and is surrounded by the areola. The lymphatic system helps to maintain
fluid balance and filter waste materials, with a large role in immune defense. Most lymphatic fluid from the
breast drains towards axillalary lymph nodes [53]. These lymph nodes are primary sites for initial breast

cancer metastasis, and are often biopsied after a cancer diagnosis.
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Figure 2.1: Breast anatomy reprinted from [54] with permission.

Also within the breast tissue are Cooper’s ligaments that provide shape and support. Cooper’s ligaments

are fibrous connective tissue distributed throughout the breast, generally anchored at the underlying chest



muscles or clavicle, traversing throughout the breast tissue, and attaching to the skin. The sternum lies on the
mid-sagittal line between the two breasts, forming the center front of the rib cage. Between the rib cage and
breast tissue (anterior to the ribs, posterior to the breast tissue) lie the pectoralis major and minor muscles. In
this text, the “chest wall” refers to the boundary between the breast tissue and the underlying structures: the
pectoralis muscles, rib cage and intercostal muscles. The pectoralis muscles stabilize the shoulder and are
responsible for adduction of the arm, or bringing the arm closer to the body along the same plane as the torso.
Abduction, the opposite of adduction, describes the movement of the arm away from the body. Abduction
and adduction are illustrated in Figure 2.2. Each breast is divided into four quadrants. These quadrants and

relevant anatomical directions are shown in Figure 2.3.

Figure 2.2: Abduction and adduction of the arm.

2.2 Breast Cancer

2.2.1 Diagnostic Breast Imaging

The three main modalities for breast imaging are: mammography, ultrasound and magnetic resonance (MR).
For mammography, a patient is standing with the breast compressed between two plates. Breast tomosynthe-
sis, a newer imaging technique that expands upon conventional mammography, combines many 2D images
to provide a 3D rendering of the anatomy, though these images are still taken with the patient standing and
the breast compressed. During diagnostic MR imaging, the patient is typically lying prone with both arms at
her sides and the breast pendant in a cylindrical coil. Finally, for ultrasound imaging, a patient is lying supine
with her arm above her head, and the tissue is compressed with pressure applied to the transducer. None of
these configurations is representative of the surgical presentation: lying supine with the arms outstretched in

a T shape. These positional differences between imaging and surgery are visualized in Figure 2.4.

2.2.2 Image-to-Surgery Breast Deformations
One factor that can confound localization in BCS is the large deformations between preoperative imaging

and surgical presentation. It can be very difficult to understand the relationship between the tumor location
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Figure 2.3: Anatomical directions shown at left with superior/inferior axis in red, medial/lateral axis in
blue, and anterior/superior axis in black. Nipple is marked +. Locations of the right images are marked
on the corresponding human figure in yellow. (a) Quadrants of the breast. (b) Supine breast MR image with

anatomical directions marked (center) and body, or image, planes with the breast volume segmented in yellow
(right).
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in a diagnostic image and the tumor location during surgery. Large displacements occur between imaging
and surgery for breast cancer. Breast deformation has been characterized in a number of ways, with a focus
on displacement between prone imaging and the surgical presentation — supine with the arm abducted to 90°.
Tumor displacements from prone to supine MR have been reported between 18-68 mm [18, 41-43]. An
example is shown in Figure 2.5. The nature of these displacements has been characterized with respect to
breast features, and tumor positions were shown to vary with respect to all available landmarks: the nipple,
chest wall, as well as superior, inferior, medial and lateral planes [18, 19, 43]. Tumors were also shown to
vary with regards to sphericity and volume [18, 19]. Breast deformation has also been characterized from
standing upright to lying supine [59], showing that the breast surface moves significantly with respect to
musculoskeletal structures and other fixed points. Stretch was measured to be larger near the axilla, and for
larger breast volumes. Though these breast deformations are all shown to be large, and supine positioning

is more representative of surgical positioning, no previous studies have quantified deformations from supine

imaging to surgical position.

b) Supine c) Surgery

Figure 2.5: Deformation of a single patient’s breast from (a) prone MR image of breast (b) supine MR image
of breast and (c) surgical presentation. Tumor location is delineated with a circle in the MR images. Image
reproduced from [60] with permission.

2.2.3 Supine Magnetic Resonance Imaging

Diagnostic MR imaging is performed in the prone position, with the patient’s breast pendant within a breast
coil as shown in Figure 2.4b. As discussed above, this position is starkly different from the supine surgical
position, and the breast undergoes large displacements between these two positions. Breast MR imaging can
also be performed in the supine position, where the patient orientation is much more representative of the
surgical positioning. This section discusses supine breast MR imaging with regards to: feasibility, image
quality, and lesion localization. The utility during surgery is discussed later on in this chapter in Section

2.3.3.7.



Figure 2.6: Axial slices of supine MRI of patient volunteer with a precontrast, b post-contrast injection,c
contrast-enhanced tumor, and d 3D segmentation of tumor (magenta). Image reprinted from [60] with per-
mission.

MR imaging is particularly useful in visualizing breast cancer. Overall, MR imaging is the most sensitive
imaging modality for breast cancer, meaning that the majority of cancers can be seen on MR images, espe-
cially when performed with dynamic contrast enhancement [45, 61] as shown in Figure 2.6. For dynamic
contrast enhanced MR imaging, images are acquired before and after a gadolinium contrast agent is inserted
intravenously. As breast cancers grow, new blood vessels are created to provide sufficient nutrients. A le-
sion’s vascular environment, indicative of malignancy, can be characterized by evaluating the kinetic behavior
of contrast accumulation.

Alderliesten et al. [62] noted that supine MR was minimally impacted by cardiac and respiratory motions,
stating “although several techniques currently exist to reduce the impact of periodic patient motion such as
from breathing, the image quality of the supine breast scans in all subjects were found to be sufficient to allow
image navigation without need for additional measures.” Beyond the image quality sufficient for guidance
observed by [62], [47] and [63] found that supine MRI provided image quality comparable to diagnostic
breast MRI. However, breath-hold supine breast MRI was also found to be feasible using commercially
available coils and sequences [46].

Supine MR images have been widely demonstrated to be more representative of tumors in the surgical
position. Displacements between conventional diagnostic prone MR imaging and surgical position are large
and well documented [42, 43]. Beyond simple positional changes, between prone and supine positioning,
breast tumors have been shown to also change in volume, shape, and relationship to available landmarks
(chest wall, nipple, skin) [18, 19, 47]. Relatedly, [46] found supine MRI useful in the precise preoperative
localization of breast lesions, due to its ability to accurately predict size and area of lesions. Information
gained from a supine MR can also be used to generate 3D tumor models to more accurately represent true

tumor shapes [64].
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2.2.4 Surgical Options
Surgical excision is the standard of care for the majority of breast cancer cases. When diagnosed with breast
cancer, most patients are offered the choice between mastectomy and breast conserving therapy. Mastectomy
is the surgical removal of the breast tissue, the nipple, areola and the surrounding skin. Breast conserving
therapy is the removal of the lesion with a margin of healthy tissue surrounding the lesion followed by
radiation. The surgical component of breast conserving therapy is called lumpectomy, or breast conserving
surgery (BCS). Mastectomy is the only option for patients with locally widespread disease, multicentricity,
diffuse (malignant) microcalcifications, I or II trimester of pregnancy, mutated BRCA genes, or previously
irradiated chest wall [65]. Tumors larger than 20 mm are also generally recommended for mastectomy [66].
About 60-80% of breast cancer patients are eligible for breast conserving therapy [2, 3]. Given negative
margins, or complete lesion excision, breast conserving therapy offers shorter surgical times, shorter post-
operative hospital stays, and improved cosmetic outcomes, as the breast usually retains its original shape
and symmetry with the contralateral breast. In eligible patients, breast conserving therapy has equivalent
survival outcomes to mastectomy [4—7]. Breast conserving therapy has even been shown to have significantly
decreased rates of recurrent cancer in the ipsilateral breast when compared with mastectomy and lumpectomy
without radiation [4]. More recent studies suggest that, in addition to improved cosmesis, breast conserving
therapy may actually have better survival outcomes, with lower rates of complications and disease specific
mortality [8—11, 30, 31]. However, these equivalent or superior outcomes associated with BCT are dependent
on complete excision, or negative margins. Resecting the entire lesion in a single pass surgery is critical, as
reoperations are associated with a two to eight fold increase in local recurrence [32]. Unfortunately, positive

margin rates in BCS remain high, with most averages in the last few years reported around 10-20% [14—16].

2.3 Reducing Positive Margin Rates

In an attempt to reduce re-excision rates, surgical guidelines were updated in 2014. While this has made
a great impact on BCS re-excision rates, the underlying difficulties of breast tumor excision have remained
relatively unchanged. Current approaches to reduce reoperation rates focus mainly on two areas: margin
assessment and lesion localization. Margin assessment, or analysis of the excised volumes during surgery,
is difficult due to the loss of precise spatial orientation after excision. After excision, specimens do not
maintain their original in vivo structure or shape, and matching positive specimen margin locations to the
corresponding cavity locations can be difficult. An ideal excision achieves negative margins on the first pass.
This necessitates accurate lesion localization before and during surgery. Lesion localization techniques aim
to guide the surgeon to and around a breast lesion. Due to the soft tissue properties of the breast and the

imaging modalities used to take diagnostic images, major displacements occur between preoperative images
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and intraoperative tumor locations. The breast is virtually featureless and the features that are present, such
as the nipple and chest wall are not constant distances from the tumor, further confounding the intraoperative

tumor position. This section covers the recent developments aimed at reducing re-excision rates in BCS.

2.3.1 Surgical Margins in Breast Conserving Surgery (BCS)
Prior to 2014, there was no consensus on acceptable surgical margins for BCS. Each center could decide
the margins necessary to deem a tumor completely resected (with negative margins). In 2010, Houssami
et. al. reported that increasing margin distance was weakly associated with decreased local recurrence,
but the significance of this effect was eliminated with the addition of radiation [67]. In 2014 “no ink on
tumor”, or 0 mm margins, began to be endorsed by the Society of Surgical Oncology, the American Society
for Radiation Oncology (ASTRO), National Comprehensive Cancer Network (NCCN) and the American
Society of Breast Surgeons [68]. In 2016, 2 mm margins were shown to be necessary for ductal carcinoma
in situ and the consensus guideline shifted, while remaining unchanged (no ink on tumor, Omm) for invasive
breast carcinoma [69]. This guideline was then also echoed by the European Society for Medical Oncology
(ESMO) [66].

As expected, recent reports show an overall decrease in re-excision rates [15, 69-71], and some specify
a direct reduction in re-excision due to close margins [71]. Similarly, though less intuitively, the reduction in
re-excision rates varies widely across institutions ranging from 4-30% [72, 73]. One retrospective application
of this guideline showed the decrease in re-excision rates was not significant [33] and another reported that
while this guideline would halve their reoperation rates, it would leave patients with residual tumor [74],
though neither of these studies could retrospectively account for radiation’s affect on residual disease. It is
important to note that breast conserving therapy couples surgery with radiation, and the addition of radiation
may have been sufficient to clear this residual disease. This could not be investigated retrospectively in
[74], and prospective reports show no compromise of oncological outcomes under the new guideline [70].
This guideline change has decreased re-excision rates, saving many patients from unnecessary reoperations.
Unfortunately, re-excision rates still remain high and widely variable with inter-quartile range spanning about

10-20% and some reoperation rates well above 40% [15] as summarized in Figure 2.7.

2.3.2 Margin Assessment

Margin assessment techniques evaluate the removed tissue to determine if the margins are positive (requiring
re-excision) or negative. When a specimen is excised, it is immediately marked with ink to delineate the
tissue orientation with regards to the anatomical directions. Different colors are used for each of the six sides

of the volume. If positive margins are found, the color of the ink indicates the location of residual cancer
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#Physicians 1,398 1,413 1,434 1,464 1,540 701

Median re- 18.8% 17.9% 15.4% 15.0% 15.0% 13.3%
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Figure 2.7: Variation in physician-level breast re-excision rate from 2012 to 2017. Each gray diamond
represents an individual physician. Box-plot overlaid with the red bar marking the median physician re-
excision rate and the red diamond marking the mean physician re-excision rate. Red dashed line represents
the consensus threshold of an outlier physician set by the authors in [15]. Reprinted with permission from
[15], ©Elsevier.
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O Cancer Cell

Healthy Cell

Margin

Figure 2.8: Tumor margin status in an excised tissue volume. The margin is measured by the closest distance
between cancer and the edge of the excised tissue. (a) negative margin; tumor cells are entirely surrounded
by healthy cells. (b) positive margin; tumor cells extend to the boundary of the excised tissue.

with respect to the existing excision cavity. Negative and positive margins are shown in Figure 2.8. Frozen
section analysis involves freezing the specimen, then slicing it for observation under a microscope. Though
this technique has high sensitivity and specificity (75% and 97% on average), it requires about 30 minutes to
perform, limiting its intraoperative use [75]. For imprint cytology, the faces of the specimen are pressed to a
glass slide, where residual cancer cells are much more likely to adhere to the glass [76, 77]. This alternative
is much faster and offers a sensitivity of 63-91% and a specificity of 99-100%. Another common approach
is specimen imaging, though sensitivity and specificity are low (49% and 77%), images can be used to help
infer margin status from the orientation of features in the excised volume. Features such as biopsy clips,
localization devices, or microcalicifications can be used to estimate the tumor position within the excised
volume [78]. A final technique should be noted, though it does not assess margins. Cavity shaving, or
the practice of taking another layer of additional tissue after the primary tissue excision has been shown to
significantly reduce reoperation rates, though it naturally causes larger excision volumes [79]. Newer margin
assessment techniques include the MarginProbe [80, 81], optical coherence tomography (OCT) with deep
learning [82], spectroscopic photoacoustic (sPA) and fluorescence imaging [83], and a cathepsin-activated
fluorescent imaging system [84].

Intraoperative margin assessment can reduce surgical costs, as a re-excision can be performed during the
initial surgery avoiding the need for a reoperation. However, these techniques suffer from a loss of spatial
orientation upon excision, as resected tissue often compresses without the support of surrounding tissue and
ligaments. While margin assessment is an important tool in evaluating margins and determining a need to re-
excise, an ideal surgery would result in negative margins on the first pass with minimized resection volumes.

This requires accurate lesion localization before and during the initial excision.
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2.3.3 Lesion Localization Methods

Current localization methods for breast excisions generally fall into two main categories: preoperative tar-
get marking and intraoperative image guidance. Most methods for localization identify and mark the target
preoperatively, and this marker serves as a guide throughout breast motion. With known lesion size and ori-
entation with respect to the marker, the surgeon can move towards and around the marker to excise the lesion.
There are a variety of methods for marking the lesion location including wire guided localization (WGL), ra-
dioactive seed localization (RSL), radio occult lesion localization (ROLL), Scout® Radar localization (SRL),
magnetic seed localization (MSL), and SmartClips. Image guidance strategies provide information on loca-
tion and extent of lesions without depositing a marker. IOUS is a common guidance approach, and the use of
supine MR in BCS continues to expand. This section will serve to summarize these localization methods and
their surgical outcomes. Understanding state of the art localization strategies is important in the design and
implementation of a new localization method to overcome current obstacles.

The analysis in this section discusses re-resection rates and positive margin rates as defined by the 2014
standards: “no ink on tumor”. Inclusion criteria were at least 20 patients who underwent lumpectomy or
surgical biopsy for malignancies, reports of positive margins with respect to malignancies, and reports from
single target localization (not bracketing). The definition of positive margins is inconsistent and is therefore
listed.

Here the positive margin rate is reported in Table 2.1 as the percentage of patients with positive margins
out of the number of malignant (DCIS and cancer) diagnoses. There are conflicting definitions for re-resection
in the literature, here two uses are defined. Some groups report re-resection as a second excision during the
initial surgery (due to intraoperative margin evaluation), this is hereafter referred to as re-excision. Other
groups report re-resection as a return to the operating room for a secondary surgery, hereafter referred to
as reoperation. Many studies that report re-excisions describe them as a return to the operating room—in
these cases, the report is designated as a reoperation. When the definition is ambiguous, the term is taken
as written by the authors, though correspondence with the definitions prescribed here may be confounded.
While reoperation rates may include factors outside of localization (e.g. intraoperative margin assessment, or
tumor response to other treatment options), re-excision rates indicate a failed first attempt at localization. For
this reason, re-excision rates are reported wherever possible. Ideally, a localization method would achieve
negative margins with only one surgery and only one excision. Though some institutions re-operate based
solely on positive margin rates, discrepancies between positive margin rates, re-excision rates and reoperation
rates are due to a variety of considerations. Clinicians decide whether or not to reoperate based on factors

beyond simple positive/negative margins. These decisions depend on the tumor characteristics and position,
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the surgeon’s preference and experience, and the patient specifics and preference.

Lesion localization serves as an intraoperative guide for surgeons. Wire guided localization (WGL) was
the standard of care for many years, but recently it is being replaced in favor of seed-based methods such
as radioactive seed localization (RSL), magnetic seed localization (MSL), and Scout® Radar localization
(SRL). Methods such as these implant a marker under image guidance. These seeds can be localized during
surgery, giving a read out of the distance between a probe and the implanted marker. The distance from the
probe to the seed allows surgeons to approximate their instrument position in relation to the lesion centroid.
Metrics for the included papers are reported in Table 2.1. Median specimen sizes are not averaged across
papers due to inconsistent units (g and cm?), and the relationship to unreported statistics on lesion sizes. This
metric is most useful in the case of comparison studies, many of which are included in Table 2.1.

Table 2.1: Aggregated metrics for breast lesion localization methods, and the number of patients with ma-

lignant lesions. Re-excision rates reported as the number of patients with positive margins after the first
excision. Statistics for each method are summarized in its first row, with mean values (+ standard deviation).

Method Study Margins Number of  Positive Re-excision Median
(mm) Patients Margins (%) Rates (%) Specimen Size

Wire-Guided Localization 1.1 344 1594+95 21.8+19.8
Burkholder, 2007 [85] 3 125 25.6 28.0 -
Chu, 2010 [86] 1 38 31.2 31.22 56.4 cm?
Barentsz, 2012 [25] 0 138 6.5 10.9 56.6 cm®
Postma, 2012 [87] 0 152 11.8 9.9° 64 cm?
Luiten, 2015 [88] 0 78 25.6 16.7 47.0 cm?
In’t Hout,2018 [89] 4 149 15.4 15.4 325¢g
Rubio, 2016 [20] 0 45 6.6 13.3 43.7 em?
Langhans, 2017 [35] 2 4118 17.6 17.6 -
Langhans, 2017 [90] 2 195 12.3 53.8 260¢g
Theunissen, 2017 [91] 0 76 32.9 17.17 81.8 cm?
Tran, 2017[92] 0 141 2.8 6.4 -
Patel, 2018 [93] 0 42 7.1 9.5 16.3 cm?
Stelle, 2018 [94] 0 60 16.7 71.7 359¢
Zacharioudakis, 2019 [95]! 1 100 14.0 14.0 95.6 cm®
Barth, 2019 [50] 1 69 23.2 21.7% 70.0 cm?®
Hu, 2020 [96] 4 258 194 24.0 -
Joukainen, 2021 [97] 03 65 1.5 1.5 60.0 g

124.0 g*

Raidoactive Seed Localization 0.6 228 81+47 2504214
McGhan, 2011 [98] 0 767 33 154 -
Sung, 2013 [99] 0 232 6.9 - -
vanderNoordaa, 2015 [100] 0 128 94 2.32 30 g (DCIS)

43 g (invasive)

In’t Hout,2018 [89] 4 87 6.9 6.9 38.0¢g

Istudy included bracketing in some patients; multiple seeds/wires used to identify a lesion

2re-operation rate; return to the operating room for a secondary surgery; excluded from method average when re-excision rates are
available

32016 American Society of Clinical Oncology consensus guidelines were followed; 0 mm margins (no-tumor-on-ink) for invasive
cancer and 2 mm margins for ductal carcinoma in situ

“4with oncoplastic methods in addition to tumor resection
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Margins Number of  Positive Re-excision Median

Method Study (mm) Patients Margins (%) Rates (%) Specimen Size

Nolano, 2017 [101] 0 35 114 - 100.39 cm?®
Langhans, 2017 [90] 2 186 12.6 532 290¢g
Theunissen, 2017 [91] 0 69 7.2 7.22 97.5 cm?
Tran, 2017 [92] 0 161 1.9 7.1 -
Velazco, 2017 [102] 0 522 33 - -
Stelle,2018 [94] 0 94 17.0 42.6 363¢g
Scout® Radar Localization 0.00 51 10.7 £ 2.8 10.5 £4.7
Cox, 2016 [103] 0 41 7.3 7.3 -
Cox, 2016 [104] 0 99 14.8 17.2 -
Nolano, 2017 [101] 0 35 114 - 81.28 cm®
Jadeja, 2018[105] 0 39 10.5 10.5 -
Patel, 2018 [93] 0 42 9.5 7.1 152 cm?
Magnetic Seed Localization 0.75 84 146+ 1.7 12.6+3.9%
Price, 2018 [106] 0 58 15.5 7.3 -
Reid, 2019 [107] 1 58 12.1 12.1 -
Thekkinkattil, 2019 [108]! 1 121 14.8 14.8 -
Zacharioudakis, 2019[95]" 1 100 16.0 16.0 -
Radioguided Occult Lesion 0.25 157 144+33 11.6+37?
Localization
Chu, 2010 [86] 1 55 16.4 16.4% 81.6 cm®
Postma, 2012 [87] 0 162 13.6 11.7% 71 em?
van der Noordaa, 2015 [100] 0 275 10.2 7.32 22.5 g (DCIS)
37.0 g (invasive)
Theunissen, 2017 [91] 0 137 17.5 10.9? 86.3cm’
IntraOperative Ultrasound 0.625 136 6.6 £5.3 12.6 + 8.2
Barentsz, 2012 [25] 0 120 6.7 125 62.8 cm®
Eggeman, 2014 [23] 0 147 14.3 8.82 89.4 cm?
Karanlik, 2015 [22] 0 84 6.0 28.6 89.9 cm?
Rubio, 2016 [20] 0 112 4.4 11.6 54.18 cm?
Volders,2017 [21] 0 65 0.0 1.5 38 cm?
Cakmak, 2017 [24] 0 208 2.4 8.2 -
Gerrard, 2019 [109] 1 95 14.7 14.7 -
Hu, 2020 [96] 4 262 4.6 11.1 -
PreOperative Supine MR for 0.50 51 5.9+83 5.9+83
IntraOperative Guidance
Barth, 2019 [50] 1 68 11.8 11.8 70.0 cm?
Joukainen, 2021 [97] 03 33 0.0 0.0 205 ¢

2.3.3.1 Wire Guided Localization (WGL)

WGL was the standard of care for many years, but recently has been phasing out of use in favor of seed-
based methods. For wire guided localization, a few hours before surgery, a wire is placed into the center of
the targeted area using a needle under mammographic or ultrasound guidance. If the lesion is echogenic,
the needle can be inserted parallel to the chest wall and visualized directly with ultrasound. If the lesion
is not echogenic, mammography can be used. Distance to landmarks such as the chest wall and nipple
are used to calculate placement. The needle is positioned based on these calculations and then imaged for

confirmation. This process is repeated until the needle tip is determined to be in the center of the desired
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target. Once properly placed, a hooked wire is deployed. The breast with the inserted hook is then imaged
to re-confirm placement. During surgery, the surgeon follows the path of the wire to excise the lesion.
Note that the noticeably higher re-excision rates in Stelle ef al., are reported explicitly as additional margins
performed intraoperatively, and that for [97], results are pooled for breast conservation surgery with and
without oncoplastic methods, as wire guidance was used for localization in both groups. In the 17 studies
included, WGL had a positive margin rate of 1.5-32.9% with a mean of 15.9 &£ 9.5%. Overall, the re-excision
rate ranged from 1.5-71.7% with a mean of 21.8 4= 19.7% (see Table 2.1).

Another form of wire guided localization has recently been presented that includes electromagnetic track-
ing of the implanted needle [110] and incorporation of a 4-panel image guidance platform. An EM tracker
was attached to the implanted needle, and intraoperative ultrasound (IOUS) was used to segment the lesion.
The position of the lesion was then displayed in a 3D scene with respect to the needle, tracked surgical
tools, and IOUS planes. The addition of this technology that expands upon wire-guidance was shown to
reduce re-excision rates from 50% to 14.3%. Because it expands upon WGL, this study is not included in the
summaries, although the 14.3% re-excision rate is on par with the observed results reported in Table 2.1.

Despite being the standard procedure, WGL has many drawbacks. As the patient waits for surgery, the end
of the wire protrudes from the patient’s breast. Localization is performed the same day as the excision, ideally
close together, to minimize patient discomfort and risk of wire displacement, but scheduling localization and
surgery close together leads to logistical problems. Wire guidance cannot be used in the first operating room
slot of the day, and delays in radiology lead to costly delays in the operating room. Because the wire is placed
under cross-sectional image guidance, the path taken by the radiologist is frequently not the ideal surgical
path for aesthetics or invasiveness. Furthermore, the embedded tip of the wire in the center of the lesion is
not visible to the surgeon. The surgeon must estimate the relative position of the wire tip in the lesion and
approximate margins surrounding the unseen wire tip. While much less common, other serious issues may
arise during WGL. The wire can be transected during surgery, and wire fragments may remain in the breast
[111]. This was reported in 0.02% of cases over an eight year period [112]. One patient out of ten reported
cases in [112] experienced discomfort in certain positions, however most patients were asymptomatic. With
no external component, the wire fragments showed no change in position for years [112]. Wire migration, or

deviation from the intended image-confirmed location, is also possible, though unlikely [113-115].

2.3.3.2 Radioactive Seed Localization (RSL)
For RSL, a radioactive seed is inserted into the target lesion under ultrasound or mammographic guidance.
Similar to WGL, a needle is inserted into the lesion for resection and the location marker is deployed upon

reaching the correct location, except here the needle is then removed and the location marker is a radioactive
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seed instead of a hooked wire. The radioactive seeds have a titanium shell and contain 3.7 to 10.7 MBq of
1251, which has a half life of 60 days and emits 27 keV of gamma radiation [116]. During surgery, a handheld
gamma counter is swabbed over the breast and outputs audible and numerical feedback corresponding to the
distance to the isotope. The surgeon can then place the excision at the point of greatest feedback strategically
over the lesion. The seed is excised with the lesion, and the gamma probe is used to confirm that the seed is
within the resected specimen. In the 10 studies included, RSL had a positive margin rate of 1.9-17.0% with
amean of 8.1 & 4.7%. The re-excision rate ranged from 2.3-53.2% with a mean of 25.0 £ 21.4% (see Table
2.1).

One of the main drawbacks of this technique is the strict care that must be taken when dealing with ra-
dioactive materials. In the United States, Radioactive materials are regulated by the United States Nuclear
Regulatory Commission (NRC) [117]. These guidelines were updated in late 2016 to eliminate burdensome
requirements not pertinent to the procedure, however strict protocol remains necessary for adequate safety.
Institutions must obtain a license to perform RSL, personnel must become authorized users through docu-
mented training and experience, a radiation safety committee or officer must ensure safe handling protocols,
emergency plans must be developed, and proper disposal must be carried out. Materials must be kept in locked
cabinets, and chain of possession must be recorded to maintain constant accountability for the seeds. There
have also been several reported cases of seed rupture in pathology during removal from the specimen [117].
A rupture of the seed in the operating room, or in pathology, could lead to airborne 1251 and is considered
an emergency. Other types of adverse events that need to be addressed in the written emergency procedures
are loss of a seed, inability to locate an implanted seed during surgery, or patient with an implanted seed not
returning for surgery. After excision, the seed must be returned to the manufacturer, transferred to a licensed
radioactive waste broker, or placed in a lead container and returned to nuclear medicine for long term decay
[117].

In contrast to the drawbacks associated with radioactive materials, RSL has many advantages. The im-
planted seed does not cause the patient discomfort or pain after the initial placement procedure, and intraop-
eratively surgeons are free to plan their surgical approach for optimal cosmesis and minimal resection. The
RSL procedure is straightforward for surgeons and associated with no evidence of a learning curve [98, 102].
The isotope commonly used for sentinel lymph node mapping has a much shorter half-life and a stronger
gamma emission, and can easily be differentiated from the 1251 seed intraoperatively. Current gamma probe
systems in most operating rooms can easily switch between detection of 1251, the isotope used for radioseeds,
and 99Tc, the isotope used for sentinel lymph node mapping, with the press of a button [116]. This allows a

single probe console to be used for localizing the lesion and sentinel lymph nodes.
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Figure 2.9: Illustration of the use of a Scout® radar reflector and handheld probe. The reflector is shown
implanted in the center of a spherical tumor. The distance between the probe and the reflector is shown in
mm on the display at bottom left (Merit Medical, Jordan UT, USA).Reprinted with permission from [121].

2.3.3.3 Scout® Radar Localization (SRL)

The Scout® Radar Localization surgical guidance system (Merit Medical, Jordan UT, USA), formerly the
SAVI Scout System, utilizes micro-impulse radar to localize an implanted reflector, as shown in Figure 2.9.
A 12 mm long reflector is inserted into the breast with a 16 gauge delivery needle under sonographic or
mammographic guidance [104]. The reflector is implanted near a target such as a biopsy clip, or the centroid
of the suspicious region. During surgery, a handheld probe provided by the manufacturer emits micro-impulse
radar. The implanted device reflects these radar waves and the system console outputs an audible signal and a
numerical readout corresponding to the distance between the probe and the reflector. In the 5 studies included,
SRL had a positive margin rate of 7.3—14.8% with a mean of 10.8 + 2.9%. The re-excision rate ranged from
7.1-17.2% with a mean of 10.5 4= 4.7% (see Table 2.1)).

More recent comprehensive studies continue to report low reoperation rates, though these studies do not
meet our strict inclusion criteria for the table. Across 320 patients, [118] reports a positive margin rate of
5.6% (with 1 mm margins), though patients with benign tumors were considered successful excisions. In a
systematic review and pooled analysis of 842 cases, [119] found a reoperation rate of 12.9%.

The SRL reflector can be placed up to 30 days before surgery, allowing the localization and surgery to
be performed on different days, improving efficiency, and multiple reflectors can be implanted for lesion
bracketing. Most SRL reflector placements were less than 4 cm from the skin, although one study limited
included patients to those with lesions <3 cm deep [103]. Multiple groups have reported difficulties detecting

reflectors past depths ranging from 4-5 cm [103, 105, 120].
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2.3.3.4 Magnetic Seed Localization (MSL)

MSL involves implantation of a small stainless-steel marker under mammographic or sonographic guidance.
The markers, one example commercially produced as Magseeds (Endomagnetics, Inc., Austin, TX), are
metallic, nonradioactive, and cylindrical with 1 mm diameter and 5 mm height. In the operating room,
surgeons can localize the marker with the manufacturer’s probe that temporarily magnetizes the marker.
Similar in use to RSL and SRL, the handlheld probe outputs a numerical readout as well as an audible tone
corresponding to the distance to the marker. Magnetic markers cost more than radioactive seeds and wire
guidance, and the cost has not yet been compared to Scout® (SRL). MaMaLoc produces a similar, smaller
device measuring 1.5mm x 3.5 mm [122]. As the MaMal.oc has not been validated to the same extent as
Magseeds, this section focuses on Magseed.

Several MSL studies have been reported in the last two years, though they are excluded from the aggre-
gated analysis based on cavity shaving, or excision of additional tissue after the initial lesion excision. In
2022, Kelly et al. reported cavity shaving at the discretion of the surgeon after MSL, achieving 19.1% reop-
eration rates[123] . Across 395 patients in Miller ef al., MSL resulted in a positive margin rate of 17.2% and
a reoperation rate of 15.2% though these results are not included in the table due unspecified margin widths
[124]. In this study from 2021, cavity shaving was performed in the majority of cases (68.9%). In Murphy et
al. from 2021, cavity shaving was performed at the surgeon’s discretion following intraoperative x-ray mar-
gin analysis. Across 85 patients, MSL resulted in 9.4% reoperation rates, though neither the positive margin
rate nor the frequency of cavity shavings are reported [125].

Because they are approved for implantation up to 30 days prior to surgery, seed placement can be sched-
uled separate from surgery leading to improved surgical center efficiency [126]. The metallic marker pre-
cludes the use of MR evaluation, and specialized nonferromagnetic surgical instruments must be used be-
cause metallic instruments, including standard electrocautery, interfere with the magnetic signal and require
the probe to be recalibrated. These devices are meant for detecting tumors 3—4 cm from the surface, and
thus there is some selection bias in these trials [106, 127]. Bracketing, or using multiple seeds to identify
multiple points in the tumor, is common in the literature for this localization technique, though placing two
seeds less than 2cm apart is not recommended [125]. For this reason, multiple studies were included that
used bracketing with seeds on a select number of patients [95, 108]. In addition to the studies excluded for
cavity shaving, two studies conducted on the Magseed were included in our discussion but excluded from our
numerical analysis due to ambiguity in margins depth used [126] and no reported margin status [127]. The
positive margin rate ranged from 12.1-16.0% with a mean of 14.6 = 1.7% and the re-excision rate ranged

from 12.6 &+ 3.9 % (see Table 2.1).

21



2.3.3.5 Radio-Occult Lesion Localization (ROLL)
In ROLL, a radiotracer solution is injected into the lesion under ultrasonographic or mammographic guidance.
Generally, the radioisotope used is the same as that used for sentinal lymph node biopsy, 9mTc-nanocolloid,
and it is injected the day of or up to 24 hours before surgery [128]. This radio-tracer injection allows for
subsequent surgical biopsy or wide local excision to be performed under the guidance of a hand held gamma-
ray detection counter [128, 129]. In the 4 studies included, ROLL had a positive margin rate of 10.2-17.5%
with a mean of 14.4 4 3.3%. The re-excision rate ranged from 7.3—16.4% with a mean of 11.6 = 3.7% (see
Table 2.1)).

The radiotracer is retained by the tumor, however it can diffuse into surrounding tissue and the liver.
In Carrera et al., 22.2% of patients experienced radiotracer dispersion, although only 8.6% of these cases
represented a risk for incorrect lesion localization [130]. All of these lesions were correctly localized with the
use of palpation when the tumors were palpable. Therefore, this is not truly directly indicative of the success
of ROLL. Elevated levels of hepatic radioactivity were observed in 11.1% of patients [130]. Radiation risk to
the surgeon is strongest in the fingers, but is less than 1% of the annual limit because 99mTc has a half-life
of about 6 hours, resulting low dose gamma radiation [131]. With regard to patient radiation, the majority of
radiated tissue is resected [131]. While radiotracer is not visible on mammograms, contrast can be injected
with the tracer to overcome this issue. When inserted under mammographic guidance, the radiotracer can
leak into other tissue when the breast is removed from compression. To avoid this, radiologists use less
radiotracer. Use of mammography for injection can also produce minor errors in the perceived depth, which

causes the inaccurate placement of the radiotracer in a compressed breast [131].

2.3.3.6 IntraOperative Ultrasound (IOUS)
Ultrasound can be used inside the sterile field throughout the procedure to visualize echogenic tumors intra-
operatively. While deep lesions are not visualized as clearly as superficial lesions, the ultrasound probe can
also be used throughout the procedure to investigate the resection cavity for remaining tumor cells after the
initial excision. For IOUS, localization is performed entirely after the patient is anesthetized, with no preop-
erative localization procedure. This causes less stress and anxiety for the patient leading up to the surgery and
no discomfort related to localization. In the 8 studies included, IOUS had a positive margin rate of 0-14.7%
with a mean of 6.6 &= 5.3%. The re-excision rate ranged from 1.5-28.6% with a mean of 12.6 = 8.2% (see
Table 2.1)).

One of the largest drawbacks to IOUS is that not all lesions are visible on ultrasound. Unfortunately,
only 50% of non-palpable tumors are visible on ultrasound [26]. While there is no risk of displacement or

inaccurate target placement, not all tumors are accurately represented on ultrasound. Tumors can be over
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or underestimated [23]. Eggemann et al. found that only 11.9% of margins were accurately represented on
ultrasound, while 41.2% were underestimated, and 46.9% were overestimated [23]. Excising the tumor with

a margin of healthy tissue surrounding the lesion helps compensate for the margin estimation inaccuracies.

2.3.3.7 PreOperative Supine Magnetic Resonance (MR) for IntraOperative Guidance

MR image guidance for BCS involves leveraging preoperative MR scanning to estimate the intraoperative
tumor position. These techniques generally rely on registration to align preoperative images with the intra-
operative presentation, providing surgeons with a visualization of the predicted tumor position and extent.
To the best of our knowledge, there is currently no commercially available system leveraging supine MR in
breast surgery. However, the utility of supine MR is being actively explored by several groups. Due to the
aforementioned benefits of supine MR imaging (see Section 2.2.3), a range of technologies to improve breast
surgery have been introduced in recent years that demonstrate the utility of supine MR data in the operating
room. Here, the two studies included in aggregated analysis had both a positive margin rate and re-excision
rate of 5.9 £ 8.3%, with a range of 0.0-11.8% for both metrics.

The specific use of supine MR data differed between the two studies included, though in both trials, the
full volumetric image data was not available to the surgeon, but was used to provide guidance information.
Referencing a supine MR image and 15 MR-visible surface markers, regions to be excised were marked
on the skin surface, demonstrating comparable outcomes to wire guided localization across 115 patients in
Joukainen et al.[46, 97]. In Barth et al., a guidance system was used to portray tumor positions in 3D space
on a monitor and project tumor positions onto the surface within the 3D rendered scene. This rendering was
used to mark predicted tumor boundaries onto the skin surface .

Though these methods both require additional imaging procedures to include preoperative supine MR, the
use of supine MR for intraoperative guidance is painless for the patient requiring no wires or targets, and pro-
vides additional 3D anatomical information to the surgeon during resection. The method in [50] also requires
an intraoperative system including an optical tracker and a 3D scanner. The method in [46, 97] required no
additional equipment, however without the use of tracked tools to navigate the images, careful image analysis
was required to delineate tumor position. In 2014, Pallone et al. presented a system for image guided breast
surgery that included optically tracked surface fiducials and a 3D scanner to capture the intraoperative breast
surface [41]. This work relied on preoperative supine MR and rigid registration. Dynamic contrast enhanced
MR imaging allowed for clear visualization of tumor boundaries in the preoperative image, and MR fiducials
were placed on the breast surface. In the operating room, the surface fiducial locations were tracked via
conventional optical tracking. Though they can be used for initial planning, they must be removed during

surgery. This guidance platform provides surgical planning based on 6-8 surface fiducials and rigid regis-
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tration. In an expansion of this work included in Table 2.1, the platform was evaluated in 68 patients [50].
Outside of the two uses described so far, data extracted from MR images has also been used in a variety of
other approaches. Other groups have projected supine MR data onto the skin surface itself demonstrating low
positive margin rates (12.5%) [132] and low re-resection rates (0% re-excision rate and 6.7% reoperation rate
in [133]), though the unquantified use of intraoperative margin evaluation excludes these from the tablular
analysis. With no commercialized system and only a handful of reported trials, more investigation is needed
to evaluate patient comfort, cost, and to further prove feasibility.

Though not commercially available, a few research systems have also been recently presented to 3D print
surgical guides for tumor localization. These methods print breast molds based on preoperative supine MR
images that are fit onto the breast surface using the nipple and at least one additional hole for a fiducial
alignment [134, 135]. Based on the tumor position in the image, these rigid, bra-like forms allow the surgeon
to mark the boundary of the tumor directly onto the skin surface. In addition to boundary marking ports,
molds in [135] incorporate additional ports for blue dye injection and a hook wire to further aid guidance. The
system accurately localized 18/19 cancers. One case was inaccurately localized due to breast deformations
induced by the MR coil, though surgery was still successful since the lesion was palpable. In [134], 0%
reoperation rates were achieved across 102 patients with an 11 mm median distance from tumor to margin.
However, intraoperative margin assessment allowed repeated resections on positive margins until a tumor-
free margin was obtained and no re-excision rates are reported. In this case, intraoperative margin assessment
(frozen section) is an important factor in the reported outcomes. A similar framework was used in Ko et al.,
but with prone MR images obtaining clear margins in 3 patients with malignant lesions [136].

Other groups are investigating BCS guidance approaches with supine MR data visualized in augmented
reality. Augmented reality systems use a headset to overlay computer-generated guidance information onto a
see-through lens. This integrates guidance information with the real perception of the surroundings through
clear glasses. Two groups have developed prototype systems to display supine MR information in the op-
erating room using augmented reality headsets [137, 138]. The augmented reality system in Gouvia et al.
achieved clear margins on a 17 mm breast cancer, though positive margin definitions were not specified [137].
The system in Perkins ef al. was evaluated on four patients by marking the perceived tumor boundaries on
the skin surface using the augmented reality, surgeon intuition (called cognitive fusion), and palpation[138].
The perceived tumor boundaries using augmented reality did not always overlap with the palpated tumor

boundaries, though the authors attribute this misalignment to abduction of the arm [138, 139].
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2.3.3.8 SmartClip Localization

SmartClips (Elucent Medical, Eden Prairie, MN, USA) are permanently implantable clips intended to replace
both conventional biopsy clips and localization seeds [140]. A SmartClip is placed to mark the location of
a biopsy, and this clip can be subsequently localized during surgery. Clips are 1.4 mm X 8mm and up to
three seeds can be placed and localized with unique electromagnetic signatures. This technology completely
eliminates the need for the secondary radiological placement of a surgical marker, minimizing painful and
invasive procedures. If the biopsy is negative, the clip remains in the breast just like a conventional biopsy
clip, serving as a marker in future mammograms. If the biopsy is positive, the EnVisio = Navigation System,
offers a screen attached to the surgical instrument which gives continuous guidance to the implanted clip. Be-
cause the screen is coupled to the electrocautery device, localization information can be provided throughout
surgery without switching to a probe or transducer. Unlike conventional seeds, this system provides distance,
depth, and direction to the clip with visualization that mimics a sonar or radar display. To the best of our

knowledge, there are currently no publicly available studies that evaluate this method.

2.3.3.9 Comparisons
With consistent margin guidelines, positive margins are the most representative of localization error. Even
with the definition of re-excision indicated, it is important to note here that many factors play into re-excision.
Proximity to skin or fascia can influence excision margins during surgery, as well as the decision to re-operate.
These types of decisions can be seen in Table 1 when the percentage of positive margins is not equivalent to
the percentages of re-excision rates. Patel reports that one patient in the SRL group with positive margins
was not re-excised due to proximity to the posterior margin (fascia), and one patient in the WGL group
with positive margins was not re-excised due to proximity to the anterior (skin) margin [93]. Re-excision
rates are also dependent on factors external to localization, such as patient preferences. Breast conserving
therapy consists of lumpectomy with radiation, but Burkholder reports that 12.3% of lumpectomy patients
with negative margins opted for mastectomy instead of radiation following their initial surgery [85]. Positive
margins in this review are considered at the end of the initial surgery, (i.e. 0 mm as no ink on tumor, and
Imm as no tumor within Imm of ink). Surgical margins are indicated because the definition of positive
margins has a large impact on clinical outcomes and should be noted during comparisons [74]. Reducing the
guidelines from 2 mm to 0 mm, in one case represented a significant decrease of 50% in positive margins and
re-excisions [74].

Placing targets accurately under mammographic guidance is associated with difficulties that are experi-
enced by all of these methods except IOUS and supine MR [105, 131, 141]. Furthermore, once placed, the
target cannot be moved for MSL, SRL, RSL, and ROLL. A target is considered accurately placed if it is
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Figure 2.10: Two guidance methods viewed on craniocaudal mammograph of a ductal carcinoma in situ. A)
radioactive seed for RSL, 13 mm superior and lateral to the biopsy marker; B) wire placement for WGL.
Image is reproduced from [92] with permission.

within 10 mm of the lesion centroid, even if that means the target is outside the lesion altogether [106, 108].
For the patient in Figure 2.10, the radioactive seed was placed 13 mm from the biopsy clip target. Therefore,
on the day of surgery a wire was inserted for guidance [92]. As you can see in Figure 2.10, the wire tip,
biopsy marker, and radioactive seed are all relatively spaced out across the DCIS. This illustrates one of the
drawbacks to these target-marking methods: inaccuracy in target marking leads to uncertainty in tumor loca-
tion. For SRL and RSL, however, a secondary target can be placed closer to the intended destination and still
be localized [88, 141]. This is not the case for ROLL or MSL. In MSL, seeds cannot be accurately localized
when placed less than 2 cm apart [106], but for MaMaL oc, the small size allows for closer placement. For
ROLL, once the dye and radiotracer are injected, injecting excess could lead to diffusion outside of the target
region [131].

The approaches that use a seed for localization allow for scheduling efficiencies that are not provided
by localization methods that must be performed day-of. In a study comparing WGL and RSL, Sharek et al.
showed a significant improvement in workflow efficiency with RSL compared to WGL [142]. After institut-
ing RSL, there was a 34% increase in scheduled biopsy slot utilization, 50% less time spent scheduling, and
a 4.1 day average decrease in biopsy wait time for patients. These benefits are related to the ability to insert a

localization marker independent of the time of surgery. For this reason, the workflow benefits can be assumed
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to also apply to SRL and MSL. However, this time saving cannot be assumed to reduce costs. RSL involves
increased oversight from an institution’s nuclear medicine. SRL involves the purchase of a console and then
continued purchase of the single-use probes. A separate cost analysis should be conducted to evaluate the
overall financial impact on an institution including increased device cost and improved scheduling efficiency
for MSL and SRL compared to WGL.

SRL was shown to be equivalent to RSL. when comparing margin re-excision and tissue volumes [101].
It was also shown to have significantly shorter hospital stays on the day of surgery compared to WGL, due to
localization being separated onto different days. [119] reports significantly lower re-excision rates for SRL
compared to WGL. Selection bias also affects the SRL results reported here. A few studies used lesion depth
as exclusion criteria for Scout® (SRL) placement. Cox et al. excluded patients with lesions deeper than
3 cm from the skin, and could not detect Scout® devices greater than 4.5 cm from the skin [103]. These
excluded deeper lesions may have been more difficult to localize, and a comparison of localization methods
with reported depth of lesions would be useful in analyzing the effect of this factor. Studies that did include
deep lesions experienced difficulties in localizing reflectors in those cases [103, 105, 120].

MSL has been found to be safe and effective [106, 126, 127]. Compared to WGL, MSL offered signifi-
cantly smaller resection volumes, shorter lumpectomy operating times and comparable reoperation rates for
invasive carcinomas (14.4% MSL vs. 17.7% WGL), though for ductal carcinoma in situ MSL reoperation
rates were significantly higher (35% MSL vs. 18.5% WGL)[123]. [143] reports that as their center switched
from a majority WGL procedures (2016-2017) to majority MSL (2018-2019), reoperation rates decreased
from 18.9% to 11.6%. Though in a comparison of SRL, MSL and WGL, [144] found marker choice was not
associated with rate of re-excision, or specimen volume. The outcomes included in this review demonstrate
somewhat inconclusive findings in comparison to other localization methods. MSL gives many of the benefits
of RSL without the necessary precautions and dangers associated with radioactive materials. It seems that
MSL offers all the benefits of SRL with the added disadvantage of requiring a nonferromagnetic operating
room.

RSL is generally agreed upon to be an improvement over WGL [145], and its drawbacks are mainly due
to the nature of using radioactive materials—especially small radioactive seeds that can be lost. RSL has been
shown to be at least equivalent to WGL in ease of procedure, removing target lesion, volume of excised breast
tissue, obtaining negative margins, avoiding a second operative intervention, and allowing for simultaneous
axillary staging [116].

The superiority of ROLL versus other methods, specifically WGL, is not agreed upon in the literature.
Some studies find that ROLL has similar outcomes to other methods [129, 146], some report it as superior to

other methods [86, 147], and some report it as inferior [87, 91, 100]. Studies that report ROLL as superior
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cite its improved patient comfort over WGL [147], and shorter localization time [86], although they cite
equivalent margin clearance and need for re-excision. ROLL is reported as inferior to RSL due to higher
rates of positive margins, increased specimen weight, more difficult logistics, and the ability to easily verify
the radioseed location before and after resection [91, 100]. Some studies do not recommend ROLL as a
replacement for WGL, due to no improvement in margin status, re-excision rates or cosmetic outcome with
larger tissue volumes removed for ROLL [87, 146]. Alikhassi et al. reports no significant difference in patient
discomfort, or disease-free margins between ROLL and WGL [148]. Generally, the literature supports that
ROLL is not the best alternative to WGL considering the other localization approaches available. In recent
years, the field has been moving away from ROLL and there have been fewer studies investigating the clinical
outcomes of ROLL.

For cases with echogenic tumors, IOUS has improved outcomes outlined here and supported by many
studies [38, 39]. Krekel et al. reports improved adequate margins with IOUS compared to ROLL and WGL
[38]. Rates of re-excision for positive or close margins and local recurrence rates were not found to differ
significantly between IOUS and WGL, and IOUS provided smaller excised volumes [20]. IOUS provided
improved margin status, recurrence rates, and cosmetic outcomes when compared to WGL [40].

Information from supine MR data aligned to the surgical scene was shown to improve positive margin
rates and resection volumes compared to wire guidance [132]. The guidance system in [50] was also found
to be an improvement over wire guided localization with an 9% positive margin rate for the image guidance
method vs. 19% for WGL. The data suggest that an image guidance system may provide lower positive
margin-rates than wire guidance, though more patients should be evaluated. Nakamura et al. compared
supine MR guidance [133] to ultrasound-guided dye application, showing an improvement in both re-excision
rates and the excision area. Supine MR image guidance demonstrated comparable outcomes to WGL across
115 patients in [46, 97]. Though WGL provided shorter operation times, inclusion of a supine MR did not
increase the preoperative time between diagnosis and surgery [97]. While limited, these initial comparisons
demonstrate that providing full tumor boundary information could reduce reoperation rates. Despite large
breast deformations between supine imaging and surgery, many of these image-alignment approaches provide
similar, or improved performance to painful WGL. These methods remain to be evaluated on larger numbers
of patients, and associated costs remain to be evaluated. Improved image-alignment procedures such as the
one presented in this thesis may also reduce positive margins and re-excisions beyond rates presented by
these rigid alignment methods.

The methods for localization produce generally comparable results, with the exception of image guidance:
supine MR, and IOUS for echogenic lesions. RSL and SRL both result in relatively low rates or positive mar-

gins and re-excision rates with SRL outperforming RSL in positive margins and vice versa for re-excision
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rates. The evaluation of a supine MR image guidance was successful with the lowest positive margin rates for
methods not limited to echogenic tumors. Rising evidence supports that supine MR yields the best surgical
outcomes, though additional studies should be conducted to verify these results as supine MR is not standard
of care at any institution to the best of our knowledge. For this reason, the data support that state of the art
lesion localization is IOUS when possible. When IOUS is not feasible (i.e. for nonechogenic lesions), com-
mercially available state of the art methods are RSL and SRL. More data is needed to determine differences

in cost of instrumentation for both, as well as impact of increased safety requirements for RSL.

2.3.3.10 Summary

Current seed-based technologies allow for ease of scheduling between radiology and oncology, as well as
guidance to a target within 10 mm of the lesion centroid. However, they do not provide lesion extent and
boundaries during surgery. Furthermore, most localization strategies offer improved patient comfort when
compared but require the use of a probe or transducer, interrupting workflow for updated guidance informa-
tion. Exceptions to this rule, supine MR and SmartClips, remain to be completely investigated across large
clinical trials, and in the context of cost and scheduling impact on institutions. Re-excision rates for the best
performing seed-based methods average around 10%. However, many institutions still use wire guidance
with recent re-excision rates up to 32% [91, 149]. Cost, ease of scheduling, integration into surgical work-
flow, and patient comfort are all important considerations in adoptability of a novel localization paradigm.
Most critical, however, is the need for a localization method that provides accurate tumor location and extent

for all patients throughout surgery.

2.3.4 Breast Cancer Lesion Sizes

Fully understanding localization accuracy and margin distances requires the context of breast lesion size.
Localization targets are relatively small, offering precise localization of these targets. However, localization
of the lesion is considerably less precise. Markers are considered correctly implanted if they are within 10
mm of the intended location, and marker sizes range from 3—12 mm. This means that the boundary of the
lesion is largely unidentified. Bracketing provides a secondary location for guidance, but still localization of
the majority of the lesion boundary is left to the surgeon’s spatial reasoning.

Tumor size varies slightly depending on the modality used for measurements [27]. Average, minimum
and maximum breast lesion diameters are shown in Table 2.2. The distribution of lesion sizes as reported in
[150], are shown in Figure 2.11. The small size of many tumors emphasizes the need for accurate localization,
and provides context for understanding the typical guideline of excising the lesion as well as 10 mm of healthy

tissue surrounding the lesion. These lesion sizes also describe the expected size for regions of interest in BCS.
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Figure 2.11: Distribution of lesion diameters across 201 patients reported in [150].

Table 2.2: Summary of breast lesion diameters.

Study Number of Number of Modality Average Minimum Maximum
Lesions Patients (mm) (mm) (mm)
Wienbeck [151] 94 40 Pathology 20.0 2.0. 100.0
Li[152] 66 48 MRI 34.7 4.0 -
Fallenberg [153] - 80 MRI 27.7 - -
Mun [154] 173 169 Mammography 23.8 <20 -
Liberman [155] 666 429 MRI 10.0 3.0 70.0
Brem [150] 201 201 Mammography - 0.5 70.0
Cortadellas [156] - 73 MRI 22.5 - -

2.4 Modeling Breast Deformations

Similar frameworks to those presented in Section 2.3.3.7, where preoperative images registered to intraopera-
tive data, breast modeling approaches provide image-to-physical alignments but extend the registration meth-
ods beyond a rigid transformation. These correction approaches model the deformations that occur between
imaging and surgery and correct the shape changes, rendering more accurate predictions of intraoperative
tumor position.

Biomechanical models can provide predicted tumor locations based on constitutive equations that govern
tissues’ response to force. Many groups have applied the finite element (FE) method to approximate solutions
to these complex mechanics problems in breast tissues [48, 49, 157-166]. However, much of this work fo-
cuses on applications outside of surgical guidance. Breast biomechanical modeling has focused on screening
and diagnostic applications [163, 167], with some groups working towards plastic surgery applications [48],
and localization for biopsy procedures [165].

While there are also biomechanical modeling approaches intended for surgical guidance, many of these
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works focus on registrations involving large shape changes. Due to the high sensitivity and quality of breast
MR imaging, many groups have developed approaches to leverage diagnostic MR images in surgery. These
works model the deformations from prone-to-supine configurations, aiming to approximate a supine MR
image by deforming a diagnostic MR image [157-161, 168]. Due to the large deformations between diag-
nostic imaging and surgical position as discussed in “Image-to-Surgical Deformations” (Section 2.2.2) it is
difficult to obtain the supine breast position from conventional volumetric diagnostic images (prone MRI or
mammography). Many of these methods involve patient-specific parameters optimized from supine MR data
[158, 160], with several approaches ultimately incorporating full supine MR imaging data to enhance their
prone-to-supine modeling [157, 161]. Beyond accuracy limitations due to large shape changes, quantified
analysis of algorithm performance is also difficult and rare. The existing body of literature generally quanti-
fies performance with residual surface misalignment [48, 49, 158, 168] which can underestimate point-based
misalignments (i.e. surface alignments can be easier to achieve than point-based alignments). This point is
visible in the results of [158], where registration error was lower when measured as a surface residual (4.1
mm) than when measured as a point-wise error at the nipple point (8.1 mm). This factor is especially im-
portant in the context of surgical margin management, where it is clinically important to predict the precise
locations of all points tumor margins—not only skin or chest surface alignments. Requiring supine imag-
ing to achieve optimal algorithm performance suggests that prone imaging alone is insufficient for accurate
localization in the supine position.

In 2006, Carter et al. used supine MR to create a patient specific model, and this model was nonrigidly
registered to the prone MR image [169]. The authors use supine to prone registration to determine the location
of the lesion in the supine image, as contrast was only used in the prone position. Intraoperatively, the supine
breast model is nonrigidly deformed using a camera-acquired breast surface as a boundary condition, and
treating the chest wall as a rigid body. Nine surface fiducials were placed on the skin and five landmarks
were manually identified within the MR volume. Target error was estimated to be below 4 mm based on the
system’s ability to predict surface and subsurface positions in MR images after repositioning the patient in the
scanner. However, the results of the intraoperative supine to supine registration were not directly quantified,
nor was the stereo camera accuracy. Later, Carter et al. evaluated this system in one patient. A section of the
tumor boundary was localized in a single tracked IOUS image, and the predicted tumor location was around
5 mm from this ground truth tumor location [170]. Though this shows promising utility of supine MR in the
operating room, the accuracy remains to be more thoroughly quantified on a wider range of subjects.

Emerging works that indicate supine imaging can provide comparable diagnostic value and resolution
[47, 62, 63] have driven a shift towards using supine MR images and using model correction to estimate

deformations from imaging-to-surgery. In 2014, Ebrahimi et al. introduced a method without biomechanical
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models using just thin plate splines to estimate breast displacements from 180 ° arm abudction [171]. Evalu-
ated on data from five patients, the method reduced lesion localization error from 3—18 mm to 1-10 mm using
surface data from 24-34 localized fiducials. Though these results indicate that nonrigid correction can help
compensate for supine deformations, improvement was inconsistent across cases and evaluation was limited
to tumor overlap metrics and centroid distances.

In 2015, Conley et al. presented a patient specific biomechanical breast model generated from a dynamic
contrast enhanced supine MR image [60]. A rigid registration of surface fiducials was followed by a rigid
registration of the chest wall. The direction of gravity was assumed to be perpendicular to the patient’s
bed, and the direction of gravity acting on the breast was estimated by applying the final rigid rotation to the
intraoperative gravity vector. This change in gravity was used to compute the body forces. Distances between
fiducials were measured in the preoperative image and the intraoperative position, and the maximum change
in interfiducial distance was distributed evenly across inferior and superior boundary surfaces, and prescribed
as type one displacement boundary conditions. After this non-rigid registration, residual error at surface
fiducials was 2.9 mm and 7.4 mm for two cases. The resulting displacement field was computed and applied
to preoperative images to obtain a model predicted tumor location. This tumor location was compared to
the intraoperative tumor location as measured with compression corrected ultrasound, with resulting tumor
centroid distances of 5.5 mm and 5.4 mm.

These modeling approaches show promise in reducing localization accuracy, though integrated systems
for nonrigid correction have yet to be fully realized. Data collection in [60] was feasible, with the correc-
tion approach relying only on mock-intraoperative measurements using 6—7 fiducials and tracked ultrasound
imaging of the chest wall. For [171], data collection in the operating room would be more extensive, requir-
ing 20-30 fiducials for alignment. The authors discuss challenges related to the optimal number of fiducials
as decreasing the number of markers reducing accuracy, and increasing the number of fiducials confounding
correspondence [171]. The need for dense intraoperative localization becomes apparent. Furthermore, eval-
uation of accuracy improvement has been relatively limited, with main outcomes reporting tumor centroid
alignment, and no previous study reporting statistical significance. Nonrigid correction of supine-to-supine
breast deformation has previously been evaluated in only seven regions of interest totaled across the two
relevant studies [60, 171]. While results are promising, there remains a need for more quantified accuracy,
and statistical testing comparing performance to rigid registration approaches, like those leveraged in Section

2.3.3.7.
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2.5 Intraoperative Measurements

2.5.1 Instrument Tracking

These image guidance approaches bring to light the need for intraoperative data collection. One common
form of intraoperative data collection is tracked tools. Tracked tools allow for manual designation of points
and surface swabbing to enable registration approaches that align preoperative data to the intraoperative
scene. Currently there are two main methods for tracking instruments during surgery: optical tracking and
electromagnetic tracking. Actively tracked tools are constantly emitting a signal, such as infrared light, while

passively tracked tools reflect signal emitted by another source source—generally the tracker itself.

Figure 2.12: Summary of optical tracking, dotted red lines indicate the rays of infrared light reflecting off
one passive marker sphere on the tracked stylus tool. (a) passive marker spheres reprinted from [172], (b)
Radix™ lenses reprinted from [173], (c) Polaris Vicra optical tracker reprinted from [174], (d) ultrasound
probe with optically tracked reference object rigidly fixed, and (e) optically tracked stylus.

Optical instrument tracking, shown in Figure 2.12 can use both actively and passively tracked tools. In-
frared light is emitted from two cameras on the tracker and tools are tracked via reflective markers. Reflective
marker spheres, like those shown in Figure 2.12a are coated in thousands of reflective microbeads [172].
The spheres are visible at £290° viewing angles, but are single use (i.e. cannot be re-sterilized). Reflective
hemispheres called Radix™ Lenses can be wiped clean and sterilized, but have a slightly larger diameter and
a smaller viewing angle (+60°) than the reflective spheres [173]. Either of these markers can be combined in
a unique geometry and rigidly fixed onto tools to enable simultaneous tracking of multiple tools.

While there are many commercial tracking systems from several companies [175] , this discussion will
focus on just a few. A Polaris Vicra (Northern Digital Inc., Waterloo, ON, Canada) can track up to 6 passive
and 1 active wireless tools simultaneously, a Polaris Vega can track up to 6 active wireless tools simultane-

ously [174, 176]. Marker localization is accurate to 0.25 mm for the Vicra, and 0.12 mm for the Vega, though
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localization accuracy for a rigid body tool degrades based upon the calibration accuracy for the tool tip po-
sition, or the defined relationship between the tracked markers and the tool tip. The HX40 MicronTracker
(ClaroNav Inc, Toronto, ON, Canada) is a device for optical tracking using visible light instead of infrared
light. The MicronTracker reports a calibration accuracy of 0.2 mm, and can track a maximum of 100 markers
concurrently [177]. In 2008, the ClaroNav and the Northern Digital optical tracking systems were compared
with Northern Digital Inc proving more robust, and the MicronTracker showed to be sensitive to luminosity,
shadows and motion [178]. Optical tracking, particularly with devices such as the Polaris Vicra and Vega, is
well suited for intraoperative guidance due to its robust accuracy and ability to track multiple wireless tools.
Optical tracking is, however, limited by line-of-sight constraints, meaning that there must be a clear path
between the tool and the tracker in order for the tool to be localized.

For electromagnetic tracking, a low-intensity electromagnetic field is generated and tools contain electro-
magnetic micro sensors. These sensors induce a current when they enter the electromagnetic field, and this
current is detected and converted to a position and orientation for tool localization. The Polaris Auora tracker,
also produced by Northern Digital Inc., can have a maximum of 6 simultaneously tracked tools [179]. Since
electromagnetic tracking does not depend on line-of-sight, sensors can be tracked in-vivo, though all tools
must be wired and connected to a power source. Sensors’ small form factors allow them to be embedded
into flexible tools or needles and even embedded at the tool tip itself. However, compared to optical tracking,
electromagnetic tracking accuracy is worse with sensor localization at 0.70 mm and can degrade further with

field distortions due to conductive or ferro-magnetic objects in the field.

2.5.2 Surface Point Cloud Acquisition
There are many methods for obtaining surface data in the operating room. These methods can be broken down
into two main categories: fixed-view surface reconstruction and handheld-mobile surface reconstruction. In
the first, the device is stationary, while for the latter, the measurement device is moved around the object.
Though precise surface scanning technologies exist, many of these devices are either stationary and too large
to be integrated into surgical workflows, or are handheld requiring time for manual surface scanning [180]. It
should also be noted that a handheld mobile surface reconstruction approach requires more time and manual
digitization than a stationary method, and therefore cannot be easily integrated into an automated surface
acquisition framework to provide surface updates throughout surgery.

In Simpson et al., three intraoperative surface measurement approaches were compared: tracked stylus,
laser range scanner, and conoprobe [181]. The specifics of an optically tracked stylus are discussed in the
previous section. A laser range scanner uses a laser to pass a line of light across an object, receiving the signal

with a camera and employing triangulation to locate the structure in 3D space. Also using a laser, a conoprobe
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obtains a point-based measurement, reporting the distance from the laser source to the reflected light point on
the object. The study found that non-contact digitization methods outperformed contact digitization, and that
the conoprobe measurements were the most accurate, though still required time consuming manual swabbing
[181]. Laser range scanning, the only one of these methods suited for hands-free digitization was incorporated
into a guidance framework for BCS [60], with reported accuracy of 2.2 & 1.0 mm [182]. Unfortunately, due
to the time required to scan the breast, breathing motion is captured in the data measurements causing errors
in the resulting surface. When evaluated on subjects with respiratory motion, all three of these measurement
approaches carry inherent measurements error from capturing different time-points in the breath cycle as
none of them are instantaneous. Other groups have obtained the intraoperative breast surface with a handheld
structured light scanning system [50, 137]. However, none of these breast guidance systems incorporate the
collected surface data into the registration approach. 3D breast surface scans acquired at the start of surgery
provide texture-rich breast renderings useful for guidance visualizations, but have yet to be incorporated into

a registration framework.

2.6 Computer Vision

Computer vision approaches use typical color images, and process these images to provide measurements
from the scene. Images are generally composed of red, green, and blue (RGB) color channels, that are
combined to create the perceived color representation. Similar to how human eyes can perceive depth by
using two eyes, stereo cameras can perceive depth by using multiple views of an object. In this thesis, the
term stereo-camera is used to refer to two cameras rigidly attached with largely overlapping fields of view.
These two cameras are referred to as the left and right cameras. Objects in a scene can be localized in 3D
space when viewed from two distinct camera positions if the stereo cameras have been properly calibrated to

define the relationship between pixel coordinates in the cameras and world coordinates in the real 3D scene.

2.6.1 Fiducials from Color Images
Many technologies have been developed for reliable object detection and tracking using computer vision.
Most of these fiducial markers rely on the sharp contrast between white and black and a set of known grid
configurations. These fiducials give position and pose. A well known example of this type of fiducial is
ArUco (Augmented Reality University of Cordoba) Tags [183-185]. ArUco Tags are freely available and
implemented in the OpenCV toolkit [186], making them a popular choice for research applications, though
many other similar tags exist as visualized in Figure 2.13).

Accuracy and detection rate depend on the resolution of the camera, size of the marker, and the viewing

angle [187]. Localization accuracy for 14.6cm binary square tags is 17—47 mm when viewed from a distance
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of 1 m [187]. For 5 cm markers localization accuracy ranges from 1-30 mm when viewed from 0.05—
0.5 m distances [188], with an average accuracy of 7 mm. This study reports two types of marker tags
with accuracy below 2 mm, 100% precision and over 99.9% recall even across 0—75°viewing angles [188].
However, fiducials are mounted to flat rigid objects, and the small distance between cameras and tags would
be intrusive in the clinical setting. While these marker methods support large potential dictionary sizes (from
30 to over 8 million unique tags, depending on the type) [188], this high number of tags is less of a benefit
intraoperatively, where less unique markers are needed and large markers sizes limits the number of points
able to be applied to a patient. The large size also limits marker placement, as they should fit on the workable
surface for surgery, but also should not be cut during surgery. Another limitation of these fiducial tags is that
the maximum tracking distance between the cameras and tags is 1.3 m, with many marker types limited to
about 1 m or less for 5 cm tags [188]. Beyond these distance limitations, Fiducial localization accuracy has
not been evaluated for marker-sizes, distances, and viewing angles realistic for surgical applications.

These tags were designed for pose and location information in the context of augmented reality and
robotics, and tags were therefore developed to be printed and fixed on rigid, planar surfaces. Since they were
not originally intended for precise dense point detection on deformable surfaces, localization accuracy is
limited on curved skin surfaces. Recently, deformable tags have been developed using full color fiducials and
deep learning [189] with a high detection rate, though localization accuracy was not quantified. Tags have
also been paired with depth sensors for improved pose estimates and reduce pose ambiguity at steep angles
[190].

In neurosurgery, facial landmarks can be detected and used for registration [191], however the breast sur-
face is virtually featureless adding in additional challenges. With this limitation in mind, [137] and [138] fixed
binary marker tags to bony structures surrounding the breast tissue for image-to-physical registration. Unfor-
tunately, this fiducial placement does not capture any nonrigid motions of the breast tissue. In the context of
intraoperative guidance, marker tags encode valuable information that would allow for imaging-to-OR cor-
respondence essential for many registration approaches. However, there remains a need for accurate fiducial
localization on deformable, non-planar, skin surfaces. Unlike large printed tags that must be adhered to the
skin surface far from an incision, fiducials should also be compatible with dense distributions to sufficiently

sample breast motion, and should not interfere with resection.
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Figure 2.13: Existing fiducial marker systems. From left to right, top row: CCC [192]; Cho [193]; Knyaz
et al. [194]; InterSense [195]; FourierTag [196, 197]; RuneTag [198, 199]; CCTag [200, 201]; Pi-Tag[202].
Second Row: Prasad er al. [203]; Matrix [204]; ARToolKit [205]; CyberCode [206]; VisualCode[207];
ARToolKitPlus [208]; binARyID [209]; Tateno et al. [210]. Third Row: SIFTTag [211]; ARTag [212];
AprilTag [213, 214]; ArUco[183-185]; ChromaTag [215]; D-touch [216, 217]; reacTIVision [218-220];
BullsEye [221]. Last Row: TopoTag [188]. Images reproduced with permission from [188] ©2020 IEEE.
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CHAPTER 3

Methodology

3.1 Registration

Registration computes the relationship between two spaces. For example, points in a medical image volume
designated with respect to the image origin at [0,0,0] can be aligned, or registered, with points in the physical
world space designated with respect to a measurement device. The process of rigid registration, as described
in [222] computes a rotation, R, and a translation, t between two spaces. The rotation matrix is a 3 X3 matrix,
and the translation matrix is a 3x 1 matrix. In this work, boldfaced variables represent vectors or matrices.

The matrices can be combined into a 4x4 homogenised transformation matrix 7'(x) where,

Ix
R ty
T = 3.1
tZ
0 0 O 1
and ) o )
Iy Xix X2x ...  XNx
R t X1 X2 e XDy
T(x) = Y v . (3.2)
t, X1z X2ox ... XNy
0O 0 O 1 1 1 ... 1

Registration accuracy is typically evaluated with two metrics: fiducial registration error (FRE), and target
registration error (TRE), as defined in [223]. Both measure how well a transformation describes the rela-
tionship between spaces; FRE measures accuracy at points used to compute the transformation, and TRE
measures accuracy at novel points not used to compute the transformation. In order to compute these metrics,
points must be identifiable in both coordinate systems.

More specifically, with N as the number of points, FRE is a measure of landmark misalignment computed
as the distance between the positions in one space, denoted here as static, (e.g. image voxel coordinates),
and the transformed points T (dynamic) from the second space (e.g. measurements in physical world coor-

dinates). In other words, the dynamic points are transformed to be in the same space as the static points, and
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the residual error is measured as

| N
FRE = \/N ,; (T (dynamic;) — static;). (3.3)

Keep in mind that point locations static; and dynamic; represent coordinate vectors, where each vector has
three coordinates: x, y, and z, and is homogenised to be static; = [x,y,z, l]T, where [*}T represents the
transpose of a matrix, or the interchanging of columns and rows, and the subscript i represents the index of
an individual point within a set of N total points.

TRE is a measure of novel target misalignment, where targets in the static space q, are compared to their

transformed counterparts in the dynamic space T'(p)
TRE = ||(Ti(p) —q))l|- (3.4)

Note that in Chapter 5, instead of the root mean square (RMS) error, FRE and TRE are reported as the

mean and standard deviation for euclidean distances between points and their transformed counterparts.

3.2 Image Guidance System

An novel image guidance system was developed to collect intraoperative data and display all data sources
co-registered (Figure 3.1). The module is a Python based scripted module in 3D Slicer [224]. The four-panel
display shows preoperative supine MR images, intraoeprative ultrasound, and a 3D scene with all data inputs

co-registered (aligned and displayed in the same space).

3.2.1 Monitoring of the Surgical Scene
Monitoring of the surgical scene is important in providing an accurate and workflow friendly guidance system
that can be used throughout surgery. A tracked ultrasound probe allows for intraoperative imaging correctly
oriented in 3D space. Optical tracking reliably tracks multiple instruments with high accuracy, however
the infrared reflecting fiducials are not well suited for surface tracking as they cannot remain on the breast
surface during surgery, and they do not provide correspondence for registration approaches without additional
processing that becomes increasingly cumbersome for large numbers of points. By employing stereo cameras
to monitor the breast surface, fiducials can be drawn directly onto skin with indelible marker. These fiducials,
drawn as letters, are workflow friendly, sterile, and provide landmarks on the previously featureless skin
surface.

An optical tracker is ideal for tracking multiple rigid body instruments throughout surgery, while the rich

data stream from stereo cameras is better suited for tracking the non-rigid deformations of the skin surface.
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Figure 3.1: Overview of the system setup (A) coupled stereo camera and optical tracker attached to a surgical
arm (B) preoperative supine breast MR image in axial, sagittal, and coronal slice views (C) patient-specific

3D breast model (gray), tracked stylus position (black) (D) Ultrasound machine (E) optically tracked stylus
(F) breast with fiducial points and letter labels.
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Here, a Polaris Vicra (Northern Digital Inc., Waterloo, ON, Canada) is rigidly coupled to two Grasshopper
cameras (FLIR, formerly Point Grey, Richmond, BC, Canada). The devices are shown in Figure 3.1A, with
the black stereo cameras behind the Vicra optical tracker. The devices are angled towards each other to
increase the the functional working volume observed by both methods. These tracking devices are mounted
on an adjustable surgical arm, and sit about 0.75-1.5 meters above the patient, providing a birds-eye view of

the surgical scene. In Figure 3.1 the devices are approximately 1.3 m above the scene.

3.2.1.1 Surface Point Acquisition with Stereo Cameras

Stereo cameras provide intraoperative breast surface points while easily integrating into surgical workflow
with minimal user interaction. The stereo cameras are optimal for surface monitoring as they can monitor pre-
cise point locations on the surface throughout surgery, providing corresponding points between preoperative
imaging and the intraoperative scene. A image capture software, previously custom-built in the laboratory
[225], collects image pairs from two Grasshopper stereo cameras (FLIR, formerly Point Grey Research,

Richmond, BC, Canada).

3.2.1.1.1 Stereo Camera Calibration

A method for calibrating stereo calibration was presented in 2000 by Zhang [226] that computed the extrinsic
and intrinsic camera parameters using images of a known planar pattern at a series of unknown orientations.
There are many kinds of planar patterns that can be used for camera calibration. Two popular calibration
boards are a checkerboard and a grid comprised of circles. In practice, the pattern is inconsequential provided
it is (1) of known spacing and (2) easily and precisely measurable in images. Calibration boards are usually
in black and white, as this color combination offers the best contrast for precise point localization, though
this is not required.

Briefly, the calibration process outlined in [226] is as follows. The calibration board is imaged at several
angles and the precise measured calibration feature points are localized with image processing techniques.
For a checkerboard, these calibration points are the corners, or intersections of the black and white squares.
For a circle grid, the centroid of each circle is used as a calibration point. The spacing of these calibration
points in 3D world space is known, as prescribed by the known dimensions of the calibration pattern. Based
on these 3D coordinates and the observed locations of these locations in the 2D image planes, the camera
parameters can be estimated. Intrinsic camera parameters describe properties specific to each individual
camera such as the optical center, or principal point, and the focal length or the distance from the image
plane to the optical center. Other intrinsic camera parameters account for skew and distortion related to the

camera lens. The focal length is often represented as f; and f, incorporating directional skew to account
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Figure 3.2: Standard pinhole camera model with the representation of a point in World, Camera, and Image
coordinate spaces all in mm.

for possible discrepancies in pixel densities in the x and y directions (i.e. pixels that represent rectangles in
real-world space). Extrinsic camera parameters describe the position of the camera in world coordinate space
as a rotation and translation with respect to some origin in the real world. For a stereo camera system, the
extrinsic parameters encode the relationship between the left and right cameras in real-world space.

More specifically, the camera parameters are estimated using the standard pinhole camera model, as

visualized in Figure 3.2 [227], where the properties of similar triangles dictate that

ﬁ, and )ﬁ:&.

?:Z' = (3.5)

with f as the focal distance, or the distance between the pinhole and the image plane, the point location in
image coordinates p = [x;,y;]”, and the point location in camera coordinates P. = [x.,y¢,z¢]”

Image coordinates (e.g. mm) are related to pixel coordinates by considering the pixel density, m pixel-
s/millimeter. When pixels are not square, the pixel density must be defined in each of the two orthogonal
image directions u and v, resulting in pixel densities m,, and m, respectively [227]. Therefore from Equation

3.5 the pixel coordinates (u,v) are defined as
— — Xe _ _ Ye
u=muxi=my,f—, and v=myy;=m,f—. (3.6)

Zc Zc

Simplifying, the focal length is combined with the pixel density to become a general scale factor along
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each of the image axes, f;, and f, be defined with respect to the pixel density and the focal length f. To relate

the focal length, f in mm, to the focal lengths as measured in pixels, f;, and fy are defined as

fu=fmy,, and f,= fm,. 3.7

Similarly, to relate the principal point (o, 0y) to pixel dimensions, o is defined with coordinates o, = m,,0x
and o, = m,0,. The principal point can also be thought of as the offset between the center of the image plane
and the origin of the pixel coordinates. Therefore the pixel coordinates for a point also take this principal
point into account, with

u:fuxchou, and v:fvy—c+ov. (3.8)

Zc ZC

The camera parameters, f,, f,0,,0, are estimated using the method presented by [226]. A 3D point in

world coordinate space is denoted as P = [X,,, ¥,,, Z,]7, and a 2D point in image coordinates is p = [u,v]”,

so that the relationship between the homogeneous coordinates of the 3D point, P = (X, Yo, Zy, 1]7 and the

homogeneous coordinates of its image projection in 2D pixel space p = [u, v, 1] is given by
Ju Y ou
sp=AR tP, withA= £ o (3.9)

1

where s is an arbitrary scale factor, (R, t) are now the extrinsic parameters defining the rotation and translation
between the camera coordinate system and the world coordinate system, and A is the camera intrinsic matrix,
with y representing the skew of the two image axes. In the case of perfectly square pixels, f, = f,. In
Equation 3.9, the parameters of A are measured in pixel coordinates. By imaging a board with known
inter-point distances, A can be optimized. The camera parameters are estimated with a closed form solution
followed by a nonlinear refinement based on maximum-likelihood criterion.

The two stereo cameras are calibrated with MATLAB’s Computer Vision System Toolbox [228]. Twelve
calibration images of a 6 x8 checkerboard provide 576 points to solve for the calibration matrices by a least

squares method [226-228]. The calibration protocol is detailed in Appendix A.

3.2.1.1.2 Triangulation
With a point localized in an image from one calibrated camera, the three dimensional location of that point
is constrained to an outgoing ray, though the exact position on that ray (i.e. the depth) is still unknown. With

a point localized in another image from a calibrated camera, there are then two outgoing rays. Provided
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these images are taken from two different vantage points, these rays intersect at some depth, Z, allowing
for triangulation of the 3D coordinates of the point in the scene. Here, assume a simple stereo system
comprised of two calibrated cameras, where pr, = (uy,v;) represents the point location in the left image
(1), and pr = (ug,vg) represents the point location in the right image (r)

Given the intrinsic and extrinsic calibration parameters, the projection matrix can be defined to project a
3D coordinate point, P¢, in one camera’s coordinate frame into 2D pixel coordinates (u,v) for either camera,
with R and t describing the relationship between the two cameras. Here, with Py = [Xcr, Yer, Zer, l]T as the

3D world point in the coordinate frame of the left camera,

Xer
ur, 0
Yoo
v | — Ap 0 . (3.10)
ZcL
1 0
1

The transformation between the cameras and the right camera’s intrinsic parameters then describe the pixel

coordinates in the right image as

Iy Xer
UR 0
R Iy Yer
VR| = Agr 0 . (311)
t ZcL
1 0
0 0 1 1

For any pair of known corresponding points p; and pg, the over-determined system of equations defined

by combining Equations 3.10 and 3.11 can be solved for P¢;, with a least squares solution [227, 228].

3.2.1.2 Coupled Stereo Cameras and Optical Tracker

Optical tracking is the gold standard in tool tracking, providing precise and accurate tool locations without the
hassle of wired instruments. Coupling an optical tracker for instrument tracking with the surface monitoring
of the stereo cameras gives a system with all the strengths of both measurement systems. The stereo cameras
and optical tracker are fixed above the surgical field for optimal line of sight without obstructing the surgical
workflow. The rigid coupling allows for a one-time registration aligning instrument and stereo camera spaces.
These two spaces can then be rigidly aligned with the preoperative supine MR with the cancerous region
identified. After this initial registration optically tracked instruments, the camera acquired breast surface, and

preoperative image data can all be displayed in the same space.
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Figure 3.3: Ultrasound calibration N-wire phantom. The edge of the ultrasound transducer (the top of the
image plane) is shown in each image in red. (a) the N-wire phantom, with optically tracked fiducials inside
its water bath enclosure; (b) the top down view of the N-wires; (c) the internal geometry of a single “N”, as
viewed from the top (d) a resulting calibration image with N-wire cross sections visible as bright points.

3.2.2 Tracked IntraOperative Ultrasound (IOUS)

IOUS has been shown to reduce reoperation rates when used to localize tumors during surgery, offering valu-
able information for echogenic tumors. This system incorporates these benefits and expands upon them with
the added utility of visualizing tracked ultrasound planes with respect to other preoperative and intraopera-
tive data. However, the location of the ultrasound plane can be difficult to visualize at depth, and cannot be
located precisely without tracking. Conventional optical tracking of an ultrasound transducer can provide the
location of the ultrasound image in physical space. Once the transformation between ultrasound images and
the tracked transducer is defined through calibration, the relative position of the image can be shown with re-
spect to other patient information such as breast and tumor models, preoperative imaging, and intraoperative
surface points.

Calibration of the tracked ultrasound transducer is performed with a custom Python scripted module
built in 3D Slicer [224] that uses the N-wire ultrasound calibration technique [229]. Components of this
N-wire calibration are shown in Figure 3.3. Briefly, using the known geometry of the N-Wire phantom, the
intersection of the image plane and the diagonal line of the “N” can be located in the instrument tracker space.
This point is identified in the ultrasound image as the middle dot in each of the 9 N-layers. The ultrasound
image can be mapped into the scene rendering of physical space via this calibration process. The 3D Slicer
module for ultrasound calibration developed for this dissertation facilitates tracking of the N-wire phantom,
designation of phantom points with an optically tracked stylus, ultrasound image collection, loading of saved
images, and designation of N-wire cross sections. The module computes the calibration matrix and report

accuracy metrics.
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The calibration process, as described in [229], determines the relationship between a pixel position in
the ultrasound image (YX) and that point’s position measured in mm with respect to the ultrasound probe
(PX). This transformation from ultrasound image space (U) to transducer probe space (P) is denoted ZT.
To achieve this, the point location is first described in the coordinate system of the N-Wire phantom (H)
and the coordinate system of the optical tracker (T'). The pixel coordinate in the ultrasound image (YX) is

transformed to be a location with respect N-wire phantom (/X) as described by

Hy tp. Tr.Pr.UX (3.12)

When the transforms are nonsigular and homogenous (i.e. (5 T)~! =4 T), Equation 3.12 is equivalent to

rr o UX=Rr . TT . HX (3.13)

where the left side of Equation 3.13 describes the pixel location being transformed to a 3D coordinate with
respect to the tracked probe, and the right side of the equation describes the pixel location with respect to the
tracked N-wire phantom being transformed into tracker space, then probe space.

Because the front and back walls of the N-wire phantom are parallel, special triangles formed by the

N-wires dictate that the ratio & between line segments is

_NA-Xo| 17X X 19X - Xy
IA=D||  [[7X; =" X5][  [|VXq —Y Xs]|

(3.14)

where A and D are the corner vertices of the “N”” wire, and X values describe intersection points between the
imaging plane and the wires as shown in Figure 3.3c. The phantom’s A and D vertices are measured with
a tracked stylus for each N-wire layer in the phantom. Vertices on the same wall of the phantom should be
co-planar, so they are fit to a plane to reduce localization errors. The position of the center point, X3 in the

phantom frame can then be computed with

UX, = A+a - ("D A). (3.15)

Since the locations of Xy, X5, and X3 can be directly measured in the ultrasound image (as seen in Figure
3.3d), the ratio & is known, and /X, can be computed by combining Equations 3.14 and 3.15.

Our initial implementation of the N-wire calibration used a least squares optimization to find },7 that
minimizes the distances between the two sides of Equation 3.13 as suggested in [229]. However this scheme

was later updated. In order to define a transformation that is compatible with 3D slicer functionality to
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stream the ultrasound image pixels into the 3D scene rendering, the transformation £,7 is assumed to be a
transformation including rigid rotation, translation, and scaling components, as defined in [230], where the
scale factors along each of the coordinate axes (sx,sy,s;) are combined into a diagonal matrix, S, such that

the relationship between ultrasound image space and N-wire phantom space is described by

BX, =BT .UX,=R-S-UX; +t (3.16)

The ultrasound calibration is validated via tracked optical stylus in a water bath and with residual error of
N-wire images. For freehand validation, the stylus tip is placed at varying locations piercing the ultrasound
plane and accuracy is measured by recording the distance between the stylus tip and the location from the
calibrated ultrasound plane. The residual error of the intraoperative ultrasound calibration is also computed
with novel N-wire images. Locations in optical tracker space are computed as they would be for calibration,
and they are compared to the position of the center wires as manually designated in the ultrasound image
[229]. This second method can alternatively be thought of as a leave-one-out validation. Though this method
incorporates error associated with the N-wire phantom, it is much faster and easier than the stylus-in-water
validation approach. Residual errors are on the order of 2 mm using a BK5000 18L5 linear probe (BK

Medical UK Ltd., Peabody, MA) at 40-90 mm depths.

3.2.3 Integrated System

Intraoperative fiducial positions are measured with the stereo cameras and used to register the preoperative
images to the patient and instrument spaces. The tracked tool tip is superimposed on the MR image to show
distance and direction to the tumor. The module shows the tool with respect to tumor represenations in the
three orthogonal cross-sectional slices of the preoperative MR image volume and a 3D model view. The
tracked instruments are optionally used to scroll through MR slices, with the instrument visible in the MR
slice. This can help orient the surgeon and allow full utilization of the information provided. This display
gives an intuitive understanding of the relationship between the preoperative image and the patient on the
table.

Data from the ultrasound and optical tracker are streamed continuously into the guidance module via Plus
Toolkit (Perk Lab, Queen’s University, Kingston, ON, Canada) [231]. The custom guidance module imple-
mented in 3D Slicer [224] gives a 3D representation of the ultrasound plane and allows the user to view live
and previously recorded ultrasound images in the scene with the aggregated information. This gives a clear
understanding of the location of the ultrasound plane at depth, and helps the surgeon understand subsurface

features with respect to the breast surface, intraoperative surface fiducials, and even other instruments. This
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Figure 3.4: Tracked ultrasound allows for visualizing the image plane in 3D space. (a) camera view (b) ultra-
sound image, streamed into the integrated Slicer system (c) the 3D model view showing a semi-transparent
rendering of the tracked ultrasound image plane in relation to a model of the breast, fiducial locations (blue
and yellow), and a red mock tumor position.

is shown in Figure 3.4. The two sets of fiducials used for registration are seen clearly in Figure 3.4c, with

preoperative fiducial positions shown in yellow, and intraopeartive fiducial positions shown in dark blue.

3.3 Biomechancial Modeling
3.3.1 The Inverse Problem

At static equilibrium, linear elasticity is governed by the Navier Cauchy equations in three dimensions [232]:

2

u+ V(V-u)+p(Ag)+F=0 (3.17)

E
20 aa =y

where E = 2100 Pa is the Young modulus, v = 0.45 is the Poisson ratio, u is displacement, p is the tissue
density, Ag is the change in gravity, and F is the applied force. In this thesis, the preoperative and intraoper-
ative states are both in the supine position and the change in gravity, Ag, from operating room table rotations
is assumed to be negligible.

For the finite element method the domain is divided into smaller components, or elements, and a solution
to the partial differential equation is estimated. In this work, the domain is meshed into tetrahedral elements
with 4mm edge lengths using a custom mesh generator [233], that provides a set of points, or nodes, and
connections between those nodes that define the individual sub-compartments, or elements. For a conven-
tional forward-solved finite element model, intraoperative displacements are measured, applied to the points
on the boundary of the domain, and then interpolated throughout the discretized domain using polynomials.
The result is a displacement field across the whole organ. Using the Galerkin method of weighted residuals
for discretization [234], 3.17 simplifies to a weak formulation of the partial differential equation in Equation
3.17:

Ku=f (3.18)
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where K is the stiffness matrix and f represents the forces acting on the system.

While these forward model approximations are valuable, they can fail to capture the true nature of how
deformations were induced. For instance, as intraoperative breast deformations during arm motion are caused
by underlying muscle and surrounding tissues acting on the organ, applying measured displacements to the
skin surface in a breast finite element model would not be representative of the true physics involved. Ap-
proximating the true distribution of loads is important in solving for the true displacement field. The inverse
problem addresses this concern. As opposed to directly applying measured displacements, the inverse ap-
proach attempts to reconstruct the distributed loads necessary to create the observed displacements. In a
forward modeling approach, the material properties and boundary conditions are assumed to be known, and
the model outputs volumetric displacements. Alternatively, in a reconstructive inverse model, the displace-
ments and material properties are known, and the ideal boundary conditions to achieve these displacements

are presumed to be unknown.

3.3.2 Linearized Iterative Boundary Reconstruction (LIBR)

Existing inverse modeling work and advances in other organ systems can be leveraged for the breast clinical
problem. In liver guidance, a recent inverse modeling approach was presented by Heiselman ez. al. [28]
using a model discretized from a preoperative image and a series of control points distributed across the
model surface, or boundary. Preoperatively, a library of small potential deformations is calculated. This
is accomplished by slightly perturbing one control point and computing and storing the resulting effect on
the mesh. A control point perturbation is treated as a Type 1 (i.e. Dirichlet) boundary condition, where the
displacement is prescribed in one of the three coordinate directions. The Saint-Venant principle is employed
to relax these point loads to be evenly distributed locally, removing exaggerated effects near the control
point loading while keeping identical far-field behavior. This process is then repeated for all control points:
perturbing, solving a forward model, relaxing, and saving the volumetric effect on the organ. This creates a
set of precomputed deformation modes. Intraoperatively, these precomputed perturbations are weighted and
combined to recreate the observed deformations. Levenberg-Marquardt optimization is used to solve for the
optimal mode weights, iteratively minimizing model-data error and system strain energy in a scheme that
also optimizes rigid transformation parameters.

This thesis modifies the LIBR method for data inputs and loading conditions specific to the BCS applica-
tion. Here, forces are assumed to be applied from all boundaries except for where the breast skin interfaces
with air. The skin interface with air is assumed to be stress free, while 45 control points are evenly dis-
tributed across all other boundaries. In short, displacements to drive the model are measured with sparse

intraoperative data and assumed to be collected at the chest wall boundary and the skin surface.
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3.4 Proposed Workflow

To understand the logistics of using this BCS guidance system, this section discusses the proposed workflow.
Before imaging, MR-visible fiducials are evenly distributed across the breast. The number of fiducials should
provide sufficient coverage to accurately describe breast displacements. Here fiducials will be used to capture
nonrigid motion, so a larger number of fiducials are needed [171, 235]; 26 fiducials are used. To be sure that
all fiducials are visible in the image, fiducials should be placed keeping in mind the field of view of the MR
scanner. The center of each toroidal MR-visible fiducial is marked with colored ink. This semi-permanent
ink can remain on the skin surface for days. For longer times between imaging and surgery, henna tattooing
can be used to temporarily stain the fiducial locations on the skin surface.

If available, an open bore MR scanner should be used to image the patient in surgical position with the arm
extended at 90°. In a closed bore scanner, images should be acquired with the ipsilateral arm fully adducted
down at the patient’s side. Padding may also be placed under the torso to simulate the anticipated rotated
angle of the operating room table to reduce imaging-to-OR deformations due to rotations. When available, a
plastic cage is recommended to support the coil and eliminate breast compression, otherwise padding can be
placed on the sternum to reduce contact between the coil and the breast surface. Breast tissue is be imaged
in the supine position using a 16 channel torso coil and a T1-weighted, 3D turbo field echo sequence with
fat suppression. The imaging field of view is adjusted to maximize the number of visible fiducials. After
imaging, the synthetic fiducials are removed leaving behind the temporarily tattooed fiducial centroids.

Preoperative data processing then begins. This can take place in the hour before surgery, or in the days
prior if imaging is performed days in advance of surgery. The breast volume is segmented from the skin
surface to the chest wall and the fiducial positions are designated and labeled with alphabetic characters A-Z.
Fiducial labels provide naturally understandable correspondence between the model on the screen and the
patient in physical space. The segmented volume is then input into the custom mesh generator to create a
discretized volume of tetrahedral elements with 4 mm edge length[233]. Viewing the mesh and the image
volume simultaneously, tissue types at mesh boundaries are designated for skin, sternum, chest wall, and
transected internal tissues (adipose and glandular tissues at inferior, superior, and lateral mesh boundaries).
The modes of deformation are precomputed using the LIBR method with control points distributed at all
boundaries except the skin’s interface with air.

On the day of surgery, the fiducial centroids should be re-marked with colored ink to ensure good visibil-
ity. Using the labeled fiducials from the MR image as a guide, fiducials should be correspondingly labeled
on the skin surface in a secondary colored ink with hand-written capital letters.

In the operating room, the stereo cameras must be calibrated, ideally with a checkerboard tracked by
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the optical tracker. Twelve images are collected at various checkerboard angles, and input into MATLAB’s
calibration function [228]. The calibration process, explained in detail in Appendix A, takes only a few
minutes. This calibration defines the relationship between camera and optical tracker spaces. Ultrasound
calibration (to define the relationship between ultrasound image pixels and physical space) does not need to
be performed intraoperatively, provided the tracked attachment has not been removed, or can be detached
and re-attached with no degradation in calibration accuracy. Tracked ultrasound images of the chest wall are
collected, and the contours of the chest are designated. The guidance module fits a curved spline to a few
manually selected points, or ducks, for each ultrasound image. The stereo camera video stream is then started,
and the collection is initialized by briefly setting a region of interest around the breast surface and limits to
constrain the allowable size of bounding boxes around letter labels. Automatic bounding box detection can
be optionally augmented with manually designated bounding boxes, and the user is then prompted to input
the inked letter for each bounding box (in one camera’s image).

The skin surface, as measured with the stereo cameras, and the chest wall contours are then used as data
input into the model-correction framework. The model-optimized deformation corrected images are loaded
into the guidance module in the place of the preoperative supine MR images. The guidance system can then
be used to visualize anatomy, and probe the available data to understand the tumor position. For echogenic
tumors, tracked ultrasound can also be used to delineate the intraoperative tumor location with minimized

compression or leveraging probe compression correction approaches presented in [236].

3.5 Data Collection

The workflow proposed above was carried out with minor adjustments to collect additional validation data.
The data in this thesis was collected on 7 healthy volunteers from 23 to 57 years of age (average age of 29
+ 12) with breast volumes of 398 to 1228 cn?®. Before the volunteer arrived, the cameras were calibrated
in the mock-OR setting and centered on the anticipated field of view. MR-visible fiducials were placed
and inked on both breasts, and volumetric images were acquired using closed bore 3T MR scanner (Philips
Healthcare, Best, The Netherlands) using a T1-weighted, 3D turbo field echo sequence with fat suppression
and a 16-channel torso coil. One volunteer was imaged with an Ingenia Elition D-Stream wide bore with a
voxel size of 0.357x0.357 x 1 mm?, and the remaining six volunteers were imaged with an Ingenia D-Stream
with a 0.391x0.391x1 mm? voxel size. To capture deformations from arm abduction, instead of just one
supine image, each breast was imaged in two configurations: with the ipsilateral arm down by the torso, and
ipsilateral arm up by the head. This resulted in a total of four scans per subject. The contralateral arm was
down for both scans. The arm down image was considered the preoperative image, and the arm up image

was considered a surrogate for intraoperative data in Chapter 5. Prospectively, the first MR image, typically
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the right breast with the arm down by the torso, was processed during the remaining three imaging scans.
Fiducials were localized and labeled, the breast tissue was segmented, and a mesh was generated to represent
the breast volume. For one case, a mock-tumor was delineated within the MR image volume to simulate a
non-palpable lesion visible on imaging during a prospective demonstration of system utility.

After imaging, the MR-visible synthetic fiducials were removed leaving behind red-inked centroids.
These centroids were labeled with capital alphabetic characters in blue ink, drawn directly onto the skin
surface. The volunteer was positioned with padded support under the ipsilateral shoulder to simulate rotation
of the OR table and present the breast at a more favorable viewing angle for the surgeon and the overhead
cameras. The mock-OR data collection surveyed the breast in three arm positions: arm down, surgical posi-
tion, and arm up. In each position, the chest wall was measured with tracked ultrasound imaging, and surface
fiducials were measured with static images from the stereo cameras and manually designated with a tracked
stylus. Video recordings were taken with the stereo cameras to include each static position, deformations
between positions, and ultrasound data collection.

For five cases, a demonstration was set up after data collection to test usability of the guidance module.
The breast surface was acquired prospectively with two measurement techniques: a tracked stylus and the
stereo cameras. The stereo-camera measurements at patient-bedside used semi-automatic fiducial detection
and manual labeling. Fiducials were detected using thresholding with user-defined parameters including:
region of interest, threshold bounds, and the minimum and maximum size of letters. A custom graphical user
interface was then used to manually select the fiducials in alphabetical order, and augment the automatically
detected data by manually selecting any missed fiducial centroids. This process, though interactive, was
generally less time consuming than fiducial designation with a tracked stylus. Because fiducial positions
were collected with a tracked stylus for validation, fiducials were used to register optical tracker and camera
spaces in lieu of an optically tracked checkerboard. Surface data was incorporated into the guidance display
to present real-time guidance based on rigid registration between the preoperative and intraoperative fiducial
locations. All intraoperative data was co-registered to the preoperative imaging data. Tracked instruments
were used to scroll through the imaging volume and probe the breast anatomy. In the case with a mock-
tumor, the guidance system was used to understand 3D lesion position. The system was evaluated by a breast
surgeon for two cases. The surgeon reported that this prototype system would be useful for surgical planning
and resection, that it improved understanding of breast anatomy, and that it presented useful localization
information that is not currently accessible.

Retrospectively, fiducials were localized and labeled with English characters in all images. After the
breast volume was meshed and the boundary tissue types were designated, the boundary nodes were extracted

as unstructured point clouds to represent the skin and chest wall surfaces. The full extent of these data clouds
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Figure 3.5: Data extracted from supine MR images and used to drive model optimizations. Drawing of the
supine MR scanner is reprinted from [237].

was used for the preoperative image. The intraoperative image data were then subsampled to represent
realistic collection feasible from intraoperative data sources. The skin surface was cropped to contain only
intraoperative skin nodes. The chest wall was segmented in the tracked ultrasound planes, and these contours
were manually aligned with the MR data and projected onto the mesh boundary to simulate collection of 7-10

tracked ultrasound planes. This processed data is visualized in Figure 3.5.
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CHAPTER 4

Characterization of Supine Breast Deformations

4.1 Summary and Contributions

This chapter investigates the nature of breast deformations in the supine position characterizing the shape
changes from imaging to surgery and associated with arm motion in the surgical position. The findings in
this chapter quantify the necessity of nonrigid correction, and provide insights into the nature of supine breast
deformations to inform future frameworks to correct these shape changes. While breast deformations from
prone imaging to supine imaging have been well described [18, 19, 42, 43], the nature of breast deformations
from supine imaging to the supine surgical position have not been previously described. Many guidance
approaches assume that supine MR images are representative of the breast anatomy during surgery, though
these deformations have not been quantified and rigid registration results in noticeable misalignments [139].

First, the nature of breast deformations is studied in the supine position. The magnitude of displacements
from arm abduction is measured and the relationships between shift in different breast quadrants are quan-
tified. These results have implications in the mechanics of modeling breast shift, and also describe if these
deformations are rigid in nature. The deformations are found to be nonrigid, with the upper outer quadrant
deforming significantly more than other quadrants, and the lower inner quadrant deforming significantly less
than other quadrants. For a 90° abduction of the arm, the anticipated image-to-surgery arm pose change,
displacements in the inferior/superior direction account for about 50% of shift, with the remaining shift
approximately evenly split between the anterior/posterior direction and the medial/lateral direction. These
findings suggest than a correction approach should take into account all three directionalities of shift and
allow for uneven distributions of shift directions.

Next, the alignment accuracy after rigid registration is quantified, and found to be insufficient for surgical
guidance with large errors that vary widely across subjects and across positions on the breast. Each case
has regions of the breast with over 10 mm of misalignment after image-to-physical registration, and many
cases have regions with error on the order of 20 mm. Even simple rotations of the operating room table can
result in significant shifts and shape changes in breast tissue. When arm configurations are kept consistent
from imaging to the mock-OR setting, error at surface fiducials is as high as 8-17 mm. In an image guidance
system, such inaccuracies in tissue localization would likely result in larger resected volumes, incomplete
tumor excisions, or both.

While image guidance systems provide useful information during surgery, significant misalignment re-
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mains between a supine MR image and the surgical presentation of breast tissue after rigid registration. The
contributions of this chapter elucidate a need for nonrigid correction to compensate for these motions as
presented in the Chapter 5, and begin to capture mechanical behavior of breast tissue durring arm motion
to inform correction approaches. These contributions also indicate that a larger number of fiducials may be
necessary to capture nonrigid motions, emphasizing the need for a workflow friendly data capture method
that is realized in Chapter 6.

This chapter is adapted from “Impact of deformation on a supine-positioned image guided breast surgery
approach” published in the International Journal for Computer Aided Diagnostics and Surgery [238] and has
been reproduced with the permission from the publisher, Springer Nature, and the co-authors Jon S Heisel-
man, Ma Luo, Ingrid M Meszoely, and Michael I Miga. This adaptation includes additional visualization of

results in Figure 4.5.

Winona L Richey, Jon S Heiselman, Ma Luo, Ingrid M Meszoely, and Michael I Miga. Impact of
deformation on a supine-positioned image guided breast surgery approach. International Journal of

Computer Assisted Radiology and Surgery, 16(11):2055-2066, 2021. ISSN 1861-6429.

4.1.1 Abstract

Purpose. To reduce reoperation rates for image guided breast conserving surgery, the enhanced sensitivity
of magnetic resonance (MR) supine imaging may be leveraged. However, accurate tissue correspondence
between images and their physical counterpart in the surgical presentation is challenging due to breast defor-
mations (e.g. from patient/arm position changes, and operating room table rotation differences). In this study,
standard rigid registration methods are employed and tissue deformation is characterized. Methods. On n=10
healthy breasts, surface displacements were measured by comparing intraoperative fiducial locations as the
arm was moved from conventional MR scanning positions (arm-down and arm-up) to the laterally extended
surgical configuration. Supine MR images in the arm-down and arm-up positions were registered to mock in-
traoperative presentations. Results. Breast displacements from a supine MR imaging configuration to a mock
surgical presentation were 28.9 + 9.2 mm with shifts occurring primarily in the inferior/superior direction.
With respect to supine MR-to-surgical alignment, the average fiducial, target, and maximum target registra-
tion errors were 9.0 = 1.7 mm, 9.3 &+ 1.7 mm, and 20.0 £ 7.6 mm, respectively. Even when maintaining
similar arm positions in the MR image and mock surgery, the respective averages were 6.0 £ 1.0 mm, 6.5 +
1.1 mm and 12.5 £ 2.8 mm. Conclusion. From supine MR positioning to surgical presentation, the breast
undergoes large displacements (9.9 — 70.1 mm). The data also suggest that significant nonrigid deformations
(9.3 £ 1.7 mm with 20.0 mm average maximum) exist that need to be considered in image guidance and

modeling applications.
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4.1.2 Introduction

High reoperation rates in breast conserving surgery have been referred to as “the other breast cancer epi-
demic,” [17] and have been reported as 10-29% in recent years [33, 34, 36]. Newly adopted localization
strategies are largely based on preoperative placement of invasive markers [35, 102, 103, 122, 126, 141].
However, with these approaches it can be difficult to understand lesion position and extent, particularly at
depth. An alternative approach is to leverage medical imaging data in real-time to guide surgery. For exam-
ple, ultrasound image guidance has been shown to outperform seed-based methods with positive margin rates
ranging from 0-14% [20-25]. Unfortunately, only 50% of non-palpable tumors are visible on ultrasound
[26].

An image guidance platform that could integrate magnetic resonance (MR) imaging would provide more
comprehensive guidance for the majority of patients. Such a system would provide detailed subsurface
anatomy, higher sensitivity [45], and enhanced lesion location and extent with methods like dynamic contrast
enhanced MR [64], particularly for ultrasound-occult cancer. The use of MR data to enhance localization in
real time is limited by differences between the diagnostic (prone) and surgical theater (supine) presentations.
From prone to supine imaging, breast tissue shifts range 10—85 mm [18, 19, 43]. Additional confounding
factors include differences in tumor volume, surface area, sphericity, and distances from the only available
landmarks (the chest wall, skin, and nipple) [18, 19, 43].

Several surgical guidance frameworks have been introduced to register, or align, breast MR data to the
surgical presentation (primarily prone to supine registration [169, 170]). Recent advances have led groups to
pursue supine MR [41, 62, 132, 239] due to comparable imaging sensitivity and better initial alignment to
surgical presentation. Barth et al. [50] expanded on the system of Pallone et al. [41, 239] creating a custom
supine MR image guidance system for breast conserving surgery relying on rigid registration, and achieving
9% positive margin rates, compared with 19% by wire guidance. In a similar work, Conley et al. developed a
custom image-to-physical nonrigid registration method and demonstrated tumor centroid localization errors
of 5.3 and 5.5 mm, outperforming rigid alignment error of 6.5 and 12.5 mm respectively [60, 240]. Ebrahimi
et al. implemented a thin-plate spline registration to predict tumor motion due to abduction of the arm
[171]. While supine MR offers improved alignment, the above works suggest there are still uncharacterized
discrepancies in tissue location between imaging and surgery presentations (e.g. effects from patient position,
arm position, and surgical table rotation). This paper reports the nature of breast deformation from supine
imaging-to-surgical presentation and evaluates the accuracy of rigid registration in the context of a supine

MR image-guided approach.
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Figure 4.1: Data collection system and fiducial distribution. Red arrows indicate fiducial locations. (a)
Data collection in the arm-up position with the rigidly coupled instrument tracker and stereo camera pair,
ultrasound machine, and guidance display. (b) Twenty six MR visible fiducials distributed across each breast.
(c) Two fiducials visible on an axial slice of a supine MR image. (d) Anterior view from one RGB camera in
the mock intraoperative setting; the center of each MR fiducial marked with red ink, and labeled with a blue
hand drawn letter.

4.1.3 Methods

4.1.3.1 Intraoperative Surgical Monitoring Platform

A custom data collection system [241] (Figure 4.1a) was developed with stereo cameras (FLIR, Richmond,
BC, Canada) for breast surface acquisition, optically tracked instruments (Northern Digital Inc., Waterloo,
ON, Canada), intraoperative ultrasound (BK Medical, Peabody, MA, USA), and a guidance module imple-
mented in 3D Slicer [224]. The module registers all patient data to MR image space, and presents the surgeon
with the position of their tracked tool in relation to all other aspects of the scene including the breast model,
lesion model, fiducial positions, and tracked ultrasound images. The system in Figure 4.1a is in use with a

tracked stylus.
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4.1.3.2 Human Data Collection

Experimental protocols were approved by the Vanderbilt University Institutional Review Board and six
healthy volunteers were enrolled with informed consent. Of the twelve breasts, two were excluded from
analysis: one due to subject movement during data collection, and one due to incomplete data. Volun-
teers ranged in age from 23-57 (average 30 £ 13) years. Breast volumes, as manually segmented from an
arm-down supine MR, ranged from 459-1230 cm?® (mean: 681 + 214 cm?). With each case, 26 adhesive
synthetic MR-visible fiducial markers (IZI Medical Products, Owing Mills, MD) were placed on the skin with
approximately equal sampling across the breast surface (Figure 4.1b). The number of fiducials was chosen
to sufficiently sample the surface based on three previous works [171, 235, 242]. To adequately and densely
cover the surface of the breast, while providing precise point-to-point correspondence, 26 fiducial points were
used. All measurements successfully identified at least 23 fiducials, and 82% contained all 26 fiducials.

MR data were collected in conventional closed bore 3T MR scanners (Philips Healthcare, Best, The
Netherlands) using a T1-weighted, 3D turbo field echo sequence with fat suppression. One volunteer was
imaged with an Ingenia Elition D-Stream wide bore, and the remaining five volunteers were imaged with
an Ingenia D-Stream. A 16-channel torso coil was laid over the chest and supported with padding placed
on the sternum to reduce breast compression. Multiple available clinical scanners were used across subjects
with one of two voxel resolutions, 0.357x0.357x 1 mm?3, or 0.391x0.391 x 1 mm?> voxel size. To effectively
capture the full range of breast motion between two arm position extremes, MR data were collected in two
positions: with the ipsilateral arm down by the torso and then up by the head. The contralateral arm was
down for both scans. Full lateral extension was not possible due to bore constraints. In both MR images,
locations of the MR-visible fiducials (Fig. 4.1c) were manually localized, and labeled in 3D Slicer with an
English alphabet character-based label (A-Z). Fiducial labels provide intuitive correspondence between the
model and physical space.

Less than 24 hours after MR imaging, the subject was moved to a mock surgical presentation area for
additional data collection. The center of each fiducial was marked as a distinct ink dot, then the MR-visible
fiducials were removed. Once removed, a letter label was then specifically inked onto the skin surrounding
each inked fiducial dot (Figure 4.1d). This process allowed the fiducial center to be identified on the subject
using manual digitization via an optically tracked wand (stylus) as well as determined (potentially automat-
ically) with the stereo cameras using optical character detection. In surgery, patients are typically oriented
in an oblique supine position, with the operating table tilted slightly such that the ipsilateral arm is raised.
This rotation of the table brings the breast to a more favorable position for lesion excision. To simulate this

rotation, in our mock surgical presentation, padding was placed underneath the ipsilateral shoulder and upper
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torso. Data were then collected in three positions: with the ipsilateral arm down, abducted to 90 degrees
from the torso (T-shape, the typical surgical presentation), and up by the head. Fiducial locations in the mock
surgical setting were collected with a handheld optically tracked stylus. To allow quadrantized analysis, each
fiducial location was manually assigned to one of the four conventional anatomical breast quadrants (up-
per outer, upper inner, lower outer, lower inner). Fiducials were assigned to quadrants by assessing fiducial

locations in 3D space relative to the nipple and referencing RGB stereo camera images.

4.1.3.3 Breast Shift Among Range of Arm Positions

Breast surface displacements were measured by comparing intraoperative fiducial locations as the arm was
moved in a mock surgical setting. Euclidean distances between corresponding points were computed for 3
shifts: (i) arm-down to T-shape, (ii) T-shape to arm-up, and (iii) arm-down to arm-up. The first measured
shift represents the typical arm motion from preoperative supine MR imaging to surgical position. The sec-
ond measured shift was performed to capture an alternative preoperative supine MR position with the arm-up.
The third breast shift represents the effect of the full range of arm motion. The magnitude and direction of
displacement were measured for each shift, and compared between shifts. The directionality of displace-
ment was analyzed by comparing the three orthogonal components of displacement in the MR image space:
medial/lateral, anterior/posterior, and superior/inferior. The directionality is reported in each anatomical di-
rection as the percentage of the total displacement. Additionally, for each case the average displacement was

computed in each quadrant. Displacements were compared among the four breast quadrants.

4.1.3.4 Image-to-Physical Registration Associated with Conventional Image-Guided Surgery
Approaches

While the section “Breast Shift Among Range of Arm Positions” measured breast shift magnitude, it is
important to distinguish rigid translations and rotations from nonrigid deformations. To study this, spatial
discrepancies in breast fiducials were investigated after registering the fiducials between conventional supine
MR imaging and mock surgical presentation. Using traditional point-based registration techniques, fiducial
locations in MR image space were aligned with their corresponding positions that were optically digitized
in the physical mock surgical setting. The rigid registration method is described in [230] and is an accepted
standard in the field. Traditional metrics of fiducial registration error (FRE) and target registration error

(TRE) are reported [230]. Briefly, the fiducial registration error (FRE) measures the general misalignment

of fiducials as FRE = \/ ﬁ YN, |T(x;) —yi| where N is the number of corresponding fiducial points, T (x;)
represents the rigidly transformed ith fiducial point x; into the same space as corresponding point y;. The

target registration error (TRE) represents an equivalent calculation but the point being compared in the two
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spaces is a novel point that was not used in determination of the rigid registration transformation, 7 (). Here,
TRE was determined using a leave-one-out strategy where the transformation 7 () is determined using N — 1
fiducials. The N fiducial is treated as a novel target. This process is repeated iteratively treating each fiducial
as a target to evaluate accuracy. TRE is established as the root mean square error over the entire cohort.
Registration error metrics are reported for each of the four image-to-physical registrations involving the
mock operating room (OR) and conventional MR settings: (1) arm-down mock OR to arm-down MR (2)
arm-up mock OR to arm-up MR, (3) T-shape mock OR (surgical position) to arm-down MR, and (4) T-
shape mock OR to arm-up MR. For registration (3)—a likely surgical protocol—TRE is further evaluated
by varying the number and distribution of fiducials to establish potential lower bounds required for good
registration fidelity. These additional analyses focus particularly on the impact of fiducial distribution across
the four breast quadrants. Beginning with a lower limit of using only n = 4 fiducials and proceeding to
an upper limit of n=23 fiducials, registrations were performed for each possible combination of n fiducials.
Any fiducials not used in the registration were treated as novel targets for the determination of TRE. Here,
since all cases have at least 24 corresponding fiducials recognized for registration (3), the upper limit of
n = 23 is used to ensure that registration accuracy may be computed on at least one target for each case.
TRE was averaged by case, and then across all cases. Some of these combinations represent unrealistic and
unbalanced fiducial distributions. Therefore, an alternative combinatorial approach was also used to evaluate
the impact of systematically distributing fiducials across quadrants. The process begins by requesting one
fiducial from each quadrant to be used in registration, then incrementing. This quadrantized approach includes
all combinations where the differences among the number of fiducials requested from each quadrant are no
more than one. When the number of fiducials from a quadrant requested for registration exceeds the number
of fiducials in the quadrant, all fiducials in that quadrant are drawn and additional combinations are included

reserving one fiducial in that quadrant as a target. All combinations are ensured to be unique.

4.1.3.5 Statistical Tests

For each metric reported, the distribution of samples was tested for normality using a one-sample Kolmogorov-
Smirnov test. Each distribution was found to be approximately normally distributed. A paired-t test (¢ = .05)
was used to test significance and power, given the sample size of 10 breasts. Magnitude and direction of dis-
placement were compared with paired t-tests (p < 0.05). Displacements were compared among the four
breast quadrants with a paired t-test (p < 0.008 with Bonferroni correction). Tests with power greater than

80% are considered strongly powered.
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4.1.4 Results

4.1.4.1 Breast Shift Among Range of Arm Positions

With the subject otherwise stationary in the mock OR setting, the average displacement, i.e. shift, from the
arm-down to T-shape position was 28.9 + 9.2 mm (range: 9.9-70.1 mm), while the average displacement
from the arm-up to T-shape position was 27.6 & 8.9 mm. This difference was not statistically significant
(p > .05). The average displacement from the arm-down to arm-up position was 42.0 £+ 15.4 mm, which
was significantly greater (p < 0.05) than the shift from arm-down to T-shape (power = 0.79) and the shift
from arm-up to T-shape (power = 0.99). For reference, each volunteer is assigned a lowercase letter and
subjects are presented in the order of decreasing breast volume (a—f). Subjects are consistently labeled with

this convention across all figures and tables. Results are reported in Table 4.1.

Table 4.1: Surface fiducial displacements in the supine position and registration error metrics for image-to-
physical registrations reported in millimeters (mm).

Displacement (mm) Mean * Std

Case Breast
Volume (cm?) Arm-down to T-shape Arm-up to T-shape Arm-down to Arm-up
a L 1,230 268+ 5.2 39.4 +13.1 8.0+ 14.8
b R 730 39.5 £ 10.1 29.1+ 89 55.8+17.9
L 694 33.5+£10.0 243+ 94 54.7 £ 16.6
c R 693 405+ 64 26.3 £ 6.1 385+ 114
L 668 385+ 6.2 229+ 29 369 + 8.2
d R 688 145+ 2.6 19.7+ 5.1 219+ 54
L 581 174 £ 1.9 132+ 5.2 182+ 39
e R 595 213+ 35 304+ 7.3 424 + 8.6
L 474 29.0£ 5.0 439 £ 10.5 62.1 £ 14.8
f L 459 284 £ 35 26.7+ 6.7 31.6 £ 8.7

For the left breast of each volunteer, displacement magnitude and direction are displayed on the breast
model segmented from the MR image (Figure 4.2). Fiducial displacements, shown with arrows, were interpo-
lated across the model surface using natural neighbor interpolation, as implemented in MATLAB, to produce
the colored meshes. For each mesh, the sternum is on the left with the armpit towards the top right, as shown
by the human outline in the bottom right of Figure 4.2.

The percentage of displacement in each of the three orthogonal directions (medial/lateral, anterior/poste-
rior, superior/inferior) is shown in Figure 4.3. The percentage of displacement in the medial/lateral direction
was statistically larger in the arm-up to T-shape shift when compared to the two other shifts (power = 0.66
when compared to arm-down to T-shape shift and power = 0.98 when compared to arm-down to arm-up
shift). The percentage of displacement in the superior/inferior direction was significantly larger in the arm-

down to arm-up position change when compared to the two other positional changes (power = 0.87 when
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Figure 4.2: Breast surface displacements associated with arm movement from the arm-down position to
intraoperative position. Arrow vectors placed at fiducial locations show the direction of displacement and are
scaled according to the magnitude of displacement.
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Figure 4.3: Directionality of breast surface displacements associated with arm movement in the supine posi-
tion with arm motion illustrated for each of the three positional changes. Average percentage and magnitude
of displacement in each direction is displayed at the bottom.
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compared to arm-down to T-shape shift and power = 0.99 when compared to arm-up to T-shape shift). In
the anterior/posterior direction, the percentage of displacement was significantly larger for the arm-down to

T-shape shift only when compared to the arm-down to arm-up shift (power = 0.91).

4.1.4.2 Analysis of Breast Shift by Anatomical Quadrant

Average displacement differed among the four conventional anatomical quadrants, illustrated in Fig 4.4a. For
the arm-down to T-shape pose change, average displacements in the upper outer quadrant were significantly
larger than averages in all other quadrants (power > 0.98) as shown in Figure 4.4b. From T-shape to the
arm-up position, the upper outer quadrant shifted significantly more and the lower inner quadrant shifted
significantly less than all other quadrants (power > 0.99). When comparing average quadrant displacements
from the arm-down to arm-up positions, all comparisons were significantly different (power > 0.90) as shown
in 4.4c. The line of equivalence is plotted as a reference, showing where the displacement associated with
quadrant A on the y-axis is equivalent to the displacement of the comparator quadrant B on the x-axis.

Deviations from this line of equivalence are readily visualized in Figure 4.4.

4.1.4.3 Image-to-Physical Registration Results Associated with Conventional Image-Guided Surgery
Approaches

Registration error metrics are reported (Table 4.2) for each combination of preoperative and intraoperative
data: (1) arm-down mock OR to arm-down MR (2) arm-up mock OR to arm-up MR, (3) T-shape mock OR
(surgical position) to arm-up MR, and (4) T-shape mock OR to arm-down MR. The first two registrations
quantify breast deformations for equivalent arm poses; the third and fourth registrations quantify the defor-
mation from the preoperative images to surgical positioning. Fiducial registration error (FRE) values were 5.8
4 0.8 mm and 6.2 £ 1.2 mm for registrations (1) and (2) respectively. Target registration error (TRE) values
were 6.3 = 0.9 mm and 6.7 £ 1.3 mm for registrations (1) and (2) respectively. For registrations from image
space to surgical presentation (T-shape), FRE was 7.9 4+ 1.6 mm using the arm-up MR image (3), and 9.0 £+
1.7 mm using the arm-down MR image (4). TREs were 8.6 £ 1.8 mm and 9.3 &+ 1.7 mm for registrations (3)
and (4) respectively. On average for deformation (4), the maximum target error was 20.0 £ 7.6 mm. Figure
4.6 shows TRE at each fiducial location on a wireframe representation of the breast surface. Furthermore,
image to physical registrations in the same arm pose were compared to registrations with differing arm poses
(imaging to surgical position). More specifically, (1) was compared to (4) and similarly (2) was compared
to (3). These registration errors were significantly different (power > 0.95), indicating significant nonrigid
deformations are due to arm motion in the supine position.

In registrations for the arm-down to T-shape deformation, the most likely surgical protocol, average TRE
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Figure 4.4: Comparison of average displacements for each pair of quadrants. Each plot point represents the
average displacement in two quadrants for one case. Significantly different shifts are plotted as asterisks (*),
and p-values are reported. The line y=x, where quadrant displacements are equivalent, is shown in black. (a)
Color coded quadrants of the breast (b) Comparison of average quadrant displacements from arm-down to
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Table 4.2: Registration error metrics (in millimeters, mm) for image-to-physical registrations of surface
points.

Registration Error (mm) RMS

Arm-down MR to Arm-up MR to Arm-down MR to  Arm-up MR to
Breast Arm-down Mock OR  Arm-up Mock OR  Surgical Position  Surgical Position

Case
Volume (cm3 Max Max Max Max
(cm”) FRE TRE TRE FRE TRE TRE FRE TRE TRE FRE TRE TRE
a L 1,230 74 79 14.8 58 62 99 10.0 109 17.7 103 109 21.0
b R 730 53 58 10.9 39 42 74 50 56 119 9.7 104 27.8
L 694 63 69 13.9 55 62 118 82 92 163 113 12.1 364
¢ R 693 49 53 10.0 57 62 120 80 88 132 94 10.1 233
L 668 55 59 10.0 79 86 16.1 76 8.2 184 9.6 103 20.1
d R 688 52 55 8.1 6.3 6.7 10.0 66 7.0 107 105 8.0 11.1
L 581 53 57 14.4 75 81 174 91 99 193 6.0 65 144
e R 595 64 6.8 15.3 76 83 143 104 113 19.8 72 77 139
L 474 6.7 7.1 15.6 58 62 128 70 7.6 163 81 8.6 16.8
f L 459 54 58 14.3 60 65 113 73 7.8 144 7.7 82 15.6

Mean 681 cm® 5.8 6.3 12.7 6.2 6.7 123 79 86 158 9.0 93 200

decreased asymptotically with an increasing number of fiducials with a final limit of 8.5 mm. The quad-
rantized method approached the limit faster than the non-quadrantized method, as shown in Figure 4.5. For

n > 10 fiducials the two approaches are not statistically different.

4.1.4.4 Impact of Instrumentation Error on Analysis
Registration error due to instrumentation was evaluated by rigidly aligning five sets of skin fiducial points
collected with the subject in exactly the same position. Two main sources of error are possible: intrinsic
instrumentation error associated with optical tracking and MR imaging resolution, and localization error
associated with an individual designating the location of a fiducial marker either using an optically tracked
stylus on the patient or demarking the fiducial marker in a corresponding MR imaging set. While the error
associated with intrinsic instrumentation error is documented by device characteristics [243], the impact of
localization error needs to be assessed in practical use. To evaluate accuracy of fiducial localization on a
subject in the T-shape surgical presentation position, the same fiducial locations were collected repeatedly
for a total of five point sets. All combinations of point sets (5 choose 2) were registered, and the average
FRE was determined to be 1.5 £ 0.1 mm. Similarly, the locations of the fiducials were designated in an MR
image with the subject arm down and all combinations of point sets (5 choose 2) were registered providing a
counterpart average FRE of 1.6 & 0.4 mm.

For each measurement approach, an approximation standard of the upper limit of instrumentation error

was defined as one standard deviation greater than the mean. This results in 1.6 mm and 2.0 mm for optical-
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Figure 4.5: Average TRE for supine MR to intraoperative position as it varies with the number of fiducials
used in rigid registration. In a few cases, fiducials were missing in the MR and/or the mock OR dataset,
limiting the evaluation to maximum of 23 fiducials.
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Figure 4.6: Target registration error for arm-down supine MR to intraoperative position (T-shape mock OR)
for the left breast of each subject. The nipple is marked by (+).
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stylus digitized and MR points respectively. In a worst-case scenario, these errors would sum to represent
a combined instrumentation error, i.e. approximately 3.6 mm. When considering the remaining error after
registering the supine MR images and surgical T-shape presentation, errors that are significantly greater than
this 3.6 mm instrumentation error (paired t-test, p < .05) are assumed to be associated with deformations,
i.e. nonrigid shape change. All registrations produced significantly greater errors; therefore, nonrigid com-
ponents of deformation are significant and cannot be completely compensated for using a rigid registration
approach. This analysis shows that nonrigid deformation between imaging and surgery is significant even for

registrations between the same pose (i.e. (1) and (2)).

4.1.5 Discussion

At a fundamental level, the components of rigid and nonrigid deformation are considerable between MR-
supine and OR-supine configurations. Across subjects, displacement and registration error varied in mag-
nitude (9.0 mm average FRE with average maximum TRE of 20.0 mm) and spatial distribution suggesting
that patient-specificity and real-time monitoring are likely needed within a resection guidance approach. Dis-
placements were also largest in the upper outer quadrant, where disproportionately 38—54% of breast cancers
occur [244-246]. This uneven shift among quadrants would also likely make rigid-registration based image
guidance approaches particularly prone to error. Even with a high number of well-distributed fiducials, when
registering conventional supine breast MR to surgical presentation each subject had a region with TRE above
10 mm, and many had regions with TRE above 20 mm. Comparing image-to-physical registration errors in
the same vs. differing arm poses demonstrated that there are significant nonrigid deformations due to arm
motion. Going further, even when the arm poses were kept consistent between MR and mock surgery posi-
tions, nonrigid error was still present (average errors of 6.5 mm with average maximum TRE of 12.5 mm)
and significantly greater than instrumentation error. This suggests that even under ideal conditions, nonrigid
deformation is likely an important factor to consider. Other important considerations are number of fiducials
and preferred MR position. For rigid registration, greater than 10 fiducials and distribution across all four
quadrants is recommended. Neither arm-up nor arm-down supine MR position is preferred when consider-
ing displacement magnitude or registration error. However, the significant difference in directionality could
impact the difficulty of modeling these deformations.

To the best of our knowledge, this work is the first to report such a comprehensive characterization of
image-to-surgical deformations. While limited to the breast surface, displacements and registration errors
are reported for densely sampled corresponding points. In a related work, Ebrahimi et al measured tumor
displacement from the arm-down position, to an arm up position in supine MR images [171]. The center of

mass displacements for six tumors were reported between 10.9 and 46.8 millimeters from full abduction of
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the arm. Rigid registration errors (TRE) for tumors’ centers of mass were between 2.6 and 17.9 mm. The
magnitudes of these subsurface measurements are remarkably comparable and consistent with our measure-
ments provided here thus proving a similar scale and range for both displacement and registration error.

There are several limitations to this work. The sample size is small and not representative of breast cancer
patient demographics. Breast cancer patients are typically older than the average age of the reported cohort,
with most patients in the age range of 50-70 years old [247] and subject to differing breast consistency.
Further study remains to conclusively evaluate the effects of numerous anatomical factors on breast displace-
ment and registration error (e.g. volume, density, and placement/distribution of breast tissue). The position
of the breast on the torso was an unexpected confounding factor in this dataset. Larger, and particularly more
laterally set breasts are deformed by contact with the arm in the arm down position. Similarly, these breasts
could also experience larger forces during arm motion due to spatial relationships to ligaments and axillary
skin. Breast shape and the position of breast tissue on the rib cage likely impact deformation and registration
error as well, but these effects have not been investigated in this work. Expanding this data set is a next step
to establish trends regarding the impact of breast volume on displacement or registration error.

Another limitation of the work is associated with workflow. In practice, some seed-based targets can be
implanted up to 30 days before surgery [126, 248] allowing workflow and cost benefits by enabling scheduling
flexibility [142]. Comparatively, fiducial placement likely reduces patient discomfort but with more restrictive
scheduling. In the framework discussed herein, there would also be modifications to necessary imaging.
Supine MR is not standard of surgical care and would likely increase imaging costs. However, workflow
modifications must also be considered within the context of current reoperation rates. A single-pass negative-
margin breast conserving surgery procedure would have great potential patient and cost benefits. Lastly, this
work has been limited to breast surface analysis. Integration of tracked intraoperative ultrasound, as in Figure
4.1, allows subsurface features to be incorporated (i.e. tumor margins, implanted biopsy clips, etc.). While
rigid registration often relies on surface fiducials, the addition of subsurface ultrasound data could help to
constrain a nonrigid modeling approach. Figure 4.7 shows an example under development and awaits further

study.

4.1.6 Conclusions

While work is ongoing with supine MR and rigid registration guidance [50, 60, 62], results here have demon-
strated that for supine MR-to-OR alignment strategies, nonrigid deformations are present and significant.
Navigation systems will need to improve accuracy to compete with, and improve beyond, implanted marker-
based guidance. Future strategies that use sparse readily-available localization and imaging data coupled to

nonrigid registration approaches could potentially offer the next cost-effective revolution in improved surgical
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Figure 4.7: Ultrasound data in an image guidance system, with a white arrow indicating this chest wall
segmentation: (a) breast model as segmented from the MR image with tracked ultrasound plane in blue, and
the chest wall segmented in magenta; (b) ultrasound image acquisition in the mock OR; (c) ultrasound image
outlined in blue with the segmented chest wall surface in magenta; (d) acquired chest wall contour data on the
breast model where color indicates the closest point residual with its MR counterpart after rigid registration.
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accuracy.
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CHAPTER 5

Model-Based Correction of Breast Deformations

5.1 Summary and Contributions

With deformations from imaging to surgery shown to be large and nonrigid in Chapter 4, in this chapter a
modeling framework is developed to compensate for these shape changes and improve intraoperative local-
ization accuracy. The framework presented here can be integrated into a guidance module display to quickly
correct preoperative images based on sparse measurements of image-to-OR deformations. These deformation
corrected images display a more accurate representation of the breast anatomy in the operating room.

A patient-specific biomechanical model is derived from a preoperative supine MR image volume. In the
operating room, the deformed shape of the breast can be measured with the data collection system presented
in Chapter 3 consisting of tracked ultrasound imaging of subsurface anatomy, and stereo camera measure-
ments of the skin surface. The developed approach then uses the LIBR deformation correction method [28]
with breast-specific boundary conditions to model the volumetric deformations across the entire organ. Local-
ization accuracy of the proposed nonrigid correction method is compared to accuracy with a rigid registration
alignment. Driven with intraoperatively feasible sparse-data distributions, nonrigid correction significantly
improves surface and subsurface alignment beyond rigid predictions.

The first section in this chapter demonstrates that nonrigid correction provides significantly improved
accuracy over rigid registration, and shows that integrating subsurface data near the tumor can significantly
improve accuracy even further. The model is evaluated across 7 healthy volunteers. This study is the first to
use an inverse model to correct for breast deformations in the supine position, iteratively predicting forces
that produce the observed intraoperative breast state and minimizing model error in less than a minute. By
sampling realistic sparse data from dense MR image volumes, this study was able to evaluate accuracy across
over 150 subsurface regions of interest. This is the first study to comprehensively evaluate registration align-
ment across such a high number of surface and subsurface points well distributed throughout breast volumes.

Evaluation of model performance is then extended by including biopsy clips as subsurface data inputs.
When a lesion is suspected to be cancerous, a biopsy is generally performed. During the biopsy, a sample
of tissue is removed from the lesion and a biopsy clip is left behind in the location that was sampled. This
clip is currently not used for intraoperative localization. Instead, a secondary appointment in radiology is
needed to place a separate localization device: either a marker seed or a guide-wire as described in Section

2.3.3. These localization devices are compatible with a method of intraoperative guidance. The method here
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proposes to shift this standard, to leverage biopsy clips visible on ultrasound imaging to inform guidance
and improve correction accuracy in a region of interest surrounding the tumor. This section investigates the
impact of incorporating this information as an additional driving input to the model correction framework,
demonstrating that one localized point near the tumor can significantly improve accuracy even further beyond
correction driven with boundary-data alone (surface and chest wall data). Model performance is evaluated in
the context of clinically relevant regions of interest, in light of reported lesion sizes as previously discussed
in Section 2.3.4.

The second section in this chapter demonstrates model performance in a breast cancer patient. This
section evaluates performance with 9 surface fiducials instead of the 26 surface fiducials used in the previous
section, showing that the model still improves alignment for surface fiducials, subsurface features and a tumor
volume.

These contributions, in tandem with the contributions from Chapter 4, have continued to motivate ad-
ditional works investigating more complex modeling approaches that incorporate additional factors such as
anisotropy and heterogeneity. The fast speed of model correction presented here sets the stage for prospec-
tive intraoperative correction and motivates investigations into rapid, automated data collection to acquire
high numbers of surface fiducials. To fully leverage the accuracy reported here, a rapid surface measurement

approach is realized in Chapter 6.

5.2 Computational Imaging to Compensate for Soft-Tissue Deformations in Image-Guided Breast
Conserving Surgery

5.2.1 Abstract

Objective: During breast conserving surgery (BCS), magnetic resonance (MR) images aligned to accurately
display intraoperative lesion locations can offer improved understanding of tumor extent and position relative
to breast anatomy. Unfortunately, even under consistent supine conditions, soft tissue deformation compro-
mises image-to-physical alignment and results in positional errors. Methods: A finite element inverse model-
ing technique has been developed to nonrigidly register preoperative supine MR imaging data to the surgical
scene for improved localization accuracy during surgery. Registration is driven using sparse data compatible
with acquisition during BCS, including corresponding surface fiducials, sparse chest wall contours, and the
intra-fiducial skin surface. Deformation predictions were evaluated at surface fiducial locations and subsur-
face tissue features that were expertly identified and tracked. Among n = 7 different human subjects, an
average of 22 + 3 distributed subsurface targets were analyzed in each breast volume. Results: The average
target registration error (TRE) decreased significantly when comparing rigid registration to this nonrigid ap-

proach (10.4 + 2.3 mm vs 6.3 £ 1.4 mm TRE, respectively). When including a single subsurface feature as
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additional input data, the TRE significantly improved further (4.2 £+ 1.0 mm TRE), and in a region of interest
within 15 mm of a mock biopsy clip TRE was 3.9 £ 0.9 mm. Conclusion: These results demonstrate accurate
breast deformation estimates based on sparse-data-driven model predictions. Significance: The data suggest
that a computational imaging approach can account for image-to-surgery shape changes to enhance surgical

guidance during BCS.

5.2.2 Introduction

In the United States, breast cancer is the most common cancer in women and will be diagnosed in an estimated
290,560 people this year [1]. The majority of these patients will be recommended for breast conserving
surgery (BCS) [2, 3], a tissue-sparing procedure that consists of surgical removal of the lesion and a margin
of healthy tissue surrounding that lesion. Unfortunately, the patient position in surgery is very different from
the position for most diagnostic breast imaging, making imaging information underutilized in surgery. For
diagnostic magnetic resonance (MR) imaging, a patient is lying prone, or face down, with the breast pendant
within an imaging radiofrequency coil. For diagnostic ultrasound imaging, the patient lies supine, or face
up, with the arm fully abducted beside the head. For mammography, the patient is standing with the breast
compressed between two plates. None of these imaging positions are representative of surgical position. In
surgery, a patient lies supine with the arm outstretched laterally at 90°, i.e. in a T-shape. As a result of this
incongruence between diagnostic imaging and surgical presentation, it can be challenging for surgeons to
relate the tumor location in a medical image volume to its intraoperative counterpart on the operating table.
In addition, studies have emerged demonstrating that switching from prone to supine imaging presentations
induces tumor shape and size differences, as well as a shift in the tumor position with respect to all available
anatomical landmarks [18, 42, 64]. Even under ideal circumstances when a patient remains in a supine
configuration during imaging, simple 90°abduction of the arm results in significant shifts and shape changes
in breast tissue [238]. In fact, even simple intraprocedural changes such as small rotations of the operating
room table can result in significant remaining alignment errors after rigid registration [238].

In an effort to overcome difficulties surrounding intraoperative lesion localization during BCS, several
techniques have been established to provide positional information during surgery. Wire-guided localization
involves inserting a guide wire into the center of a tumor using cross-sectional image guidance. In surgery, the
surgeon uses the wire as a guide path to the region of interest. However, in radiology the guide wire placement
technology is geometrically constrained and can lead to resection paths that are suboptimal. Additionally, as
these wires are placed potentially hours before the surgery, the protruding wire can become displaced. Most
importantly, even with optimal wire placement and successful resection along the wire path, the surgeon

must estimate the relative position of the wire tip within the lesion and must also approximate the exact
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tumor boundary surrounding the unseen wire tip when resecting a suitable surgical margin.

Though guide wire approaches are still in use, in the past decade, the expanding use of implanted seed-
based markers (e.g. radioactive, magnetic, and radar reflector seeds) is beginning to replace guide wire
approaches. For seed-based methods, a small localization marker is implanted near the lesion by radiology
in the days or weeks before surgery. The placement of the marker is then confirmed with imaging. The seed
is localized intraoperatively using a handheld probe that reports the seed-to-probe distance. Though these
seed-based techniques offer improvement over wire guidance, reoperation rates remain high due to residual
disease after resection, or positive margins. Average reoperation rates are reported up to 30%, with most
averages around 10-20% [13, 14, 16]. These methods provide seed location and allow for unconstrained
trajectory to a target, but they cannot provide guidance for boundary management during resection to excise
the precise deformed lesion shape. In recent years, reoperation rates have plateaued around 10-20% [14, 72,
73], suggesting that these approaches may be at their resolution limit.

Intraoperative MR imaging can provide the shape of the tumor on the operating table, but requires the
use of nonmagnetic tools and interruption of surgery for imaging [18]. Additionally, intraoperative MR is not
widely available, as most operating rooms are not equipped with MR scanners. Alternatively, ultrasound can
be used within the sterile field throughout the procedure to visualize echogenic tumors intraoperatively. The
transducer can also be used to investigate the resection cavity for remaining tumor after the initial excision.
One of the largest drawbacks to intraoperative ultrasound is that not all lesions are visible on ultrasound.
Though intraoperative ultrasound provides low rates of positive margins (2—14%) [23-25], only 50% of non-
palpable tumors are visible on ultrasound [26]. There remains a need for 3D guidance that can be used for a
larger majority of patients.

Image guidance systems can provide information about full tumor boundaries by registering, or aligning,
preoperative imaging with the physical patient space. For BCS, these research systems typically use preoper-
ative MR imaging [50, 60, 139] as it offers high sensitivity [45, 47] and, when performed in a supine position,
can provide an improved understanding of intraoperative tumor shape and position [19, 46, 64]. There are
several ways supine MR data have been leveraged in the operating room. Sakakibara et al. positioned patients
in a surgical pose for MR imaging and used a projector to display tumor extent directly onto the breast surface
during surgery. This method produced smaller resection volumes and lower positive margin rates than wire
guidance [132]. Recently, Wu et al. achieved 18% positive margin rates by tracing tumor positions onto the
skin surface using a patient specific 3D printed breast mold derived from supine MR imaging [134]. These
methods show the value of supine MR in determining intraoperative tumor extent. However, their reliance on
a skin surface projection still provides limited understanding of tumor depth and makes them inadequate for

complete 3D margin management during resection.
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Image guidance systems that incorporate 3D renderings can show the full tumor extent based on preopera-
tive imaging. An image guidance system from Pallone et al. expanded upon these skin surface projections by
including a 3D model view and tracked tools [41]. When evaluated on 69 patients in a randomized controlled
prospective study, their system showed a 9% positive margin rate under current margin guidelines, which was
lower than for wire-guided BCS. Though this did not meet a level of statistical significance (p = 0.08), it is
certainly suggestive [50]. In separate work, Perkins et al. integrated MR imaging into an augmented reality
system for BCS with promising qualitative validation [139].

Although the aforementioned approaches aim to display preoperative tumor extent registered to the intra-
operative space, the reliance on rigid registration between image and physical spaces represents a substantial
limitation. Though simple linear shifts are easily accommodated with rigid approaches, there is a consider-
able degree of nonrigid deformation that occurs between imaging positioning and surgical presentation, even
for supine-to-supine registrations [238]. Abduction of the arm, re-positioning of the patient, and rotation of
the operating table all contribute to discrepancies between imaging and surgical tumor location. Due to these
nonrigid shifts, residual error after rigid registration can be large—on the order of 10-30 mm on the surface
[238]. Localization inaccuracies can lead to larger resected specimen volumes, positive margins, or both.
In fact, in qualitative evaluation, [139] notes the conspicuous need for nonrigid correction due to obvious
misalignments after rigid registration.

Nonrigid deformation correction for breast cancer surgery has been limitedly explored, especially within
the context of the clinically relevant supine-to-supine registration problem. However, initial findings suggest
that nonrigid registration approaches can improve accuracy for BCS. Ebrahimi et al. observed deformations
from full abduction of the arm in supine MR images, and used thin plate splines on 24-34 fiducials well
distributed across the breast surface to correct for deformations. Though the method had no biophysical link,
accuracy at tumor centroids in six patients improved from 3-18 mm with rigid registration to 1-10 mm.
However, improvement across all cases was variable [171]. Although the approach performed very well for
some cases, in one case error actually increased with nonrigid registration.

Conley et al. introduced a nonrigid correction method that employed a forward solved finite element
method (FEM) using sparse data collection in a mock-intraoperative setting [60]. Following preoperative
supine MR imaging, mock-intraoperative data were collected including surface fiducial locations marked
with tracked tools, surface collection with a laser range scanner, and the chest wall position measured with
tracked ultrasound. An initial image-to-physical rigid registration was performed, and the remaining fiducial
mismatch was used to estimate surface displacements. A patient specific breast mesh was assumed to experi-
ence loading in the craniocaudal direction only at inferior and superior mesh boundaries. This work reduced

two tumor centroid errors from 6.5 and 12.5 mm with rigid registration to 5.5 and 5.3 mm after correction,
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respectively [60]. Although the nonrigid approach offered improvement, the number of cases was limited
and the value of the method was inconsistent, offering 15% and 58% improvement in the two cases evalu-
ated. While the work was interesting, unfortunately, the assumption of only craniocaudal boundary forces
from observed surface fiducial movements is likely a limitation. The approach did not account for displace-
ments in the medial-lateral, and anterior-posterior directions which collectively are approximately equal to
the craniocaudal displacements according to a recent study by Richey et. al. [238].

In the work presented here, an inverse modeling approach is employed to predict breast deformation from
abduction of the arm. In contrast to forward models, inverse modeling approaches can be designed to re-
construct forces at the anatomical locations that experience true mechanical loading. Here, the linearized
iterative boundary reconstruction (LIBR) method, as presented in [28], has been modified for clinical appli-
cation in BCS. The LIBR method solves for a distributed profile of applied mechanical loading that produces
the observed intraoperative breast shape change given a set of sparse data constraints. Once the shape change
has been reconstructed, a navigation system can be updated with a deformed image volume that constitutes
a computational image of the new tissue state. Another important contribution of this work is the degree
of validation that is offered in the evaluation. Previous work in nonrigid breast registration has been very
limited. Here, the modified LIBR approach is evaluated on 157 subsurface targets well distributed within the
breast volumes of n = 7 human subjects, thus providing a global volumetric evaluation of target registration

€ITOrS.

5.2.3 Methods

5.2.3.1 Overview of Experimental Protocol

A mock operating room (OR) experiment was conducted on n = 7 healthy volunteers. Supine MR imaging
provided a mock-preoperative scan with the arm at the subject’s side. Repeat imaging was conducted with
the subject in an alternate configuration with the ipsilateral arm fully abducted. The supine MR with fully
abducted arm was treated as a mock-intraoperative configuration, from which sparse data were extracted
to represent an extent feasible for intraoperative collection. This extent is representative of acquisition in
physical surgical space that would remain minimally disruptive to surgical workflow. With data obtained in
the mock-preoperative and the mock-intraoperative states, a novel image-to-physical registration approach
was performed and evaluated. Accuracy assessment involved transforming novel (not used as part of the
registration) subsurface targets from the mock-preoperative location to their predicted mock-intraoperative
location and then comparing to the manually measured counterpart in the acquired mock-intraoperative state.
The evaluation involved on average 22 + 3 subsurface targets across the data set, comprising a total number of

157 corresponding target points. Lastly, as patients generally have biopsy clips and/or a localization marker
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implanted in the breast prior to surgery, the evaluation experiment was extended to include the impact on
alignment if a single subsurface feature could also be incorporated into the sparse set of intraoperatively

acquired data.

5.2.3.2 Human Imaging

Data were collected on seven healthy volunteers as approved by the Institutional Review Board at Vanderbilt
University (protocol code 130038, date of approval 11/11/2015). Volunteers ranged from 23 to 57 years of
age (average age of 29 & 12) with breast volumes of 398 to 1228 cm? (average volume of 688 + 256 cm?).
As noted above, the mock-preoperative imaging state involves supine imaging with the arms down within the
closed MR bore. As discussed, surgical positioning involves the arm abducted 90°in a T-shape orientation
and previous work supports significant shape change between these two states [238]. This configuration is
not possible within the scanner. Here, to provide full volumetric MR data for comprehensive subsurface
validation, the fully abducted position was used to approximate the surgical position. It should be noted that
this represents a more considerable challenge than the T-shape surgical presentation. In previous work, the
shape change for the fully abducted arm is approximately 45% larger in magnitude than the halfway abducted
surgical presentation [238].

With respect to specific protocol, two supine MR images were obtained sequentially: one with the arm
down beside the torso, and a second with the arm up beside the head. In both scans, the contralateral arm
was down. Before scanning, 26 fiducials (IZI Medical Products, Owing Mills, MD) were evenly distributed
across the breast surface. These fiducials are visible in both MR images and serve as corresponding surface
points. Due to the significant breast shifts, after abduction some fiducials moved to outside the image field
of view; at least 23 corresponding fiducials were recognized in each case. Images were obtained on closed
bore 3T Phillips scanners using a 16-channel torso coil with padded support to reduce compression of the
breasts. In one case a plastic cage was placed around the subject’s torso to fully suspend the coil, eliminating
tissue compression. It should be noted that the plastic cage wholly eliminated breast compression for this
case (similar to proper application of padded coil support) with the added benefit of simplifying subject
repositioning. A THRIVE sequence was used with one of two voxel resolutions, 0.357x0.357 x 1 mm?, or
0.391x0.391x1 mm? voxel size. The THRIVE pulse sequence does not compensate for respiratory and
cardiac motions. However, motion artifacts were not noticeable for the majority of volunteers in this study.
Though one subject had noticeable respiratory artifact, this artifact was small enough that image features

were still able to be selected with no change to the imaging procedure (e.g. respiratory gating).
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5.2.3.3 Image Derived Data

The breast volumes of both the mock preoperative and intraoperative breast state were segmented manually to
include the skin, ligaments and adipose tissues. Chest wall was not included in the breast tissue segmentation.
To improve the speed of segmentation, automatic interpolation in ITK-SNAP [249] was used, segmenting
every 5-10 slices in the axial direction. Generally, an experienced user takes 15-30 minutes to segment the
breast depending on complexity of the breast shape. Custom mesh generation software was used to generate
patient specific 3D meshes from the breast segmentations of both states [233]. Meshes were discretized to
tetrahedral elements with 4 mm edge length. Mock-preoperative breast meshes ranged from approximately
6,500-18,000 vertices.

The supine MR images provided the following data as shown in Figure 5.1: (1) corresponding locations
of the MR-visible synthetic surface fiducials, (2) the breast skin surface, (3) the chest wall, and (4) subsurface
feature locations used for validation. All features were designated manually, and all surfaces were subsampled
from the boundary of the patient specific 3D mesh. To simulate realistic intraoperative data collection, a
sparse data set was taken from the mock-intraoperative state (arm-abducted MR image). For the mock-
intraoperative state, the sparse chest wall data included a set of chest wall contours simulating collection
from 7-10 linear probe ultrasound images with 40 mm width. It should be noted that the distribution of chest
wall sample contours was based on previous work in a tracked ultrasound study measuring the chest wall in a
mock-intraoperative setting using a BK5000 18L5 linear probe (BK Medical UK Ltd., Peabody, MA) [238].
Contours were designated manually, each contour taking only a few seconds to segment. With respect to
the breast skin surface, intraoperative segmentations were subsampled from the breast mesh boundary nodes
to only include intrafiducial surface points. This process ensures that the extent of the intraoperative skin
surface is entirely contained on the preoperative mesh. Lastly, the subsurface features used for validation
were selected manually, choosing an average of 22 + 3 (ranging from 18-26 across the data) well distributed
homologous points for each subject. Throughout the seven breast volumes, a total of 157 corresponding

points were identified.

5.2.3.4 Nonrigid Deformation Correction

This work employs the linearized iterative boundary reconstruction (LIBR) method, recently presented by
Heiselman et al. [28], modified for breast-specific data. Here, breast deformations are assumed to be
isotropic, homogeneous, and linearly elastic. The method supposes that tissue deforms according to the
Navier Cauchy equations, which govern linear elasticity at static equilibrium [232]. Here, the Galerkin
method of weighted residuals [234] using conventional linear local Lagrange polynomial interpolants with

tetrahedra is used to determine approximate displacements which come close to the unknown true displace-
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Figure 5.1: Exemplar data for one subject, rendered in ParaView [250]. Supine MR projection images (left)
with nipple displayed as +, and extracted data (right). The model is evaluated at the subsurface features (red),

which were not used to drive the correction.
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ment field.

Briefly, the LIBR method solves for a set of boundary condition displacements that produce the observed
intraoperative deformation state. A series of control points on the model surface are perturbed in each of the
three Cartesian directions. Perturbations are in the form of displacement boundary conditions, i.e. Dirich-
let conditions, and the resulting deformation solution is computed using the finite element method. Each
point loading is relaxed to establish an equivalent distributed load with identical far-field behavior as the
point source. The relaxed displacements resulting from each control point perturbation embody indepen-
dent modes that characterize local responses to forces applied to the tissue. These deformation solutions can
be linearly combined to iteratively reconstruct intraoperative organ deformations based on optimizing the

objective function from [28],

Q(a,t,0) Z Zf, + g fE° (5.1)

F
where f; represents the distance between the position of an intraoperative data point provided to the correction
algorithm and its counterpart on the registered preoperative model, fg represents the strain energy of the
deformation, @r represents the weight of a feature F, Nr represents the number of points within feature F,
and wg represents the strain energy weight. The objective function is parameterized over a weight vector
« that encodes the deformation state, and rigid transformation parameters T and 6, which represent rigid
translations and rigid rotations of the deforming model, respectively. Levenberg-Marquardt optimization
is used, terminating when the step-wise error tolerance AQ < 107 !2 is satisfied. Material parameters in the
Navier Cauchy equations are set as in [28], with Young’s Modulus £ = 2100 Pa and Poisson’s ratio, v = 0.45.

The LIBR method reported in [28] is modified to reflect the breast localization data described above, and

Equation 5.1 becomes

Nf ids Nskin Nehest
Q(a,7,0) = —Zf, —Zf, Zf, + op f&* (5.2)
ftds i=1 Nigin i= Nehest i=

with the assumption that each data component of the objective function equally impacts its evaluation (i.e.
op = 1.0 m™?). The model-data misfit error, f;, for each feature is computed based on the type of cor-
respondence, with MR-visible fiducials (abbreviated as fids) treated as corresponding points, and skin and
chest wall data treated as point-to-surface correspondences (or sliding constraints) as described in [28]. The
strain energy weighting factor, wg, has been empirically determined and is fixed at 10~° Pa~2. The modeling
workflow is summarized in Figure 5.2.

Control points serve as the action points of applied perturbations, and consist of 45 discrete locations

dispersed across all the boundaries of the mesh, except for the skin surface. As in Heiselman et al., k-means
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Figure 5.2: Schematic of the method workflow, with precomputed steps (top) and intraoperative optimization
steps (bottom). The nipple is consistently marked +.

clustering was used to evenly distribute control points across the control surfaces [28]. The distribution of 45
control points, in magenta, on a preoperative breast mesh is shown in the top right of Figure 5.2 in anterior,
medial, and posterior views. Tissue types are designated with skin in blue, sternum in orange, and chest wall
in black. Internal tissue that is transected by the mesh is marked in grey. This control point distribution repre-
sents the boundary of the computational domain where mechanical displacements are applied with remaining
areas assumed stress-free. Applied displacements ideally capture the forces internal to the subject’s body but
external to the meshed computational domain, i.e. forces exerted by ligaments or tension on tissue adjacent to
the meshed domain. It should also be noted that in some cases the breast surface did come into contact with
the MR torso coil. However, these forces were minimized with the weight of the coil supported by padding
or a plastic cage. Therefore, this contact was considered to have negligible influence on the registration.
Throughout this work, surface fiducial registration error (FRE) and subsurface target registration error
(TRE) are computed as the arithmetic mean and standard deviation of Euclidean distances between predicted

data positions and the ground truth positions as measured in the mock-intraoperative MR.

5.2.3.5 Impact from Including a Single Nearest Neighbor Subsurface Feature

Clinically, it is quite possible to localize a subsurface point near the lesion intraoperatively. For example, be-
fore surgery, patients routinely have biopsy clips and/or localization markers implanted in the breast in close
proximity of the tumor. These subsurface features serve to assist in localization during tissue resection and

can be localized either with tracked ultrasound images or with other intraoperative localization approaches.
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On the former, approaches to account for deformations induced by ultrasound probe compression have been
developed to enable accurate localization of subsurface targets with ultrasound [251]. With respect to the lat-
ter, investigators have developed custom seeds capable of being wirelessly tracked in 3D space during breast
surgery [140, 252].

Given the common availability of a subsurface target near the region of interest, the impact of including
a single subsurface feature on the LIBR approach was evaluated. For a given target, the nearest neighbor
(k = 1) subsurface feature was considered another tracked point and included as an additional input to the
model. Thus k = 0 indicates that no corresponding subsurface points were used. To accommodate, when

k =1 the objective function (Equation 5.2) is modified to include this

Nf”"S Nikin Nepest

Q((X,T, 9) :ffeature Z ﬁ Z ft Z ﬁ + wEfE (53)

fids = Nikin i= Nchest i=

where frequre 1s the model-data fit at one subsurface feature point, treated as a corresponding point as
outlined in [28].

Here, the additional feature is the target’s nearest neighbor, i.e. the subsurface point closest to the evalu-
ation target of interest. The average distance from a target to its nearest neighbor was 15.0 £ 6.6 mm. One
subsurface feature was considered a target and a model optimization was performed. The model optimization
included the data outlined in Equation 5.3, where ffequre is the model-data fit at the single target’s nearest
neighbor. Model accuracy was evaluated at the target of interest and across all surface fiducials. This process
was then repeated, iterating through each target in the complete list of subsurface features.

Throughout this study, the subsurface TRE was only ever evaluated at novel points, i.e. it is never evalu-
ated at any subsurface points used to drive the optimization. However, surface FRE is reported separately as

residual error at surface fiducials that were used to drive the optimization.

5.2.3.6 Accuracy in Regions of Interest
Approximately 50% of breast lesions have radii smaller than 5 mm, and 77-87% have radii under 10 mm
[150, 155]. Therefore, if planning to resect 10 mm of healthy tissue surrounding a lesion, as suggested
in [38, 64, 132], over 50% of lesions would have planned resection volumes within an » = 15 mm region
of interest (ROI), and over 75% of lesions would fall well within an » = 30 mm ROI. This means that the
localization accuracy in these smaller regions of interest are clinically important.

As subsurface features in this work were selected to offer full coverage of the breast volume, distances
between subsurface features are generally larger than the expected distance from a lesion to its implanted

biopsy clip or localization seed. Conventional standard of care considers localization markers to be accurately
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placed when they are within 10 mm of a lesion, but here the average distance between a target and its driving
nearest neighbor was 15.0 & 6.6 mm. To extend the analysis, each subsurface feature was treated as a mock
biopsy clip that was localized in the operating room (hereafter referred to as a clip). The model’s predictive
accuracy was then evaluated by considering all targets within a region of interest (ROI) surrounding each
clip. While the nearest neighbor analysis in the previous subsection provides an evaluation framework at
every subsurface point, the ROI analysis provides analysis only locally in the immediate tissue neighborhood
near a clip of interest.

Radii were selected based on breast lesion sizes, offering localization accuracy within the ranges of real-
istic excision volumes (accounting for over 50% and 75% of patients for » = 15 mm and r = 30 mm respec-
tively). A region of interest was defined centered around each clip using radii of » = 15 mm,r = 30 mm, and
r = oo mm. While this section focuses on local accuracy, it should be noted that a radius of r = oo gives the
full field improvement across the entire breast volume from the inclusion of one subsurface mock biopsy clip.
As noted above, smaller radii describe accuracy in a local region of interest surrounding a mock biopsy clip.

The model-based registration approach was then implemented using breast surface and chest wall data in
addition to the single subsurface mock clip as the driving spatial information. The objective function for this
analysis still utilizes Equation 5.3. Here, the additional feature is the subsurface clip of interest, and ffearure
is the model-data fit at that clip. The model evaluation differs with r, as all target errors within the ROI are
reported. This process was repeated with each model implementation using a different subsurface feature as
the mock surgical clip. On average, r = 15 mm ROIs included 1 =+ 1 targets, and r = 30 mm ROIs included
4 4 2 targets. At r = oo, the number of included data points is 21 + 3, i.e. all subsurface points are targets
expect for the feature included in the optimization. Evaluating with a small radius (r = 15 mm) limits the
coverage of evaluation, discarding points with no nearby subsurface data since these more isolated features
are outside the scope of what would be realistic in the clinic. If a localization marker were more than 10 mm
away from the target lesion, an additional marker would be placed closer to the target.

Though both the nearest neighbor and ROI approaches include one subsurface feature in each model
optimization, they provide complimentary components of analysis. The nearest neighbor approach guarantees
each subsurface feature is treated as an evaluation target exactly once. On the other hand, the ROI approach
guarantees each subsurface feature is treated as an acquired data point included in the optimization function.
The ROI approach, however, does not guarantee that every subsurface target is evaluated. As an example of
this, if a subsurface feature is more than 15 mm away from all other targets, it will not be within any set of
evaluation data at » = 15 mm. The number of ROIs (i.e. number of model optimizations) evaluated for each

subject is reported.
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5.2.4 Results

5.2.4.1 Minimal Data-Driven Optimization

Mean registration errors were compared with paired t-tests (@ = 0.05). When compared to point based
rigid registration, the nonrigid deformation correction without subsurface feature drivers offers significant
improvement in fiducial registration error (FRE) and target registration error (TRE) (p < 0.001), from FRE
of 79+ 1.6t02.4+ 1.3 and TRE of 10.4 £ 2.3 mmto 6.3 + 1.4 mm (Table 5.1 and Table 5.2). Precomputing
the modes of deformation takes, on average 13 + 4 minutes using 64 processors on a 2.20 Ghz Intel® Xenon®
CPU. The deformable correction takes, on average, 21 4 18 seconds (median 14 s) for optimization on a
single thread of a 2.20 Ghz Intel® Xenon® CPU. Additionally, for each method the model improvement over

rigid registration is reported as
(errorrigid - errornonrigid)
€rroryigid

x 100%. (5.4

Table 5.1: Subsurface target registration error (TRE) mean =+ standard deviation (maximum) in millimeters

Case Breast Point Based Nonrigid Registration TRE
Volume (cm?) Rigid Registration TRE k=0 k=1
a 1,228 9.1 £2.8(15.0) 6.2 +£2.4(10.7) 40+£20 (8.8)
b 692 11.3 £4.1(19.5) 6.1 £3.4(13.1) 3.8+ 1.6 (6.8)
c 663 9.7 £3.6(21.0) 6.1 £3.3(13.1) 3.8+ 1.8 (8.1)
d 638 11.4 £7.2 (24.5) 7.4 +£4.0(15.3) 43+20 (9.2)
e 614 10.8 £3.3 (15.9) 7.2+£2.7(13.3) 52+25 (9.9
f 588 14.0 £ 3.8 (19.0) 7.5+£2712.1) 5.7+2.50.2)
g 398 6.5 +4.1(14.2) 35+ 1.9 (8.0) 25+£09 44
Mean 689 cm? 10.4 + 2.3 63+ 14 42+1.0
Improvement over rigid registration 39% 60%

Table 5.2: Surface target registration error (FRE) mean =+ standard deviation (maximum) in millimeters

Point Based

Nonrigid Registration FRE

Case Rigid Registration TRE 10 P
a 9.3 +2.8(13.6) 5.1 +£2.4(10.7) 6.0 +£2.5(12.8)
b 9.6 +3.2(17.3) 6.1 3.4 (4.0 294+15 (8.5)
c 6.9+22(11.4) 6.1 £33 (54) 37+ 1.7 (9.3)
d 6.3 +£25(14.4) 744+4.0 (3.7 24412 (8.1)
e 9.0 4.4 (24.6) 72427 (6.6) 344+1.7(12.4)
f 8.3 £3.0(13.6) 7.54+27 (4.8) 29415 (1.7)
g 554+1.7 95) 354+1.0 4.7) 1.8+ 1.1 (6.3)

Mean 79+ 16 24+ 13 36+ 15

Improvement over rigid registration 69% 54%
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5.2.4.2 Inclusion of a Single Nearest Neighbor Subsurface Feature

The TRE significantly improves with the addition of subsurface feature data fromk=0to k=1 (p < 0.001).
Conversely, the FRE significantly worsens with the inclusion of a subsurface feature point fromk=0to k=1
(p < 0.001). Subsurface TREs are presented in Table 5.1, and residual surface FREs are presented in Table
5.2. Spatial distribution of subsurface target error with the inclusion of the nearest neighbor subsurface point
(k= 1) is visualized in Figure 5.3. This figure shows both the broad distribution of targets, as well as the
distances between targets and their nearest neighbors. Left breasts are reflected so each breast mesh is in the
same anatomical orientation, with the arm on the left and the sternum on the right of the image, as indicated
on the full-body diagram. Breast volumes are also reported in Table 5.1. While the model performs best in
the smallest breast volume, for this dataset there is no observable trend with respect to volumes. Figure 5.4
shows the distribution of average error across the seven cases, and statistical comparisons. For all registration

methods reported in Figure 5.4 , each target is evaluated exactly once.

5.2.4.3 Accuracy in Regions of Interest

When evaluation was limited to a region of interest (r = 30 mm), registration error significantly decreased in
comparison to evaluation across the whole breast with 7 = o (p < 0.001). As the radius decreases, the TRE
continues to significantly improve from r = 30 mm to r = 15 mm (p = 0.001). For r = oo, the addition of
one subsurface clip resulted in higher error when compared to TRE for the model run with no subsurface clip
(p =0.026). In other words, although local target errors improve, far field errors worsen.

Results for regions of interest with decreasing radii are presented in Table 5.3 and distribution of average
target error is shown in Figure 5.5. As previously discussed, as the radius decreases, some clips no longer have
targets within the region of interest and are therefore not included in evaluation. This behavior is reflected in
the number of ROIs, also presented in Table 5.3. Though the average number of regions evaluated remains
constant from r = oo mm to r = 30 mm, the average TRE drops significantly, reflecting higher accuracy in
a region of interest, even when model accuracy is evaluated across a wide spatial distribution of regions.
While the average TRE improves significantly again when the radius is reduced to » = 15 mm, the number
of evaluated regions drops down to 14 4+ 5. This reduction in the number of regions evaluated means that
our analysis is limited to the more central regions of the breast where subsurface features are more densely

distributed. The density of subsurface points can be observed in Figure 5.3.

5.2.5 Discussion
The method presented here demonstrates state-of-the art localization in seven human breasts, with compre-

hensive target sampling in varying volumes. The method offers consistent, significant improvement with
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Figure 5.3: Distribution of subsurface target registration error (mm) with the k = 1 nearest neighbor subsur-
face feature included as model input for each target evaluation. For each case the target locations are shown
in the preoperative, or arm down, breast mesh from the anterior view (top) and inferior view (bottom). The
subject’s orientation is on the full-body diagram at the bottom left, with the blue box showing the approxi-
mate anterior field of view. The nipple is consistently marked +.

Table 5.3: Subsurface target registration error (TRE) for nonrigid correction in a region of interest (ROI)
with radius r around 1 clip. Mean = standard deviation (maximum) are reported in millimeters, with average

improvement over rigid registration shown as a percentage.

Case r =oco mm r =30 mm r=15 mm
Avg £ std Max) #of ROIs Avg + std (Max) #of ROIs Avg =+ std (Max) # of ROIs

a 6.6 £2.4(12.7) 22 5.3+2.3(10.9) 21 4.0+2.1(8.8) 15
b 6.3 +3.1(13.7) 25 5.0+£2.2(10.6) 25 43+£197.7) 21
c 6.2 +£2.8(13.4) 25 49 £2.810.7) 24 39+ 1.6(6.7) 14
d 7.8 +3.7(17.6) 26 5.84+2.4(11.3) 26 29409 4.3) 17
e 7.2 +£2.8(14.0) 21 5.8 +£2.8(12.5) 20 42 +2.0®8.0) 13
f 7.6 £2.7(13.4) 18 6.1 £2.6(11.4) 17 4.1+1.6(6.8) 8
g 37+1.8 (8.3) 20 26+ 1.1 (5.8) 20 1.8 £ 0.7 (3.0) 8

Mean 6.5+ 14 22 5.0+ 1.1 22 3.6+09 14

Improvement 38% 52% 65%
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Figure 5.4: Comparison of registration error (mm) for point based rigid versus nonrigid registration with
varied amounts of subsurface features, where k = 1 indicates that a neighboring subsurface feature is included
in the model optimization. Significant differences exceeding p < 0.001 are reported with *.
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Figure 5.5: Comparison of subsurface target registration error (TRE) in millimeters, varying the radius of
the region of interest, r, centered on a subsurface clip included in driving the model. Dashed lines represent
median TRE for rigid (red) and nonrigid (green) registration with no subsurface clips included. Significant
differences exceeding p < 0.001 are reported with *.
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50-60% correction over conventional rigid registration. This algorithm provides subsurface target errors
consistently on the order of 1 cm or less in targets well distributed throughout seven breast volumes under-
going mock preoperative-to-surgical deformations. This modeling framework can correct for nonrigid de-
formations fast enough to provide accurate guidance at patient bedside. The presented method outperforms

previous findings with less variability.

Figure 5.6: An axial slice of registered computational images overlaid on the ground truth image in the fully
abducted arm position for case d. In all panels, segmentations of the chest wall and skin surface are outlined in
gray. The rigidly registered image is shown in red. The model deformed image computed without subsurface
features (k = 0) is shown in green. In yellow is the model deformed image computed with one additional
subsurface point (k = 1) approximately 10 mm from the feature indicated by the white arrow.

This model correction technique combined with sparse intraprocedural data can be used to reconstruct
computational images of the deformed anatomy for use in intraoperative guidance. An example of deformed
computational images is shown in Figure 5.6 for case d. Qualitatively, the subsurface feature alignment im-
proves significantly, along with the alignment of the skin surface and chest wall, displayed as grey contours
in all panels. The feature indicated by the black arrow is not aligned for rigid registration (red) but becomes
aligned when the nonrigid correction methods are employed (green and yellow). It should be noted that the
feature indicated by the white arrow appears to be potentially aligned with rigid registration (red). However,
in further multi-slice examination, there is still significant misalignment in the inferior/superior direction that
cannot be visualized in this 2D example. With careful observation, there is a noticeable shape discrepancy
and this is a result of the rigidly aligned feature being located several image slices inferior to the true feature
location. Similarly, the nonrigid correction with no subsurface feature points included (k = 0, green) is no-

tably misaligned in the medial-lateral (left-right) direction near the white arrow; however, the two nonrigidly
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corrected images more closely predict the true shape of that feature and better align that feature in the in-
ferior/superior direction. Finally, observing the same structure with the nearest subsurface neighbor (k = 1)
included as additional data, the reconstructed computational image shows excellent agreement in location
and shape (yellow). It is also important to note that the included subsurface data point was approximately
10 mm from the feature of interest designated by the white arrow. Whereas the far-field accuracy is slightly
compromised at the surface above the well-fit features, the k=1 approach improves alignment for the feature
further away (designated by the black arrow) at approximately 30 mm away. It is this regional accuracy that
is most clinically relevant within the context of margin management. Though even without the use of an ad-
ditional subsurface feature, the kK = 0 approach (green) still shows significant improvement over conventional
rigid registration (red).

Model accuracy is clinically relevant across the whole volume but demonstrates even higher fidelity in a
region of interest around subsurface data. Results using the proposed method suggest that localization error
of the tumor boundary is achievable to less than 4 mm on average within a 15 mm radius of a biopsy clip,
and to 5 mm on average within a 30 mm radius. In the context of breast lesion sizes as discussed in Section
5.2.3.6 with the planned margin of healthy tissue included, the large majority of patients would have resection
volumes smaller than the regions of interest discussed here. Intraoperative localization accuracy for over 75%
of patients can be expected to be on the order of 5 mm. For patients with smaller lesions — still over 50%
of patients — accuracy of a guidance system using this method could be expected to be less than 4 mm on
average [150, 155].

Previous works evaluated performance solely based on tumor overlap metrics, limiting error analysis to
one region of interest around the tumor. While tumor overlap is valuable for evaluating final oncological mar-
gins, it is incomplete for evaluating the general accuracy of a localization strategy. Point-based measurements
instead provide precise accuracy measurements that are not subject to the ambiguities associated with surface
or volume alignments. Additionally, because the full volumetric data provided many subsurface points, the
analysis here was extended to include at least 8 regions of interest in each breast volume. Though the pro-
posed method remains to be evaluated in patients, local accuracy is reported in many regions of interest, and
full-field accuracy is quantified across well-sampled precise points.

Limitations of this study largely fall into the following categories: the use of full volumetric data from
supine MR images, model assumptions, limited population, and the shift to existing standard of care. First,
while the use of full volumetric data provides realistic extent and thorough validation targets, it does come
with limitations. Although clinically acquired intraoperative data would likely provide fewer evaluation tar-
gets, true intraoperative measurement sources may include additional noise or localization errors. Tracked

ultrasound measurements with probe deformation correction have reported localization accuracy on the order

89



of 3 mm in vivo [251], and electromagnetically tracked seeds have reported accuracies below 1 mm, though
accuracy degrades with distance [253]. In the mock intraoperative setup in [238], reproducibility of surface
fiducials manually designated with a stylus was measured to be 1.5 + 0.1 mm (case d here). While these
localization errors are not considered in this work, segmentation error may add similar noise and impact the
results. In that same instrumentation analysis in [238], reproducibility of surface point picking in supine
MR images was measured as 1.6 £+ 0.4 mm, though this quantification cannot be directly translated to the
localization error of subsurface points. Related to the use of MR data in this study, other limiting factors
include image quality, segmentation error, and spatial distribution of validation targets. Many cases had few
or no distinct features in the medial breast tissue as visible in Figure 5.3. Fortunately, this area of the breast
experiences smaller displacements, and the bulk of breast shift occurs farther from the sternum [238].

Second, in this model, precomputed modes of deformation are generated based on isotropic, homoge-
neous, and linear elastic assumptions. The results may be improved with a model that incorporates anisotropy,
heterogeneity, co-rotational or nonlinear elasticity, body forces, or a different distribution of boundary condi-
tions. Though breast tissue is often considered hyperelastic, the linear elastic assumption here allows modes
of deformation to be quickly scaled and combined for improved intraoperative localization. Despite this re-
duction in complexity, the model performance still significantly improves upon conventional registration and
the approach using superposition of these linear modes makes model predictions fast enough to be feasible
in the operating room. While outside the scope here, it would be interesting to compare performance with
a superposition of hyperelastic modes, though a non-linear combination of these modes would be complex
and a linear combination of these modes would alter some hyperelastic behavior. Similarly, accounting for
local rigid body motion with techniques such as co-rotational finite elements may improve results further
[168]. Constitutive models and large deformations are important considerations but their election must also
be influenced by other considerations (e.g. computational speed, anisotropy, anatomical structures — Cooper’s
ligaments, glandular tissue milk perfusion, etc.)

Another limitation of current assumptions is that this registration approach is not well suited to account
for volume changes, though breast volume varies with the menstrual cycle [254, 255]. Depending on the time
between imaging and surgery, preoperative and intraoperative breast volumes may differ. While, the majority
of breast cancer patients are postmenopausal [256], if hormonal changes in breast volume are later determined
to be paramount within an image guidance framework, additional deformation modes could be considered
to allow for volume changes without additional strain energy penalty as suggested in [257]. Alternatively,
supine MR imaging could feasibly be conducted on the same day to minimize volume change effects. The
suggested or allowable time between preoperative imaging and surgery remains to be investigated.

Though the current the implementation does not consider intraoperative deformations due to incisions,
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future work should incorporate modes to model resection. Interestingly, there are some initial efforts toward
this that also use deformation modes in the context of tissue retraction [258]. However, in related work, even
a rigid registration framework at surgical onset was able to obtain reoperation rates lower than wire-guided
localization (9% and 19% respectively) [S0]. The work presented here shows a significant improvement
beyond the accuracy of rigid registration, suggesting that a nonrigid correction framework could provide the
accuracy required to push the field beyond the current 10-20% reoperation rates.

Similarly, model performance was not investigated with varied levels of input data sparsity. Effects of
denser sparse data density and extent, especially along the chest wall, remain to be studied more completely.
Though it should be noted, in results not presented here, deformable correction was also evaluated using
only the breast surface fiducials and skin surface. In these surface-driven corrections, the surface points are
allowed to fit more closely at the expense of unpenalized subsurface structural misalignment. When compared
to rigid registration, surface-driven correction still significantly improves FRE and TRE (p < 0.001) with
FRE of 2.2 £ 1.3 mm providing 72% improvement, and TRE of 6.6 &= 1.5 mm providing 39% improvement.
When compared to deformable correction with surface and chest wall information (i.e. compared to model
correction results reported in Section 5.2.4.1 with k = 0) surface-driven correction improves FRE (p = 0.006)
and worsens TRE (p = 0.049). Though these results demonstrate that model correction is valuable with
surface data alone, more data and analyses are required to fully investigate the importance of intraoperative
measurements of the chest wall position.

The effect of more limited surface data also remains to be evaluated. Feasibility of collecting the full
breast surface has been demonstrated by several groups [50, 60, 139], but a stationary camera as in [241] is
more practical for re-collecting surfaces without interfering with workflow to provide continued alignment
beyond an initial registration. Surfaces collected with stationary cameras are often limited by line-of-sight
constraints, especially for larger breast volumes. The effect of these line-of-sight constraints on data collec-
tion are not considered here, but should be investigated in future works. If necessary, tracked instruments
could be used to collect intraoperative data to augment a camera-acquired surface.

Third, the population of subjects included in this study is limited; the average age of volunteers in this
study was 29 years, and there are only seven subjects. The majority of breast cancer patients are between 50
and 70 years of age [247], and only one of the healthy volunteers here is in that age range, at 57 years. As
tissue properties are known to vary with age and menopausal status, future works may investigate correction
accuracy on breast cancer patients. With respect to the number of subjects, this limited sample size was suffi-
cient for strongly powered statistical tests indicating nonrigid registration improves beyond rigid registration,
and that the inclusion of one subsurface point improves prediction accuracy even further. Future work could

include correction accuracy across a wider range of ages and breast volumes.
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Lastly, there are a few considerations within the context of the existing standard of care for breast cancer.
Though the proposed method necessitates supine MR imaging, it is not currently standard of care. However,
in a recent study comparing diagnostic value of contrast-enhanced breast MR in 120 patients with lesions
undergoing both prone and supine imaging, interestingly there was no difference in image quality between
prone and supine positions for both image resolution and diagnostic value [63]. The only difference was in
geometric lesion extension which was to be expected given the change in loading conditions. Studies like the
one presented here offer a rationale for changing diagnostic protocols for surgical candidates in the future.
In addition, a paradigm shift that improves localization would likely result in improved patient outcomes
and reduced costs associated with reoperations. Furthermore, if one could generate localizable biopsy clips,
it would take full advantage of our findings regarding the impact of subsurface data. It would also have
the benefit of eliminating the painful device placement procedures for seed-based methods used by many

hospitals, and reduce the growing burden placed on radiology departments.

5.2.5.1 Conclusion

Existing image-guided breast surgery investigations have largely employed conventional image-guided surgery
techniques that used rigid registration. These early investigations reflect accuracy and margin management
similar to that of seed-based methods [50]. While anecdotal results using nonrigid approaches and sparse
data have been promising [60, 171], the work herein is the first to significantly demonstrate the potential for
better margin management by accounting for volumetric nonrigid deformations. When compared to conven-
tional rigid registration, the method consistently provides significantly improved registration accuracy across
all subjects. Furthermore, including just one nearby subsurface feature significantly improves registration ac-
curacy even further and opens the possibility of integrating the capability with seed-based methods or similar
alternatives. Another important strength of the work is that the approach is driven with realistic sparse mock-
intraoperative data, and the registrations can be produced at clinically feasible speeds. While advancements
are still needed, the proposed approach is robust, accurate, and compatible with intraoperative workflows
such that it is quite reasonable to see this framework becoming a surgical technology as ubiquitous as image

guidance has already become within neurosurgical standard of care.
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5.3 Tumor deformation correction for an image guidance system in breast conserving surgery

This section is adapted from “Tumor deformation correction for an image guidance system in breast con-
serving surgery” published in Medical Imaging 2022: Image-Guided Procedures, Robotic Interventions, and
Modeling [259] and has been reproduced with permission from the publisher, the International Society for
Optics and Photonics, and the co-authors Jon S Heiselman, Morgan J Ringel, Ingrid M Meszoely, and Michael

I Miga.

5.3.1 Abstract

Breast cancer is the most common cancer in women, and surgical resection is standard of care for the ma-
jority of breast cancer patients. Unfortunately, current reoperation rates are 10-29%. Uncertainty in lesion
localization is one of the main factors contributing to these high reoperation rates. This work uses the lin-
earized iterative boundary reconstruction approach to model patient breast deformation due to abduction of
the ipsilateral arm. A preoperative supine magnetic resonance (MR) image was obtained with the patient’s
arms down near the torso. A mock intraoperative breast shape was measured from a supine MR image ob-
tained with the patient’s arm up near the head. Sparse data was subsampled from the full volumetric image
to represent realistic intraoperative data collection: surface fiducial points, the intra-fiducial skin surface, and
the chest wall as measured with 7 tracked ultrasound images. The deformed preoperative arm-down data was
compared to the ground truth arm-up data. From rigid registration to model correction the tumor centroid
distance improves from 7.3 mm to 3.3 mm, average surface fiducial error across 9 synthetic fiducials and the
nipple improves from 7.4 £ 2.2 to 1.3 & 0.7, and average subsurface error across 14 corresponding features
improves from 6.2 + 1.4 mm to 3.5 + 1.1 mm. Using preoperative supine MR imaging and sparse data in
the deformed position, this modeling framework can correct for breast shape changes between imaging and
surgery to more accurately predict intraoperative position of the tumor as well as 10 surface fiducials and 14

subsurface features.

5.3.2 Introduction

In the United States, over 287,000 people are expected to be diagnosed with breast cancer in 2022 [1]. Of
these cases, approximately two thirds will undergo breast conserving surgery [2]. Current lesion localization
strategies for breast conserving surgery (e.g. radioactive seed, magnetic seed, SAVI Scout) use a seed-based
marker or guidewire preoperatively implanted under serial cross-sectional image guidance. While these meth-
ods provide valuable subsurface information, they cannot provide full intraoperative tumor boundaries, which
are essential to reliably obtain complete resection. This difficulty in localizing tumor boundaries intraoper-

atively leads to uncertainty in the oncological margin, incomplete resections, and high reoperation rates of
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10-29% [33, 34, 36, 260].

Magnetic resonance imaging offers high sensitivity for breast cancer [45, 47], and provides improved
understanding of intraoperative tumor shape and position when scans are performed in a supine position [19,
46, 64]. Several groups have demonstrated the utility of viewing information from supine MR during breast
conserving surgery [50, 132, 134, 139]. Image-to-physical image guidance platforms that align these high
contrast and high-resolution preoperative imaging with the intraoperative patient can predict the full tumor
extent in the operating room and assist surgeons with localizing more exact tumor boundaries. However,
such image-to-physical guidance platforms to date have utilized rigid registration to describe breast motions
between imaging and surgery that are inherently nonrigid. Although there have been indications of growing
interest in preoperative supine MR so that imaging more closely aligns with the supine patient presentation
in surgery [50, 132, 134, 139], significant deformations occur between imaging and surgery even in the
context of preoperative supine MR [238]. These image-to-surgical deformations arise due to changes in
patient positioning, arm motion, and rotation of the operating room (OR) table. In particular, while supine
imaging is performed with the arms down within the closed MR bore, supine operative position places the
arm abducted 90 degrees in a T-shape orientation.

Nonrigid deformation-corrected registration methods offer improvement over conventional rigid regis-
tration. A method presented by Ebrahimi et al. improved registration error evaluated at the centroid of six
tumors from 3—18 mm with rigid registration to 1-10 mm using thin plate splines on surface fiducials [171].
Conley et al. presented a nonrigid finite element method (FEM) correction approach utilizing the chest wall
from tracked ultrasound and MR-visible surface fiducials digitized with a stylus, and demonstrated reduction
in the centroid errors of two tumors from 6.5 and 12.5 mm after rigid registration to 5.5 and 5.3 mm after
correction, respectively [60]. In the method of Conley et al., displacements on the skin surface were esti-
mated via fiducial misalignment after rigid registration. This fiducial misalignment was used in a forward
FEM solution approach, with displacements prescribed on the superior and inferior boundaries of the organ.
While this approach reduced errors when compared to rigid registration, the true loading on breast tissue is
more complex.

In contrast, inverse modeling approaches aim to reconstruct these complex true loading conditions. Given
a set of sparse data constraints supplied to the algorithm, the linearized iterative boundary reconstruction
(LIBR) method, as presented in Heiselman et al. [28], solves for a profile of applied distributed loads that
produce the observed intraoperative organ shape. Here the LIBR method is employed to predict breast de-
formation from abduction of the arm. The framework presented here is tailored to applications in breast
conserving surgery, with consideration to the sparse data sources that are amenable to workflow in this in-

traoperative environment. This work presents this novel deformation correction framework to predict breast
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shape changes due to arm motion in the supine position.

5.3.3 Methods

5.3.3.1 Patient Data Collection

One 71-year-old breast cancer patient was enrolled with informed consent in this study approved by the
Institutional Review Board at Vanderbilt University. The patient had biopsy-confirmed invasive mammary
carcinoma in the left breast. Nine MR-visible fiducials were placed on the breast surface. A THRIVE (T1-
weighted, high resolution isotropic volume excitation) sequence with fat suppression was used to obtain
supine MR images. A 16-channel sensitivity encoding torso coil (SENSE XL Torso Coil, Philips Healthcare)
was placed over the patient’s torso and suspended with padding to avoid breast compression. The field of
view was 200 mm x 200 mm x 160 mm, centered around the left breast, and the reconstructed voxel size
was 0.391 mm x 0.391 mm x 1 mm. The patient was imaged in the supine position with her arm down at
her side. This image was used as the preoperative image. The patient’s ipsilateral arm was then moved above
the head and she was imaged again. This second image was used to obtain mock intraoperative data. In both
images the breast tissue was segmented semi-automatically in ITK-Snap and the segmentation was manually
corrected. Using a custom built software [233], the segmentation was discretized into a 3D mesh of 40,336
tetrahedral elements with edge lengths of 4 mm and a total internal volume of 503 cm?.

In the preoperative (arm-down) supine MR image, the following features can be designated: surface fidu-
cials, nipple, and the tumor boundary. These data are shown in Figure 5.7. The segmented tumor volume was
646 mm>. The roughly ellipsoid shape had a major axis of about 26 mm and both minor axes approximately
10 mm. Additionally, the chest wall and skin surfaces can be designated and subsampled from the breast
model boundary.

In the intraoperative (arm-up) supine MR image, the same features are identified. The surface fiducials
are identified, and the chest wall and skin surfaces are subsampled from the breast model boundary to mimic
feasible intraoperative data collection. The chest wall surface is subsampled to represent chest wall segmen-
tations in seven tracked ultrasound images, and the skin surface is subsampled to only include data within the
fiducials (the intra-fiducial surface points). Additionally, 14 subsurface homologous points are identified in

both images to be used for validation.

5.3.3.2 Registration Method
To correct for nonrigid deformations, the linearized iterative boundary reconstruction (LIBR) method intro-

duced by Heiselman et al. [28] is employed. At static equilibrium, linear elasticity is governed by the Navier
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Figure 5.7: Validation points in the preoperative data designated from a supine MR image, including locations
of tumor, surface fiducials, subsurface features (targets) and the nipple (+) on the preoperative breast model.

Cauchy equations,

E
2 j—
FTy T T Ty A (55)

with E = 2100 Pa as Young’s Modulus, v = 0.45 as Poisson’s ratio, u as the displacements, and F as the ap-
plied forces. In short, the LIBR method iteratively reconstructs the intraoperative position from a superposed
formulation of boundary conditions. A series of control points are distributed on the surface of the organ and
every control point is perturbed in each of the three cartesian directions. For each of these perturbations, de-
formation solutions are pre-computed with a forward solved finite element approach. At runtime the optimal

linear combination of these deformation solutions is determined by minimizing the objective function,

Nr
[0)
Q(a,t,0) = ZNJ Y £+ opfe? (5.6)
F YF =1

where f; represents the distance between an intraoperative data point and the registered preoperative
model, f represents the strain energy of the deformation, wr represents the weight of a feature F, Nf repre-
sents the number of points within feature F, and @wg represents the strain energy weight. The parameters for
the objective function are the weight vector ¢ that encodes the deformation state, T which represents the rigid
translations, and @ which represents rigid rotations. All features are weighted equally, with @y = 1.0 m~2,
and the strain energy is weighted with wg = 107° Pa—2.

Framework feasibility is demonstrated with sparse data that could be realistically obtained in the operating
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room. The features used to drive the model are the chest wall, the skin surface, and surface fiducials. The
chest wall as segmented from the supine MR image is down-sampled to mimic chest wall segmentations in
seven ultrasound images with 40 mm width and the skin surface is limited to the intra-fiducial skin nodes.
The model-data error, f;, for each feature is computed based on the type of correspondence, with fiducials
treated as corresponding points, and skin and chest wall data treated as point-to-surface correspondences as
described in Heiselman et al. [28].

The nonrigid model accuracy is compared to two rigid registration approaches: point-based registration
using the fiducials, and iterative closest point (ICP) registration of the fully tumor surface. For point-based
registration, the preoperative and intraoperative spaces are rigidly registered using 10 corresponding surface
points: nine surface fiducials and the nipple. Though ICP registration of full tumor volumes is not feasible
intraoperatively, this alignment of the tumor surfaces represents the rigid mismatch in segmentations of the
tumor in the two MR images. Note that ICP was performed directly between segmented tumor volumes, not
between the outer breast surfaces.

The nonrigid model accuracy is evaluated using differing amounts of intraoperative data. The fiducials,
intra-fiducial skin surface, and seven chest-wall segments are used in all three nonrigid correction approaches.
In practice, breast cancer patients often have an implanted marker in or near the tumor—either a biopsy clip
or a specific localization device such as a magnetic, radioactive, or infrared-reflecting seed. These devices
can be localized intraoperatively in tracked ultrasound images. Analysis is therefore extended, including
a subsurface feature as additional point-based input to the model. Here, the tumor’s nearest neighbor is
considered, with the number of included subsurface features k=1. Conversely, when k=0, the model is run as
previously described with no subsurface feature points included. Finally, the full tumor surface is included
as a point-to-surface correspondence. While this data collection is not feasible intraoperatively, this analysis
provides a nonrigid comparator to the rigid ICP alignment, though the nonrigid correction includes a larger
distribution of data. No subsurface feature points were included in either of the registration approaches that

include the full tumor surface as input to the registration.

5.3.3.3 Subsurface Validation: Tumors and Targets

To evaluate model performance, the predicted tumor location was compared with the observed tumor location
in the mock-intraoperative image. Boundary nodes of the predicted tumor are evaluated with tumor centroid
distance, as well as the modified, maximum, average and Kys¢, Hausdorff Distances [261]. The DICE coeffi-
cient is also reported. Alignment of the homologous subsurface points was compared where target registration
error is reported as the average distance between the intraoperative point location, and the model deformed

point location.
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5.3.4 Results

With rigid registration, the tumor centroid distance was 7.3 mm. Average target errors across the 14 cor-
responding subsurface features, and average fiducial registration errors across the 10 corresponding surface
fiducials are displayed in Table 5.4. As shown in Figure 5.8, and demonstrated by the 2% DICE coefficient

in Table 5.5, the tumor volumes are largely not overlapping with rigid alignment.

Table 5.4: Registration error values in millimeters (average + standard deviation) at surface and subsurface
features. Rigid registration methods include iterative closest point (ICP) and point-based. For nonrigid
registration methods, k denotes the number of subsurface neighbors included in driving the model.

Rigid Correction Nonrigid Correction
Point-Based ICP k=0 k=1 Tumor Surface
Surface Fiducials 74420 10.3 £6.7 1.0£+£04 1.34+0.7 1.34+£0.7
Subsurface Features 62+14 4.8 £3.5 35+1.1 33+1.1 3.1+14

Table 5.5: Tumor overlap metrics after registration. Rigid registration methods include iterative closest point
(ICP) and point-based. For nonrigid registration methods, k denotes the number of subsurface neighbors
included in driving the model.

Rigid Correction Nonrigid Correction
Point-Based ICP k=0 k=1 Tumor Surface

Tumor Centroid Distance (mm) 7.3 0.5 44 3.3 2.4
DICE Coefficient 2% 84% 32% 40% 62%
Hausdorff Distance (mm)

Modified 4.1 0.6 2.3 1.9 1.3

Maximum 9.3 3.1 6.2 4.9 4.4

Average 39 0.4 2.0 1.6 1.0

Kosq, 7.0 1.1 4.4 32 2.4

Iterative closest point (ICP) registration provides a high overlap between the two tumor surfaces with a
DICE coefficient of 84%, though intraoperative measurement of the full, dense tumor surface is not practical.
Importantly, this volume overlap comes at the cost of fiducial and target error. Compared to rigid registration,
ICP registration error at the fiducials is increased by 39%. Though we see an improvement in target error
with the ICP registration, note that the targets are mainly distributed in the same local region as the tumor, as
shown in Figure 5.7.

With deformation correction and no included subsurface feature points (k = 0), subsurface feature error
becomes 3.5 £ 1.1 mm, providing 44% improvement over rigid registration. Fiducial registration error
becomes 1.0 + 0.4 mm with deformation correction, providing 86% improvement over rigid correction. At
the tumor, point-based rigid registration error was reduced 40% to 4.4 mmwith nonrigid correction.

The tumor centroid distance continues to improve when including a subsurface feature near the tumor
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Figure 5.8: Tumor overlap after registration. Leftmost images show the preoperative breast mesh with preop-
erative tumor (blue) and ground truth intraoperative tumor position (black) after rigid point-based registration.
For k = 1, the mock biopsy clip position is displayed as a point with the preoperative location in blue and the
intraoperative location in black.

(k = 1), improving 55% over point-based rigid registration as shown in Table 5.5. Table 5.4 shows the small
detriment to surface alignment with a small improvement in subsurface alignment. In Table 5.4, subsurface
error is still computed at all 14 subsurface features, though one of these features is considered a mock biopsy
clip (and therefore added to the data driving model correction). If this driving feature point is excluded from
the subsurface error computation, a true measurement of TRE, the subsurface registration error is 3.4 £+ 1.0
mm (compared to 3.3 + 1.1 mm as reported in Table 5.4).

Though not feasible in the operating room, including the full tumor surface provides a theoretical best-
case scenario for the current modeling approach, while the iterative closest point registration offers a theoreti-
cal best-case scenario for tumor overlap with rigid registration. Although the rigid ICP approach outperforms
model correction at the tumor, all nonrigid approaches outperform rigid alignment at fiducials and subsurface

features.

5.3.5 Conclusion
This work presents a novel deformation correction approach in breast conserving surgery that achieves clini-
cally relevant registration accuracy using realistically obtainable intraoperative data. Moreover, this demon-

strates an initial investigation into the impact of providing subsurface features to a model to improve lo-
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calization accuracy; including subsurface features in a modeling approach has the potential to offer even
further improvement. This deformation correction framework has the potential to significantly improve intra-
operative tumor localization in breast conserving surgery by better predicting image-to-surgery breast shape

changes.
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CHAPTER 6

Monitoring Soft Tissue Deformations with Computer Vision

6.1 Summary and Contributions
This chapter presents methods for tracking fiducials on soft tissue using computer vision. Tracking precise
fiducial locations with high accuracy enables workflow friendly data collection for input into the model-based
approach presented in Chapter 5 that corrects for image-to-surgery breast deformations. This chapter investi-
gates several approaches for automatic point localization and labeling in a mock operating room using stereo
cameras. This task can be considered as two subtasks: detection and labeling. Detection provides accurate
fiducial locations, while labeling points determines correspondence between intraoperative and preoperative
data (i.e. which intraoperative fiducial matches a given preoperative fiducial). This correspondence must be
known in order to minimize the point-wise distance between these locations during model-based correction.
Here, to provide image-to-physical correspondence, data in the preoperative MR image is labeled manually,
and the fiducial locations in the mock operating room setting are labeled with tracking based approaches that
either propagate labels (as in Sections 6.2 and 6.4) or rely on optical character recognition (as in Section 6.3).

In Section 6.2, an existing feature tracking algorithm, OpenTLD [262], is used to track five surface
fiducials with 6 mm diameters throughout a series of deformations. Each fiducial is tracked individually,
determining a trajectory throughout the video. This work compares the localization accuracy of two stereo
camera systems and outlines initial investigations into image processing techniques for fiducial centroid lo-
calization within object-tracking bounding boxes. This work also demonstrates that the higher resolution of
the Grasshopper cameras provides improved localization accuracy compared to the lower resolution Bumble-
bee cameras, though the Grasshopper cameras need to be calibrated for each use. This work demonstrates the
utility of localizing a fiducial by calculating the centroid of an automatically-segmented fiducial region. This
automated fiducial localization outperforms user-identified fiducial centroids. Processing speeds are slow
(more than 3 seconds to locate one fiducial in a single image) and dependent on the number of fiducials, and
validation dataset is limited to small deformations on a phantom with high stiffness. The results in this section
show initial promise of fiducial tracking for surgical guidance applications with relevant localization accuracy
when compared to an optically tracked stylus, while the methods set the stage for future developments into
automatic centroid detection fully realized in the following sections.

In Section 6.3, this phantom analysis is extended to a higher number of more precise fiducials. A novel

method for fiducial marking on skin is presented taking advantage of multiple color channels, small fiducials

101



for precise localization, and larger labels for easy fiducial detection. Blue fiducials can be readily detected
by computing a blue color percentage, or blue color component image. This fiducial detection considers the
contribution of the blue color channel in relation to the pixel’s other color channel values (red and green).
Using this color component image, blue inked fiducials can be localized across three skin tone variations
in a phantom setting. Fiducial points approximately 2mm in diameter are inked in a separate color, and
similarly show high detection rates. Here optical character recognition (OCR) is used to label each detected
fiducial in the 2D images. Letter regions, as detected with simple thresholding, are converted into binary
masks for labeling. The letter assigned by OCR is used to match fiducials in the left and right video streams.
The algorithm takes the stereo camera video feed and outputs letter-labeled 3D fiducial locations that can
be registered to letter-labeled fiducial locations in the preoperative image. While still preliminary, this work
shows initial success of an OCR approach even without data-specific training.

In the final section, Section 6.4, a novel tracking algorithm is introduced for near-real time tracking of
inked-skin fiducials and performance is is evaluated on eight breasts from six human subjects. The fidu-
cial detection method presented in the previous section is paired with a robust feature-matching approach to
determine correspondence. The framework relies on KAZE feature detection and matching [263] to deter-
mine correspondence between left and right fiducial candidates to provide triangulated 3D fiducial positions.
Similarly, KAZE features combined with a custom feature history framework provide frame-to-frame point
matching to propagate labels for reliable registration. This section demonstrates reliable fiducial localization
robust to tool interference, large motions, and fiducial distortions, with 1.6 mm accuracy when compared to
a tracked stylus.

The contributions of this chapter provide a reliable surface measurement method for intraoperative data
collection. This framework can be integrated into a guidance system for near-real-time guidance updates
with a rigid registration framework, or on-demand guidance updates with a nonrigid correction approach.
This method extends the utility of guidance beyond initial alignments, and dramatically reduces the data-
collection burden. Incorporating a guidance system into the existing surgical workflow becomes increasingly
easy with the surface measurement method in this chapter requiring less than a minute of initialization for
continuous surgical field monitoring. The ability to collect near-real-time data opens the door for faster
and more complex modeling approaches. With surface data collection no longer a limiting factor in breast
guidance, this work poses a new need for correction approaches that incorporate resection and retraction to

provide a guidance system that can continuously update with the dynamic intraoperative environment.
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6.2 A system for automatic monitoring of surgical instruments and dynamic, non-rigid surface defor-
mations in breast cancer surgery

This section is adapted from “A system for automatic monitoring of surgical instruments and dynamic, non-

rigid surface deformations in breast cancer surgery” published in Medical Imaging 2018: Image-Guided

Procedures, Robotic Interventions, and Modeling [264] and has been reproduced with permission from the

publisher, the International Society for Optics and Photonics, and the co-authors Ma Luo, Sarah E Goodale,

Logan W Clements, Ingrid M Meszoely, and Michael I Miga.

Winona L Richey, Ma Luo, Sarah E Goodale, Logan W Clements, Ingrid M Meszoely, and Michael
I Miga. A system for automatic monitoring of surgical instruments and dynamic, non-rigid surface
deformations in breast cancer surgery. In Medical Imaging 2018: Image-Guided Procedures, Robotic
Interventions, and Modeling, volume 10576, page 105761H. International Society for Optics and

Photonics.

6.2.1 Abstract

When negative tumor margins are achieved at the time of resection, breast conserving therapy (lumpec-
tomy followed with radiation therapy) offers patients improved cosmetic outcomes and quality of life with
equivalent survival outcomes to mastectomy. However, high reoperation rates ranging 10-59% continue to
challenge adoption and suggest that improved intraoperative tumor localization is a pressing need. We pro-
pose to couple an optical tracker and stereo camera system for automated monitoring of surgical instruments
and non-rigid breast surface deformations. A bracket was designed to rigidly pair an optical tracker with a
stereo camera, optimizing overlap volume. Utilizing both devices allowed for precise instrument tracking of
multiple objects with reliable, workflow friendly tracking of dynamic breast movements. Computer vision
techniques were employed to automatically track fiducials, requiring one-time initialization with bounding
boxes in stereo camera images. Point based rigid registration was performed between fiducial locations tri-
angulated from stereo camera images and fiducial locations recorded with an optically tracked stylus. We
measured fiducial registration error (FRE) and target registration error (TRE) with two different stereo cam-
era devices using a phantom breast with five fiducials. Average FREs of 2.7 £ 0.4 mm and 2.4 + 0.6 mm
with each stereo-camera device demonstrate considerable promise for this approach in monitoring the sur-
gical field. Automated tracking was shown to reduce error when compared to manually selected fiducial
locations in stereo camera image-based localization. The proposed instrumentation framework demonstrated
potential for the continuous measurement of surgical instruments in relation to the dynamic deformations of

a breast during lumpectomy.
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6.2.2 Introduction

Breast cancer is the most common cancer among women, second only to lung cancer in mortality[265].
With advancements in detection, an increasing number of cases are being diagnosed at early stages. These
early stage diagnoses result in more operations on smaller tumors, and a rising number of candidates eli-
gible for breast conserving therapy, which includes surgical resection and radiation therapy[266, 267]. For
patients who are eligible, breast conserving therapy with negative margins has been shown to be as effective
as mastectomy, the complete removal of breast tissue[4, 8, 162, 268, 269]. With respect to the surgical goals
of lumpectomy, success is determined by the presence of pathologically negative margins occurring when
there are no cancer cells at the edges of the resected tissue. Breast conserving therapy also offers patients
favorable cosmetic outcomes and equivalent survival outcomes in the case of negative margins. However,
the re-operation rates for lumpectomy are currently estimated at 10-59% [270-275] and returning to the op-
erating room negatively impacts patient satisfaction, cosmetic outcomes, and reintroduces risk of surgical
complications. It is commonly accepted that improved localization reduces reoperation rates, as localization
procedures are often measured by their effect on reoperation rates [20, 90]. Therefore, the high re-resection
rates of BCT indicate the need for improved intraoperative tumor localization.

Breast cancer tumor localization proves difficult for two main reasons: the huge differences between
diagnostic and intraoperative presentations and the limited extent of geometric and spatial cues during surgery
to guide resection. Magnetic resonance is generally considered the most sensitive imaging modality for
breast cancer[44, 276]. While not a standard diagnostic, diagnostic magnetic resonance images are often
taken and in the prone position, with the breast pendant. Additionally, a patient’s arms are either at their
sides or extended above their head in order to enter the imaging bore. For surgery, the patient is in a supine
position with the arm extended laterally. Tumor displacements between prone and supine breasts are reported
between 18-60 mm [41-43]. In addition, mammographic examination is another common breast cancer
image screening method. In this case, a standing patient will place the breast between two compressive plates.
This process also introduces large tissue displacements and shape change from its preoperative counterpart
due to tissue compression.

With respect to intraoperative localization methods, the most common form of surgical guidance is the
use of guide wires. A guide wire is placed in the center of the tumor by a radiologist during diagnostic
imaging, and the patient waits with a wire protruding from the breast until surgery. There is discomfort
during preoperative wait time and guide wires can shift during that period. In addition, the implanted wire
path to the center of the tumor is constrained by the diagnostic presentation and may not be the best surgical

path. Guide wires also only provide localization of tumor center and do not provide information about
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tumor margins. Intraoperative ultrasound visualizes tumor margins in the operating room but takes time,
can require a radiologist, and most importantly, approximately half of breast tumors are not echogenic[26].
Intraoperative supine MRI offers clear location information, but is costly, cumbersome, time inefficient, and
only offers initial tumor location, i.e. the location and deformations are not tracked or updated throughout
surgery. Alternatively, imprint cytology is the practice of pressing a tumor to a glass slide following removal;
cancerous cells stick to the slide and non-cancerous cells come off clean. This method is good for evaluating
tumor margins, but interferes with workflow and, most importantly, is not always effective.

Non-rigid, dynamic deformation of breast tissue during surgery makes tumor localization difficult. Fur-
ther, these deformations are challenging to compensate for, especially with the large variance in material
properties across patients due to age, genetics and hormonal changes [277, 278]. Existing modeling and
prediction is often driven by surface deformations. The relationship between surface and subsurface mea-
surements has been previously explored in a trial done with 12 patient volunteers. In that study, surface and
subsurface feature deformations were quantified and compared, showing that surface deformations are pre-
dictive of subsurface deformations[166]. Initial registrations offer surgeons improved localization at the start
of surgery, but if registrations are not updated, tumor margins remain difficult to ascertain and the guidance
becomes less valuable upon incision. Continuous monitoring of the breast surface is needed for registration
and modeling updates to maintain accuracy after the initial data collection and throughout the procedure.

In this work, we couple optical instrument tracking with a stereo camera’s visual surface tracking. Con-
ventional tracking can be used for surgical instruments and the deforming breast surface can be more read-
ily monitored with a stereo camera. Stereo camera point localization has been previously shown to be
reliable[225], and we extend this work to hypothesize that a computer vision tracking algorithm can be
applied to automatically and continuously monitor the breast surface. The surface information provided
throughout surgery would allow for ongoing non-rigid registration with a computational model. Registration
between preoperative and intraoperative data would give the surgeon access to continuously updating spatial
information. This work is an important and exciting first step towards automatic and continuous surgical

guidance in real-time for breast cancer surgery.

6.2.3 Methods

A bracket was designed to maximize the overlap between the volume of a Polaris Vicra optical tracker (North-
ern Digital, Waterloo, ON, Canada) and the volumetric field of view of the Bumblebee XB3 (FLIR, formerly
Point Grey Research, Richmond, BC, Canada). The stereo cameras offer point reconstruction capabilities
from triangulation of stereo camera images and the automated tracking algorithms of OpenTLD software

[262]. The stereo camera and optical tracker were rigidly paired and registration was performed on a phantom
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breast (Breast Probe, SIMULAB Corporation, Seattle, WA) with five fiducials. To evaluate the performance
of this system with the Bumblebee XB3 stereo camera, three trials were conducted, each consisting of a
deformed and undeformed state. To further evaluate the capabilities of optical tracking paired with stereo
camera automated tracking, the Bumblebee XB3 was replaced with two Grasshopper cameras (FLIR, for-
merly Point Grey Research, Richmond, BC, Canada). The grasshoppers, shown attached to the bracket in
Figure 6.1A and 6.1B , offer improved resolution with 1600 x 1200 pixels, compared to the 1280 x 960
pixels of Bumblebee XB3 images. Three trials were conducted with the two Grasshopper cameras, each trial

consisted of five deformation states.
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Figure 6.1: Bracket designed to optimally pair instrument and surface tracking (A) 2D lateral view of the
optical tracker and stereo camera coupled with our designed bracket attached to a surgical arm (B) inferior
view (C) 2D lateral view of the overlap between the volume of the optical tracker (red) and the volume of the
stereo camera (black); this plot corresponds to the orientation shown in A.

6.2.3.1 Bracket Design

The Polaris Vicra was angled towards the Bumblebee XB3’s field of view. The angle that maximizes volume
overlap was calculated to be 3 degrees, and a bracket was designed and machined to rigidly couple the two
devices. With the y-axis as the range, or depth, of view, and x-axis as the plane perpendicular to the cameras,
the Z dimension was parallel to the cameras and was optimized by centering the two devices (i.e. the center of
the Polaris Vicra is aligned with the center of the set of stereo cameras). The volume was therefore optimized
as an area in the XY plane with most overlap. The volume overlap in the XY plane is shown in Figure 6.1C

with the Grasshopper cameras.
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6.2.3.2 Stereo Camera Points

Bumblebee XB3 stereo camera images were collected through a modified version of Point Grey software,
displaying output from all three cameras of the Bumblebee. Example output of the Bumblebee can be seen
in Figure 6.2C, with superimposed arrows to describe locations where forces were applied. Stereo camera
images from two grasshopper cameras were collected with a custom-built image capture software [225]. The
coupled devices were centered over the phantom and each Grasshopper was tilted until the right camera’s field
of view was about 1 cm to the right of the left field of view, and both views were approximately centered on
the deformation apparatus. Calibration for both sets of cameras was performed with stereo camera calibration
algorithms from Matlab’s Computer Vision System Toolbox. Sixteen images were used for Bumblebee XB3
calibration resulting in a mean reprojection error of 0.29 pixels, and twelve images were used for Grasshopper

images resulting in a mean reprojection error of 0.46 pixels.

Figure 6.2: Breast phantom deformation apparatus shown with five yellow fiducials. Red arrows indicate the
directions in which deformations may be applied.

Each fiducial was automatically tracked with computer vision software, OpenTLD[262], after manually
defining bounding boxes in the initial left and right frames. Images from left and right cameras were used to
triangulate three-dimensional fiducial locations. The left and right points used for triangulation were taken
from the bounding boxes defined by the tracking algorithm. Three methods were used to determine the
fiducial centers within each bounding box: two automatic methods, and manual selection. The automatic
fiducial localization methods were bounding box averaging and region growth. For the bounding box averag-
ing method, the top left and bottom right corners of each bounding box were averaged to calculate the center,
and these centers were used in the triangulation process. For the region growth technique, a fast marching
algorithm was used to produce a fiducial region segmented from the image. This segmentation process uses
gray scale intensity difference weights calculated from the intensity values at the seed locations via Matlab’s
Image Processing toolbox (utilizing graydiffweight with a roll-off factor of 0.2). Because bright fiducial

markers were used, this method was automated by using the brightest pixel as a seed point for the algorithm.
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The centroid of the fiducial of interest can then be computed by determining the centroid of this region. To
evaluate the accuracy of our automated methods, manually selected fiducial centroids were also collected at

each point for each deformation.

6.2.3.3 Optical Tracker Points

The Polaris Vicra and an optical tracking stylus shown in Figure 6.3A and 6.3D were used to record optical
tracker fiducial locations. The optical tracking system detects the location of retro-reflective markers by emit-
ting infrared light and detecting the reflections from the markers on a specific instrument. Each instrument
has a specific geometry of reflective markers to allow for simultaneous tracking of multiple instruments. At
each fiducial point, the optically tracked fiducial location was computed by averaging 8 rapid acquisitions via

the optical tracking system.

6.2.3.4 Experimental Setup

Five yellow fiducials with 6 mm diameters were used as shown in Figure 6.3C. With the Bumblebee XB3,
three tests were performed, each with two deformation states. Tests 1 and 2 induced deformation to produce
the second states, while Test 3 was a relaxation from a deformed state to a second, undeformed state. With
the two Grasshopper cameras, three tests were performed, each with five deformation states. All three tests
consisted of an undeformed state, and then a deformation at each of the arrows shown in Figure 6.2. The

experimental setup is shown in Figure 6.3.

6.2.3.5 Registration Technique

All three sets of triangulated fiducial locations were registered to optically tracked points via a point based
rigid registration. Stereo camera triangulated points from the initial left and right frames were registered to
the optically tracked NDI points from the first deformation state. A point set results from each method of
fiducial localization in stereo images: bounding box averaging, region growth, and manual selection. The
transformation that results from registering each of these three point sets to optically tracked NDI points,
each define the relationship between the stereo camera space and the optical tracker instrumentation space.
However, given that each method has disparate sources of error, slight differences in these transformations
are to be expected. For this reason, these point sets were, separately, each registered to the optically tracked
NDI points. The registration computed with the 5 fiducial points in the first frame, served as the calibration
transformation between Vicra and stereo-pair and was applied to all successive frames in the trial. This regis-
tration defines a transformation T consisting of a rotation and transformation to relate the two sets of points:

x, the stereo camera point set, and y, the optically tracked NDI point set. 7 (x) represents the transformed
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Figure 6.3: Coupled device prototype (A) coupled stereo camera and optical tracker attached to a surgical
arm (B) monitor displaying the location of the instrument tip within the optical tracker’s volume (C) monitor
displaying stereo camera images for surface tracking (D) tracked surgical instrument (E) breast phantom (F)
fiducial markers.
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stereo camera points, i.e. the stereo camera points represented in the optically tracked instrumentation space.
Fidelity was reported as a fiducial registration error (FRE) a measure of overall landmark misalignment, and

is shown below, with N representing the number of fiducials [223].

FRE = \/,IVZ%(T@) —i) (6.1)

To evaluate target localization, target registration error (TRE), a measure of target misalignment, was
computed using a leave-one-out method. Coordinates from four fiducials across all deformation states were
used to register, and the calculated transformation, 7; , was applied to the fifth fiducial with i ranging from
1 to N, the number of fiducials. This means that the TRE for a target point is the magnitude of the vector
between the transformed stereo camera point, 7;(p), and the optically tracked NDI point, g. The equation for

TRE is shown below [223].

TRE = ||(Ti(p) —q))|l (6.2)

6.2.3.6 Optical Tracker Point Localization Evaluation

In these experiments we use optically tracked NDI points to evaluate the accuracy of our computer vision
tracking system, considering the optically tracked NDI points to be the true, or “gold standard”, point lo-
cations. Therefore, it is useful to evaluate the same five points localized multiple times with the optically
tracked NDI stylus to provide some sense of the fidelity of the “gold standard”. Five fiducial locations were
collected following the same procedure as outlined in Section 6.2.3.3. These same, undeformed points were
recollected four additional times for a total of five point sets each with five fiducials. All combinations of
point sets were registered systematically to establish an estimate of FRE. In addition, a leave-one-out test was

performed to establish an estimate of TRE.

6.2.4 Results
Comparing NDI tracked points and triangulated stereo camera points can be reliably registered with an FRE
of 2.7 £ 0.4 mm for the Grasshopper Cameras and 2.4 + 0.6 mm for the Bumblebee, using the region growth
method to calculate fiducial centroids on stereo camera images. FREs for each camera were averaged across
all deformations and are presented in Figure 6.4. TRE averages were of 2.8 £ 1.1 mm for the Grasshopper
Cameras and 2.7 £ 1.4 mm for the Bumblebee using the region growth method to calculate fiducial centroids
on stereo camera images.

Our “gold standard” validation of the optically tracked NDI point accuracy yielded an average FRE of

0.8 & 0.3 mm, with a leave-one out TRE of 1.0 £ 0.3 mm.
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Figure 6.4: Errors reported averaged across all deformation states, in millimeters with error bars reflecting
standard deviation; Fiducial Registration Error (Left) and Target Registration Error (Right).

The first state contains the stereo-camera points that were localized from user-defined bounding boxes
for the automated fiducial localization methods. To evaluate the accuracy of our tracking method alone,
average FREs and TREs were also computed without the point sets from the first state. Registration was still
performed using the first state. For the Bumblebee camera, FRE averaged 2.7 + 0.9 mm and TRE averaged
2.7 £ 1.0 mm. For the Grasshopper cameras, FRE averaged 2.9 & 0.9 mm and TRE averaged 2.8 + 1.1 mm.

A two-sample t-test with unequal variances was performed to compare the two stereo camera systems.
The camera systems were compared using the results from the automatic region growth fiducial localization.
The Bumblebee FRE was found to be significantly less than that of the Grasshoppers (p < 0.01), while TRE

was not found to be significantly different between the two camera systems.

6.2.5 Discussion

As was somewhat expected, the region growth algorithm outperformed the bounding box algorithm. As a
more precise alternative, it suffers less subjective error with user-defined bounding box. Even for bounding
boxes initialized with the fiducial center exactly in the center, as the tracking algorithm progresses there is
the potential for the bounding box to shift with subtle shape and location changes that could create error
in the bounding box method. More surprisingly perhaps, is that the region growth method outperforms
the manual selection process. Upon further investigation, the difference between manually selected points
and automatically selected points is generally minimal in the plane of the camera image. However, the
manually selected method suffered higher error in the triangulated depth than the automatic region growth
method. Even with great care taken to select the centroids of fiducials, we hypothesize this error stems from

discrepancies in correspondences. That is, the same point must be selected in the left and right images for
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triangulation to be correct; automatic methods lend themselves to more reliably selecting the same pixel
at the center, provided that the bounding boxes are reasonably similar. A two-sample t-test with unequal
variances showed the Bumblebee XB3 had statistically significantly lower average error (2.4 mm average
FRE) than the two Grasshoppers (2.7 mm average FRE) for the region growth method. However, overall,
the Grasshoppers produced more reliable results with lower standard deviations, and more consistent results
with less average error across all three methods. Because the grasshopper cameras can be angled toward each
other to create more overlap in their field of view, we have found in results not reported here that the point
cloud reconstructions have been more satisfying, which will prove valuable as we move forward. For future
work, we will likely adopt the Grasshopper configuration.

While care was taken to minimize deformation from stylus contact with the phantom breast, it should be
noted that the optical tracker stylus is a contact method and potentially introduces error due to deformations.
A stylus was used to collect points as opposed to fixing near infrared-visible markers to the breast phantom
which could have improved localization and consequently calibration. The registration of the repeated opti-
cally tracked points (Section 2.3) allows us to determine the baseline for accuracy of our validation method.
Our ground truth has an average error of 0.8 4= 0.3 mm.

It is well known that target error is minimized when targets are surrounded by localized fiducials [230].
Because registration accuracy decreases as the target moves further from the centroid of the fiducials, the
leave one-out method for TRE presented here has an inherent error, i.e. the target in our experiments was
always completely distant from the centroid of the fiducials. To evaluate the target error without this bias,
an additional data point was collected at the nipple of our mock breast phantom setup. With the nipple as a
target, the bounding box method was used to locate the center of the fiducial resulting in an average TRE of
2.0 mm (note region growth could not be used due to the phantom coloring in this case). When using the

“gold standard” registration, TRE of the nipple was 0.6 mm.

6.2.6 Conclusion

The proposed approach is an important step towards real-time, automated monitoring of dynamic intraop-
erative breast deformation. The tracking method is robust to occlusions of fiducials and multiple fiducials
of similar size and shape. Visual fiducials adhered to the breast and tracked with computer vision are ex-
tremely practical for intraoperative breast tracking, allowing for easy demarcation of fiducial points and
reliable tracking with computer vision. Using passive optical tracking, multiple tools can be simultaneously
monitored with minimized surface tracking interference. Additionally, because the instrumentation tracking
volume extends outside the stereo camera’s field of view (in the Z direction, or left-right axis of images), the

tip of surgical instruments can continue to be tracked even if their reflective markers fall outside the view of
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the stereo camera.

Computer vision applications in image guided breast surgery have not been well investigated. The system
presented is a realization of a novel pairing of computer vision technologies and instrumentation tracking,
each focused at different aspects of the surgical problem. By monitoring instrumentation and surgical field
separately, each modality takes advantage of the different tracking strengths. Conventional optical tracking
gives precise instrument locations of multiple objects. The stereo camera allows automation of the surface
tracking process for real time intraoperative image guidance in dynamic, non-rigid breast deformation. The
functionality to track the instrument tip with precision is not new, but its incorporation into an automatically
deforming image guidance system is novel.

This system is workflow friendly; it does not require expensive imaging equipment and personnel to
operate (as in intraoperative MR), sits away from the clinician’s surgical field, and requires less than one
minute of initialization and then no further interaction. This technique could be easily managed by a surgeon
or surgical assistant, taking less than a minute for the one-time initialization of surface markers. The results
here show that points can be tracked and localized reliably with an average FRE below 3.0 mm. Both vision
approaches (Grasshopper or Bumblebee XB3) are acceptable and the region growth method is the best for
fiducial localization in stereo camera images. This work shows promise toward computer vision surface
tracking in breast cancer lumpectomy and breast cancer therapy. This system shows the potential to provide
the surgeon with tumor localization even as the tissue moves due to gravity and surgical instruments. If this
system is fully realized and validated, surgeons could be presented with real-time changes to surface and

subsurface breast features in relation to their surgical instruments.
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6.3 Textual fiducial detection in breast conserving surgery for a near-real time image guidance system
This section is adapted from “Textual fiducial detection in breast conserving surgery for a near-real time image
guidance system” published in Medical Imaging 2020: Image-Guided Procedures, Robotic Interventions, and
Modeling [264] and has been reproduced with permission from the publisher, the International Society for
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6.3.1 Abstract

Breast cancer is the most common cancer in American women, and is the second most deadly. Current guid-
ance approaches for breast cancer surgery provide distance to a seed implanted near the tumor centroid. Large
deformations between preoperative imaging and surgical presentation, coupled with the lack of tumor extent
information leads to difficulty in ensuring complete tumor resection. Here we propose a novel image guid-
ance platform that utilizes character-based fiducials for easy detection and small fiducial points for precise
and accurate localization. Our system is work-flow friendly, and near-real time with use of stereo cameras for
surface acquisition. Using simple image processing techniques, the proposed technique can localize fiducials
and character labels, providing updates without relying on video history. Character based fiducial labels can
be recognized and used to determine correspondence between left and right images in a pair of stereo cam-
eras, and frame to frame in a sequence of images during a procedure. Letters can be recognized with 89%
accuracy using the MATLAB built in optical character recognition function, and an average of 81% of points
can be accurately labeled and localized. The stereo camera system can determine surface points with accu-
racy below 2 mm when compared to optically tracked stylus points. These surface points are incorporated to
a four-panel guidance display that includes preoperative supine MR, tracked ultrasound, and a model view of

the breast and tumor with respect to optically tracked instrumentation.

6.3.2 Introduction

In the United States, breast cancer is the most commonly diagnosed cancer in women and has the second
highest rate of mortality [279]. For women worldwide, breast cancer has the highest incidence and highest
morality [280]. Surgery is the standard of care for these patients. Most breast cancer patients are faced
with two surgical options: mastectomy or breast conserving therapy (BCT). Mastectomy involves removal
of the breast tissue, areola, and skin. While BCT is the removal of the tumor and a margin of healthy tissue
surrounding the tumor, with follow-up radiation treatment. Margins are considered negative if there are
no tumor cells on the border of the excised mass. Given negative margins, BCT has been shown to have
equivalent outcomes to mastectomy [4, 7] with shorter surgical times, shorter post-operative hospital stays,
and improved cosmetic outcomes, as the breast usually retains its original shape and symmetry with the
contralateral breast[8—10, 30, 31]. High reoperation rates set breast cancer apart from other common general
surgeries with an observed versus expected morbidity (O/E) ratio nearly three times higher than that of other
general surgeries [12]. In the last six years, BCT reoperation rates have been reported from 8-27% [33-37].
These high rates of positive margins in breast cancer surgeries have been referred to as “’the other breast
cancer epidemic” [17].

Unfortunately, tumor position and extent can be very difficult to visualize intraoperatively. None of the
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standard preoperative imaging techniques—mammography, ultrasound, prone magnetic resonance (MR)—
have the patient in surgical position. Tumor displacements between imaging position and surgical position
are reported between 18 - 68 mm [18, 19, 41-43]. Intraoperative ultrasound (US), which provides tumor
extent, has been shown to reduce reoperation rates, but 50% of nonpalpable breast lesions are nonechogenic
[277]. Furthermore, it can be difficult to visualize the exact orientation of the US imaging plane, especially
for deeper tumors. Current state-of-the-art guidance techniques for breast conserving surgery (BCS) provide
distance from a handheld wand to an implanted seed, but do not provide tumor orientation or extent [101, 127,
248]. Image guidance solutions are moving towards the use of supine MR and optical tracking [41, 50, 264].
However, these systems do not allow for real time updates. Optically tracked fiducials can only provide
surgical planning information, as they must be removed from the breast surface at the start of surgery. We have
previously shown retrospectively that tracked fiducials in stereo camera images can provide surface points
throughout a video [264]. However, for larger numbers of fiducials, correspondence becomes confounded.
High frame rates are used to improve video tracking, and for high numbers of fiducials video processing lags
behind real time. While use of a GPU, or more optimized algorithms could reduce processing time, an ideal
solution would be independent of video framerate and maintain correspondence even for large numbers of

fiducials.

6.3.3 Methods

This work consists of two main components: (1) continual, automated intraoperative monitoring and (2)
providing surgeons with tumor location, position and extent before and during BCS. We propose the use of
stereo cameras to capture the breast surface in surgery, and we pair these stereo cameras with conventional
instrument tracking. This intraoperative monitoring system can be combined with preoperative and intraop-
erative imaging as well as patient specific models to provide tumor location, position and extent before and
during BCS. A four-panel display including MR data, ultrasound data, and a 3D patient specific breast model
brings all of the available information into the same space to help the surgeon plan and perform BCS.

Three different skin-tones were painted onto a deformable breast phantom (Breast Probe, SIMULAB
Corporation, Seattle, WA). For each skin-tone, the phantom was deformed 4 times using the plungers shown
in Figure 6.5. This resulted in a total of five deformation states: no deformation and deformations from
plungers 1-4. Fiducials were marked as small red dots and labels were drawn as blue capital English letters
(Figure 6.5).

Our system uses the Polaris Vicra optical tracker (Northern Digital, Waterloo, ON, Canada) and two
Grasshopper cameras (FLIR, formerly Point Grey Research, Richmond, BC, Canada). These two devices

are coupled with a rigid bracket as previously presented in 27. For each deformation state, and for each
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Figure 6.5: The breast phantom with blue letters and red fiducials; the plungers are indicated with yellow
arrows.

phantom skin tone, stereo camera images were obtained. Fiducials and their labels were localized with
simple thresholding and bounding boxes. These bounding boxes provided image patches. From these image
patches, the fiducial location and the letter label were identified. This process is performed in the right and
left stereo camera images, and the labels were used to guide correspondence to obtain a set of 3D surface

points by triangulation. This process is outlined in Figure 6.6.

Blue Component BOXR(;Z?:::ted Letter Recognition Fiducial Label
Left and Right |/ T v h
Color Images )

Red Color Channel H Brightest Pixel O »| Fiducial Location
B

TriangulationH 3D Pointsé

Figure 6.6: The process to generate three dimensional points from the left and right stereo camera images.
Circled letters represent the steps at which results are reported.

To evaluate the accuracy of our system, points obtained from the stereo camera images were registered
with points manually collected with an optically tracked stylus. These points can then be integrated into a
four-panel guidance display to aid surgeons in visualizing tumor location. Our four-panel image guidance

display was implemented using 3D Slicer [224].

6.3.3.1 Defining Bounding Boxes
Regions of interest were defined using the blue color component. The blue color component, or the blue

percentage of each pixel, was computed with Equation 6.3.

BlueValue
Blue Color C t = 6.3
ue Lotor Lomponen RedValue + GreenValue + BlueValue 6.3)

Blue pixels have high blue color components, while other colors have lower blue color components.

This blue color component allows for easy thresholding of the blue letters, as shown in Figure 6.7. For
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example, white pixels are bright in the blue color channel but dark in the blue color component. Case-
specific parameters were manually designated including a blue color component threshold, a region of interest
outlining the phantom, maximum and minimum bounding box sizes, and padding. The region of interest was
used to mask the blue color component image, and the threshold was used to create a binary representation
of the blue letter pixels from that masked image. The connected components in this binary image were boxed
individually. Boxes that are too big, or too small are removed. This process provides a box around each letter.
Parameters were set in the first (non-deformed) frame, and maintained for the remaining 4 images of each

experiment.

Figure 6.7: The three phantoms with blue letter labels and red fiducial dots (top row), with their corresponding
blue color components (bottom row).

6.3.3.2 Fiducial Localization and Labeling

Red pixels display brightly in the red color channel. For each image patch, the brightest pixel in the red color
channel is considered the fiducial center and is used as the fiducial’s 2D location. This method is fast and
reliable. To determine the label for each fiducial, the MATLAB built-in optical character recognition (OCR)
method was used. The region inside each bounding box is fed into the OCR function, specifying the limited
character set (the alphabet of capital letters), and that the letters are “block” letters. The bounding boxes, with

fiducials localized and letters labeled are shown in Figure 6.8.
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Figure 6.8: Example output of fiducial and label detection. The blue color component is shown, with boxed
connected components in yellow. The fiducial locations are indicated as cyan and magenta asterisks. Letter
labels, as output from the letter recognition function, are shown above the image patch in magenta. Here, all
labels are correct except for “N”, which is mislabeled as “M”.

6.3.3.3 Generating Labeled 3D Points

A very straightforward approach was implemented to handle letter recognition errors. All incorrectly labeled
2D points are not used to triangulate 3D points. When the image patch is labeled as more than one letter
or no letter (space), it is considered incorrect. When the incorrect label is a single letter, it can result in a
conflict where multiple single-letter labels are identical. With this simplistic correspondence approach, any
non-unique single letter label is discarded. For example, if there are two points labeled ‘N’ in the left image,
both those points will not be used, and the point labeled ‘N’ in the right image will also remain unused;
‘N’ will not be included in the generated 3D point set. If letter correspondence is incorrect, the triangulated
depth is generally quite noticeably an outlier. Therefore, if the triangulated 3D point is more than 3 standard
deviations from the mean of the point set, it is considered an error and discarded. While this approach may

seem overly simple, it makes the output points reliable without the need for more complicated error checks.

6.3.3.4 Validation

To evaluate the capabilities of our stereo camera system, manual intervention was used to obtain all 26
alphabetical points for all deformation states, on all three phantom skin-tones. Instead of using the automated
letter labeling method (OCR), points were manually labeled. For the few cases where there was no bounding

box around a letter, the fiducial point was identified manually. This provided a set of 3D points from the stereo
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camera system. Fiducial locations were also collected manually with an optically tracked stylus (Northern
Digital Inc, Waterloo, ON, Canada) and registered to the fiducial locations collected with the stereo camera
system. This registration defines a transformation matrix, T, consisting of a rotation and transformation to
align the two sets of points: x, the stereo camera point set, and y, the optically tracked point set. 7 (x)
represents the stereo camera points that have been transformed into the optically tracked instrumentation
space. Fidelity is reported as fiducial registration error (FRE), a measure of overall landmark misalignment,

and is shown below, with N representing the number of fiducials, which is 26 for all our trials [230].

FRE = \/;Zf"l(T(x,-) —y) (6.4)

In these experiments, the optically tracked stylus points were considered the gold standard. To evaluate
the accuracy of this gold standard, the same fiducial locations on the breast phantom were collected five times
with no deformation between collections. Registration was performed with each pair of these validation point

sets, and the FRE is reported.

6.3.3.5 Four-Panel Display

The points collected with the stereo camera pair inform a four panel display for intraoperative guidance. We
propose the use of supine MR performed preoperatively with MR-visible fiducials. This supine MR can be
used to generate a patient-specific 3D breast model. The positions of the MR visible fiducials can be marked
on the skin with marker (such as the red dot fiducials in Figure 6.5 and Figure 6.7), the MR-visible fiducials
are removed, and a blue letter label is written beside each dot. During the surgical procedure, the preoperative

MR can be registered to the intraoperative surface points collected with our system.

6.3.4 Results
This process successfully boxed 99% of letters. Using the reddest pixel to identify the fiducial location was
found to be very reliable, as every fiducial that was boxed had a correct fiducial location. This effectiveness
can be seen on the histograms in Figure 6.9 A and B. Figure 6.9A shows the histogram of letters that were
correctly and completely boxed. Occasionally extraneous boxes were identified, but these boxes were always
eliminated at a later step without specific intervention. These extraneous boxes occurred around the edges of
our phantoms, mostly near plungers that had entered the region of interest and were reflecting overhead light.
Letters in the blue component image patches were successfully labeled with an average of 89% accuracy,
and the accuracy distribution can be seen in Figure 6.9C. Examples of image patches that were incorrectly
labeled are shown in Figure 6.10. An average of 81% of 3D fiducial points were correctly labeled and

localized with the accuracy distribution shown in Figure 6.9D. To be correctly labeled and localized, the label
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Figure 6.9: Accuracy at five steps in the process of identifying fiducial points on our phantoms. Circled
letters correspond to the locations of circled letters in the steps shown in Figure 6.6. The top row (A-C)
shows metrics all in 2D space, considering left and right frames individually, for a total of 30 frames (3
phantoms, 5 deformation states each, and a left and right image for each state). The y-axes for the top row
are number of images. The bottom row (D and E) shows metrics all in 3D space, considering triangulated
points, for a total of 15 point sets (3 phantoms, 5 deformation states each).

Figure 6.10: Examples of blue color component image patches that were fed into the optical character recog-
nition function and mislabeled. The output label is displayed in magenta. The fiducial location, as determined
by the brightest pixel in the red color channel (not shown), is indicated with a cyan and magenta asterisk.
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and red fiducial location must be correct in the left and right images. Incorrect labels lead to confounding
correspondence, and were handled as described in Section 6.3.3.3 to generate 3D points with 73% success
rate, as shown in Figure 6.9E.

The FRE between the stereo camera points and the points manually collected with the optically tracked
stylus was 1.9 & 0.2 mm. The FRE between the five validation point sets manually collected with the optically
tracked stylus was 1.4 £ 0.1 mm.

Figure 6.11 displays a sample of the image guidance system with human data, gathered with IRB approval
and patient consent. Using optically tracked tools, instruments can also be registered to and displayed in

model space, as shown by the black stylus, and the orange transparent model of the tracked ultrasound plane.

Figure 6.11: Image guidance system four-panel displays. (A) Display using tracked US probe: MR axial and
sagittal slice views (left), live ultrasound feed (right bottom) and 3D rendering, with tumor segmentation in
red, surface points, stylus in black, and model of the tracked ultrasound plane in transparent orange (right top).
(B) Display using tracked stylus: MR axial, sagittal and coronal slice views each with cross-hair positioning
of the tracked stylus (left top, left bottom, right bottom, respectively), and model of the breast, tumor, and
tracked stylus with surface points and the distance from stylus to tumor (top right).

6.3.5 Discussion

To the best of our knowledge, this work presents the novel use of lettered fiducials in a stereo camera system.
Stereo cameras are out of the surgical field, and can measure the surgical position without the use of a seed or
probe. Because the field is monitored with RGB cameras, fiducials can be drawn on to the skin with marker.
Drawn fiducials are cheap, sterile, and do not interfere with surgical incisions.

Character based fiducial labels allow detection to substitute for tracking, eliminating the need for object
history. With each frame processed independently, frames need not be processed in order, or at high frame
rates. This allows the system to provide intraoperative surface points at near real time speed, while continu-
ously updating a guidance display with each set of collected points. Letters also provide intuitive features on

a previously featureless surface. These letters serve as easy reference points between the patient on the table
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and the tumor and breast models on the screen.

Letters also allow us to leverage existing work in Optical Character Recognition (OCR) — a large image
processing field. The letters in these digital images can be isolated and recognized, applying this existing
OCR knowledge to help localize fiducials. Letters are relatively easy to detect, and can be drawn large in
size to improve detection while fiducial points can be drawn as small points nearby for accurate and precise
fiducial location measurements.

We also present a novel four panel display including tracked ultrasound, registered preoperative MR, and
a patient specific 3D breast model in a module written for 3D Slicer [224]. While standard directions treat the
breast surface as a clock face to give angle and distance relative to the nipple, letters allow for the addition
of more intuitive directions relative to more proximal concrete landmarks. The tracked stylus, displayed with
respect to the patient specific breast and tumor models, can be used to help understand lesion, extent, position
and depth with respect to the surface by means of the nearby letter landmarks.

While paint was used for our experiments, we propose the use of indelible markers for use on human
skin, similar to the markers that are currently used for surgical planning. For the use of this system during
surgery, other colors may be more suitable than red, to reduce the impact of blood in the image. We expect
this method to be similarly successful using other colored fiducials, particularly with the use of other color
channels, and other color spaces. Future work may benefit from green fiducials in the green color channel, or
the use of the hue saturation value color space.

While these results show promise, we acknowledge there is much room for improvement. The two main
sources of error are poor letter recognition and the compounding nature of errors in the left and right images.
The nature of stereo cameras requires the cameras to have slightly different perspectives. In our system,
the cameras are at an angle that provides great depth perception, but relatively large distortion in letters
on steep surfaces, such as the sides of the breast phantom. This large distortion contributes to many letter
recognition errors. These recognition errors are to be expected, as the OCR method implemented in MATLAB
is not optimized for letter recognition in grayscale image patches of handwritten letters. These errors could
potentially be reduced using another method. Other methods for OCR have achieved high success ranging
up to near human-levels of accuracy, even for handwritten text [281, 282]. Letter distortion also means that
recognition errors are likely to only occur on one of the two images. Utilizing the left image to inform the
right image labels, and vice versa could dramatically improve performance.

Finally, the FRE reported here was affected by the deformable properties of the phantom. These exper-
iments use a nonrigid breast phantom. The deformable properties of our phantom allow us to evaluate how
our system is affected by motion and slight variations in letter configuration and lighting. However, the de-

formable nature of our phantom causes localization error when using the optically tracked stylus, as the stylus
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tip needs to be positioned touching the surface without deforming the surface. The registration error between
our stylus collected validation point sets was 1.4 + 0.1 mm. This means that the majority of the error in
our stereo camera evaluation, is actually from our validation method, and our cameras are capable of getting
reasonably accurate points. Furthermore, conventional optical tracking is widely accepted and used in image
guidance. The proposed method of intraoperative surface acquisition performs with comparable accuracy but

with significantly reduced workflow interruption.

6.3.6 Conclusion

This stereo camera system can accurately localize surface points with 1.9 + 0.2 mm FRE when compared to
points manually collected with an optically tracked stylus. On average, 23 of 26 letters correctly (89%) can be
detected and labeled correctly. The system can correctly detect and label 21 three-dimensional points (81%).
Using this simplistic approach to handling mislabeling, an average of 19 fiducials (73%) can be generated
as labeled 3D points with a minimum of 12 fiducials. While 12 fiducials is enough for a rigid registration,
more fiducials would provide more information and better alignment between image and physical space.
More exploration is necessary to investigate improved approaches and robustness to lighting variations and
obstruction. While still in preliminary stages, this system has the potential to be the first continually updating

image guidance system for breast cancer surgery.
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6.4 Soft tissue monitoring of the surgical field: detection and tracking of breast surface deformations
6.4.1 Abstract

Objective: Most computer vision approaches for point localization are optimized for rigid, planar objects and
are not well suited for soft tissue tracking within surgical workflows. However, skin fiducial localization is
needed to align preoperative data with the dynamic intraoperative scene. This work presents a contactless,
automated fiducial acquisition method using stereo video of the operating field to provide precise, reliable
fiducial localization for an image guidance framework in breast conserving surgery. Methods: On n=8 breasts
from six healthy volunteers, the breast surface was measured throughout the full range of arm motion in a
supine mock-surgical position. Using hand-drawn inked fiducials, adaptive thresholding, and KAZE feature
matching, precise three-dimensional fiducial locations were detected and tracked through tool interference,

partial and complete marker occlusions, significant displacements and nonrigid shape distortions. Results:
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Compared to digitization with a conventional optically tracked stylus, fiducials were automatically localized
with 1.6 £ 0.5 mm accuracy and the two measurement methods did not significantly differ. The algorithm
provided an average false discovery rate < 0.1 with all cases below 0.2%. On average, 85.6 + 5.9% of
all visible fiducials were automatically detected and tracked, and 99.1 £+ 1.1% of frames provided only
true positive fiducial measurements, which indicates the algorithm achieves a data stream that can be used
for reliable on-line registration. Conclusions: Tracking is robust to occlusions, displacements, and most
shape distortions. Significance: This work-flow friendly data collection method provides highly accurate and

precise three-dimensional surface data to drive an image guidance system for breast conserving surgery.

6.4.2 Introduction

Computer vision has been increasingly utilized in surgery for a wide variety of applications ranging from
understanding surgical process to computer aided detection and navigation [283]. While its use in tool track-
ing has been a key component in standard-of-care guidance systems for decades, computer vision methods
for soft tissue tracking has had more limited development. Several recent surgical technologies have utilized
unique printed markers (e.g. ArUco [185] or ARTag [212] fiducials) to localize skin surface information
during surgical procedures [137, 139, 284]. However, even in rigid scenarios, localization errors for these
types of fiducials can be high. In a study comparing 12 common marker dictionaries, localization error was
over 7 mm on average for 0-75° viewing angles. Though two methods achieved accuracy suitable for surgical
applications (below 2 mm), results are reported for relatively large tags (5 cm) mounted onto rigid, planar
boards and viewed from close distances (0.05 — 0.5 m) [188]. Commercial systems for computer vision track-
ing of rigid tools, such as the Claronav MicronTracker, report 0.2 mm calibration accuracy from 0.4-1.0 m
distances, though viewing angles and lighting conditions are not reported [177].

While many vision-based toolkits for tracking markers are freely available and easily adoptable, their
accuracy is limited [187], especially in the context of the dynamic surgical environment. These tags are
designed to be mounted on rigid and planar surfaces. These rigid assumptions result in reduced detection rate
and accuracy when fixed to nonrigid surfaces, such as skin in deforming surgical applications. Recently, a
marker detection system has been proposed using deformable fiducial tags, [189], but surgical use would still
rely on a cumbersome process of printing and mounting specialized, large, and obstructive tags to skin in the
sterile operating environment. Furthermore, when using these tag-based approaches in the context of image
guidance systems, point correspondence to their preoperative imaging counterpart is not intuitive to users
because the marker patterns have no immediate relationship to the imaging data. The work herein presents
a fiducial detection and tracking algorithm customized for surgical guidance applications with intuitive ink-

based alphabetic labels hand drawn directly onto the skin surface. These letter-based fiducials enable three-
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dimensional point measurements during surgery, so that information rich preoperative images can be aligned
with the patient on the operating room (OR) table, enhancing surgeon understanding of tumor position and
subsurface anatomy. While this automated skin-fiducial localization method can be used in the context of
many surgical domains for image-to-physical registration, in this work it will be evaluated in the context of
breast conserving surgery (BCS) due to the deformable nature of breast tissue.

With regard to the clinical application, there has been recognition that BCS could benefit from the ad-
dition of improved surgical guidance in the process of tumor resection. In recent years, breast conserving
surgery reoperation rates have plateaued at approximately 10-20% [15]. Primary contributors to these re-
operation rates are the vast shape changes and deformations between diagnostic and surgical settings that
make it difficult to reliably determine intraoperative tumor positioning and extent [18, 19, 42, 43]. To address
these shortcomings, an automated surface acquisition method is needed to continuously inform a rigid image
alignment approach to assist in visualizing approximate intraoperative tumor boundaries. Better yet, a system
that could measure 15-25 precise fiducials over the breast surface would potentially enable deformable soft
tissue alignment techniques to facilitate surgical lesion localization in the deforming breast. Since registration
accuracy is ultimately dependent on data sparsity and coverage, the ability to quickly and accurately mea-
sure sufficient intraoperative localization data is critical for the utilization of image guidance. Corresponding
points, i.e. points visible both in the preoperative image and on the breast in the OR, are an essential data
source for guidance and correction frameworks.

To visualize intraoperative tumor boundaries, several research systems for image guidance in breast con-
serving surgery have emerged using corresponding fiducial points [41, 50, 132, 137, 139]. Typically, these
initial image guidance systems for BCS have used rigid registration to align preoperative supine MR images
to the patient in the surgical position. For example, Barth ef al. developed a guidance approach using skin
fiducials and rigid registration to actively guide surgery in comparison to conventional wire-guided localiza-
tion. The results nearly halved positive margin rates of residual cancer after resection when compared to
conventional wire guidance, from 23% to 12% [50]. Though this study showed great promise, it should be
noted that the results were underpowered for statistical significance.

Another research prototype system for intraoperative breast tumor visualization used six ArUco tags to
register a virtual reality breast scene to the patient [139]. These ArUco tag fiducials were not placed directly
on the breast, but rather at the breast perimeter, i.e., on the surrounding rib cage and just inferior to the
clavicle, likely to avoid the dynamic deformations associated with soft breast tissue. While this placement
provided rigid alignment, these fiducials could not capture the nonrigid shape changes [139]. Furthermore,
the authors acknowledged difficulties in placing ArUco tags on corresponding locations associated with MR-

visible fiducial locations.
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These rigid registration frameworks leave conspicuous residual misalignment after rigid registration [139].
To provide further context to the application, in BCS the patient’s arms are outstretched at 90°(in a T-shape),
whereas in a conventional closed-bore MR imaging system, the patient’s arm would be positioned either
down by the torso or up by the head to fit within the scanner. Even when imaging and surgery are both
performed with a supine body orientation, there are still large imaging-to-OR deformations resulting in high
residual registration errors that reflect nonrigid deformations. Quantitatively, in a breast alignment study us-
ing rigid registration in a mock imaging-to-OR framework [238], maximum target errors after registration
were reported from 10.7-36.4 mm, indicating that a rigid registration approach is unlikely to be sufficiently
accurate for resection.

Beyond providing landmarks for rigid alignment as in the above systems, fiducials that are properly
distributed across the breast could be used as a valuable source of deformation measurement [238] toward
correcting misalignment due to breast shape changes [171, 235]. For example, Conley et al. presented a
modeling framework with an initial rigid alignment using fiducials and ultrasound measurements of the chest
wall followed by nonrigid correction driven by 67 surface fiducials [60]. While quite preliminary, compared
to rigid registration the method improved tumor localization in surgical positioning by 15% and 58% in two
cases evaluated. A method presented by Ebrahimi et al. used thin plate splines to predict volumetric breast
deformations from 24-34 surface fiducials alone. In six patients, the average estimate of a tumor centroid had
3—-18 mm of error after rigid registration, and 1-10 mm of error after the thin plate spline registration scheme
[171].

These advances toward sophisticated guidance approaches in BCS are encouraging, and common to the
above systems is the localization of fiducials, either designated manually with an optically tracked stylus
or directly tracked with the use of an adhered marker. With the former, designating fiducial positions man-
ually during surgery is tedious and the precision is heavily dependent on the user. Additionally, for soft
tissues, measurement methods that contact the surface have been shown to be less accurate than noncontact
measurements [181]. Despite the impracticality of manual methods, the latter option of adhered fiducials is
complicated by the fact that fiducials near the surgical region of interest must be removed prior to commenc-
ing surgery. In [50], all fiducials are removed for surgery, limiting correction to only an initial alignment.
Additionally, both methods are limited by non-automatic measurement and labeling of fiducials, which con-
sumes valuable time in the operating room for each additional fiducial identified during the procedure. The
landscape of emerging guidance systems for BCS reveals a pressing need for measurement techniques that
enable rapid soft-tissue measurements to enable novel alignment and localization approaches, which must
also be easy to integrate into BCS workflow. The work presented here directly addresses this need by aban-

doning the concept of structured or printed fiducials, and instead investigating a novel approach with intuitive
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fiducials (English alphabet) inked directly on the breast surface and then tracked using image processing
methods. The strategy is easily integrated into current workflow and the inked letter-based fiducials on the
patient inherently correspond to labels that can be rendered in an image-guided display to provide surgeons
with a convenient, intuitive map on a previously featureless breast surface. The automatic surface acquisition
method uses simple image processing to detect fiducial labels and fiducial positions, and leverages conven-
tional feature detection and matching to track these precise fiducial positions on the nonrigidly deforming skin
surface through time. These fiducials that consist only of sterile ink can be tracked to provide continuous,

automated, simultaneous, and precise fiducial collection in a deformable OR setting.

6.4.3 Methods

6.4.3.1 Human Data Collection

Using the system shown in Figure 6.12a, data were collected on n=8 breasts across six healthy volunteers ages
23-57 (29 £ 14) with informed consent and approval from the Vanderbilt University Institutional Review
Board. For each breast, 26 MR-visible fiducials (IZI Medical Products, Owing Mills, MD) were distributed
on the breast surface. Supine MR images were obtained in two arm positions shown in Figure 6.12b: with the
ipsilateral arm down resting beside the torso, and with the ipsilateral arm up resting beside the head. Fiducial
positions were manually designated in each MR image. At least 24 fiducials were visible in each image, with
some fiducials going out of view due to image size and large deformations from arm abduction. On average,
25.6 & 0.6 fiducials (mean =+ std) were designated within an individual MR image volume. It should be noted
that the MR image data were used only to provide preoperative fiducial locations for error filtering as they
would represent known priors in the image-guided application. The full protocol involving MR imaging data
is provided here only to convey the complete procedural workflow of the approach.

After imaging, subjects were moved to a mock intraoperative setup where they lay supine with padding
under the ipsilateral shoulder to simulate rotation of the OR table. The center of each toroidal MR-visible
fiducial was marked with colored ink (red) shown in the center image of Figure 6.12b, and the fiducial was
removed. Each fiducial, now a red dot, was then labeled with a capitalized English character in a second
color ink (blue letter label) as in Figure 6.12c. The size of each character was approximately 3 cm in height.
Visible skin markings (such as moles) that were the same color as fiducials were covered with a third ink
color. Static fiducial locations were measured in three positions for each breast: arm up, surgical position
(i.e. arm outstretched at 90°), and arm down. Fiducial locations were also designated manually using an op-
tically tracked stylus, a tool typical in image guided surgery (Polaris Vicra optical tracker, Northern Digital,
Waterloo, ON, Canada). Stereo images of the operative field were collected with two Grasshopper stereo

cameras (FLIR, formerly Point Grey Research, Richmond, BC, Canada) placed 0.9-1.2 m above the skin
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Figure 6.12: Overview of data collection and the arm configurations, or states, measured in each setting. (a)
image guidance system (b) data collected from supine magnetic resonance (MR) images with the distribution
of fiducials. In the top right, fiducial positions visible in an axial image slice are indicated with purple arrows
(c) data collected in the mock intraoperative setting.

surface. Stereo cameras provided color images at 1200 x 1600 pixel resolution, and were calibrated using
the method presented by Zhang et al. [226] in MATLAB’s Computer Vision Toolbox [228]. Stereo cameras
were used to record videos of fiducial positions in the three static arm positions and throughout arm adduc-
tion at about 5 frames per second. Intermittently during video collection, an ultrasound exam was conducted,
providing procedural obstruction of the visual field. Video footage recorded during this process consisted of
ultrasound gel application, probing the ultrasound transducer over the breast surface, and gel removal with a
towel. Video frames were considered static if they contained breathing motion, but no other major motions,
obstructions or interference with breast tissue. Thin layers of ultrasound gel were not considered an obstruc-
tion. With respect to evaluation of tracking performance, the algorithm tracks fiducial points throughout the
full video duration, including arm adduction and ultrasound exams. This approach allows analysis before and

after considerable motion and obstruction events.

6.4.3.2 Algorithm Overview

This surface tracking algorithm for image guided surgery uses handwritten inked fiducials that can be ster-
ilized and remain on the skin throughout surgery. The algorithm is implemented in MATLAB 2021b using
functions from the Computer Vision Toolbox [228]. Briefly, fiducials are localized in 2D images by lever-
aging the two ink colors and adaptive thresholding. Fiducials are matched and tracked using KAZE feature
matching [285] and point history. An overview of the algorithm is shown in Figure 6.13, best viewed in color.

The algorithm is considered in two parts: localization and labeling.
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Figure 6.13: Detection and tracking algorithm. Images cropped for visualization. (a) A color image from
one of the stereo cameras (b) blue color component of the masked region of interest with boxed connected
regions (blue), and 2D fiducial candidates (red) (c) 2D KAZE keypoints (green) with successfully matched
3D keypoints circled (magenta) (d) Output labeled fiducials in 3D space and (e) 2D keypoints labeled by
bounding box for input into the Feature History.

6.4.3.3 Fiducial Detection: Point Localization
The color component is computed from the raw RGB camera images as the color ratio of each pixel according
to

channel

Color Component(Channel € {R,G,B}) = R+G+B (6.5)

for R, G, and B the red, green, and blue intensities, respectively, where channel is the desired color chan-
nel. The color component range is normalized to 256. In the blue color component (channel=B), adaptive
thresholding is used to create a binary mask of the letter label regions. A bounding box is placed around each
connected component. Within each bounding box, the red color component image is computed and individ-
ually normalized to 256. This process provides maximum contrast between fiducial pixels and surrounding
skin, from which a 2D fiducial candidate is identified as the centroid point in the region grown around the
brightest pixel in the red color component. In Figure 6.13b, the blue color component image shows the
bounding boxes resulting from adaptive thresholding in blue and the identified 2D fiducial candidates circled
in red.

KAZE feature detection and matching is used to obtain a sparse cloud of triangulated keypoints [285].
Detected KAZE keypoints (2D keypoints) are shown in Figure 6.13c in green, with successfully matched

keypoints between left and right stereo images (3D keypoints) plotted as magenta circles. The 2D fiducial
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candidates from the red centroids are matched as follows. For each 2D fiducial candidate in the left image
(candidateL), the algorithm determines the closest successfully matched keypoint from KAZE (keypointL).
In the right image, the 2D fiducial candidate (candidateR) closest to the keypointR is considered the correct
match. Although KAZE produces a 3D point cloud (visualized in 2D space as the magenta circles in Figure
6.13c), the keypoints have no correspondence to the MR image. This process of fiducial detection and
matching ensures measurements of the inked fiducial points that correspond to imaging data. However, it
should be noted that the closest-keypoint assumption does yield some incorrect matches. Outliers are removed
at this step by error filtering based on the difference in position (slope) between left and right matched points.
Next, matches are ensured to be unique. For all nonunique matches between fiducial candidates, the best

candidate is chosen by the match that provides a slope closest to the median slope of all matched keypoints.

6.4.3.4 Initialization

On initialization, the user manually defines a region of interest (ROI) for each camera and tunes the minimum
and maximum bounding box sizes according to the size and variability of the letter labels. The main purpose
of the ROI is to reduce the computational search space for several of the tracking steps. This reduction im-
proves runtime for feature detection and eliminates many extraneous 2D fiducial candidates in an early phase
of the algorithm. After the ROI is established, the ROI is dilated before applying the adaptive thresholding
step on subsequent frames to ensure that the mask edge is sufficiently far from the letter labels and does not
interfere with thresholding. Bounding box size limits are manually set to include all letter-labels, and are
defined once and applied to both image streams.

Once the detection algorithm is initialized, the tracking algorithm is initialized in just one image. After
automatic 3D fiducial detection, the 2D bounding boxes of these 3D candidates are presented to the user. The
user is instructed to manually box undetected fiducial labels, and manually label each box with its letter label.
This user input serves to initialize the feature history. All 2D keypoints that fall within bounding boxes are
stored along with their features and labels. Examples of these labeled keypoints are shown in Figure 5.2e.

Finally, when fiducial candidates arise too close together, e.g. due to a letter-label appearing discontinuous
in an image, the candidate with the highest average red color component is kept and all other candidates are
discarded. The algorithm therefore requires one additional parameter that defines a minimum allowable
distance between fiducial candidates in 3D space. For the majority of cases, this parameter can be zero
(unconstrained). However, for one case (case 1L), the parameter was set so that 3D fiducial candidates must
be at least 20 mm apart.

In summary, initialization requires manually annotating in the first image frame: (1) a region of interest

for both cameras, (2) bounding box size limits, (3) minimum distance between fiducials, (4) bounding boxes
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missed by automatic detection, and (5) letter labels for bounding boxes.

6.4.3.5 Fiducial Tracking: Point Labeling

Labeling the 3D fiducial candidates relies on frame-to-frame KAZE feature matching [285]. In summary,
labels are propagated through one camera stream by matching the 2D keypoints within bounding boxes to
previously labeled keypoints. The label of a fiducial candidate is the most common label in its bounding box.

Feature matching relies on storing feature history in three main phases: Phase I: keypoints in the initial
frame, Phase 2: keypoints in the previous frame, and Phase 3: the last seen keypoints. The feature history
stores keypoint locations, feature vectors, and letter-labels. In Phase 1, keypoints in the initial frame are
stored using user-defined letter-labels as described at the end of the previous section; these labels have the
highest confidence since they are manually specified. Only unlabeled boxes continue on to be labeled by the
next phase. Next, in Phase 2, keypoints in the remaining bounding boxes are matched to the keypoints of the
previous frame. The previous frame is most likely to resemble the current presentation of features. Finally,
the remaining unlabeled bounding boxes continue on to Phase 3 where keypoints are labeled using the last
seen keypoints. The list of last seen keypoints for a given letter is defined as the most recent n=100 points
labeled with that letter. Since there are 26 fiducial letter-labels, the size of this matrix is therefore restricted
to 2600 features, letters, and point locations (recall that the feature history is only maintained for one camera
image stream). When constructing the last seen keypoint matrix, points are added in descending time order
prioritizing points that were successfully matched to the current frame. In priority order, points are added
from the following lists until 100 features are reached: (i) matched features from the previous frame, (ii)
matched features from the last seen keypoints, (iii) unmatched features from the previous frame, and (iv)
unmatched features from the last seen matrix. The last seen points add robustness to lighting variations and
occlusions.

After all boxes are labeled, uniqueness is enforced again. Letter duplicates are evaluated and the 3D
fiducial candidate closest to the historic 3D fiducial location is kept, while all other candidates labeled with
that letter are discarded. If the letter has not been previously localized in 3D, the point location is considered
uncertain and all candidates for this letter are discarded.

Here, a final stage of error catching is implemented that is unique to this application. Points that are
sufficiently far from their MR counterpart are considered erroneous. More specifically, image-to-surgery rigid
registration accuracy in the supine position has been previously measured with maximum surface target errors
between 7.4 and 36.4 mm [238]. Using this characterization as a guide, fiducials were considered incorrectly
localized if they were more than 40 mm from their MR fiducial counterpart. While this parameter is a constant

in this work, if 40 mm proved inappropriate on another dataset, this parameter could be prescribed based on
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fiducial registration error (FRE) after the point-based registration of the tracked fiducials to their positions
in preoperative MR. This error catching largely serves to remove points with incorrect left-right matching

causing erroneous triangulated 3D coordinates.

6.4.3.6 Evaluation

Three main performance metrics are evaluated: (A) localization accuracy of 3D fiducial detection, (B) track-
ing fidelity, and (C) tracking completeness. Beginning with the detection algorithm localization accuracy,
3D localized fiducial points were compared to the corresponding points localized using an optically tracked
stylus tool (NDI Polaris Vicra, Waterloo, Ontario, Canada), which is a standard in image guided surgery due
to its reliable accuracy [174]. In each static arm position, the fiducial positions as measured with the stereo
cameras are automatically localized and manually labeled. These camera-based fiducial measurements are
rigidly registered to positions measured with the optically tracked stylus and the residual error is reported.
Registrations are computed using a conventional least-squares singular value decomposition point-based reg-
istration method [222], and fiducial registration error (FRE) is measured as the root mean square of the
distances between registered point sets as defined by Fitzpatrick et al. [223].

Additionally, to measure the accuracy of the gold standard measurements, for one subject, fiducial posi-
tions were measured repeatedly with the optically tracked stylus. All combinations of these point sets were
rigidly registered, and the average FRE is reported as a baseline error metric for this ground truth measure-
ment technique.

With respect to assessing tracking fidelity, the rate of false positives, i.e. incorrect fiducial returned, was
measured by examining fiducial positions in the 2D images, and by comparing 3D triangulated fiducial loca-
tions to stylus-designated locations. The number of frames with no false positives is reported and represents
how often the automatically detected fiducials can be used for reliable image-to-physical registration. For a

frame f, the average false discovery rate(1-precision), is also reported and is described as

False Positi
False Discovery Ratey = Toral Detections ‘; ;eD (;Sl tn./es x 100% (6.6)
’ otal Detections

Lastly, tracking completeness is evaluated with the number and distribution of visible fiducials not re-
turned as output (i.e. how many fiducials are missed, and how are these missed fiducials distributed across
the breast surface). To compare the automatic method to an ideal output from the stereo camera images,

detection rate (recall) is considered as

True Positi
Detection Ratey = 7;14;1 ‘Ojl .Zzles x 100% 6.7)
otal Visible
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where the total number of visible fiducials is determined as the number of fiducials that could be localized in

the camera images by augmenting automatic detection with manual point picking. Fiducials are considered

not visible if their red fiducial centroid cannot be picked manually in the stereo camera images for a state.

The analysis is extended to investigate completeness with regards to the full extent that could be captured

with an alternative method not limited by line-of-sight (e.g. manually designated with tracked stylus) with
True Positives

Extent; = — ¢ LOSTIVES 16004 6.8
M = 236 Fiducials ¢ 6.8)

It should be noted that the number of frames in each breast acquisition state analyzed is not necessarily
evenly distributed as no specific protocol was in place for the length of time recorded in each static arm
position. Since arm up configurations generally expose a greater number of fiducials to the cameras, an
unweighted average may show that cases with more frames in the arm up position have better completeness
metrics. To remove this bias, completeness metrics for each case are first averaged by state, then averaged

across all three states. Additionally, the completeness metrics did not include phases of motion or obstruction.

6.4.4 Results

6.4.4.1 Detection: 3D Localization Accuracy

Localization accuracy was evaluated in the three static arm states (one evaluation per state) for seven of the
eight cases. Case SR was omitted due to missing still images time-synced with NDI collection. Accuracy is
reported as the FRE (mm) associated with registering fiducial points localized from the stereo camera system
and the corresponding points designated with an optically tracked stylus. On average, 22 + 2.4 fiducials
were automatically localized with the camera system. Table 6.1 reports the accuracy (FRE) and the average
number of fiducials used to compute the rigid registration, averaged across all 3 states. After rigid registration,
automatically localized fiducials differed from the ground truth stylus-designated positions by 1.6 4+ 0.5 mm.
As reported in [238], when static fiducial positions on the breast were measured with the optically tracked
stylus repeatedly five times) FRE was 1.5 £ 0.1 mm. The two distributions of FRE were compared with an

unpaired t-test (&« = 0.05) and were not significantly different (p = 0.54).

6.4.4.2 Tracking: Fidelity

Tracking fidelity is only evaluated in static frames as these are the only acquisition times where the cor-
responding ground truth 3D fiducial locations (stylus-designated) are available for verification. Though a
tracking algorithm should successfully track through large deformations and obstructions, it is reasonable to
assume that surface data will be collected during static, unobstructed scenes. Here, all video frames were

processed for tracking, though performance during deformations and obstructions is only included in Figure
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Table 6.1: Localization accuracy

Case Average Average Number of

Accuracy (mm) Fiducials Localized
1L 2.6 20.0
2R 1.9 25.0
2L 1.5 22.7
3R 1.6 23.7
4R 1.2 21.3
5L 1.4 23.0
6L 1.3 18.0

Average 1.6 £0.5 22+24

5.3. Figure 5.3 shows the true positive and false positives over time through the entire protocol for cases
1L and 3R. For case 1L, the video frames from various experimental phases are displayed, demonstrating
how obstructions in the scene result in a lower number of localized fiducials. The total number of frames
processed for tracking and the number of static frames analyzed are reported in Table 6.2 alongside the false
discovery rate and the total number of false positives. Since no frames had more than one false positive,
the number of false positives also represents the number of frames with unusable output for registration. In
the worst case (5R) where 7/267 frames have false positives, still over 97% of frames are usable for reliable

registration, and on average 99.1 £ 1.1% of frames are usable.

Table 6.2: Tracking Fidelity

Case Total Static Frames Total False Discovery
Frames Tracked Analyzed alse Positives Rate(%)
1L* 1227 295 5 0.1
2R 1507 431 0 0.0
2L 874 206 0 0.0
3R* 1220 185 1 0.0
4R 582 132 3 0.1
SR 1312 267 7 0.2
5L 790 129 0 0.0
6L 575 171 0 0.0
Average 1011 218 2 0.1 £0.1

*performance visualized in Figure 6.14

6.4.4.3 Tracking: Completeness
The average detection rate was 85.6 £ 5.9%, showing that a large majority of visible fiducials can be au-
tomatically detected and localized as visible in Figure 6.15. All static frames returned at least 10 fiducials

for registration, with 75% of cases returning a minimum of 18 fiducials across all frames. In retrospective
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Figure 6.14: Data collection and processing throughout the entire video for two representative cases: 1L and
3R. Note performance recovery after obstructions and false positives. The three arm configurations where
accuracy was measured are overlaid: arm up (left), surgical position, and arm down (right). Video content
is classified into four categories: static frames (no highlight), adduction frames (blue), ultrasound collection
(gray), and other scene interference (yellow). Number of fiducials that are true positives (black line), false
positives (red +), and manually localized in static frames (magenta dashed line). Highlighted frames are
processed but excluded from reported metrics.
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Figure 6.15: Average number of fiducials automatically localized (TP= true positives), compared to the
average number of fiducials visible (top of gray bar). False negatives (FN) and false positives (FP) are
considered missed fiducials.

analysis, the fiducials that were commonly missed resided on the lateral edge of the breast surface, closest
to the arm, where the surface deviates from planarity and the frequency of missed localization increases as
displayed in Figure 6.16. While highly performant, the algorithm was found to struggle with some letter
distortions due to large fiducial deformations. To illustrate this trend, the magnitude of deformation due to
arm adduction is shown in the right column of Figure 6.16 This drop-out due to distortion is most notable in
the upper outer breast quadrant (i.e. fiducials closest to the armpit) like the letter “C” in the top row of Figure
6.16. Also, it is interesting that not all fiducials with large displacements suffer: more medial fiducials that
undergo large deformations are able to be localized with low dropout rates (e.g. the letter “B” in the top row).
With regards to extent, although the cameras suffer from line of sight constraints, 82.6 = 9.2% of the full 26

fiducials can be localized automatically (Figure 6.16 — Center column).

6.4.5 Discussion
This work demonstrates a successful surgical field monitoring system that can capture nonrigid skin motion
with accuracy, fidelity and completeness such that it can be used to promote new directions in surgical guid-

ance. The inked fiducials are easy to place and are amenable to sterile processes, as they can remain on the
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Figure 6.16: Distribution of missed fiducials for three cases, shown in the arm-down state. Left - detection

rate, or missed fiducials with respect to all visible fiducials. Center - extent, or missed fiducials with respect
to all 26 placed fiducials. Right - fiducial displacement from arm up to arm down states.

137



skin surface throughout surgery. The large letter label provides a feature rich surface and the small fiducial
dot provides a precise localization target. While quite preliminary, initial surgeon impressions with the let-
tered fiducials integrated into a guidance system were met with considerable enthusiasm as letters provide
naturally understandable landmarks between the patient and the guidance display.

In comparison to existing alternatives that are compatible with OR workflow for BCS, localization accu-
racy for automatic detection was not statistically different from manual digitization using an optically tracked
stylus. However, it should be noted that the accuracy of stylus-designated data is user-dependent which was
noted during data collection. For example, manual stylus digitization without deforming the surface while
the subject is breathing was challenging.

As a general note, the tracking algorithm presented here was designed and evaluated within the context
of utility in image guided surgery. While some algorithms may balance all evaluation metrics, utility in
the surgical guidance application relies on a low false positive rate, as frames with false positives cannot
be used for registration. Consequently, aggressive error catching was implemented to prioritize a low false
positive rate over a high detection rate (i.e. it is preferable to miss some fiducials, as long as all fiducials are
trustworthy).

The tracking algorithm is highly reliable with a low false positive rate suitable for use in surgery. The
algorithm suffers most with completeness, as line-of-sight constraints can confound detection rate and extent.
For example, for the two subjects that had both breasts processed, the breast with better line-of-sight (i.e.
larger simulated rotation of the table to provide a more favorable viewing angle) performed better. For case
2, the right breast was more favorably angled than the left, and for case 5 the left breast was more favorably
angled than the right. Intra-subject performance differences are visible in cases 2 and 5 in Figure 6.15, with
2R and 5L outperforming their counterparts.

Despite line-of-sight constraints, an adequate number of fiducials can be localized for a reliable registra-
tion. The minimum number of localized fiducials for most cases was above 15, far more than the 6-8 fiducials
used for registration in initial breast guidance methods [50, 60], or the 11 fiducials necessary to fully describe
rigid breast deformations [238]. On average, 21 fiducials could be localized, providing a distributed coverage
of surface data to drive potential nonrigid correction frameworks.

For case 5R, there were two frames where only 10 fiducials could be automatically localized. This low
minimum was due to a reduced point cloud returned from KAZE feature matching whereby fiducials were
still correctly detected in each image, but the algorithm failed to successfully match keypoints between left
and right images. This case suffered from a variety of confounding factors: white-balance discrepancies
between left and right images, shadows, and subtle motion due to subject re-adjustment. Though all of these

problems are visible in other cases, it is hypothesized that the combination of all three factors caused the
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unusual dip in the number of localized fiducials.

As noted in Section 6.4.4.3, largely distorted fiducial labels become more difficult to match to the object’s
feature history. This effect may be particularly detrimental as points with large displacements are likely to be
the most informative to registration. However, surface deformations would not be subjected to the full range
of arm motion intraoperatively—only half the range of motion is needed to move from imaging position (arm
up or down to fit within a closed bore scanner) to intraoperative position (90°abduction).

With respect to limitations, there are several aspects that are important to consider: (1) skin tone variations
(2) ink colors (3) lighting variations (4) processing time, and (5) reproducibility.

Beginning with skin tone variations, these were not explored in this manuscript as all volunteers for this
study were Caucasian. Evaluation on a variety of human skin colors remains to be evaluated. However, the
algorithm is specifically designed with skin tone variations in mind, with fiducial detection performing well
in the blue color component images across phantoms of various skin tones [241] from previous work. A
predecessor to the detection process presented here is described in [241] though correspondence between 2D
fiducial candidates was determined with optical character recognition. The previous approach showed that
this 2D detection method was robust to phantoms of differing skin tones; however, the algorithm experienced
large dropouts at the correspondence step due to the poor performance of the preliminary optical character
recognition approach.

When considering the second limitation of ink colors, it is important to consider the use of red ink in light
of the eventual presence of blood after incision. In this work, an algorithm that leveraged two ink colors on
opposite sides of the color wheel was implemented. Though the concept of color channels is leveraged heavily
in this approach, the color channels do not need to be prescribed to blue and red. Preliminary investigations,
not reported here, show that alternative ink colors can be transformed into hue saturation value (HSV) space
to map the label color to an equivalent of the blue color channel, while mapping the fiducial color to the red
color channel. The use of purple letters and green fiducial centroids is under consideration currently. More
comprehensive evaluation of algorithm performance under these conditions remains to be investigated further.
In regards to scene interference in the letter-label color channel, note that the ultrasound gel was blue tinted,
and in some cases residual gel remained spread across the breast during the static frames evaluated. While
the algorithm sometimes struggled with specular reflections from ultrasound gel, the color tint generally did
not interfere with adaptive thresholding. Scene interference in the red color channel (e.g. the cap of the
ultrasound gel bottle) is generally more intrusive to performance, as obstructions close to the true fiducial
location can cause false positives. This can be observed in the supplementary videos.

With respect to lighting variations, while some insight was gained from the introduction of ultrasound gel,

more investigation is needed. Apart from glare on the gel, the videos acquired did include footage containing
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moving shadows, but it is difficult to study the impact given that the bright overhead lights typically present
in the OR were not part of our mock surgery experimental setting. With proper exposure, the breast surface
should be clearly illuminated with little impact on algorithm performance although future investigations are
warranted.

Runtime evaluation, the fourth limitation, also remains to be optimized. The current processing rate is
about 2.5 seconds per frame, with the large majority of that time spent on KAZE feature detection and match-
ing. Speed improvements could be achieved by implementing this algorithm on a graphical processing unit
(GPU) in an a more efficient programming language than MATLAB and by using AKAZE feature match-
ing. Accelerated KAZE has shown dramatically improved speeds with little effect on matching performance
[263], and KAZE implementations on a GPU have been shown to offer tenfold speed improvements with
no degradation in performance [286]. Nevertheless, the current implementation could be used to provide
on-demand updates to a guidance framework with minimal wait times. Although surgery would be briefly
paused for a registration update, an on-demand framework would be far less intrusive than current clinical
seed-based guidance approaches that require the surgeon to halt surgery and use a handheld probe to survey
the field manually. Additionally, these systems only provide a distance readout to a preoperatively implanted
point-based target, which would be considerably inferior to accurately co-registered supine MR imaging data.

Lastly, when considering reproducibility there are several constraints that the algorithm assumes. As
previously mentioned, each fiducial label should be continuous to provide an adequate bounding box. Labels
should ideally be unique, to ensure that features are correctly matched. For best performance, fiducial labels
should be uniform in size which allows more erroneous boxes and fiducial candidates to be eliminated based
on size limits. Some cases here have relatively nonuniform letter size and thickness (as visible in Figure
6.16), and it should be noted that thicker inked lines provide better performance in the adaptive thresholding
stage, as thin lines tend to break into multiple boxes creating erroneous 2D candidates. While the algorithm
was generally robust to these variations, standardizing fiducial size and line thickness may reduce erroneous
candidates and improve performance further.

In summary, protocol with respect to inked fiducial type, coloring, and arrangement can influence perfor-
mance and remains to be further investigated. Despite these challenges, this methodology is evaluated on a
challenging dataset that incorporates many realistic confounding factors from major and minor deformations,
obstructions, and scene interference. The approach demonstrated accuracy and robustness (Tables 6.1 and

6.2) that make it a promising solution for soft tissue monitoring in the OR.
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6.4.6 Conclusion

This work presents a novel method for precise intraoperative fiducial localization that is robust to interference
from tools, occlusions, and most distortions of the skin surface. Fiducial inked-letter labels provide an intu-
itive mapping between landmarks written on the breast and landmarks on an image-guided display to more
easily orient the surgeon during surgical navigation. This approach is contactless, automatic, and localizes
all fiducials simultaneously providing one snapshot of the breathing cycle. The surface acquisition process
is amenable to surgical workflows with fiducials that can be hand-drawn, sterilized, and remain on the breast
surface throughout surgery. This method opens opportunities to move breast guidance beyond initial single-
shot rigid alignments and towards continuous correction allowing for automatic updates to an image guidance
system. Going even further, by providing dense fiducial coverage with high fidelity and precision, this data
can serve as input into a deformable correction method to improve the accuracy of breast tumor localization.
The work presented here demonstrates clinical utility of computer vision for monitoring soft tissue in the

surgical field.
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CHAPTER 7

Future Directions

7.1 Guidance System Improvements
While the system is currently capable of measuring the intraoperative environment at patient bedside, there

are several improvements that could extend and improve system utility.

7.1.1 Camera Integration into 3D Slicer

Currently there are separate interfaces for the guidance system and the stereo camera surface measurement
approach. The guidance system is implemented in 3D Slicer, while the user interfaces for the stereo cameras
are mainly in MATLAB and a custom graphical user interface (GUI) implemented in C++ [225]. Integrating
stereo camera image collection and data processing within the 3D Slicer framework would streamline the user
experience. Currently, processed images output fiducial files that can be auto-loaded into the guidance mod-
ule, though camera streams are viewed in the custom GUI window, and images are processed in MATLAB.
An integrated camera view within the 3D Slicer program would allow the user to check camera field-of-view,
and display processed image output within the four panel display. Alternatively, additional panels could be
added to stream stereo camera output. Also, a larger monitor could be added to the cart computer and a
six panel display could show stereo camera views, model view, and the orthogonal slices of an MR image
volume.

This section discusses three proposed solutions to improve stereo camera integration in the guidance
system: (1) command line executable video capture and processing triggered from the 3D Slicer GUI, (2) an
integrated Python scripted 3D Slicer module, and (3) an integrated C++ loadable 3D Slicer module.

An executable has been developed to collect camera data on-demand from the command line, but has
yet to be tied to a GUI control in 3D Slicer. The MATLAB processing could be similarly called from the
command line, and triggered by a GUI control in the guidance module. This framework would allow the
module to control stereo camera data collection. Though the stereo camera images would not be streamed
directly into the guidance display, the live-stream could be viewed in a separate window (similarly on-demand
and called from the guidance module), or displayed directly in the 3D Slicer window by loading in saved
images. Loading in saved images may result in slower update rates on real time video streaming. However,
the custom GUI stereo image capture rate is about 5 frames per second, and Slicer scene updates streaming
from PLUS have been achieved at 15-24 frames per second with data streams from Plus Toolkit. Therefore,

delayed feedback may be inconsequential when considering the current hardware limitations and the minimal
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in-module camera needs. An on-demand camera image viewer would allow the user to check camera field of
view when needed, but otherwise would only provide the processed fiducial output. This approach maximizes
utility with minimal implementation costs.

Beyond simple call-back functions in Slicer to trigger camera image collection and MATLAB fiducial
processing, the image streaming and processing could be implemented directly in 3D Slicer by importing
the appropriate libraries (OpenCV for image processing and FlyCapture to interface directly with the FLIR
cameras) and translating the detection and tracking code base from MATLAB to Python. A variation of
the stereo camera fiducial detection algorithm has already been implemented in Python with OpenCV using
bounding circles instead of bounding boxes, demonstrating similar success in preliminary tests. However,
MATLAB’s calibration parameters would need to be converted into OpenCV formats in order to also perform
triangulation within OpenCV. Conversion to OpenCV may also reduce tracking runtime by facilitating the
use of a graphical processing unit (GPU) as well as the switch from KAZE feature matching [285] to AKAZE
feature matching [263].

Beyond an integrated Python scripted module in 3D Slicer, a solution to maximize efficiency and mini-
mize image processing time would integrate all functionalities in a C++ loadable 3D Slicer module. Since the
stereo camera live video stream cannot be accessed simultaneously by two programs, all functionality would
need to be converted to C++ in order to allow C++ live-stream processing in conjunction with live-stream

viewing within Slicer.

7.1.2 Optically Tracked Calibration Checkerboard
In the system presented in this thesis, because fiducial positions were collected with the optically tracked sty-
lus for validation, the fiducial positions could be used to define the transformation between optical tracker and
camera spaces. Point based registration using 26 fiducials is limited, especially since fiducial positions carry
inherent error due to user hand motion, subject breathing motion, and induced skin deformations from stylus
contact with the soft tissue surface. Furthermore, the stereo camera fiducial measurements, now demonstrated
to be a viable source of surface data, can replace stylus-designated fiducials. The transformation between in-
strument and camera spaces should then be otherwise defined. As an alternative to fiducial point-picking,
this transformation can be defined during camera calibration by optically tracking the standard calibration
checkerboard.

Going forward, a new checkerboard is proposed to automate registration between camera and optical
tracker spaces. This new board, also a checkerboard with 6x8 18mm squares, was printed on matte paper and
mounted on a rigid board. Four optically tracked passive marker spheres are fastened to the corners, so this

board may be simultaneously tracked by the cameras (via the checkerboard), and also by the optical tracker

143



(via the spheres). A calibration setup like this was fabricated using a metal board, though the heavier weight
of this board makes it more difficult to prop up securely at steeper imaging angles necessary for calibration.
In the future, a wooden board with a checkerboard and optically tracked passive marker spheres could serve

the same purpose at a lighter weight.

7.1.3 Inked Reference Markers

Data collected in the scene is generally measured in relation to the origin of the measuring device. For
optically tracked data, the X, y, and z coordinates of a data point reflect the distance between the instrument
tip and the origin of the optical tracker. Similarly, for data collected with the stereo cameras, the position of a
data point reflects the distance between the point and the origin of the calibrated stereo camera space. In the
cases described, the measurement device is considered the “reference frame”. When the measurement device
(e.g. optical tracker, or stereo cameras) is moved, the frame of reference is lost. In other words, a tissue data
point that was collected in front of the camera 1 meter away, will still be displayed 1 meter away from the
camera, but the tissue is now in a different location. Thus, re-digitization of data will not inherently align with
previously designated locations. To avoid this problem of losing the frame of reference, a tracked reference
object (hereafter referred to as a reference) is often used in image-guided procedures. Data is then collected
with respect to the reference, instead of the measurement device. As long as the positional relationship
between the the patient and the reference remains undisturbed, this allows devices to be repositioned ad-hoc
with no affect on measurements or visualization.

In other image guidance applications, the reference is able to be mounted in a location that minimally
interferes with surgical workflow. For example, in neurosurgery the reference is attached to the operating
room table, and the patient’s head remains stationary with respect to that reference.

For breast surgery, the reference can be particularly valuable. A reference target on the sternum would
serve two main purposes (1) as described above, to serve as a conventional reference to the patient if the sys-
tem is moved during the procedure, but also (2) to keep ultrasound data aligned with surface data throughout
breathing motion. If the reference can be mounted to the patient’s chest directly, then the effect of respiratory
motion can be accounted for during data capture, and associated errors can be eliminated. The effects of
breathing motion are reduced with stereo cameras (compared to stylus point designation) because fiducials
are measured simultaneously from a single time-point image capture. Though surface data is captured at one
time-point in the breathing cycle, ultrasound images measuring the chest wall location may be captured at
different time points. Using a reference target attached to the sternum can help minimize respiratory motion
error during chest wall measurements.

In the data collected for this thesis, an optically tracked stylus was taped to the sternum and data was saved
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with respect to both the tracker and the reference. Unfortunately, the optically tracked reference interfered
with data collection in many cases. The reference position was frequently disturbed, and often obstructed
during data collection, while the measurement device positions were never altered. In the future, additional
MR-visible fiducials can be placed on the sternum and inked with numbers or symbols. With fiducials inked
directly on the skin surface, the risk of unintended reference motion is eliminated. It would be most con-
venient to place these fiducials in a line, though 3D space ambiguities arise when registering only co-linear
points. Along with fiducials on the sternum, at least one reference fiducial should be placed more laterally,
either below the infra-mammary fold on the rib cage, a few centimeters lateral to the sternum, or in a com-
bination of these locations. Potential locations and symbols are shown in Figure 7.1a. It should be noted
that while there are no theoretical limits to the number of fiducials able to be detected and tracked with the
algorithm in Section 6.4, the bounds of this theory have not been experimentally tested. Additional fiducial
points increase the computational burden of feature matching and may increase the possibility of mismatches.

Alternatively, reference fiducials could leverage another kind of label as in Figure 7.1b, with minor alter-
ations to the detection approach. A long line connecting sternum fiducials, or infra-mammary fiducials could
be detected with an alternate set of bounding box size limits, and a set number of red-pixel fiducial candidates
could be detected. Compared to the symbol-based reference scheme, the linear-based reference scheme could
reduce feature matching burden, and could also provide larger features to automatically orient the image or
determine the region of interest. Since these surfaces are relatively flat (reducing depth distortion in 2D im-
age space), and the fiducial locations should be fairly consistent with respect to their linear label, fiducials
may be able to be matched based on simple 2D affine transformations to align the blue lines in the left and
right images and obtain left-right correspondence for triangulation. Another consideration of the linear-based
reference marker is that current fiducial detection uses an intensity threshold in the red color component.
Since the red color component is normalized within each bounding box, this intensity threshold is relative
to the local lighting variations. Larger bounding boxes would alter this normalization process, potentially
degrading localization precision when lighting variations are large across the bounding box (as visible in
Figure 7.1b). In order for the fiducial centroids to be perceived with the accuracy reported in Section 6.4, the
larger bounding box may need to be divided into smaller windows, based on relative fiducial positions in the
preoperative MR image. If reference fiducial matching did not rely on the keypoint cloud, this would keep
the sternum points out of the main region of interest, reducing feature matching computational burden, and
eliminating possible mismatches between letters and symbols.

One main limitation of tracking ultrasound data with respect to the reference is that the act of ultrasound
imaging often obstructs the reference. With reference fiducials on the sternum, the ultrosonographer is con-

strained to avoid imaging angles where their arm or hand obstructs this area. A final consideration on this
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Figure 7.1: Possible locations for inked reference fiducials using the current symbol-based approach (a) and
using a related line-based approach. Bounding boxes are overlaid for each type of reference fiducials.

topic is that reference fiducials should ideally be spread over a larger region to allow some reference fiducials

to be obstructed at any given time, without interfering with data collection.

7.1.4 Optically Tracked Ultrasound Attachment

An ultrasound tracker attachment should be developed that can be sterilized for intraoperative use, detached
and re-attached with no degradation in ultrasound calibration accuracy, and remain visible to the optical
tracker when the transducer is perpendicular to the skin surface during ultrasound imaging.

The current attachment mechanism for fixing an optically tracked object to the ultrasound transducer uses
semi-permanent glue that cannot be sterilized. Additionally, the current method has the optically tracked
reference object fixed to the flat face of the transducer (i.e. parallel to the imaging plane). Unfortunately,
during ultrasound imaging the transducer is often perpendicular to the optical tracker. Experimental use of
the tracked ultrasound transducer revealed difficulties in collecting data with the current arrangement because
the optimal probe angle for the optical tracker conflicts with the optimal probe angle for imaging.

For the laparoscopic transducer, other researchers in the laboratory have fabricated a custom device to
reliably detach and re-attach an optical tracked reference object. The device showed reproducible accuracy
after multiple detachment and re-attachment cycles, when calibrated with the tracked ultrasound calibration
module presented in this thesis. A similar piece of hardware should be developed for the linear probe used

for breast imaging.

7.2 Guidance System Extensions to Other Surgical Domains
The custom guidance software system presented in this thesis has been extended as a prototype navigation
system for other surgical domains outside of breast specific uses. This framework is being extended for

use in laparoscopic liver resection, and for neurosurgical tumor resection and deep brain stimulation. The
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framework for automatically loading in patient data from a single directory, and displaying the data co-
registered in a custom guidance display can be leveraged in both liver and brain surgery. All guidance
modules built off the work in this thesis share a code base of functionalities that span the different surgical
applications, though each has its own GUI and some unique application-specific functionalities.

An image guidance module for image guided liver surgery has been built upon the framework developed
for this thesis. In this context, data collection with an optically tracked stylus has been modified and extended
to incorporate in-module tool-tip calibration, surface swabbing, and real-time registration updates during
data collection. The breast system’s functionality for chest wall data collection with intraoperative ultrasound
has been adapted and expanded for measurements of the posterior liver surface, blood vessels, and tumors.
For blood vessels and tumors, in-module closed-surface segmentation ability has been incorporated (i.e. to
represent closed objects instead of surfaces). Beyond these data collection extensions, novel visualization of
registration error estimation has been implemented. Using the methods presented in [287], the uncertainty
of nonrigid elastic registrations can be estimated based on the distribution of intraoperative data. This target
error estimation is visualized within the liver guidance module, shown as a color map within the 3D organ
model (Figure 7.2) [288]. This added functionality allows the surgeon to swab the organ with their tracked
stylus and probe the navigational confidence in various regions of the organ.

The liver guidance system also integrates model-based deformation correction with the LIBR approach
into the image-guidance user interface, allowing the user to run correction directly from the guidance module.
The extension also enables comparison of corrected and uncorrected registrations, where the user is blinded to
the current displayed registration approach for unbiased evaluation of perceived accuracy. In the future, liver-
guidance functionalities for tumor segmentation in tracked ultrasound images and model-based correction
should be incorporated into the breast module.

In the context of neurosurgery, the guidance framework here can also accept brain-specific data inputs
for guidance during deep-brain stimulation and brain tumor resection. Several factors contribute to brain
shift, or displacements between the brain position in preoperative imaging, and the brain presentation during
surgery. These factors include changes in intracranial pressure, osmolarity, cerebral-spinal fluid levels and
head orientation. Localization accuracy in neurosurgery is crucial, and sparse-data-driven model-correction
frameworks can improve localization accuracy by correcting for these image-to-OR deformations. Tracked
stylus measurements can serve as input into a deformation correction framework to account for brain shift
[289, 290], and the data-loading and visualization aspects of the presented module can be used for intraopera-
tive guidance. Additionally, the tracked ultrasound functionality presented here can be used to visualize brain
anatomy using a burr-hole transducer for optimal electrode placement in deep brain stimulation. The module

functionality could also be extended to track electrodes and display electrode information co-registered with
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Figure 7.2: Image guidance module for liver resection, showing three cross-sections of an abdominal CT,
with vessel segmentations shown in red and blue, and the planned resection plane in yellow. The stylus
position is delineated with the cross hairs in the CT images, and with the black stylus model in the upper
right 3D scene rendering. The 3D scene rendering shows the surface data collected with the tracked stylus,
and the error estimation overlaid showing registration uncertainty.
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intraoperative ultrasound images of necessary anatomy.

7.3 Further Characterizing Supine-to-Supine Deformations

Quantification of supine-to-supine deformations in Chapter 4 has also been extended to subsurface char-
acterization. Image-to-image registration with advanced normalization tools (ANTs) framework [291] was
performed to register arm adducted and arm abducted MR images [292] from the dataset of this thesis. The
resulting deformation field was used to compute deformation metrics, quantifying the mechanical proper-
ties of the breast tissue. Comparing glandular and adipose tissues revealed a statistical difference in volume
change between tissue types, indicating that the breast tissue is anisotropic in nature.

The analysis presented in Chapter 4 can also be extended to characterize subsurface deformations. With
18-26 subsurface points designated per subject in the MR images, a similar study to surface evaluations
presented in Chapter 4 could be conducted on subsurface points. In conjunction with the ANTS informed
deformation fields, point-wise displacements of the manually picked subsurface features could be measured
and analyzed to report the directionality of subsurface displacement, as well as the relationship between
surface and subsurface displacements. This quantification could serve to further inform modeling applications
and elucidate the necessary penetrative depth of deformation modes.

Surface displacements from arm motion in the supine position could be further quantified beyond dis-
placements at the marked fiducial centroids. In the camera videos of arm movement, corresponding features
at keypoints on the letter-labels can be identified and used to describe surface rotations. Thoroughly de-
scribing local surface rotations around fiducial points could inform a framework for incorporating rotations
into more complex model-based correction methods. This analysis would also provide a denser distribution
of surface data, to help determine the fiducial density necessary to fully quantify non-rigid components of

breast deformation.

7.4 Factors Influencing Model-Based Correction
In addition to the added model complexities covered in the discussion of Section 5.2 in Chapter 5, there are
several future directions regarding the impact of integrating the modeling framework within context of the

data-acquisition system presented.

7.4.1 Alternative Camera Positioning
As shown in Chapter 4, for image-to-surgical deformations, the largest displacements occur on the lateral side
of the breast. Unfortunately, these lateral points can be some of the most difficult to capture with the stereo

cameras mounted overhead. Placing the cameras in a more lateral, inferior position closer to the patient may
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provide better sight lines for these lateral points without compromising the medial points.

For optical trackers with larger fields of view, an overhead view is rare. Commonly, trackers are placed
beside the patient, angled toward the surgical site. The cameras may benefit from this angled placement;
however, with the Polaris Vicra’s more limited 3D field of view optical instrument tracking may become
more difficult. Alternative camera positions may benefit from un-coupling the instrument tracker and stereo
cameras, though such a re-design would also require reconsideration of the ideal orientation to maximize the
overlapping volumes of the paired devices. Uncoupling the devices would also require additional fail-safes to
ensure that camera and tool spaces remain correctly registered throughout the procedure. One simple change
in this case would be to attach optically tracked fiducials to the sternum in conjunction with breast surface
fiducials (as an alternative to the inked reference fiducials discussed in Section 7.1.3). Special consideration
should be taken when combining inked reference fiducials with an alternative camera viewing angle, as

sternum tracking is more likely to be obstructed from some angles.

7.4.2 Surface Extent

Camera-acquired intraoperative breast surface data will likely have smaller extents than those used in Chapter
5, especially for larger breasted patients. The camera data show that, when mounted overhead directly above
the breast, fiducials on steeply curved surfaces may not be captured accurately. This is often due to line-
of-sight constraints, but can also be caused by limitations of pixel-wise inaccuracies in fiducial localization.
While strategic positioning of the stereo cameras can reduce line-of-sight constraints, steep curvature of the
breast leaves inherent localization difficulties. At steep viewing angles, sub-pixel inaccuracies in 2D fiducial
localization cause larger depth errors during triangulation. For better localization especially at steep viewing
angles, more precise fiducial localization could be achieved with sub-pixel fiducial centroid estimation. This
change may recover some lateral fiducials filtered out as errors in Section 6.4.

A benefit of the keypoint-matching approach presented in Section 6.4 is that it provides a sparse measure-
ment of the skin surface in addition to the fiducial positions. However, this point cloud is considerably more
sparse than the skin surface used for modeling deformations in Chapter 5. A sample KAZE keypoint cloud
is shown in Figure 7.3. Resampling approaches, like that presented in [293] may be necessary to incorporate
the keypoint surface cloud into a modeling framework, or alternative feature collection approach. To remove
outlier points localized (e.g. keypoints along the surgical drapes), additional error filtering may need to be
performed. Three such errors are visible on the left of Figure 7.3, noticeably beyond the breast model.

With respect to density of fiducials and surface points, data obtained from the camera images in the sur-
gical position can be used to estimate realistic intraoperative data extent from an overhead camera angle. The

sparse data used in Chapter 5 could be sub-sampled to replicate realistic line-of-sight constraints and algo-
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Figure 7.3: Breast model generated from preoperative supine MR with intraoperative data overlaid from the
stereo cameras. The KAZE keypoint cloud in blue and fiducial locations are shown in black (automatic
detection augmented with manual selection).

rithmic data-dropout, and evaluate these effects on model performance. Simulating various camera viewing
angles in a 3D scene rendering of breast models and surface fiducials can also provide insights into optimal
camera placement, and provide a theoretical upper bound for data extent.

If further analysis reveals that the cameras’ line-of-sight constraints significantly impact the reported
model accuracy, camera data could be augmented with a stylus point collection of fiducials outside the cam-
eras field of view. If necessary, this would reduce automation, but would only require digitization of a few
fiducials. These fiducials can also be collected with respect to a reference, limiting the need for repeated dig-
itization, though the accuracy would degrade with nonrigid deformations after digitization since these points

could not be continuously tracked.

7.4.3 Number of Fiducials

The number of fiducials necessary for nonrigid registration likely depends on the framework used for de-
formation correction, with a more accurate model potentially achieving clinically relevant accuracy while
requiring less data. Investigating model performance as the number and placement of fiducials varies would
inform the protocol for pre-operative fiducial placement. While for rigid registration, diminishing returns
were observed for more than 11 fiducials, the ideal number of fiducials is likely different when consider-
ing a nonrigid registration approach. Similar to the analysis for rigid registration presented in Chapter 4,

model-based registration can be evaluated with varying data distributions using all combinations of fiducials
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comparing quadrantized and random subsampling schemes. The skin surface data can also be subsampled
to still only include intra-fiducial surface points, using the subset of fiducials to constrain the surface data
extent.

If more than 26 fiducials are found to be beneficial, further labeling schemes should be investigated to
expand to symbols and potentially numbers. When expanding the set of labels, note that each label should
be continuous. In other words, discontinuous labels (e.g.“i” or “10””) would not be sufficient for the current
computer vision algorithm as the two segments would be boxed separately. It is possible that reusing letters
with sufficient distance between them (e.g. top left and bottom right of a region of interest) may not confound
matching, though this remains to be investigated. The number of fiducials necessary should be used to inform
future algorithmic developments in stereo video processing. If less than 26 fiducials yielded similar model
accuracy, then the protocol could be optimized to identify and include only the most distinct letters (e.g.

“W” may be excluded as a label, since it is likely to be become discontinuous with partial obstructions or

shadows).

7.4.4 Chest Wall Extent

Optimal chest wall data extent is a balance between minimizing the burden of intraoperative data collection
and maximizing available data that improves the model’s predictive accuracy. In Chapter 5, sparse chest wall
data was used as input to the model with data distribution that mimics feasible intraoperative data collection.
The chest wall measurements were based on 7-10 tracked ultrasound images in a mock intraoperative setting.
Though, additional analysis in Section 5.2.5 revealed that excluding the chest wall data entirely had significant
impact on the registration approach. This suggests that model accuracy should be evaluated with varied
amounts of chest wall data. For stronger powered statistics, this analysis should include more subjects ideally
with larger breast volumes.

In Chapter 5, intraoperative data provided to the model is assumed to directly map to a corresponding
point within the preoperative data set. In other organ systems, such as the liver and brain, the tissue is a
fixed volume. In the breast, certain boundaries are fixed and obvious across imaging domains (e.g. the skin
and chest wall), and other boundaries are dictated by user discretion and the field of view in the preopera-
tive imaging volume (e.g. inferior, superior, and lateral boundaries). These boundary ambiguities result in
correspondence concerns when intraoperative data extents may extend beyond the data extent in preoperative
imaging. In this thesis, intraoperative data is specifically collected with this limitation in mind to ensure
correspondence. Surface data is constrained to the intra-fiducial surface, and ultrasound data is sampled near
the center of the organ, to ensure that intraoperative measurements are within the breast volume designated

in the preoperative images. In the case of an extensive chest wall sampling, the algorithm would need to be
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altered in order to correctly determine correspondence. One simple approach to address this is to project the
intra-fiducial skin surface onto the underlying collected chest wall surface and use this projection to crop the

extent.

7.5 Workflow Considerations

As discussed in Chapter 6, Section 6.4.5 , the tracking algorithm is affected by parameter variability and fidu-
cial inking protocol, though these effects remain to be more thoroughly explored. Based on the experiences
here, future data collection should ink letters with uniform sizing and thick lines (> 4mm).

Increasing the range of allowable bounding boxes at the initialization stage increases completeness but
simultaneously can increase the rate of false positives. In Section 6.4, wide regions of interest were set to
include the full range of motion, and a wide range of bounding box sizes were considered viable candidates
in order to accommodate the variable letter sizes. In this thesis, the true size of letters ranged from about 2-4
cm, and size differences in the 2D image were exacerbated by letters’ position (depth) with respect to the
cameras. Inking letter labels thick lines and uniform sizing may improve results.

Another consideration is that skin markings the same color as ink should be covered with a third colored
ink (not black). In the first case presented in Section 6.4, black ink was used to cover red skin markings.
Unfortunately, depending on lighting variations and underlying skin tone black ink can have a high value in
the red color component. Even with this coloring scenario causing 2 additional false positives (out of 5 total)
in case 1L, false positives were still rare occurring in only 1.7% of static frames. Across all frames for case
IL as shown in Figure 6.14, false positives occur in 8% of frames, and this coloring causes 66% of these
false positives. While perhaps algorithmic improvements could be made to filter out black ink, future data
collection should cover the skin markings with a third colored ink (e.g. green), or include the marking as the
fiducial dot or part of the label (note that label resemblance to English characters currently does not affect

performance).

7.5.1 Alternative Ink Colors

Red-inked fiducials, as presented in this thesis, are limited to only provide guidance before the initial incision.
Once blood enters the surgical scene, red fiducial localization will be compromised. Though the presented
approach leverages color channels, ink colors are not limited to the conventional RGB color channels. By
converting pixel intensities into hue saturation value space, pixel intensity positions can be rotated to align
any ink color (hue) with a desired color channel. Then, the pixel intensities with distorted hue values can be
converted back to a three color channel space, so that one color channel represents the letter ink color, and

another color channel represents the fiducial ink color. Alternatively, by choosing colors on opposite sides
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of the color wheel, a single color channel can simultaneously represent the color component for both the
letter-labels and the fiducial centers. Initial investigations into this approach have demonstrated success, but
remain to be fully explored. This color alignment technique can be evaluated first in the human data for blue
and red ink colors; aligning the letter-ink color with the maximum value in the blue color component (i.e.
true blue, or [0 0 1] in RGB space) may also be beneficial even for blue and red ink color combinations to
maximize feature visibility in the respective color component images. Beyond this, color combinations that
avoid red (e.g. purple labels and green fiducials) should be investigated to verify feasibility after blood enters

the scene.

7.6 Alternative Labeling Schemes

Alternative approaches to the tracking algorithm presented in Section 6.4 may leverage machine learning
for bounding box detection and tracking or custom optical character recognition for correspondence and
labeling. While machine learning approaches could prove valuable with an abundance of data, they may be
limited by a small mock-intraoperative dataset. A system such as the one presented in this thesis could be
deployed in surgery and used for guidance while simultaneously collecting a representative dataset for future
investigations into machine learning approaches. The approach presented herein is generalizable and largely
predictable — both valuable attributes for system use during surgery.

It should be noted here that improvements to various aspects of the algorithm may also potentially in-
troduce new pitfalls. The current approach is most limited not by fiducial detection but by matching, both
left-to-right and frame-to-frame. As seen in Figure 6.13B, all fiducial labels are detected and their fiducial
candidates are correctly identified. However, due to the sparsity of the point cloud around letter “E”, this
point cannot be localized. This trend is common: fiducials can be correctly identified in 2D, but are un-
successfully matched due to the sparsity of the point cloud made from KAZE keypoints. This effect is also
visible in Figure 7.3, where they keypoint cloud does not extend to include all the fiducials that could be
manually localized in the camera images. This keypoint cloud extent is responsible for the difference be-
tween manually localized points in that state, and automatically localized points in that state (visible as the
gap between the magenta dotted lines and the black lines in Figure 6.14, note that Figure 6.14 corresponds
to Figure 7.3). The difference in view angles between the left and right images causes large differences in
letter presentation—especially at the edges of the breast—reducing the number of matched keypoints. A fea-
ture matching algorithm — perhaps a custom feature descriptor — that provided more matches in these areas
could provide more points overall. However, it also must be considered that these edges — particularly edges
that fall on steeply curved surfaces (i.e. the lateral edge of the breast), are also the most susceptible to mis-

localization. These points are much more likely to have fiducial centers out of view, even if part of the letter
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label is visible. Beyond that, even when a fiducial is visible, triangulating the 3D fiducial location becomes
increasingly challenging as the curvature steepens, with single pixel inaccuracies resulting in increasingly
large depth reconstruction errors. Therefore, an algorithm that produced a more extensive point cloud may
also result in decreased localization accuracy or higher rates of false positives. Likely, sub-pixel centroid

estimation and additional error filtering steps would need to be considered.

7.6.1 Custom Feature Descriptors

A custom feature descriptor, in lieu of KAZE, may be able to provide more matched points in the keypoint
cloud. The algorithm presented here detects features in the blue color component image, but color information
is lost in the conversion to grayscale. In other domains, researchers have incorporated color information to
improve upon conventional feature detection approaches [294]. A custom feature descriptor could be centered
on the fiducial point, and incorporate color information, or an encoded representation of the nearby letter
geometry. A custom feature descriptor may benefit from using nonlinear difusion, like KAZE. Smoothing
the image using nonlinear diffusion that preserves high contrast feature edges while minimizing noise gives
KAZE an edge over other feature detectors that use Gaussian smoothing (such as classic feature detection
algorithms ORB [295], SIFT [296] and SURF [297]). However, since letter-labels are relatively uniform

sizes, perhaps a more limited scale space could be explored to reduce processing time.

7.6.2 Optical Character Recognition

Another area for potential algorithm development is leveraging a custom network for optical character recog-
nition (OCR). The work in Section 6.3 could be expanded by training a neural network on handwriting
samples from the freely available NIST [298] or CEDAR [299] data sets as well as skin fiducial letters iden-
tified in camera images. Bounding boxes around skin fiducials can be quickly processed into binary images
of the handwritten inked letters as shown in Figure 7.4, and a neural network could be trained to classify
these images providing left-right correspondence and labeling at once. A preliminary version of an OCR
method, such as the one presented in Section 6.3, could also be used to improve initialization in the first
frame, reducing user-input by only requiring manual labels for low confidence fiducial labels.

Although the crude implementation of OCR correspondence in Section 6.3 is outperformed by the track-
ing algorithm in Section 6.4, more sophisticated implementations that tune a recognition network on this
dataset of inked-letter fiducials would be a more realistic test of the feasibility of OCR. The large databases
of handwriting data represent many of the challenging factors. Future work may investigate if an OCR
approach can navigate the large letter distortions due to motion, camera viewing angles, and hand-writing

degradation on this soft-tissue surface.
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Figure 7.4: Binary masks of letters processed from human skin; sample input for an optical character recog-
nition correspondence approach.

While only two different hand-writings were used in Section 6.4, since the algorithm relies on letter
labels for features only — and not for optical character recognition — it is unaffected by inter-user handwriting
differences. For a more realistic data set, additional hand-writings should be collected for inked letters on
soft tissue surfaces. Furthermore, such an algorithm may benefit from protocol guidelines for the font of
handwritten letters. In this thesis, letters were inked with a font type that yielded the best performance with
the OCR approach in MATLAB’s Computer Vision Tool Box [228], in limited testing on a white paper
background. Though the thickness and size of letters varied, the font was consistent across all cases. As OCR
capabilities and toolkits continue to improve, this option becomes increasingly realistic and straightforward

to implement.

7.7 A Comprehensive Breast Guidance System

7.7.1 Utility in Radiology

Outside of the operating room, the system as proposed could be paired with a tracked needle for improved
breast cancer localization in radiology for biopsy and preoperative localization procedures. In this context, the
deformations between imaging and the procedure could potentially also be minimized, as the arm may be able
to be placed in the same orientation as the imaging. As demonstrated in Chapter 4, residual registration error,

though still present, would be minimized if the imaging arm-configuration is maintained for the procedure.
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In this context, model accuracy in the same arm position could be evaluated with a study similar to the
evaluation in Chapter 5, but with repeat imaging in the same arm configuration with the subject leaving
the scanner and standing in between consecutive scans. Since deformations would be considerably smaller,
localization accuracy would likely be improved.

Currently, preoperative biopsies and localization device placements are performed using real-time planar
imaging while the patient is awake. These painful procedures are prolonged by uncertainty during navigation.
Use of the system during device placement could reduce the time needed for device placement and improve
patient experience. For surgical localization, the system could also be deployed outside the constraints of
the dynamic operating room environment. The system could provide guidance for inserting a tracked dye-
injection-needle to mark lesion boundaries, depositing dye within the tissue. Guided injections could be

performed on all sides of the tumor to provide localization information during surgery.

7.7.2  Utility in Surgery

The system should be evaluated in the surgical context for which it was designed. To probe the perceived
value of the guidance module, a surgeon perception study may be conducted on breast cancer patients in an
OR setting before surgery with echoic lesions.

Experiment workflow could be similar to the data collection for this thesis, with preoperative imaging
and data processing. Then in a intraoperative evaluation at the start of surgery, the system can be used to
collect the sparse-intraoperative data to drive model correction. The model-corrected tumor position can be
displayed via the 4-panel display with a tracked stylus and ultrasound transducer. Similar to the evaluation in
[60], the model-predicted tumor location can be compared to the lesion location as measured on compression
correction ultrasound images using the approach presented by Pheiffer ef al. in [236].

Stereo camera video can be recorded during the entire procedure, to evaluate tracking performance in the
true surgical environment. After the resection but before the incision is closed, the incision location should
be measured with a tracked stylus and then all tools should be removed from the scene to obtain stereo-
camera measurements of breast surface including the incision. This would allow further development into
incision-mapping via computer vision. Future work on modeling resection could incorporate these incision
measurements into a real-time framework for dynamic guidance throughout surgery. This data can also be
used to predict the lesion position within the resected volume (i.e. predict margin width). These margin
predictions can be compared to the measured margins in post-operative specimen evaluation in imaging and

pathology.
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7.8 Closing Remarks

This dissertation presents a robust, accurate image guidance system with a novel, automatic data collection
framework compatible with surgical workflows. This system offers improved accuracy to localize breast
tumor boundaries in the operating room and fundamentally shift BCS towards more precise tumor excision

and lower reoperation rates.
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Appendix A

Camera Calibration Protocol

A standardized protocol for calibration image collection was developed and used throughout this thesis. This
protocol was optimized empirically for two GRAS-20S4C-C Grasshopper cameras (FLIR, formerly Point
Grey Research, Richmond, BC, Canada) with FUJINON 1:1.4/16mm HFI6HA-1B lenses, spaced with a
baseline of approximately 240 mm. Specific calibration protocols are not often reported as accuracy depends
on many factors. While the development of this protocol took considerable trial and error, after its develop-
ment, the calibration process was observed to be robust and reproducible, taking no more than a few minutes.
While this protocol is dependent on the specific use case presented here, it is described for completeness in
reporting methods as well as to serve as a starting point that may be tailored to another user’s specific needs.
Here, there is assumed to be no tangential distortion, meaning that the camera sensor is parallel to the lens,

and there is assumed to be no skew, meaning that the image axes are exactly perpendicular.

A.1 Calibration Checkerboard

An 18mm 6x8 checkerboard was printed on standard 8.5 x 11 inch white printer paper. The whitespace
surrounding the board was cropped, leaving a border of whitespace approximately 10 mm wide, and the
checkerboard was mounted to a piece of 3 mm thick cardboard using a thin even layer of Elmer’s glue.
Several checkerboard sizes were tested and 18 mm performed best for reconstructing a point cloud of the

phantom breast surface at distances of 0.75—1.5 meters from the cameras to the phantom.
A.2 Camera Set-up
Camera setup is prompted through a MATLAB script to ensure consistency.

* The lens aperture is opened fully to maximize light allowed to the sensor.

* Disparity is set to be approximately 10-20 mm at the height of the scene. Disparity between the two
camera views is minimized to improve automatic feature matching, however it is important that the left
camera’s field of view is truly to the left of the right camera’s field of view. In other words, be sure that

the cameras’ principal axes cross beyond the scene.

» The focal plane is set to the approximate height of the nipple.
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A.3 Calibration Images

Images were collected using the software interface developed in [225]. Due to small delays between left
and right image capture, it is very important that all images are taken with the checkerboard stationary. The
checkerboard should never be held or touched while collecting images; holding the checkerboard can increase
the reprojection error by 2—-3 times.

Images for calibration are collected in 3 stages: flat, shallow angles, and steep angles. Four images are
captured in each stage. Because the breast is generally highest in the center of the scene, in this calibration
protocol, when the board is angled the raised section of the board is always towards the middle of the field
of view and the lowered section of the board is always closer to the edges of the field of view. First, the
checkerboard is imaged approximately flat at the far extent of the camera field of view. The board is imaged
in each of the four corners, roughly square with the image corners. Second, one end of the board is raised
up approximately 5 cm. For these shallow angled images, the board is positioned diagonally, with one short
edge near the center of the field of view, and the other short edge pointed toward the corner of the image.
This process is repeated, pointing the short edge at each of the four corners. Lastly, for the steep angles, the
board is again square with the image. One short end of the board is raised 10 cm. An example set of these 12

calibration images is shown in Figure A.3.

Figure A.1: Calibration images of the 18 mm checkerboard from one of the two stereo cameras.
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A.4 Estimation of Theoretical Depth Error
Given the baseline (b) of the stereo camera, an anticipated distance (z) to the scene, and the focal length of

the cameras (f) in pixels, depth error (€;) can be estimated from the equation presented in [300]

& =-—"—-¢p (A.D)

with a disparity error (€p).

Throughout experiments, reprojection error after calibration is on the order of 0.2-0.4 pixels, though
disparity error is also impacted by an algorithm’s ability to identify correctly corresponding pixels within
each fiducial centroid. Here, several estimates for disparity error are used, as the true value is unknown.
Human data was collected with the scene approximately 1.3 meters from the camera, though 750-1500 mm
distances are reasonable for an overhead view in an operating room. The baseline between the cameras is
approximately 240 mm. Using equation, Equation A.1, a theoretical limit for the stereo camera accuracy can

be computed at varying depths and for various estimations of disparity error.

Table A.1: Depth error estimation (in mm) computed with Equation A.1 with varying disparity error and
distance to scene.

Depth Error Estimation & (mm)

Disparity Error &p (pixels)

03 0.5 1.0
Distance 750(0.19 0.31 0.62
to Scene 1300(0.56 0.94 1.87

z(mm) 1500(0.75 1.25 2.49
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