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Chapter 12.1 — Discussion and future prospects

Non-visualization of the sentinel lymph node in
breast cancer

Meta-analyses have demonstrated that the dual-mapping technique, radiotracer
combined with a blue dye, provides the highest sentinel lymph node (SLN)
identification rate [1] and lowest false-negative rate [2]. Despite this, many
surgeons have decided to perform SLN biopsy with the radiotracer alone since
blue dye has some disadvantages (e.g. skin tattoo, anaphylactic reactions)
[3]. SLN biopsy using a radiotracer is the most widely used staging method in
clinically node-negative breast cancer. The role of nuclear medicine is to inject the
radiotracer and provide preoperative lymphatic mapping. Lymphoscintigraphy
is an imaging technique that is used to visualize the lymph drainage basin,
and determine the number of SLNs. These preoperative images are an useful
roadmap for surgeons. The location and number of SLNs are visualized before
surgical incision, which can be referred to as the “see and open” approach [4].

Failure to visualize a SLN on lymphoscintigraphy can be a predictor for not
identifying a SLN at surgery [5]. During the last years, breast care clinicians at
the Netherlands Cancer Institute (NKI) noticed a rise in SLN non-visualization on
lymphoscintigraphy. A second radiotracer injection or additional Single Photon
Emission Computed Tomography (SPECT)/CT has been used to improve the SLN
visualization rate in those patients. The rise in incidence of non-visualization on
lymphoscintigraphy impacts the logistics of the sentinel lymph node procedure.
Patients have to stay longer at the nuclear medicine department, more time
is needed on the gamma cameras, and consequently surgery can be delayed
when patients are operated on the same day. Besides the impact on logistics,
the rise in non-visualization brought up questions like “Is non-visualization
related to a change in patient, tumor or treatment characteristics?”, “What is
the added value of SPECT/CT and radiotracer reinjection?”, “How does it affect
SLN identification?”, and “Is it associated with worse outcome due to potential
blockage of the SLN by tumor and therefore potential nodal understaging and
consequently under treatment?”. The studies in part one of this thesis were
conducted to answer these questions, and to reevaluate the SLN procedure at
the NKI.

Chapter 2 confirmed five risk factors for non-visualization on
lymphoscintigraphy that were also identified in previous studies, such as higher
age, higher BMI, previous mantle field radiation therapy, medially located
tumors and larger tumors [6-8]. In addition, non-palpable tumors [OR: 1.88
(95%-Cl 1.36-2.60)] and presence of iodine-seeds in situ [OR: 1.35 (95%-Cl 1.02-
1.78)] were newly identified risk factors. Overall, the SLN visualization rate was
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86.7% (1777/2050) on lymphoscintigraphy. We assume that these two newly
identified risk factors, in addition to a difference in tumor size, explain the rise
in non-visualization in comparison to previous studies from our institute that
showed visualization rates of 90-97% [9,10]. These two earlier patient cohorts
had a relatively low percentage of non-palpable tumors, no T3-4 tumors and
iodine-seeds were not yet used.

In chapter 3 it was demonstrated that SPECT/CT after non-visualization on
lymphoscintigraphy resulted in an improvement of the visualization rate with
23%. Unpublished data showed that the visualization rate dropped to below
15% in the most recent years. This confirmed the idea that the success rate
of SPECT/CT after non-visualization on lymphoscintigraphy is relatively low.
Radiotracer reinjection followed by additional lymphoscintigraphy had a >60%
success rate in our cohort. Therefore, we decided that an additional radiotracer
injection would be the preferred method to improve the SLN visualization rate.

Most nuclear medicine departments do not have the possibility to perform
SPECT/CT or radiotracer reinjection, or choose not to have this flexibility in
their patient workflow. Therefore, we compared the identification rate and
outcome of patients with SLN visualization versus patients with persistent
non-visualization. Chapter 4 showed that the overall SLN identification rate is
97.8% (1998/2042) in clinically node-negative breast cancer patients. Despite a
significant difference (p < 0.001) in comparison to patients with visualization, the
SLN identification rate is still high in patients with persistent non-visualization,
99.0% (1853/1872) versus 85.3% (145/170) for the SLN visualization versus
non-visualization group, respectively. Intraoperatively, blue dye was injected in
most patients with persistent SLN non-visualization or low radiotracer uptake
in the SLNs by identification of the intraoperative —more sensitive- gamma
probe. The use of blue dye contributed to the relatively high SLN identification
rates in patients with persistent non-visualization. More importantly, the nodal
metastasis rate was not increased (p=0.593) in patients with persistent non-
visualization compared to patients with SLN visualization, 16.0% versus 18.0%
respectively. Potentially, routine use of preoperative ultrasonography of the
axilla in combination with fine-needle aspiration cytology (US/FNAC) may play
an important role in this finding. It is known that extensive nodal involvement
is often found by US/FNAC [11]. Routine use of US/FNAC was not reported in
studies that found extensive nodal metastatic involvement in patients with non-
visualization [10,12-14]. Furthermore, after a median follow-up of 4 years, the
regional recurrence rate of tumor-negative SLN biopsy procedures was equal
between patients with persistent non-visualization (0.7%, 1/144) versus patient
with SLN visualization (0.7%, 11/1535).
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Chapter 12.1 — Discussion and future prospects

Based on the abovementioned results, we can conclude that the SLN
procedure is very forgiving. The SLN identification rate is still relatively
high in patients that show non-visualization on preoperative imaging. The
nodal recurrence rate, overall survival and distant metastasis free interval
of patients with non-visualization do not significantly differ from patients
with SLN visualization. Although there is no evidence that preoperative
lymphoscintigraphy is cost-effective [15], the lowest false-negative rates were
seen in multicenter studies that used lymphoscintigraphy and the dual-mapping
technique [16]. Lymphoscintigraphy visualizes extra-axillary SLNs, it serves as a
quality control for successful radiotracer injection, and provides confidence for
the surgeon that all SLNs are found. Therefore, we remain endorsing the use of
lymphoscintigraphy.

To summarize, there is no need to further investigate SLN non-visualization.
Future studies on radioguided SLN procedures in breast cancer should focus
on indications in which SLN biopsy can be omitted or how to simplify the
procedure.

The current trend is to minimize axillary treatment in node-positive patients
by substituting axillary lymph node dissection for radiotherapy [17,18], or wait
and see policy, and thereby substantially reducing patient morbidity. One
step further would be to identify patients who are unlikely to benefit from
a SLN procedure. For example, early-stage breast cancer patients receiving
neoadjuvant systemic treatment (NST). Nowadays, NST is more frequently
administered in these patients and increasingly effective. After NST, the
incidence of residual nodal metastases is low in a subgroup of clinically and
sonographically node-negative patients with T1-2 human epidermal growth
factor receptor 2 (HER2) positive or triple-negative (TN) tumors [19]. New
NST regimens will result in even better response rates, leading to even less
residual nodal disease. Consequently, the risk for missing nodal metastases in
this subgroup of patients without SLN surgery is extremely low. The upcoming
ASICS trial will omit SLN biopsy in these patients, and report on the incidence
of nodal recurrences, disease-free survival, and overall survival.

Portable gamma cameras

Portable gamma cameras (PGCs) could play a role in simplifying the SLN
procedure. At present, commercial systems have a small detector field of
view (<5x5 cm?). This makes it is easy to maneuver them above the surgical
field. PGCs have a limited sensitivity and spatial resolution at distances of
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>10 c¢cm due to their small detector size. Therefore, these systems are used in
addition to preoperative imaging. The main clinical value of PGCs could be
that intraoperative post-excision imaging can confirm the removal of all SLNs
(chapter 5). In the end, the ultimate goal is accurate nodal staging and prevent
false-negative procedures. Importantly, the false-negative rate can be caused
by an improper preoperative protocol (radioactivity does not drain to tumor-
positive lymph node), missed SLNs by the surgeon or missed metastases at
pathological examination [20]. Intraoperative imaging solely benefits to reduce
missed SLNs by the surgeon. SLNs are missed due to fast screening with the
gamma probe or because SLNs are located in close proximity to the injection
site as illustrated in chapter 6 (occurs not that often in breast cancer). In breast
cancer, the additional imaging time in the operating room might not balance
favorably against the expected small improvement in the already existing high
SLN identification rate and low false-negative rate. This is in contrast to SLN
procedures of other tumor types (e.g. head and neck cancers) that have higher
false-negative rates. The real benefit in breast cancer is expected to be in
improving patient logistics by replacing preoperative lymphoscintigraphy by the
use of PGCs. However, PGC imaging should have a non-inferior performance in
comparison to preoperative lymphoscintigraphy. Preoperative imaging cannot
yet be replaced by these small systems due to the limited image field of view
and limited sensitivity and resolution at larger distances[21]. Ideally, a PGC with
a detector field of view of approximately 15x15 cm? to 20x20 cm? should be
developed and specifically clinically evaluated in breast cancer. The size of such
a system has still a reasonable maneuverability to position the camera close for
high-resolution imaging in different positions (oblique/lateral/anterior). A field
of view of 15-20 cm? can image the whole axilla. This is an interesting approach
to simplify the SLN procedure in high-volume breast cancer centers, while still
having the benefits of imaging. An intraoperative lymphoscintigraphy prior to
incision is also more patient-friendly compared to the present protocol. In the
present protocol, patients are often injected one day prior to surgery, spend
more time at nuclear medicine, and have to move through the hospital instead
of bringing the equipment to them.

For a faster acceptance in the operating room, PGC images should be
easy to interpreted. Up until now, PGC images lack anatomical information.
Preoperative lymphoscintigraphy can use a cobalt-57 fluid source to visualize
the body contour of the patient. SPECT/CT includes the anatomical information
derived from the CT. In chapter 7, we upgraded a PGC with an optical camera
module that allowed us to obtain fused optical and scintigraphic images.
Although, this setup enabled SLN visualization in an anatomical context, the
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setup was not yet ideal for intraoperative use. The average optical image co-
registration error in the image field of view center was 1.0 cm (range 0-2.0 cm).
Our parallel camera configuration was not able to accurate fuse the optical
image onto the PGC image. Lees et al. described a hand-held co-aligned optical
and gamma-ray camera configuration offering hybrid imaging with an identical
image field of view [22]. The main disadvantage of a co-aligned configuration is
that the optical camera, which is positioned in front of the gamma-ray camera,
causes scatter and attenuation of the gamma-rays. Consequently, this leads to a
drop in sensitivity and images quality of the scintigraphic image. An interesting
adjustment to evaluate is to replace the optical camera of the co-aligned
configuration with a mirror. A thin mirror will potentially block less gamma-
rays in comparison to an optical camera. The mirror can direct the incoming
light to an optical camera. This configuration can mimic as if both the optical
and the scintigraphic image are obtained from the exact same orientation.
The introduction of a portable hybrid camera opens doors for new clinical
indications, e.g. imaging tumor margins using tumor-specific radiotracers.

To continue with the idea of having more imaging modalities in one device,
chapter 8 was dedicated to envision combined gamma-ray and fluorescence
detection. The increase use of hybrid or multiple tracers results in an expanding
number of devices in the operating room. There is limited space to place
all these devices in close proximity to the sterile field. The introduction of
multimodality devices may improve clinical logistics in the operating room.

Selective surgical localization of marked axillary
lymph nodes

Clinically node-positive breast cancer patients are often treated with NST.
After NST, the nodal status can convert to node-negative disease. Reliable
nodal staging after NST is important in these patients for further tailored
axillary treatment. In contrast to clinically node-negative patients, the false-
negative rate of post-NST SLN biopsy is relatively high in initially node-positive
patients [23]. To overcome the relatively high false-negative rate, the MARI
procedure has been introduced in the NKI. The MARI procedure involves
placing a radioactive iodine-seed into the largest tumor-positive axillary lymph
node before NST and selectively remove the marked node after NST. Donker
et al. reported an 97% identification rate and a false-negative rate of 7%
[24]. Since not all hospitals have access to iodine-seeds, chapter 9 evaluated
whether injections of technetium-99m-labeled macroaggregated albumin
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into clip-marked axillary lymph nodes can be used for selective intraoperative
identification. The procedure successfully identified the clip-marked node,
which was tumor-positive before NST, in 87% (33/38) of the procedures. No
intraoperative confirmation of successful clip removal was the main limitation
of the intraoperative protocol. A gamma probe was used to confirm that the
removed specimen contained radioactivity, however clip removal was not
confirmed visually or by imaging during the surgical procedure. Clip removal
was only confirmed by the pathologist after surgery. New surgical standards
recommend intraoperative confirmation of clip resection for accurate nodal
staging in clinical trials in node-positive patients treated with NST [25].
Potentially, the surgeon can continue the search for the clipped-node or
perform an axillary lymph node dissection when no clip is localized in the
initially excised specimen. Consequently, this may lead to higher identification
rates and more accurate nodal staging.

The method evaluated in chapter 9 consists of a two-step node marking

protocol. Prior to NST, a ultrasound visible clip marker is placed in a cytology-
proven tumor-positive axillary lymph node. After NST, the clip is localized by
ultrasound and a radiotracer is injected near the clip. Ideally, the lymph node
is marked with a definitive marker prior to NST to allow node resection without
any other step. In that regard, an iodine-seed is an ideal marker that can be
easily identified with a gamma probe. Gamma probe readings can also confirm
removal of the iodine-seed within the excised specimen. An alternative non-
radioactive one-step node marking protocol includes the use of intraoperative
ultrasound. The clip-marked lymph node is directly located during the surgical
procedure. The limitation of this approach is that the surgeon should be well
trained in ultrasonography in order to locate the clip marker. Clip markers can
be hard to locate. Although Siso et al. [26] reported an 96% identification rate
for ultrasound localization of the clipped nodes, lower identification rates of
72-83% have been reported by other studies [27,28].
The use of a magnetic seed is another potential one-step node marking method
that can avoid the disadvantages of radioactivity [29]. Future studies should
evaluate the use of magnetic seeds for axillary lymph node marking prior
to NST and selective removal at axillary surgery. Magnetic tracers can cause
image artefacts on magnetic resonance imaging (MRI) that hamper image
reading [30]. An important aspect to evaluate is weather magnetic seeds also
cause artefacts on MRI. MRI is often used before and during NST to monitor
response [31,32].
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Intratumoral heterogeneity on "®F-FDG PET
imaging in primary breast cancer

Heterogeneity in "®F-FDG uptake on PET imaging is correlated with differences
in tissue metabolism. Most malignant tumors consist of subpopulations of
cells with different mutations that can harbor very different characteristics,
leading to metabolic differences [33]. Breast cancer commonly exhibit genetic
and behavioral heterogeneity within the primary tumor [34]. Intratumoral
heterogeneity on '®F-FDG PET is more frequently observed in larger breast
tumors and tumors with a higher "®F-FDG uptake [35]. One of the main questions
to solve is whether intratumoral heterogeneity on '®F-FDG PET imaging can be
used as surrogate for heterogeneity at an cellular or genetic level. So far, the
clinical relevance of intratumoral heterogeneity on '®F-FDG PET imaging in the
primary breast tumor is still unknown.

No access to PET-guided biopsy hampers fast progress in unraveling the clinical
relevance of intratumoral heterogeneity on "®F-FDG PET in breast cancer. Without
PET-guided biopsy, intratumoral areas with high or low "®F-FDG uptake cannot be
accurately compared nor correlated with immunohistochemistry or differences in
genetic expression profiles. In today's clinical practice breast biopsies are taken
under ultrasound, stereotactic x-ray or MRI guidance. It seems unlikely that the
introduction of PET-guided biopsy will replace these conventional image-guided
techniques in the clinical management of breast cancer. However, in combination
with tumor specific PET tracers, such as 16a-[18F]-fluoro-17B-estradiol ('F-FES)
or 8Zr-trastuzumab, PET-guided biopsy is potentially a great tool to study tumor
regions that potentially do not respond to NST.

In chapter 10, a prototype semi-automatic PET-guided system for breast
cancer core needle biopsy is presented. Phantom tests revealed a needle
positioning accuracy of 0.5 mm (range 0-1 mm), 0.6 mm (range 0-2 mm),
and 0.4 mm (range 0-2 mm) for the x, y, and z-axes, respectively. The system
enabled breast PET imaging with the biopsy needle placed in the breast. The
position of the biopsy needle is continuously monitored by a robotic arm. The
configuration of PET detectors combined with a biopsy needle positioning
device demonstrated the feasibility of PET-guided breast biopsy. Future
developments should focus on redesigning the system parts, so all parts can be
easily disinfected for clinical use. In addition, the position of the biopsy needle
should be visualized in real-time on the dedicated breast PET image. Although
the non-radioactive needle cannot be detected by the detectors, the position
of needle superimposed on the PET image based on the needle coordinates
will facilitate biopsy navigation for the physician.

238



The added value of dedicated breast PET biopsy systems is that the
detectors are positioned in close proximity to the breast. Therefore, these PET
systems have a high sensitivity and high spatial resolution. These improved
specifications lead to an increase in detection of smaller tumors as compared
to conventional whole-body PET/CT systems [36]. Interestingly, the latest
generation of whole-body PET/CT systems with silicon photomultiplier based
detectors have a better sensitivity and spatial resolution as compared to the
conventional PET/CT system with photomultiplier tubes [37,38]. PET images
performed on these new systems can be reconstructed with smaller voxels.
As a result, intratumoral heterogeneity is more accurately visualized due to
reduced partial volume effects. Most likely, these developments in whole body
PET/CT may improve primary breast tumor detection and visualization. Future
research should focus on the clinical evaluation of a breast biopsy module for
these new whole-body PET/CT systems. Technically, this biopsy module can be
similar in design compared to the one used for MRI. A radioactive line source
can be used to confirm correct position of the needle track, or CT can be used
to confirm correct needle positioning. An advantage of such a biopsy module
is that it is relatively cheap to manufacture and can potentially be used by all
whole-body PET/CT system users.

Over the last years, there is an increase in research studying intratumoral
heterogeneity on PET/CT imaging. The developments of software packages for
calculating image features that quantify heterogeneity boosted the research
in this field. Although an accurate spatial correlation with histopathology is
hampered due to the above mentioned reasons, attempts have been made to
correlate intratumoral heterogeneity with breast tumor subtype [39], patient
prognosis [40], and predictions regarding the likelihood of response to therapy
[41]. Characterizing the molecular breast cancer subtype based on F-FDG
PET imaging features will not replace breast tumor biopsies. Potentially, PET-
derived imaging features hold more clinical value for patient prognosis and
predicting treatment outcomes. Identifying PET features that are associated
with response to NST is clinically relevant since many patients undergo "®F-FDG
PET/CT prior to NST for staging purposes. PET data can potentially improve
prediction models for response to NST.

To the best of our knowledge, six studies evaluated the predictive value
of intratumoral heterogeneity on "F-FDG PET/CT for pathologic complete
response (pCR) to NST. These studies have reported contradictory findings.
Ha et al. and Molina-Garcia et al. concluded that a higher intratumoral
heterogeneity was associated with resistance to NST [42,43], while two
other studies concluded that less intratumoral heterogeneity was associated
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with resistance to NST [44,45]. Lemarignier et al. did not find an association
between PET-derived features and response to NST in a group of 143 hormone
receptor-positive (HR+)/human epidermal growth factor receptor 2-negative
(HER2-) patients [46]. Although Antunovic et al. concluded that PET textural
features could be considered as potential predictors of pCR, the PET imaging
features did not lead to an improvement of the prediction model for pCR to
NST in 79 patients [47]. Chapter 11 studied the association of pretreatment
high-resolution 18F-FDG PET features with pCR to NST from stage I/l breast
cancer patients scanned in prone position. Three patient subgroups were
investigated: triple-negative (n=144), HR-/HER2+ (n=45), and HR+/HER2+
(n=64). None of the textural features were associated with pCR in each of the
three homogeneous subtypes (triple-negative, HR-/HER2+, and HR+/HER2+)
nor when all patients were grouped. Interestingly, PET-derived textural features
describing heterogeneity were significantly associated with pCR when all three
subtypes were grouped together with a group of HR+/HER2- patients. We
assume that this can be explained by the fact that all these PET textural features
were also significantly associated with breast cancer subtype and the maximum
standard uptake value (SUV
between intratumoral heterogeneity and pCR to NST did not correct for breast

.- All four studies that found an association
cancer subtype [42-45]. In accordance with previous literature, a limitation of
our study was the limited number of patients in the breast cancer subtype
subgroups. This might have prevented the finding of significant associations
with pCR to NST. Thus, adequately powered studies in homogeneous breast
cancer subtypes are warranted to determine the predictive power of tumor
heterogeneity on "®F-FDG PET imaging for response to NST. However, if a
heterogeneous breast cancer cohort is evaluated, results should be corrected
for breast cancer subtype and SUV__ in addition to other clinicopathological
predictive factors.

Finally, primary tumor segmentation on PET imaging is an aspect that has
to be optimized for studying tumor heterogeneity in breast cancer. Tumor
regions without or low radiotracer uptake are missed in tumor delineations.
Therefore, PET/MR imaging might have more potential than PET/CT. Tumor
delineation can be performed on MRI which is the gold-standard imaging
modality for primary breast tumor visualization. The inclusion of tumor regions
without or low radiotracer uptake will provide a more accurate quantification
of intratumoral heterogeneity.

To conclude, the limited access to high-resolution breast PET imaging in
combination with PET-guided biopsy has hampered investigating the clinical
relevance of intratumoral heterogeneity on PET imaging in primary breast
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cancer. Besides the development of PET-guided biopsy, the introduction of
new systems (PET/MR and new generation PET/CT) and tumor-specific tracers
have the potential to study intratumoral heterogeneity in more detail.
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Chapter 12.2 — Summary

The studies described in this thesis focus mainly on the use or optimization of
nuclear medicine techniques for nodal staging and characterization in breast

cancer.

Part 1: Improving lymphatic mapping in breast cancer

The first part of this thesis focusses on sentinel lymph node (SLN) non-
visualization on preoperative imaging in breast cancer patients. Chapter 2
identifies preoperative risk factors that are associated with SLN non-visualization
on planar lymphoscintigraphy after an intratumoral injection. In 2050 patients,
the overall SLN visualization rate was 86.7% on lymphoscintigraphy at 3 hours
post-injection. Multivariable logistic regression demonstrated that risk factors
for non-visualization are higher age, higher BMI, previous mantle field radiation
therapy, larger tumors, non-palpable tumors, medially located tumors and
presence of iodine-seeds in situ. To improve the SLN visualization rate, we
recommend to perform a periareolar subcutaneous injection for patients in
whom internal mammary nodes are not removed. In chapter 3 we evaluated the
added value of SPECT/CT and radiotracer reinjection in 284 patients with non-
visualization on planar lymphoscintigraphy. SPECT/CT had a SLN visualization
rate of 23% (66/284). The SLN visualization rate was 62.1% (36/58) in patients
receiving reinjection after persistent non-visualization on SPECT/CT. To improve
the SLN visualization rate, a radiotracer reinjection is preferred in comparison to
SPECT/CT. Chapter 4 shows whether persistent non-visualization after additional
SPECT/CT or radiotracer reinjection is associated with nodal metastases or worse
outcomes in clinically node-negative patients who underwent axillary ultrasound
and fine-needle aspiration cytology. Persistent non-visualization was observed in
170/2042 procedures (8.3%). The nodal metastasis rate was 16.0% versus 18.0%
for procedures with non-visualization versus SLN visualization, respectively
(p=0.593). The regional recurrence rate of tumor-negative SLN biopsy procedures
was equal between the non-visualization (0.7%, 1/144) versus visualization (0.7 %,
11/1535) group. During a median follow-up of 4 years, distant metastasis free
interval and overall survival was not significantly different between both groups
(p=0.164 and p=0.208, respectively).
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Part 2: Portable gamma camera imaging to improve the
sentinel lymph node procedure

The second part of this thesis continued on the role of the portable gamma
camera (PGC) for intraoperative SLN identification, and the feasibility of
integrating optical imaging into this system. The review in chapter 5 discusses
the currently available gamma cameras for intraoperative use. These systems
can be classified according to the outer dimensions and weight of the detector
head, being a handheld gamma camera or portable/mobile gamma camera
when the camera is attached to a support system. The added value of
intraoperative imaging should mainly be sought when no conventional gamma
camera is available, and in complex SLN procedures. Intraoperative pre- and
post-excision imaging has demonstrated that this approach is able to detect
SLNs initially missed by gamma probe screening, which in rare cases prevent
false-negative procedures. Chapter 6 demonstrates the performance of a PGC
to detect near the injection site located SLNs in a simulation phantom set-up
and 3 head/neck melanoma patients. When the PGC was positioned at 1.5cm
distance, the simulated SLN could be differentiated from the injection site at
a minimal distance of 3mm or 5mm with the 2.5mm or 4mm pinhole collimator
respectively. Planar lymphoscintigraphy, SPECT/CT and the gamma probe
detected the SLN separated from the injection site at minimal distances of 7, 10
and 22mm respectively. In the 3 clinical cases, this study proved that the PGC can
detected SLNs in close proximity to the injection site that are missed by any of
the conventional techniques. Chapter 7 describes the feasibility, in 25 patients
(12 melanoma, 2 oral cavity, 11 breast cancer), of a new prototype portable
hybrid camera that combines optical and gamma imaging to visualize the SLNs.
The optical module offered fused optical and gamma imaging indicating the
image field of view and anatomical SLN locations. Average optical image co-
registration errors in the image field of view center were 1.0 cm (range 0-2.0
cm). These results are promising, however for the operating room the use of
its optical component needs to be additionally adjusted. The hybrid imaging
concept was further explored in 11 penile cancer patients scheduled for SLN
biopsy in chapter 8. Two different hybrid detection modalities were created
by combining a fluorescence exoscope that allowed fluorescence imaging in
an open surgery setting with a PGC or gamma probe. Intraoperatively, gamma
and fluorescence guided SLN detection rates were scored at working distances
of 0, 10, 20, and 30cm. The findings in this study suggest that the integrated
detection modalities work synergistically; overall the PGC was most valuable
for rough localization (10-30cm range) of the SLNs, the gamma probe for
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providing convenient real-time acoustic feedback, while fluorescence guidance
allowed detailed real-time SLN visualization.

Part 3: Nuclear Medicine techniques to improve staging and
characterization in breast cancer

The third and final part of this thesis explored whether nuclear medicine
techniques can improve nodal staging in breast cancer patients undergoing
neoadjuvant systemic treatment (NST) and characterize intratumoral
heterogeneity. Chapter 9 aimed to evaluate the feasibility of radioguided
occult lesion localization (ROLL) of clip-marked lymph nodes in 38 procedures
in breast cancer patients receiving NST. Prior to NST, a clip marker was placed
inside a proven tumor-positive lymph node. After NST, technetium-99m-labeled
macroaggregated albumin was injected in the clip-marked lymph nodes. The
ROLL procedure successfully identified the ROLL-marked node with clip in 33
procedures (87%). In chapter 10, the three-dimensional geometric positioning
accuracy of a prototype positron emission tomography (PET) guided system
for breast cancer biopsy was examined. In the context of the European Union
project MammoCare, a prototype semi-robotic stereotactic biopsy device was
incorporated into a dedicated high-resolution PET detector for breast imaging.
A radioactive #Na source was positioned at 78 locations within the biopsy
range. A drop of radioactivity, 18F-fluorodeoxyglucose ("®F-FDG), was placed
inside the biopsy needle to visualize the needle position in the PET image.
Needle positioning tests revealed an average accuracy of 0.5 mm (range
0-1 mm), 0.6 mm (range 0-2 mm), and 0.4 mm (range 0-2 mm) for the x/y/
z-axes, respectively. The average absolute errors were 1.1 mm (range 0-2.8
mm). Clinical dedicated breast PET images from 5 patients demonstrated the
system’s potential to select intratumoral biopsy regions with high "®F-FDG
uptake. Chapter 11 evaluated whether intratumoral heterogeneity measured
with PET-derived textural features was associated with pathological complete
response (pCR) to NST in three homogeneous patient subgroups with triple-
negative, hormone receptor-negative (HR-)/human epidermal growth factor
receptor 2-positive (HER2+), and HR+/HER2+ stage Il/Ill breast cancer.
Retrospectively, 253 patients (144 triple-negative, 45 HR-/HER2+, 64 HR+/
HER2+) were selected who underwent pretreatment high-resolution PET/CT
in prone position with hanging breasts. A fixed bin width of 0.25 SUV and
a fixed bin count of 64 were used to calculate the features. None of the
textural features were associated with pCR in each of the three homogeneous
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subtypes (triple-negative, HR-/HER2+, and HR+/HER2+). After adding 71 HR+/
HER2- node-negative patients to the analysis, univariable analysis showed
that 55% (36/65) of the bin width (P < 0.00072) and none (0/69) of the bin
count textural features were significantly associated with pCR when all four
immunohistochemical subtypes were grouped. However, multivariable logistic
regression confirmed that features did not remain significant after adjustment
for immunohistochemical subtype. Overall, 97% (63/65) versus 28% (19/69)
and 94% (61/65) versus 78% (54/69) of the bin width versus bin count textural
features were significantly associated with immunohistochemical subtype
and SUVmax, respectively. The results of this study suggest that intratumoral
heterogeneity measured with PET-derived textural features on '®F-FDG PET/CT
is not associated with pCR in any of the breast cancer subgroups. It is important
that future studies correct for immunohistochemical subtype and SUV__ when
searching for PET-derived features that hold predictive value for pCR to NST.
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Chapter 12.3 — Samenvatting

Het in dit proefschrift beschreven onderzoek omvat het gebruik en de
optimalisatie van technieken binnen de nucleaire geneeskunde voor lymfeklier
stadiering en karakterisering van borstkanker.

Deel 1: Optimalisatie van de preoperatieve beeldvorming
voor schildwachtklier procedures in borstkanker

Het eerste deel van dit proefschrift focust zich op non-visualisatie van de
schildwachtklier (SWK) bij de stadiering van borstkanker. Hoofdstuk 2
identificeert preoperatieve risicofactoren die zijn geassocieerd met SWK non-
visualisatie op het lymfoscintigram na een intratumorale injectie. Drie uur na
een intratumorale injectie van het radiofarmacon was bij 86,7% (1777/2050) van
de patiénten een SWK op het lymfoscintigram gedetecteerd. Multivariabele
logistische regressie toonde aan dat een hogere leeftijd, een hogere BMI,
mantelveldbestralingstherapie, grotere tumoren, niet-palpabele tumoren,
mediaal gelegen tumoren en aanwezigheid van jodiumbronnen in situ
risicofactoren zijn voor non-visualisatie. Om de SWK visualisatie te verbeteren
raden wij aan een periareolaire subcutane injectie aan voor patiénten waarbij
eventuele parasternale SWKen niet worden verwijderd. In hoofdstuk 3 hebben
we de toegevoegde waarde van SPECT/CT en de re-injectie van het
radiofarmacon geévalueerd bij 284 patiénten met non-visualisatie op het
lymfoscintigram. Bij 23,2% (66/284) van de patiénten detecteerde SPECT/CT
één of meer SWKen. Re-injectie na persisterende non-visualisatie op SPECT/CT
resulteerde alsnog in een SWK visualisatie van 62,1% (36/58). Op basis van de
resultaten uit deze studie heeft re-injectie van het radiofarmacon de voorkeur
boven SPECT/CT bij patiénten met non-visualisatie op het lymfoscintigram.
Hoofdstuk 4 laat zien dat persisterende non-visualisatie na SPECT/CT of re-
injectie van het radiofarmacon niet is geassocieerd met lymfeklieruitzaaiingen
of een slechtere prognose bij klinisch node-negatieve patiénten die een
echografie van de oksel met een dunne-naald-aspiratiebiopt hebben ondergaan.
Persisterende non-visualisatie was waargenomen in 8,3% (170/2042) van de
procedures. Het percentage patiénten met lymfekliermetastasen binnen de
patiéntengroep met non-visualisatie en SWK visualisatie was respectievelijk
16,0% en 18,0% (p = 0,593). De incidentie van een regionaal recidief na een
negatieve SWK procedure was gelijk tussen patiénten met non-visualisatie (0,7%,
1/144) en patiénten met SWK visualisatie (0,7%, 11/1535). Na een mediane
follow-up periode van 4 jaar was het afstandsmetastasen-vrij interval (p = 0,164)
en de overleving (p = 0,208) niet significant verschillend tussen beide groepen.
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Deel 2: Mobiele gammacamera voor het optimaliseren van
de schildwachtklier visualisatie

Het tweede deel van dit proefschrift beschrijfft de rol van de mobiele
gammacamera (MGC)voorintraoperatieve SWK-identificatie en de haalbaarheid
van het integreren van optische beeldvorming in dit systeem. Hoofdstuk 5
presenteert een overzicht van de huidig beschikbare intraoperatieve
gammacamera'’s. Er zijn mobiele gammacamera’s waarbij de camera aan
een mechanische arm is bevestigd die vast zit op een verrijdbaar systeem.
Daarnaast zijn er draagbare gammacamera’s. Intraoperatieve beeldvorming
heeft vooral toegevoegde waarde bij complexe SWK-procedures, of wanneer
er geen preoperatieve beeldvorming beschikbaar is. Met intraoperatieve
beeldvorming pre- en post-excisie kunnen SWKen gedetecteerd worden die in
eerste instantie zijn gemist met de gammastralingdetectieprobe. In zeldzame
gevallen voorkomt het gebruik van intraoperatieve beeldvorming fout-
negatieve procedures. In hoofdstuk 6 wordt een fantoomstudie beschreven
waarin een MGC wordt gebruikt om SWKen te detecteren die zich dicht bij
de radiofarmacon injectieplaats bevinden. Op een afstand van 1,5 cm van het
oppervlak kan de MGC de gesimuleerde SWK onderscheiden wanneer deze
zich op een minimale afstand van 3 mm of 5 mm van de injectieplaats bevindt
met respectievelijk een 2,5mm of 4mm pin-hole collimator. Lymfoscintigrafie,
SPECT/CT en de gammastralingdetectieprobe kunnen de SWK onderscheiden
van de injectieplaats op een minimale afstand van respectievelijk 7, 10 en 22 mm.
De klinische relevantie wordt beschreven bij 3 patiénten met een melanoom in
het hoofd-hals gebied. In iedere patiént kon de MGC een SWK detecteren in
de nabijheid van de injectieplaats die door lymfoscintigrafie, SPECT/CT en/of
de gammastralingdetectieprobe werd gemist. Hoofdstuk 7 presenteert een
prototype mobiele hybride camera die optische en scintigrafische beeldvorming
fuseertvoor SWKvisualisatie. Dit nieuwe systeem is geévalueerd bij 25 patiénten.
De co-registratie van de optische beeldvorming op de scintigrafische beelden
had een gemiddelde onnauwkeurigheid van 1,0 cm (range 0-2,0 cm) in het
centrum van het beeldveld. Deze resultaten zijn veelbelovend, maar voor de
operatiekamer moet de co-registratie worden verbeterd. In hoofdstuk 8 is het
hybride beeldvormingsconcept verder onderzocht bij 11 peniskankerpatiénten
die gepland stonden voor een SWK procedure. Twee verschillende hybride
detectiemodaliteiten werden samengesteld. Een fluorescentie exoscoop die
ontworpen is voor open chirurgische procedures werd gecombineerd met
een MGC en met een gammastralingdetectieprobe. Op werkafstanden van 0,
10, 20 en 30 cm werd er tijdens de operatie gescoord of er radioactiviteit
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of fluorescentie meetbaar was in de SWKen. De bevindingen in deze studie
suggereren dat de detectiemodaliteiten synergetisch werken. Over het
algemeen is de MGC het meest waardevol voor de ruwe lokalisatie (range
10-30cm) van de SWKen. De gammastralingdetectieprobe is handig voor
het verstrekken van real-time akoestische feedback. Daarentegen maakt
fluorescentiebeeldvorming gedetailleerde real-time SWK visualisatie mogelijk.

Deel 3: Optimalisatie van technieken binnen de nucleaire
geneeskundige voor lymfeklier stadiering en
karakterisering van borstkanker

Het derde en laatste deel van dit proefschrift beschrijft of nucleair
geneeskundige technieken 1) de lymfeklier stadiering kunnen verbeteren
bij borstkankerpatiénten die een neoadjuvante systemische therapie (NST)
ondergaan en 2) intratumorale heterogeniteit kunnen karakteriseren.
Hoofdstuk 9 beschrijft de haalbaarheid om met radiogeleide lokalisatie (ROLL
= Radioguided Occult Lesion Localization) de clip-gemarkeerde lymfeklieren
te identificeren bij 38 borstkankerpatiénten die zijn behandeld met NST.
Voorafgaand aan NST werd een clip-marker geplaatst in een bewezen tumor-
positieve lymfeklier. Na NST werd radioactief technetium macrogeaggregeerde
albumine geinjecteerd in de clip-gemarkeerde lymfeklier. De ROLL-procedure
identificeerde met succes de lymfeklier met clip in 33 procedures (87%). In
hoofdstuk 10 wordt de driedimensionale geometrische nauwkeurigheid van
de naaldplaatsing door een prototype positron emissie tomografie (PET)
geleid biopsiesysteem voor borstkankerbiopsie beschreven. Een radioactieve
2Na-bron werd gepositioneerd op 78 locaties binnen het biopsiebereik.
Een druppel radioactiviteit, '"®F-fluorodeoxyglucose ('®F-FDG), werd in de
biopsienaald geplaatst om de naaldpositie te visualiseren in het PET-beeld.
Naaldpositioneringstesten toonden een gemiddelde nauwkeurigheid van
0,5 mm (range 0-1 mm), 0,6 mm (range 0-2 mm), en 0,4 mm (range 0-2 mm)
voor respectievelijk de x, y en z-as. De gemiddelde absolute afwijking was 1,1
mm (range 0-2,8 mm). PET scans van 5 klinische patiénten tonen de potentie
van het systeem aan om intratumorale regio’s met verhoogde '"F-FDG-
opname te selecteren voor biopsie. Hoofdstuk 11 evalueert of intratumorale
heterogeniteit in "F-FDG-opname, dat wordt gemeten met PET-afgeleide
parameters, is geassocieerd met pathologische volledige respons (pCR)
na NST. Hierbij is specifiek naar drie subgroepen patiénten met stadium I/
lll borstkanker gekeken; triple-negatief, hormoonreceptor-negatieve (HR-)/
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Humane Epidermale groeifactor Receptoren Type 2-positieve (HER2+) en
HR+HER2+. Retrospectief zijn 253 patiénten (144 triple-negatief, 45 HR-/
HER2+, 64 HR+/HER2+) geselecteerd, die vlak voor de eerste gift NST in
buikligging zijn gescand met een hoge-resolutie PET/CT. De textuur parameters
zijn berekend met twee verschillende methoden: door gebruik te maken van
een vaste binbreedte (bin width) en een vast aantal bins (bin count). Geen van
de textuur parameters zijn geassocieerd met pCR in elk van de drie subgroepen
(triple-negatief, HR-/HER2+, en HR+/HER2+). Wanneer er een 4¢ subgroep
van 71 HR+/HER2- node-negatieve patiénten wordt toegevoegd en alle
patiénten met de vier verschillende borstkankersubtypes als één groep worden
geanalyseerd, veranderen de resultaten aanzienlijk. Univariable analyse toont
dan aan dat 55% (36/65) van de bin width (P < 0.00072) en geen (0/69) van de
bin count parameters, die een mate van heterogeniteit beschrijven, significant
zijn geassocieerd met pCR. Echter zijn geen van deze textuur parameters
significant wanneer er wordt gecorrigeerd voor borstkankersubtype. In
totaal zijn 97% (63/65) versus 28% (19/69) en 94% (61/65) versus 78% (54/69)
van de bin width versus bin count parameters significant geassocieerd met
respectievelijk het borstkankersubtype en de SUV__ . De resultaten van deze
studie suggereren dat PET-parameters die intratumorale heterogeniteit
beschrijven niet zijn geassocieerd met pCR in patiénten met triple-negatief,
HR-/HER2+ of HR+/HER2+ borstkanker. Het is belangrijk dat toekomstige
studies voor borstkankersubtype en SUV__ corrigeren indien wordt onderzocht
of PET-parameters een voorspellende waarde hebben voor pCR na NST.

257




