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Chapter 1 - Introduction and outline

Cancer is a very heterogeneous disease in which each organ-specific cancer
consists of different subtypes. In most solid cancers, tissue biopsy is performed
to determine its histological or molecular subtype. Characterization of the
tumor provides important information for patient specific prognosis, treatment
decisions, and follow-up. In addition to tumor characteristics, the extent of
cancer plays an important role in the clinical management of patients. In most
solid cancers, metastatic spread arises via the lymphatic system or via the
bloodstream. The presence of metastatic disease negatively influences patient’s
prognosis, therefore, knowledge whether or not the tumor is metastasized is
highly important for treatment planning. The most widely used staging system
for solid cancers is the TNM system: T is related to the size of the primary
tumor, N for the presence of metastases in the regional lymph nodes, and M
for the presence of distant metastases [1]. This thesis focuses mainly on the use
of nuclear medicine techniques for nodal staging and characterization in breast
cancer. Therefore, this cancer type is further elaborated.

Breast cancer diagnosis and characterization

In most patients, breast cancer is initially found by 1) palpation of a lump, or by
2) screening mammography. Diagnostic work-up often comprises an additional
diagnostic mammogram, or ultrasonography of the affected breast. Ultrasound-
guided fine-needle aspiration cytology (US-FNAC) or core biopsy is performed
from suspect breast lesions. Subsequently, tissue specimens are required
to confirm the diagnosis breast cancer, and to obtain information about the
histologic subtype, tumor grade, tumor proliferation index (Ki-67), presence of
estrogen (ER) and progesterone (PR) receptors, and human epidermal growth
factor receptor 2 (HER2) overexpression.

Based on solely the receptor expression, four breast cancer subtypes can
be identified: 1) hormone receptor (ER and/or PR) positive/HER2-negative,
2) hormone receptor-positive/HER2-positive, 3) hormone receptor-negative/
HER2-positive, and 4) triple negative breast cancer. Information about these
subtypes is used to select the appropriate systemic treatment. Response to
hormonal treatment (e.g. tamoxifen) correlates well with hormone receptor-
positivity [2], and HER2-targeted therapy (e.g. trastuzumab) has significantly
improved survival of patients with HER2-positive breast cancer [3]. In general,
patients with hormone receptor-positive tumors have a more favorable
prognosis than patients with hormone receptor-negative/HER2-positiveor
triple-negative disease [4].
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Staging in breast cancer

Staging can be clinical or pathological. Clinical staging is based on physical
examination and imaging, such as mammography, ultrasound, magnetic
resonance imaging (MRI), and positron emission tomography/computed
tomography (PET/CT). Pathological staging applies to patients who have
undergone surgery to remove breast tissue and regional lymph nodes. In
general, pathological staging provides more accurate information than clinical
staging to predict the patient’s prognosis.

The clinical T-stage is mainly determined by a combination of mammography,
ultrasound, and/or MRI. MRI has a sensitivity exceeding 90% for detecting
breast lesions and is superior for assessment of tumor size and detection of
multifocal/centric disease compared to mammography and ultrasound [5,6].

The nodal status (N-stage) determined by pathological staging is one of
the most important prognostic factors in breast cancer [7]. Currently, the
first preoperative step of nodal staging is palpation of the regional lymph
nodes and the use of ultrasound to identify suspect lymph nodes. US-FNAC
is only performed of suspect nodes. The sensitivity, specificity, and negative
likelihood ratio of US-FNAC is around 63%, 99%, and 34%, respectively [8].
Due to its moderate sensitivity and negative likelihood ratio, a negative US-
FNAC cannot rule out regional lymph node metastasis. In order to reduce the
chance of missed tumor-positive lymph nodes, the sentinel lymph node (SLN)
procedure has been introduced as gold-standard procedure for nodal staging
in clinically node-negative breast cancer patients. The SLN procedure requires
close collaboration between the surgery, pathology and nuclear medicine
department (for more detailed information see paragraph ‘sentinel lymph node
procedure’).

Detection of distant metastases (M-stage) depends largely on clinical
examination in asymptomatic patients with early stage breast cancer. The
incidence of distant metastases is low in this group [9], and therefore is the added
value of additional diagnostic work-up minimal. Patients with locally advanced
tumors or lymph node metastases have a higher chance on distant metastases.
When distant metastases are present, the treatment intention can change from
curative to palliative. Therefore, screening for distant metastases is advised
in patients with locally advanced tumors and/or lymph node metastases, or
patients scheduled for up front systemic treatment [10]. The most common
sites of distant metastasis in breast cancer are bone, lung, liver, and brain [11].
To detect distant metastasis , different imaging techniques can be used, such
as chest X-ray or CT, abdominal ultrasound, and bone scintigraphy. Currently,
these conventional imaging techniques are replaced in most centers by PET/
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CT. PET/CT has an improved estimated sensitivity and specificity in comparison
to conventional imaging, 97% and 95% versus 56% and 91% respectively [12]
(for more detailed information see paragraph '‘PET/CT’).

To summarize, in contrast to breast tumor (T) staging , nuclear medicine
techniques play an important role in nodal (N) staging and the detection of
distant metastases (M).

Neoadjuvant systemic treatment in breast cancer

Systemic treatment (hormonal treatment, chemotherapy, or targeted therapy)
can be given prior to surgery (neoadjuvant setting) or after surgery (adjuvant
setting). In the past, the use of neoadjuvant systemic treatment (NST) was
mainly done for tumor down staging to facilitate breast conserving surgery. In
addition, NST can result in pathologic complete response of ‘axillary’ lymph
nodes [13]. Nowadays, converting node-positive disease into node-negative
disease, due to pathologic complete response to NST, potentially minimizes
the need for axillary lymph node dissection [14]. Therefore, besides in clinically
node-negative patients, pathological nodal staging is important in node-
positive patients treated with NST to tailor further axillary treatment.

Sentinel lymph node procedure

Breast cancer predominately metastasizes via the lymphatic system. The
lymph nodes near the primary tumor, which are referred to as regional lymph
nodes, are the first sites of metastasis. The majority of lymph node metastases
are found in the axilla, but nodal metastases can also be found in internal
mammary chain, intra-mammary, interpectoral, and in periclavicular lymph
nodes. Historically, removal of all axillary lymph nodes was often the preferred
method of nodal staging; however, the risk of post-operative morbidity from
this invasive procedure is relatively high. Furthermore, in early-stage breast
cancer, nearly 80% of the axillary lymph node dissections revealed no node
metastasis indicating that in almost 80% of the patients the surgical procedure
was unnecessary. To this end, the SLN procedure has been introduced as less
invasive surgical procedure [15]. A SLN is defined as any first lymph node on
a direct drainage pathway from the primary tumor [16]. Based on the concept
that malignant cells migrate through the lymphatic system, SLNs are most
likely the first site to harbor metastasis before further spread to the so-called
higher echelon lymph nodes. The nodal status of the SLN should reflect the
histopathologic status of the entire nodal basin and, therefore, solely the SLNs
are removed.
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Lymphoscintigraphy

Accurate intraoperative identification of SLN(s) in breast cancer includes a
sequence of procedures involving several detection techniques (Table 1) [17].
Despite the widespread use of SLN biopsy, protocols are not standardized
worldwide. Differences are found in the injection technique and imaging
protocol, however there is consensus on broad aspects of the protocol. At the
Netherlands Cancer Institute (NKI), a radioactive tracer, "Tc-nanocolloid, is
injected intra/peritumorally on the day prior to or 4-6 hours before surgery.
The small-sized colloid particles migrate from the injection site through
the lymphatic system towards the SLNs. Within the SLN(s), the radioactive
colloid particles are phagocytized by macrophages and retain there. SLNs
can indirectly be visualized by a gamma camera that detects the gamma rays
emitted by the radioisotope “"Tc (Figure 1). Anterior and/or lateral-oblique
planar lymphoscintigraphy is performed 15 minutes and 3 hours after injection
to provide an overview of the number and localization of the SLNs. The
following criteria are used to differentiate SLNs from higher echelon nodes;
SLNs are lymph nodes 1) draining from the site of injection through an own
lymphatic vessel, 2) visualized at the early images, 3) with increasing radiotracer
uptake at the late images, and 4) appearing in other nodal basins. Finally,
the location of all SLNs are marked on the skin to guide the surgeon during
surgery. Failure to visualize a SLN on preoperative imaging is associated with
failure to identify a SLN in surgery [18]. Hence, a second radiotracer injection,
followed by additional imaging, can be performed to improve preoperative
SLN visualization [19].

SPECT/CT

Planar lymphoscintigraphy provides solely a two-dimensional image without
exact anatomical information. Single photon emission computed tomography
(SPECT) with computed tomography (CT) combines functional information
with the morphological information in a three-dimensional dataset. Therefore,
fused SPECT/CT provides relatively precise localization of SLNs within an
anatomical landscape, thus providing a valuable “roadmap” for surgery.
Nevertheless, it should be emphasized that SPECT/CT does not replace planar
lymphoscintigraphy and should rather be considered as a complementary
imaging modality. In the NKI, SPECT/CT is indicated for precise localization
of internal mammary chain SLNs depicted on lymphoscintigraphy (Figure 1),
when lymphoscintigraphy fails to visualize a SLN, or if drainage on planar
lymphoscintigraphy is difficult to interpret [20].
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Figure 1 A) whole-body SPECT/CT system (SymbiaT, Siemens, Erlangen, Germany). Planar
anterior (B) and lateral-oblique (C) lymphoscintigraphy at 3 hours post-injection. Axial SPECT/
CT slice (D) showing the exact anatomical location of the axillary SLN (standard arrow) and the
SLN in the internal mammary chain (dashed arrow).

Intraoperative SLN detection

In most centers, SLN identification relies on preoperative imaging in combination
with intraoperative handheld gamma ray detection probe guidance. A handheld
gamma probe is connected to a count rate display and an audible signal, which
pitch output varies proportionally to the detected count rate. Guided by the
preoperative images and skin markings, the surgeon performs transcutaneous
measurements with the gamma probe to pinpoint the SLN location and
determine the optimal place for incision. After SLN removal, the resection bed
is explored again with the probe, assessing residual radioactivity, to confirm
removal of all radioactive SLNs.

Blue dyes may assist in the visual confirmation of lymphatic vessels from
the primary tumor site towards the SLN. The dual-technique, using both
a radioactive tracer along with an intraoperative injection of blue dye, is
associated with the lowest false-negative rates [21]. Blue dyes can be especially
useful in cases with weak or no SLN visualization on preoperative imaging
[22]. However, allergic and adverse reactions to blue dyes and temporary skin
tattooing have been reported as disadvantages [23]. To this end, fluorescent
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dyes have been introduced to facilitate optical SLN identification. Indocyanine
green is the preferred fluorescent dye in clinical practice [24]. In contrast to
blue dyes, indocyanine green emits near-infrared light after excitation by light.
A special camera is needed with a light source matching the specific excitation
wavelength to detect the fluorescent signal, because the emitted light is
beyond the visual spectrum of the human eye.

Portable gamma camera

At the NKI, the use of a portable gamma camera (PGC) has been introduced to
facilitate intraoperative radioguided SLN identification [25] (Figure 2). Part 2 of
this thesis describes the added value and potential improvements of this PGC.
The mobile system includes a gamma camera connected to an adjustable arm
that allows placement of the camera head in different viewing angles. It has
two interchangeable pinhole collimators with apertures of 2.5 and 4mm hole
diameter. The pinhole collimator enables visualization of the surgical field and
the image field of view varies with the distance between the camera and the
imaging plane. Next to the primary screen for the operator, the device has a
second screen that is used to display images for surgeons during the operation.
This PGC is equipped with a laser device, which projects a cross on the imaged
surface that corresponds with the center of the image displayed on the screen.
An important advantage of the PGC is that it can provide information about the
completeness of SLN excision by capturing the whole surgical field in one image.
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Figure 2 Portable gamma camera (Sentinella, Oncovision, Valencia, Spain)
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Table 1 Overview of most common sentinel lymph node detection techniques

SLN detection technique Information Clinical use
Lymphoscintigraphy two-dimensional preoperative
SPECT/CT three-dimensional preoperative
Gamma probe one-dimensional audible signal pre-/intra-operative
Portable gamma camera two-dimensional pre-/intra-operative
Blue dyes visual confirmation intraoperative
Fluorescence imaging two-dimensional intraoperative
PET/CT

PET imaging is based on chemical compounds labeled with positron-emitting
radionuclides that are injected into the bloodstream. The most commonly used
PET tracer for breast cancer is '®F-fluorodeoxyglucose ('®F-FDG). Malignant
breast cancer cells often demonstrate higher metabolism, and thus accumulate
more glucose in comparison to their non-malignant counterparts. Thus, the
radiotracer '®F-FDG, a radiolabeled glucose analogue, shows an increased
uptake in most malignant breast tumors on PET/CT.

Besides its use to detect distant metastases [12], '®F-FDG PET/CT can be
used to detect locoregional lymph node metastases [26] and assess response
to NST in locally advanced breast cancer [27]. Early assessment of response to
NST harbors potentially significant implications for clinical practice, as it might
reduce toxicity from ineffective NST or allows a refinement of treatment. PET/
CT images are commonly only visually assessed, but the "®F-FDG uptake can
also be quantified using the standard uptake value of the voxels. The maximum
standard uptake value (SUV__ ) is useful to compare lesions before and after
NST. A decrease in SUVmaxis an indicator for response to treatment. Moreover,
a higher SUV__ is associated with less favorable characteristics and/or breast
cancer subtypes [27].

A new trend in PET imaging is to assess intratumoral heterogeneity in
8F-FDG uptake using textural analysis [28]. Although a direct comparison with
immunohistochemistry in breast cancer is missing in current literature, it is
hypothesized that heterogeneity on "®F-FDG PET/CT may be a projection of the
heterogeneity in underlying tumor biology [29]. Recent studies on radiomics
suggest that intratumoral heterogeneity on "8F-FDG PET/CT is associated with
response to NST [30-33].
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Outline of this thesis

The general aim of the research described in this thesis was to improve
nodal staging by investigating the use and clinical value of nuclear medicine
techniques for SLN visualization, with a focus on breast cancer. Second, we
focused on intratumoral heterogeneity on '®F-FDG PET imaging in primary
breast cancer patients: in the predictive value of intratumoral heterogeneity
for response to NST and in the technical evaluation of a dedicated PET-guided
biopsy system.

Part 1 of this thesis focuses on SLN non-visualization on preoperative
imaging in clinically node-negative breast cancer patients. Failure to visualize
SLN(s) on preoperative imaging is associated with failure to accurately identify
a SLN in surgery. It may also challenge the logistics between the surgical
and nuclear medicine department when additional imaging is needed. At
the NKI, approximately 10-15% of the patients show non-visualization on
lymphoscintigraphy at 3 hours post-injection. To this end, Chapter 2 studies
patient, tumor and treatment related risk factors for non-visualization of the SLN
on lymphoscintigraphy by using an intratumoral radiotracer injection. Chapter 3
reevaluates the increase in SLN visualization rate by SPECT/CT and radiotracer
reinjection in patients with non-visualization on initial lymphoscintigraphy. The
objective of chapter 4 was to investigate whether persisting non-visualization
after SPECT/CT and/or a second radiotracer injection is associated with nodal
metastases or worse outcomes in breast cancer patients that underwent routine
preoperative US-FNAC.

Part 2 describes the use of a PGC and evaluates how certain new camera
features can overcome some of the challenges in radioguided surgery. Currently,
the NKl uses a PGC in penile and head/neck SLN procedures. Therefore, certain
features of the PGC are evaluated in these patient populations. However,
these results can be extrapolated to breast cancer SLN procedures as well.
Chapter 5 provides a literature overview on the available PGC systems and
their added value to radioguided surgery. One of the challenges in SLN
procedures is that SLNs may be missed due to the “shine-through” effect of
the highly radioactive injection site. Missing SLNs may lead to unsuccessful
SLN surgery and ultimately to a false-negative procedure. The presence of
SLNs in close proximity to the injection site often occurs in the head/neck
region, but has also been reported as one of the main causes for unsuccessful
SLN identification in breast cancer procedures [34,35]. Chapter 6 evaluates
the PGC in comparison to conventional techniques using a phantom set-
up and three head/neck melanoma cases on the detectability of SLNs in
close proximity from the injection site. All commercially available PGCs
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solely provide single modality gamma imaging. The image field of view can
only be estimated during the procedure since precise spatial information is
lacking. Users may have difficulties to interpret PGC images due to the lack
of anatomical information. In chapter 7, the results of a dual-center study
evaluating the feasibility of a prototype portable hybrid camera, which adds
optical to y-imaging, are described. Today, the increase in the combined
clinical use of radiotracer and fluorescent tracers has generated a need for
multiple detection modalities in the operating room. To this end, chapter 8
describes the potential of a fully integrated gamma-ray and fluorescence
detection apparatus and the engineering challenges that need to be resolved
for clinical use.

Part 3 explores whether nuclear medicine techniques can improve nodal
staging in breast cancer patients undergoing NST and characterize intratumoral
heterogeneity. Selective removal of initially tumor-positive axillary lymph
nodes improves the accuracy of nodal staging in breast cancer patients who
underwent NST. Initially tumor-positive lymph nodes can be marked with
radioactive iodine-seeds to facilitate intraoperative identification. However,
not all hospitals are authorized to use radioactive iodine-seeds for locating
axillary lymph nodes. To overcome this limitation, chapter 9 describes whether
radioguided occult lesion localization of clip-marked lymph nodes is feasible in
breast cancer patients. Intratumoral differences in metabolic activity ("8F-FDG
uptake) possibly indicate areas of different biological characteristics and
thus tumor heterogeneity. For further investigating the clinical relevance of
intratumoral heterogeneity on "F-FDG PET, it is required to 1) obtain FDG-
guided biopsies from different tumor regions and correlate "®F-FDG uptake
with immunohistochemistry results, and 2) correlate intratumoral heterogeneity
with treatment outcome. Chapter 10 reports on accuracy tests of a new PET-
guided system for breast cancer biopsy using a phantom simulation model and
the feasibility to image intratumoral heterogeneity in clinical cases. Chapter 11
evaluates whether intratumoral heterogeneity measured with PET-derived
textural features is associated with pathologic complete response after NST in
triple-negative or HER2-positive breast cancer patients.

Finally, this thesis ends with a discussion and future perspectives, followed
by summaries in English and Dutch (chapter 12).
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