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INTRODUCTION

In the recent years much progress has been made in cancer treatment. Besides the
traditional therapies such as chemotherapy, surgery and radiotherapy, targeted therapy
and immunotherapy are increasingly being used and have clearly contributed to the
improved outcome of patients with cancer.

Overall, survival of patients with cancer in the Netherlands is improving [1]. However,
better survival rates have not been observed equally between cancer types. A well-known
explanation is phenotypic heterogeneity in tumours and their micro-environment, which
has genetic and non-genetic causes [2]. Because of this, some (parts of) tumours or their
metastases are intrinsically less sensitive to a certain therapy. In addition, heterogeneity
in the distribution of drugs can be part of the problem. Differences in drug distribution
between patients (e.g. pharmacokinetic differences), but also between organs within
patients and even within regions of a single tumour or metastasis, contribute to a
heterogeneous treatment effect [3-5]. Furthermore, as patients survive longer, long term
side effects of the treatments become increasingly relevant [6-9].

This thesis is based on two central concepts.

First, an effective drug is only effective when it reaches the right location at the right dose.
Second, a treatment can be defined as optimal when maximal efficacy is joined by minimal
toxicity.

With these concepts in mind, this thesis investigates two methods using therapeutic
ultrasound.
. MR-HIFU hyperthermia combined with temperature sensitive liposomes
containing chemotherapy
1. Ultrasound and microbubble therapy

Both interventions aim to optimize local drug delivery, in order to obtain a maximum
therapeutic effect at the target locations, while minimizing healthy tissue damage
(toxicity). To bring these therapies from studies in cells (in vitro) to patients, clinical trials
in veterinary patients can help pave the road to clinical human translation. Obtaining
detailed information on patient characteristics using imaging, but also by learning from
data of previous patients, could help to further optimize targeted therapy and personalize
cancer treatment.

In this introduction, the background and mechanisms behind these two therapeutic
ultrasound approaches will be described briefly, as well as the patient populations we
expect will benefit from these therapies. Finally, an outline of the chapters in this thesis
will be provided.
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Ultrasound

Ultrasound is known for its application in imaging. During ultrasound (US) imaging,
pulses of ultrasound waves (with a frequency above 20 kHz) are send through tissue. The
waves reflect on the demarcation between two types of tissues (with different acoustic
impedance) and echoes are detected and converted to a grayscale image which makes
distinction between tissues possible [10]. In contrast-enhanced ultrasound (CEUS), gas
containing particles (ultrasound contrast agents) are administered to obtain additional
information on vascularization or delineation of body cavities. The contrast is caused by
the large difference in acoustic properties between liquid (e.g. blood or lymph) and gas,
and because the ultrasound pulses cause oscillation of the contrast agent [10-12].

In this thesis, we use ultrasound not just forimaging, but also to enhance local drug delivery.
In this setting we use the term therapeutic ultrasound. Two examples of therapeutic
ultrasound are MR-guided high intensity focused ultrasound (MR-HIFU) and ultrasound in
combination with microbubbles (USMB therapy).

Magnetic resonance-guided high intensity focused ultrasound

MR-HIFU is a truly non-invasive treatment modality, that combines magnetic resonance
imaging (MRI) and high intensity focused ultrasound (HIFU) to warm up tissues or to create
mechanical effects. In HIFU, transmitted ultrasound waves are focused into one specific
point, which has an effect similar to focusing light with a magnifying glass to burn leaves. In
the focus point the intensity will be very high and the tissue starts to warm up. Depending
on the treatment goal, a tumour can be heated to 55-70°C (thermal tissue ablation) [13-
15] or to 40-43 °C (mild local hyperthermia, which we investigate in this thesis) [16-18].
HIFU is commonly performed with magnetic resonance guidance: MRI is used to control
which part of the patient is heated (i.e. treatment planning) and MR thermometry
measures temperature simultaneously (i.e. treatment guidance) [19].

Ultrasound and microbubble therapy

The second method of therapeutic ultrasound applied in this thesis is ultrasound and
microbubble (USMB) therapy. Microbubbles are ultrasound contrast agents: gas-filled
particles, 1-10 um in diameter, with a biocompatible shell generally made of phospholipids
or proteins [20, 21]. Examples of microbubbles approved for clinical CEUS are SonoVue
(which contains sulphur hexafluoride (SF6) gas), Definity and Optison (both containing
perfluorocarbons). In addition to its role in CEUS imaging, the combination of ultrasound
and microbubbles has the potential to locally enhance the delivery of drugs. When exposed
to low-intensity ultrasound, microbubbles will oscillate, which is called stable cavitation.
Microbubbles exposed to higher intensities will collapse violently, called inertial cavitation.
Both types of cavitation induce a number of effects, collectively known as sonopermeation,
which can improve drug delivery to tumour tissue. These effects include formation of
pores in cell membranes (sonoporation), enhanced endocytosis and increased vascular
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permeability [22, 23]. Furthermore, both increased and decreased perfusion after USMB
have been described [24].

Nanomedicine and lyso-thermosensitive liposomal doxorubicin

To improve local drug delivery, MR-HIFU induced hyperthermia can be combined with
(temperature-sensitive) nanomedicine. Nanomedicine aims to improve the balance
between efficacy and safety of drugs by targeting drug-loaded nanometre scale particles
specifically to tumours [25]. These nanomedicines include polymeric nanoparticles,
liposomes, micellar nanoparticles, protein nanoparticles and inorganic and metallic
nanoparticles. A small number of nanomedicines are currently used in the clinic, such
as pegfilgrastim (PEGylated G-CSF protein), liposomal doxorubicin, liposomal irinotecan
and nab-paclitaxel (albumin-bound paclitaxel nanoparticles) [26, 27]. Liposomes are
nanoparticles which consist of a phospholipid bilayer with an aqueous core [28]. In this
thesis, we propose the use of the nanomedicine lyso-thermosensitive liposomal doxorubicin
(LTLD, also known as ThermoDox), containing the drug doxorubicin. The composition
of the phospholipid bilayer makes the liposome temperature sensitive and suitable for
heat-triggered release of doxorubicin. The cytotoxic (chemotherapy) drug doxorubicin is
frequently used for the treatment of a wide range of cancers, including breast cancer. LTLD
is administered intravenously. When heated to 40-42 °C, LTLD releases doxorubicin in the
blood stream within seconds [29-31]. In this way, a high concentration of doxorubicin can
be achieved in a heated tumour (3-25 fold higher than with conventional doxorubicin in
small animals [32-34]). At normal body temperature (circa 37 °C), doxorubicin slowly leaks
from the liposome, and after two hours all of the doxorubicin is released [29]. Without
heating, LTLD leads to a similar biodistribution [35, 36] and antitumour efficacy [30, 33]
compared to conventional doxorubicin. Several tumour heating methods have been used
in combination with LTLD, also in clinical studies [37-41]. In this thesis we propose a study
of magnetic resonance-guided high intensity focused ultrasound (MR-HIFU) induced
hyperthermia.

Patient populations in this thesis

The methods to improve drug delivery investigated in this thesis are proposed for two
groups of patients. The first group consists of patients with de novo metastatic breast
cancer (MBC) or “de novo stage IV”, for whom we have designed a clinical trial of LTLD plus
MR-HIFU hyperthermia. Because this is the first in-human trial to evaluate this combined
treatment, we considered that evaluating safety and feasibility in a study population
without a curative intent was most feasible and in line with common practice in phase |
trials. However, we expect that future patients with earlier stage breast cancer will benefit
from the combination of LTLD plus MR-HIFU hyperthermia in the setting of neoadjuvant
chemotherapy. Applying this treatment in the neoadjuvant setting could lead to more
complete pathological responses, possibilities for less extensive, or even without surgery,
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increase the amount of radically removed tumours and possibly decrease local recurrence
rates. If safety and feasibility are sufficiently proven in patients with de novo MBC, we will
proceed with a clinical trial in the neoadjuvant setting.

The second group contains patients with head and neck cancer, where we think USMB
therapy could provide a benefit in patients with locally advanced tumours in whom
radical surgery often is difficult or disfiguring. In these patients USMB could potentially
facilitate radical surgery with less local morbidity and, by obtaining cancer-free margins,
also reduce the risk of local recurrences. In order to bridge the gap from in vitro results to
clinical patients we performed a study in the third population described below: veterinary
patients with the feline equivalent of head and neck cancer.

1. De novo metastatic breast cancer

In the Netherlands, yearly around 14,500 patients are diagnosed with invasive breast
cancer [42]. Around 5% present with de novo MBC: these patients have distant metastases
at the time of their primary breast cancer diagnosis [43]. In the majority of patients
diagnosed with metastatic (stage 1V) disease, the metastases are diagnosed in the years
that follow their breast cancer diagnosis, so called metachronous MBC. When patients
present with de novo MBC, the question arises what the best approach will be in dealing
with both the local breast tumour and the distant metastases. Although many studies
have suggested that local treatment of the breast tumour in patients with de novo MBC
would provide a survival benefit [44-46], recent randomized studies have refuted this
[47, 48]. Usually, these patients are treated with palliative systemic treatment such as
chemotherapy, endocrine therapy or targeted therapy. Because they have both local
disease (in the breast) and distant metastases (elsewhere) patients with de novo MBC
make a valuable study population to evaluate both the local and the systemic efficacy and
toxicity of new therapies (such as LTLD plus MR-HIFU hyperthermia).

2. Head and neck cancer

Head and Neck Squamous Cell Carcinoma (HNSCC) affects approximately 3,000 new
patients yearly in the Netherlands[49]. This group of cancers is located in the head and
neck region (for example in the mouth, nose, larynx or pharynx). Most patients present
with locally advanced disease [50, 51], where primary surgery is often not an option,
because the tumour cannot be removed completely or because surgery would create
unacceptable local damage. Combinations of chemotherapy, targeted or immunotherapy
and radiotherapy are being used [52]. Despite treatment with combined modalities, up
to half of the patients develop local recurrences, which are in most cases incurable [53,
54]. Moreover, treatment is associated with undesired acute and long-term toxicity [8, 9,
55]. The predominance of locally advanced disease and local recurrences emphasizes the
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need for improved local therapy, while minimizing local and systemic side effects. For this
reason we hypothesize that optimizing local drug delivery using therapeutic ultrasound
could benefit these patients.

3. Feline oral squamous cell carcinoma

Since there are many pathophysiologic and genetic similarities between head and neck
cancer in humans and in cats, feline oral squamous cell carcinoma (FOSCC) patients are
a valuable model to bridge the gap between in vitro and small animal studies and human
patients with head and neck cancer [56-58]. An additional advantage towards clinical
translation is that due to the size of cats, it is possible to use the same clinical equipment
used in humans, while for small animal experiments often dedicated equipment is
necessary.

FOSCC is very common in aged cats, 10% of all tumours diagnosed in cats are oral tumours,
of which 61.2% is squamous cell carcinomal[59]. Cats are often presented in an advanced
stage of disease [60]. As in human HNSCC, cancer is often locally invasive and most cats
succumb to local disease progression [58, 61].

Standard of care treatment options of oral squamous cell carcinoma in cats are similar
to those in humans. Surgery is performed if possible and adjuvant radiotherapy can be
added if resection is known or suspected to be incomplete. Primary radiation therapy,
with palliative or curative intent, is an alternative in non-resectable disease, which can be
combined with chemotherapy as a radiosensitizer [62-64]. Supportive care alone is also
common and results in a median overall survival time of approximately 1.5 months. [65].

OUTLINE OF THE THESIS

In part 1 (chapter 1) we discuss heterogeneity in drug distribution, which can occur
on many scales, ranging from differences in pharmacokinetics and -dynamics between
patients to heterogeneity within a single tumour, all potentially leading to a heterogeneous
treatment effect (i.e. therapy heterogeneity). We reviewed the role of imaging to evaluate
this heterogeneity in the setting of nanomedicine. These imaging techniques can be used
to visualize nanoparticle distribution, drug distribution and characteristics of the tumour
environment, that influence therapy heterogeneity and thus efficacy. Imaging can help to
evaluate therapy effect in a (pre)clinical setting, better understand underlying mechanisms
leading to heterogeneity, select patients for personalized treatment and evaluate the
effect of methods that aim to address therapy heterogeneity.

In part 2 and 3 we discuss two of these methods, with the goal to decrease therapy
heterogeneity and thus to optimize drug distribution. Both methods use therapeutic
ultrasound to increase local drug deposition without increasing side effects. Part 2
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concerns the combination of MR-HIFU hyperthermia and temperature sensitive liposomes
with doxorubicin used in patients with breast cancer. Chapter 2 provides more insight
into the study population of the clinical trial described in chapter 3: patients with de
novo metastatic breast cancer. Data from the Netherlands Cancer Registry (NCR) were
analysed, to compare characteristics, survival and treatment between patients with de
novo and metachronous MBC in the period 2008-2018. Chapter 3 describes the design
of a phase | clinical trial which will investigate the combination of lyso-thermosensitive
liposomal doxorubicin (LTLD, ThermoDox) and Magnetic Resonance guided High Intensity
Focused Ultrasound (MR-HIFU). This trial was designed to evaluate safety, tolerability and
feasibility of this combination treatment in patients with de novo MBC, in whom both local
and systemic efficacy and toxicity of the treatment can be monitored. During palliative
chemotherapy, conventional doxorubicin will be replaced by intravenous LTLD and the
primary tumour in the breast will be warmed by MR-HIFU hyperthermia.

Part 3 discusses therapeutic ultrasound and microbubbles (USMB therapy) to improve
drug distribution and illustrates imaging applications of USMB. We hypothesize that USMB
therapy could improve treatment for patients with head and neck cancer, as they often
have local problems in the primary tumour region. Increasing drug delivery locally without
increasing systemic side effects could be beneficial. This part describes the steps that we
took to bring this therapy further to the clinic, from in vitro to a veterinary trial. In chapter
4 we investigated the potential of a clinical ultrasound system and clinically available
microbubbles to perform USMB in vitro and to enhance local chemotherapy effect. Chapter
5 describes a veterinary clinical trial in cats with feline oral squamous cell carcinoma. These
cats, with otherwise limited treatment options, were treated with the combination of
bleomycin (chemotherapy) and ultrasound and microbubbles (USMB therapy). During the
trial, perfusion of the tumour was evaluated before and after USMB therapy with contrast-
enhanced ultrasound, as well as tumour progression, survival duration and owner reported
quality of life of the cats. Chapter 6 is a review concerning new developments in imaging
for sentinel node biopsy in patients with head and neck cancer. Several techniques can be
used to identify the lymph node with the highest change of metastasis based on lymphatic
flow and proximity to the primary tumour (the sentinel node). If that lymph node does
not contain metastasis, it is considered unlikely that other lymph nodes do. The procedure
can help select which patient needs extensive therapy to improve survival, and in which
patient this can be omitted, thereby avoiding associated side effects. One of the imaging
methods discussed is contrast-enhanced lymphosonography. In this setting ultrasound
and microbubbles are not used as therapy but for contrast-enhanced ultrasound imaging
of lymphatic flow and accumulation in lymph nodes.
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CHAPTER 1

ABSTRACT

Genetic and phenotypic tumour heterogeneity is an important cause of therapy
resistance. Moreover, non-uniform spatial drug distribution in cancer treatment may
cause pseudo-resistance, meaning that a treatment is ineffective because the drug does
not reach its target at sufficient concentrations. Together with tumour heterogeneity,
non-uniform drug distribution causes “therapy heterogeneity”: a spatially heterogeneous
treatment effect. Spatial heterogeneity in drug distribution occurs on all scales ranging
from interpatient differences to intratumour differences on tissue or cellular scale.
Nanomedicine aims to improve the balance between efficacy and safety of drugs by
targeting drug-loaded nanoparticles specifically to tumours. Spatial heterogeneity in
nanoparticle and payload distribution could be an important factor that limits their
efficacy in patients. Therefore, imaging spatial nanoparticle distribution and imaging
the tumour environment giving rise to this distribution could help understand (lack
of) clinical success of nanomedicine. Imaging the nanoparticle, drug and tumour
environment can lead to improvements of new nanotherapies, increase understanding
of underlying mechanisms of heterogeneous distribution, facilitate patient selection for
nanotherapies and help assess the effect of treatments that aim to reduce heterogeneity
in nanoparticle distribution.

In this review, we discuss three groups of imaging modalities applied in nanomedicine
research: non-invasive clinical imaging methods (nuclear imaging, MRI, CT, ultrasound),
optical imaging and mass spectrometry imaging. Because each imaging modality
provides information at a different scale and has its own strengths and weaknesses,
choosing wisely and combining modalities will lead to a wealth of information that will
help bring nanomedicine forward.

Keywords

Drug distribution
Nanomedicine

Clinical Imaging

Optical imaging

Mass Spectrometry Imaging
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INTRODUCTION

In 2015, 17.5 million people were diagnosed with cancer globally and its incidence is
increasing. Although the prognosis of most cancer types has improved, still 8.7 million
people died of cancer in that year [1]. Rather than a single disease, ‘cancer’ comprises
of a diverse collection of diseases. A high degree of heterogeneity in tumour genotype,
phenotype and behaviour (including responsiveness to therapy) exists not only between
tumour types, but also between tumours of the same histological type in different
patients [2], between primary and metastatic tumours in the same patient , within a
patient’s tumour that is developing over time [3] and even within a single tumour at
one moment [2, 4-10]. The genetic and non-genetic causes of tumour heterogeneity
have been reviewed in detail elsewhere. This heterogeneity is an important cause of
therapy resistance [3, 11-14] and in some cancer types an association between the
degree of intratumoural heterogeneity and a worse prognosis has been found [15-
17]. This stresses the importance of evaluating disease heterogeneity and the need for
personalized treatment.

Therapy heterogeneity

Therapy heterogeneity, a spatially heterogeneous treatment effect, is another important
source of variability between patients and between tumours within an individual. Spatial
heterogeneity in drug distribution contributes to therapy heterogeneity and can lead
to pseudoresistance: the treatment does not have the desired effect, not because of
cellular or genetic mechanisms of resistance, but because the drug simply does not
reach all tumour cells at a high enough concentration [18-20]. Moreover, unintended
accumulation of drugs in healthy tissue may lead to increased toxicity [18]. Furthermore,
heterogeneity in spatial distribution of drugs can generate distinct microenvironments
within the tumour, causing intra- and intertumour heterogeneity and, ultimately,
influencing clinical outcome.

Spatial heterogeneity of nanomedicine

Heterogeneous drug distribution occurs for drugs of all sizes. In this review we will focus
on its impact in the field of nanomedicine. Nanomedicines are sub-micron size drug
delivery systems, which are designed to improve the drug delivery to tumours while
reducing systemic side effects [21]. Several principles for drug targeting to tumours
are described in literature [22]: passive targeting (mainly relying on the enhanced
permeability and retention (EPR) effect [23, 24]), active targeting (using carriers decorated
with tumour-specific targeting antibodies) or triggered release (drug release from
nanocarriers in response to heat, ultrasound or light) [25]. Regardless of the targeting
method, nanomedicine has to overcome several physiological barriers before reaching
the targeted tumour cells, which may very likely introduce therapy heterogeneity [26].
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Scales of heterogeneity

As reviewed by Garattini et al., heterogeneous drug distribution leading to therapy
heterogeneity can occur on many scales [18]. On each scale different factors influence
the distribution of the nanoparticle and drug.

On patient scale, the inter-patient variability of nanomedicine pharmacokinetics (PK) is
influenced by many factors such as age, gender, body composition, prior treatments, and
drug-drug interactions [27]. For a number of liposomal nanoparticles, it has been shown
that the PK variability of nanoparticles is greater than that of the corresponding small
molecule drugs [28]. Clearance of most nanoparticles occurs mainly via the mononuclear
phagocyte system (MPS, also known as the reticuloendothelial system) through uptake by
circulating and tissue-homing phagocytic cells, primarily in the liver and spleen [29]. One
explanation for interpatient differences is that MPS function is affected by age, gender
and inflammation [30]. Comorbidity affecting renal function or hepatic function could in
turn diminish renal clearance or hepatobiliary excretion of certain nanoparticles. On the
other hand, the presence of tumours in the liver increased the clearance of a liposomal
campthothecin analogue [31]. Furthermore, due to the accelerated blood clearance (ABC)
phenomenon, a second dosage of polyethylene glycol (PEG)ylated nanoparticles is cleared
more rapidly, leading to additional inter and intra patient differences [32].

Also on the organ and tumour scale, many factors can contribute to heterogeneity in
nanoparticle and drug distribution between different tumours in an individual patient.
Accumulation of nanoparticles is tumour type and organ dependent [33]. Tumour
locations with limited perfusion or specific barriers such as the blood brain barrier [34]
or blood retina barrier [35] can hinder nanoparticle and drug accumulation. A large
variation in EPR effect exists between tumour types, sizes and locations, most likely
related to variability in tumour blood vessel architecture and function [26, 36]. Likewise,
preclinical small animal tumour models generally overestimate the EPR effect compared
to tumours in patients, which complicates clinical translation of nanomedicine [37].
Moreover, differences in composition of the tumour microenvironment (including
immune cell infiltration, pericyte coverage of the endothelium, density of the
extracellular matrix, hypoxia and interstitial fluid pressure (IFP) can lead to intertumour
heterogeneity in nanoparticle accumulation and treatment effect [3, 37-40].

Finally, on tissue and cellular scale, there are numerous causes for heterogeneity in drug
and nanoparticle distribution within a single tumour. These intratumour differences
relate among other things to endothelial cell gaps across the vessel wall, perfusion,
extracellular matrix composition and immune cell presence (e.g. tumour associated
macrophages, TAM) [3, 19, 38]. Variable endothelial gaps (ranging from one to
hundreds of nanometers) result in non-uniform extravasation of nanoparticles into the
tumour [41]. Heterogeneity in tumour perfusion will cause non-uniform transport of
nanoparticles and nutrients to different parts of the tumour and introduce local variance
in oxygenation and tumour pH [19, 38].
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Role of imaging to evaluate spatial heterogeneity of nanomedicine
Some nanomedicine formulations are currently used in the clinic [42, 43], but overall the
success of nanomedicine has been modest [44-46]. Spatial heterogeneity in distribution
of nanoparticles could be an important factor limiting the efficacy in patients and
therefore the acceptance of nanotherapy in the clinic. Better understanding of the
extent and impact of therapy heterogeneity from cellular to patient scale may increase
the success of nanomedicine in clinical practice.

Many imaging methods are available to visualize at a variety of scales the three main

factors (i.e. nanoparticle distribution, drug distribution and tumour environment) that

influence spatial therapy heterogeneity and thus efficacy. These methods can be used to:

1. Evaluatethe effect of the therapyina preclinical setting, to facilitate the development
of new treatments.

2. Improve understanding of the underlying mechanisms that lead to heterogeneous
distribution of nanoparticles and drugs.

3. Select patients and predict their treatment response for a personalized treatment
plan: which patient likely benefits from a certain therapy and in which patient is
adaptation of therapy necessary?

4. Evaluate the effect of methods that aim to address therapy heterogeneity, such as
modulating the tumour microenvironment, hyperthermia or sonopermeation [19,
47, 48].

Scope

Over the last years, several excellent review papers on imaging in nanomedicine were
published focusing on imaging the biodistribution of nanoparticles [49], imaging labelled
nanoparticles [50-52], the role of imaging to evaluate treatments that alter nanoparticle
delivery [47], imaging nanoparticles as companion diagnostics [53, 54], or clinical
applications of imaging in the field of nanomedicine [55-57]. In this review we will provide
a non-exhaustive overview of imaging methods used in the field of nanomedicine,
which visualize spatial distribution of nanoparticles or drugs or factors contributing to
heterogeneity on different scales, i.e. patient, organ/tumour and tissue/cellular scale.
For each method, we will highlight the three main aspects that can be imaged: the drug,
the nanoparticle and the tumour (micro-) environment. We will focus on three groups
of imaging modalities. A summary of the modalities and their strengths and limitations is
presented in Table 1. First we will discuss non-invasive clinical imaging methods, because
of their direct usability in clinical translation of nanomedicine. Subsequently, we will
elaborate on the most commonly used preclinical modality optical imaging as it is the
most frequently employed imaging modality to investigate the interplay between drug,
nanoparticle and environment. Optical imaging can be a non-invasive technique in the
preclinical setting, while it is invasive clinically. Finally we will discuss mass spectrometry
imaging (MSI), an invasive but promising and versatile label-free method for monitoring
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drug distribution and effect. Our goal is to show how imaging can provide information
on all aspect that influence nanotherapy and in this way will help clinical and preclinical
researchers to improve the effectiveness of nanotherapies and translate their use to
cancer patients.

NUCLEAR IMAGING: SCINTIGRAPHY/SPECT/PET

Nuclear imaging techniques, namely scintigraphy, Single-Photon Emission Computed
Tomography (SPECT) and Positron Emission Tomography (PET) provide highly sensitive
guantitative information about the distribution of an administered radiopharmaceutical.
They are often combined with CT (SPECT/CT or PET/CT) to add anatomical information
and perform attenuation correction. Since the spatial resolution is lower than that
of MRI, CT and US imaging, clinical PET and SPECT are mainly informative on patient
and organ scale. In the preclinical setting, high-resolution PET and SPECT techniques
demonstrate expansion to the tissue scale [58], which is nicely represented by the study
of Wang et al. showing the heterogeneous spatial distribution of radiolabelled multi-
walled carbon nanotubes in mouse brains with high-resolution SPECT [59].

Currently, the metabolic activity measured with ®F-fluorodeoxyglucose (FDG-) PET/CT
is widely used in the clinic for diagnosis and monitoring therapy response. Traditionally
several parameters are analysed for diagnosis and prognosis, including maximum
standardized uptake values (SUVmax), peak standardized uptake values (SUVpeak),
metabolic tumourvolume (MTV), and total lesion glycolysis (TLG). Recently, intratumoural
heterogeneity of baseline ®F-FDG uptake measured by PET texture analysis has been
introduced as new predictive and prognostic factor for neoadjuvant chemotherapy [60-
63].

Imaging the nanoparticle

Nuclearimaging has already gained widespread acceptance in the management of cancer
using standard chemotherapeutic agents, but may also play an important role in the
advancement of nanomedicine towards clinical practice. Historically, nuclear imaging is
used to image the distribution of radiolabelled nanoparticles on the patient and organ/
tumour scale [47, 49-51, 56, 57]. Already in 1984, Lopez et al. used scintigraphy to track
the distribution of Tc-99-m labelled liposomes in cancer patients on organ scale [64].
More recently, studies have used nuclear imaging of radiolabelled nanoparticles as a
companion diagnostic to predict treatment response to drug containing nanoparticles or
for directly visualizing the distribution of labelled therapeutic nanoparticles [65-69]. The
latter approachis nicely illustrated by a clinical study in nineteen HER2-positive metastatic
breast cancer patients [69]. HER2-targeted PEG-liposomes containing doxorubicin were
administered together with a ®Cu-labelled tracer dose of the same liposomes and their
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distribution was imaged by PET/CT. This study was able to demonstrate and quantify
the EPR effect in patients and found that tumour liposome concentrations were similar
to those found preclinically. Heterogeneity in nanoparticle distribution on the patient
and tumour scale was observed and an association was found between the amount
of ®*Cu-labelled liposome uptake in the tumour and the overall tumour response and
progression free survival [69]. Recently, Miedema et al. used PET/CT to track ®Zr-labelled
docetaxel nanoparticles in five patients with various tumour types and observed uptake
of the nanoparticles in 35% of the tumours, which they attributed to the EPR effect.
Heterogeneous patterns of accumulation were seen on patient and organ scale [70].

Imaging the tumour environment

Furthermore, clinical studies with different tracers are being conducted to extend
the use of nuclear imaging to gaining insight into the different aspects of tumour
physiology, such as proliferation (e.g. ¥F-fluorothymidine (FLT-PET) [71-73]), hypoxia
(e.g. ®F-fluoromisonidazole (F-MISQO)-PET [55, 74, 75]) and angiogenesis (e.g. with
radiolabelled arginine-glycine-aspartic acid (RGD) peptide tracers [76] or vascular
endothelial growth factor expression [76, 77]).

Other tracers visualize expression of receptors that can be targeted by drugs (e.g.
8F-fluoroestradiol (FES-) PET [78, 79], human epidermal growth factor receptor 2
(HER2-) PET or SPECT [80]), demonstrate suitability for targeted therapy (e.g. response
prediction to tyrosine kinase inhibitors in non-small cell lung cancer [76, 81]), or image
tumour specific markers (e.g. prostate specific membrane antigen (PSMA-) PET [82, 83]
and radiolabelled somatostatin analogues for neuroendocrine tumours [84, 85]).
Nuclear imaging methods create the possibility to combine imaging of nanoparticle
distribution with imaging of characteristics of the tumour environment. A good
example of this is the ZEPHIR trial [86], which was able to characterize tumour and
therapy heterogeneity on the patient and tumour scale, based on pre-treatment HER2-
PET/CT with ®Zr-trastuzumab and FDG-PET/CT after just one treatment cycle. These
two types of PET imaging where used to characterize distribution of the nanoparticle
(trastuzumab in T-DM1) and the tumour environment (FDG uptake). In metastatic breast
cancer patients, who all had HER2 positive disease on biopsy, the combination of early
metabolic response on FDG-PET (significant reduction in FDG uptake in >50% of the
tumour load) and positive #Zr-trastuzumab uptake (>50% of the tumour load) on the
HER2-PET could predict treatment response to the antibody-drug conjugate (ADC)
trastuzumab-emtansine (T-DM1) (Fig. 1A) [86]. A preclinical immunohistochemistry
study has shown that trastuzumab distribution is also very heterogeneous on the tissue
scale and that a large amount of HER2 receptors are never reached by trastuzumab
[87]. The ZEPHIR study demonstrates that the inherent problems of characterising the
tumour environment by tissue biopsies (i.e. sampling error and overlooking intra- and
intertumour heterogeneity) can be circumvented through the use of nuclear imaging.
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Imaging the drug

Depending on the nanoparticles’ release characteristics, imaging nanoparticle
distribution might not necessarily reflect the distribution of encapsulated drugs and thus
provide an incomplete view of drug distribution. To avoid the shortcomings of imaging
the nanoparticle, the chemotherapeutic drug camptothecin and a photosensitizing agent
were conjugated and labelled with ®Cu. In this way, the distribution of the drug conjugate
could be imaged even after release from the polymeric nanoparticle. This study showed
that a higher amount of the ®*Cu-labelled photosensitizing agent was delivered to the
tumour when it was conjugated to camptothecin. Accordingly, nanoparticles containing
the combination more efficiently inhibited tumour growth than nanoparticles containing
either the photosensitizer or camptothecin [88]. Attempts have been made to distinguish
the distribution of nanoparticles from the distribution of drugs with nuclear imaging.
For example, Lamichhane et al. combined PET and SPECT to image [111In]-Liposomes
and the encapsulated [**F]-Fluorinated Carboplatin separately on organ scale. A similar
distribution was found for both drug and carrier, with the highest accumulation in the
spleen and liver. (Fig. 1B) [89].

MAGNETIC RESONANCE IMAGING

Because of the lack of radiation, its high spatial resolution and excellent soft tissue
contrast. Magnetic resonance imaging (MRI) is widely used in daily clinical practice for
tumour diagnosis, characterisation and response evaluation. MRI is increasingly being
investigated in image-guided therapy such as MR-guided radiotherapy (MR-LINAC)
[90] and MR-guided High Intensity Focused Ultrasound (MR-HIFU) [91, 92]. Several
MRI techniques have been used in nanomedicine research, to characterize the tumour
environment and to image the distribution of nanoparticles or (model) drugs on organ/
tumour and tissue scale [47, 49, 50, 55, 56, 93].

Imaging the tumour environment

Tumour vascular development and density, as well as perfusion and hypoxia, are key
regulators of nanoparticle distribution and nanotherapy effect. Dynamic Contrast
Enhanced (DCE-) MRI has been used in clinical trials to evaluate the effect of antivascular
treatment on perfusion and vascular permeability [94, 95]. Preclinically, Baker et
al. used MRI and histopathology to evaluate factors of the tumour environment that
contribute to therapy heterogeneity on tissue level. Distribution of trastuzumab was
very heterogeneous. However, area’s with little trastuzumab did not correspond with
areas that were poorly vascularized [96]. More specifically related to nanomedicine,
Activin receptor-like kinase 5 (ALK5) inhibition with A-83-01 was shown to increase
accumulation of liposomal Gadolinium (Gd) diethylenetriaminepentaacetic acid
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(DTPA) on dynamic MRI [97]. Restricted diffusion on diffusion weighted imaging (DWI)
correlates with the cell density of a tumour [98, 99], while Blood Oxygenation Level
Dependent (BOLD-) and Tissue Oxygenation Level-Dependent (TOLD-) MRI quantify
tumour oxygenation [100, 101]. Hypoxic regions inherently have impaired transport of
molecules and in addition hypoxia alters key cellular process such as energy metabolism
and cellular receptor uptake and signalling, that can affect both intracellular uptake and
efflux of nanomedicine [102].

Imaging the nanoparticle

Iron-oxide nanoparticles have been approved as MRI contrast agent for clinical use.
However, they can also function as companion diagnostic or as (imageable) drug delivery
systems [103]. For example, Ramanathan et al. conducted a clinical pilot study where
they used feromoxytol (FMX) iron nanoparticles (also known as superparamagnetic
iron oxide particles, SPION) to predict the deposition of nanoliposomal irinotecan. They
showed a correlation between FMX-MRI and tumour response [104]. This companion
diagnosticapproach couldlead toimproved patient selection and personalized treatment.
Alternatively, tracking the distribution of therapeutic nanoparticles could help with
response prediction and early adaptation of a treatment plan. For example Hsu et al.
could track the uptake of iron oxide nanoparticles conjugated to tyrosine kinase inhibitor
erlotinib at tissue scale, and observed that the particle induced tumour inhibition in
non-small cell lung cancer-bearing mice (Fig. 1C) [105]. Also other MRI contrast agents
such as manganese and gadolinium have been incorporated in nanoparticles to create
paramagnetic nanoparticles that can be imaged with MRI [106, 107]. For instance, Nitta
et al. used Gd-dendron modified liposomes to evaluate intratumoural microvasculature
with MRI and found a clear difference in vessel architecture between two tumour
models. In addition, increased leakage of the liposomes into the tumour tissue was
observed after anti-angiogenic sunitinib treatment [108].

Imaging model drugs

Moreover, MRI contrast agents have been encapsulated in nanoparticles as model
drugs, to visualize and quantify drug release triggered by temperature, pH or ultrasound
sensitive nanoparticles using MRI [93, 109]. Onuki et al. combined two MRI contrast
agents to visualize the nanoparticle distribution as well as content release in mice
on tissue scale. The mice were treated with poly(D,L-lactide-co-glycolide) nano/
microspheres, encapsulated with gadolinium-DTPA, SPIONs and the chemotherapeutic
drugs 5-fluorouracil. In vivo, release of gadolinium-DTPA was seen from 30 minutes after
intravenous injection, in the same tumour regions where most of the nanospheres had
accumulated [110]. Using MR contrast agents as a model drug is a convenient way to
visualize in vivo drug release and spatial distribution at tumour and tissue scale. However,
these MR contrast agents may influence the stability of nanoparticle [111] and interact
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with the co-loaded drug. Furthermore, the tissue distribution of the MR contrast agent
and the co-loaded drug may not correspond due to different physicochemical properties
of both molecules.

COMPUTED TOMOGRAPHY

Computed tomography (CT) imaging is very commonly used in the clinic for diagnostic
purposes and response evaluation after treatment. More recently, it was shown that
CT could derive tumour transport properties in patients with pancreatic cancer that
correlated with gemcitabine incorporation, pathological response, and oncologic
outcome [112]. Yoon et al. showed that CT texture features, as a non-invasive imaging
biomarker for the identification of intratumoural heterogeneity, correlated with survival
rate in gastric cancer [63].

Imaging the tumour environment

The added value of CT imaging for nanomedicine through identifying tumour transport
properties was already shown in the preclinical setting. Dynamic Contrast Enhanced
(DCE) CT has been used in several studies to measure the intratumoural perfusion,
permeability and the accumulation of CT contrast agent-containing nanoparticles
in mice [49, 113-116]. Since intratumoural perfusion is associated with liposome
accumulation, DCE-CT could be useful to select patients more likely to respond to
treatment with liposomal drugs [117]. Correlations were found between distribution
of interstitial fluid pressure, tumour perfusion and the intratumoural accumulation of
iohexol-containing liposomes imaged with CT on tissue scale (Fig. 1D) [118]. Spectral CT
is another promising technique to image therapy heterogeneity on tissue scale, since
it can provide high-resolution imaging and quantification of various components of the
tumour microenvironment by taking advantage of differences in their energy-dependent
attenuation [119]. Spectral CT has already been utilized to monitor vascular and tumour
response to vascular endothelial growth factor (VEGF-) inhibitors in rabbits [120] and to
assess angiogenesis clinically [121]. Related to nanomedicine, both tumour vasculature
and tumour retention of liposomes has been imaged simultaneously with spectral CT,
by administering iodine and Gd liposomes at different intervals before CT imaging [116].

Imaging the nanoparticle

In addition to imaging a contrast agent encapsulated in a nanoparticle, CT can also
be utilized to image metallic nanoparticles with a high attenuation of x-rays [49, 122].
For example Mao et al. used CT to image the distribution of gold nanoparticle clusters
containing doxorubicin on tissue scale and found that the nanoparticles accumulated
mostly in the periphery of the tumour [123]. Because vesselsin the tumour periphery are
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actually on average less permeable than in the tumour core, these results suggest that
EPRis not the only factor in play. Extravasation into the core might, among other factors,
be hampered by tumour perfusion and the interstitial tumour matrix [26]. In another
study, CT imaging showed that hollow bismuth subcarbonate nanotubes, assembled
from ultrasmall nanoclusters and loaded with doxorubicin for chemoradiotherapy, had
an increased circulation time and exhibited a stronger EPR effect in mice compared to
non-assembled ultrasmall nanoclusters [124].

ULTRASOUND IMAGING

Ultrasound (US) is a low-cost, radiation-free and patient-friendly clinical imaging method
that is mostly used for tumour diagnosis and image-guided biopsies. The introduction
of contrast-enhanced ultrasound (CEUS), i.e. using microbubbles as ultrasonographic
contrast agents, has extended the application of ultrasound in many fields due to
improved image quality and new information that cannot be obtained with standard US
[125, 126].

Imaging the tumour environment

CEUS can provide anatomical as well as functional information about the vasculature
of the tumour (micro-) environment [127-131]. As an example, CEUS with poly (butyl
cyanoacrylate)-based microbubbles has been used toimage the degree of vascularisation
on tumour scale in mice, which was correlated with the degree of EPR-mediated
accumulation of a polymeric drug carrier [132]. Moreover, Rojas et al. used targeted sub-
micron phase-change contrast agents (liquid perfluorocarbon droplets, that contrary to
microbubbles can also provide extravascular contrast) to image angiogenic vessels and
perfusion in rats [133].

Tumour environment modelling treatments to improve nanoparticle delivery have been
investigated using CEUS. Changes in tumour physiology (i.e. vessel fraction and blood
flow) measured by US imaging after collagenase treatment corresponded with changes
in IFP, therefore US imaging can be used as an earlier marker of tumour response [134].
Fibrinolytic therapy decompressed blood vessels and improved tumour perfusion was
observed with CEUS. Probably related to these physiological changes, the anticancer
efficacy of nanoparticle-encapsulated paclitaxel and the penetration of liposomal
doxorubicin improved by fibrinolytic therapy [135]. IFP can also be measured directly by
US elastography [136].

Recent advances in US imaging such as ultrafast ultrasound and super-resolution
techniques provide also information on microvascular properties [137]. Ultrafast Doppler
imaging is capable of visualizing the heterogeneous tumour vasculature over time in
3-D with high sensitivity and spatial resolution (80 um) [138, 139]. Super-resolution
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ultrasound imaging technology allows vascular imaging at even higher spatial resolution
(~¥10 um) [140]. These techniques have already been used for detailed visualization
of tumour microvascular morphology [141], characterization of tumour perfusion on
tissue scale (Fig. 1E) [142] and monitoring of early tumour response to an angiogenesis
inhibiting drug [143] and will soon be of great value for prediction of nanotherapy
heterogeneity and response.

Imaging the nanoparticle

In addition to imaging the tumour environment, the distribution of nanoparticles
can be imaged by US, using echogenic nanoparticles [144] (e.g. nanobubbles [145,
146], echogenic liposomes [147], polymeric gas-containing nanoparticles [148-150]
or combining ultrasound contrast agents with nanoparticles through simultaneous
administration or the use of nanoparticle-coated microbubbles [151-153]. Besides
the benefits associated with imaging of nanoparticle distribution, ultrasound and
microbubbles can improve the therapeutic effect of a drug or nanoparticle through a
number of mechanisms, summarized as ‘sonopermeation’ [154].

Imaging the drug

Although drugs cannot be imaged directly with ultrasound, drug distribution can be
visualized. To achieve this, Ektate et al. developed low-temperature sensitive echogenic
liposomes, loaded with doxorubicin and perfluoropentane. Tumour hyperthermia led to
increased US contrast in mice, which was correlated with increased doxorubicin delivery
[147]. Min et al. used a different approach and administered doxorubicin-loaded calcium
carbonate polymeric nanoparticles to tumour-bearing mice. In an acidic environment,
such as a tumour, the nanoparticles released their doxorubicin load and simultaneously
produced carbon dioxide nanobubbles through hydrolysis, which made ultrasound
imaging of release at tumour scale possible [155].
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Figure 1. Non-invasive clinical methods to image spatial heterogeneity of nanomedicine

(A) Patterns of HER2—PET/CT confronted with FDG—PET/CT, Maximum intensity projection. Lesion
uptake was considered pertinent when visually higher than blood pool. Top: dominant part of tumour
load showed tracer uptake. Lung, liver and bone involvement seen of FDG-PET: not all lung lesions
are seen on HER2-PET. Bottom: entire tumour load lacked tracer uptake. Liver and bone involvement
seen on FDG-PET are not seen on HER2PET. (Adapted with permission from [86], copyright 2016 Oxford
University Press on behalf of the European Society for Medical Oncology)

(B) In vivo computed tomography (CT), positron emission tomography (PET)/CT, and SPECT/CT images
of a nude mouse injected with 14 MBq of [**F]-FCP encapsulated [**!In]-Liposome through tail vein
injection 1 h post-administration. Coronal images. Both PET/CT and SPECT/CT images show the uptake
of [*®F]-FCP encapsulated in [*'!In]-Liposome in the liver and spleen. Both images correspond to each
other in the uptake profile, demonstrating the feasibility of dual-tracer imaging from a single nano-
construct. (Adapted with permission from [89], copyright 2017 MDPI)

(C) MR T2* images of CL1-5-F4/NF-kB-/uc2-xenograft-bearing mice treated with erlotinib-conjugated
iron oxide nanoparticles. Voxelwise estimates of the intratumoural iron concentration derived from
changes in the AR2* signal (P < 0.0001), which correlates to the amount of intratumoural erlotinib
content. Top: T2* weighted MR image. Bottom: T2*-weighted MR image with color-coded overlay of
voxelwise estimates of intratumoural iron concentration (Adapted with permission from [105], copyright
2018 Elsevier)

(D) A panel of images showing point-based measurements of IFP overlaid on the intratumoural
distribution of CT-liposomes in an orthotopic tumour. Images from left to right represent: interstitial
Fluid Pressure (IFP); permeability; perfusion; interstitial volume fraction; plasma volume fraction. The
coloured circles and corresponding numbers represent the region of interest (ROI) locations, ROl size
used for point-based analysis, and measured IFP. Predominantly peripheral CT-liposome enhancement
was observed, with some heterogeneous accumulation within the central tumour region. Metrics
of perfusion were spatially heterogeneous, but tended to increase towards the tumour periphery.
(Adapted with permission from [118], copyright 2015 Elsevier)

(E) Motion model ultrasound localization microscopy (mULM). Super-resolution ultrasound images
of an A431 tumour provide detailed information on the microvascular architecture including insights
into vascular connectivity and the number of vascular branching points (see arrows in magnifications).
Functional information such as MB velocities (left image) and MB flow directions (right image; color-
coding illustrating the direction of flow according to the coloured circle) can be determined for each
individual vessel and evaluated together with the morphological characteristics. Scale bar=1mm.
(Adapted with permission from [142], copyright 2018 Nature Research)

OPTICAL IMAGING OF NANOTHERAPY HETEROGENEITY

Optical imaging modalities are used to collect a variety of information on various spatial
and temporal scales [156]: from organism to molecule and from static snapshots to real-
time continuous dynamic visualization [157]. These techniques are used in preclinical set-
ups to provide macroscopic information at organism and organ scales (bioluminescence
imaging (BLI), fluorescence imaging (FLI)) [158] or combined in tomographic set-ups to
provide three-dimensional distribution profiles at organ and tissue scales (fluorescence
diffuse optical tomography (fDOT), fluorescence-mediated molecular tomography
(FMT)) [159, 160]. Most importantly, the possibility for high spatial and temporal
resolution imaging enables tissue and (sub-)cellular scale imaging in preclinical set-ups
via intravital microscopy (IVM) (confocal laser scanning microscopy (CLSM) and two-
photon / multiphoton microscopy (MPM)) [161, 162]. Real-time in vivo optical imaging
modalities are steadily substituting “old-school” ex vivo methodology — “dead mice tell
too few tales” [163] — and, preclinically, they establish high-resolution alternatives to
conventional clinical imaging modalities. In addition, supplementary ex vivo / in vitro
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optical imaging techniques can provide supportive structural and functional information
(immunohistochemistry (IHC) on tissue slices, electron microscopy (EM), flow
cytometry imaging). Optical imaging is widely used in the development and evaluation
of nanotherapies: molecular imaging helps unravel nanoparticles’ complex in vivo fate
[164, 165], while development of nanoparticles with multimodal-imaging potential
[166-170] and state-of-the-art fluorescence-labelling strategies [171, 172] increase the
amount and quality of information.

WHOLE BODY FLUORESCENCE IMAGING ON ORGANISM
AND ORGAN / TUMOUR SCALE

Traditionally, macroscopic optical imaging modalities are used in preclinical small animal
experimental procedures as alternatives to conventional non-terminal / non-invasive
whole-body imaging modalities (PET/SPECT, MRI, CT). BLI, one of the most commonly
used optical imaging techniques, allows real-time detection of protein-derived native
light emission (Fig. 2A). Even though the required genetic engineering (transfection
of cancer cell lines, transgenic animals) makes the technique inapplicable to wild type
tumours [173], BLI remains a fast and user-friendly option to evaluate nanotherapy
efficacy based on the endogenous luminescence of tumours [174-180] to verify
nanoparticles” diagnostic or theranostic potential [168, 181, 182], and to combine
with other imaging approaches [183]. Another extensively used preclinical imaging
technique is whole body fluorescence imaging (FLI), which requires the administration
of fluorescent nanoparticles or molecules (Fig. 2A). Whole body FLI allows for a two
dimensional organism and organ/tumour scale evaluation of nanotherapy spatial
heterogeneity. Researchers use FLI to define nanoparticles” in vivo release profile
[184], to monitor nanoparticle tumour accumulation [185-189], to determine how
specific structural characteristics of nanoparticles alter their tumour accumulation
[186], to examine nanoparticles theranostic potential [170, 190-192], to evaluate the
performance of nanoparticles as potential single- [193-195] or multimodal [168, 170,
196, 197] imaging probes. Despite the fact that BLI and FLI can be used to delineate
solid tumours and detect fluorescent nanoparticles respectively, they fail to provide
three-dimensional and deep-tissue information. This disadvantage can be surpassed
by integrating fluorescence-driven tomographic techniques [159]. fDOT [173] and
fluorescence molecular tomography hybridized with computed tomography (FMT-CT)
[198-200] in combination with Near-infrared (NIR-) decorated nanoparticles provide
additional three-dimensional spatial information (Fig. 2B).
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INTRAVITAL MICROSCOPY ON TISSUE AND (SUB)CELLULAR
SCALE

Recent advancements in molecular imaging revealed the dark side of the field of
nanomedicine. The scepticism about the EPR effect [39], the demonstration of low
targeting efficiency towards tumour cells [201], and even, surprisingly, the incrimination
of nanomaterials as metastasis mediators [202] denote that nanoparticle behaviour
in vivo is highly complex. Therefore, a deeper understanding of in vivo behaviour,
targeting mechanisms and nanoparticles’ specific engagement with cell populations
(tumour, stromal, endothelial, immune cells) is essential. Extensive use of real-time
imaging techniques like IVM, could potentiate our efforts to characterize the tumour
microenvironment on tissue and cellular scale (Fig. 2C) and design nanotherapies with
predictable and desired physicochemical and immunobiological behaviour.

Imaging the nanoparticle

Indeed, IVM can provide information regarding nanoparticles’ extravasation, diffusion,
and penetration into tumours (Fig. 2C). For such purpose, orange/red fluorescence-
labelled nanoparticles are most commonly injected together with large molecular
weight (e.g. 2 MDa) green fluorescence-labelled dextran to delineate vessels. This
two-dye strategy was applied to confirm the silica nanoparticle-based delivery of small
interfering ribonucleic acid (siRNA) cancer therapeutics to orthotopic MDA-MB-231
tumours [203]. Similarly, extravasation of 100 nm long circulating liposomes into
melanomas in presence / absence of Tumour Necrosis Factor (TNF) co-administration
was evaluated. The IVM experiment revealed TNF-mediated vessel permeabilization
that led to enhanced liposome extravasation. Unsurprisingly, the TNF-derived benefit
was not observed for liposomes of larger size (400, 800 nm) [204], corroborating the
realization that nanoparticles much larger than 100 nm cannot extravasate. Alongside
qualitative visualization, IVM was utilized for semi-quantitative analysis comparing
accumulation of nanoparticles in tumours versus healthy organs [205].

Interestingly, IVM has been used to identify differences in nanoparticle diffusion to
tumour sites or nanoparticle tumour targeting, and to correlate them to different
physicochemical properties, providing an excellent tool for head-to-head nanoparticle
comparisons. The size-dependent diffusion of nanoparticles was studied after
administration of a library of small fluorescent quantum dot nanoparticles with
diameters of 12, 60 and 125 nm, revealing that 12 nm nanoparticles diffused twice as far
in comparison to the largest size particles [206]. Similarly, a size effect was found when
attempting to target lymph node metastases with nanoparticles: of three nanoparticles
with diameters of 30, 70, and 80 nm, only the smallest reached the metastasis [207]. By
comparing the studies that aimed to understand the importance of the nanoparticle size
inin vivo behaviour, a clear pattern of deeper tissue penetration by smaller nanoparticles
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is revealed. In another study low (5 mol %) PEG surface density proved to contribute
to a higher targeting specificity of arginylglycylaspartic acid (RGD) nanoparticles, than
high (50 mol %) surface PEG density [208]. A head-to-head comparison between
the extravasation of a quantum dot and a nanotube sharing similar surface coating,
surface area, and charge but different geometry (spherical vs cylindrical respectively)
revealed shape-dependent and tumour-dependent extravasation patterns. Of three
investigated tumour models, cylindrical single-walled carbon nanotubes were found
to extravasate only markedly in a human glioblastoma tumour model, while spherical
guantum dots extravasated only in a colon adenocarcinoma tumour model. Surprisingly,
no extravasation of either nanoparticle was observed in an ovarian adenocarcinoma
tumour model [209]. Comparably, heterogeneity in extravasation patterns between
these tumour models was found for RGD-decorated and control quantum dots [210].
The importance of morphology was emphasized when plateloid-shaped microparticles
were found to adhere more efficiently to tumour vasculature and exhibit a higher
tumour to liver accumulation ratio than cylindroid microparticles [211].

Imaging the tumour environment

In addition to addressing nanoparticle tumour targeting and accumulation profiles,
IVM has been used to unravel more intricate interactions between nanoparticles
and immune cells; an interesting option given the increasing appeal of cancer
immunotherapy. One of the first studies providing real-time insight in the behaviour
of TAM, developed magneto-fluorescent nanoparticles enabling the visualization of
nanoparticle-labelled TAM on tumour/organ scale (MRI, FMT) and on tissue and cellular
scale (IVM). Among other findings, TAM phagocytosed more nanoparticles than other
myeloid cells, they were situated in close proximity to tumour cells and displayed low
motility [212]. Since nanoparticles tend to accumulate in TAMs, the hypothesis that an
increase in TAM population within the tumour microenvironment would also increase
nanoparticle accumulation was tested. Application of radiation proved to increase TAM
/ tumour cell ratio and confirmed this hypothesis: radiation enhanced the accumulation
of liposomal doxorubicin in the tumour. IVM experiments showed that the enhanced
accumulation was mediated by an increase in ‘vascular bursts’ (bursts of extravasation
of nanoparticles into the tumour tissue) for which the presence of TAM and perivascular
phagocytes was required [213]. Of note, the verification that vascular bursts are a driving
mechanism for enhanced accumulation of nanoparticles within a tumour, challenges the
conventional EPR-effect theory about roughly homogeneously increased leakiness of
tumour vasculature [214]. Another immune cell-related variable that has been tested
via IVM is the nanoparticle clearance from circulation. Myeloid immune cells proved to
be a significant mediator of nanoparticle clearance, as nanoparticles injected in mice
pre-treated with clodronate (which causes depletion of phagocytotic cells), circulated in
a significantly higher amount in the blood [215].
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Given that angiogenesis is a hallmark of cancer, the attention of intravital microscopy
users has been directed particularly to nanoparticle-mediated vessel wall visualization
and targeting. Already in the mid '00s, a successful attempt using vascular cell adhesion
molecule 1 (VCAM-1) decorated nanoparticles paved the way for future success [216].
Subsequently, the development of RGD-decorated multimodal (fluorescence and
paramagnetic) quantum dots [217] or nanoemulsions [208] aimed to actively target
the avB3 integrin receptor overexpressed by angiogenic endothelium. By comparing
the above studies, we see that attaching a certain targeting peptide to a nanoparticle
alters the nanoparticle’s in vivo behaviour in a similar manner regardless of the selected
nanomaterial, i.e., nanoemulsions versus quantum dots. The multimodal nature of
nanoparticles allows for visualization of angiogenic endothelium and neovasculature on
tumour/organ scale (MRI, FLI, BLI), tissue scale (IHC and IVM), and cellular scale (IVM)
[208, 217]. Of note, IVM strategies of visualizing nanoparticles and immune cells could
be expanded outside the field of nanomedicine, for cancer cell imaging [218], which
could be used as complementary technique in the analysis of liquid biopsies [219] and
in the assessment of tumour heterogeneity [220].

The new mechanisticand molecular insights that were obtained through IVM procedures
inspired researchers to develop IVM-specialized imaging agents. Biocompatible
organic dots for MPM [221], magneto-fluorescent nanoparticles [222] and fluorescent
nanoprobes that detect vascular permeability [223] are among representative examples
of nanoparticles aiming to increase the information obtained by imaging.

OPTICAL IMAGING OF DRUGS

Visualization of fluorescent-labelled nanoparticles and related aspects of the tumour
microenvironment provide valuable information on therapy heterogeneity in
nanomedicine.Imagingtheadministereddrugitselfwould complete the picture. However,
direct imaging of drugs remains elusive. In this respect, inherently fluorescent drugs are
convenient [224, 225], and some chemotherapeutic drugs relevant to cancer research
possess fluorescent properties (i.e. doxorubicin, mitoxantrone, irinotecan) [226]. The
application fluorescent drugs is nicely illustrated by a study that showed colocalization of
fluorescent doxorubicin with Kupffer cells outside of tumours in a liver metastasis mouse
model after treatment with PEGylated liposomal doxorubicin (Fig. 2E) [225]. Another
interesting study from our institution used ex-vivo fluorescence microscopy to quantify
tumour tissue doxorubicin concentration and heterogeneity of doxorubicin distribution
after treatment of mice with doxorubicin, PEGylated liposomal doxorubicin (Doxil) and
temperature-sensitive doxorubicin liposomes (ThermoDox) at three different dosages.
Heterogeneity in doxorubicin distribution was visualized on tissue scale and could be
compared spatially to heterogeneous vessel perfusion, hypoxia and dividing cell fraction
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inthe tumour microenvironment [227]. However, in vivoimaging of inherently fluorescent
drugs is hampered by their relatively low fluorescence quantum yield, which limits their
detectability at therapeutic concentrations. Another approach could be the conjugation
of fluorescent molecules to the drugs that are carried by nanoparticles, despite the fact
that this could result into alternation of their properties. The conjugation of fluorescent
dyes to macromolecular drugs has been successfully applied before [87, 96, 228]. In
these studies the drugs had a significantly higher molecular weight than the conjugated
fluorescent dye, which made their biodistribution properties, targeting specificity and
efficacy less likely to be compromised by the dye. Fluorescently labelled therapeutic
antibodies have already been administered to patients in early clinical studies [229-231].

TISSUE OPTICAL CLEARING

Utilization of fluorescent molecules is often restricted by factors such limited imaging
depth. Therefore, more sophisticated ex vivo techniques like the tissue optical clearing
strategies [232] have been developed to surpass these limitations [233] by reversing
the tissue opacity [234]. The application of such a methodology has been successfully
applied to 3D cell spheres [235], tissue samples [236, 237], intact organs [238, 239] and
even entire organisms [240]. Even though most of the conducted research is performed
in soft tissues and organs, e.g., the brain, the tissue optical clearing strategies appear
an appealing methodology for visualizing tissues in which fluorescence signal is heavily
scattered, such as the dense connective tissue [241]. Tissue clearing applications
provide high quality 3D information and improved mapping of the tissue environment
which is useful to investigate the nanoparticle [242-244] and drug [228] distribution at
tissue, organ, and organism scale. Additionally, tissue clearing has been used as a tool to
study the heterogeneity of immune cell infiltration and therapeutic response in tumour
models [245]. Besides its pre-clinical use, tissue clearing methodology has been applied
for microscopic assessment of clinical specimens [246].

CLINICAL TRANSLATION OF OPTICAL IMAGING

Due to the limitations in tissue penetration and size of the imageable subject, in vivo
optical imaging is mainly constricted to preclinical applications. Clinically, optical
imaging is of course widely used on ex vivo biopsy or surgical samples. Although this
consists mostly of immune histochemistry, some work has been done to complement
this with fluorescent imaging [247, 248]. To our knowledge, fluorescent imaging has not
yet been applied in clinical trials using nanomedicine. However, progress has been made
towards translation of the use of silica nanoparticles for intra-operative sentinel node
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and tumour detection [249, 250]. In the future ex-vivo analysis of patient biopsies or
surgical samples during clinical nanomedicine trials could provide detailed information
on therapy heterogeneity on the tissue scale by visualizing nanoparticles, tumour
microenvironment and perhaps fluorescent drugs. However, non-invasive in-vivo
techniques will probably remain more appealing. Apart from nanomedicine, the clinical
use of optical imaging is mostly complementary, with primary focus on intraoperative
imaging [248, 251-253] and fluorescence-guided diagnosis [248, 254].

OPTOACOUSTIC IMAGING

Optoacoustic (photoacoustic) imaging is an emerging hybrid technique that combines
the benefits of US and optical techniques, i.e. deep imaging depth, high spatial
resolution and high contrast [255]. In optoacoustic imaging energy emitted by a pulsed
laser source is absorbed by tissue causing its thermoelastic expansion, which generates
ultrasound waves that can be detected with conventional ultrasound transducers [256].
The spatial resolution and imaging depth can be adapted to the scale of the preferred
application domain, ranging from cellular substructures to organs with the same type of
contrast [257]. Optoacoustic signal is mainly provided by endogenous molecules, such
as haemoglobin (Hb), melanin, lipids, and collagen, or exogenous contrast agents such
as small-molecule dyes, gold nanoparticles and liposomes [258, 259].
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Figure 2. Optical technologies to image spatial heterogeneity of nanomedicine

(A) Combination of bioluminescence imaging (BLI) of luciferase expressing glioblastoma and
photoluminescence (PL) imaging of theranostic photonic nanoparticles to verify nanoparticle tumour
targeting efficacy. (Adapted with permission from [181], copyright 2016 Wiley).

(B) 3D fluorescence-enhanced diffuse optical tomography (fDOT) image after injection of NIR-decorated
nanoparticles in tumour-bearing mouse. (Adapted with permission from [173] copyright 2012 SPIE
Digital Library).

(C) Representative examples of real-time intravital microscopy (IVM) used to visualizing tumour
microenvironment and track nanoparticles. The combination of bright-field illumination, non-linear
optical imaging effects, endogenous fluorescence, and i.v. administration of fluorescent dyes contribute
to a high quality tumour microenvironment characterization. Left: Green fluorescent protein (GFP)
expressing endothelium (green) in a TIE2GFP mouse, 70 KDa TMR-dextran positive TAM (red), collagen
(blue). Middle: Rhodamine-labelled nanoemulsions, passive diffusion on inflamed tissue over 30 min.
Right: Atto633-labelled Doxil-like liposomes in circulation (red blur within vessel) and phagocytosed
by a slow-moving circulating immune cell (red blob), GFP expressing endothelium (green) on TIE2GFP
mouse (green). Scale bars 100 um (right: 20 um). (A.M. Sofias and S. Hak, unpublished data).

(D) Multispectral Optoacoustic Tomography (MSOT) images of nude mouse with A2780 tumour Left: gold
nanorod accumulation (overlaid in red) 24 hours after injection Right: MSOT images of oxyhemoglobin
(red) and deoxyhemoglobin (blue) distribution visualizes vasculature. (Adapted with permission from
[277], copyright 2012 Radiological Society of North America (United States))

(E) Heterogeneity of transport and structural properties of 4T1 breast cancer metastases in mouse liver.
Several magnified metastases with different sizes and the red fluorescence of extravasated doxorubicin
delivered by PEGylated liposomal doxorubicin (PLD) and colocalizing arrows) with Kupffer cells
(green) outside tumours; stars denote doxorubicin fluorescence in tumours, the white-dashed line
indicates the tumour boundary (Adapted with permission from [225], copyright 2018 Elsevier)

Imaging the tumour environment

In the oncology domain the endogenous contrast is typically used to study tumour
vasculature [260, 261] and oxygenation status (Hb) [262, 263] at cellular scale [264] as well
as at tissue scale [265]. Whereas targeted exogenous contras agents enable the readout
of a specific biological entity or process such as Epidermal Growth Factor Receptor (EGFR)
expression [266] or matrix metalloproteinase activity [267]. By using multiple wavelength
illumination (i.e. Multispectral Optoacoustic Tomography (MSOT)) it is possible to
differentiate the contribution of different contrast agents and analyse their concentration
and distribution simultaneously. In the work of Tomaszewski et al. MSOT imaging of
endogenous contrast (i.e. signals from oxy- and deoxyhaemoglobin) and exogenous
contrast (signals from the FDA approved organic dye indocyanine green (ICG)) allowed for
the non-invasive assessment of tumour vascular function, hypoxia, and necrosis revealing a
complex, yet consistent network of relationships in the tumour vascular microenvironment
[262]. Okumura et al., in turn, showed the potential of photoacoustic imaging coupled with
ICG for evaluating changes in tumour vascular permeability associated with antiangiogenic
therapy [268]. ICG rapidly binds to albumin in plasma, becoming a macromolecule
that is not able to extravasate from vessels with intact endothelium. Reduced vessel
permeability after anti-VEGF therapy, perceived as photoacoustic signal decrease in the
tumour, was detected before inhibition of tumour growth indicating the potential of
optoacoustic imaging as early marker of therapy response. Reporter gene products such as
B-galactosidase [269], tyrosinase [270, 271] and fluorescent proteins [272] have also been
used to produce contrast for optoacoustic imaging. Recently, Peters et al. introduced a
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new approach for creating optoacoustic imaging contrast by injecting phototrophic purple
bacteria into tumours, which allowed them to monitor in vivo spatiotemporal changes of
macrophage activity [273]. The spatiotemporal distribution and activity of macrophages
are very relevant for nanomedicine since macrophages are increasingly being used for
targeting nanoparticles towards tumour cells [274].

Imaging the nanoparticle

Nanocarriers not only serve as optoacoustic contrast agent, but can also act as vehicles
for drugs. Several nanoparticles have been loaded with drugs and combined with
optoacoustic imaging for non-invasive and real-time monitoring of biodistribution and
pharmacokinetics [275, 276]. Herzog et al. used the MSOT approach to investigate
the accumulation over time of long-circulating gold nanorods as well as intratumoural
patterns of hemoglobin oxygenation to demonstrate imaging of the EPR effect (Fig. 2D).
Higher nanorod accumulation was seen in the tumour model with a higher fraction
of deoxygenated haemoglobin, although the underlying mechanism is still unclear
[277]. The work by Song et al. illustrates nicely how MSOT is applied for whole-body
visualization of the nanocarrier-based drugs distribution as well as the blood vessels in
mice. They demonstrated that the distribution of platinum containing nanoparticles in
tumours is highly vascularity-dependent, and could only access the peripheral region
of the tumours [278]. Similarly, Kim et al. used bioconjugated gold nanocages as a
contrast agent for quantitative molecular optoacoustic tomography of melanomas and
surrounding blood vessels at microscopic scale in vivo [279]. These gold nanocages have
already been used for triggered drug delivery [280]. Another interesting approach is
to use pulsed laser irradiation, intrinsically part of optoacoustic instrumentation, as a
stimulus for triggered drug release [281]. Here, low-intensity laser irradiation was used
for photoacousticimaging, while high-intensity laser irradiation induced the vaporization
of perfluorohexane loaded in the nanoparticle and triggering the fast release of the co-
loaded drug paclitaxel.

Imaging the drug

In order to monitor the drugs themselves using optoacoustic imaging they should
exhibit NIR-absorbing properties. Unfortunately, few if any clinically prescribed drugs
have strong intrinsic absorption in the NIR. As an alternative, small molecule NIR dyes
are co-loaded with drugs of interest to monitor drug release and distribution [282].
An alternative approach for monitoring drug release was recently proposed by Yang
et al. [283]. They developed a multifunctional nanotheranostic platform consisting of
two optoacoustic imaging probes that allowed for concurrent non-invasive real-time
ratiometric optoacoustic imaging of acidic tumour pH and monitoring of pH-induced
drug release in living mice.[284]
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PHOTOTHERMAL AND PHOTODYNAMIC THERAPY

Optical and optoacoustic imaging have frequently been combined with photothermal
therapy (PTT [170, 187, 190, 285]) and photodynamic therapy (PDT [168, 188, 189]) so
that the NIR excitation can be used for both imaging and therapy. The recent progress
in this field was excellently reviewed by Zhu et al. [286]. In PDT a photosensitizer is
administered, which is subsequently activated by external light. In PTT nanoparticles
generate heat upon laser light excitation. Nanoparticles (e.g. gold nanoparticles) can act
as photothermal agents while simultaneously delivering photosensitizing agents [287].
Clinical trials using these therapies have already been performed [288] and imaging
the distribution of photodynamic and photothermal agents could help towards further
clinical translation.

MASS SPECTROMETRY IMAGING

Mass Spectrometry Imaging (MSI) is a label free, multiplex technique that is used to
visualize the molecular distribution of endogenous compounds such as metabolites[289],
lipids [290, 291], proteins and peptides [292-294], as well as drugs [295, 296] and drug
delivery systems [297] in biological tissues. MSI therefore has the ability to collect
not only drug distribution data but also endogenous compound information related
to drug-induced efficacy and toxicity on tissue and cellular scale. This technique is
increasingly being used in the pharmaceutical research and development pipeline and
has demonstrated its utility from early stage drug discovery to preclinical development
and clinical evaluation of tumour response to treatment. MSI is used for i) localizing
and quantifying drug and metabolite levels (pharmacokinetics) to study efficacy [295],
ii) assessing off target drug accumulation to study toxicity [298, 299], and iii) detecting
endogenous biomarkers (pharmacodynamics) for predicting and evaluating treatment
response [300].

In MSI spatially defined desorption/ionization methods are used to collect sequentially
mass spectra from a small region (pixel) of a tissue sample. Among the multitude of
surface sampling techniques, matrix-assisted laser desorption/ionisation (MALDI) uses
a laser beam for desorption/ionization of tissue-representative molecules co-crystalized
in a solidified matrix; while desorption electrospray ionization (DESI) makes use of an
electrically charged solvent spray and in secondary ion mass spectrometry (SIMS), a
beam of high energy primary ions (e.g. Ar+, Ga+, In+) is used to release secondary ions
from the sample surface. In contrast to MALDI and SIMS where the sample is analysed
under vacuum, DESI is non-destructive and performed at atmospheric pressure, which
renders the technique more user friendly and through appropriate solvent selection,
more tuneable to increase selectivity and/or sensitivity. Depending on the ionization
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method used spatial resolution, sensitivity, and the molecules that can be analysed
change. Mostly, MALDI is used at 10 to 20 pum spatial resolution, whilst DESI resolution
spans 50 pum till 200 um and SIMS allows for sub-um resolution. Sensitivity wise DESI
outperforms MALDI and SIMS, partly due to increased pixel size (see spatial resolution)
and partly due to improved ionization efficiency. Although sensitivity is determined
by e.g. physiochemical properties of the compound, typically one requires low pg/g
concentrations in the case of DESI and approx. 20 pg/g tissue for detection by MALDI
and SIMS.

Imaging the drug

The number of drugs that have been detected using MSI is extensive, ranging from
anti-cancer drugs (e.g. paclitaxel [301], sunitinib [302], doxorubicin [303]), antibiotics
(moxifloxacin [304], polymyxin [298]), beta blocker propranolol [305] and antipsychotic
drug olanzapine [306]. MALDI and DESI are mainly used to study the drug distribution
at tissue scale. MALDI MSI images for example showed clearly that the distribution of
paclitaxel distribution is very heterogeneous and depends on the histopathological
characteristics of the different tumour models investigated (figure 3A) [307]. High
performance liquid chromatography (HPLC) analysis of tumour homogenates was not
able to detect the heterogeneous drug distribution in tumour sections. The same group
also showed that the anti-angiogenic agent bevacizumab induced changes in the tumour
microenvironment (i.e. more uniform distribution of vessels and less necrosis).
Bevacizumab led to a more homogeneous distribution of paclitaxel and even though
the total tumour paclitaxel concentration was lower, anti-tumour activity was greater
[308]. In a comparable study, Torok et al. explored the effect of the intratumoural
concentration and distribution of five receptor tyrosine kinase inhibitors on their anti-
vascular and anti-tumour activities [309]. They demonstrated that limited tumour tissue
drug penetration was the primary source of resistance to angiogenesis inhibitors. Both
studies clearly show the impact of drug distribution on pharmacological responses and
demonstrate the potential of MALDI-MSI to predict the efficacy of unlabelled small
molecule drugs in malignant tissue.

Unlike whole-body autoradiography, which is the standard for quantitative assessment
of drug distribution, MSI can detect the parent drug and metabolites simultaneously in
a single experiment, without having to label the drug [310, 311]. For example Liu et al.
imaged the time-dependent and concentration-dependent permeability and metabolism
of irinotecan in tumour organoids. They discovered that the active metabolite SN-38 did
not co-localize well with the parent drug irinotecan and the inactive metabolite SN-
38G, which may lead to therapy heterogeneity [312]. Bruinen et al. were able to find
out using MALDI and DESI that precipitation of crystal-like structures in the cortex of
rabbit kidney, which were assumed to cause the renal toxicity, were mainly composed of
metabolites and relatively little parent drug (figure 3B) [313].
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Table. 1 Comparison of modalities to image spatial heterogeneity of nanomedicine

Modality Drug Nanoparticle Environment Spatial
resolution
PET/ Drug labelled with NP labelled with radioactive  Specific radiotracers Clinical:
SPECT radioactive tracer (e.g. !C, tracer (e.g. ®*Cu and ¥Zr). for environmental ~4 mm (PET)
BF and ). factors such as ~10mm (SPECT)
hypoxia ([*¥F]-FMISO),  Preclinical:
proliferation ([**F]-FLT) <1 mm (PET/
" or angiogenesis. SPECT)
o
2
[
ED MR contrast - Superparamagnetic Particular MRI sequences ~1 mm (clinical) Slow
§° agents as model NP labelled to drugs or that can measure perfusion, ~0.1 mm (preclinical)
g drugs (e.g. Gd- other NP vascular permeability,
= and Mn- chelate). - NP incorporating, diffusion or oxygenation
g encapsulating or labelled  status.
5 with MR contrast agents
e CT contrast Metallic NP (e.g. gold, Dynamic CT with contrast 50-500 um Fast
§ agents as model  bismuth). injection for measuring
g drug (e.g. iodine). perfusion and permeability .
2 US contrast - Micro- and nanosized - Specific ultrasound modes ~ 50-500 um Fast
agents as model echogenic NP for measuring flow velocity
drug (e.g. - NP labelled with US and stiffness
nanobubbles). contrast agents. - Contrast-enhanced
ultrasound to measure
perfusion
BLI/FLI - Drug labelled with NP co-loaded/labelled with - Endogenous ~5um
fluorescent dye fluorescent dye. luminescence
- Inherently fluorescent of (tumour) cell
drug populations (BLI)
- Fluorescent dyes as - Specific (antibody-
model drug labelled) fluorescent
probes to image
environmental
characteristics
- Drug labelled NP co-loaded/labelled with  Specific dyes to <1lmm Medium
with fluorescent  fluorescent dye. image environmental
o dye characteristics.
® - Fluorescent dyes
E as model drug
3 - Drug labelled NP co-loaded/labelled with  Specific dyes to Subcellular Fast
k= with fluorescent  fluorescent dye. image environmental
o dye characteristics.
- Inherently
fluorescent drug
- Fluorescent
dyes as model
drug
Fluorescent - Co-loading/labelling with - Endogenous contrast 1pm-1mm Fast
dye as model fluorescent dye (e.g. ICG) (e.g. Hb)
drug (e.g. ICG, - NP as optoacoustic - Specific (antibody-labelled)
IRDye800CW). contrast agent (e.g. fluorescent probes to
Single-walled carbon image environmental
nanotubes, gold NP) characteristics
MSI Label-free imaging of Label-free imaging of NP -Label-free imaging 1 um (IMC)
> drugs and metabolites. or NP compounds (e.g. endogenous 10-20 um
g phospholipids). compounds (e.g. (MALDI)
S metabolites, proteins,  50-200 um (DESI)
‘%’ lipids). Sub-pm (SIMS)
& » - Imaging of tumour
7w environmental
g £ markers (e.g. hypoxia)

PET: positron emission tomography; SPECT: single photon emission computed tomography; NP: nanoparticle; F-MISO:
fluoromisonidazole; FLT: fluorothymidine; CT: computed tomography; MRI: magnetic resonance imaging; US: ultrasound; BLI:
bioluminescence imaging; FLI: fluorescence imaging; fDOT: fluorescence diffuse optical tomography; FMT: fluorescence-mediated
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Tempor. res. Imaging depth Strengths Limitations
Slow Whole body - Established clinical method - Labelling required
- Non-invasive - Low resolution
- Images biological processes and - Radiation
metabolic activity - Lacks anatomical information:
- Quantitative combination with other
- High sensitivity (pM-nM) modality (CT, MRI) often
needed
- Radiotracers can cause toxicity
Whole body - Established clinical method - Contrast-agents can cause
- Non-invasive toxicity
- High spatial resolution - Not compatible with certain
- Physiological and anatomical information pacemakers, metal implants,
claustrophobia etc.
- Indirect quantification
Whole body - Established clinical method - Radiation
- Non-invasive - Contrast-agents can cause
toxicity
~30cm - Established clinical method - Operator dependent
- Non-invasive - Visualization difficult behind
- Possible therapeutic use in bone and air cavities
sonopermeation
- Anatomical and physiological information
- High spatial and temporal resolution
- High sensitivity (single MB detection)
Medium ~lcm - Preclinically whole-body - Surface-weighted 2D images

imaging possible

- Combination of tracers can be
used to obtain information on
more than one aspect

- Labelling often required

- Limited tissue depth
penetration

- Invasive when used clinically

(biopsy or surgery needed)
1-2 mm - 3D information - Labelling often required
- Possibility to combine with CT - Only preclinical use
- Combination of probes can be used to
obtain information on more than one
aspect
1-2 mm - Preclinically non-invasive real-time - 2D information
method with high spatial and temporal - Labelling often required
resolution - Only preclinical use
- Combination of probes can be used to
obtain information on more than one
aspect
- High sensitivity (n\M to uM)
1-20 mm - 3D information - Labelling often required
- Imaging at multiple scales - Operator dependent
- Penetration beyond optical diffusion limit - Imaging depth is limited when
- Combination endogenous and exogenous  the blood volume is high
contrasts can be used to obtain
information on more than one aspect
Slow Not applicable - Label-free - Invasive both preclinically and

- Endogenous and exogenous
compounds can be measured
simultaneously to obtain
information on more than one
aspect

- Quantitative measurement

clinically (biopsy or surgery
needed)

- Susceptible to sampling error

- Temporal information only
with repeated sampling of
tissue

- Protocol has to be developed
specifically for drug of interest

molecular tomography; IVM: intravital microscopy; ICG: indocyanine green; Hb: haemoglobin; MSI: mass spectrometry imaging;
IMC: imaging mass cytometry; MALDI: matrix assisted laser desorption ionisation; DESI: desorption electro spray ionisation;
SIMS: secondary ion mass spectrometry.
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In another example, Groseclose et al. [314] reported on the nephrotoxicity of
dabrafenib, an approved drug for treatment of specific tumours in adults. Pre-clinical
studies showed renal pathogenesis due to obstructive nephropathy in juvenile rats. MSI
allowed for spatial analysis of DAB and its metabolites and determination of the chemical
composition of the renal deposits. It showed that the deposits were dabrafenib- and
dabrafenib metabolite-free and they were merely composed of calcium phosphate.
Hence a better risk assessment for pediatric treatment with dabrafenib was performed.
So far, MALDI-MSI cannot yet match the spatial resolution of established methods for
intracellular imaging such electron microscopy. However, using SIMS it is possible to
map the distribution of drugs within individual cells [315]. For example, SIMS was used
to localize the drug amiodarone at therapeutic dosing concentrations in four different
cell types (figure 3C) [316, 317]. SIMS was also employed to study the intracellular
accumulation of two drugs (p-boronophenylalanine (BPA) and sodium borocaptate
(BSH)) used for boron neutron capture therapy [318]. By labelling each drug with a
different boron isotope (i.e. 10BPA and 11BSH), they were able to image the subcellular
distribution of both drugs independently in the same cell. In a recent paper by
Vanbellingen et al. the distribution of the B-cell lymphoma 2 (Bcl-2) inhibitor ABT-737
was studied in a treated A-172 human glioblastoma cell line [319]. They were able to
visualize the drug and some endogenous markers on the (sub-)surface of the cells with
high spatial (~¥250 nm) and high mass resolution (m/Am ~10,000), and absence in the
nucleus, confirming site of action.

An alternative and novel MSI technique for imaging drug distribution at subcellular
resolution, the so-called imaging mass cytometry (IMC), was introduced in the life
sciences by Giessen et al. in 2014 [320]. IMC is based on laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS), and provides capability to either
analyse drugs containing metal ions, like e.g. cisplatin, or use antibodies labelled with
a polymer containing (rare-earth) metals (e.g. Europium, Gadolinium, Gold, Platinum).
Because these metals all have distinct isotopic patterns and are absent in biological
specimens, they can be quantified with high precision. Next the use of laser ablation
offers the possibility to excise tissue sample of (sub-)micron size, providing an order
improved spatial resolution. Using this technique Chang et al. imaged the platinum
distribution at subcellular resolution (1 um) in patient-derived pancreatic cancer
xenograft-bearing mice treated with cisplatin, revealing extensive binding of platinum to
collagen fibres in both tumour and normal mouse tissues (Figure 3D) [321]. Theiner and
coworkers also employed LA-ICP-MS to localize platinum in the kidney in mice treated
with three different Pt-containing drugs. The imaging data revealed that the drugs were
mostly located outside of the malignant parts of the samples. This clearly demonstrates
that determining average Pt concentrations might overestimate drug uptake and cause
misleading conclusions on therapy efficacy [322].
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Imaging the nanoparticle

MSI also provides the opportunity to image nanocarriers, such as lipid- and metal-
based nanoparticles. Typically nanoparticles are labelled or loaded with a radioactive
or fluorescent probe in order to follow the in vivo fate after administration. However,
this requires additional chemical development and the introduction of the probe may
influence the biodistribution of the nanoparticle. Recently, Zandanel et al. showed that
MALDI-MSI allows for the simultaneous visualization of the polymeric nanoparticle, the
encapsulated drug (doxorubicin) and its metabolite (doxorubicinol) in treated mouse
liver [323]. Unfortunately, they didn’t show the co-localization of the nanoparticle
and the drug in the same tissue section. Filop et al. exploited the multiplex nature of
MSI even further by determining the spatial distribution and integrity of drug-loaded
liposomes in tissue with a single label-free measurement [324]. By imaging two lipids
(DPPG and PEG36-DSPE) incorporated in the liposomal bi-layer they were able to
visualize the liposome distribution, and in addition they could interrogate the integrity
of the liposomes by looking at the co-localization of the two lipid markers (figure 3E)
[324]. Furthermore, they examined the presence of remaining blood in the same tissue
slice by MALDI imaging of hemoglobin, which allowed determining the localization of
the liposomes with respect to the blood vessels.

Xue et al. developed an MSI method that enabled not only the visualization, but also
the quantification of the in situ drug (doxorubicin) release from molybdenum disulphide
(MoS2) nanosheets [325]. The quantification of the drug release was done calculating the
intensity ratios for doxorubicin and MoS2 signals. In two mouse tumour models (H22 and
4T1) they observed that the accumulation of drug-loaded MoS2 nanosheets was high in
the spleen and liver, but the tumour tissue accumulation was much lower. However, the
highest drug release from carriers was observed in tumour tissue, which was ascribed to
higher drug dissociation extent due to the acidic tumour microenvironment.

Imaging the tumour environment

As indicated earlier, mass spectrometry offers unique capabilities for untargeted
exploration of biological samples and provides simultaneous information of the distribution
of the drug, the nanoparticle and endogenous compounds such as metabolites, lipids
and proteins. Therefore, MSI can be used to detect biomarkers associated with disease,
molecular changes due to drug treatment and tumour components limiting nanomedicine
distribution and effect or augmenting off-target effects.
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Figure 3. Mass Spectrometry Imaging to image spatial heterogeneity of nanomedicine

(A) Paclitaxel distribution by MALDI MSI. Necrotic areas, highlighted with dashed lines, are those were
there is the lower drug signal. (Adapted with permission from [307], copyright 2016 Nature Research)
(B) DESI image overlay representing the spatial distribution of the drug compound (m/z 378) and its
most abundant metabolites (m/z 380 and 394) in a tissue section of a formalin fixed frozen rabbit
kidney. (Adapted with permission from [313], copyright 2016 Springer US)

(C) ToF SIMS 2D images of 3D data acquired in higher spatial resolution mode from Hela cells completely
consumed by the argon cluster source during analysis. The cells were incubated for 2 h with 9.7 nmol/
mL amiodarone hydrochloride. Composite image where red represents ribose m/z 81, blue shows the
signal from the phosphatidylcholine lipid fragment (m/z 184), and green shows the amiodarone signal,
[M + H]+ (m/z 646). (Adapted with permission from [317], copyright 2017 American Chemical Society)
(D) Cisplatin effects on tumour proliferation, DNA damage and cisplatin distribution in the tumour.
Representative Pan-Keratin, EF5, Collagen |, 195Pt, and Histone H3 images of cisplatin-treated (40mg/
kg for 24h) mice with OCIP28 patient derived xenografts. Scale bar=100um. (Adapted with permission
from [321], copyright 2016 Nature Research)

(E) MALDI MSI images performed on brain slices of mice that were dosed with liposomes. Four
images on the left: Half of the mice were perfused before being sacrificed (right panels) to reduce
the remaining blood in the tissue. MALDI images of liposomal marker 1,2-dipalmitoyl-sn-glycero-3-
phosphoglycerol (DPPG) and indocyanine green (ICG) were acquired in reflector negative ion mode,
of PEG36-DSPE in reflector positive mode and of Hb a chain in linear positive mode. DPPG, ICG and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine conjugated with monodisperse polyethylene glycol
(PEG36-DSPE) were measured with 4-Phenyl-a-cyanocinnamic acid amide (PhCCAA) MALDI matrix.
Hb was detected after delipidation and 2,5-dihydroxybenzoic acid (sDHB) deposition on the same
tissue region. Magnifications: MALDI-MS images of the boxed parts marked in perfused brain in pixels
indicated by an arrow shows the co-localisation of the liposomal components and hemoglobin at pixel
X442 Y071 and the absence of HB at pixel X449 YO74. (Adapted with permission from [324], copyright
2016 Nature Research)

Several studies report that the heterogeneous distribution of lipids and proteins could
reflect the effect of therapy and/or could be used as prognostic/predictive marker
for outcome. A very nice example of identifying and using endogenous proteomic
profiles for distinguishing between responders and non-responders to chemotherapy
for oesophageal adenocarcinoma is given by Aichler et al. [326]. Here they selected
a series of proteins in pre-therapeutic biopsies, which were identified through liquid
chromatography mass spectrometry (LC-MS) analysis and investigated for functional
relevance in-vitro. They identified a proteomic signature that was correlated with pre-
existing defects in the mitochondrial respiratory chain complexes of cancer cells and
was predictive for response to neoadjuvant cisplatin chemotherapy. Yanagisawa et al.
reported for the first time in 2003 the ability of MALDI-MSI to generate proteomics
patterns of tumour subsets in non-small-cell lung cancer [327]. They showed that protein
profiles obtained from tumour tissue samples obtained during surgery could be used to
accurately classify tumours and stratify patients into groups associated to poor or good
prognosis. Bauer et al. employed MALDI-MSI to identify protein markers differentially
expressed in tumour biopsies from patients displaying complete pathological response
(pCR) and non-complete pathological response after neoadjuvant paclitaxel/radiation
treatment for breast cancer [292]. Proteomic profiling of liver tissue using MALDI-
MSI was also used to compare toxicity of hollow CuS nanoparticles and hollow gold
nanospheres after intravenous administration in mice [328].
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Also tumour hypoxia is investigated by many groups since it is associated with tumour
aggressiveness and resistance to cancer treatment. Manscini et al. used MALDI-MSI to
simultaneously detect pimonidazole, a clinically used hypoxia marker, its metabolites
and associated biomolecules in a single experiment [329]. They detected several
endogenous species that co-localized with the hypoxic regions. Interestingly, these
identified species are known to be involved in hypoxia or metabolic reprogramming
in cancer, although their specific roles remain to be elucidated. Masaki et al. studied
the distribution of *®F-fluoromisonidazole (FMISQ), a widely used PET hypoxia imaging
probe [330]. The mass spectrometry images showed that FMISO and its metabolites
were nearly homogenously distributed in the tumour and did not correlate with the
radioactivity distribution. However, they identified a glutathione conjugate of amino-
FMISO which did co-localise with the radioactive signals and was involved in FMISO
accumulation in hypoxic tumour tissues.

Interestingly, most MSI studies that investigate drug distributions do not yet exploit the
multiplex capabilities of MSI. Instead of using the wealth of information on endogenous
molecule distributions (lipids, proteins, hemoglobin) already available in the acquired
MSI image they superimpose the drug MSI images with standard H&E stained tissue
images and/or various immunohistochemistry (IHC) images. As most of these IHC
images are specific to a certain protein, this can be a laborious and time consuming
effort. Moreover, correlating drug distribution with the distribution of these endogenous
molecules would allow for non-supervised investigations to discover new factors that
impair drug transport in tumour tissue and could be used as biomarker for prognosis
and therapy response prediction.

DISCUSSION/ CONCLUSION

Spatial heterogeneity in nanoparticle distribution occurs at all scales and can reduce
nanotherapy efficacy. A wide range of imaging modalities help visualize nanoparticle
distribution or factors contributing to heterogeneous distribution, by imaging the drug,
the nanoparticle and the tumour environment.

Imaging scale

When selecting imaging modalities, researchers need to take into account the desired
imaging scale. Non-invasive clinical imaging methods provide three-dimensional
information of the intact body on patient, organ and tumour scale, and recent
developments, such as super-resolution ultrasound, have broadened their application
to provide even tissue scale information. Optical imaging modalities have a superior
spatial resolution, procuring images on the tissue and cellular scale, and in the
preclinical setting they can provide (sometimes non-invasive) organism and organ
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scale information as well. Besides that, in vivo applications and intravital techniques
offer the possibility to visualize dynamic processes. Clinical use of optical imaging is
still hampered by the limited penetration depth and therefore requires tissue sampling
or intraoperative use. MSI provides information on tissue and even cellular scale. As it
requires a tissue specimen it is inherently an invasive method, regardless of preclinical
or clinical use. Due to this limitation, the technique is most suitable and currently most
used in the preclinical setting, where an entire tumour or even the whole animal can
be analysed at once. In contrast, in the clinic MSI approaches will most likely follow
a workflow similar to standard histopathology. Emerging technologies allow for more
accurate tissue sampling using intra-procedural multimodality imaging during biopsies
[331, 332]. Whenever biopsies are used sampling error is a disadvantage (just as it is
for histopathology evaluations) and the technique is therefore less suitable for imaging
on organ or tumour scale. Nonetheless, implementation of MSI in clinical research
(especially when tissue samples are collected anyway) is feasible and adds a wealth
of molecule distribution data on tissue scale. As such, MSI is increasingly becoming an
established tool in clinical and pharmaceutical studies.

Intrinsic versus extrinsic contrast

Nuclear imaging methods and most optical imaging methods require labelling
of nanoparticles, drugs or aspects of the tumour environment, which has some
disadvantages. First, the stability of the link between a label and a nanoparticle
determines its usefulness in tracking the nanoparticle, for one could be imaging the
label on itself after disconnection from the nanoparticle. Second, attaching a label
could change the pharmacokinetic and drug release properties of the nanoparticle
leading to erroneous prediction of the distribution of an unlabelled equivalent. Third,
administering a labelled version of a previously approved therapeutic nanoparticle or
drug could cause additional toxicity and obtaining clinical approval is cumbersome and
costly. Fourth, administration of radiolabelled theranostic nanoparticles may decrease
the effect of subsequent therapeutic administration through the ABC phenomenon
[333]. MSI provides a label-free alternative to obtain detailed tissue and cellular scale
information on drugs, nanoparticles and the tumour microenvironment simultaneously.

Multimodal imaging

The integration of imaging data collected from multimodality techniques offers a unique
opportunity to combine information related to drug and nanoparticle distribution and
tumour environment on multiple scales and provide synergistic advantages over the use
of a single modality.

Clinical imaging modalities are generally combined to merge functional (SPECT, PET) with
anatomical information (CT, MR) collected on the same scale. A range of nanoparticles
for multimodality imaging have been developed [169, 196, 197, 334-336]. On tissue and
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cellularscale, successful examples have shown complementarity between opticalimaging
and MSI techniques [337]. Fluorescence and MSI have been combined to characterize
local drug release and map unlabelled therapeutic drug distribution [311]. MSI enabled
monitoring of the drug and related metabolites, which were impossible to differentiate
with solely fluorescence. The combination of MSI and IMC with IHC and fluorescence in
situ hybridization (FISH), creates a new dimension to molecular pathology. Now, drug
levels within tumour regions can be correlated to different degrees of vascularization of
the tumour — highlighted with specific vasculature staining [338]. One of the reported
limitations is the impossibility to perform all analyses on the same tissue section. As
a consequence and because a tumour is such an heterogeneous system, it is highly
probable that two consecutive sections have different morphology / molecular content,
which is then difficult to correlate accurately.

To achieve multiscale information, optical imaging and MSI have been paired with clinical
imaging [59, 169, 183, 196, 197, 339]. Using dual fluorescent and MRI probes, the high
sensitivity of fluorescent imaging is complemented with MRI’s ability for deep-tissue
penetration and high spatial and temporal resolution [340, 341].

A challenge remains the integration of molecular information provided by 2D / ex vivo
MSI or optical imaging with 3D / in vivo images, such as those generated with SPECT, PET,
CT or MRI. This challenge is inherent to the fact that the images are acquired at different
scales, can be subjected to different deformations, and lack common fiducial markers.
A first step towards combining two-dimensional MSI with three-dimensional MRI is the
ability to monitor MRI contrast agents with MSI, which was demonstrated by Tata et
al. [342]. They used DESI-MSI to monitor Gadoteridol, to characterize intratumoural
heterogeneity and further guide delineation of tumour margins. Coregistration of MSI
with other modalities is promising to bridge the gap between the different scales [343-
347]. It is worth mentioning that the route towards user-friendly automated methods
that are needed to integrate these methods in a routine (clinical) workflow is still long.
Nonetheless, multiscale and multi-aspect (i.e. nanoparticle, drug and environment) data
is believed to open new doors to improve the characterization of spatially heterogeneous
distribution and heterogeneous effect and could greatly contribute in the development
of new and more effective nanotherapies.

Role of imaging for clinical translation

Integration of imaging techniques in preclinical lab practice has contributed to an
improved understanding of the in vivo behaviour of nanoparticles. Additionally, it has led
to valuable information on how specific characteristics within the tumour environment
can affect nanotherapy outcomes. Continued application of these imaging approaches,
and especially the combination of different techniques, will further strengthen
our understanding of therapy heterogeneity on organism, tissue, cellular and even
subcellular scale. Meanwhile the role of imaging for monitoring PK and biodistribution
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is well established in research and development stage, however in the clinical setting
it is not yet adopted. Clinically, spatial heterogeneous distribution of therapeutic
nanoparticles, poses the threats of under- and overtreatment. Despite the fact that
many studies have shown that drug concentration does not correspond with tissue drug
levels, phase | and Il clinical trials mainly rely on blood samples and spatially sparse
biopsies to measure PK on patient scale and biodistribution on organ scale. Imaging
drugs or nanoparticles in clinical studies is still rare and often no information is acquired
about spatial heterogeneity of nanomedicine on organ, tumour or tissue scale. However
imaging drug/nanoparticle distribution can help predict treatment effect and therefore
select which patients will benefit most and in which patients a therapy adjustment or a
combination therapy that reduces heterogeneity are warranted. Combining imaging of
nanoparticle and drug distribution with imaging of tumour environment characteristics or
early response indicators promises to help personalize treatment further. Currently, only
optical imaging is commonly used to investigate, in the preclinical setting, the interplay
between environment, nanoparticle and drug. It is our hope and recommendation that
non-invasive clinical imaging and MSI will play a central role in future preclinical and
clinical research on the interaction of drug, nanoparticle and environment. Choosing
and combining imaging modalities wisely will lay the foundation for successful future
nanotherapies.
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ABBREVIATIONS

ABC: accelerated blood clearance;

ADC: antibody-drug conjugate;

ALKS5: Activin receptor-like kinase 5;

BLI: bioluminescence imaging;

BOLD: blood oxygenation level dependent;

BPA: p-boronophenylalanine;

BSH: sodium borocaptate;

CEUS: contrast-enhanced ultrasound;

CLSM: confocal laser scanning microscopy;

CT: computed tomography;

DCE: dynamic contrast enhanced,;

DESI: desorption electro spray ionisation;

DPPG: 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol
DTPA: diethylenetriaminepentaacetic acid;

DWI: diffusion weighted imaging;

EGFR: epidermal growth factor receptor

EM: electron microscopy;

EPR: enhanced permeability and retention;

FDG: 8F-fluorodeoxyglucose;

fDOT: fluorescence diffuse optical tomography;

FES: 18F-fluoroestradiol;

FISH: fluorescence in situ hybridization;

FLI: fluorescence imaging;

FLT: 18F-fluorothymidine;

F-MISO: 18F-fluoromisonidazole;

FMT-CT: fluorescence molecular tomography hybridized with computed tomography;
FMT: fluorescence-mediated molecular tomography;
FMX: feromoxytol;

GFP: green fluorescent protein;

Hb: haemoglobin;

HER2: human epidermal growth factor receptor 2;
HPLC: high performance liquid chromatography;
ICG: indocyanine green;

IFP: interstitial fluid pressure;

IHC: immunohistochemistry;

IVM: intravital microscopy;

LA-ICP-MS: laser ablation inductively coupled plasma mass spectrometry;
LC-MS: liquid chromatography mass spectrometry;

58



SPATIAL HETEROGENEITY OF NANOMEDICINE

IMC: imaging mass cytometry;

MALDI: matrix assisted laser desorption ionisation;
MPM: multiphoton microscopy;

MPS: mononuclear phagocyte system;

MR-HIFU: magnetic resonance guided high intensity focused ultrasound;

MR-LINAC: magnetic resonance linear accelerator;
MRI: magnetic resonance imaging;

MSI: mass spectrometry imaging;

MSOT: multispectral optoacoustic tomography;
MTV: metabolic tumour volume;

NIR: near-infrared;

PDT: photodynamic therapy;

PEG: polyethylene glycol;

PEG, DSPE:  1,2-distearoyl-sn-glycero-3-phosphoethanolamine
monodisperse polyethylene glycol;

PET: positron emission tomography;

PhCCAA: 4-Phenyl-a-cyanocinnamic acid amide;
PK: pharmacokinetics;

PL: photoluminescence;

PLGA-PEG: poly(D,L-lactic-co-glycolic acid)-b-polyethylene glycol;
PSMA: prostate specific membrane antigen;

PTT: photothermal therapy;

RGD: arginylglycylaspartic acid;

sDHB: 2,5-dihydroxybenzoic acid

siRNA: small interfering ribonucleic acid;

SIMS: secondary ion mass spectrometry;

SPECT: single-photon emission computed tomography;
SPION: superparamagnetic iron oxide particles;
SUVmax: maximum standardized uptake values;
SUVpeak: peak standardized uptake values;

TMR: tetramethylrhodamine;

TOF: time of flight;

TAM: tumour associated macrophages;

T-DM1: trastuzumab-emtansine;

TLG: total lesion glycolysis;

TNF: tumour necrosis factor;

TOLD: tissue oxygenation level dependent;

US: ultrasound;

VCAM-1: vascular cell adhesion molecule 1;
VEGF: vascular endothelial growth factor;

conjugated

with
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CHAPTER 2

ABSTRACT

Purpose
The aim of this study was to compare characteristics and survival of patients with de
novo and metachronous metastatic breast cancer.

Methods

Data of patients with metastatic breast cancer were obtained from the Netherlands
Cancer Registry. Patients were categorized as having de novo metastatic breast cancer
(n=8,656) if they had distant metastases at initial presentation, or metachronous
metastatic disease (n= 2,374) in case they developed metastases within 5 or 10 years
after initial breast cancer diagnosis. Clinicopathological characteristics and treatments
of these two groups were compared, after which multiple imputation was performed
to account for missing data. Overall survival was compared for patients treated with
systemic therapy in the metastatic setting, using Kaplan Meier curves and multivariable
Cox proportional hazards models. The hazard ratio for overall survival of de novo versus
metachronous metastases was assessed accounting for time-varying effects.

Results

Compared to metachronous patients, patients with de novo metastatic breast cancer
were more likely to be >70 years, to have invasive lobular carcinoma, clinical T3 or T4
tumours, loco-regional lymphnode metastases, HER2 positivity, bone only disease and
to have received systemic therapy in the metastatic setting. They were less likely to have
triple negative tumours and liver or brain metastases. Patients with de novo metastases
survived longer (median 34.7 months) than patients with metachronous metastases
(median 24.3 months) and the hazard ratio (0.75) varied over time.

Conclusions
Differences in clinicopathological characteristics and survival between de novo and
metachronous metastatic breast cancer highlight that these are distinct patients groups.

Keywords

metastatic breast cancer

de novo stage IV

metachronous metastatic breast cancer
overall survival

prognosis
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INTRODUCTION

In the Netherlands, around 14,500 patients annually are diagnosed with invasive breast
cancer [1]. Around 5% of these patients present with de novo distant metastases at the
time of initial diagnosis [2]. Moreover, in 15-20% distant metastases are diagnosed in
the years following their initial breast cancer diagnosis (metachronous metastases)|[3,
4]. While systemic treatment, with a palliative intent, is the standard of care for both
de novo and metachronous metastatic breast cancer (MBC) [5, 6], there are specific
therapeutic considerations for each group. For instance, in de novo MBC the best
approach regarding the primary tumour is still unclear. Many studies suggested an overall
survival (OS) benefit of local treatment [7-9], but recent randomized studies have refuted
this [10, 11]. Unlike patients with de novo MBC, many patients with metachronous MBC
have already received (neoadjuvant or adjuvant) systemic treatment in addition to loco-
regional treatment following diagnosis of the primary tumour. Recurrence following
these previous systemic therapies could reflect resistance to these drugs or mean that
the maximum tolerated cumulative dose of these drugs was already reached. Moreover,
patients can suffer from lasting side effects and therefore be less fit for further systemic
treatment. These specific considerations illustrate the importance of understanding
differences between patients with de novo and metachronous MBC.

So far, characteristics and OS of patients with de novo MBC have been analysed in
several cohorts [12-27] and in some studies have been compared to patients with
metachronous MBC [4, 21, 28-36]. Typically, patients with de novo MBC have more
favourable disease characteristics and longer OS compared to metachronous patients
[4, 21, 28-35]. However, in younger patients (<40 years) the opposite appears to be true
(i.e. larger tumours, more widespread metastatic disease and more brain metastasis
in de novo MBC) [21]. Differences in gene expression profiles between de novo and
metachronous MBC have been found, which lead to believe that these tumours possess
biologically different behaviour [36]. Moreover, whereas studies consistently reported
improvements in OS over time for de novo MBC [2, 37-39], little evidence supports such
a positive trend in metachronous MBC [39], which again emphasizes the difference
between these groups. While literature on de novo MBC is often based on nationwide
registry data, data on metachronous MBC is usually based on regional cohorts [39]. Our
study demonstrates nationwide data of patients with de novo MBC and a large cohort
of patients with metachronous MBC diagnosed in 2008-2018 in the Netherlands, to
compare clinicopathological characteristics, treatment and survival.
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PATIENTS AND METHODS

Data source

The Netherlands Cancer Registry (NCR) is a nation-wide cancer registry hosted by the
Netherlands Comprehensive Cancer Organisation (IKNL) and includes all patients with
newly diagnosed cancer, with an estimated coverage of 96%[40]. Cancer diagnoses are
notified through the nationwide Pathology Archive (PALGA) and the National Registry
of Hospital Discharge Diagnoses. Trained data managers register data on diagnosis,
clinicopathological characteristics and primary treatment directly from the patient
files. Tumour location and morphology are coded according to the International
Classification of Diseases for Oncology (ICD-0O, third edition) and tumour stage is coded
following the Tumor Node Metastasis (TNM) classification. Estrogen receptor (ER) and
Progesterone receptor (PR) positivity of the primary tumour are set at 210% according
to Dutch nationwide guidelines. Additional data on recurrences (including local,
regional recurrences and distant metastases) were collected by the NCR retrospectively.
Specifically, for patients with a primary diagnosis in 2003 and 2005 all recurrences up to
10 years after initial breast cancer diagnosis were identified. In addition, for half of the
patients diagnosed in 2008, the first recurrence up to 5 years afterwards was identified
and for patients diagnosed in the first quartile of 2012 (Q1 2012), all recurrences up to
5 years after diagnosis were recorded (Fig. 1). Recurrence locations were also registered
following the ICD-0O third edition. After diagnosis of metastases, the first systemic and/
or local treatment is registered. Information on vital status was derived from the official
municipal population database.

Patient selection

All patients diagnosed with de novo MBC between 2008 and 2018, as well as registered
patients diagnosed with distant metachronous metastases between 2008-2018 were
selected from the NCR. Patients with distant metastasis within 3 months of the primary
diagnosis were excluded, because they are often considered as de novo MBC. For the
survival analyses we excluded a small group of patients (n = 333, 3.0%) with tumour
morphologies other than ductal carcinoma NOS or invasive lobular carcinoma (ILC).
Moreover, we excluded patients from the survival analyses who had not received
systemic therapy in the metastatic setting, because untreated patients likely have
severe comorbidities and inherently have a different prognosis. Moreover, knowledge
about patients eligible for systemic treatment can support medical oncologists’ clinical
decision making.

Data definition

Patient characteristics (age at diagnosis of metastasis, sex, performance status), primary
tumour characteristics (morphology, multifocality, tumour grade, clinical T stage, receptor
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and HER2 status), clinical N stage at primary diagnosis and location of metastases and
treatment (local and systemic therapy after diagnosis of primary tumour and metastases)
were analysed. Receptor and HER2 status of the metachronous metastases were not
available. Period of metastasis diagnosis was categorized in 2008-2011, 2012-2015 and
2016-2018. Within metachronous MBC, metastasis free interval (MFI), defined as time
between primary diagnosis and distant recurrence, was categorized in 3-12 months, 12-
24 months, 24-60 months and MFI > 60 months. OS was analysed using time between
diagnosis of distant metastasis and death or end of follow-up. If patients were alive at
the end of follow-up (January 31t 2022), they were censored.

Statistical analysis

Descriptive statistics were used to depict clinicopathological and treatment
characteristics and to describe missing data. Chi-squared tests or Fisher’s exact tests
were used to test difference in characteristics between de novo and metachronous MBC.
To describe OS of the groups, Kaplan Meier curves were plotted and multivariable Cox
proportional hazards (PH) analyses were performed including important confounders.
Because some confounders included missing data, we used multiple imputation by
chained equations (MICE)[41]. Data were incomplete for any of the chosen variables in
19% of patients, therefore we considered 19 simulated datasets to have a sufficiently
reliable estimation of missing values[42, 43]. The imputation model included MFI,
which was used to categorize de novo versus metachronous MBC, and the following
confounders: year of metastasis diagnosis; sex; age at metastasis diagnosis; tumour
morphology; tumour multifocality; clinical T stage; clinical N stage; receptor status;
metastasis location; tumour grade; performance status (assessed at primary diagnosis)
and therapy variables, plus the outcome variables (vital status and the Nelson-Aalen
estimator) as was recommended in literature[44-47].

The multivariable Cox PH model comparing survival of patients with de novo and
metachronous MBC included the same variables included in the imputation model,
except for tumour grade and performance status, which were considered confounders
but contained too many missings. For the variable ‘age at metastasis diagnosis’ we
used a restricted cubic spline with four knots. We also excluded therapy variables for
several reasons. First, therapy choices are partly determined by the variable of interest
(de novo versus metachronous MBC influences therapy choices) and are therefore not
a confounder but an intermediary variable. Second, specifically in de novo MBC a RCT
reported that local therapy of the primary tumour did not improve OS [10, 11], so local
therapy is not a confounder either. Likelihood ratio tests of Cox PH models were used to
compare OS between the groups. The PH assumption is the most important assumption
underlying the Cox model [48]. The assumption was tested for each variable included
in the Cox model using Schoenfeld residuals plots [49]). Confounding variables that
did not meet the PH assumption were added as strata to the model. For the variable
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of interest (de novo versus metachronous MBC), we visualised the time-varying effect
of the hazards by plotting the hazard ratio (HR) against time. For this purpose, we
generated a time dependent Cox model with an interaction between the variable (de
novo vs metachronous) and a restricted cubic spline of survival time with five knots [50].
This time dependent model was based on one imputation dataset.

In addition to the described analyses we performed supplementary analyses to study
patients with de novo and metachronous MBC separately in more detail, to test the
robustness of our results and to explore hypotheses behind the differences in OS
(Supplementary methods 1).

A p-value <0.05 was considered significant.

Statistical analyses were performed in Stata/SE 17.0 and R version 4.0.3.

RESULTS

Clinicopathological characteristics

Between 2008-2018, 8,656 patients were diagnosed with de novo MBC in the
Netherlands. In addition, 2,374 patients were identified with metachronous MBC, of
those, 639 had a primary tumour diagnosed in 2003, 1,006 in 2005, 524 in 2008 and
205 in Q1 of 2012.

Table 1 lists patient, tumour and treatment characteristics in patients with de novo and
metachronous MBC. Most notable differences were those in T and N stages, metastasis
locations and receptor status. Patients with de novo MBC were more likely than
metachronous to have T3 or T4 tumours and positive loco-regional lymph nodes, while
the majority (68%) of metachronous MBC had NO at time of primary diagnosis. Notably,
de novo metastases were more commonly limited to the bone with less frequent
involvement of the liver or central nervous system (CNS) than in metachronous disease.
However, in young de novo patients (< 40 years, n=489) we saw more liver metastases
(39%, versus 25% in de novo patients of all ages and 38% in young metachronous
patients). CNS involvement was the same (3%) in de novo patients above or below 40
years of age. ER-negative/HER2-negative tumours were observed less in de novo MBC.
Although ER positivity did not differ between de novo patients and the entire group of
metachronous MBC, supplementary analyses showed that ER-positive (HER2 negative/
unknown) tumours were more common in patients with metachronous MBC with a MFI
> 60 months (83%), while patients with shorter MFI’s had less ER positive tumours (39
to 65%) than patients with de novo MBC (67%) (supplementary table 1). Supplementary
table 2 shows changes in patients with de novo MBC over time.
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Table 1 Descriptive statistics de novo versus metachronous MBC, without multiple imputation

Patient characteristics

Sex
Female 8,564 (99) 2,351 (99) Pearson Chi? p = 0.690
Male 92 (1) 23 (1)
Age at diagnosis of metastasis
<50 1,774 (20) 457 (19) Pearson Chi* p<0.001
50-69 3,658 (42) 1,135 (48)
70+ 3,224 (37) 782 (33)
Age at diagnosis of metastasis Mean age 63.7 Mean age: 63.2 T-test p=0.1296
(22-102) yrs (24.6-97.7)
Metastasis free interval (MFI)
MFI O (de novo) 8,656 - Not applicable
MFI 3-12 months - 87 (3.7)
MFI 12-24 months - 204 (8.6)
MFI 24-60 months - 1,061 (44.7)
MFI > 60 months - 1,022 (43.0)
Tumour characteristics
Clinical T stage
TO or Tis 167 (2) 6 (0.3) Pearson Chi? p<0.001
T1 1,226 (15) 1,022 (46)
T2 2,889 (36) 917 (41)
T3 1,130 (14) 151 7)
T4 2,675 (33) 115 (5)
T unknown 569 - 163 -
Multifocality
No 5,679 (74) 1,842 (80) Pearson Chi* p<0.001
Yes 2,037 (26) 447 (20)
Unknown 940 - 85 -
Clinical N stage
NO 1,771 (22) 1,529 (68) Pearson Chi? p<0.001
N1 4,389 (54) 689 (31)
N2 337 (4) 14 (1)
N3 1,594 (20) 21 (1)
N unknown 565 - 121 -
Tumour morphology
Ductal carcinoma NOS 7,030 (81) 1,997 (84) Pearson Chi? p<0.001
Ductal carcinoma in situ 33 (0.4) 31 (1)
Invasive lobular carcinoma 1,361 (16) 309 (13)
Low grade special types 105 (1) 29 (1)
Other 127 (1) 8 (0.3)
Tumour grade
Low grade 287 (8) 206 (10) Too many missings, no
Intermediate grade 1,865 (51) 939 (45) test performed
High grade 1,514 (41) 963 (46)
Undifferentiated/anaplastic 9 (0.2) 0 (0)
Unknown 4,981 - 266 -
ER status
ER negative (<10%) 1,807 (21) 512 (22) Pearson Chi2 p = 0.643
ER positive (210%) 6,641 (79) 1,833 (78)
ER unknown/not determined 208 - 29 -
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Table 1 Continued

Tumour characteristics

PR status

PR negative (<10%) 3,494 (43) 928 (42) Pearson Chi’ p = 0.468
PR positive (>10%) 4,700 (57) 1,293 (58)
PR unknown/not determined 462 - 153 -
Her2 status
Her2 negative 5,934 (77) 1,471 (80) Pearson Chi’ p = 0.002
Her2 positive 1,767 (23) 358 (20)
Her2 unclear 955 - 545 -
Receptor status
ER pos HER2 neg/unknown 5,629 (67) 1,622 (69) Pearson Chi’> p<0.001
Her2 pos 1,767 (21) 358 (15)
ER neg Her2 neg/unknown 1,072 (13) 368 (16)
Insufficient information 188 - 26 -
Localization of metastasis
Lymph nodes only 468 (5) 60 (3) Pearson Chi? p<0.001
Bone only 2,949 (34) 510 (22)
Liver (no CNS) 2,177 (25) 727 (31)
CNS (with/without liver) 274 (3) 290 (12)
All other locations 2,760 (32) 774 (33)
Metastasis location unknown 28 - 13 -
Treatment characteristics
Local treatment primary tumour
No local treatment primary 6,383 (74) 1 (0) Fisher’s exact p<0.001
Surgery and radiotherapy 975 (11) 1,624 (68)
Surgery without radiotherapy 996 (12) 749 (32)
Radiotherapy without surgery 302 (3) 0 (0)
Any systemic therapy after
previous primary tumour diagnosis
No Not applicable 617 (26) Not applicable
Yes 1,757 (74)
Unknown 0 -
Any systemic therapy in metastatic
setting
No 937 (11) 478 (21) Pearson Chi’ p<0.001
Yes 7,719 (89) 1,816 (79)
Unknown 0 - 80 -
Systemic therapy in metastatic
setting contains chemotherapy
No 5,239 (61) 1,383 (60) Fisher’s exact p<0.001
Yes 3,417 (39) 824 (36)
Systemic therapy of unknown 0 (0) 87 (4)
type
Unknown 0 - 80 -
Systemic therapy in metastatic
setting contains endocrine
treatment
No 4,385 (51) 1,312 (57) Fisher’s exact p<0.001
Yes 4,271 (49) 895 (39)
Systemic therapy of unknown 0 (0) 87 (4)
type
Unknown 0 - 80 -
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Table 1 Continued

Treatment characteristics

Systemic therapy in metastatic
setting contains targeted therapy

No 6,924 (80) 1,903 (83) Fisher’s exact p<0.001
Yes 1,732 (20) 304 (13)
Systemic therapy of unknown 0 (0) 87 (4)
type
Unknown 0 - 80 -
Systemic therapy in metastatic
setting
No systemic therapy 937 (11) 478 (21) Pearson Chi* p<0.001
Endocrine treatment 4,119 (48) 875 (38)
Chemotherapy (without HER2 2,116 (24) 661 (29)
targeted therapy)
HER2 targeted therapy 1,484 (17) 191 (8)
Systemic therapy of unknown type 0 (0) 89 (4)
Unknown 0 - 80 -
Any local treatment of metastasis
No 6,497 (75) 1,803 (76) Pearson Chi? p =0.309
Yes 2,159 (25) 567 (24)
Unknown 0 4 -
Surgery of metastasis
No 8,337 (96) 2,059 (87) Pearson Chi? p<0.001
Yes 319 (4) 311 (13)
Unknown 0 - 4 -
Radiotherapy of metastasis
No 6,728 (78) 2,071 (87) Pearson Chi? p<0.001
Yes 1,928 (22) 299 (13)
Unknown 0 - 4

Treatment characteristics

Local treatment of the primary breast tumour was performed in 26% of patients with de
novo MBC, in 43% consisting of surgery combined with radiotherapy, and in all patients
with metachronous MBC at initial diagnosis. 74% of patients with metachronous
metastases had received systemic treatment after primary tumour diagnosis.

Systemic therapy for metastatic disease was administered in 89% of de novo and in 79%
of metachronous stage IV patients. Chemotherapy (without HER2 targeting agents) was
administered less often to patients with de novo MBC (24% vs 29%) (Table 1). Meanwhile,
de novo ER positive patients received endocrine treatment more often (67% vs 48%) and
de novo HER2 positive patients received HER2 targeted therapy more often (75% vs
41%). Radiotherapy was the preferred locoregional treatment in de novo patients while
surgery was more common in metachronous patients.
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Supplementary table 2 shows changes in treatment of patients with de novo MBC over
time, these changes could not reliably be compared between de novo and metachronous
MBC due to the method of registration for patients with metachronous metastases
(from just four primary tumour years, Fig. 1.).

Year diagnosis distant metastasis

o [@ [Se[sr[sr e[ R [ [ [ e [a] a3 [ 3x
o [ e[| [ [ o[ [ [ [, [, [ x| 3]
e e e Rl Rl R R R A
Q12012 .*****{Z{Z
* >
@ Diagnosis of primary tumour Follow-up overall survival

* Possible diagnosis of distant metastasis
{Z Possible diagnosis of distant metastasis but not included in study 2008-2018

{: Possible diagnosis of distant metastasis not registered

Fig. 1 Selection of patients with metachronous metastatic breast cancer. Patients diagnosed with
metachronous distant metastases in 2008-2018 were identified among patients diagnosed with primary
tumours in 2003, 2005, 2008 and the first quartile of 2012 (Q1 2012). For patients with a primary diagnosis
in 2003 and 2005 all recurrences up to 10 years after initial breast cancer diagnosis were identified. For half
of the patients with a primary diagnosis in 2008 the first recurrence up to 5 years after initial diagnosis was
identified. For patients diagnosed in the first quartile of 2012, all recurrences up to 5 years post diagnosis
were identified. Blue circles indicate primary tumour diagnosis, green filled stars indicate a possible diagnosis
of distant metastasis included in our study. Empty stars indicate a possible diagnosis of distant metastasis that
was not included in our study because it was outside the study period (green) or because it was not registered
(red).

Survival in de novo versus metachronous MBC

Among patients treated with systemic therapy in the metastatic setting, median OS
in patients with metachronous MBC was 24.3 months (95% Cl 22.5 — 25.5 months),
compared to 34.7 months (95% Cl 33.7-35.8 months) in those with de novo MBC (Log-
rank test p<0.001) (Fig. 2). In the multivariable Cox PH analysis a difference in OS between
de novo and metachronous MBC persisted (HR de novo MBC versus metachronous MBC
0.75, 95% ClI 0.70-0.80, Likelihood ratio test p<0.001) (Table 2). Sensitivity analysis
supported these findings when analysing complete cases and showed that within
patients with metachronous MBC, patients with a longer MFI survived longer, although
still not similar to patients with de novo MBC (Supplementary: fig 1, table 3, and table
4). Figure 3 shows the changes in HR of patients with de novo versus metachronous MBC
over time, while keeping all other variables constant. Although the HR varied over time,
de novo MBC appeared to have a lower risk of death than metachronous MBC over the
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entire period of follow-up. The difference is most pronounced two years after diagnosis
of metastatic disease. Beyond approximately eight years the HR estimate becomes
increasingly imprecise.

Further exploratory analysis showed that de novo MBC is not always associated with
longer survival. In fact, patients with metachronous MBC who had not received previous
(neoadjuvant or adjuvant) systemic treatment following their primary tumour diagnosis
(n=461) survived longer than patients with de novo MBC (median OS 37.2 months,
multivariable HR de novo MBC 1.13, 95% CI 1.01- 1.27) (Supplementary fig. 3 and table
6). Note that these were patients with favourable characteristics at primary tumour
diagnosis, nearly all (97%) had T1 (75%) or T2 (22%) and 74% was ER positive and HER2
negative or unknown.

N No. Median OS HR multivar P-value
of events (95% CI)  (95% CI)

00—,  ----- metachronous MBC 1,844 1,734 243 months 1 (ref)
\ (225-255)
1% DenowMBC 7554 5914  347months 075
0 (337-358) (0.70-0.80) <0.001
- ‘\“
3 60— \
2 \
2 40—
$
20— W
0 T I | | T | | | | | |

Years after diagnosis of metastasis
Number at Risk
Metachronous stage IV 1,844 1,341 931 634 440 308 243 187 133 97 63 39
De novo stage IV 7554 6,062 4,752 3674 2557 1,749 1201 798 503 319 196 135

Fig. 2 Overall survival in patients with de novo versus patients metachronous metastatic breast cancer
(treated with systemic therapy in the metastatic setting). The 95% confidence interval is indicated by colour
around the line, number of patients at risk is noted below each year of follow-up. Overall survival is significantly
longer in de novo MBC patients compared to metachronous MBC patients
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Table 2 Multivariable Cox proportional hazards analysis de novo versus metachronous MBC patients (treated
with systemic therapy in metastatic setting). Multiple imputation was used before multivariable analysis.
Stratification was performed for receptor status and localization of metastasis.

De novo versus metachronous
MBC Metachronous MBC 1 (ref)

De novo MBC 0.75 (0.70-0.80) <0.001

Patient characteristics

Period of metastasis diagnosis

2008-2011 1 (ref)

2012-2015 0.81 (0.77-0.85) <0.001

2016-2018 0.71 (0.66-0.76) <0.001
Sexe

Male 1 (ref)

Female 0.86 (0.69-1.07) 0.173
Age at diagnosis of metastasis,
restricted cubic spline (rcs)) Restricted cubic spline with four knots. p-value omitted
Tumour characteristics
Morphology

Ductal carcinoma NOS 1 (ref)

Invasive lobular carcinoma 1.12(1.05-1.19) <0.001
Multifocality

Unifocal primary tumour 1 (ref)

Multifocal primary tumour 0.96 (0.91-1.01) 0.149
Clinical T stage

TO or Tis 1.11 (0.92-1.35) 0.269

T1 1 (ref)

T2 1.09 (1.02-1.16) 0.013

T3 1.13(1.04-1.24) 0.006

T4 1.31(1.22-1.42) <0.001
Clinical N stage

NO 1 (ref)

N1 1.13(1.06-1.20) <0.001

N2 1.20 (1.05-1.38) 0.008

N3 1.20(1.10-1.30) <0.001
Receptor status

ER + HER2- /unknown Stratification factor

Her2 + (regardless of ER)

ER- HER2- / unknown

Localization of metastasis
Lymph nodes only Stratification factor

Bone only

Liver (no CNS)

CNS (with/without liver)
All other locations
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1.259

Hazard Ratio

T b e m o mm s

05 . . : ‘ : ‘ : : :
0 1 2 3 4 5 6 7 8 9 10
Years after diagnosis of metastasis

Fig. 3 Overall survival in patients with de novo versus metachronous metastatic breast cancer (treated with
systemic therapy in the metastatic setting), hazard ratio over time in multivariable analysis performed on
the first multiple imputed dataset. The 95% confidence interval is indicated by colour around each line. The
difference in overall survival was not proportional over time, with a lower HR in favour of de novo MBC in the
first years of follow-up in the multivariable model, while the HR starts to rise towards 1.0 after about 5 years.
Note that the confidence interval widens after about eight years

DISCUSSION

In this large population-based study, we compared clinicopathological features,
treatment and OS between all patients with de novo MBC diagnosed in the Netherlands
between 2008 and 2018 to a group of patients with metachronous MBC diagnosed in
that same period. Our study shows that these are not only two very distinct groups but
also that patients with de novo MBC survive longer.

A number of differences in characteristics between the groups are notable. Our data
corroborate earlier reports of frequent bone and lymph node metastases and less
involvement of viscera and brain in patients with de novo MBC [4, 30, 31]. However, in
our comparison of both groups, we did not observe more ER positive tumours in de novo
patients [28], most likely caused by the 43% of metachronous patients with a MFI >60
months, who are more often ER positive. Stage T3 and T4 and multifocal tumours were
more often encountered in patients with de novo MBC, possibly reflecting delay in time
to diagnosis. In de novo MBC, metastases limited to the bone were more common than
in metachronous MBC resulting in increased use of endocrine treatment in this group,
as was local radiotherapy on painful bone metastases [5]. The higher prevalence of triple
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negative tumours, liver and CNS metastases reflect unfavourable tumour characteristics
and biology in metachronous patients. For example, triple negative tumours are known
to metastasize hematogenously more often.

Regarding outcome, our data support a better OS in de novo MBC compared to patients
with metachronous MBC, partly explained by differences in disease characteristics. Even
after correction for known confounding characteristics, improved survival persists in
patients with de novo MBC. This finding is consistent with previous literature [4, 21, 28,
30, 33-35] showing that absolute differences in median OS range from 1.5 months (when
comparing de novo to MFI > 24 months) to 20.3 months (comparing to MFI < 24 months)
[31]. Without selection for MFI the reported median OS differences are similar to the
10.4 months found in our study [28, 30, 32, 33]. In our sensitivity analysis we found a
similar effect of MFI on OS compared to the literature: longer MFI was associated with
longer OS after diagnosis of metastases. However, even MFI>60 months did not have
better survival than de novo MBC, which is not a consistent observation [21, 31, 34].
There are a number of possible explanations for the longer survival observed in de novo
MBC. The most likely hypothesis is that shorter survival of patients with metachronous
MBC is related to previous (neo)adjuvant systemic therapies. Recurrence despite
previous therapy could reflect 1) disadvantageous tumour-characteristics, 2) patient
comorbidity / fitness and 3) primary or acquired therapy resistance. In our study, we
could not quantify to what extent these factors played a role because we did not have
data on the exact regimens and duration of systemic therapy nor could we account for
fitness because data on performance score was only assessed at primary breast cancer
diagnosis and contained too many missing values to include in the model. Nevertheless,
the difference in use of systemic therapy in the metastatic setting (any systemic therapy
in 89% of de novo and 79% of metachronous MBC and specifically targeted therapy in
75% of de novo and 41% of metachronous HER2 positive patients) may indicate that
metachronous patients were less fit or had less treatment options for other reasons. As
mentioned before, previous therapy can decrease treatment options in the metastatic
setting due to acquired resistance to a drug, reaching a maximum tolerated cumulative
dose or lasting side effects such as peripheral neuropathy or cardiotoxicity. Of note, due
to the method of registration our data on systemic therapy could be an underestimation,
as therapies administered not directly after metastasis diagnosis, but for example when
symptoms did arise, may have been missed. In addition, the difference in targeted
therapy among HER2 positive patients could be an overestimation because HER2 status
was determined on the primary tumour and (a small percentage of) metachronous
patients may have converted to HER2 negative. The same might be true for endocrine
treatment, as metastases of an ER positive primary may be ER negative.

Still, we did find some evidence to corroborate the hypothesis that previous systemic
therapy plays a role in the survival difference between de novo and metachronous MBC.
In a supplementary exploratory analysis we observed a longer OS among patients with
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metachronous MBC who were not systemically treated for their primary tumour. While
this metachronous group had favourable characteristics at primary tumour diagnosis,
the difference remained after correcting for baseline characteristics.

We also hypothesize that differences in metastatic burden could contribute to the
observed differences in survival. Possibly, clinicians are inclined to perform more (and
perhaps more sensitive) diagnostic imaging in a patient presenting with de novo MBC
than in those diagnosed with recurrent disease. This would lead to detection of smaller,
asymptomatic or oligo metastases in de novo MBC, associated with longer survival and
possibly even curative treatment options. Although we have no data on number or
volume of metastases, our data do support this hypothesis (Supplementary table 2) as
we saw an increase in patients with de novo distant metastases limited to lymph nodes
and increased use of anthracycline and taxane treatment (first choice in the neoadjuvant
curative setting [5] and used for curative treatment of oligometastases).

In this study we extensively studied OS of patients with de novo and metachronous MBC
using Kaplan Meier curves and Cox PH analysis. In the literature it is seldom reported
whether the PH assumption was met and time-varying effects are often overlooked[51].
In our study, the variable of interest (de novo versus metachronous MBC) did not meet
the PH assumption and therefore we additionally estimated the time-varying effects on
OS. Overall, it appeared that the OS difference between de novo and metachronous
MBC persisted over the years. The relatively small difference in OS between de novo
and metachronous MBC in the first year could mean that a group of patients progress
and die quickly despite any beneficial characteristic. Apparently, differences between de
novo and metachronous MBC start to count after surviving longer than a year.

This study is unique as it presents a complete overview of patients with de novo MBC
diagnosed in 2008 - 2018 in the Netherlands and the comparison to patients with
metachronous MBC. The data convincingly shows that patients with de novo and
metachronous MBC are distinct patient groups.

However, there are some limitations of our data. It would be relevant to also study
metachronous patients in more detail using nationwide data. The MFI of our patients
was probably not an accurate representation of all patients with metachronous MBC
in 2008-2018 because the majority of metachronous patients in our cohort had their
initial diagnosis in 2003 or 2005 (thus MFI at least 5 or 3 years respectively) (Fig. 1).
Another limitation is that for patients with an initial diagnosis in 2008, distant metastases
were only registered if they did not have a local or regional recurrence preceding the
occurrence of metastases. Due to this registration difference, we probably missed
approximately 20% of patients with metachronous MBC and an initial diagnosis in 2008
(i.e. of patients with a primary tumour in 2003/2005/Q1 2012, about 20% had a local or
regional preceding their distant metastases). Additional patients were missed because
recurrences from 2008 had only been registered in half of the hospitals. Nationwide
data including all patients with metachronous metastases in a given period would
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have allowed a more accurate comparison of the two groups. Ideally, such data would
also include information on metastatic burden (e.g. oligometastases), receptor and
HER2 status of the metastases and information about treatment administered in the
metastatic setting in more detail and beyond those given as initial therapy.

CONCLUSION

Dutch patients with de novo MBC survive longer compared to patients with metachronous
metastases, also following correction for different clinicopathological characteristics.
Our data show that de novo and metachronous MBC represent two distinct groups, the
presence of a primary tumour being not the only difference.
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CHAPTER 2

SUPPLEMENTARY MATERIALS

Supplementary methods 1 Methods used for supplementary analyses

In addition to the above described analyses we performed supplementary analyses in order to study patients
with de novo and metachronous MBC separately in more detail, to test the robustness of our results and to
explore hypotheses behind the differences in OS.

First, differences in clinicopathological characteristics were described between patients with de novo MBC diag-
nosed in different periods, and between patients with metachronous MBC with different MFIs. Next, to study
whether OS of patients with de novo MBC has improved over time, a multivariable Cox PH analysis among pa-
tients with de novo MBC was performed to compare OS in different periods of diagnosis. In this Cox model, the
same variables were included, but additionally therapy variables (local treatment of the primary tumour; type
of first systemic therapy in the metastatic setting; surgery of metastases and radiotherapy of metastases) were
included and additional strata were added for local therapy of the primary tumour and type of first systemic
therapy in the metastatic setting.

As sensitivity analysis, the multivariable Cox PH analysis comparing de novo and metachronous MBC was re-
peated on the complete cases (n= 7774), to see what the effect of multiple imputation had been. Moreover, an
additional multivariable Cox PH analysis was performed to compare OS between patients with de novo MBC and
patients with metachronous MBC with different MFls.

In an exploratory analysis we evaluated the OS of patients with de novo MBC compared to patients with meta-
chonous MBC who had not received systemic treatment for their primary breast cancer diagnosis. Objective of
this analysis was to explore whether the survival difference between de novo and metachronous MBC might be
related to previous systemic treatment in metachronous MBC.

N No. Median OS HR multivar P-value
of events (95% CI)  (95% CI)

100 — —— MFI3-12months 50 49 8.7 months  1.56
(62-17.8) (1.17-2.08) 0.002
| MFI 12-24 months 134 131 104 months  2.04
3 (84-134) (1.71-244) <0.001
80— AN - MFI 24-60 months 819 785 211 months  1.50
1L (19.8-222) (1.38-1.64) <0.001
~~~~~ MFI>60 months 841 769 31.3 months  1.10
= 60 | (29.1-338) (1.01-120) 0.032
E % Denovo MBC 7,554 5914 34.7months 1 (ref)
5 | (33.7-35.8)
=
B o]
[\
20—
0
0

Years after diagnosis of metastasis
Number at Risk

MFI 3-12 months 50 21 16 7 5 4 4 4 4 4 2 1
MFI 12-24 months 134 62 37 2 1 9 8 7 5 2 2 1
MFI 24-60 months 819 586 354 235 148 104 72 57 41 34 28 21
MFI > 60 months 841 672 524 370 276 191 159 119 83 57 31 16
Denovostage IV 7,554 6,062 4752 3674 2557 1,749 1201 798 503 319 1% 135

Supplementary fig. 1 Overall survival in patients with metastatic breast cancer (treated with systemic therapy
in the metastatic setting), according to metastasis-free interval.
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N No. Median OS HR multivar P-value
of events (95% Cl)  (95% Cl)
100 — 20082011 2,347 2,184 293 months 1 (ref)
(27.5-30.7)
T 20122015 2,877 2,337 36.1months  0.82
(34.2-37.8) (0.77-0.87) <0.001
80 20162018 2330 1398  407months 073
(38.5-43.3) (0.68-0.79) <0.001
T 60—
e
2 i
g 40—
a
20—
0 T T T T T T T T T 1
0 1 2 3 4 5 6 7 9 10 fl
Years after diagnosis of metastasis
Number at Risk
2008-2011 2347 1,794 1358 976 725 548 427 337 269 29 192 135
2012-2015 2877 2321 1809 1439 1,130 923 753 461 234 90 4 -
2016-2018 2330 1,947 1585 1259 702 286 21 - - - - -

Supplementary fig. 2 Overall survival in patients with de novo metastatic breast cancer (treated with systemic

therapy), according to period of diagnosis

N No. Median OS HR multivar P-value
of events (95% CI)  (95% CI)
00—, ----- metachronous stage IV~ 461 411 37.2months 1 (ref)
(32.3-41.0)
1. \ De novo MBC 7,554 5914 34.7months 113
80— R (337-358) (1.01-1.27) 0.038
g 60 —
c
3 i
€
2w
o
20—
0 T T T T T T T T T |
0 1 2 3 4 5 6 7 8 9 10 f
Years after diagnosis of metastasis
Number at Risk
Metachronous stage IV 461 363 295 236 188 144 124 97 68 49 31 19
De novo stage IV 7554 6,062 4752 3674 2557 1,749 1,201 798 503 319 1% 135

Supplementary fig. 3 Overall survival in patients with de novo versus metachronous metastatic breast cancer
(treated with systemic therapy in the metastatic setting), these metachronous patients were not treated with

systemic therapy at the time of their primary tumour
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CHAPTER 2

Supplementary table 3 Sensitivity analysis in complete cases: Multivariable Cox proportional hazards analysis
patients with de novo versus metachronous metastatic breast cancer (treated with systemic therapy in
metastatic setting).

De novo versus metachronous MBC

Metachronous MBC 1 (ref)

De novo MBC 0.71 (0.66-0.76) <0.001
Patient characteristics
Period of metastasis diagnosis

2008-2011 1 (ref)

2012-2015 0.81(0.76-0.86) <0.001

2016-2018 0.71 (0.66-0.76) <0.001
Sexe

Male 1 (ref)

Female 0.88(0.67-1.12) 0.308
Age at diagnosis of metastasis, restrict-
ed cubic spline (rcs)) Restricted cubic spline with four p-value omitted

knots.
Tumour characteristics
Morphology

Ductal carcinoma NOS 1 (ref)

Invasive lobular carcinoma 1.12 (1.05-1.20) 0.001
Multifocality

Unifocal primary tumour 1 (ref)

Multifocal primary tumour 0.96 (0.90-1.01) 0.135
Clinical T stage

TOor Tis 1.11 (0.86 — 1.45)) 0.424

T1 1 (ref)

T2 1.08 (1.01-1.16) 0.023

T3 1.13 (1.03-1.24) 0.013

T4 1.32(1.21-1.43) <0.001
Clinical N stage

NO 1 (ref)

N1 1.15(1.08-1.23) <0.001

N2 1.25(1.07-1.45) 0.004

N3 1.21(1.11-1.33) <0.001
Receptor status

ER + HER2- /unknown Stratification factor

Her2 + (regardless of ER)
ER- HER2- / unknown

Localization of metastasis
Lymph nodes only Stratification factor

Bone only

Liver (no CNS)

CNS (with/without liver)
All other locations

110



DE NOVO AND METACHRONOUS METASTATIC BREAST CANCER

Supplementary table 4 Multivariable Cox proportional hazards analysis on multiple imputed data by
metastasis-free interval in patients with metastatic breast cancer (treated with systemic therapy in metastatic
setting).

De novo versus metachronous
MBC, divided by metastasis free

interval De novo MBC 1 (ref)
MFI 3-12 months 1.56 (1.17-2.08) 0.002
MFI 12-24 months 2.04 (1.71-2.44) <0.001
MFI 24-60 months 1.50 (1.38-1.64) <0.001
MFI > 60 months 1.10(1.01-1.20) 0.032
Patient characteristics
Period of metastasis diagnosis
2008-2011 1 (ref)
2012-2015 0.82 (0.78-0.87) <0.001
2016-2018 0.71 (0.67-0.76) <0.001
Sexe
Male 1 (ref)
Female 0.86 (0.69-1.07) 0.182
Age at diagnosis of metastasis,
restricted cubic spline (rcs)) Restricted cubic spline with four p-value omitted
knots.
Tumour characteristics
Morphology
Ductal carcinoma NOS 1 (ref)
Invasive lobular carcinoma 1.11(1.04-1.18) 0.001
Multifocality
Unifocal primary tumour 1 (ref)
Multifocal primary tumour 0.95 (0.90-1.01) 0.091
Clinical T stage
TO or Tis 1.10(0.91-1.33) 0.314
T1 1 (ref)
T2 1.07 (1.00-1.15) 0.044
T3 1.11 (1.02-1.22) 0.020
T4 1.30 (1.20-1.40) <0.001
Clinical N stage
NO 1 (ref)
N1 1.11(1.04-1.18) <0.001
N2 1.19 (1.04-1.37) 0.013
N3 1.19 (1.09-1.29) <0.001
Receptor status
ER + HER2- /unknown Stratification factor

Her2 + (regardless of ER)
ER- HER2- / unknown

Localization of metastasis
Lymph nodes only Stratification factor

Bone only

Liver (no CNS)

CNS (with/without liver)
All other locations
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Supplementary Table 5 Multivariable Cox proportional hazards analysis in patients with de novo metastatic

breast cancer (treated with systemic therapy in metastatic setting).

Period of metastasis diagnosis

2008-2011 1 (ref)

2012-2015 0.82 (0.77-0.87) <0.001

2016-2018 0.73 (0.68-0.79) <0.001
Sexe

Male 1 (ref)

Female 0.97 (0.75-1.25) 0.809
Age at diagnosis of metastasis,
restricted cubic spline (rcs)) Restricted cubic spline with four knots. p-value omitted
Tumour characteristics
Tumour morphology

Ductal carcinoma NOS 1 (ref)

Invasive lobular carcinoma 1.08 (1.01-1.16) 0.030
Multifocality

Unifocal primary tumour 1 (ref)

Multifocal primary tumour 0.95(0.89-1.01) 0.130
Clinical T stage

TO or Tis 1.02 (0.83-1.24) 0.883

T1 1 (ref)

T2 1.06 (0.98-1.16) 0.150

T3 1.08 (0.97-1.20) 0.141

T4 1.22(1.12-1.33) <0.001
Clinical N stage

NO 1 (ref)

N1 1.06 (0.99-1.14) 0.109

N2 1.14 (0.98-1.32) 0.085

N3 1.13 (1.03-1.24) 0.008

Receptor status

ER + HER2- /unknown

Stratification factor

Her2 + (regardless of ER)

ER- HER2- / unknown

Localization of metastasis

Lymph nodes only

Stratification factor

Bone only

Liver (no CNS)

CNS (with/without liver)

All other locations

Treatment characteristics

Local treatment primary tumor

No local treatment primary

Stratification factor

Surgery and radiotherapy

Surgery without radiotherapy

Radiotherapy without surgery

Type of systemic therapy in
metastatic setting

Endocrine treatment

Stratification factor

Chemotherapy (without HER2 targeted
therapy)

HER2 targeted therapy
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Supplementary Table 5 Continued

Treatment characteristics

Surgery of metastasis

No 1 (ref)

Yes 0.81 (0.69-0.96) 0.013
Radiotherapy of metastasis

No 1 (ref)

Yes 1.18 (1.03-1.26) <0.001
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Supplementary table 6 Multivariable Cox proportional hazards analysis in patients with de novo MBC
versus patients with metachronous MBC (treated with systemic therapy in the metastatic setting), these
metachronous patients were not treated with systemic therapy at the time of their primary tumour.

De novo versus metachronous

MBC Metachronous MBC 1 (ref)
De novo MBC 1.13(1.01-1.27) 0.038
Patient characteristics
Period of metastasis diagnosis
2008-2011 1 (ref)
2012-2015 0.81(0.76-0.86) <0.001
2016-2018 0.71 (0.66-0.76) <0.001
Sexe
Male 1 (ref)
Female 0.92 (0.72-1.17) 0.495
Age at diagnosis of metastasis,
restricted cubic spline (rcs)) Restricted cubic spline with four p-value omitted
knots.
Tumour characteristics
Morphology
Ductal carcinoma NOS 1 (ref)
Invasive lobular carcinoma 1.11(1.04-1.19) 0.002
Multifocality
Unifocal primary tumour 1 (ref)
Multifocal primary tumour 0.95 (0.90-1.01) 0.121
Clinical T stage
TO or Tis 1.05 (0.87-1.26) 0.627
Tl 1 (ref)
T2 1.04 (0.96-1.12) 0.334
T3 1.09 (0.99-1.20) 0.069
T4 1.26 (1.16-1.37) <0.001
Clinical N stage
NO 1 (ref)
N1 1.09 (1.02-1.16) 0.012
N2 1.17 (1.01-1.35) 0.034
N3 1.16 (1.06-1.26) <0.001

Receptor status

ER + HER2- /unknown

Stratification factor

Her2 + (regardless of ER)

ER- HER2- / unknown

Localization of metastasis

Lymph nodes only

Stratification factor

Bone only

Liver (no CNS)

CNS (with/without liver)

All other locations
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CHAPTER 3

ABSTRACT

Introduction

In breast cancer, local tumour control is thought to be optimized by administering higher
local levels of cytotoxic chemotherapy, in particular doxorubicin. However, systemic
administration of higher dosages of doxorubicin is hampered by its toxic side effects. In
this study, we aim to increase doxorubicin deposition in the primary breast tumour without
changing systemic doxorubicin concentration and thus without interfering with systemic
efficacy and toxicity. This is to be achieved by combining lyso-thermosensitive liposomal
doxorubicin (LTLD, ThermoDox®, Celsion Corporation, Lawrenceville, NJ, USA) with mild
local hyperthermia, induced by Magnetic Resonance guided High Intensity Focused
Ultrasound (MR-HIFU). When heated above 39.5 °C, LTLD releases a high concentration
of doxorubicin intravascularly within seconds. In absence of hyperthermia, LTLD leads to
a similar biodistribution and antitumour efficacy compared to conventional doxorubicin.

Methods and analysis

This is a single-arm phase | study in 12 chemotherapy-naive patients with de novo stage IV
HER2-negative breast cancer. Previous endocrine treatment is allowed. Study treatment
consists of up to 6 cycles of LTLD at 21-day intervals, administered during MR-HIFU induced
hyperthermia to the primary tumour. We will aim for 60 minutes of hyperthermia at 40-
42 °C using a dedicated MR-HIFU breast system (Profound Medical, Mississauga, Canada).
Afterwards, intravenous cyclophosphamide will be administered. Primary endpoints
are safety, tolerability and feasibility. The secondary endpoint is efficacy, assessed by
radiological response.

This approach could lead to optimal loco-regional control with less extensive or even no
surgery, in de novo stage IV patients and in stage Il/Ill patients allocated to receive neo-
adjuvant chemotherapy.

Ethics and dissemination

This study has obtained ethical approval by the Medical Research Ethics Committee Utrecht
(Protocol NL67422.041.18, METC number 18-702). Informed consent will be obtained
from all patients before study participation. Results will be published in an academic peer-
reviewed journal.

Trial registration number
NCT03749850, EudraCT 2015-005582-23.
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Synchronous stage IV breast cancer

Metastatic breast cancer

Strengths and limitations

This first in human clinical trial investigates the combination of Lyso-Thermosensitive
Liposomal Doxorubicin and Magnetic Resonance guided High Intensity Focused
Ultrasound induced hyperthermia in breast cancer patients.

A dedicated MR-HIFU breast system with real-time MR temperature feedback will be
used for safe non-invasive local hyperthermia treatment of breast tumours.

Because the study population consists of patients with de novo stage IV breast cancer,
both local and systemic response to the treatment can be monitored.

A survival benefit of treating the primary tumour in patients with metastatic breast
cancer has not been proven, therefore study participants will participate altruistically
in the interest of future patients.

This approach could lead to improved local control during palliative chemotherapy in
de novo stage IV breast cancer or neoadjuvant chemotherapy in stage I/l disease,
with less extensive or even no surgery.
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INTRODUCTION

Both neo-adjuvant and adjuvant chemotherapy of breast cancer aim to improve survival
by eradicating microscopic distant metastases. In addition, neo-adjuvant treatment
offers the opportunity to observe the biological behaviour of the primary tumour and
increase the likelihood of less extensive radical (breast conserving) surgery. Given the
fact that pathological complete response (pCR) is achieved at best in 68% of patients [1],
efforts should be focused on improving primary tumour response. This may be achieved
by increasing the dose of chemotherapy at the site of the tumour. In pre-clinical data, a
higher concentration of chemotherapy in the tumour is correlated with increased tumour
response, in particular for doxorubicin, one of the most frequently applied cytostatics
in breast cancer treatment [2-4]. Clinically this was confirmed by studies using other
chemotherapeutics, i.e. 5-fluorouracil and docetaxel. Higher tumour uptake of radio-
active labelled 5-fluorouracil or docetaxel chemotherapy on PET was shown to correlate
respectively with longer survival in patients with liver metastasis of colorectal carcinoma
[5] and with better tumour response in lung cancer patients [6]. In a study comparing
different dose schedules of the adjuvant AC regimen, the highest dosages (60mg/m?
doxorubicin and 600mg/m? cyclophosphamide) were most effective, and this is currently
the standard of care [7]. However, the administration of higher doses of doxorubicin
is hampered by its systemic side effects. A randomized study evaluating even higher
doxorubicin dosages (60mg/m? versus 75mg/m? and 90 mg/m?) did not find a difference
in disease-free or overall survival. However, the higher dose levels did lead to significantly
more dose reductions and delays, which could explain why the efficacy did not increase
further [8]. In the i-GO study we aim to increase doxorubicin levels in the primary tumour,
without interfering with systemic efficacy and toxicity, by combining lyso-thermosensitive
liposomal doxorubicin (LTLD, ThermoDox®; Celsion Corporation, Lawrenceville, NJ, USA)
with mild local hyperthermia, induced by Magnetic Resonance guided High Intensity
Focused Ultrasound (MR-HIFU). This will be followed by the intravenous administration of
a second cytostatic agent, cyclophosphamide. The combined administration of doxorubicin
and cyclophosphamide (AC) is a well-known regimen in the standard of care treatment in
both the (neo-) adjuvant setting as in the treatment of metastatic breast cancer.

The i-GO study will be a phase | feasibility study in stage IV breast cancer patients who
present with distant metastases and a primary tumour in situ (de novo stage IV patients).
Several studies have suggested that by obtaining loco-regional control in metastatic breast
cancer, overall survivalin advanced disease would be improved [9-11] However, randomized
controlled trials have contradicted this [12, 13] A recent presentation at ASCO 2020 [14]
confirmed that local treatment in addition to systemic therapy did not improve survival. As
such, besides a personal preference of the patient and the possibility of preventing local
morbidity, study participation will not have a benefit compared to the standard of care.
However, based on pharmacokinetic studies (details outlined in Supplementary materials
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1) we do expect at least an equally effective treatment. Study participants will participate
altruistically in the interest of future patients in the neoadjuvant setting. In the future,
the combination of LTLD, MR-HIFU hyperthermia, and cyclophosphamide may lead to
improved local control during neoadjuvant chemotherapy in stage II/1ll disease, with less
extensive or even no surgery.

Lyso-thermosensitive liposomal doxorubicin

LTLD is a temperature-sensitive liposomal encapsulation of doxorubicin. Doxorubicin is a
cytotoxic (chemotherapy) agent that is approved and frequently used for the treatment of
a wide range of cancers, including breast cancer. When heated to 40-42 °C, LTLD releases
the encapsulated doxorubicin intravascularly within seconds [15-17]. (Figure 1.) In small
animal tumour models, LTLD combined with hyperthermia results in a 3-25 fold higher
tumour concentration than conventional doxorubicin [2, 18-22] and increased antitumour
efficacy [2, 16, 18]. In the absence of hyperthermia, doxorubicin leaks slowly from the
liposome, and after two hours all of the doxorubicin is released [15]. Furthermore, LTLD
without hyperthermia leads to a similar biodistribution [19, 20] and antitumour efficacy
[16, 18] compared to conventional doxorubicin.

Figure 1 The concept of LTLD combined with MR-HIFU hyperthermia for local drug delivery in the primary breast
tumour. The patient is lying in prone position on the dedicated MR-HIFU breast system under procedural sedation
and analgesia, with the breast hanging in the water-filled cup. HIFU-induced hyperthermia is administered to the
tumour for 60 minutes. Real-time MR thermometry (screen on the right) allows for precise control of the target
temperature of 40-42 °C in the tumour. After intravenous infusion, LTLD circulates through the vasculature and
releases a small amount of doxorubicin at 37°C. However, when LTLD reaches the heated tumour it releases a
high amount of doxorubicin intravascularly within seconds. We hypothesize that the combination of LTLD and
MR-HIFU hyperthermia will increase the tumour concentration of doxorubicin without interfering with systemic
treatment efficacy and toxicity.
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Magnetic resonance-guided high intensity focused ultrasound

MR-HIFU is a truly non-invasive treatment modality, that combines magnetic resonance
imaging (MRI) and high intensity focused ultrasound to perform image-guided thermal
tissue ablation (55-70 °C) [23-25] or mild local hyperthermia (40-43 °C) [26-28]. Unlike
other heating methods, using microwaves, radiofrequency or non-focused ultrasound,
HIFU allows for non-invasive localized heating of deep-seated tumours [29]. In addition
to treatment planning based on anatomical MRI, MR-guidance can provide temperature
feedback and control during hyperthermia treatment, through real-time MR thermometry.
For this study we will use a dedicated MR-HIFU breast system: the Sonalleve MR-HIFU
breast tumour therapy system (hereafter referred to as ‘MR-HIFU breast system’, Profound
Medical, Mississauga, Canada), integrated with a clinical 1.5 Tesla MR scanner (Achieva,
Philips Healthcare, Best, The Netherlands). This system has a lateral sonication approach,
which enables specific heating of the breast tumour, while reducing the risk of heating
the skin or other organs to a minimum [30]. A phase | study in our hospital with MR-
HIFU ablation of breast tumours showed that the MR-HIFU breast system allows for safe,
accurate and precise thermal ablation [31, 32].

Previous clinical studies

This will be the first-in-human study to evaluate LTLD with MR-HIFU hyperthermia in
breast cancer patients. LTLD has been studied previously in combination with superficial
hyperthermia in patients with chest wall recurrences of breast cancer [33]. This phase I/
Il study showed that LTLD at 40 mg/m? with superficial hyperthermia was safe and the
48% overall response (14/29, 95% Cl:30—66%) was promising in this heavily pre-treated
population. A large randomized phase Il study in 701 patients with hepatocellular
carcinoma compared LTLD at 50 mg/m? with radiofrequency ablation (RFA) to RFA alone
(the HEAT study) [34, 35]. In that study the primary endpoint of 33% improvement in
progression free survival was not met. However, a post-hoc analysis in the subgroup of 285
patients with solitary lesions that were treated with =45 min of RFA showed a significant
overall survival benefit for the combination treatment (Hazard Ratio for Overall Survival
0.63 (95% Cl, 0.41-0.96; P < 0.05), in favour of RFA+LTLD with =45 minutes heating).
Systemic adverse events increased in the RFA+LTLD arm (83% vs 35% with RFA alone) as
expected, with a similar profile to that of conventional doxorubicin [35].

Furthermore, the combination of LTLD and ultrasound guided HIFU hyperthermia has
been evaluated in a phase | proof-of-concept study in ten patients with incurable primary
or metastatic liver tumours (the TARDOX study) [36, 37]. Adverse events did not differ
from those associated with doxorubicin alone and in the group of patients that underwent
invasive thermometry sufficient mean tumour temperatures were measured. In seven out
of ten patients, the intratumoural doxorubicin concentration doubled after HIFU, although
a within-patient comparison was not possible for all patients. We aim to take advantage
of the same principle to treat the primary tumour in patients presenting with metastatic
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breast cancer. Monitoring the treatment by MR thermometry may further enhance safety,
efficacy and feasibility. Using multiple cycles of LTLD + MR-HIFU hyperthermia is expected
to increase treatment efficacy and mimics the standard of care treatment.

METHODS AND ANALYSIS

This single-arm phase | feasibility study aims to determine the safety, tolerability and
feasibility of the combination of LTLD, MR-HIFU induced mild local hyperthermia, and
cyclophosphamide, for the enhanced local treatment of the primary tumour in patients
presenting with metastatic breast cancer. All eligible participants will receive up to 6 cycles
of LTLD at 21-day intervals, administered during MR-HIFU induced hyperthermia to the
primary tumour and cyclophosphamide administered afterwards.

Patient population

We will include 6 or 12 adult female patients with de novo stage IV (distant metastases
at the time of diagnosis, with the primary tumour in situ) HER2-negative breast cancer,
who have not received previous chemotherapy for their disease. Previous endocrine
treatment in those with hormone-receptor positive disease is allowed. The small samples
size was chosen because this is the first study evaluating the combination of MR-HIFU
hyperthermia, LTLD and cyclophosphamide. No formal sample size calculation was
performed. Potentially eligible patients will be referred to the department of Medical
Oncology at the University Medical Center Utrecht, The Netherlands. In order to achieving
adequate participant enrolment, medical oncologists in hospitals in the Netherlands will
be asked to refer potentially eligible and interested patients.

Inclusion criteria
Patients must meet all of the following inclusion criteria:

e Histologically confirmed adenocarcinoma of the breast and planned for palliative
chemotherapy with doxorubicin and cyclophosphamide.

e Biopsy-proven stage T1-2AnyNM1 at diagnosis of breast cancer.

e Measurable disease according to either RECIST 1.1 or PERCIST 1.0 at baseline.

e Non-pregnant, non-lactating female at least 18 years of age. If the patient is
of child-bearing age, she must have a negative serum pregnancy test prior to
enrolment and must agree to practice an acceptable form of birth control while
on study.

e Thetumourislocated within the reach of the HIFU beam (based on pre-treatment
dynamic contrast-enhanced (DCE-) MRI findings).

e The distance of the tumour from the skin, nipple, and pectoral wall is at least 1.0
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cm (based on pre-treatment DCE-MRI findings).

The target breast is expected to fit in the cup of the MR-HIFU breast system
(based on pre-treatment MRI findings).

The patient is able to provide written informed consent and willing to comply
with protocol requirements.

Exclusion criteria

Patients will be excluded if any of the following conditions are observed:
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HER2-positive disease or classic invasive lobular carcinoma (ILC).

A treatment plan with curative intent is available.

Any prior chemotherapy treatment for invasive breast cancer (previous anti-
hormonal therapy is allowed).

Any prior therapy with anthracyclines.

The patient weighs >90 kg (restriction of the HIFU table top).

Any concomitant malignancy or previous malignancy in the last 5 years, except
basal cell or squamous cell cancer of the skin or in situ carcinoma of the cervix.
Subjects with a prior contralateral breast malignancy more than 5 years ago can
be included if they did not receive any chemotherapy.

Any previous malignancy in the unilateral breast (even if more than 5 years ago)
Prior sensitivity (including rash, dyspnoea, wheezing, urticarial, or other
symptoms) attributed to any liposomal-encapsulated drug.

Baseline laboratory values:

Absolute Neutrophil Count (ANC) < 1.5 x 1079/L

Platelets < 75x 1079/L
Haemoglobin < 5.6 mmol/L (transfusion is allowed)
Total Bilirubin > 1.5 times upper limit of normal

Alanine Transaminase (ALAT) and Aspartate Transaminase (ASAT)

> 2.5 times upper limit of normal

>5 times upper limit of normal in case of

liver metastases

Estimated Glomerular Filtration Rate < 30 ml/min/1.73m?
World Health Organization Performance Status (WHO-PS) >2.
Left Ventricular Ejection Fraction <50% (validated by baseline scan).
History of: acute coronary syndrome in the last year, cerebral vascular
accident in the last year, abnormal cardiac stress testing within the last six
months, symptomatic coronary artery disease, uncontrolled hypertension or
cardiomyopathy, cardiac valvular surgery or open-heart surgery in the last year
or known structural heart disease.
Any condition which may interfere with the hyperthermia portion of the trial such
as: functioning cardiac pacemaker; metal plates, rods or prosthesis of the chest
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wall, breast prosthesis in the treated breast, severe numbness and/or tingling of
the chest wall or breast, skin grafts and/or flaps on the breast or chest wall, scar
tissue or surgical clips in the HIFU beam path.

Active infection.

Body temperature > 38.0 degrees Celsius on the day of a MR-HIFU treatment.
Concurrent use of any of the following prohibited medications within a
reasonable wash-out time: protease inhibitors, cyclosporine, carbamazepine,
phenytoin, valproic acid, paclitaxel, trastuzumab and other liposomal drugs
(AbelectTM, Ambisome™, NyotranTM, etc.) or lipid-complexed drugs. Caution
will be exercised with medications, dietary components and herbal supplements
that affect CYP2A4, CYP2D6 or P-gp or have been described to interact with
doxorubicin in other ways.

Contraindications to MR imaging (e.g., pacemaker in situ, severe claustrophobia,
metal implants incompatible with the MRI-scan, body size incompatible with MR
bore).

Contraindications to gadolinium-based contrast agents and the tumour is not
sufficiently visible on MRI without contrast (including prior allergic reaction to
gadolinium-based contrast agent, and/or renal failure).

Contraindications to sedation and analgesia with Propofol and Remifentanil,
including history of Chronic Obstructive Pulmonary Disease (COPD) that results
in the inability to perform a physical activity corresponding with a Metabolic
Equivalent (MET(57)) of 4; dependence on artificial ventilation at home; sleep
apnoea or an American Society of Anaesthesiologists (ASA) classification >4.
Inability to lie in prone position.

Amedical or psychiatric condition or other circumstances which would significantly
decrease the chances of understanding the informed consent process, obtaining
reliable data, achieving study objectives, or completing the study treatment and/
or examinations.

Endpoints

Primary endpoints are safety, tolerability and feasibility. These will be evaluated by the

following assessments.

Safety and tolerability:

Incidence and severity of Adverse Events and Severe Adverse Events

Incidence of Dose Limiting Toxicity (DLT, systemic and loco-regional)

Necessity for dose adjustments, delay and early cessation

Incidence and severity of post-procedural pain

Patient reported tolerability (questionnaires)

Cardiotoxicity:  Left Ventricular Ejection Fraction measurement and
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electrocardiogram abnormalities.

Feasibility:

*  The number of cycles in which hyperthermia treatment was sufficient: at least 30
minutes at the target temperature of 40-42 °C.

*  The number of completed cycles with MR-HIFU induced hyperthermia, LTLD and
cyclophosphamide

* Quality of MR thermometry data acquired during the MR-HIFU treatment

*  Spatiotemporal temperature distribution in the tumour

e Total duration of the study procedures on a treatment day.

Secondary endpoints consist of efficacy parameters:
¢ Assessment of distant radiological objective response rates
* Assessment of local radiological objective response rates

Study procedures

The study design (Figure 2) was based on the AC regimen, a well-known chemotherapeutic
regimen that consists of doxorubicin and cyclophosphamide. This regimen is used in the
(neo-)adjuvant setting as well as in the first-line chemotherapy treatment of metastatic
breast cancer. Standard of care for our study population consists of 6 cycles at 21-days
intervals. In this study we will replace doxorubicin in this regimen with the combination of
LTLD and MR-HIFU induced hyperthermia.

All participants will receive procedural sedation and analgesia with propofol and
remifentanil to limit patient movement during the treatment and to establish a regular
breathing pattern that will facilitate respiratory gated MR thermometry [38]. To prevent
any hypersensitivity reactions to LTLD, the participants will also receive a premedication
regimen of steroids, H1- and H2- histamine antagonists. Anti-emetics will be administered
according to standard-of-care hospital guidelines for the AC regimen.

MR-HIFU hyperthermia will be performed on the MR-HIFU breast system, with the patient
in prone position. We will aim for 60 minutes of hyperthermia at 40-42 °C to the breast
tumour, in four blocks of 15 minutes. After each block the MR thermometry is restarted to
minimize the possible influence of magnetic field drift or patient displacement. When MR
thermometry indicates that the target temperature is reached, 50 mg/m? of LTLD will be
administered intravenously over 30 minutes, via a peripherally inserted central catheter
(PICC), while the patient is on the MR-HIFU breast system. Temperature will be monitored
by respiratory navigator-gated MR thermometry, using the proton resonance frequency
shift method [39, 40]. In case the target temperature is not reached, conventional
doxorubicin (60 mg/m?) will be administered instead of LTLD. Shortly after MR-HIFU, 600
mg/m? of cyclophosphamide will be administered intravenously according to standard of
care in the AC regimen.
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Figure 2 Study procedures. The standard of care palliative AC regimen consists of 6 cycles of doxorubicin and
cyclophosphamide at 21-days intervals. In this study we will replace doxorubicin with the combination of LTLD
and MR-HIFU induced hyperthermia, in up to six cycles. After informed consent, the baseline procedures will
be performed as mentioned. During the cycles, the primary endpoints of safety (adverse events), feasibility and
tolerability will be monitored, including cardiotoxicity evaluation and questionnaires on specified time points as
indicated in the bottom of the figure. Imaging to determine local (MRI) and systemic ((PET/)CT) response will be
performed at baseline, after cycle two and after cycle six. Optionally, the patient can consent to additional blood
sampling for future research, which will be stored in the Biobank.

Participants will receive up to six treatment cycles. Feasibility will be evaluated after each
MR-HIFU treatment and during the course of the cycles. Safety and tolerability will be
assessed three hours after MR-HIFU treatment, during telephone contact on day +1 and
+7 and during a hospital visit on day +14 and +21 of each cycle, by monitoring of adverse
events, laboratory measurements and evaluation of pain. Cardiotoxicity evaluations (LVEF
and ECG) will be performed at baseline, after cycle 3 and after cycle 6. The participants will
be asked to fill out the Dutch version of the Functional Assessment of Cancer Therapy —
Breast (FACT-B, version 4, FACIT)[41] at baseline and after each treatment cycle, combined
with a selection of questions adapted from the Dutch version of the Cancer Therapy
Satisfaction Questionnaire (CTSQ, Pfizer 2007, modified with permission from Pfizer)[42,
43] in cycles 3 and 6. Before starting the next cycle, any toxicities will be evaluated and
if necessary, dose reductions will be made. DLT will be categorized in systemic or loco-
regional toxicity (Table 1). Thus, we aim to distinguish systemic chemotherapy effects from
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local effects of MR-HIFU hyperthermia and/or the high local doxorubicin concentration.
Planned dose adjustments for these categories have been established (Supplementary
materials 2). In case of a systemic DLT the LTLD dosage will be decreased, while for loco-
regional DLT the duration of hyperthermia will be decreased. Cyclophosphamide dose
will not be reduced. No dose increases will be performed. Depending on the severity
and nature of the toxicity, study treatment can be delayed or even ceased. In case of
solely loco-regional DLT, technical issues or other feasibility issues that restrict the use
of MR-HIFU treatment, the participant will receive the standard of care AC regimen. If
hyperthermia is insufficient (i.e. the target temperature of 40-42 °C is not reached or was
only maintained for less than 30 minutes) in two separate cycles, the treatment is not
considered feasible for that patient and study participation will end.

Table 1 Definitions of Dose Limiting Toxicity

A Hematologic DLT
defined as Grade 3 anaemia, Grade 4 thrombocytopenia, febrile neutropenia, or Grade 4 neutropenia > 7 days
in duration.

B Non-hematologic DLT (non-loco-regional)
defined as Grade 3 or greater toxicity with the exceptions of alopecia, fatigue, nausea or vomiting and loco-
regional effects.
Including Cardiotoxicity DLT, defined as:
* Grade 3 or greater cardiac disorders OR
¢ a decline in LVEF of > 15% while the LVEF remains > 40% OR
* a decline to an LVEF of < 40%.

C Loco-regional DLT
defined as post-procedural effects (e.g. pain or skin effects) on the treated breast warranting dose adjustment
or delay.

For the secondary endpoint of efficacy, MRI of the breast will be performed using a 3 Tesla
MRI scanner with a dedicated breast coil, at baseline and after cycle 2 and 6 to determine
local radiological objective response. In addition, MRI of the breast will be performed
during each MR-HIFU treatment. However, the receiver coil in the MR-HIFU breast system
is not suited for clinical imaging. In case a complete radiological response of the breast
tumour is obtained after less than 6 cycles, the patient will continue with the conventional
AC regimen. ¥F-fluorodeoxyglucose (FDG-) Positron Emission Tomography combined with
Computed Tomography (PET/CT) of the thorax and abdomen will be performed at baseline
and CT or PET/CT after cycle 2 and cycle 6, to determine the distant objective response
according to RECIST 1.1 [44] or PERCIST 1.0 [45]. PET/CT will be performed for response
evaluation in patients with only PERCIST-measurable disease, such as patients with only
bone metastases. If a patient shows distant progression of disease, study participation will
end and the patient will be treated according to the standard of care. Additional specific
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reasons for study withdrawal are dose limiting toxicity that warrants a delay in treatment
administration for longer than 14 days or a recurrence of dose limiting toxicity after dose
reduction of LTLD (Supplementary materials 2).

The participants will be followed for adverse events from the time of signing informed
consent until the end of study visit after six cycles of chemotherapy. Afterwards patients
will receive standard of care treatment.

If the patient consents to the biobank study, additional blood samples will be taken from
the PICC-line at seven time points (Figure 2) when the patient is already at the hospital.
These blood samples will be collected in the UMC Utrecht Biobank for future research.
Moreover, in case tissue samples of the breast tumour and/or metastases were obtained
in standard care before inclusion or following study participation, we will ask for consent
to perform additional analyses on these samples.

Concomitant care and prohibited interventions

All supportive measures consistent with optimal medical care will be employed, including
transfusion of blood and blood products, and treatment with antibiotics, antiemetics,
antidiarrheals, and analgesics, as appropriate.

Certain concomitant medications, a number of herbal supplements, food stuffs and
nutritions are restricted during the study (Supplementary materials 3). Patients cannot
use creams, ointments or lotions on the breast on the MR-HIFU treatment day, to avoid
additional risks during the procedure. Patients cannot use methods or treatments that
increase the body temperature or skin temperature during the study period (e.g. sauna,
hot-water baths, warmth massages), because this could result in increased release of
doxorubicin in the warmed areas, possibly causing extra adverse events.

Interim analysis

An interim analysis of safety and efficacy will determine whether accrual will continue
after six participants (Supplementary materials 4). Safety will be evaluated once the first
six patients complete two treatment cycles. If safety is sufficiently proven or is deemed
inadequate, the trial will end after six participants. Otherwise accrual will continue until
twelve patients have been treated, if necessary after dose adjustments. All patients who
have signed informed consent will be evaluated for the primary endpoints of safety,
feasibility and tolerability. Patients who have been withdrawn from the study because
MR-HIFU induced hyperthermia was insufficient in two separate treatment cycles and
who did not experience a DLT, will be replaced by another participant for in the interim
safety evaluation. If this happens to four patients, the study will be terminated, because
of insufficient feasibility.

Systemic efficacy will be evaluated once the first six patients have received the CT scan
after cycle 2. If four or more of the first six participants show distant disease progression at
that time the trial will be stopped, as this suggests that efficacy against disease outside the
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heated treatment field is inadequate. This early stopping rule was based on a phase Il trial
with liposomal doxorubicin in metastatic breast cancer [46] where 77.5% of the subjects
were free of disease progression at two months post-randomization (the 95% confidence
interval of 2/6 patients does not contain 0.775).

An independent, qualified monitor will monitor the study procedures. An external Data
Safety Monitoring Board (DSMB) will review accumulating safety data at regular intervals
throughout the study, perform the interim safety and efficacy analyses and monitor trial
data integrity (DSMB charter in Supplementary materials 5).

Data analysis

Descriptive statistics will be used to describe the incidence and severity of adverse events
(National Cancer Institute Common Terminology Criteria for Adverse Events version 5.0),
the patient reported outcomes in the questionnaires and feasibility parameters including
the number of completed study treatment cycles, duration of study procedures and
spatiotemporal temperature distribution during MR-HIFU treatment. For the secondary
endpoint of efficacy, distant and local radiological objective response rates (RECIST 1.1)
will be described.

DISCUSSION

This is the first clinical trial that investigates the combination of LTLD and MR-HIFU induced
hyperthermia in breast cancer. In a small number of patients we will focus primarily on
safety, tolerability and feasibility of this procedure. We hypothesize that the combination
of LTLD and MR-HIFU hyperthermia leads to improved treatment of the primary tumouir,
without changing the systemic doxorubicin concentration and thus without interfering with
systemic efficacy and toxicity. A future randomized study with a control group receiving
the standard of care AC regimen would be needed to prove this. Including patients with
de novo stage IV breast cancer provides the unique possibility to monitor both local and
systemic disease simultaneously. While in this setting a survival benefit of treating the
primary tumour has not been proven, the study treatment (if proven safe and feasible)
could in the future improve outcomes in the neoadjuvant setting.

We aim to replace doxorubicin by LTLD plus MR-HIFU hyperthermia in all six cycles of the
AC regimen, because we expect this to maximize the local treatment effect. In each cycle,
the feasibility to achieve tumour hyperthermia at 40-42 °C for 30 minutes will be verified
with MR thermometry. If hyperthermia treatment is repeatedly insufficient, or if (after
any number of cycles) radiological complete response is already obtained, patients will
continue on the standard-of-care AC regimen. The number of MR-HIFU hyperthermia plus
LTLD cycles that our patients are willing and able to complete could be less than six, which
would be an important feasibility finding.
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Our goal is to maintain an equivalent systemic efficacy compared to the standard-of-care
AC regimen using 60 mg/m? conventional doxorubicin. Pharmacokinetic studies showed
that the area-under the curve (AUCO-o=) of free/unencapsulated doxorubicin in plasma of
patients receiving LTLD 50 mg/m? with local hyperthermia or RFA [33, 47, 48] was higher
than the AUCO-e= of conventional doxorubicin 60 mg/m? [49-51]. To be able to compare
the AUCs we converted the AUCO- of the metabolite doxorubicinol that was measured
in the LTLD studies to the AUCO-o= of doxorubicin [52-54] (Additional explanation in
Supplementary materials 1). The 50 mg/m? LTLD dose was also recommended for and
well-tolerated in the phase Il trial in combination with RFA [35]. Due to local toxicity,
the recommended dose for LTLD combined with local superficial hyperthermia for chest
wall recurrences was decreased to 40 mg/m?[47]. In our study local (skin) toxicity is not
expected because a margin of at least 1.0 cm is preserved from the tumour to the skin,
therefore the LTLD dose of 50 mg/m? was chosen. Real time MR thermometry and the
lateral configuration of the MR-HIFU breast system will help mitigate this risk. If however
local DLT do occur, the duration of hyperthermia will be decreased while maintaining the
LTLD dosage to avoid decreasing systemic efficacy. We will only decrease LTLD dosage in
case of systemic DLT. If despite these measures, systemic efficacy seems inadequate, the
trial will be halted prematurely based on the interim analysis for efficacy.

Because this is a small phase | feasibility study, the results will only provide a rough
indication of local efficacy based on radiological response. To diminish the burden on
participants, we will not perform tissue biopsies or breast surgery and therefore cannot
describe the number of pathological complete responses or measure the concentration
of doxorubicin in the tumour. Proof-of-concept that hyperthermia increases the tumour
doxorubicin concentration has already been established in the Tardox study, although
doxorubicin concentrations were not compared between heated and unheated tumours.

With this phase | clinical trial, we aim to show that LTLD combined with MR-HIFU induced
hyperthermia on a dedicated MR-HIFU breast system can safely replace doxorubicin in
the AC regimen. We hypothesize that this combination will result in improved response
of the primary tumour without compromising the systemic efficacy on metastatic sites or
increasing systemic toxicity. If feasibility and tolerability are adequate, this approach could
in the future lead to optimal loco-regional control with less extensive or even no surgery,
in stage Il or lll breast cancer patients allocated to receive neo-adjuvant chemotherapy.
Finally, it could also be suitable for other doxorubicin sensitive tumour types that benefit
from enhanced local treatment, such as soft tissue sarcoma.

Ethics and dissemination

This study has obtained ethical approval by the Medical Research Ethics Committee of the
UMC Utrecht (METC Utrecht) on May 29 2019 (Protocol NL67422.041.18, METC number
18-702). This paper is based on protocol version 6, dated August 28" 2020. Substantial
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protocol amendments will also be evaluated by METC Utrecht and communicated to
relevant parties by the investigators. Informed consent will be obtained from all patients
by an authorized representative of the Principal Investigator before study participation
(Informed consent form in Supplementary materials 6). The results of this study will be
disseminated by publication in an academic peer-reviewed journal.

Roles and responsibilities

This is an investigator-driven single-centre clinical trial, with the UMC Utrecht as sponsor
and trial site. The UMC Utrecht is responsible for the study design, data collection, data
management, analysis, interpretation of data, writing and submission of the report for
publication. The Principal Investigator will rapport (serious) adverse (device) events to the
METC Utrecht, to the Central Committee on Research Involving Human Subjects (CCMO),
and to Celsion Corporation and Profound Medical according to national guidelines. UMC
Utrecht has liability insurance which provides cover for damage to research subjects
through injury or death caused by the study. Celsion Corporation (manufacturer of
the investigational medicinal product) and Profound Medical (manufacturer of the
investigational medical device) will provide technical support during the trial and have
provided input on the study protocol. Both manufacturers will be allowed to review and
comment on draft publications prior to submission. The investigators at the UMC Utrecht
will have ultimate authority over the publication. An external Data Safety Monitoring Board
(two clinicians and one statistician) has been established and an independent qualified
monitor (Julius Clinical) has been appointed to perform intensive monitoring.

Data management

The handling of personal data will comply with the General Data Protection Regulation
(GDPR, in Dutch known as AVG). After informed consent is signed, each patient receives a
unigue subject number. A subject identification code list will be used to link the data to the
subject. The key to this pseudonymization code will be available only to the investigators
and employees of the research team.

Research data that are relevant for the study will be collected by the investigators on
electronical Case Report Forms (eCRFs) in Research Online, in compliance with the Good
Clinical Practice (GCP) guidelines for electronic data collection. An audit trail will be available.
The completed eCRFs will be reviewed, signed and dated by the Principal Investigator or
Co-investigator. Scans, results and registrations of medical imaging will be collected on the
Research Imaging Architecture (RIA), which is secured by password-protection and stores
pseudonymized images. Data from the MR-HIFU device such as log files and MR images
obtained during the MR-HIFU treatment that cannot be stored on the Research Imaging
Architecture will be stored in a secured UMC Utrecht bulk-storage folder. Celsion and
Profound will not receive any patient’s identifiable (personal) information. UMC Utrecht
shall provide pseudonymized data regarding the occurrence and severity of adverse
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device effects to Profound Medical and regarding the occurrence and severity of adverse
events to Celsion Corporation. This cannot be refused by the patient and is obligatory for
study participation. If the patient consents (optional), additional pseudonymized data on
the study treatment, will also be provided to Profound Medical and Celsion Corporation.
Research data will be stored for 15 years after the end of study. Biomaterial is stored in the
Central biobank (blood) or at the UMC Utrecht pathology department (tissue samples).

Patient and public involvement

Patient experiences have been the starting point for the grant proposal to the Dutch
Cancer Foundation and patients were involved in the design of the study and the choice of
outcome measures. Patients will not be actively involved in recruitment or dissemination
of study results, however information regarding the study can be found by individual
patients on the UMC Utrecht website and clinicaltrials.gov.

Trial status
Patient recruitment was initiated on March 10* 2020. Due to the COVID-19 outbreak, the
study has been temporarily discontinued, but the study is now open for enrollment.
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CHAPTER 4

ABSTRACT

Chemotherapy efficacy is often reduced by insufficient drug uptake in tumor cells. The
combination of ultrasound and microbubbles (USMB) has been shown to improve drug
delivery and to enhance the efficacy of several drugs in vitro and in vivo, through effects
collectively known as sonopermeation. However, clinical translation of USMB therapy
is hampered by the large variety of (non-clinical) US set-ups and US parameters that
are used in these studies, which are not easily translated to clinical practice. In order
to facilitate clinical translation, the aim of this study was to prove that USMB therapy
using a clinical ultrasound system (Philips iU22) in combination with clinically approved
microbubbles (SonoVue) leads to efficient in vitro sonopermeation. To this end, we
measured the efficacy of USMB therapy for different US probes (S5-1, C5-1 and C9-4)
and US parameters in FaDu cells. The US probe with the lowest central frequency (i.e. 1.6
MHz for S5-1) showed the highest USMB-induced intracellular uptake of the fluorescent
dye SYTOX™ Green (SG). These SG uptake levels were comparable to or even higher than
those obtained with a custom-built US system with optimized US parameters. Moreover,
USMB therapy with both the clinical and the custom-built US system increased the
cytotoxicity of the hydrophilic drug bleomycin. Our results demonstrate that a clinical
US system can be used to perform USMB therapy as efficiently as a single-element
transducer set-up with optimized US parameters. Therefore, future trials could be based
on these clinical US systems, including validated US parameters, in order to accelerate
successful translation of USMB therapy.

Keywords

USMB, sonoporation, sonopermeation, ultrasound, microbubbles, chemotherapy, drug
delivery, imaging
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INTRODUCTION

Chemotherapy is typically used as systemic treatment to destroy metastatic cancer cells
that have spread away from the primary tumor. However, local action of chemotherapy
is also of importance throughout the spectrum of oncological therapy. First, surgically
unresectable tumors can be made operable with neoadjuvant chemotherapy [1, 2].
Secondly, neoadjuvant chemotherapy can lead to less extensive surgery and reduce the risk
oflocalrecurrences [3, 4]. Third, chemotherapy can enhance the local effect of radiotherapy
during chemoradiation [5-7]. Finally, local response to palliative chemotherapy can
decrease morbidity [8-10]. Unfortunately, there is substantial heterogeneity in the local
response to systemic treatment within and across cancer types. A plausible explanation for
suboptimal response is the heterogeneous and/or insufficient delivery of drugs to tumor
cells caused by biophysical barriers of the tumor tissue [11, 12].

The combination of ultrasound and microbubbles (USMB) has been shown to overcome
these biophysical barriers and increase local tumor uptake of several drugs resulting in
enhanced efficacy [13-15]. Microbubbles are micron sized (1-10 um in diameter) gas-filled
particles with a biocompatible shell that are widely used as vascular contrast agents for
ultrasound imaging [16, 17]. In addition, the interaction of US waves and microbubbles has
the potential to enhance the delivery of drugs. Microbubbles exposed to low-intensity US
fields will oscillate (i.e. stable cavitation), while microbubbles exposed to higher intensities
will collapse violently (i.e. inertial cavitation). Both types of cavitation lead to a number of
bio-effects collectively known as sonopermeation, such as the formation of pores in cell
membranes (sonoporation), enhanced endocytosis and increased vascular permeability,
that improve the deposition of drugs in tumor tissue [14, 18].

In particular, hydrophilic drugs such as bleomycin and cisplatin, that have difficulties
crossing the cell membrane, may benefit from local USMB therapy, leading to increased
delivery of such drugs in vitro [19-32] and increased anti-tumor response in vivo [19,
23-25, 28, 29, 31]. The first clinical trials using the combination of chemotherapy and
USMB have been conducted. In a phase 1 clinical trial, USMB with clinically available
microbubble SonoVue was combined with gemcitabine in ten inoperable pancreatic
cancer patients. Trial participants could tolerate significantly more treatment cycles
and the median overall survival was longer compared to historical controls treated
with gemcitabine alone [33, 34]. Another phase 1 trial in eleven patients with hepatic
metastases and one patient with pancreatic cancer concluded that treatment with
physician’s choice chemotherapy (most commonly FOLFIRI, i.e. folinic acid, fluorouracil
and irinotecan) plus USMB with SonoVue was safe [35]. Several follow-up phase 1 /
2 studies are currently recruiting or being prepared (Clinicaltrials.gov NCT04146441,
NCT04821284, NCT03477019 and NCT03458975). A phase 3 trial investigates the
addition of USMB to neoadjuvant chemotherapy in breast cancer (Clinicaltrials.gov
NCT03385200, current status unknown).
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Despite these promising developments, translation of USMB therapy from in vitro and
small animal studies to the clinic is still limited. One major obstacle for clinical translation
of USMB therapy is the lack of a clinically approved US system with settings optimized
to perform USMB therapy. A large variety of (non-clinical) US set-ups and US parameters
have been used for in vitro and in vivo studies [36]. While these studies have provided
invaluable insights on the underlying mechanisms of USMB therapy and provided in
vivo proof of concept, their methods and results cannot be easily transferred to clinical
studies because the US equipment is not, and will not likely be, approved for clinical use.
In this study we take a different approach to facilitate the clinical translation of USMB
therapy by investigating the potential of an existing clinical ultrasound system (Philips
iU22) in combination with clinically available microbubbles (SonoVue) to perform USMB
therapy. To this end, we use in vitro experiments to evaluate the effect of USMB therapy
on the intracellular uptake of a model drug (SYTOX™ Green) and the efficacy of the
hydrophilic chemotherapeutic drug bleomycin.

MATERIALS AND METHODS

Chemicals and reagents

All cells were cultured in high glucose Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% non-essential amino acids
(NEAA).

Dulbecco’s Phosphate Buffered Saline (PBS), modified, without calcium, chloride and
magnesium chloride was used as solvent and for washing steps.

PBS, DMEM, FBS, NEAA and trypsin / ethylenediaminetetraacetic acid (EDTA) were
purchased from Sigma-Aldrich (St. Louis, USA).

Bleomycin sulfate (Bleomedac® powder for solution for injection, GmbH, Wedel,
Germany) was dissolved in sterile 0.9% NaCl to reach a final concentration of 10ug/mL,
which corresponds to at least 151U (Ph. Eur) per mL. Bleomycin is hydrophilic (LogP-7.5)
and has a molecular weight of 1415.6 g/mol*.

SYTOX™ Green is a cell-impermeant fluorescent nuclear acid stain with excitation/
emission wavelength of 504/523 nm. Its impermeability and >500-fold fluorescence
enhancement after binding to nuclear acids makes it suitable to visualize USMB therapy
efficacy. DRAQ5S™ fluorescent probe is a cell-permeant fluorescent dye (excitation
647 nm, emission 681nm) that was used to counterstain the DNA content of all cells.
AlamarBlue™ reagent was used for the cell viability assay. The eBioscience™ Annexin
V Apoptosis Detection Kit APC, containing both fluorescently labelled Annexin V and
Propidium lodide (Pl), was used for the apoptosis assay. SYTOX™ Green, DRAQ5™,

1  https://pubchem.ncbi.nim.nih.gov/compound/Bleomycin#section=CAS [Accessed August 31%, 2021]
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AlamarBlue™ and eBioscience™ Annexin V Apoptosis Detection Kit APC were purchased
from ThermoFisher Scientific (Waltham, Massachusetts, USA).

Cell culture

A human pharyngeal squamous cell carcinoma cell-line (FaDu) (ATCC® HTB-43™, LGC
Standards GmbH, Wedel, Germany) was cultured in high glucose DMEM supplemented
with 10% FBS and 1% NEAA. FaDu cells were cultured in a humidified incubator at 37 °C
and 5% CO,. They were split 2-3 times per week at a confluency of around 80%, until a
maximum passage number of 20. One day before each experiment, FaDu cells collected
using trypsin/EDTA and seeded in a 35 mm diameter lumox® culture dish (Sarstedt AG&
Co. KG, Nimbrecht, Germany).

Ultrasound systems and microbubbles

SonoVue (Bracco International B.V., Amsterdam, the Netherlands) was prepared according
to the manufacturer’s instructions, producing sulfurhexafluoride-filled phospholipid
microbubbles with a mean bubble diameter of ~2.5 um and a concentration of 1-5*108
microbubbles/mL in sterile 0.9% NaCl. Microbubbles were kept at 4°C in between use,
resuspended before every use and used within 2 hours after preparation.

We used a clinical ultrasound system (iU22 Ultrasound system, Philips Medical Systems
Nederland B.V, Best, the Netherlands) combined with the following probes: S5-1, C5-1
and C9-4. USMB therapy was done in Pulsed Wave (PW) Doppler mode. The transmission
frequency of each transducer was set by the system and cannot be changed. The Pulse
Repetition Period (PRP) was set to the longest period for each transducer by setting
the scale parameter to the minimum. The acoustic pressure was varied by changing
the mechanical index (Ml). The number of cycles per pulse was varied by changing the
sample volume (SV), while the Ml (pressure) was kept constant.

The acoustic field of each transducer in PW Doppler mode as well as the acoustic
pressure for each setting was measured using a 0.2 mm needle hydrophone (Precision
acoustics Ltd., Dorset, UK) in degassed water.

As reference, we used a custom-built US set-up that was previously used for USMB
therapy [37]. This US set-up consisted of a single-element transducer operated at 1.5
MHz, 150 cycles per pulse, pulse repetition frequency of 1.0 kHz and Peak negative
pressures (Pneg) of 0.39, 0.56 and 0.72 MPa.

Microbubble response

The acoustic bubble response to the specific acoustic pulses used in the experiment
was characterized by attenuation measurements. A sample holder (acoustical path
length of 8 mm) with two acoustically transparent windows was positioned such that its
center coincided with the focal point of two single-element transducers. The transmit
transducer (Olympus V304, f =2.25 MHz, F = 1.88 inch, D = 1 inch) was calibrated using a
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fibre-optic hydrophone (Precision Acoustics). The receiving transducer (Olympus V307,
f=5MHz, F=1.93 inch, D = 1 inch, was aligned such that the received signal (without
microbubbles) was at a maximum.
Eight differently shaped US pulses were used, four with a rectangular envelop (as used
in the single-element set-up) and four with a Gaussian envelop (to recreate the pulses
of the US imager probe), with 11, 23, 46 and 150 cycles. These pulses were generated
by a waveform generator (Tabor 8026) and amplified (vectawave, VBA100-200) before
transmission. The receiving transducer and the waveform generator were connected
to a digital oscilloscope (picoscope 5444d) such that both the transmitted and received
signal were recorded. The waveform generator as well as the oscilloscope were triggered
(BNC, 575) simultaneously.
Each US pulse was repeated 5 times, with a pulse repetition frequency (PRF) of 6.7 kHz,
for 5 different Peak negative pressures (150 kPa to 750 kPa with 150 kPa steps), such
that one measurement consisted of 200 pulses. During the measurements the sample
in the holder was continuously refreshed by a gravity-driven flow. Measurements were
done at the frequencies used throughout the rest of the paper, namely 1.6 MHz, 2.25
MHz and 4 MHz. All measurements were performed with diluted (1000x) SonoVue and
without microbubbles for reference.
Attenuation coefficients were calculated by comparing the transmission through the
SonoVue solution to that through distilled water:
where is the attenuation coefficient in dB/cm, is the acoustical path
length through the sample in cm, and are the amplitudes of the frequency
spectra of the SonoVue and reference signal, respectively, at the transmit
frequency .

USMB therapy experimental set-up

In order to apply USMB therapy to cells cultured in lumox® dishes we used TwentiCells,
which were designed and manufactured at Twente University (Figure 1). The TwentiCell
consists of a 3D-printed lumox® dish holder and a screw-on ring to seal the lumox®
dish with a polyolefin (25 um thick), creating a water-tight compartment. The holder
contains an in-let and out-let to the fill the compartment with drugs/microbubbles in
solution and remove unwanted air, respectively. The parts were assembled before each
experiment and UV-sterilized before inserting the lumox® dish containing the cells to
avoid infection. Acoustic transparency of the TwentiCells and inserted lumox® dishes is
close to 100% (data not shown).

For the USMB therapy the TwentiCell was immersed in degassed water (T = 37°C) and
fixed above the transducer in a custom-built frame. The distance between the surface
of the clinical ultrasound probes and the lumox® dish membrane was 3.0 cm and the
PW Doppler Sample Volume was centered on this position (Figure 1 (C)). In the single-
element transducer set-up the lumox® dish membrane was positioned in the focal zone
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of the transducer, i.e. 8.0 cm above the transducer surface (Figure 1 (D)).

i = [r

25.0cm >5.0cm

3.0cm 8.0cm

S5-1

SE

Figure 1. Experimental US set-up for in vitro experiments. (A) Cross section of 3D-printed TwentiCell (B)
Schematic drawing and photos of TwentiCell (1) including upside-down inserted lumox® dish (Il) in custom-
build frame (1V). A 5 mL syringe (Ill) is used to insert the medium and to remove air. (C) TwentiCell immersed
in degassed water, in a custom-build frame, with clinical US probe 3.0 cm below the cells or (D) with single
element transducer 8.0 cm below the cells. In both set-ups at least 5 cm of water was above the cells.

SYTOX™ Green experiments

One day after seeding 3.0*10° FaDu cells in lumox® dishes, the medium was removed
and a mixture of 2uL SYTOX™ Green (SG, 5 mM solution in DMSQ), 180uL SonoVue and
4.8 mL medium was added to the TwentiCell. For USMB-untreated samples, a lumox®
dish with regular lid was used and the volumes were adjusted to 0.5 plL SG, 45uL 0.9%
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NaCl and 1.2mL medium. The TwentiCells were incubated (37 °C and 5% CO,) for 15
minutes with the cell containing surface upwards, in order for the microbubbles to float
towards the cells. Next, the TwentiCell was placed in the waterbath (cell containing
surface remaining upwards), exposed to ultrasound for 15 seconds and put back in the
incubator. The US-untreated samples were not removed from the incubator. 30 minutes
after USMB treatment, the SG-containing medium was removed and clean medium was
added. Afterwards, the cells were washed with PBS, fixated with paraformaldehyde (4%
in PBS) and stained with 1 mL DRAQS5 (5 uM in PBS) at 37°C for about 20 minutes. The
lumox® membrane was covered with solidifying mounting medium FluorSave™ (Merck
Millipore, Burlington, Massachusetts, USA) and a glass cover slip, and kept in the dark
at 4°C until fluorescence imaging. These experiments were performed with the single
element transducer as well as the clinical US system.

Bleomycin experiments

One day after seeding 1.5%10° FaDu cells in lumox® dishes, the medium was removed
and a mixture of 498 uL bleomycin solution or 0.9% NaCl, 180uL SonoVue and 4.302
mL medium was added to the TwentiCell. For US-untreated samples, a lumox® dish
with regular lid was used and the volumes were adjusted to 125 uL bleomycin solution
or 0.9% NaCl, 45uL 0.9% NaCl and 1.075 mL medium. The TwentiCells were incubated
(37 °C and 5% CO,) for 15 minutes with the cell containing surface upwards. Next, the
TwentiCell was placed in the waterbath (cell containing surface remaining upwards),
exposed to ultrasound for 15 seconds and put back in the incubator. The US-untreated
samples were not removed from the incubator.

To determine the IC,, and IC . of bleomycin with or without USMB, the final bleomycin
concentrations were 0, 0.1, 0.5, 1, 5, 10, 50, 100 and 500 ug/mL and the single-element
transducer set-up was used. The apoptosis assay was performed at a single bleomycin
concentration (10 pg/mL) using the single-element set-up as well as the clinical US
system.

Two hours after USMB therapy, the bleomycin or 0.9% NaCl containing medium was
removed, the cells were washed with PBS and clean medium was added. The cells were
then incubated at 37°C, 5% CO, until 48 hours after adding the bleomycin, microbubbles
and/or 0.9% NaCl.

Fluorescence microscopy

Fluorescence imaging for the SG experiments was performed on a Confocal Zeiss LSM
700 microscope. SG was imaged with excitation 488 nm and emission >500 nm. DRAQ5
was imaged with excitation 639nm and emission > 640 nm. All microscope settings,
including laser power, gain, pinhole size and digital offset, were kept constant during
all experiments. Images were obtained with 10 times enlargement with a frame size of
512x512 and a square tile size of 640.17 um?. For each lumox® dish, a square of 10 by
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10 tiles was imaged with a 10% overlap, starting in the visual center of the SG signal. The
tiles were stitched immediately after acquisition. In each tile a Z-stack of 3 levels was
created to compensate for height variances of the cells over the tiles.

To quantify the USMB efficacy for different US-settings we performed automated cell
segmentation of SG-positive and DRAQS5-positive cells using (Fiji Is Just) ImageJ 2.0.0-rc-
69. First, a standard-deviation Z-projection was created for the SG and DRAQ5 images.
To segment the SG-positive cells global thresholding was applied, with a fixed threshold
for all samples, whereas for segmenting the DRAQS5-positive cells a local threshold
was applied (i.e. mean method with a radius of 5). Next, the noise in the binary masks
after thresholding was removed with a median filter and the watershed algorithm was
applied to split clustered objects. Objects with a size >20 pixel units were counted as
cells, regardless of circularity.

The number of SG and DRAQ5-positive cells were analyzed in a region of interest (ROI) of
600x600 pixels, centered on the position with the highest SG signal after blurring the SG
image with a 2-D Gaussian smoothing kernel with standard deviation of 200 in Matlab
(R2019a). When there was no noteworthy SG signal, the ROl was positioned in center of
the 10x10 square. Objects on the edges of the ROl were not counted.

Viability assay

The effect of bleomycin with or without USMB therapy on cell viability was determined
with an AlamarBlue assay. 48 hours after adding medium with or without bleomycin
and microbubbles to the Twenticell, a solution of ImL medium and 100u AlamarBlue
reagent (500 uM solution in PBS) was added to each lumox® and incubated (37 °C and
5% CO,). After two hours, the mixture was removed from each lumox® and pipetted into
a well plate.

The fluorescence intensity in the well plate was measured using the FLUOstar OPTIMA
(BMG LABTECH) plate reader, with excitation and emission wavelengths of 550-10 and
600-610 nm and a gain of 1500. The cell viability of a sample was calculated as percentage
fluorescent signal relative to that of untreated control samples, after subtraction of the
fluorescent signal of a negative control without cells.

To determine IC,/IC,. in each group (with or without USMB), the cell viability
percentages were calculated with reference to their own controls, i.e. no exposure to
bleomycin but with or without USMB depending on the group. The IC_ was then defined
as the concentration resulting in 50% inhibition of cell viability, likewise, the IC,, was the
concentration resulting in 25% inhibition of cell viability. The method to determine IC, /
IC,, is described in 2.11.

Apoptosis assay

In addition to the viability assay, an apoptosis assay was performed to determine the
effect of USMB on bleomycin efficacy. The apoptosis and viability assays were performed
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in separate experiments. 48 hours after adding medium with or without bleomycin and
with or without microbubbles to the Twenticell, the medium and detached cells were
collected from each lumox® dish. The remaining cells were detached from the lumox®
membrane with trypsin/EDTA and added to the rest of the medium. Residual EDTA was
removed by centrifugation and washing with PBS. The cells were resuspended in binding
buffer with a concentration of ~1*10° cells/mL and then stained and incubated for 15
minutes with Annexin V. The cells were washed, resuspended in binding buffer, stained
with Propidium lodide (PI) and then kept on ice protected from light.

Within 4 hours, the samples were analyzed by flow cytometry using the BD FACSCanto
™ || Cell Analyzer, for Pl (488nm) and Annexin V (633nm). Compensation was performed
with samples stained with only Pl and only Annexin V. The FACS data was analyzed using
FlowJo 10.7.1. The four quadrants (live, early apoptotic, late apoptotic, and necrotic
cells) were distinguished based on a control sample containing 50% necrotic and 50%
live cells.

Statistical analysis

Statistical analysis was performed in GraphPad Prism 8.3.0. For the fluorescence
microscopy data and cell viability data we used the Kruskal Wallis test and a Dunn’s test
for multiple comparisons. The absolute IC_ for bleomycin with and without USMB was
determined with a nonlinear least-squares regression of the bleomycin concentration
versus the response (cell viability percentage) with the Hill’s slope fixed at-1.0 and the
top and bottom of the fitted curve restrained to 100 and 0 %, respectively. To compare
the IC_'s of both groups we used the extra sum of squares F-test. Because the IC_s
had a very broad confidence interval we also calculated the IC,, for both groups with
the same method. A p-value < 0.05 was considered to indicate a statistically significant
difference.

RESULTS

Acoustic characterization of clinical US system

The acoustic output of the clinical ultrasound system as well as the US beam profile
were characterized for the probes S5-1, C5-1 and C9-4. The acoustic output as function
of different US settings is summarized in Table 1. With increasing SV, the number of
cycles per pulse increased. The maximum MI (and therefore pressure) increased with
decreasing SV. Figure 2 shows the characteristics of the S5-1 probe. Supplementary
figures 1-3 show these characteristics for the other clinical US probes and the single-
element transducer. In PW mode the S5-1 probe emits a US pulse with a Gaussian
shaped envelope with a center frequency of 1.6 MHz and an increasing number of cycles
when SV is increased (Figure 2(A and B)). The pressure field maps in PW mode (Figure
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2(C)) show that the ultrasound energy is limited to a beam with dimensions of 5.0 mm
by 6.3 mm (Full width at half maximum) at the middle of the sample volume. Figure 2(D)
demonstrates the difference in signal intensity in the Twenticell (red rectangle) before
and after USMB therapy (15 sec sonication at Ml 0.6, SV 20mm), due to microbubble
disruption.

Table 1. US parameters and corresponding measurements on clinical US system

Clinical US probe Pulse repetition period Pulse length Maximum pressure  Evaluated pressures at
at SV 20mm SV 20mm
PW freq (MHz) Min. Scale Max. PRP SV (mm)  Cycles Max. Ml Max.P Ml evalu- Pree (MPa)
(cm/sec) (us) per pulse (MPa) ated

$5-1 16 -30-30 800 20 46 0.6 0.59 0.6 0.59
10 23 0.5 0.46

5 11 0.4 0.38

0.3 0.30

0.2 0.22

C5-1 225 6-6 2500 20 64 0.8 0.59 0.8 0.59
10 32 0.5 0.39

5 16 0.3 0.25

c9-4 40 -12-12 800 20 117 0.3 0.44 0.3 0.44
10 59 0.2 0.37

5 29 0.2 0.30

0.1 0.19

Bubble response to US

Figure 3 shows the attenuation coefficient for SonoVue for different pulse envelop
shapes and lengths as a function of acoustic pressure and frequency.

The attenuation curve shows a maximum at 1.6 and 2.25 MHz indicating a maximum
attenuation for the frequencies that are closest to resonance frequency of SonoVue.
The attenuation coefficient decreased, mainly at 1.6 MHz, as the excitation pressure
was increased from 150 kPa to 750 kPa. This observation is not consistent with previous
experimental measurements of pressure-dependent attenuation coefficients [38, 39]. As
we have observed no visible trace of bubble destruction based on the repeated pulses,
the refreshment rate of the bubble solution appears to be sufficient, and we ascribe this
effect to radiation forces and bubble clustering. As such, this effect may be even more
prominent at the higher concentrations used for the cell experiments.

When comparing rectangular versus Gaussian envelop shapes no differences were
observed in attenuation coefficient. Furthermore, the number of cycles per pulse did
not influence the attenuation coefficient.
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Figure 2. Characteristics of S5-1 probe (A) Shape of emitted ultrasound pulses in PW mode for different pulse
length. (B) Frequency spectrum of SV 20 mm pulse. (C) Pressure field maps in PW mode. (D) B-mode images of
TwentiCell (red rectangle) containing microbubbles, before and after USMB therapy (15 seconds at Ml 0.6, SV
20mm). SV: sample volume; f: frequency; a.u.: arbitrary units; P__: Peak negative pressure; USMB: ultrasound
and microbubbles.
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Figure 3. Attenuation coefficient a for SonoVue for different pulse shapes and lengths as a function of acoustic
pressure and frequency. (A) Gaussian pulse envelop (as used in PW Doppler mode on clinical US system). (B)
Rectangular pulse envelop (as used in single-element set-up). a: attenuation coefficient; f : transmit frequency.

Effect of transducer and ultrasound settings on USMB efficiency

The USMB efficacy for each transducer as function of acoustic pressure is shown in
Figure 4(A). The percentage of SG positive cells increased significantly with the addition
of USMB treatment using the S5-1 (1.6 MHz) or C5-1 (2.25 MHz) probes and was
comparable (C5-1) or even higher (S5-1) than with the single element transducer (Figure
4(A)). In contrast, no relevant SG uptake was observed using the C9-4 probe (4.0 MHz).
For the S5-1 probe a similar percentage of SG positive cells (i.e. ~¥30%) was observed
for all pressures above 0.30 MPa. In contrast, the C5-1 probe and the single element
transducer showed a pressure-dependent increase of SG positive cells, reaching ~30%
and 15% at the highest pressures, respectively.

The effect of pulse length for the S5-1 and C5-1 is shown in Figure 4(B). For the S5-1
probe at maximum pressure (0.59 MPa), a similar percentage of SG positive cells (i.e.
38%) was observed independent of pulse length. For the S5-1 probe at a lower pressure
(0.38 MPa) only a higher number of cycles per pulse (SV 20 and 10mm) caused a
significant increase in SG positive cells compared to USMB untreated samples. For the
C5-1 probe at maximum pressure (0.59 MPa), the percentage SG positive cells increased
with increasing pulse length.

Figure 4(C) shows representative fluorescence images of the ROl after USMB therapy
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with S5-1 probe at MI 0.6 and SV 20mm, stained with SG and DRAQ5.
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Figure 4. Effect of transducer and ultrasound settings on USMB efficiency measured by percentage SG positive
cellsin ROL. (A) Effect of pressure on USMB efficiency with (from left to right) clinical US system with S5-1, C5-1
or C9-4 probe and custom-build US set-up with single-element transducer. (B) Effect of pulse length on USMB
efficiency of clinical US system with (from left to right) S5-1 probe at maximum pressure (M1 0.6, P 0-59 MPa),
S5-1 probe at Ml 0.4 (PnEg 0.38 MPa) and C5-1 probe at maximum pressure (Ml 0.8, Pes 0-59 MPa). Symbols
indicate individual measurements and bars indicate mean and SD (n > 3) All values were statistically compared
to USMB untreated samples (right). * p<0.05 ** p<0.01 *** p<0.001. (C) Representative fluorescence images
of ROI after USMB with S5-1 probe at MI 0.6 (0.59 MPa) and maximum pulse length (SV 20mm). Top: DRAQ5™
staining, middle: SG staining, Bottom: composite, cells stained for DRAQ5S™ (red), SG (green) or both (yellow).
SG uptake in 35.1% of cells. ns: not significant; SG: SYTOX™ Green; USMB: ultrasound and microbubbles.

Effect of USMB on bleomycin efficacy

To confirm that USMB therapy improved the efficacy of bleomycin, the IC_ and IC . of
bleomycin were determined, with or without USMB with the single-element transducer
(Figure 5(A)). The absolute IC, of bleomycin decreased from 791.8pg/L (95% Cl 578.8
- 1125) to 173.2ug/mL (95% Cl 96.06 — 333.0) when combined with USMB (Pneg =0.56
MPa). The USMB-induced difference in IC, was statistically significant (p < 0.0001). The
IC,, decreased significantly from 263.9 pg/mL (95% Cl 192.9 — 374.8) to 57.73 pug/mL
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(95% CI 32.02- 111.0) (p < 0.0001). Note that both curves have their own reference of
100% cell viability without bleomycin (i.e. with or without USMB), which guarantees
that the observed differences in IC,. and IC_ are not a direct cytotoxic effect of USMB
alone, but due to enhanced intracellular delivery of bleomycin causing more cell death
at the same concentration. The effect of USMB treatment in the absence of bleomycin
is illustrated in Figure 5(B). Cell viability did not significantly decrease with increasing
acoustic pressure.

The apoptosis assay confirmed the decreasing cell viability with addition of USMB to
bleomycin. Figure 5(C) shows the mean distribution of cells over the quadrants after
USMB with the single-element transducer. Representative dot plots of flow cytometry
analysis from experiments with two or three samples per group are shown in Figure
5(D). Increased apoptosis was observed 48 hours after bleomycin plus USMB (Pneg 0.56
MPa), compared to untreated samples or samples treated with either bleomycin alone
or USMB alone.

Effect of USMB with clinical US system on bleomycin efficacy

Figure 6 demonstrates that the cytotoxicity of bleomycin could also be increased by
USMB therapy using the clinical US system with the S5-1 probe. The combination of
bleomycin (10 ug/mL) and USMB with significantly decreased the cell viability compared
to untreated samples at the three pressures used, while either bleomycin alone or
USMB alone had little effect (Figure 6(A)). Addition of USMB at P s 0-59 MPa (M1 0.6)
to bleomycin, also significantly decreased the cell viability from 94 to 47% compared
to samples treated with bleomycin alone. At the lower pressures we also observed a
decrease in cell viability when USMB was added to bleomycin (from 94% to 57% at P e
0.46 MPa and to 54% at P 0-38 MPa), however these changes were not significant.
The results of the apoptosis assay again confirmed the decrease in cell viability with
the combination of bleomycin and USMB. Figure 6(B) shows the mean distribution
of cells over the quadrants after USMB with the clinical US system and S5-1 probe.
Representative dot plots of flow cytometry analysis from experiments with two or three
samples per group are shown in Figure 6(C). Besides increased apoptosis, similar to
what was seen with the single element transducer, also increased necrosis (11.4 %
versus 8% with bleomycin alone) was observed after bleomycin plus USMB with the
clinical US system.
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> 6). (C) Flow cytometry analysis of Propidium lodide and Annexin V staining 48 hours after bleomycin 10 pg/
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n=2 or (for bleomycin + USMB samples) n=3. (D) Representative dot plots of flow cytometry analysis shown
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DISCUSSION

In preclinical studies, USMB therapy has overcome biophysical barriers that cause
heterogeneous and/or insufficient drug delivery to tumor cells, thereby increasing
intracellular uptake and enhancing the efficacy of several drugs. Although the first
clinical studies have been published, clinical translation of USMB therapy is still limited.
We hypothesize that clinically available US systems with fixed and validated parameters
will accelerate clinical translation. To pave the road forwards, we characterized several
clinical probes and US-parameters and showed that effective USMB therapy can be
performed in vitro with a non-modified clinical US system and EMA/FDA approved
microbubbles.

After evaluation of three clinical US probes and a set of parameters, the US probe with
the lowest center frequency (i.e. 1.6 MHz for S5-1) showed the highest USMB efficiency
as measured by SG uptake. This was consistent with literature showing that a frequency
close to the resonance frequency of SonoVue (i.e. 1.6 —3.1 MHz depending on the bubble
size [40]) was the most efficient [36, 41]. Moreover, at lower pressures a larger number
of cycles per pulse was beneficial. This was also seen in previous studies, although some
conflicting results have been reported and intermediate pulse lengths might be optimal
[36, 42-45]. The SG uptake levels that we achieved with the clinical US system were
comparable, or even higher depending on the transducer and US-settings, to those
obtained with a custom-built US set-up with a single-element transducer and optimized
US parameters [37]. A possible explanation for these higher uptake levels would be that
the gradually increasing pressure in the Gaussian pulse shape of the PW Doppler mode
leads to a more efficient bubble response than the block shaped pulse of the single-
element transducer. However, we found no evidence in our microbubble attenuation
experiments to support this. Since the experimental set-up and handling were equal
for both set-ups and the frequencies of S5-1 probe (1.6 MHz) and the transducer of the
custom-build set-up (1.5 MHz) were very similar we conclude that the improved USMB
efficiency using the S5-1 and C5-1 probes must be due to other factors that we did not
investigate (e.g. PRF, non-lineair US propagation and beam shape). Future experiments
including cavitation measurements might further elude the underlying mechanisms.

In this study we used the PW Doppler mode for USMB therapy, in contrast to previous
clinical studies that used B-mode and contrast mode, or color power angiography
doppler (Clinicaltrials.gov NCT03385200, personal communication). The first clinical trial
used B-mode, with settings optimized to achieve a linear acoustic signal, the maximum
possible duty cycle (1%), center frequency of 1.9 MHz and MI 0.4 (measured pressure
0.27 MPa Pneg) [33, 34]. The second clinical trial did not provide details about specific
ultrasound settings used, apart from the MI that varied between 0.4 and 1.0 [35].
Although not clinically applied, PW Doppler on a clinical US system has been evaluated
in a mouse study for blood-brain barrier disruption using a variation of clinically available
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US parameters (e.g., frequency 5.0-8.0 MHz) [46]. As demonstrated by the pressure
fields (Figure 2(B) and Supplementary figures 1 and 2), PW Doppler mode creates a
very small (5.0 mm by 6.3 mm for S5-1) USMB therapy focus, much smaller than the
treatment area described in the previous phase 1 clinical trial (i.e. 69 * >100 * 1.0 mm?3)
[33]. Therefore, PW Doppler mode is well suited for precisely targeted treatment. In
addition, the use of a clinical US imager provides the opportunity to perform imaging
and therapy consecutively, thus performing image-guided therapy.

This is to our best knowledge the first in vitro study that evaluates the effect of
USMB therapy using a clinical US system and approved SonoVue microbubbles, while
performing extensive evaluation of multiple transducers and US settings available in PW
Doppler mode. Previously, in vitro studies have used Optison microbubbles for USMB
therapy with clinical US systems in spectral Doppler, 2-D scan mode or harmonic imaging
(Octave) mode at a frequency of 1.5 of 3.5 MHz [47, 48]. Compared to our findings,
these methods resulted in a lower USMB efficacy (below 10%), which could indicate
that PW Doppler mode is more effective. Other in vitro studies have used a diagnostic
US system to evaluate microbubble response, while therapeutic USMB was omitted or
administered with a non-clinical transducer [45, 49, 50]. USMB therapy would benefit
from simultaneous (real-time) cavitation monitoring with a single transducer of a
clinical US system. This solution would allow for monitoring of bioeffects [51-54], while
using standardized US settings. Currently, simultaneous USMB therapy and cavitation
monitoring is not yet available on clinical US systems, although our work and the work
by Keller et al. show it is technically feasible [50]. Meanwhile, our approach leads to a
standardization of US parameters used and may be immediately used in clinics.

Next to correct determination and extensive reporting of the US exposure conditions
used [55], which has been performed for clinical US systems, and performing cavitation
monitoring during treatment, the use of mono-disperse microbubbles will further
reduce the disparity of experimental results. Currently, commercial, clinically approved
microbubbles are polydisperse. However, recent papers show that monodisperse
microbubbles have a more uniform acoustic response and an increased imaging
sensitivity [56, 57], which will also improve the reproducibility and controllability of
USMB therapy.

We hypothesized that USMB therapy with a clinical US system and approved microbubbles
could improve the local efficacy of chemotherapy. Both the Alamar Blue assay and the
flow cytometry analysis showed that in vitro USMB therapy with both the clinical and
the custom-built US system clearly increased the cytotoxicity of the hydrophilic drug
bleomycin. However, our absolute IC_ values have to be interpreted with caution. The
nonlinear regression model included only one concentration above the IC_, for the cells
treated with USMB, and none for the cells treated without USMB. This led to a large
confidence interval in the IC_, estimations. Unfortunately, due to a worldwide shortage
of bleomycin [58] it was not feasible to increase the concentration further, in order to
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achieve an effect closer to 100% cell death. For this reason, we additionally calculated the
IC,, of each group and compared those. These data confirmed the increased cytotoxicity
of bleomycin with the addition of USMB therapy.

While in clinical practice bleomycin is only used in a few tumor types, these results could
be extended to a wide range of treatments with other hydrophilic chemotherapeutics. For
example, based on previous in vitro results of Lammertink et al. future patients receiving
chemotherapy or chemoradiation containing cisplatin could benefit from the addition of
local USMB therapy [30]. Furthermore, USMB therapy could be used to enhance the effect
of therapeutic antibodies or nanoparticles [25, 59-62]. Finally, clinical studies evaluating
the potential of USMB therapy in addition to radiotherapy in the absence of drugs are
ongoing [63] (Clinicaltrials.gov NCT04431674, NCT044316438).

The custom-made TwentiCells used in our experiments are an attractive alternative to
for example CLINIcells and provide the opportunity to perform USMB experiments with a
large number of independently sonicated samples, while using small volumes of medium,
drugs and microbubbles. In addition, the TwentiCells hardly interfere with the applied
ultrasound field, a common limitation of in vitro US set-ups [64, 65]. To obtain reliable
and reproducible results we standardized the procedures throughout our experiments as
much as possible. This is essential, as many parameters (e.g. position of cells with respect
to transducer, time between preparation and use of microbubbles, time between addition
of microbubbles and sonication [45, 66]) can affect outcome of USMB therapy.

To conclude, we have shown that a non-modified clinical US system in combination
with clinically approved microbubbles can be used to perform highly effective USMB
therapy in vitro. The next step towards clinical translation is to apply these methods
in vivo. Future trials should determine the safety and efficacy of our methods and US
parameters in patients.
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CHAPTER 5

ABSTRACT

To investigate the feasibility and tolerability of ultrasound and microbubbles (USMB)
enhanced chemotherapy delivery in patients with head and neck cancer, we performed
a veterinary trial in feline companion animals with oral squamous cell carcinomas. Five
cats without treatment options besides supportive care were treated with a combination
of bleomycin and USMB therapy three times with 1 week intervals, using the Pulse Wave
Doppler mode on a clinical ultrasound system and EMA/FDA approved microbubbles.
They were evaluated for adverse events, quality of life, tumour response and survival.
Furthermore, tumour perfusion was monitored before and after USMB therapy using
contrast-enhanced ultrasound (CEUS). USMB treatments were feasible and well tolerated.
Among the four cats treated with optimized US settings, three had stable disease at first, but
showed disease progression 5 or 11 weeks after first treatment. One cat had progressive
disease one week after the first treatment session, maintaining a stable disease thereafter.
Eventually, all cats showed progressive disease, but each survived longer than the reported
median overall survival time of 44 days. CEUS performed immediately before and after
USMB therapy suggested an increase in tumour perfusion based on an increase in median
area under the curve (AUC) in 5 out of 9 evaluated treatment sessions. In this small
hypothesis-generating study USMB plus chemotherapy was feasible and well-tolerated in
a feline companion animal model and showed potential for enhancing tumour perfusion
in order to increase drug delivery. This could be a step forwards toward clinical translation
of USMB therapy to human patients with head and neck cancer or other tumours with a
clinical need for locally enhanced treatment.

Keywords

USMB, bleomycin, contrast-enhanced ultrasound, veterinary medicine, companion
animals, feline, oral squamous cell carcinoma, head and neck cancer
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INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is diagnosed in approximately 900.000
patients yearly worldwide, 5% of all cancer diagnoses [1]. Most patients present with locally
advanced disease [2, 3], and because primary surgery is often not possible or is expected
to result in unacceptable morbidity, they are often treated with combination therapies
including radiotherapy, chemotherapy and targeted therapy [4]. Even so, up to half of
the patients develop (often incurable) local recurrences [5, 6] and treatment is associated
with acute and long-term toxicity [7-9]. Primary chemoradiotherapy with cisplatin as a
radiosensitizer is often used in locally advanced HNSCC. Higher cumulative cisplatin dose
is associated with better local control and to some extent longer overall survival [7, 10],
but due to local and systemic toxicities 30-50% of patients cannot complete all planned
cycles of cisplatin [7, 11]. This emphasizes the need for improved local tumour delivery
of cisplatin, without increasing the chemotherapy dose in healthy tissues. To this end, a
method to increase local drug delivery without increasing systemic toxicity could lead to
improved outcomes of (chemo)radiotherapy.

We hypothesize that this goal could be achieved by means of ultrasound and microbubbles
(USMB) therapy. Microbubbles are micron-sized gas-filled bubbles used for contrast-
enhanced ultrasound (CEUS) imaging [12, 13]. When exposed to ultrasound, stable or
inertial cavitation of microbubbles can occur, creating a number of biological effects
collectively termed sonopermeation [14, 15]. USMB therapy has been shown to improve
drug delivery for various molecules in vitro and in vivo [15]. In particular, addition of
USMB therapy improved the effect of chemotherapy or chemoradiotherapy with cisplatin
on HNSCC cells in vitro [16]. However, pre-clinical studies often use custom-made set-
ups and a large variety of US parameters, which cannot easily be translated to the clinic.
Thus far, USMB therapy has not been studied in human head and neck cancer patients.
Most (ongoing) clinical studies of USMB therapy have focused on brain applications, using
dedicated systems not applicable to other organs [17-19]. Meanwhile, studies outside the
brain are limited to small numbers of patients with pancreatic cancer, liver metastases and
breast cancer, which all used different ultrasound settings [20-23]. Using clinically available
US systems and settings (preferably uniform US settings across clinical studies) combined
with FDA/EMA approved microbubbles can help make this technique more accessible.

In order to bridge the gap between human HNSCC patients and in vitro and small animal
studies, we performed a veterinary feasibility trial. Cats are a suitable model because they
are big enough to use clinical ultrasound equipment, and because many pathophysiological
and genetic similarities exist between humans and cats [24-26]. Furthermore, feline oral
squamous cell carcinoma (FOSCC) is very common in aged cats [27]. Like human patients,
cats often present with advanced stage disease [28] and often succumb to local disease
progression, rather than metastatic disease [26, 29]. Standard of care treatment options
are similar to the human setting: when surgery is not an option, primary radiotherapy can
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be combined with chemotherapy as a radiosensitizer [30-32]. Supportive care (antibiotics
and/or anti-inflammatory drugs) results in a median overall survival of approximately
44 days [33]. The platinum-based drug cisplatin, often used in human patients, creates
unacceptable toxicity in cats when systemically administered [34]. Instead, bleomycin
is a well-tolerated cytostatic drug in cats, but has limited efficacy because efficacy is
dependent on intracellular uptake, which is complicated by the hydrophilic nature and
dependence on protein receptors to enter the cell [35, 36]. To improve the efficacy of
bleomycin, electroporation can be used, also known as electropermeabilization: making
cell membranes reversibly permeable by application of an electrical current [37, 38]. In
a feline study the combination of bleomycin plus electroporation resulted in an overall
response of 89%, compared to 33% with bleomycin alone [39] but it causes unpleasant
muscle contractions and possibly an increased risk for cardiac arrhythmias [39, 40]. After
electroporation of large bulky tumours, patients could be more susceptible to adverse
events such as tumour lysis syndrome, thromboembolism, disseminated intravascular
coagulation, delayed wound healing and local necrosis [38]. These adverse effects have
not been described for USMB therapy. A safety study performing USMB therapy on the
livers of eight pigs with a clinical US system did not result in any clinical adverse events or
histopathological damage to the liver [41]. Meanwhile, CEUS imaging has been studied in
hundreds of cats, without significant adverse effects [42-47]. In vitro, USMB therapy was
shown to enhance local bleomycin effect using a clinical US system with standard settings
and clinically available microbubbles [48].

The combination of bleomycin with USMB therapy using a clinically available US system
and microbubbles could provide a low-toxicity low-burden additional treatment option for
these cats as well as a step towards clinical translation to human head and neck cancer
patients. The primary objectives of this veterinary study were to evaluate tolerability
and feasibility of bleomycin plus USMB therapy while using a clinical US system and
microbubbles, while secondary objectives were to assess tumour response, survival and
effect of USMB therapy on tumour perfusion.

METHODS

Subjects

Five cats with spontaneously arisen FOSCC were eligible for inclusion in our single-arm
prospective study. They had at least cytologically proven squamous cell carcinoma,
without other suitable treatment options except for palliative care and informed consent
was provided by the pet owner. Exclusion criteria were life-threatening comorbidities
leading to a life expectancy of less than 1 month, contraindications for anaesthesia and
known hypersensitivity to bleomycin or any of the excipients of SonoVue (Bracco).

174



ULTRASOUND AND MICROBUBBLES MEDIATED BLEOMYCIN DELIVERY

USMB treatment

Each cat was treated three times, once per week (see Figure 1 for timeline of treatment
procedures). US imaging and treatment were performed using an EPIQ5 or EPIQ7 imager
with a C9-2 transducer (Philips) complemented by a L18-5 transducer solely for USimaging.
A tissue mimicking gel was used to obtain enough distance between probe and cat for
the region of interest to be outside the near field of the transducer. The treatment was
performed under general anaesthesia, while continuously monitoring vital signs. USMB
therapy was started 7 minutes after intravenous (i.v.) injection of bleomycin (10.000 U/
m?2). Microbubbles (SonoVue, Bracco, conc. 1-5 x 10% bubbles/mL, dosage 0.1 mL/kg body
weight per bolus injection) followed by a 1.5mL saline flush were administered through
an i.v. catheter of at least 22 gauge. When the microbubbles appeared in the tumour
(based on CEUS imaging), treatment of the oral tumour was started in Pulse Wave (PW)
Doppler mode. PW Doppler for 15 seconds was alternated with CEUS imaging for five
seconds (to allow for complete reperfusion of the tumour with fresh microbubbles) and
repeated five times per MB injection, as by that time no more MBs were visible on CEUS
images. This process was repeated three times to a total of four microbubble injections for
therapy. During USMB therapy the probe was hand-held by a veterinary radiologist and the
Sample Volume of the PW Doppler was slowly moved to treat the entire tumour. Before
a new microbubble injection, transducer orientation was changed to treat a different
cross-section of the tumour. Optimized PW Doppler settings for USMB therapy and CEUS
parameters used in cats 2-5 are shown in Table 1. These procedures have been optimized
during treatment of cat 1 and the first treatment session of cat 2.

Table 1 Optimized Pulsed Wave Doppler settings for USMB therapy and CEUS parameters used in cats 2-5

Parameter Indication / setting on EPIQ5 or EPIQ7 Value
Optimized Pulse Wave (PW) Doppler settings for ultrasound and microbubble (USMB) therapy
Frequency C9-2 probe in PW mode 2.9 MHz
Pulse length Sample volume: 7.5 mm (maximum) 21 cycles per pulse
Pulse Repetition Frequency Scale:-4 — 4 cm/sec (minimum) 0.4 kHz
Mechanical index Relative intensity:- 10 dB * MI 0.3-0.4 at target depth
Contrast enhanced ultrasound (CEUS) settings
Mechanical Index (MI) Ml in CEUS mode <0.1 CEUS MI =0.06
Gain Gain slightly above the noise floor in ab- Gain =45%
sence of microbubbles and kept constant
Dynamic range (compression) Dynamic range = 50
Focus position Focus positioned at the target or a bit Adjusted per treatment session and
deeper (2/3 of image depth) moved during USMB therapy
Time Gain compensation (TGC) All switches in central position All switches in central position
Persistence Off

* In cat 4 relative intensity was increased to-7dB to account for enhanced attenuation due to extensive bone
invasion and fibrous tissue formation of bone.
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Figure 1 Ultrasound and microbubbles (USMB) treatment procedures. A: each cat is treated three times, once
per week. B: Each treatment session is performed under general anaesthesia and starts with a clinical exam.
Ultrasound imaging and contrast-enhanced ultrasound imaging (CEUS) are performed before and after USMB
therapy. 7 minutes after intravenous injection (i.v.) of bleomycin (BLM), USMB therapy is started by i.v. bolus
injection of SonoVue microbubbles. C: when the microbubbles appear on the CEUS image, 15 seconds of Pulsed
Wave (PW) Doppler are alternated by 5 seconds of CEUS imaging. This is repeated five times per microbubble
injection, for a total of four microbubble injections.

Other study procedures

Primary endpoints were tolerability and feasibility, assessed at baseline and 1, 2 and 5
weeks after the first USMB therapy. Tolerability was assessed by reporting adverse events,
clinical performance score and quality of life. Adverse events were reported by VCOG
Common Terminology Criteria for Adverse Events version 1.1, clinical performance (CPS,
0-5 [49]) was monitored and quality of life (QoL) was assessed using a 16-item owner-
completed questionnaire, translated to Dutch with permission from Adelphi UK and
Zoetis [50]. Feasibility was assessed by the amount of time needed for study procedures
and the ability to complete study treatments per cat. Secondary endpoints were clinical
response (including tumour response and survival) and the effect of USMB therapy on
tumour perfusion. Tumour response was evaluated by calliper measurements at baseline
and 1, 2 and 5 weeks after the first USMB therapy. Overall survival was registered from
first USMB therapy until death. To evaluate the effect of USMB on tumour perfusion, CEUS
was performed immediately before and after USMB treatment using a mechanical arm
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to position the US probe and with the same volume of MBs used for USMB therapy. All
equipment settings (Ml = 0.06, gain = 45%, TGC at central position, dynamic range = 50,
persistence set to Off, see Table 1 for more details) were kept consistent for all cats and
between CEUS measurements before and after USMB therapy.

Quantitative CEUS evaluation

Time-intensity curve analysis was performed on contrast loops before and after USMB
treatment to evaluate changes in tumour perfusion using in-house developed Matlab
software. Image data post-processing consisted of 5 steps. First, the DICOM images,
transferred from the ultrasound imager, were loaded using the standard Matlab DICOM
reader and the colour images were converted into greyscale. Second, the onset of the
contrast enhancement was determined. Third, from the images obtained before the onset
of contrast enhancement, an averaged image (background image) was calculated and this
background image was subtracted from the original images. Fourth, the temporal data
was smoothed using a moving-average filter. Finally, peak intensity (Pl: maximum signal
intensity, also known as peak enhancement), time-to-peak (TTP: time between first arrival
of contrast and reaching maximum intensity) and area under the curve (AUC: area under
the time versus signal intensity curve) maps were calculated for each pixel [51]. Using a
region of interest (ROI) with the same size before and after USMB therapy, the parameters
were visualized with a colour scale and plotted in histograms to compare results pre and
post USMB therapy. Pixels with high signal intensity already before onset of the contrast
enhancement (e.g. regions containing bone) were excluded for analysis. The percentage
of pixels reaching >25% of the peak intensity in that ROl were compared between before
and after USMB with a paired samples Wilcoxon test. A two-sided p-value < 0.05 was
considered significant. Median values of the AUC in the ROl are compared after discarding
AUC values < 0.

RESULTS

Baseline characteristics

We included five feline patients with tumours located in different oral regions.

Table 2 describes relevant patient and tumour characteristics. All cats were domestic
shorthairs over 10 years of age, with T2 or T3 tumours [52], two cats had known lymph
node metastases and one cat had pulmonary metastases. All cats received supportive care
with antibiotics and pain medication, two cats required assisted feeding (oesophageal
feeding tube). Two cats received concomitant treatment for hyperthyroidism (thiamazole
or carbimazole).
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Table 2 Relevant patient and tumour characteristics, including survival

Patient 1 2 3 4 5
Sex male male male female male
Age at inclusion 11 11 18 15 14
(years)
Body weight at 2.8 7.2 3.4 2.8 6.7
inclusion (kg)
TNM stage [52] T2N1IMO T2bNOM1 (lungs) T2bNOMO T3bNOMx cT3N1IMx
Tumour location tongue, frenulum, right maxilla lip and cheek rostrally in the tongue base and
and sublingual soft extending into mouth, infiltrated floor of mouth
tissue corner of mouth  into mandibula
and caudal
maxilla
Supportive care Antibiotics Antibiotics Antibiotics Antibiotics Antibiotics
measures Analgesics (NSAIDs,  Analgesics (NSAIDs) Analgesics Analgesics Analgesics
tramadol) (NSAIDs, (NSAIDs, (NSAIDs,
Tube feeding gabapentin) gabapentin) buprenorphine)
Tube feeding
Concomitant drugs  Treatment for Treatment for - - -
hyperthyroidism hyperthyroidism
(carbimazole) (carbimazole)
initiated during initiated during study
study
Survival 46 85 64 56 57
(days)
Death euthanasia euthanasia euthanasia euthanasia natural death

Bleomycin plus USMB therapy was tolerable without serious adverse events

The USMB treatments were well tolerated. All cats experienced adverse events, but these
were not severe, mainly grade 1 or 2 (Table 3 lists all adverse events). In addition, adverse
events were considered related to anaesthesia (e.g. constipation, fatigue, hypotension,
hypothermia, lethargy and vomiting), comorbidity (untreated hyperthyroidism) or
progressive tumour growth (e.g. anorexia, generalized weakness, fatigue haemorrhage from
the tumour, pain, ptyalism, skin ulceration, soft tissue necrosis and weight loss). One cat had
localized alopecia and erythema related to an i.v. catheter. Another cat experienced a mild
sinus tachycardia during the treatment session, which could be related to USMB therapy or
anaesthesia but resolved spontaneously.. Clinical performance score (CPS) did not change
from O (“fully active”) in cat 1-3. In cat 2 it temporarily decreased one point in week 1 but
then recovered to “fully active” and in cat 5 it decreased from 1 (“slight tiredness/dyspnoea
after severe exertion”) to 3 (“Spontaneous tiredness or dyspnoea without exertion, lies often
on the floor”) after 5 weeks. Figure 2 shows QoL scores. QoL remained stable in cats 1-3, and
decreased gradually in cat 5, most likely due to tumour progression. In cat 4, QoL decreased
temporarily after 1 week, due to pain and inability to eat. Supportive treatment was
intensified (antibiotics restarted, pain medication increased) and the next USMB treatment
was postponed for 1 week. In this week the cat’s condition and QoL improved. Since QoL
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recovered quickly, infection at the tumour site was considered the most likely cause.

Healthy behaviour Clinical signs Total score
100 100 100
-e- Cat1
o
‘g 80 -m- Cat2
@
-4 Cat3
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E -e. Cat4
é 40 -+- Cat5
S 20
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Timepoint Timepoint Timepoint

Figure 2 Quality of life per cat during the study, assessed by a 16-item owner-completed measure of feline quality
of life, translated to Dutch with permission from Adelphi UK and Zoetis. Higher scores indicate better quality of
life. A: healthy behaviour score, B: clinical signs score, C: total score, which is the mean of healthy behaviour and
clinical signs.

Three treatment sessions of bleomycin plus USMB therapy were feasible

The study treatment was considered feasible, as all five pet owners completed all planned
study visits including three USMB treatment sessions and a follow-up visit. In the four cats
with optimized procedures, mean time in hospital ranged from 153 minutes in cat 4 to 207
minutes in cat 3 and mean time spent on US imaging plus therapy ranged from 44 minutes
in cat 2 to 66 minutes in cat 3 (Figure 3).

Cat 1 e ! 3 Time in hospital
Cat2 ot ! .
= Zezzazz Z2 Anaesthesia
cat3 Jyzzaz; ’_""_' ] 3 US Imaging plus therapy
2 i ,_._‘_‘o - ele -
Cat4 El USMB therapy
Cat 5 g{oiobeinefosiodads
® Bleomycin administration

L] ' L] * L] L]
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Figure 3 Feasibility of USMB treatment, assessed by duration of study procedures. For each procedure, the mean
of three treatment days was calculated. In cat 1, treatment procedures had not yet been optimized.

Modest clinical response

For cat 1 USMB therapy procedures had not yet been optimized, therefore its clinical
response parameters are not reported here. Upon clinical examination three cats had
stable disease during the three treatment sessions, but disease progression was observed
at five weeks (cats 3 and 5) or 11 weeks after the first treatment session (cat 2). Cat 4 had
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progressive disease one week after the first treatment session (possibly due to tumour
infection), but remained stable at follow-up. Eventually, all cats had progressive disease
(Figure 4). Three cats were euthanized respectively 85, 64 and 56 days after their first
treatment session, the fourth cat died spontaneously after 57 days (Table 2).

300
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Figure 4 Estimation of tumour volumes (length * width * depth, percentage of baseline) in cats treated with
optimized USMB settings, based on calliper measurements of the tumour prior to that day’s study treatment. Cats
2,3 and 5 had stable disease during the three treatment sessions, but showed disease progression five weeks (cats
3 and 5) or 11 weeks after first treatment (cat 2, not shown here). In cat 5, reliable tumour measurement was not
possible five weeks after treatment due to tumour necrosis, but clear disease progression was noted. Cat 4 had
progressive disease one week after the first treatment (possibly due to tumour infection), but remained stable at
follow-up.

Indication of increased tumour perfusion assessed by contrast-enhanced ultrasound
CEUS imaging before and after USMB treatment was available for cat 2 (two treatment
sessions), cat 3 (three treatment sessions) cat 4 (one treatment session) and cat 5
(three treatment sessions). During the first treatment session of cat 2 the US probe was
unintentionally moved during CEUS acquisition and during the second and third treatment
sessions of cat 4 the US system with contrast license was unavailable. Figure 5 shows
representative parametric maps in cat 3 and Supplementary Figures 1, 2 and 3 show
an overview of all cats. Based on visual interpretation of the data, peak intensity (Pl)
increased in six out of nine treatment sessions, decreased in two and did not change in
one (Supplementary figure 1), while for time-to-peak (TTP) the changes were small and
there was no clear trend (Supplementary figure 2). The median AUC in the ROl decreased
in four out of nine treatment sessions (mean decrease 23.5%, range -4 to-45%) while
it increased in five out of nine treatment sessions (median increase 118%, range 10 to
1039%) (Supplementary figure 3). These findings were supported by the percentage of
pixels in the ROI reaching >25% of the peak intensity (Pl). Taking nine evaluated treatment
sessions together, this percentage was significantly higher after USMB therapy compared
to baseline (Figure 6, Wilcoxon matched-pairs signed rank test p = 0.0391).
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Figure 5 Contrast enhanced ultrasound (CEUS) parametric maps of cat 3 before (first column) and after (second
column) USMB therapy for visual comparison. For each of the three treatment sessions from top to bottom the
following parameters are depicted: selection of region of interest (ROI), peak intensity (Pl), time-to-peak (TTP),
area under the curve (AUC). Pixels with high signal intensity before administration of microbubbles (e.g. regions
containing bone) were set to zero and delineated with white dotted lines. In the third column these parameters
are compared in histograms between before (white) and after (blue) USMB. Note that the range of the y-axes
differs between different treatment sessions. ROls pre and post USMB are identical in size within one treatment
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session and matched in position as much as possible. CEUS parameters were kept constant between treatment
sessions, except in treatment session 2 of cat 3 when gain inadvertently changed from 45% (before USMB) to
49% (after USMB).

Pre USMB Post USMB Comparison

Cat3S1 = %7 *
ks | 1
* 60— -/I
[To]
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2
Cat 3 S2 5 407
Ke)
©
2 204
X
Q
S
Cat3S3 0-
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Figure 6 Peak Intensity (PI) on CEUS in the tumour before (left) and after (right) USMB therapy. Representative
maps of cat 3 in three treatment sessions (S1-3). Pixels with high signal intensity before administration of
microbubbles (e.g. regions containing bone) were set to zero and delineated with red dotted lines. Percentage of
pixels reaching >25% of the peak intensity (white pixels) in the ROI was significantly higher after USMB therapy
compared to baseline. * = Wilcoxon matched-pairs signed rank test p = 0.0391

DISCUSSION

We conducted a clinical feasibility study in a small cohort of non-laboratory cats,
evaluating the combination of bleomycin chemotherapy and USMB therapy in cats with
oral squamous cell carcinoma.

The USMB treatment sessions were feasible and well tolerated. Due to our patient
selection process, all tumours were accessible to USMB therapy. Adverse events were
considered related to anaesthesia, comorbidity or progressive tumour growth. We did
not observe severe adverse events such as tumour lysis syndrome and disseminated
intravascular coagulation, which have been described with electroporation [38]. Muscle
contractions and arrhythmias are not expected to occur with USMB due to the difference
in technique (ultrasound versus electrical pulses) and while vascular disruption caused by
electroporation leads to acute tumour necrosis, USMB therapy may have a more gradual
and tolerable anti-tumour effect. The relatively mild adverse effects of USMB therapy
could reflect that it is a more tolerable and feasible option than electroporation and that
there is room for treatment intensification (i.e. more treatment sessions or higher dosages
of chemotherapy).

Unfortunately, all cats eventually had progressive disease based on clinical tumour
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measurements. However, while the median overall survival is (historically) around 44
days with supportive care alone [33], survival in our study (albeit small and without a
control group) was somewhat longer (46- 85 days). A number of hypotheses could explain
why tumour responses and overall survival did not improve more substantially. First, the
cavitation-induced permeabilization of cancer cells to enhance the intracellular uptake
of bleomycin, which we previously demonstrated in vitro [48], may not have worked as
well in vivo in our veterinary study. Unfortunately, we could not measure sonopermeation
efficacy directly, i.e. by quantifying bleomycin uptake in tumours, nor indirectly, by
monitoring microbubble cavitation activity during the procedure. Future application of
simultaneous USMB therapy and cavitation detection could confirm our assumption and
lead to further optimization of US settings. Based on previous literature this is feasible
using a clinical US system, but it requires modifying predefined factory settings, which
could lengthen the process towards clinical approval [53]. Second, USMB therapy will only
cause sonopermeation in cells in the close proximity of microbubbles [54], i.e. endothelial
cells and perhaps a few layers of tumour cells. Moreover, CEUS imaging showed that
microbubbles did not spread throughout the entire tumour, which further diminishes the
efficacy of sonopermeation. Third, the US parameters we used (which are standard settings
for PW Doppler on the clinical US system) are likely to be suboptimal. Our previous in
vitro results demonstrated that PW Doppler using an unmodified clinical ultrasound probe
with the lowest centre frequency (S5-1 with a frequency of 1.6MHz), and the maximum
number of cycles per pulse (46) resulted in the most efficient cell permeabilization [48].
While it was not feasible to use the exact same settings in this veterinary study (the S5-1
probe provided insufficient anatomical detail for target identification in the cat) we were
able to closely mimic them. Optimization steps were performed during the first treatment
sessions. In the first treatment session of cat 1, a lower MB dosage and the S5-1 probe
were used. In all treatment sessions of cat 1 and the first treatment session of cat 2 a
higher mechanical index was applied (relative intensity 0 dB, Ml =1.0- 1.2). However,
decreased perfusion was noted on CEUS after USMB therapy in the first treatment session
of cat 2 and therefore the relative intensity was decreased to-10 dB (i.e. Ml = 0.3- 0.4).
With this drop of MI, we expect that we moved from an inertial cavitation to a stable
cavitation regime. On the other hand, customized settings, such as used by Keller et al. in
a healthy porcine model, may provide even better results [41]. Fourth, if sonopermeation
did occur successfully, (part of) these tumours may have not been intrinsically sensitive
to bleomycin, meaning that bleomycin could not kill the cell even after entering it [55].
Finally, it is possible that more bleomycin plus USMB treatment sessions are needed to
obtain a durable clinical response. It would be interesting to continue study treatment
until tumour progression or unacceptable toxicity in a future study.

Although clinical response in our small study was modest, our findings on increased tumour
perfusion after USMB treatment were promising. Most notably, we saw an increase in
median AUC in 5 out of 9 treatment sessions and a significant increase in percentage of
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pixels with an intensity above 25% of the Pl in the ROI. Increased AUC is a typical feature
of increased perfusion, which indicates increased microvascular blood volume (MBV: the
proportion of tissue volume existing of blood) [56, 57]. Increased perfusion should also
lead to shorter TTP, but this was not observed in our study. Improving MBV will benefit
the exchange of oxygen, nutrients and drugs [58]. Note that these findings have to be
interpreted with caution, as the number of evaluable treatment sessions is small and the
position of the transducer (i.e. anatomical location) for CEUS ROls before and after USMB
were matched to our best effort but were never identical. More so, similar transducer
positions for CEUS in different treatment sessions of the same cat are even harder to
obtain. Nevertheless, previous studies have also shown that USMB therapy can affect
tissue perfusion and thereby reduce tumour hypoxia. Both increased and decreased
perfusion have been described, and more research is needed to determine exactly which
ultrasound parameters induce either effect. Decreased perfusion seems to be related
to vascular damage and platelet activation, while increased perfusion is associated with
vessel dilation and (on longer term) induction of angiogenesis [59]. Improving tumour
perfusion is also of interest for (chemo)radiotherapy in HNSCC since clinical response to
chemoradiotherapy is negatively affected by tumour hypoxia [60], caused by structural
abnormalities in the tumour vasculature [61, 62]. Consequently, increased tumour
perfusion could decrease hypoxia and thereby improve outcomes. Because the effect of
bleomycin is mainly limited by intracellular uptake, rather than by perfusion, only a small
survival benefit can be expected in our study as a result of increased tumour perfusion. In
contrast, combining USMB therapy with drugs known to be perfusion-limited could lead
to improved outcome in future studies.

Due to the similarities between humans and cats in size and tumour characteristics, a
feline veterinary trial provides a great opportunity to study feasibility of USMB therapy
using an unmodified clinical US system and clinically available microbubbles. Our optimized
USMB therapy procedure can easily be translated to human patients. In the future, we
expect that USMB therapy, if proven safe and feasible in human patients with head and
neck cancer, could be added to standard of care chemo(radio)therapy to improve local
drug delivery (e.g. of cisplatin and/or cetuximab) or to standard of care radiotherapy
(to enhance tumour perfusion and consequently reduce hypoxia). Finally, adding USMB
therapy to chemoradiotherapy could in the future lead to adapted treatment regimens
with similar efficacy while reducing systemic toxicity. Early clinical trials using USMB in
combination with chemotherapy in patients with various tumour types have already shown
promising results or are still ongoing [20-23] (ClinicalTrials.gov Identifiers: NCT04146441,
NCT04821284, NCT03477019 and NCT03458975, NCT03385200), as well as clinical
studies on USMB therapy with radiotherapy in the absence of a drug (Clinicaltrials.gov
NCT04431674, NCT04431648). Since we used a clinical US system and EMA/FDA approved
microbubbles in this study, the step to a clinical trial in human head and neck cancer
patients can be taken in the near future. While customized USMB therapy settings might
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lead to even better results in the long term, the approval process could take longer and we
expect that the use of PW Doppler without adaptations will accelerate the road to clinical
benefit.

CONCLUSIONS

Our veterinary feasibility trial shows that the combination of bleomycin and ultrasound
and microbubbles therapy, using an unmodified clinical ultrasound system and FDA/
EMA approved microbubbles, is a feasible and well-tolerable treatment in cats with oral
squamous cell carcinoma. Besides a modest clinical response, we found indications of
enhanced tumour perfusion after USMB therapy. This could be a step forwards toward
clinical translation of USMB therapy to human patients with head and neck cancer or
other tumours with a clinical need for locally enhanced treatment.
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SUPPLEMENTARY MATERIALS

Supplementary figure 1 Peak intensity (1/2)
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Supplementary figure 1 Contrast enhanced ultrasound (CEUS) parametric maps of cats 2-5, visualizing peak
intensity (Pl), before (top) and after (bottom) USMB therapy. For each cat the three treatment sessions are
depicted from left to right. CEUS was available for nine treatment sessions. Pixels with high signal intensity
before administration of microbubbles (e.g. regions containing bone) were set to zero and delineated with white
dotted lines. Below the two maps Pl is compared between before (white) and after (blue) USMB in a histogram,
excluding pixels with a PI < 5. Note that the range of the y-axes differs between treatment sessions. ROIs pre and
post USMB are identical in size within one treatment session and matched in position as much as possible. CEUS
parameters were kept constant between treatment sessions, except in treatment session 2 of cat 3 when gain
inadvertently changed from 45% (before USMB) to 49% (after USMB). Based on visual interpretation of the data
Plincreased in six out of nine treatment sessions.
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Supplementary figure 2 Time to peak (1/2)
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Supplementary figure 2 Contrast enhanced ultrasound (CEUS) parametric maps of cats 2-5, visualizing time-
to-peak (TTP), before (top) and after (bottom) USMB therapy. For each cat the three treatment sessions are
depicted from left to right. CEUS was available for nine treatment sessions. Pixels with high signal intensity before
administration of microbubbles (e.g. regions containing bone) were set to zero and delineated with white dotted
lines. Below the two maps TTP is compared between before (white) and after (blue) USMB in a histogram. Note
that the range of the y-axes differs between treatment sessions. ROIs pre and post USMB are identical in size
within one treatment session and matched in position as much as possible. CEUS parameters were kept constant
between treatment sessions, except in treatment session 2 of cat 3 when gain inadvertently changed from 45%
(before USMB) to 49% (after USMB). Based on visual interpretation of the data we did not observe a trend in
changes of TTP.
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Supplementary figure 3 Area under the curve (1/2)
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Supplementary figure 3 Contrast enhanced ultrasound (CEUS) parametric maps of cats 2-5, visualizing area
under the curve (AUC), before (top) and after (bottom) USMB therapy. For each cat the three treatment sessions
are depicted from left to right. CEUS was available for nine treatment sessions. Pixels with high signal intensity
before administration of microbubbles (e.g. regions containing bone) were set to zero and delineated with white
dotted lines. Below the two maps AUC is compared between before (white) and after (blue) USMB in a histogram,
excluding pixels with an AUC < 250. Median AUC values before and after USMB and the relative difference are
described in the histogram. Note that colour scales and the range of the y-axes differ between treatment sessions.
ROIs pre and post USMB are identical in size within one treatment session and matched in position as much as
possible. CEUS parameters were kept constant between treatment sessions, except in treatment session 2 of cat
3 when gain inadvertently changed from 45% (before USMB) to 49% (after USMB). The median AUC in the ROI
decreased in four out of nine treatment sessions (mean decrease 24%, range-4 to-45%) while it increased in five
out of nine treatment sessions (mean increase 316.4%, range 10 to 1039%).
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CHAPTER 6

ABSTRACT

Sentinel lymph node biopsy (SLNB) is a diagnostic staging procedure that aims to
identify the first draining lymph node(s) from the primary tumor, the sentinel lymph
nodes (SLN), as their histopathological status reflects the histopathological status of the
rest of the nodal basin. The routine SLNB procedure consists of peritumoral injections
with a technetium-99m [*™Tc]-labelled radiotracer followed by lymphoscintigraphy and
SPECT-CT imaging. Based on these imaging results, the identified SLNs are marked for
surgical extirpation and are subjected to histopathological assessment. The routine SLNB
procedure has proven to reliably stage the clinically negative neck in early-stage oral
squamous cell carcinoma (OSCC). However, an infamous limitation arises in situations
where SLNs are located in close vicinity of the tracer injection site. In these cases, the
hotspot of the injection site can hide adjacent SLNs and hamper the discrimination
between tracer injection site and SLNs (shine-through phenomenon). Therefore,
technical developments are needed to bring the diagnostic accuracy of SLNB for early-
stage OSCC to a higher level. This review evaluates novel SLNB imaging techniques for
early-stage OSCC: MR lymphography, CT lymphography, PET lymphoscintigraphy and
contrast-enhanced lymphosonography. Furthermore, their reported diagnostic accuracy
is described and their relative merits, disadvantages and potential applications are
outlined.

Keywords
Squamous cell carcinoma of head and neck; mouth neoplasms; lymphatic metastases;
sentinel lymph node biopsy; diagnostic imaging; lymphatics; tracer

Simple Summary

In early-stage (cT1-2NO) oral cancer, occult lymph node metastases are present in 20—
30% of patients. Accordingly, accurate staging of the clinically negative cervical nodal
basin is warranted in these patients. Sentinel lymph node biopsy has proven to reliably
stage the clinically negative cervical nodal basin in early-stage oral cancer. However,
due to the limited resolution of conventional sentinel lymph node imaging, occult
lymph node metastasis may be missed in particular circumstances. Therefore, technical
developments are necessary to bring the diagnostic accuracy of sentinel lymph node
biopsy, in early-stage oral cancer, to a higher level. This review evaluates novel sentinel
lymph node imaging techniques for early-stage oral cancer, such as MR lymphography,
CT lymphography, PET lymphoscintigraphy and contrast-enhanced lymphosonography.
Their reported diagnostic accuracy is described and their relative merits, disadvantages
and potential applications are outlined.
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INTRODUCTION

In early-stage (cT1-2NO) oral squamous cell carcinoma (OSCC), occult lymph node
metastases are present in 20—30% of patients, even when the status of the regional
lymph nodes has been evaluated using combinations of advanced clinical diagnostic
imaging modalities (i.e., ultrasound guided fine-needle aspiration (USgFNA), magnetic
resonance imaging (MRI) and/or computed tomography (CT)) [1-3]. As watchful-waiting
in these patients has been associated with a poor prognosis, especially when compared
to those in whom the clinically negative neck was electively treated [1], two strategies
for the clinically negative neck in early-stage OSCC are available: elective neck dissection
(END) and sentinel lymph node biopsy (SLNB) [3—6]. Although END is the strategy of
choice in the majority of medical centers globally [5], which has the benefit of being
a single-stage procedure, SLNB is a less invasive procedure for the 70-80% of patients
without metastatic neck involvement and has overall lower morbidity rates, better
quality-of-life and lower health-care costs as compared to END [7-10].

The concept of SLNB is based on the premise that lymph flow from the primary tumor
travels sequentially to the sentinel lymph node (SLN) and then on to the other regional
lymph nodes. Hence, the SLN is the lymph node that has the highest risk of harboring
metastasis [11].

The SLNB procedure aims to identify these first draining lymph node(s), as their
histopathological status reflects the histopathological status of the rest of the nodal
basin. Complementary nodal treatment (e.g., surgery, radiotherapy) should be
performed in case of metastatic involvement of SLN(s). A negative SLNB, however, would
justify a wait-and-scan policy [12].

In short, the routine SLNB procedure consists of preoperative peritumoral injections
with a technetium-99m [*™Tc; y-emitter]-labelled radiotracer followed by planar
dynamic and static lymphoscintigraphy including SPECT-CT (single photon emission
computed tomography-computed tomography) imaging. Based on preoperative
lymphoscintigraphy, the position of the SLN(s) is marked on the skin. The marked
SLNs are surgically removed, using a portable y-probe for intraoperative localization of
SLNs. Subsequently, the harvested SLNs are subjected to meticulous histopathological
assessment using step-serial-sectioning and immunohistochemistry [12—15].

SLNB has proven to reliably stage the clinically negative neck in early-stage OSCC with
a pooled sensitivity and negative predictive value (NPV) of 87% and 94%, respectively
[16]. However, an infamous limitation of the routine SLNB procedure arises in situations
where SLNs are located in close vicinity of the tracer injection site. In these cases, the
hotspot of the injection site can hide adjacent SLNs, which consequently hampers the
discrimination between tracer injection site and SLNs (shine-through phenomenon;
Figure 1). This shine-through phenomenon is particularly evident in patients with floor-
of-mouth OSCC and sublingual, submental and submandibular SLNs, resulting in a
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significantly lower accuracy of SLNB in floor-of-mouth tumors (sensitivity 63%; NPV 90%)
compared to other oral cavity subsites (sensitivity 86%; NPV 95%) [4,17-21].

Figure 1. Shine-through phenomenon in 72-year-old patient with a cT1NO floor-of-mouth carcinoma. (A,C)
Coronal and axial SPECT-CT images: radiation flare of the tracer injection site over shines a sentinel lymph
node located in cervical lymph node level Ib (white circle). (B,D) Coronal and axial low-dose CT images of
same patient: (sentinel) lymph node located in cervical lymph node level Ib that could not be differentiated
from the hotspot originating from tracer injection site on SPECT-CT (white circle). (E) Schematic illustration of
shine-through phenomenon. (A-D) Informed consent has been obtained from this patient. (E) ©University
Medical Center Groningen.

Therefore, technical developments are needed to bring the diagnostic accuracy of SLNB
for all subsites of OSCC to the same high level. This review evaluates new developments
in preoperative SLN imaging techniques for early-stage OSCC: MR lymphography, CT
lymphography, PET lymphoscintigraphy and contrast-enhanced lymphosonography.
Furthermore, this review describes their diagnostic accuracy as reported in literature
and outlines their relative merits, disadvantages and potential applications.

RESULTS

A systematic literature search for new developments in preoperative SLN imaging
techniques for early-stage OSCC resulted in a total of 452 PubMed indexed articles, of
which 40 were considered relevant. Cross-reference led to 1 additional relevant study
with healthy volunteers. Of these 41 articles, 27 were reviews (n = 1), animal or preclinical
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studies (n = 26). In particular, 20 animal or preclinical studies used similar methods for
SLN identification (i.e., imaging modality, tracer) as corresponding clinical studies.
Table 1 shows the range of reported diagnostic accuracy, in terms of sensitivity and NPV,
and rate of patients in which SLNs were identified using the reviewed techniques. Figure
2 illustrates how both preoperative detection and intraoperative localization of SLNs was
achieved, using the reviewed techniques, as described in literature.

Preoperative SLNB
imaging modality

Peritumoral
administered tracer

(Intraoperative)
localization of SLNs

T 0
Conventional LSG + [**mTc]-labelled robe
SPECT-CT radiotracer YP
o o
Gadolinium-based Dual-tracer:
contrast agent (e.g. ICG, blue dye)
MR lymphography
o o
Superparamagnetic
Iron Oxide (SPIO) Magnetometer
o o
Iodine-based Dual-tracer:
CTlymphography contrast agent (e.g. ICG, blue dye)
o o
PET Positron emitting
lymphoscintigraphy radiotracer PET-probe
o
USgFNA
y -
1Con‘rrast enhanced Microbubbles
ymphosonography ) S —
Dual-tracer:
(e.g. ICG, blue dye)
-

Figure 2. Overview of the reviewed preoperative SLN imaging techniques (column 1), the administered tracers
for the corresponding techniques (column 2) and their intraoperative SLN localization techniques (column
3) as described in literature. SLNB; sentinel lymph node biopsy, LSG; lymphoscintigraphy, SPECT-CT; single
photon emission computed tomography-computed tomography, MR; magnetic resonance, CT, computed
tomography, PET; positron emission tomography, ICG; indocyanine green, USgFNA; ultrasound guided fine
needle aspiration.
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Table 1. Reported diagnostic accuracy and detection rate of sentinel lymph nodes per technique.

Number SLN identification
Techni T itivi NPV
echnique Source racer of studies Sensitivity in (%) of patients
Conventional y-emitting [*™Tc]-labelled
lymphoscintigraphy &  y-ray radiotracer n=66 87%18 94%!16) -
SPECT-CT (e.g., [**™Tc]-nanocolloid)
Paramagnetic
;\gzglzy)/mphography Radio-wave  (Gd*) contrast agent n=1 91%%%] 93%%°1 100%2°!
(e.g., gadobutrol)
Superparamagnetic
MR Lymph h
(SPIOy)mp ograpny Radio-wave (iron oxide) contrast agent n=2 NR NR 100%174°41]
(e.g., Resovist, Magtrace)
82%—
lodine contrast agent 56%—-80%
CTL h h X-| = o 004545
ympnography ray (e.g., iopamidol, lipiodol) n=6 1545557 58] [95555,)57,531 89-96%"29]
Positron emitting isotope
PET N B*-decay [89Z.r, %8Ga, 18F]-labelled n=2 67%7] 67%7 100%773]
lymphoscintigraphy (y-rays) radiotracer
(e.g., [**Ga]-tilmanocept)
Contrast-enhanced US-wave Microbubbles . n=2 NR NR 80-92%051)
lymphosonography (e.g., SonoVue, Sonazoid)

NPV; negative predictive value, SLN; sentinel lymph node, SPECT-CT; single photon emission computed tomography-computed
tomography, *™Tc; technetium-99m, MR; magnetic resonance, Gd**; gadolinium, NR; not reported, CT; computed tomography,
PET; positron emission tomography, #Zr; zirconium-89, ®*Ga; gallium-68, '*F; fluorine-18, US; ultrasound.

Magnetic Resonance Lymphography

Magnetic resonance (MR) lymphography with peritumoral administration of a
paramagnetic gadolinium [Gd**]-based contrast agent has been recently introduced
in breast and cervical cancer, as an alternative method for preoperative visualization
of SLNs and lymphatics [22-24]. These studies showed that paramagnetic gadolinium
[Gd**]-based contrast agents, conventionally administered intravenously for contrast-
enhanced MRI or MR angiography [25], are safe and useful for peritumoral administration
and SLN mapping in humans.

To review MR lymphography for SLN detection using paramagnetic gadolinium-based
contrast agents in early-stage OSCC, a systematic literature search was conducted. This
led to retrieval of 53 PubMed indexed articles for MR lymphography; 7 were considered
relevant [26—32]. Of these 7 articles, 6 were animal studies [27—32]. Cross-reference led
to identification of 1 relevant study with healthy volunteers [33].

In the only study that performed MR lymphography with a gadolinium-based contrast
agent (i.e., gadobutrol) in OSCC patients (n = 26) [26], SLNs were consistently visualized
in all patients and lymph node vessels were visualized in the majority of patients (81%)
(Figure 3). Following MR lymphography, identified SLNs were injected with 1% patent
blue dye under sonographic guidance. Subsequently, primary tumor resection and
ipsilateral elective neck dissection were performed in all patients. Blue stained SLNs
were dissected, marked and sent separately for histopathological assessment.

Among the 11 patients with pathologically positive necks, SLNs containing metastases
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were accurately identified by MR lymphography in 10 patients. In the remaining patient,
MR lymphography depicted SLNs in ipsilateral neck level Ill. However, in the neck
dissection specimen, 3 metastatic lymph nodes in ipsilateral neck level | were found,
whereas no metastasis was found in level lll. With histopathological assessment of the
neck dissection specimen as reference standard, this approach reached a sensitivity of
90.9% with a NPV of 92.8%.

Another type of contrast agent that can be used for MR lymphography are
superparamagnetic iron oxide nanoparticles (SPIO), which provide a negative contrast on
MR lymphography as opposed to gadolinium-based contrast agents (Figure 4). Following
peritumoral administration of SPIOs, transportation through the lymphatic system is
mainly facilitated by macrophages, although unbound transport is seen as well [34]. SPIO
accumulates primarily in lymph node sinuses and can be detected preoperatively on MRI
and intraoperatively with a handheld magnetometer [34—38]. MR lymphography using
SPIO has been investigated for several tumor types, including breast and prostate cancer
[35,36].

Figure 3. A 38-year-old woman with oral tongue cancer and palpably negative neck. (A,B) Fat-saturated
T2-weighted MRI scans show a shallow infiltrative tumor on the left lateral surface of oral tongue (arrow)
and several small lymph nodes in the submandibular areas. (C,D) After peritumoral injection of contrast,
MR lymphography revealed two first-enhanced lymph nodes in left level IB and IIA (arrows) on the first
phase of the dynamic scan, respectively. (E) The maximum intensity projection reconstruction image of MR
lymphography shows the contrast injection site in the tongue (thick arrow), the assumed sentinel lymph node
(thin arrow), and the lymph vessel connecting them (arrowhead). After neck dissection, the assumed sentinel
lymph nodes observed on MR lymphography revealed no metastasis on histologic examination [26]. Figure
used with permission of John Wiley and Sons©, permission license number 4807630108259.
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The systematic literature search retrieved 116 PubMed indexed articles, of which 6 were
considered relevant [32,37-41]. Of these 6 articles, 3 were animal studies [32,38,39].
Cross-reference did not lead to identification of additional relevant articles, resulting in
a total of 3 included human studies [37,40,41]. One of these studies did not perform
preoperative SPIO-enhanced MRI, but was the only study in early-stage OSCC patients
that achieved intraoperative localization of SLNs with the magnetometer [37].
Mizokami et al. performed MR lymphography using SPIO in three tongue cancer
patients (cT2NO), planned for tumor resection and ipsilateral elective neck dissection
[40]. Seven days before surgery, patients received peritumoral injections with Resovist
(Bayer Schering Pharma) of 0.1-0.3 mL, corresponding with 2.78-8.37 mg iron. MR
lymphographic images were acquired at 10 min, 30 min and 24 h post-injection. On the
day before surgery, [**"Tc]-phytate was administered peritumorally, followed by planar
lymphoscintigraphy. Intraoperatively, SLNs were localized using a conventional y-probe
and were submitted for individual histopathological assessment. All SLNs depicted on 10
min MR lymphography were in accordance with planar lymphoscintigraphy and y-probe
findings. MR lymphography at 30 min and 24 h post-injection showed more uptake of
SPIO in SLNs. However, MR lymphography 24 h post-injection also visualized higher
echelon nodes (HEN). Besides, on MR lymphography SPIO-induced streak artifacts were
seen around the injection site, but did not prevent identification of SLNs in vicinity of
the tracer injection site. Histopathological assessment confirmed presence of iron in
all harvested SLNs. In one patient nodal metastases were found in a harvested SLN; no
additional metastases were seen in the neck dissection specimen. No follow-up results
were reported in this study. In two patients, tissue swelling was observed at the injection
site after administration of SPIO, which was attributed to the volume of SPIO injected.
Maza et al. evaluated fusion of lymphoscintigraphic SPECT, SPIO MR lymphography and CT,
for identification of SLNs in rather complex anatomical regions [41]. Fourteen patients were
included of whom two diagnosed with tongue cancer; scheduled for tumor resection and
ipsilateral elective neck dissection. A mixture of [**"Tc]-nanocolloid and SPIO (Resovist), in
total 0.5 mL, was peritumorally injected on the day before surgery. MR lymphography was
acquired 2 h post-injection. Lymph nodes were assessed as SLN if they corresponded with
SPECT images and exhibited signal loss on T2*-weighted sequences. SPECT-MRI fusion was
successful in both OSCC patients and showed corresponding SLNs. Intraoperatively, SLNs
were localized using a y-probe and were sent for individual histopathological assessment.
SLN metastases were found in the contralateral neck of one OSCC patient, leading to a
complementary contralateral neck dissection. No (additional) lymph node metastases were
found in the neck dissection specimens of both patients. No follow-up results were reported.
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Figure 4. MR lymphography using superparamagnetic iron oxide nanoparticles in a 77-year-old man with oral
tongue cancer and a clinically negative neck. (A) T1-weigted 3D fast-field echo (FFE) show uptake of SPIO in
two SLNs in level Ila (dotted arrow) & level IIb (arrow) left. (B) T2-weighted FFE shows clear negative contrast in
corresponding SLNs, as a result of SPIO uptake. (C,D) Sagittal and coronal reconstruction of (A) shows the SLN
in level Ila left (dotted arrow). (A—D) Informed consent has been obtained from this patient.

CT Lymphography

Another approach for high-resolution lymphography regards computed tomography
(CT) lymphography using peritumoral administered iodine-based contrast agents. The
use of CT lymphography has been investigated in several tumor types including breast,
lung, esophageal, gastric and skin cancer [42-53]. In these studies, CT lymphography
provided high-resolution visualization of SLNs, lymphatic vessels and surrounding
anatomical structures.

For reviewing the application of CT lymphography in early-stage OSCC, the systematic
literature search led to retrieval of 112 PubMed indexed articles for CT lymphography, of
which 17 were considered relevant [27,28,54—68]. Of these 17 articles, 11 were animal
studies [27,28,60—68]. Cross-reference did not lead to any additional relevant articles.
The case report of Saito et al. [59] was the first article that described the application of CT
lymphography in an early-stage OSCC patient. Using CT lymphography with peritumoral
injection of iopamidol (2.0 mL), a right lateral lingual lymph node was identified as SLN from
a cT2NO right oral tongue tumor. Following partial glossectomy, without any management
of the neck or extirpation of the SLN, the patient showed no evidence of disease after 14
months follow-up. This case-report demonstrated that CT lymphography is suitable for
visualization of small SLNs located near the primary tumor, such as lingual lymph nodes.
The first series regarding CT lymphography in early-stage OSCC patients (n = 31, oral
tongue) was reported by Honda et al. [58]. In this study, CT images were obtained 1, 3,
5, and 10 min after administration of 1.5 mL iopamidol mixed with 0.5 mL 1% lidocaine
hydrochloride. Both contrast-enhanced lymph vessels draining the tumor injection site
as well as SLNs were identified in 90.3% of patients. Identified SLNs were marked for
biopsy using a lattice marker, combined with intraoperative peritumoral patent blue dye
injection. All patients, except for those with TINO OSCC and negative frozen-section
assessment of SLNs (n = 11), underwent selective neck dissection following tumor
resection. Using histopathological examination of the neck dissection specimen and a
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follow-up of 30 months as reference standard, this approach reached a sensitivity of
80% with a NPV of 95.8%.

In the sequel study of Honda et al., including 18 patients with cT1-2NO oral tongue
carcinoma, similar methods were used for CT lymphography, resulting in a preoperative
SLN detection rate of 89% [57]. For intraoperative localization of SLNs, indocyanine
green (ICG) and near-infrared imaging was used, instead of patent blue dye. In contrast
to their previous study [58], only patients with advanced cT2NO disease or positive
frozen-section assessment of SLNs underwent selective neck dissection (n = 9). In the 16
patients with at least one detected SLN on CT lymphography, a sensitivity of 71.4% and
NPV of 81.8% after 38 months median follow-up were reported.

More recently, Sugiyama et al. [56] performed CT lymphography in 20 early-stage OSCC
patients. Following peritumoral administration of 2.0 mL iopamidol, SLNs and lymphatic
vessels draining the injection site were detected in 95% and 90% of patients, respectively.
Two lingual lymph nodes were identified as SLNs (5.4%). The optimal timing for CT
scanning in this study was at both 2 and 5 min post-injection, visualizing all 37 contrast-
enhanced SLNs. Intraoperative SLN detection was performed under ICG fluorescence
guidance; the authors stated to have localized all CT lymphographic identified SLNs
during surgery using intraoperatively administered ICG. Both number of patients with
metastatic SLNs as well as follow-up results were not reported.

In the sequel study of Sugiyama et al. [54], preoperative CT lymphographic images were
reevaluated in 32 early-stage OSCC patients with an approach similar to their previous study
[56]. During follow-up 4/27 patients with negative SLNB (14.8%), based on CT lymphography,
developed regional recurrence and 1/5 patients with SLN metastasis (20%) developed
recurrence between primary tumor site and the neck. Accordingly, their approach reached
a sensitivity of 55.6% and NPV of 85.2%. Reevaluation of CT lymphographic images showed
a subtle increase in Hounsfield units (HU) of overlooked SLNs (n = 5) when compared to
non-contrast CT images. Besides, their results showed that HU decreased at 10 min post-
injection, indicating that iopamidol is only briefly retained in SLNs.

Figure 5 shows CT lymphographic images from a recent long-term follow-up study with
early-stage OSCC patients (n = 27; oral tongue) [55]. In this study, SLNs were detected
in 96.3% of patients using CT lymphography after peritumoral administration of 2.0 mL
iopamidol. Intraoperatively, SLNs were localized using ICG and near-infrared imaging.
In total, 5 patients had metastatic SLNs (18.5%) and 3 patients without SLN metastases
developed regional recurrence (13.6%) after median follow-up of 76 months. This
resulted in a sensitivity and NPV of 62.5% and 86.3%, respectively.
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Figure 5. Computed tomographic lymphography: (A) axial image, (B) 3D image. Arrows: sentinel lymph
node; arrowhead: lymphatics [55]. Figure used with permission of Elsevier©, permission license number:
4807630528815.

PET Lymphoscintigraphy

Alternatively, a potential nuclear imaging modality for improving the diagnostic accuracy
of SLNB is positron emission tomography (PET). Since PET is able to detect and record
a higher percentage of radioactive emitted events compared to SPECT, PET provides
both higher spatial and temporal resolution (i.e., acquires higher number of frames
per time unit for dynamic studies) [69]. Consequently, PET could be highly suitable
for lymphoscintigraphy and may identify SLNs with higher precision than conventional
lymphoscintigraphy with SPECT. Instead of a y-emitter (e.g., [**™Tc], [*°Co])-labelled
radiotracer, generally used for conventional lymphoscintigraphy, PET lymphoscintigraphy
requires a positron emitting isotope (e.g., [*°Zr], [*®Ga], [*®F])-labelled radiotracer [70].
A systematic literature search was conducted to review PET lymphoscintigraphy in early-
stage OSCC. This led to retrieval of 64 PubMed indexed articles; 4 were considered
relevant [71-74]. Of these 4 studies, 1 regarded an animal study [74] and 1 a review [72]
that briefly discusses results from 2 of 3 included studies in our review [73,74]. Cross-
reference did not lead to any additional relevant articles.

In 2013, Heuveling et al. were the first to perform dynamic and static PET
lymphoscintigraphy in 5 patients with early-stage OSCC, following peritumoral
administration of zirconium-89 [#9Zr]-labelled nanocolloid [73]. Subsequently, 7-9
days after PET lymphoscintigraphy, the routine SLNB procedure with [*™Tc]-labelled
nanocolloid was performed. The results of PET and SPECT lymphoscintigraphy were
compared. PET lymphoscintigraphy was able to visualize all foci (n = 22) that were
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identified on SPECT-CT and even visualized 5 additional foci that were considered to
be SLNs; all of which were located near the injection site of the primary tumor (Figure
6). Of these 5 additional foci, considered to be SLNs, 2 regarded lingual lymph nodes.
Furthermore, in 4 patients (80%) lymphatic vessels were visualized on dynamic PET
lymphoscintigraphy. Intraoperatively, the additionally visualized PET foci close to the
injection site could not be localized with the conventional portable y-probe, due to
difficulties in differentiating between SLN and injection site. In two patients metastatic
SLNs were found, follow-up results were not reported.

In their sequel study, Heuveling et al. achieved both preoperative SLN detection with PET
lymphoscintigraphy, aswell asintraoperative SLN localization usinga handheld PET-probe,
after peritumoral administration of [#Zr]-labelled nanocolloid [71]. This study included 5
OSCC patients who underwent tumor resection including neck dissection (i.e., clinically
N1 disease or access of the neck was required for tumor resection or flap reconstruction).
Preoperatively 13 SLNs were identified by PET lymphoscintigraphy, whereas the PET-
probe detected 10 of 13 SLNs intraoperatively (77%). In this population, 3 patients (60%)
had nodal metastases; in 1 patient the histopathologically positive SLN, found in the neck
dissection specimen during histopathological assessment, was not localized with the
PET-probe, although it was depicted on preoperative PET lymphoscintigraphy. None of
the patients developed locoregional recurrence after a median follow-up of 25 months.
With histopathological examination of the neck dissection specimen and follow-up as
reference standard, this approach reached a sensitivity of 67% with a NPV of 67%. The
authors concluded that PET lymphoscintigraphy using [#Zr]-labelled nanocolloid may
improve preoperative SLN detection, although it should be combined with other tracers
for intraoperative localization.

Contrast-Enhanced Lymphosonography

In contrast-enhanced ultrasound (CEUS), echogenic particles such as microbubbles are
administered to obtain information on vascularization or delineation of body cavities
during ultrasound (US) imaging. FDA and EMA approved microbubbles consist of
perfluorocarbons or sulfur hexafluoride (SF.) gas surrounded by a thin biocompatible
shell generally made of phospholipids or proteins [75,76]. Due to their compressibility
and the large difference in acoustic impedance between gas and the surrounding
liquid (i.e., blood or lymph) they strongly scatter ultrasound pulses. In addition, due
to nonlinear microbubble oscillations, the scattered signal contains higher harmonic
frequencies. These higher harmonic frequencies can be distinguished from the
fundamental frequency scatter emitted by relatively incompressible tissue surroundings,
consequently enhancing microbubble containing structures [75-77] (Figure 7).
Microbubbles are typically administered intravenously, but have more recently been
proposed as a radiation-free tracer for lymphosonography. In breast cancer, studies
reported SLN localization rates between 60-100%. For CEUS-guided SLNB a pooled
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sensitivity of 54% (95% Cl 47-61%) and a NPV of 83-92%, were reported [78]. Few to no
adverse events of the procedure were registered; any minor adverse events consisted of
localized redness, pain or bruising at the injection site [78,79].

Figure 6. (A,D) Axial (A) and coronal (D) SPECT-CT image of injection site (i) of patient 1, i.e., floor of mouth, in
which only a large hot spot from injection site could be visualized. (B,E) PET-CT image of injection site of same
patient in which level IB lymph node (arrow) clearly could be identified. (C,F) Fused SPECT and PET-CT images
showing that lymph node visualized on PET-CT is hidden behind large hot spot on SPECT-CT images [73]. This
research was originally published in JNM [73]. Figure used with permission of original authors. ©SNMMI.

To review contrast-enhanced lymphosonography in OSCC, a systematic literature search
was conducted, which led to retrieval of 107 PubMed indexed articles. A total of 6 studies
were considered relevant (i.e., 2 clinical studies [80,81] and 4 large animal studies [82—
85]). Cross-reference did not lead to identification of additional relevant articles.

Figure 7 illustrates the procedure used in the two clinical studies [80,81]. Gvetadze et
al. [80] used sulfur hexafluoride (SF,) phospholipid microbubbles (SonoVue; Bracco
International B.V.) in 12 patients with T1-2cNO oral tongue carcinoma and looked
for lymph node enhancement after repetitive peritumoral injections. Fifteen SLNs
were identified in 11/12 patients (91.7%). No attempt was made at intraoperative
localization of identified SLNs and therefore the correlation between identified SLNs and
histopathological assessment was lacking. In the second clinical study, Wakisaka et al.
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[81] studied lymphosonography with perfluorobutane phospholipid (CXFV) microbubbles
(Sonazoid; GE Healthcare, UK) in 10 patients with T1-4NO oral or oropharyngeal
carcinomas. Sonazoid was injected in four peritumoral locations. In 8/10 patients,
12 SLNs were identified. In one patient with a T4 tumor, Sonazoid had to be injected
intratumorally and no SLNs were identified. SLN locations were marked on the skin. The
next day indigo carmine blue dye was injected intraoperatively at the same injection sites.
All lymph nodes marked during lymphosonography, which were not always dyed blue,
were examined with frozen section analysis. Since frozen section analysis was negative
in all cases, a less extensive neck dissection was performed. No metastatic lymph nodes
were found during histopathological examination of neck dissection specimens. No
follow-up results were reported for both studies. Contrast-related adverse events did
not occur [80,81].
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Figure 7. Contrast-enhanced lymphosonography in oral cancer. After microbubble injection at one or multiple
peritumoral locations, contrast-enhancement of the injection site is visualized in ultrasound contrast mode.
Using real-time imaging, the transportation of the microbubbles through lymphatic vessels may be followed
until they accumulate in the sentinel lymph nodes. Subsequently, the neck is scanned for additional contrast-
enhanced lymph nodes. Contrast-enhanced lymph nodes can be either marked for surgical resection or
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directly subjected to biopsy or aspiration cytology. Peritumoral injections can be repeated if necessary.
(a) Schematic representation of a microbubble; (b) Principle of contrast-enhanced ultrasound (CEUS):
oscillating microbubbles produce strong nonlinear scattering which can be distinguished from scattering by
the surrounding tissue; (c) Contrast-enhanced ultrasonography with Sonazoid. On the left half is a contrast-
enhanced image, and on the right is the B-mode image. Contrast-enhancement of sentinel lymph nodes (SLNs)
(arrowheads) was observed concomitant with lymphatic ducts (arrows) draining the nodes. (Adapted with
permission from [81], copyright 2019 Taylor & Francis Group: license number: 4810090088685).

DISCUSSION

This paper reviewed new developments in preoperative SLN imaging techniques
in patients with early-stage OSCC. None of the included clinical studies contradicted
outcomes or clinical translation predictions from corresponding animal studies, in regard
of SLN identification using these novel techniques [26,29-33,37-41,54-60,62,63,65—
68]. The overall reported rate of patients in which SLNs were identified using the
presented techniques ranged from 89-100%. The overall reported sensitivity ranged
from 56—91%, with a NPV of 67-96% (Table 1).

Although the diagnostic accuracy of most presented techniques appears to be inferior
to conventional lymphoscintigraphy including SPECT-CT, there are several promising
advantages to the presented preoperative SLN imaging techniques which will be
discussed individually in the subsections below. Accordingly, drawbacks of the presented
techniques and methodology of the included studies will be discussed as well. While
other (head and neck) tumor sites were not included in this review, the discussed
strengths and flaws of performing SLNB using these techniques may also be relevant to
other (head and neck) tumor sites. A summary of relative merits and disadvantages for
each technique is listed in Table 2.

MR Lymphography

Bae et al. showed that MR lymphography using gadobutrol, is a promising technique
for SLN detection in early-stage OSCC, with a sensitivity of 90.9%, a NPV of 92.8% and
lymphatic vessel visualization in 81% of patients [26].

The high spatial resolution, high signal-to-noise ratio and few artifacts that MR
lymphography with gadolinium-based contrast agents provides, even when compared
to MR lymphography with SPIO, is the foremost asset of this technique [35,40,86—
88]. These features result in accurate anatomical detail and facilitate visualization of
lymphatic vessels, which is helpful in assessing whether a contrast-enhanced lymph node
is a true SLN or a higher echelon node (HEN) [73]. Moreover, the high spatial resolution
of MR lymphography eliminates the shine-through phenomenon, allowing identification
of SLNs in vicinity of the tracer injection site. Additionally, MR lymphography is free of
radiation exposure and does not require radioisotopes, which is of particular benefit if
specific nuclear medicine facilities are unavailable [89,90].
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Table 2. Merits and drawbacks per technique.

Technique Advantages Drawbacks
Widely investigated and implemented . .
Subject to shine-th h ph
Conventional Allows intraoperative localization of depicted SLNs ubJject to shine-through phenomenon

lymphoscintigraphy &
SPECT-CT

MR Lymphography (Gd**)

MR Lymphography (SPIO)

CT Lymphography

PET lymphoscintigraphy

Contrast-enhanced
lymphosonography

Differentiation in intensity of radioactive signal
Allows (intraoperative) differentiation between
SLNs and HENs

High spatial resolution (~1 mm)

High signal-to-noise ratio and few artifacts
Accurate anatomical detail

Eliminates shine-through phenomenon
Visualization lymphatic vessels

May facilitate more targeted radiotherapy
No nuclear facilities required

Free of radiation exposure

High spatial resolution (~1 mm)

Accurate anatomical detail

Allows intraoperative localization of depicted SLNs
Eliminates shine-through phenomenon

May facilitate more targeted radiotherapy

No nuclear facilities required

Free of radiation exposure

High spatial resolution (~0.5 mm)

High temporal resolution

Eliminates shine-through phenomenon
Visualization lymphatic vessels
Visualization of lingual SLNs

May facilitate more targeted radiotherapy
No nuclear facilities required

Widely available and low costs

High spatial resolution (~2 mm)

High temporal resolution

Diminishes shine-through phenomenon
Visualization lymphatic vessels

Visualization of lingual SLNs

Differentiation in intensity of radioactive signal
Can be performed with known radiotracers
Tri-model agent: IRD-800CW-[*®Ga]-[**"Tc]-tracer
Allows intraoperative localization of depicted SLNs

Good safety profile of microbubbles

High spatial resolution (~0.5mm)

High temporal resolution and real-time imaging
Eliminates shine-through phenomenon
Possibly no uptake of microbubbles in HENs
Can be combined with USgFNA

May be extended to other head and neck sites
Widely available and low costs

Free of radiation exposure

Requires nuclear facilities
Low spatial resolution (~5 mm)
Poor soft tissue contrast

Lacks intraoperative localization of depicted
SLNs

Rapid lymphatic transportation tracer

No retention of tracer in SLNs

Gd**based contrast agents not registered
for lymphography

Limited clinical experience in OSCC
Retention in SLNs depends on particle size
Excess amounts of iron leads to signal voids
Negative contrast may confound effectivity
SLN detection

Local inflammation following administration
Metal elements interfere with
magnetometer

Lacks intraoperative localization of depicted
SLNs

Rapid lymphatic transportation tracer

No retention of tracer in SLNs

Prone to artifacts

Poor soft tissue contrast

Requires nuclear facilities

Poor intraoperative localization of SLNs with
PET-probe

Poor soft tissue contrast

Limited clinical experience in OSCC
Suspected low reproducibility

High operator dependency

Rapid lymphatic transportation tracer
Challenging to mark SLNs for biopsy

SPECT-CT; single photon emission computed tomography - computed tomography, SLN; sentinel lymph node, HEN; higher
echelon node, MR; magnetic resonance, Gd*; gadolinium, SPIO; superparamagnetic iron oxide, OSCC; oral squamous
cell carcinoma, CT; computed tomography, PET; positron emission tomography, IRD; infrared dye, ®*Ga; gallium-68, *™Tc;
technetium-99m, USgFNA; ultrasound guided fine-needle aspiration.
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Nevertheless, the low molecular weight of gadolinium-based contrast agents result in
rapid lymphatic transportation, little retention in SLNs and rapid washout of the contrast
agent [33,91]. This could increase the risk to overlook SLNs and of contrast-enhanced
HEN(s) to erroneously being considered SLN(s). Since Bae et al. performed elective neck
dissection in all patients, used only histopathological examination of the neck dissection
specimen as reference standard and did not report any follow-up results (e.g., nodal
recurrence), it is uncertain whether SLNs were overlooked with this technique [26].
Therefore, the diagnostic accuracy of SLNB using MR lymphography with gadolinium-
based contrast agents in early-stage OSCC patients is yet to be established in larger
studies with histopathological examination and follow-up as reference standard.

In addition, MR lymphography with gadolinium-based contrast agents cannot be
performed when MRI or administration of these agents is contraindicated [89]. Besides,
gadolinium-based contrast agents are not registered for lymphography and clinical trials
on MR lymphography using these contrast agents are required before this technique can
be implemented in routine clinical care.

Moreover, it is important to note that gadolinium-based contrast agents cannot be
detected intraoperatively. The solution offered by Bae et al. [26], i.e., injection of
identified SLNs with blue dye, is probably not reliable enough to assess whether the
observed SLNs depicted on MR lymphography exactly matched the same nodes in the
neck dissection specimen. A proposed alternative for intraoperative localization of SLNs
is fluorescence guided surgery following peritumoral injection of ICG [92,93]. However,
due to limited tissue penetration of the fluorescent signal and rapid flow through
lymphatics of unbound ICG, matching of preoperative depicted SLNs and intraoperative
fluorescent lymph nodes is challenging [90].

The inability to detect gadolinium intraoperatively, may be overcome by using SPIO for
MR lymphography, as SPIO can be detected by both MRI and a handheld magnetometer
[37,40]. Accordingly, SPIO may facilitate intraoperative localization of preoperative
depicted SLNs, while maintaining benefits of MR lymphography over other imaging
modalities (Table 2). Still, a correlation between preoperatively identified SLNs on MR
lymphography and intraoperative localized SLNs with the handheld magnetometer has
not yet been reported for early-stage OSCC patients.

The first results of MR lymphography using SPIO are auspicious, as all identified SLNs by MR
lymphography corresponded with those identified by conventional lymphoscintigraphy
[40,41]. Besides, adequate differentiation of SLN from injection site was seen [40] and
precise anatomical information on SLN location was acquired when fused with SPECT [41].
However, some challenges for MR lymphography with SPIO remain. First of all, both
ideal SPIO particle size and amount of iron administered are still under consideration. A
hydrodynamic diameter of 59 nm was considered most suitable due to its fast uptake in
lymphatics, retention in SLNs and its high accumulation when compared to SPIOs with
a hydrodynamic diameter of 32 nm and 111 nm [38]. Hence, Resovist (45—60 nm) and
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Magtrace (59 nm) may be fitting candidates [37,40,41]. With respect to the volume
of SPIO administered with corresponding iron quantity, a considerable difference is
seen among reports [37,40,41]. While a higher concentration may assist intraoperative
localization of SLNs [37], excessive concentrations of SPIO can lead to disproportionate
signal voids on MR lymphography and may hamper preoperative SLN identification [87].
Vice versa, a lower concentration may benefit preoperative SLN identification [40], but
may impede intraoperative localization [35]. Furthermore, the negative contrast that
SPIO provides on MR lymphography, which can be induced by other factors as well (i.e.,
dental implants, tissue interfaces, background noise, air), may confound the efficiency
of detecting SLNs [41,87,88]. Moreover, in regard of intraoperative localization of SPIO-
enhanced SLNs using the magnetometer, magnetic signals deriving from metal elements
(e.g., pacemakers, prosthetics, surgical instruments) interfere with the magnetometer.
This can instigate some logistical issues, such as requiring plastic surgical instruments,
and can even lead to a contraindication for using the magnetometer in some cases
(e.g., patients with pacemakers or prosthetics) [37]. Finally, concerns were addressed
concerning swelling, local inflammation and pain of the injection site following
administration of SPIO, which may depend on the volume of SPIO administered [37,40].
Some reports mention a higher number of identified SLNs on MR lymphography with
SPIO when compared to conventional lymphoscintigraphy and SPECT-CT, due to the
better resolution of MR lymphography [35,36]. It can be debated if the higher number
of identified SLNs by MR lymphography with SPIO includes not only true SLNs, but
HENSs as well. Since Mizokami et al. showed more enhanced lymph nodes at 24 h post-
injection, which were considered HENSs, the timing of MR lymphography following SPIO
administration seems to be pertinent in selecting the right contrast-enhanced lymph
nodes for SLNB [40]. To distinguish true SLNs from HENs, visualization of lymphatic
vessels may provide a solution. However, visualization of contrast-enhanced lymphatic
vessels was not reported in any of the included studies [40,41]. To enable visualization of
contrast-enhanced lymphatic vessels administration of smaller SPIOs is suggested, but is
criticized by their faster migration through the lymphatic system [40].

Currently, the limited number of early-stage OSCC patients who underwent MR
lymphography with SPIO prevents assessment of its diagnostic accuracy. Larger studies
with adequate reference standards (i.e., histopathological assessment including follow-
up) should be conducted to establish the diagnostic accuracy of MR lymphography with
SPIO in OSCC patients.

In conclusion, MR lymphography using gadolinium-based contrast agents may currently
not offer an alternative for conventional SLNB using radiotracers, mainly due to the lack
of reliable intraoperative localization of preoperatively depicted SLNs. MR lymphography
with SPIO may provide a solution, as it allows for intraoperative localization of SLNs with
a magnetometer. However, MR lymphography with SPIO is subject to other limitations
that may confound the efficiency of preoperative detection and intraoperative
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localization of SLNs. Nonetheless, MR lymphography using either contrast agent
can provide precise preoperative anatomical localization and identification of SLNs,
particularly in situations with close spatial relation between injection site and SLN(s).
Accordingly, MR lymphography might be a valuable addition to radiotherapy planning
(e.g., higher radiation dose on SLNs), by performing MR lymphography as part of MRI
that is increasingly used for radiotherapy planning in head and neck cancer [94]. MR
lymphography-guided nodal irradiation may improve regional control, reduce acute and
late radiation-related toxicity and enhance health-related quality-of-life [95].

CT Lymphography

CT lymphography has been proposed as a high potential alternative for conventional
lymphoscintigraphy, with a sensitivity ranging from 56—-80% and a NPV ranging from
82-96% [54,55,57,58]. Two series reported enhanced lymphatic vessel visualization in
90% of their patients [56,58]; in two studies lingual lymph nodes were identified as SLNs
using CT lymphography [56,59].

CT lymphography shares several beneficial properties with MR lymphography: high
spatial resolution, visualization of lymphatic vessels and elimination of shine-through
phenomenon. The latter has been demonstrated by the identification of lingual lymph
nodes as SLNs using CT lymphography [56,59]. Besides, CT lymphography does not
require specific nuclear facilities and is easily implemented due to the wide availability
of CT and iodine-based contrast agents [57,89]. Compared to MRI, CT has lower costs
and is considered more comfortable for patients [89].

Yet, challenges for CT lymphography are similar to those in MR lymphography
using gadolinium-based contrast agents. First of all, iodine-based contrast agents
cannot be detected intraoperatively. Most authors used fluorescence guidance with
intraoperatively administered ICG for SLN localization of preoperatively depicted SLNs by
CT lymphography [54-57]. As previously mentioned, matching of preoperative depicted
SLNs and intraoperative fluorescent lymph nodes is challenging [90]. Secondly, the rapid
lymphatic transportation, limited retention in SLNs and rapid washout of iopamidol
increases the risk to overlook SLNs and of contrast-enhanced HEN(s) to erroneously
being considered SLN(s). This risk has been especially emphasized by Sugiyama et
al., who showed that overlooked SLNs were only marginally contrast-enhanced on CT
lymphography and that iopamidol was only briefly retained in SLNs [54].

Additional challenges arise for CT lymphography, especially when compared to MR
lymphography, since CT has poor soft tissue contrast and is prone to artefacts from dental
amalgam or orthopedic material, if present, which may hamper adequate visualization
of SLNs. Besides, CT implies radiation exposure and, although only a low volume (2 mL)
is used compared to regular intravenous use, iodine-based contrast agents may induce
anaphylactic reactions, contrast-induced nephropathy or thyroid dysfunction [89].
However, contrast-related adverse events did not occur in any of the included studies
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[54-59].

Further developments regarding CT lymphography should address these limitations (i.e.,
dual-tracer methods, high velocity lymphatic drainage tracer, limited retention of tracer
in SLNs) to improve its diagnostic accuracy for SLNB.

As an alternative for iopamidol as CT lymphographic tracer, lipiodol might be worth
considering. In contrast to iopamidol, lipiodol is oil-based with higher viscosity and is
registered and widely used for lymphographic purposes [96]. The higher viscosity of
lipiodol might result in increased retention in SLNs and delayed tracer wash-out, possibly
improving preoperative SLN detection on CT lymphography. Moreover, lipiodol has been
combined with ICG as a single emulsion, which could overcome the limitations of dual
tracer methods, potentially enabling reliable intraoperative localization of preoperative
depicted SLNs [97]. This has yet to be investigated in a clinical trial with an adequate
reference standard (i.e., histopathological examination and follow-up).

Although CT lymphography requires some further developments, it has the potential
for highly accurate identification of SLNs in early-stage OSCC patients. Especially in
cases where SLNs are in close vicinity to the tracer injection site. Besides, analogous
to MR lymphography, CT lymphography, performed concomitantly with conventional
CT imaging for radiotherapy planning, may facilitate more targeted radiotherapy and
consequently improve regional control, reduce acute and late radiation-related toxicity
and enhance health-related quality-of-life [94,95].

PET Lymphoscintigraphy

Heuveling et al. demonstrated the high potential of preoperative PET lymphoscintigraphy
using [#°Zr]-labelled nanocolloid for SLN detection in OSCC patients, by visualizing all foci
identified on SPECT-CT and even detecting 5 additional SLNs in vicinity of the tracer
injection site. Additionally, in 80% of patients, lymphatic vessels were visualized and 2
lingual lymph nodes (7%) were identified as SLNs [73].

In correspondence with MR-and CT lymphography, the high spatial resolution of PET
lymphoscintigraphy enables identification of SLNs located close to the tracer injection
site, which was demonstrated by detection of 2 lingual SLNs using PET lymphoscintigraphy.
Moreover, PET lymphoscintigraphy provides both high temporal resolution as well as
visualization of lymphatic vessels, contributing to better differentiation between true
SLNs and HENs [73].

In contrast to the other presented techniques in this review, PET lymphoscintigraphy
permits the use of commonly administered tracers for SLNB (e.g., nanocolloids,
tilmanocept), whose kinetics have proven to be particularly suitable for SLNB [14,98].
Moreover, Heuveling et al. achieved reliable intraoperative localization of SLNs that
were preoperatively identified by PET lymphoscintigraphy, using a handheld PET-probe
[71]. Consequently, this method is unaffected by limitations of dual tracer methods.
Although intraoperative localization of SLNs using a handheld PET-probe was considered
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feasible, some concerns were addressed [71]. First of all, the PET-probe detected
only 12/15 SLNs as identified by PET lymphoscintigraphy, which was attributed to the
PET-probe’s limited sensitivity, resulting in a relatively low accuracy of the procedure
(i.e., sensitivity 67%; NPV 67%). Secondly, a handheld PET-probe is relatively large in
size because of features necessary for detection of high-energy photons from positron
emitting isotopes [71,99]. Due to the limited sensitivity and large size of the PET-probe,
wider skin incisions and exploration of the neck were required for SLN localization [71].
To overcome the problems with the use of a PET-probe, a radiotracer labelled with
both [#Zr] and a y-emitter (e.g., [**™Tc]) could allow high-resolution preoperative PET
lymphoscintigraphy and intraoperative localization of SLNs using the conventional
portable y-probe. However, due to its half-life of 78.4 h, [®Zr] will interfere with the
[*™Tc]-signal [100]. Therefore, a positron emitting isotope with a shorter half-life is
required to enable detection of the [*™Tc]-signal for intraoperative localization of SLNs
using the conventional portable y-probe.

Fluorine-18 [*¥F] is considered the ideal radioisotope for PET imaging owing to the low
positron energy (0.64 MeV), providing high-resolution images. Furthermore, [*®F] has
a half-life of only 110 min [101]. However, [*®F] relies on C-F bond formation and is
therefore difficult to label to currently used radiotracers for SLNB (e.g., nanocolloids or
tilmanocept) [102]. Recently, PET lymphoscintigraphy with interstitially injected [*®F]-
FDG has been investigated in patients with cervical or endometrial cancer and in healthy
subjects [103,104]. Hypothesized was that the small size of the tracer allows passage
through channels infiltrated with tumor cells, and that its molecular function allows
uptake by tumor cells, which is not achieved by any of the currently used radiotracers
for SLNB [103]. In the study with cervical or uterine cancer patients, SLN mapping was
successful in 80% of patients [103]. In the study with healthy subjects however, PET
lymphoscintigraphy using [**F]-FDG was not considered feasible due to significant tracer
washout to systemic capillaries [104].

Alternatively, gallium-68 [®®Ga] is a good candidate due to its half-life of only 68 min and
its production with a [*®Ga]-generator, which provides an opportunity to prepare PET-
radiopharmaceuticals on site when needed [100,105]. Moreover, its chemical properties
allow labelling to various diagnostic molecules [106].

Whereas labelling of nanocolloids with [*8Ga] is complicated, mainly due to instability of
the bond between [*8Ga] and nanocolloids [106], [*®Ga] has been successfully labelled
to tilmanocept [107]. Moreover, fluorescent (IRD-800CW)-labelled tilmanocept can be
radiolabelled with both [*8Ga] and [*™Tc]. The resulting tri-modal agent provides high-
resolution preoperative PET-images for SLN mapping and intraoperative localization of
SLNs with both a conventional portable y-probe and fluorescence imaging [108]. This
tri-model agent has been successfully tested with reliable SLN identification in animal
models [109,110]. Although PET lymphoscintigraphy using this tri-model agent might
provide a solution to the issues addressed for SLNB in early-stage OSCC, it is indisputable
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that first it has to be investigated in a clinical trial with adequate reference standards.

Contrast-Enhanced Lymphosonography

Compared to conventional lymphoscintigraphy, lymphosonography has many advantages
(Table 2). Importantly, microbubbles are free of ionizing radiation and have a good
safety profile, which was extensively documented for intravenous administration [111—
113]. Secondly, lymphosonography is not affected by the shine-through phenomenon.
Furthermore, none of the studies in humans or large animals found HEN enhancement
[80-85]. It is possible that this is prevented by phagocytosis of microbubbles (which was
histologically confirmedinanimals for Sonazoid [85]) and the size of microbubbles compared
to small-molecule dyes. Another advantage is the possibility to use lymphosonography
preoperatively to improve lymph node selection for USgFNA. The sensitivity of USgFNA
alone ranges from 45 up to 90% [114,115]. Adding lymphosonography could lead to more
true positive patients, in whom the complex SLNB procedure may be omitted. A clinical
trial using the combination of lymphosonography and USgFNA preceding SLNB will have
to determine the value of this technique in head and neck oncological practice. Finally,
ultrasound equipment is globally widely available and its mobility provides the option to
use it in the operating room. Accordingly, lymphosonography may extend the application
of SLNB from OSCC to less reachable sites of the head and neck (i.e., nasopharynx,
oropharynx, larynx and hypopharynx), by allowing both peritumoral injection as well as
SLN identification under general anesthesia.

However, lymphosonography has some disadvantages (Table 2). Foremost, the procedure
is highly operator dependent and fast (a few seconds to minutes) transportation of
microbubbles through the lymphatic system can make SLN identification challenging.
Therefore, experienced staff will have to be appointed and trained. Future research
will need to determine interobserver variability. Furthermore, if used without FNA it
might be challenging to intraoperatively localize SLNs identified with preoperative
lymphosonography; a reliable system to mark the exact location of SLNs is necessary.
This drawback however is valid for several preoperative SLNB imaging techniques
(i.e., CT lymphography, MR lymphography), and can be circumvented by combining
lymphosonography with USgFNA or by performing lymphosonography intraoperatively.
Besides, further research is needed to find out which CEUS imaging method and which
microbubble are most suitable. The two clinical studies report a specific contrast imaging
mode at a low mechanical index (Ml), thus leaving the microbubbles intact [80—83,85].
Four animal studies performed lymphosonography in the head and neck region using
Sonazoid, combined with either blue dye or ICG, in swine and rabbits without tumors
[82,83,85] and with Definity in dogs with spontaneously arisen tumors [84]. The studies
in swine added color flow Doppler at a high (microbubble destructing) mechanical
index of 1.0 to confirm the presence of microbubbles [82,83]. In dogs power Doppler
with a mechanical index of 1.3 was used primarily, which produces a color flair upon
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microbubble destruction [84]. To select the most suitable microbubble, it is necessary
to consider practicalities: using a microbubble that quickly reaches SLNs and is retained
and detectable in the SLN for a long time might increase reproducibility. SonoVue
consists of SF, phospholipid microbubbles with a mean bubble diameter of ~2.5um
[77], while Sonazoid consists of perfluorobutane phospholipid (CXFy) microbubbles with
a mean bubble diameter ~2.1um [116]. In most studies the time between peritumoral
administration and lymph node enhancement (transit time) was described. Although
no within-study comparisons have been made and clinical studies cannot be compared
directly to preclinical studies, the transit time appears to be shorter for SonoVue (10-50
s post-injection [80]), than for Sonazoid (1-11 min post-injection [82,83,85]). Sonazoid
enhancement seems to persist longer, namely >90 min [85], versus 2—4 min with
SonoVue [80]. This could explain why multiple injections were necessary to identify SLNs
in the clinical study using SonoVue [80]. However, Sonazoid has not yet been approved
by FDA and EMA as a US contrast agent, which could complicate its application in clinical
lymphosonography trials.

To conclude, lymphosonography is a promising method, but current clinical experience
in OSCC is sparse. The two published clinical studies indicate that this technique is
feasible, with SLN detection rates of 80 and 92% [80,81]. Unfortunately, correlation with
histopathology is still lacking: in the only study that attempted this, no metastatic lymph
nodes were detected [81]. Larger studies, preferably with histopathological examination
and follow-up as reference standard, are needed to determine the diagnostic accuracy
(i.e., sensitivity and NPV) of this technique for SLNB in OSCC and its place in the diagnostic
workflow.

MATERIALS AND METHODS

A systematic literature search for relevant English written literature published up to 25
May 2020 was conducted in the PubMed database. Search syntaxes combined synonyms
and medical subject headings (MeSH) terms for both OSCC and SLNB and was performed
for all imaging techniques separately (i.e., MR lymphography, CT lymphography, PET
lymphoscintigraphy and contrast-enhanced lymphosonography). Subsequently, title
and abstract screening was performed by four authors (R.M, J.d.M., E.N and R.d.B.).
The reference lists of included studies were screened to identify any additional relevant
publications. No critical appraisal of the selected literature was performed. This review
adheres to the PRISMA guidelines [117].

MR Lymphography

The following keywords and MeSH terms were included for MR lymphography:
(“Mouth”[MeSH]) or (“Oral”) or (“Head and Neck”) and (“Sentinel lymph node”[MeSH])
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or (“Lymph”) and (“Node”) or (“Sentinel”) and (“Node”) or (“Sentinel node”) and
(“Lymphography”[MeSH]) or (“Lymphography”) or (“Lymphangiography”) and
(“Magnetic resonance imaging”[MeSH] or (“Magnetic”) and (“Resonance”) and
(“Imaging”) or (“Magnetic resonance imaging”) or (“MRI”) or (“MR”).

For magnetic detection of SLNs using superparamagnetic iron oxide, the following
keywords and MeSH terms were included: (“Mouth”[MeSH]) or (“Oral”) or (“Head and
Neck”) and (“Sentinel lymph node”[MeSH]) or (“Lymph”) and (“Node”) or (“Sentinel”)
and (“Node”) or (“Sentinel node”) and (“Iron”[MeSH]) or (“lron oxide”) or (“SPIO”)
or (“SPION”) and (“Magnetics”[MeSH] or (“Magnetic”) or (“Superparamagnetic”) or
(“superparamagnetic iron oxide”).

CT Lymphography

The following keywords and MeSH terms were included for CT lymphography:
(“Mouth”[MeSH]) or (“Oral”) or (“Head and Neck”) and (“Sentinel lymph node”[MeSH])
or (“Lymph”) and (“Node”) or (“Sentinel”) and (“Node”) or (“Sentinel node”) and
(“Lymphography”[MeSH]) or (“Lymphography”)and (“CT”) or (“Computed Tomography”)
or (“Computed”) or (“Tomographic”).

PET Lymphoscintigraphy

The following keywords and MeSH terms were included for PET lymphoscintigraphy:
(“Mouth”[MeSH]) or (“Oral”) or (“Head and Neck”) and (“Sentinel lymph node” [MeSH])
or (“Sentinel lymph node”) or (“Sentinel”) and (“Node”) or (“Sentinel node”) and
(“Positron Emission Tomography Computed Tomography”[MeSH]) or (“Positron-
Emission Tomography”[MeSH]) or (“PET”) or (“Positron”) or (“PET/CT”) or (“PET-CT").

Contrast-Enhanced Lymphosonography

The following keywords and MeSH terms were included for contrast-enhanced
ultrasound lymphography: (“Mouth”[MeSH]) or (“Oral”) or (“Head and Neck”) and
(“Sentinel lymph node”[MeSH]) or (“Sentinel lymph node”) or (“Sentinel”) and (“Node”)
or (“Sentinel node”) and (“Contrast-enhanced”) or (“Contrast-assisted”) or (“CEUS”)
or (“Microbubbles”) or (“Sonovue”) or (“Sonazoid”) or (“Optison”) or (“Levovist”) or
(“Imagent”) or (“Imavist”) or (“Definity”) and (“Diagnostic Imaging”) or (“Diagnostic”)
and (“Imaging”) or (“Ultrasound”) or (“Ultrasonography”[MeSH]) or (“Ultrasonography”)
or (“Ultrasonics”[MeSH]) or (“Ultrasonics”).

CONCLUSIONS

Novel diagnostic imaging techniques for detection of SLNs have the potential to bring
the diagnostic accuracy of SLNB to a higher level for all early-stage OSCC subsites.
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However, technical improvements and further research of these novel techniques are
required, if they are to replace the conventional SLNB procedure with [**™Tc]-labelled
radiotracers. Nevertheless, several of these novel techniques may already become
valuable by facilitating more targeted radiotherapy; adjusting the radiation dose based
on the tumor’s individual lymphatic drainage pattern.
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FUTURE PERSPECTIVES

While the results of cancer therapy continue to improve, not all patients diagnosed with
cancer are cured and those who survive longer often have to live with long-term side ef-
fects. Heterogeneous drug distribution is one of the causes for ineffective cancer treat-
ment: an effective drug is only effective when it reaches the right location at the right
dose. Optimizing drug delivery to the target location aims to tilt the balance towards
maximal effect and minimal side effects. In this thesis we discussed methods to optimize
drug delivery using imaging and therapeutic ultrasound.

The review in chapter 1 concludes that spatial heterogeneity in nanoparticle distribution
occurs at all scales and can reduce efficacy of nanomedicine. A wide range of imaging
modalities help visualize nanoparticle distribution or factors contributing to heteroge-
neous distribution, by imaging the drug, the nanoparticle and the tumour environment.
Clinically, spatially heterogeneous distribution of therapeutic nanoparticles, creates a
risk of both under- and overtreatment. While this review focuses on heterogeneity in
distribution of nanomedicine, heterogeneity is of importance for any drug formulation
[1-3]. Imaging drugs or nanoparticles in clinical studies can help predict treatment effect
and therefore select which patients will benefit most and in which patients for example
an adjusted dose or a different therapy are necessary. An alternative is to use imaging
to select eligible patients for a combination treatment, such as the therapeutic ultra-
sound methods investigated in this thesis. Combining imaging of nanoparticle and drug
distribution with imaging of characteristics of the tumour environment promises to help
personalize treatment further. Choosing and combining imaging modalities wisely will
hopefully lead to more successful applications of nanomedicine in the future.

Widespread clinical application of imaging drug distribution and heterogeneity can
be hampered by costs (of the imaging method itself or for labelling nanoparticles and
drugs), the anticipated burden on patients (e.g. long imaging procedures and extra hos-
pital visits) safety or regulatory aspects (labelling slightly changes drug formulations) or
the invasive nature of the procedure (for optical imaging and mass spectrometry imag-
ing tissue samples are necessary). However, when evaluation of heterogeneity in drug
distribution is omitted from clinical trials, effective drugs could wrongly be discarded as
not effective, and an opportunity for personalized treatment could be missed. Future
clinical researchers should therefore take into account which imaging method is most
suitable to image heterogeneity on the scale of interest and for the nanoparticle/drug
of interest. Ideally, future clinical studies should invest in imaging of both nanoparticle/
drug distribution and heterogeneity of the tumour environment on multiple scales. Be-
cause the results could indicate predictive characteristics useful to select patients or
adjust treatment for future patients, less extensive imaging might afterwards be suffi-
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cient for a personalized treatment plan. Researchers should take feasibility and patient
burden into account while designing such clinical studies; a recommendation would be
to combine study procedures with standard-of-care imaging procedures and tumour
sampling as much as possible. In this setting also retrospective studies with reanalysis
of routinely collected images and tissue samples can be of great value for hypothesis
generation, as we should try to learn as much as possible from each patient.

In chapter 2 Dutch patients with de novo metastastic breast cancer (MBC) diagnosed
between 2008 and 2018 were compared to a group of patients with metachronous
MBC in the same period. We found differences in characteristics, treatment and sur-
vival, which highlight that these are two distinct subgroups and that the presence of a
primary breast tumour is not the only difference. Compared to metachronous patients,
patients with de novo metastatic breast cancer were more likely to be 70 years or older,
to have invasive lobular carcinoma, clinical T3 or T4 tumours, loco-regional lymphnode
metastases, HER2 positivity, bone only disease and to have received systemic therapy in
the metastatic setting. They were less likely to have triple negative tumours and liver or
brain metastases. Unlike patients with de novo MBC, many patients with metachronous
MBC have already received systemic treatment in addition to loco-regional treatment
following diagnosis of the primary tumour. Recurrence despite these previous systemic
therapies could reflect 1) disadvantageous tumour-characteristics, 2) patient comorbid-
ity / fitness and 3) primary or acquired therapy resistance. Patients with de novo metas-
tases survived longer (median 34.7 months) than patients with metachronous metasta-
ses (median 24.3 months) and the hazard ratio (0.75) varied over time.

Future studies into the differences between patients with de novo and metachronous
MBC would ideally also take into account indicators of fitness (such as performance
score, comorbidity), indicators of metastatic burden (such as number and volume of
metastases) and in more detail the type of systemic therapy administered. This would
be helpful to make even more accurate prognosis possible for individual patients, which
could help patients make informed treatment decisions. Furthermore, comparison of
patients with de novo MBC with all patients diagnosed with metachronous MBC in the
same period (regardless of metastasis free interval) would provide even more accurate
results and the opportunity to compare changes over time as well.

The findings in this study could help clinicians better inform patients about their progno-
sis and to provide more personalized treatment. Moreover, it could facilitate design of
de novo specific trials of innovative treatments such as the trial described in chapter 3.

In chapter 3 we discussed the study design of the i-GO study. This is the first clinical
trial that will investigate the combination of LTLD and MR-HIFU induced hyperthermia in
breast cancer. We think that this combination leads to improved treatment of the prima-
ry tumour, without changing the systemic doxorubicin concentration and thus without
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compromising effective treatment of metastases or increasing toxicity.

If this phase | trial demonstrates that safety, feasibility and tolerability are adequate,
this approach could in the future lead to improved neoadjuvant treatment of the breast
tumour in patients with stage Il or lll breast cancer, without increasing toxicity. It could
lead to less extensive surgery or even in selected patients make surgery (and the associ-
ated burden and side effects) redundant.

Unfortunately, this trial has not yet included its first participant at the moment of pub-
lication of this thesis. We chose to position this trial in the palliative setting of de novo
MBC to evaluate safety of the treatment first, before continuing in the neo-adjuvant
setting, where the potential benefit for patients is expected. This limits the number of
available study participants (circa 5% of all newly diagnosed breast cancer patients pres-
ent with de novo MBC). In addition, it makes an altruistic motivation of the patient nec-
essary, in patients who already have a lot to process after their diagnosis of metastatic
breast cancer. Due to ongoing developments and new treatment options in the palliative
setting, that arose between the first idea for the study and the start of accrual, the el-
igible study population became smaller than anticipated. One of these developments
is the use of chemotherapy other than anthracycline containing or targeted regimens
in the first, second and even third line of metastatic treatment. Amendments to the
study design are currently being proposed to improve feasibility of patient recruitment,
while still maintaining optimal safety for trial participants. We expect that determining
safety and feasibility of LTLD plus MR-HIFU in this population will be possible and ethi-
cal, while changing the standard of care treatment (doxorubicin, cyclophosphamide and
paclitaxel, AC-P) as little as possible.

For future applications of MR-HIFU hyperthermia and temperature sensitive liposomes
the following conditions should be met for the treatment to be feasible and successful in
providing a solution to a clinical need. First, there must be a need for a local treatment
effect. This could arise with a primary tumour or a metastasis which is symptomatic,
incurable with standard treatment, or can only be addressed by an intervention that in-
duces significant morbidity (i.e. amputation of a limb or reduction of an organ). Improv-
ing local drug delivery could then provide better palliation, increase chance of survival
or decrease treatment related toxicity. An advantage over other local treatment options
such as radiotherapy or surgery would be that the treatment occurs simultaneously with
systemic treatment and is not invasive. Future studies should incorporate quality of life
assessments to determine if this indeed benefits patients. Sometimes standard of care
local treatment options are suitable alternatives, but a patient could prefer a non-sur-
gical treatment due to e.g. fear of surgical toxicity, change of body-image or risks of
general anaesthesia. In any case, patient preference and shared decision making are
very important when deciding between conventional local treatment options (surgery,
radiotherapy) and enhanced local drug delivery using MR-HIFU plus LTLD. Second, there
should be at least some suggestion that drug distribution with conventional systemic
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treatment is sub-optimal in this patient or tumour type, or that reaching the desirable
drug distribution with systemic treatment would lead to more side effects. Third, the
tumour should be accessible for safe and feasible MR-HIFU (based on tissue type, tu-
mour location and technical properties of the MR-HIFU system). Fourth, the tumour
type should be sensitive to the envisioned drug when used in sufficient concentrations.
For example, with LTLD the tumour type should be known to respond to anthracyclines.
It should be noted that previous resistance may also have been caused by inadequate
drug distribution. In tumour types resistant to anthracyclines, temperature sensitive
liposomes with other drugs such as cisplatin or gemcitabin could be investigated, al-
though these are less far in development [4].

Considering this, we expect MR-HIFU hyperthermia combined with LTLD could poten-
tially provide a benefit for patients with soft tissue sarcomas (STS), as these tumours are
known for their sensitivity to anthracyclines. STS often lead to painful local symptoms,
and in the majority of patients extensive surgery is required to relieve symptoms, while
standard-of-care chemotherapy is likely to lead to heterogeneous drug distribution due
to heterogeneity in the tumour environment [5].

In addition to the application of MR-HIFU for hyperthermia in combination with tem-
perature sensitive liposomes, other applications of MR-HIFU are currently being investi-
gated as well. MR-HIFU ablation of small breast tumours could in the future provide the
possibility to omit surgery in selected patients. A previous trial in our hospital showed
that (deliberately partial) ablation of breast tumours is feasible and safe [6, 7], a trial
evaluating feasibility of complete tumour ablation is currently ongoing (ClinicalTrials.gov
Identifier: NCT02407613).

Moreover, MR-HIFU can be used not only to increase temperature, but also to mechan-
ically fractionate part of the tumour, also known as histotripsy. HIFU histotripsy creates
a sterile local inflammation and release of tumour associated antigens and danger-asso-
ciated molecular patterns, which activate dendritic cells. Preclinical studies have shown
that histotripsy can enhance the effect of immune checkpoint inhibition, by converting
a non-immunogenic (cold) tumour into a (hot) tumour sensitive to immune checkpoint
inhibition [8]. An important next step is to show that this combination can be used safely
in patients with cancer. A phase | clinical trial is currently being designed.

Before implementing new treatment options, health technology assessments can help
evaluate if the benefits of a technique outweigh its financial burden on our society and
health care system[9]. Early evaluations showed that MR-HIFU ablation for breast can-
cer was more expensive than conventional breast conserving treatment [10]. MR-HIFU
ablation as palliative treatment for painful bone metastases did seem cost effective com-
pared to radiotherapy alone[11]. Formal health technology assessments for MR-HIFU
plus LTLD to our knowledge have not yet been performed. At the moment, costs for
MR-HIFU plus LTLD treatment are considerably higher than standard-of-care treatment
with doxorubicin. However, costs are expected to decrease with increasing clinical expe-
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rience and future studies will need to determine whether the benefits (including quality
of life but also financial benefits of possibly reducing need for surgery) outweigh the
costs.

In chapter 4 we described in vitro experiments to evaluate the effect of ultrasound and
microbubbles (USMB) therapy in combination with chemotherapy on a head and neck
cancer cell line. Clinical translation of USMB therapy is currently compromised by the
large variety of (non-clinical) US set-ups and US parameters that are used in preclinical
studies, which are not easily translated to clinical practice. In this chapter we took a step
towards facilitating clinical translation, by proving that USMB therapy, using a clinical ul-
trasound system in combination with clinically approved microbubbles, leads to efficient
in vitro uptake of a drug mimicking fluorescent dye and enhanced effect of chemothera-
py with bleomycin. In contrast to previous clinical studies that used B-mode and contrast
mode [12] or power Doppler [13], we used the PW Doppler mode and performed an ex-
tensive evaluation of multiple transducers and available US settings. With the PW Dop-
pler settings used, we were able to achieve similar or even higher intracellular uptake
compared to the settings used on a dedicated system with optimized parameters [14].
Future studies should determine the safety and efficacy of our methods and US parame-
ters in patients. To bridge the gap between in vitro application and the first clinical trial,
we performed a veterinary trial, which is discussed in chapter 5.

Chapter 5 describes a small veterinary clinical trial, evaluating the combination of bleo-
mycin chemotherapy and USMB therapy in cats with oral squamous cell carcinoma. In
these cats, the USMB treatments were feasible and well tolerated. Adverse events were
considered mild and related to anaesthesia, comorbidity or progressive tumour growth.
Eventually, all cats had progressive disease. However, while the median overall survival is
(historically) around 44 days with supportive care alone [15], survival in our (albeit small
and uncontrolled) study was somewhat longer (46- 85 days). Moreover, CEUS imaging
immediately before and after USMB treatment in 4 of the cats indicated an increase in
tumour perfusion, which may be beneficial for drug delivery.

This was a small feasibility study. An ideal veterinary clinical trial would include a larger
number of patients and a control group of patients treated with bleomycin alone. Simul-
taneous cavitation-detection to monitor microbubble response during USMB therapy
could further benefit safety and efficacy [16]. Blood samples would be taken to monitor
pharmacokinetics of bleomycin in cats treated with and without USMB. Tumour biop-
sies before and after treatment would be used for imaging of bleomycin distribution
throughout the tumour (for example using mass spectrometry imaging) and to quantify
the amount of bleomycin in the tumours. Additionally, the tumour biopsies would be
cultured as organoids and tested in vitro for bleomycin sensitivity, with and without
USMB. In this way we could determine if non-responders were inherently resistant to
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bleomycin or if the bleomycin still reached the target location in an insufficient dose in
vivo. Finally, it would be interesting to continue the study treatment longer, perhaps a
total number of 3 sessions was insufficient. Although this trial design would provide a
wealth of information it is unlikely that it is feasible in the setting of veterinary patients.
The advantage of the study design in chapter 5 is that it was relatively simple and posed
a small burden on the cats and their owners, which gave us the opportunity to include
five patients.

In the future, we expect USMB therapy in combination with chemotherapy could pro-
vide a benefit in human patients with (for example) head and neck cancer. Based on pre-
vious in vitro results from our group, the effect of the standard-of-care chemotherapy
or chemoradiotherapy with cisplatin could be improved by addition of USMB [17]. Fur-
thermore, the combination of USMB therapy with radiotherapy in the absence of drug
is promising, considering the effect of USMB on perfusion. Clinical studies are already
ongoing (Clinicaltrials.gov NCT04431674, NCT04431648). Since we already used a clini-
cal US system, and EMA/FDA approved microbubbles in this study, the step to a clinical
trial in human patients can be taken in the near future. In other centres, early clinical
trials using USMB in combination with chemotherapy in patients with various tumour
types have already shown promising results or are still ongoing [12, 18, 19] (Clinical-
Trials.gov Identifiers: NCT04146441, NCT04821284, NCT03477019 and NCT03458975,
NCT03385200). As a first clinical trial in patients with head and neck cancer, | propose to
evaluate safety and feasibility of USMB therapy to enhance tumour perfusion (without
chemotherapy). USMB therapy could be performed before surgery and CEUS before and
after USMB would be used to investigate the effect on perfusion. This type of trial would
pose a small burden and low risk on the patient. When this is proven safe and feasible,
USMB therapy could be evaluated in addition to standard of care chemo(radio)therapy
(such as cisplatin and/or cetuximab) to improve drug delivery or in addition to radiother-
apy (to enhance tumour perfusion and reduce hypoxia). In the future the combination
of USMB therapy with a decreased dose of chemoradiotherapy could lead to similar
efficacy while reducing local toxicity.

Chapter 6 is a review about preoperative sentinel lymph node imaging techniques which
could help select which head and neck cancer patients, in particular patients with early
stage oral cavity squamous cell carcinoma, need additional therapy to treat lymph node
metastases. With improving the diagnostic accuracy of these techniques, invasive treat-
ments of the neck could safely be omitted in more patients. Although diagnostic accu-
racy of most presented techniques is still inferior to conventional lymphoscintigraphy,
each technique has its own strengths and flaws, and further development may in the
future lead to better results.

Related to the topic of ultrasound and microbubbles, lymphosonography is a promising
technique but clinical experience is currently still insufficient. A future trial combining
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preoperative US guided fine needle aspiration (USgFNA) with lymphosonography, prior
to the conventional sentinel node procedure would be very useful to determine if lym-
phosonography could increase the sensitivity of USgFNA [20, 21] and perhaps decrease
the need for sentinel node procedures in the future.

To conclude, this thesis describes methods to optimize drug delivery using imaging and
therapeutic ultrasound and focuses on ways to achieve personalized treatment with
optimal effect and minimal side effects. It demonstrates the value of multidisciplinary
collaboration between both technical and clinical researchers, radiologists and oncolo-
gists and veterinary and human clinicians. These collaborations will become increasingly
important in the future. Future studies should be designed with both theoretical benefit
and clinical feasibility in mind. In this way, clinical translation of promising techniques
will hopefully benefit future patients.
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Optimale medicijnverdeling bij kanker met behulp van beeldvorming en therapeutisch
ultrageluid

De laatste jaren is er veel vooruitgang geboekt op het gebied van de behandeling van
kanker. In Nederland leven patiénten met kanker steeds langer [1]. Deze verbetering is
helaas niet bij alle kankertypes even sterk, nog niet alle patiénten genezen van hun ziekte
en daarnaast kunnen bijwerkingen van de behandelingen op de langere termijn veel
problemen opleveren [2-5]. Eén van de oorzaken van niet-effectieve kankerbehandeling
is een ongelijkmatige (heterogene) verdeling van de medicijnen tegen kanker. Verschillen
in de verdeling van medicijnen tussen patiénten, maar ook tussen verschillende organen
van een patiént en zelfs tussen verschillende gebieden binnen een tumor dragen daaraan
bij [6-8]. Een medicijn is alleen effectief wanneer het de juiste plek bereikt in de juiste
hoeveelheid. In dit proefschrift beschrijven we twee behandelmethodes om medicijnafgifte
zo optimaal mogelijk te maken. Deze methodes (die we hieronder toelichten) maken
gebruik van therapeutisch ultrageluid:

1. MR-HIFU hyperthermie gecombineerd met temperatuurgevoelige vetbolletjes
met chemotherapie
2. Ultrageluid en microbellen behandeling

Beide behandelingen hebben als doel om de medicijnverdeling zo optimaal mogelijk te
maken. De meest optimale situatie is een maximaal effectieve behandeling die zorgt voor
minimale schade aan gezond weefsel (schade aan gezond weefsel wordt ‘toxiciteit’ of
‘bijwerking’ genoemd).

Beeldvorming (het maken van scans en beelden voorafgaand aan en tijdens een
behandeling) kan ons meer informatie geven over de kenmerken van patiénten en zo
helpen om de behandeling zo goed mogelijk te richten op de plek waar deze nodig is,
de behandeling zo veilig mogelijk te maken en om de behandeling aan te passen aan de
individuele patiént (ook wel ‘gepersonaliseerde behandeling” genoemd).

Deze Nederlandse samenvatting omschrijft de belangrijkste achtergrondinformatie en
bevindingen van de hoofdstukken in dit proefschrift.

Ultrageluid

Ultrageluid staat bekend om haar toepassing bij het maken van beelden. In het Nederlands
wordt dit onderzoek ‘echografie’ genoemd. Het meest bekend is de echo bij een zwangere,
maar echografie kan informatie geven over vrijwel alle organen. Bij echografie worden
ultrageluidsgolven door het echoapparaat uitgestuurd richting het lichaamsweefsel.
Deze golven reflecteren op de overgangen tussen verschillende weefsels en worden
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weer opgevangen door het echoapparaat, dat vervolgens een zwart-wit beeld van de
weefsels maakt [9]. Bij een contrast-echografie worden daarnaast heel kleine gasbelletjes
intraveneus (via het infuus) toegediend (dit worden ook wel ‘microbellen’ genoemd), deze
zorgen voor een sterkere weerkaatsing van het ultrageluid. Dit kan bijvoorbeeld helpen
om meer informatie te krijgen over de bloedvaten [9-11].

In dit onderzoek gebruiken we ultrageluid niet alleen voor het maken van beelden, maar
ook als een behandeling om lokale medicijnverdeling te verbeteren. Daarom noemen
we dit ‘therapeutisch ultrageluid’. Twee voorbeelden van therapeutisch ultrageluid zijn
MR-gestuurde hoge intensiteit gebundeld ultrageluid (MR-HIFU) en behandeling met
ultrageluid in combinatie met microbellen (USMB behandeling).

Magnetische resonantie - gestuurde hoge intensiteit gebundeld ultrageluid (MR-HIFU)
MR-HIFU is een combinatie van MRI (magnetische resonantie beeldvorming) en HIFU
(hoge intensiteit gebundeld ultrageluid), met als doel om weefsel (zoals een tumor) op te
warmen of mechanische effecten te veroorzaken. HIFU bestaat uit sterke ultrageluidsgolven
die in één punt worden gebundeld. Dit is vergelijkbaar met het bundelen van zonnestralen
op één punt met een vergrootglas om zo vuur te maken. Afhankelijk van het doel van de
behandeling kan het weefsel verwarmd worden tot 55-70°C (‘thermale ablatie’ [12-14]
of tot 40-43°C (‘hyperthermie’ [15-17]. MR-gestuurd betekent dat we op basis van MRI
beelden precies kunnen plannen welk gedeelte van de patiént verwarmd wordt. Daarnaast
kunnen we met MRI beelden tijdens de HIFU behandeling de temperatuur in de patiént
meten en volgen wat het effect van de behandeling is [18].

Nanomedicijnen zoals temperatuurgevoelige vetbolletjes met doxorubicine.

Om medicijnafgifte op de gewenste plek te verbeteren kan MR-HIFU hyperthermie
gecombineerd worden met temperatuurgevoelige nanomedicijnen. Nanomedicijnen zijn
kleine deeltjes (op nanometerschaal, ook nanodeeltjesgenoemd) gebondenaan medicijnen
of als verpakking voor medicijnen. Nanodeeltjes zijn gemaakt om deze medicijnen zoveel
mogelijk af te leveren op de plek waar ze nodig zijn. Dit heeft als doel om de effectiviteit te
verhogen (hogere hoeveelheden (concentraties) van medicatie in de tumor) en de toxiciteit
te verlagen (beperken van schade aan het gezonde weefsel) [24]. In dit onderzoek hebben
we het nanomedicijn ThermoDox onderzocht. Dit zijn temperatuurgevoelige vetbolletjes
(liposomen) van circa 100 nanometer die bestaan uit een membraan met een dubbele
laag fosfolipiden en binnenin verpakt het chemotherapiemiddel doxorubicine. Deze
vetbolletjes worden in de bloedbaan toegediend en stromen door het lichaam terwijl de
tumor wordt verwarmd. Alleen daar waar de vetbolletjes verwarmd worden (in de tumor),
komt er snel een grote hoeveelheid doxorubicine vrij [25-27]. In de rest van het lichaam
(op lichaamstemperatuur) lekken de vetbolletjes een beetje en komt er heel langzaam
evenveel doxorubicine vrij als bij een behandeling met doxorubicine die niet is verpakt in
een vetbolletje. Zo willen we het lokale effect van chemotherapie in de tumor versterken,
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zonder dat er meer bijwerkingen en schade ontstaan in de rest van het lichaam. Er is
al veel onderzoek gedaan bij patiénten naar de combinatie van ThermoDox met andere
methoden van verwarming [28-32]. In dit proefschrift beschrijven we hoe we het willen
onderzoeken in combinatie met MR-HIFU hyperthermie.

Ultrageluid en microbellen behandeling (USMB behandeling)

De tweede methode van therapeutisch ultrageluid die we toepassen in dit onderzoek
is ultrageluid en microbellen (USMB) behandeling. Microbellen zijn zoals hierboven
genoemd contrastmiddelen voor echografie. Het zijn kleine deeltjes van 1-10 micrometer
doorsnede, gevuld met gas en omgeven met een laagje fosfolipiden of eiwitten [19,
20]. Naast de rol van microbellen bij het maken van beelden, biedt de combinatie van
ultrageluid met microbellen ook de mogelijkheid om lokaal de werking van medicijnen te
versterken. Afhankelijk van de gebruikte ultrageluid instellingen zoals frequentie en druk
gaan microbellen trillen (‘stabiele cavitatie’) of kunnen ze kapot gaan (‘inertiéle cavitatie’).
Beide soorten cavitatie kunnen biologische effecten veroorzaken in het omringende
weefsel, zoals het maken van kleine gaatjes in celmembranen, het stimuleren van opname
van stoffen door endocytose, het meer doorgankelijk maken van de bloedvatwand en
het beperken of juist stimuleren van de bloedtoevoer. Alle effecten van behandeling met
ultrageluid en microbellen die kunnen zorgen voor meer lokale afgifte van medicijn op de
gewenste plek heten samen ‘sonopermeatie’[21-23].

Patiéntengroepen in dit proefschrift
In dit proefschrift beschrijven we de toepassing van therapeutisch ultrageluid om
medicijnverdeling te verbeteren in het kader van twee groepen patiénten:

1. Patiénten met ‘de novo uitgezaaide borstkanker’ voor de toepassing van MR-
HIFU plus ThermoDox

2. Patiénten met hoofd-halskanker voor de toepassing van USMB behandeling plus
chemotherapie

Patiénten met de novo uitgezaaide borstkanker

Dit zijn patiénten bij wie bij het stellen van de diagnose borstkanker ook gelijktijdig
uitzaaiingen buiten de borst (op afstand) worden gevonden. De diagnose borstkanker
wordt in Nederland elk jaar bij ongeveer 14.500 nieuwe patiénten gesteld [33]. Ongeveer
5% van hen heeft op dat moment uitzaaiingen ergens anders in het lichaam [34]. Bij
de meeste mensen met uitgezaaide borstkanker (‘stadium IV’) worden de uitzaaiingen
ontdekt in de jaren na de diagnose en behandeling (zogenaamde ‘metachrone
uitzaaiingen’). Omdat mensen met de novo uitgezaaide borstkanker zowel een tumor in
de borst hebben als uitzaaiingen op afstand is het mogelijk om het effect (lokaal in de borst
en op afstand in de uitzaaiingen) én de bijwerkingen van de combinatie van ThermoDox
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met MR-HIFU hyperthermie goed te onderzoeken. We hebben een fase 1 studie opgezet
(de eerste fase van onderzoek bij mensen) om bij deze patiénten te onderzoeken of de
combinatiebehandeling veilig en haalbaar is.

Patiénten met hoofd-halskanker

De diagnose ‘hoofd-halskanker” wordt in Nederland elk jaar bij ongeveer 3.000 nieuwe
patiénten gesteld [35]|6B. Het gaat om een groep van tumoren in het hoofd-hals gebied
(bijvoorbeeld in de mond, neus, keelholte of strottenhoofd). De meeste patiénten hebben
lokaal uitgebreide ziekte [36, 37], waarbij een operatie soms niet mogelijk is doordat
de tumor niet volledig weggehaald kan worden of doordat de operatie onacceptabel
veel omliggend weefsel zou beschadigen of lokale functies zou verminderen. Ondanks
combinaties van behandeling (operatie, chemotherapie, bestraling, doelgerichte
medicijnen en/of immuuntherapie) met veel bijwerkingen komt de tumor bij ongeveer
de helft van de patiénten in het hoofd-halsgebied terug. De kanker is dan vaak niet meer
genezen [38, 39]. Omdat dit kankertype zoveel lokale problemen kent, denken we dat
een verbetering van lokale medicijnverdeling met behulp van therapeutisch ultrageluid bij
deze patiénten zou kunnen helpen, door de effectiviteit van de behandeling te verbeteren,
zonder voor meer bijwerkingen te zorgen.

Hoofd-hals kanker bij katten

De behandeling met ultrageluid en microbellen is al vaak onderzocht met celexperimenten
in een laboratorium, dit noemen we ‘in vitro’ (Latijn voor ‘in glas’, oftewel buiten een
mens of dier, bijvoorbeeld in een kweekschaaltje of reageerbuis). Ook is het onderzocht bij
levende proefdieren zoals ratten en muizen (in vivo). Vervolgens is er onderzoek gedaan bij
kleine groepen mensen, maar nog niet specifiek bij patiénten met hoofd-halskanker. Om
een stap verder te komen richting het toepassen van deze behandeling bij mensen, kan
dieronderzoek helpen. In dit proefschrift hebben we niet gekozen voor proefdieronderzoek,
maar voor een klinische studie bij huisdieren, namelijk katten. Deze katten zijn patiénten
van een dierenarts, bij wie een behandeling veel kan lijken op die van menselijke
patiénten. Hoofd-hals kanker komt vaak voor bij oudere katten en 10% van alle tumoren
bij katten zitten in de bek [40]. Helaas overleven deze katten met alleen ondersteunende
behandeling gemiddeld slechts 1,5 maand [41]. Er zijn veel overeenkomsten tussen hoofd-
hals tumoren bij mensen en bij katten, en door de afmetingen van een kat kunnen dezelfde
echoapparatuur en ultrageluidsinstellingen gebruikt worden als bij mensen [42-44]. Een
onderzoek bij deze veterinaire patiénten kan ons daarom een stap vooruit brengen in het
onderzoek bij mensen.

Overzicht van de hoofdstukken

Het review artikel in hoofdstuk 1 geeft een overzicht van verschillende onderzoeken die
laten zien dat nanodeeltjes en nanomedicijnen zich niet altijd op een gelijkmatige manier
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verdelen. Er zijn verschillen in de verdeling tussen patiénten, tussen organen in één
patiént, tussen tumoren of binnen één tumor. Kortom, er is op elke schaal heterogeniteit
in de verdeling van deze nanodeeltjes, terwijl we weten dat een medicijn alleen effectief is
wanneer het de juiste plek bereikt in de juiste hoeveelheid.

Beeldvorming (het maken van scans) kan helpen om de verdeling van nanodeeltjes en
factoren die bijdragen aan heterogeniteit in kaart te brengen. Hierbij zijn er beeldvormende
technieken voor het afbeelden van de verdeling van het medicijn, het nanodeeltje dat
het medicijn vervoert en de omgeving van de tumor waar het medicijn moet werken.
Dit soort beeldvormende technieken kunnen in klinische studies helpen voorspellen
welke patiénten het meeste baat hebben bij een behandeling en bij welke patiénten de
behandeling aangepast moet worden. Ook zouden zo patiénten geselecteerd kunnen
worden die baat hebben bij het toevoegen van een behandeling, met als doel de verdeling
van de medicijnen te verbeteren, zoals therapeutisch ultrageluid.

In hoofdstuk 2 vergelijken we Nederlandse patiénten die tussen 2008 en 2018 de diagnose
de novo uitgezaaide borstkanker hebben gekregen met een groep patiénten bij wie in
dezelfde periode (metachrone) uitzaaiingen van eerdere borstkanker zijn ontdekt. We
vonden verschillen in de kenmerken, behandeling en overlevingsduur van deze patiénten.
Dit benadrukt dat het twee aparte groepen zijn, waarbij de aanwezigheid van een tumor
in de borst zeker niet het enige verschil is. Het feit dat de kanker bij de patiénten met
metachrone uitzaaiingen is teruggekeerd ondanks de eerdere behandeling kan wijzen
op: 1) ongunstige tumorkenmerken 2) minder fitte patiénten die meer andere ziekten
hebben naast de borstkanker en 3) dat de tumor al resistent was of is geworden tijdens de
behandeling. Patiénten met de novo uitgezaaide borstkanker overleven langer (mediaan
34.7 maanden na de diagnose) dan patiénten met metachrone uitzaaiingen (mediaan 24.3
maanden).

Ditonderzoek kan dokters helpen hun patiénten nog beter voor te lichten en de behandeling
nog meer te personaliseren. Daarnaast kan het helpen om klinische studies te ontwerpen
met innovatieve behandelingen specifiek voor de novo uitgezaaide borstkanker, zoals de
studie in hoofdstuk 3.

In hoofdstuk 3 bespreken we de opzet van de i-GO studie. Dit is de eerste klinische
studie naar de combinatie van het nanomedicijn ThermoDox in combinatie met MR-HIFU
hyperthermie bij patiénten met borstkanker.

We willen deze behandeling onderzoeken bij patiénten met de novo uitgezaaide
borstkanker. In de studie wordt de standaard chemotherapie doxorubicine vervangen
door het nanomedicijn ThermoDox (doxorubicine in temperatuurgevoelige vetbolletjes)
in combinatie met verwarmen van de borsttumor met MR-HIFU. We verwachten dat
deze combinatie leidt tot betere behandeling van de tumor in de borst, zénder dat er
meer chemotherapie in de rest van het lichaam terecht komt, zodat de uitzaaiingen in de
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rest van het lichaam net zo goed behandeld worden als anders en de bijwerkingen niet
toenemen. Het hoofddoel van het onderzoek is om bij een klein aantal patiénten (6- 12)
te beoordelen of de behandeling veilig en haalbaar is. Als dit zo is, kan verder onderzoek
laten zien of het ook tot betere uitkomsten voor de patiénten leidt. In de toekomst hopen
we dat deze combinatiebehandeling bij patiénten met borstkanker zonder uitzaaiingen
leidt tot minder uitgebreide borstoperaties, of operatie zelfs helemaal niet meer nodig is.

Voor hoofdstuk4 hebben we celexperimenten gedaan (in vitro) om het effect van ultrageluid
en microbellen (USMB) behandeling in combinatie met bleomycine chemotherapie op
gekweekte hoofd-halskankercellen te onderzoeken. Bleomycine kan kankercellen pas
doden wanneer het in de cel aanwezig is, maar omdat het een wateroplosbaar medicijn is
komt het niet makkelijk door de celmembraan naar binnen. USMB behandeling kan cellen
doorgankelijk maken en medicijnopname stimuleren (sonopermeatie) om zo het effect te
versterken.

Eerdere onderzoeken gebruiken veel verschillende (zelfgebouwde) apparatuur en
instellingen van het ultrageluid, die niet altijd makkelijk vertaald kunnen worden naar de
toepassing bij mensen in het ziekenhuis. Daarom hebben we in dit onderzoek een klinisch
echoapparaat en voor toediening aan mensen goedgekeurde microbellen gebruikt. USMB
behandeling met een klinisch echoapparaat leidt tot opname van een fluorescerende
kleurstof (als model voor een medicijn) in kankercellen. Ook versterkt de USMB
behandeling zoals verwacht het effect van bleomycine chemotherapie. Om de stap van in
vitro experimenten naar de eerste klinische studie bij patiénten met hoofd-halskanker te
verkleinen hebben we in hoofdstuk 5 deze behandeling toegepast bij katten.

Hoofdstuk 5 gaat over een klinische studie bij vijf katten met plaveiselcelcarcinomen in
de bek, die we hebben behandeld met de combinatie van bleomycine chemotherapie
en USMB behandeling. Hierbij werd opnieuw een klinisch echoapparaat gebruikt en
microbellen die zijn goedgekeurd voor toepassing bij mensen. De behandeling werd door
de katten goed verdragen. De symptomen die ze hadden waren mild en hingen samen met
de narcose, andere aandoeningen of groei van de tumor. Uiteindelijk groeiden helaas alle
tumoren verder, maar was de overlevingsduur met 46- 85 dagen wel iets langer dan wat in
eerder onderzoek beschreven was na alleen een ondersteunende behandeling (mediaan
44 dagen) [41]. Tijdens dit onderzoek deden we (zowel voor als na de behandeling met
ultrageluid en microbellen) ook contrast-echografie. Hierbij viel op dat de doorbloeding
(perfusie) van de tumoren na USMB behandeling in veel gevallen toenam. We denken
dat dit ervoor kan zorgen dat chemotherapie zich beter verdeelt in tumoren en dat
radiotherapie (bestraling) beter werkt omdat er meer zuurstof in het tumorweefsel komt.
Waarschijnlijk speelde andere mechanismen van sonopermeatie in ons onderzoek maar
een kleine rol, waardoor bleomycine (dat niet zozeer van perfusie afhankelijk is maar
wel iets nodig heeft om de celwand door te gaan en in de cel werkzaam te zijn) maar
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een beperkt effect had. In toekomstige studies raden we aan te onderzoeken wat de
toegevoegde waarde van USMB behandeling is bij andere chemotherapie (zoals cisplatin
of carboplatin) en/of radiotherapie bij patiénten met hoofd-halskanker. Omdat de USMB
behandeling uitgevoerd kon worden met klinische echoapparatuur en microbellen die ook
goedgekeurd zijn voor gebruik bij mensen, brengt deze veterinaire studie ons een stap
dichter bij toepassing van USMB behandeling bij mensen.

Hoofdstuk 6 is een review artikel over technieken voor het in beeld brengen van de
schildwachtklier bij patiénten met hoofd-halskanker. Een van deze technieken maakt
gebruikt van ultrageluid en microbellen op een andere manier dan we hiervoor hebben
beschreven.

De schildwachtklierprocedure heeft als doel te onderzoeken of kankercellen van de tumor
waar ze zijn ontstaan (primaire tumor) naar de lymfeklieren zijn verspreid, zonder daarbij
alle lymfeklieren te hoeven weghalen. Bij de schildwachtklier procedure wordt een stofje
in of rondom de primaire tumor gespoten en vervolgens wordt gekeken in welke lymfeklier
dit stofje als eerste terecht komt. Die eerste lymfeklier heet de schildwachtklier en de
verwachting is dat eventuele kankercellen dezelfde route volgen en hier ook als eerste
naartoe zouden gaan. Deze schildwachtklier wordt dan verwijderd en onderzocht onder
de microscoop. Als hier geen kankercellen in blijken te zitten verwachten we dat dit ook in
de rest van de lymfeklieren niet zo is en hoeven deze niet allemaal preventief verwijderd te
worden. Zo kan de patiént een extra operatie en de risico’s daarvan bespaard blijven [45].
Dit review artikel beschrijft verschillende technieken van beeldvorming van de
schildwachtklier voorafgaand aan een operatie, die verschillende voor- en nadelen
hebben. Een van deze technieken is lymphosonografie waarbij microbellen in of rondom
de primaire tumor worden gespoten en met echografie worden gevolgd tot ze via de
lymfebanen uitkomen bij de schildwachtklier. Dit is een veelbelovende techniek, maar eris
tot nu toe nog weinig ervaring mee in de kliniek.

Samenvattend beschrijft dit proefschrift methodes om medicijnverdeling zo optimaal
mogelijk te maken, door gebruik te maken van beeldvorming en therapeutisch ultrageluid.
Hierbij streven we naar gepersonaliseerde behandeling met een zo sterk mogelijk
gewenst effect en zo min mogelijk bijwerkingen. Dit onderzoek laat daarnaast zien dat
samenwerking tussen verschillende vakgebieden van grote waarde is, tussen technische
en klinische onderzoekers, radiologen en oncologen en artsen en dierenartsen. Deze
samenwerking zal in de toekomst alleen maar belangrijker worden, met als doel ervoor te
zorgen dat zoveel mogelijk toekomstige patiénten profiteren van veelbelovende nieuwe
technieken.
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DANKWOORD

Op 1 oktober 2016 begon ik aan dit avontuur en nu is het dan eindelijk zover: mijn
proefschrift is af! Mijn promotietijd was er één om nooit te vergeten, met veel pieken en
dalen, tegenvallersen opluchting. Met het uitbreiden van mijn capaciteiten envaardigheden
waarbij mijn comfort zone toch steeds weer wat groter bleek te zijn dan ik dacht, veel
interessante gesprekken en discussies en ook veel gezelligheid in de samenwerking met
zoveel mensen uit uiteenlopende disciplines. Hoewel ik zes jaar geleden een heel ander
boekje voor mij zag ben ik ontzettend trots op het eindresultaat. Dit alles was mij nooit
gelukt zonder de hulp van heel veel mensen die direct en indirect betrokken waren en die
ik allemaal van harte wil bedanken. Een aantal mensen wil ik hier in het bijzonder noemen.

Ten eerste mijn fantastische promotoren prof. dr. Elsken van der Wall en prof. Chrit
Moonen.

Lieve Elsken, jij was voor mij de ideale supervisor. Het is inspirerend hoe jij ervoor kunt
zorgen dat iedere PhD-student het beste uit zichzelf haalt, en hoe jouw doel is om anderen
in de spotlight te zetten. Onze afspraken, altijd met chocola, begonnen steevast met de
vraag hoe het met mij ging en als ik me goed voelde was jij tevreden. Daarnaast wist je
altijd de juiste vragen te stellen zodat ik op ideeén kwam om ons onderzoek te verbeteren
en kwam ook zelf met nieuwe ideeén (zoals het IKNL-project) als ik het even echt niet
meer wist. Bedankt dat jij voor mij een voorbeeld was (en altijd zult blijven) als dokter,
wetenschapper en supervisor!

Beste Chrit, ik wil jou ook van harte bedanken voor de samenwerking! Door onze
verschillende achtergronden heb ik in jouw MR-HIFU groep heel veel geleerd over de
technische kant van de geneeskunde. Jouw enthousiasme bij onze gesprekken over
nieuwe toepassingen van bijvoorbeeld de combinatie van histotripsie met immuun
checkpoint inhibitie was erg aanstekelijk. Ik had altijd het gevoel dat mijn inbreng door
jou erg gewaardeerd werd. Zelfs tijdens je pensioen blijf je betrokken en bereikbaar voor
advies. Jouw voorstel om te solliciteren voor de opleiding tot radiotherapeut zie ik als een
groot compliment en dat ik nu in opleiding ben tot internist betekent niet dat ik niet graag
nog eens meedenk!

Mijn twee geweldige copromotoren, dr. Roel Deckers en dr. Britt Suelmann.

Beste Roel, zonder jou was dit proefschrift er nooit gekomen. We hebben samen veel
tegenslagen meegemaakt, en steeds weer kwam je met ideeén voor nieuwe onderwerpen
en onderzoeken. Ik had niet kunnen denken dat ik als klinische dokter bleomycine zou
zitten te pipetteren, de finesses van de meest optimale ultrageluidsparameters met jou
zou bediscussiéren, vlees zou koken in de MRI of een vijftal katten als mijn patiénten zou

251




DANKWOORD

beschouwen. Jij bent de reden dat ik mijn comfort zone zo heb kunnen uitbreiden en dat ik
zo’'n breed beeld van de wetenschap heb kunnen krijgen. Daarnaast heeft jouw feedback
mijn artikelen naar een hoger niveau getild. Ik vond onze discussies over de klinische
toepassing van nieuwe technieken altijd erg inspirerend en was het erg gezellig om samen
te kliederen en klussen bij de praktische experimenten. Bedankt voor alles!

Lieve Britt, jouw tomeloze energie heeft mij keer op keer weer versteld doen staan. Niet
alleen ben je een heel goede betrokken klinische dokter, ook stort je je steeds weer met
hart en ziel op verschillende klinische studies. Jij bent bij uitstek degene die de vertaalslag
kan maken van een idee naar de klinische toepassing voor de patiént. Zelfs naast het
afronden van je eigen promotieonderzoek en je drukke leven was je altijd beschikbaar
voor advies en leefde je mee met mijn successen en tegenslagen, hiervoor wil ik je heel
hartelijk bedanken!

Ik wil alle co-auteurs die hebben meegewerkt aan de artikelen van dit proefschrift van
harte bedanken, in het bijzonder Marianne Luyendijk, Maurice Zandvliet en mijn paranimf
Charis Rousou.

Lieve Marianne, bedankt voor alle hulp bij het analyseren en interpreteren van de IKNL
data! Zonder jou was het artikel nooit afgekomen en zeker niet zo goed geworden. Bedankt
dat je zoveel geduld had met mij, als relatieve epidemiologie- en absolute R-leek!

Beste Maurice, bedankt dat je de samenwerking met ons vanuit de diergeneeskunde bent
aangegaan! Je hebt mij een kijkje gegeven in de wereld van de diergeneeskunde, die vaak
niet eens zoveel verschilt van de ziekenhuiswereld die ik gewend ben (maar toch ook weer
wel). Hier heb ik heel veel van geleerd en ik ben het meest trots op het multidisciplinaire
karakter van onze kattenstudie. Ook bedankt dat je tijdens je drukke werkzaamheden
steeds weer informatie en foto’s van de katten voor mij bleef verzamelen voor de studie.
Daarnaast wil ik alle andere medewerkers van de diergeneeskunde (waaronder Mauricio
en Stefanie) bedanken voor hun hulp bij de studie, en alle patiénteigenaren die ons het
vertrouwen hebben gegeven om hun katten te laten deelnemen aan het onderzoek.

Mijn paranimfen Charis Rousou en Milou Smit. Wat fijn dat jullie aan mijn zijde staan op
26 januari!

Dear Charis, | know you are pretty much fluent in Dutch now, but English still feels like ‘our’
language. Thank you so much for everything you did for me during my Phd. You introduced
me into the wondrous world of in vitro experiments and taught me everything | know about
cell culture. I will never forget your method to practice working in the flowhood (practice
while you’re cooking). You were always so patient with me and your smart comments
helped me improve our work. | enjoyed working together during our experiments and
the coffees, dinners and trips we had (remember when we were literally blown away in
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Rotterdam). | am looking forward to your own PhD-defense!

Milou, lieve vriendin, bedankt dat je mijn paranimf wil zijn! We kennen elkaar al zo lang
en hoewel we al op de middelbare school andere studierichtingen op zijn gegaan zijn we
toch allebei in een promotietraject beland. Het is zo fijn dat we altijd al onze frustraties en
ergernissen over onze PhD-perikelen met elkaar konden en kunnen delen. Ik weet zeker
dat jij ook binnenkort succesvol je proefschrift zal verdedigen!

Ik wil ook graag de leden van de beoordelingscommissie bedanken voor de beoordeling
van dit proefschrift: Prof. dr. S.C. Linn, Prof. dr. S. Siesling, Prof. dr. H.J. Bloemendal, Prof.
dr. R. de Bree en Prof. dr. ir. C.A.T. van den Berg. De opponenten wil ik alvast hartelijk
bedanken voor hun aanwezigheid op 26 januari, ik kijk uit naar een interessante discussie.

Daarnaast wil mijn (oud-) collega’s uit het UMC Utrecht van harte bedanken:

Al mijn kamergenoten in de loop der tijd Annemarie, Bianca, Dhabia, Esmée, Gerke,
Liselore, Ludwike, Marcia, Mimount en Suzanne en ganggenoten Caren, Frans en Margot,
bedankt voor jullie empathie, hulp, interesse en gezelligheid bij alle koffiemomentjes,
wandelingen en etentjes (met of zonder pannenkoeken)! Mede dankzij jullie heb ik een
heel fijne promotietijd gehad!

Ook de andere collega’s van de Epirad-groep: bedankt voor de gezelligheid en interessante
presentaties Ahmed, Atia, Carlo, Floor, Jonas, Justine, Martina, Nienke, Robbert, Wieke,
Wouter, Sander en Sarah.

Natuurlijk mijn opvolger Mirjam die zo stoer was om mijn klinische projecten over te
nemen. Je kreeg nogal een klus overgedragen, bedankt voor al je inspanningen om mijn
“kindje” de i-GO studie verder te brengen. Ik heb er alle vertrouwen in dat het je gaat
lukken om patiénten te includeren!

Bedankt voor de mede-mamma-onderzoekers voor het samen codrdineren van de MDO’s
en de gezelligheid bij bijeenkomsten, cursussen en congressen: Bianca, Carmen, Erwin,
Janine, Jeanine, Lieke, Liselore, Maureen, Marilot en Susana.

Bedankt aan iedereen met wie ik heb samengewerkt om de klinische studies van de
grond te krijgen en met wie ik interessante gesprekken heb gehad over mogelijke
toekomstige studies: de leden van de trialbureaus van oncologie en beeld (onder wie
Roelien Kronemeijer), researchverpleegkundigen oncologie (onder wie Heleen Klein
Wolterink), mammaverpleegkundigen, apothekers, internist-oncologen (onder wie
Karijn Suijkerbuijk en Lot Devriese), radiologen (in het bijzonder Manon Braat voor je
expertise over en begeleiding van de MR-HIFU borstkanker studies), chirurgen (onder
wie Thijs van Dalen en Arjen Witkamp), radiotherapeuten (onder wie Desirée van den
Bongard).
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Bedankt voor jullie samenwerking als onderdeel van de MR-HIFU groep Annemiek,
Beatrice, Clemens, Helen (ook voor de gezellige etentjes!), Isabel, Kim (ook voor het
FACS-en!), Suzanne en Megan.

Bedankt aan alle collega’s die proefpersoon wilden zijn om het MR-HIFU apparaat te testen
en de MR-HIFU laboranten Greet, Jgrgen en Niels.

Bedankt aan iedereen voor het hartelijke ontvangst voor het uitvoeren van de
celexperimenten in het David de Wiedgebouw (waaronder Cristina, Joep, Louis, Mies en
Roel), LTO-lab en in de COVID-tijd het LKCH-lab waar ik in de avonden en weekenden mijn
toevlucht kon zoeken. Corlinda bedankt dat ik jullie microscoop mocht gebruiken.

Alice, Colette en Judith bedankt voor alle praktische ondersteuning!

I would like to thank Profound Medical and Celsion Coorporation for their cooperation in
preparation for the clinical trials using the MR-HIFU system and ThermoDox.

Voor het financieren van mijn onderzoek wil ik het KWF hartelijk bedanken. Voor het
mede-financieren gaat mijn dank uit naar de Vrienden UMC Utrecht & Wilhelmina
Kinderziekenhuis (waaronder het Dirkzwager-Assink Fonds, de Louise Vehmeijer Stichting,
de Schumacher-Kramer Stichting) en het Center for Translational Molecular Medicine
(binnen de projecten VOLTAVALO en HIFU-chem).

Alle (oud-)collega’s in het Diakonessenhuis Utrecht en het Radboudumc Nijmegen met wie
ik samen heb gewerkt als ANIOS en sinds 