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Part I - Response and Toxicity

BACKGROUND, LIVER METASTASES

For many people, the liver is not the first organ that comes to mind when thinking
of cancer. The most common types of cancer originate in the breast, prostate, lung
and bronchus, and colorectum.! Cancer originating in the liver ranks 11™ in the list of
most frequently diagnosed cancers in the US with an estimated 30,640 new cases per
year and 21,670 deaths per year in the US. The liver is even more frequently affected
when looking at metastasis. Several primary tumors are known to metastasize to the
liver. The liver metastases often challenge the treatment options and pose a substantial
morbidity and mortality, whereas the primary tumor itself may be very well manage-
able. Primary tumors that commonly metastasize to the liver are colorectal carcinoma,
uveal melanoma, breast carcinoma, and neuroendocrine tumors.>* This thesis focuses
on liver metastases in general, but it is important to note that the population of patients
with liver metastases has a variety of primary tumors. There are large differences in the
etiology, epidemiology and prognosis of these tumors. For this purpose, relevant infor-
mation on each of these primary tumor types is provided below.

Colorectal cancer

Colorectal cancer liver metastases (CRCLM) patients constitute the majority of liver
metastases patients and are therefore often chosen as the target population for stu-
dies on locoregional liver therapies.>* Colorectal cancer is the fourth most frequently
diagnosed cancer in the US, with an estimated incidence of 142,820 cases in 2013." If
the tumor remains confined to the primary site it is often curable by means of surgical
resection. However, metastases arise easily with a preference to grow in the liver. A
schematic overview of the treatment algorithm for patients with colorectal liver me-
tastases is presented in Figure 1. At the time of diagnosis, approximately 15 - 25% of
patients have liver metastases, and another 20 - 50% of patients will develop liver me-
tastases later on during the course of disease.*® The metastases are confined to the liver
or are liver-dominant in approximately half of the cases.*'° In these patients, surgical
resection is the only curative treatment option and offers a median survival of about
40 months, compared to a median survival of 18 - 24 months for chemotherapy and
6 - 12 months if patients remain untreated."! Unfortunately, only 15 - 25% of CRCLM
patients are candidates for curative resection and another 5 - 15% can be offered adju-
vant therapies such as neoadjuvant chemotherapy, radiofrequency ablation, or portal
vein embolization, in order to downstage the tumor burden or increase the functional
liver remnant to facilitate surgical resection.'®'? The remainder of patients (60 - 80%) is
offered palliative systemic chemotherapy.
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Figure 1. Treatment algorithm for patients with liver metastases together with approximate percentages of pa-
tients following each route.

According to the Dutch guidelines, standard first and second-line chemotherapy
should consist of oxaliplatin or irinotecan-based therapy combined with fluorouracil
and leucovorin.”® Adding the vascular endothelial growth factor inhibitor bevacizumab
to first line oxaliplatin-based treatment has shown little effect on tumor response or
survival and is thus not recommended as standard treatment."* In the third line, the
epidermal growth factor receptor antagonists cetuximab or panitumumab can be given
to patients with wild-type KRAS gene. A schematic overview of the position of the dif-
ferent lines of systemic (chemo)therapy and the current position of radioembolization
are presented in Figure 2.

Uveal melanoma

The eye is formed by three layers, of which the uvea is the middle layer. Uveal melano-
ma is the most common primary intraocular tumor of the eye and it represents approx-
imately 5% of all melanoma cases.” Uveal melanoma can arise from melanocytes in the
choroidal layer (**%), ciliary body (7%) or the iris (3%).'® The liver is involved in the
vast majority of patients who develop metastases from uveal melanoma and the sur-
vival of uveal melanoma patients depends largely on the presence and progression of
liver metastases.”” The median survival of patients with uveal melanoma metastasized
to the liver is about 6 months." The management of these patients focuses on locore-
gional therapies since the systemic chemotherapies used for cutaneous melanoma are

11
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Systemic treatment for colorectal cancer patients
with liver-dominant metastases
1%t line fluoropyrimidine based regimen
+ bevacizumab + oxaliplatin / irinotecan

l

progression / toxicity

2nd line Erinotecan or oxaliplatin based regimer]

progression / toxicity

radioembolization'? ]
no (60%*)

yes (40%*)
3 rd line Anti-EGFR treatment
(cetuximab or panitumumab)

progression / toxicity |————

Figure 2. Algorithm for systemic treatment (green boxes) of colorectal cancer patients displayed against the
current position of radioembolization (blue box). Radioembolization is currently predominantly performed in
patients who have received first and second line therapy, but radioembolization can also be performed after third
line therapy. Kras = v-Ki-ras2 Kirsten rat sarcoma viral oncogene homologue gene; EGFR = epidermal growth
factor receptor.

unfortunately of little benefit for the chemoresistant uveal variant.'>'* The tumors are,
however, usually well vascularized, a feature which can be exploited by intra-vascular
locoregional treatment options that will be discussed later in this chapter.

Breast cancer

Breast cancer is the most frequent type of cancer in women with an estimated inci-
dence of 232,340 cases in the US per year.1 The liver can host metastases from breast
cancer as well. In an autopsy study performed in 1973, liver metastases were found in
61% of diseased breast cancer patients.”® At presentation, 6 - 8% of all breast cancer
patients with distant metastases have metastases confined to the liver and another 26%
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has metastases in the liver plus at one additional site.’ > The prognosis of patients with
metastases confined to the liver is similar to the prognosis of colorectal liver metastases
patients, with median survival ranging from 17 to 25 months.?"*>** Patients should be
offered systemic therapy, which can consist of 1) hormonal treatment for estrogen- or
progesteron-receptor positive tumors, 2) chemotherapy with a range of available drugs
such as anthracycline- or taxane-based drugs, or 3) targeted therapy like trastuzumab
for tumors with Her2/neu overexpression or monoclonal antibodies to inhibit vascular
growth.” In addition, if patients are eligible, surgical resection of the liver metastases
is recommended but only a minority of patients is eligible due to extent of disease. If
the response of the liver metastases to systemic treatment is not adequate, locoregional
treatment options such as radiofrequency ablation, chemoembolization or radioembo-
lization may be considered.?>*

Neuroendocrine tumors

Approximately 10% of all liver metastases are neuroendocrine tumors.?® The term ‘neu-
roendocrine tumor’ (NET) is used to describe tumors arising from neuroendocrine
cells. A NET can be subdivided into carcinoid or islet cell tumors. The term ‘carcinoid’
(cancer-like) is based on the slow growth of these tumors that seems different than
the typical cancerous growth. Carcinoid tumors often arise in the appendix, rectum,
or small intestines. Examples of islet cell tumors are gastrinoma, insulinoma, gluca-
gonoma, to somatostatinoma.?* NETs can produce and release neurotransmitters and
hormones into the system. Serotonin secreted by carcinoid tumors can for instance
cause carcinoid syndrome including flushing and diarrhea. Effective therapy of the
tumors may lead to an exacerbation of symptoms through the high-volume release
of vasoactive substances during treatment. As with all types of liver metastases, neu-
roendocrine liver metastases should preferentially be resected, or focally treated with
radiofrequency ablation. However, the majority of patients is not eligible for these cura-
tive options and are candidates for systemic therapies like somatostatin analogues (e.g.
lanreotide, octreotide) or radiolabelled somatostatin analogues (e.g. *Y-DOTATOC,
“Y-DOTATATE, "Lu-DOTATATE, or *'I-MIBG).***! More specifically liver-directed
treatments like chemoembolization or radioembolization may be given concomitantly
or after systemic treatment.”

13
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PHYSIOLOGY AND ANATOMY OF THE LIVER

The liver is a vital organ that performs several essential functions within the human
body. The main functions are: 1) the metabolization of chemicals in the blood com-
ing from the intestines, 2) the synthesis of several proteins and enzymes necessary for
homeostatic processes such as hemostasis, 3) carbohydrate metabolism, 4) fat metabo-
lism, 5) bile salt and cholesterol metabolism, 6) excretion of bilirubin, and 7) the stor-
age of vital substances such as vitamin B12, iron, and copper.*?

The blood supply of the liver is unique, consisting of blood from the portal vein and
the hepatic artery. All blood leaving the intestines normally passes through the liver
via the portal vein and exits the liver through the inferior vena cava. When following
the branching pattern of the portal vein, the liver can be divided in eight functional
segments as described by Couinaud and later modified by Bismuth (Figure 3).*** These
segments are particularly important for surgical resection but are also used in this the-
sis as a reference to indicate the location or distribution of lesions / particles within the
liver.*®

Figure 3. Schematic representation of the liver divided into eight segments following the portal vein (in blue)
branching pattern. Author’s interpretation of Bismuth’s adaptation of the Couinaud segmentation.
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The liver is also supplied by blood via the hepatic artery. The role of the hepatic artery
in the healthy liver is limited. It is estimated that the hepatic artery is responsible for
only 20% of the blood supply of the healthy liver and the other 80% of blood is supplied
by the portal vein. However, the hepatic artery plays a key role when malignancies
arise in the liver, since it has been demonstrated that liver metastases are fed mainly by
arterial blood.*® This effect is likely to be induced by the variety of angiogenic factors
that are secreted by the tumors and stimulate angiogenesis required for tumor growth.?”

A host for metastases

Angiogenesis is only one of the steps in the process of successful metastasis. There are
many other steps that a tumor cell needs to take starting with detaching and migrating
from the primary tumor, followed by intravasation into the blood or lymph vessels,
extravasation at a remote site, and finally, initiation of proliferation, sustained growth
and angiogenesis.”**® Any of these steps can go ‘wrong’ (from the perspective of the
tumor). Once nestled at the remote location, the majority of tumor cells will not sur-
vive and many of those that do survive, fail to initiate proliferation and stay dormant
instead.*™** There are several explanations for the relatively high frequency of metas-
tases in the liver. First of all, the liver is perfused by a high volume of nutrient-rich
blood from the portal system and there is a large number of cancer-prone organs that
directly drain into the portal system. The microcirculation of the liver seems favorable
for tumor cells as well. The blood flow in the liver is slow due to the extensive capillary
network and regulation through Kupffer and stellate cells. In addition, the endotheli-
um lining the sinusoids is fenestrated, lacking a basal lamina that normally shields the
vessel endothelium.* These conditions give tumor cells a great opportunity to leave the
bloodstream.* Furthermore, the Kupffer cells lining the sinusoids, bare several sur-
face proteins and saccharides that support tumor cell adhesion.* Nevertheless, the liver
also contains a large number of immune defense cells that form a defense mechanism
against extravasating tumor cell.*

The discussion why certain organs are more prone to host metastasis than others has
been going on for more than a century. Merely the key position of the liver in the por-
tal system and large amount of blood passing through it would clarify why the liver is
home to metastases so frequently, according to an outdated theory by James Ewing.*
However, many clinical observations do not substantiate this theory. Although the po-
sition of the liver in the portal system is an obvious risk factor for catching metastases,
many liver metastases originate not from the organs draining on the portal vein (e.g.
the eye or breast). Therefore it seems likely that both the microenvironment of the liver
and its role within the portal system are favorable for metastatic growth. This is in line

>«

with Paget’s “seed and soil” theory, which states that the “seeding” of metastases relies
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on specific tissue conditions in the “soil” of the target organ.”” Paget compared metas-
tasis to the seeds of a plant falling to the ground in many directions. Only a selection
of these seeds grows to become new plants, depending largely on the match between
the seeds and the soil where the seed lands. The original theory does not clarify why
metastasis can be so different within patients with the same primary tumor. The organs
affected and the rate of metastatic growth can be highly variable between patients with
primary tumors from the same organ, it can even vary within a patient during the
course of disease. This may in large part be due to the heterogenic genetic profile of
tumor cells. Much effort is currently put into increasing the knowledge on the genetic
profile of cancer.*

LOCOREGIONAL TREATMENT OPTIONS

As earlier discussed in this chapter, liver metastases can arise from a variety of possible
primary tumors with completely different biologic characteristics and metastasizing
patterns. Some primary tumor types that frequently spread to the liver and the systemic
therapies that should be considered for these patients have been discussed earlier in
this chapter. The following paragraph provides an overview of the different locoregion-
al treatment options for liver metastases. Whether the therapies discussed below are
suited may vary largely per individual, depending on many variables like tumor type/
biology/spread, medical history, availability of treatment options and patient prefer-

ence.

Transplantation

Although liver transplantation seems an almost ideal solution for metastases that are
confined to the liver, liver transplantation is currently not offered to patients with meta-
static disease. The first successful liver transplantations in men have been performed in
the late 1960’s. Since then, transplant livers have been used for patients with a variety
of conditions ranging from viral hepatitis to Budd-Chiari syndrome.* Patients with
primary and secondary liver malignancies are amenable for liver transplantation as
well. This came to an end in the 1990’s, when survival data proved to be very low for
metastatic patients, with 1- and 5-year survival rates of 62% and 18%, respectively.”
Since then, liver transplantation is no longer reserved for metastatic patients but prin-
cipally only for a selected group of patients with primary liver tumors. However, trans-
plantation techniques have evolved over the years as well as the ability to select patients
who benefit most from therapy. As a result, the 5-year survival rates after liver trans-
plantation for any indication has improved by 20 - 30%.°"** The currently available
imaging techniques (e.g. "*F-FDG-PET, MRI) for example, can now detect far smaller
metastases, better distinguishing true liver-limited disease from systemic disease. A
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recent pilot study from Norway showed that good survival rates can be obtained for
metastatic patients as well when using the current techniques.”® The 5-year survival rate
for metastatic patients in this study was 60%, which is higher than the 5-year survival
rate reported after transplantation for HCC in the Scandinavian registry (57% 5-year
survival rate).”" Still, survival rates for metastasis patients were not as high as survival
rates for other indications (5-year survival rates ranging from 66% for post-hepatitis C
cirrhosis to 90% for autoimmune cirrhosis) and do not justify the use of the scarce do-
nor livers for metastatic patients. Liver transplantation may perhaps become a justified
option for metastatic patients in the future if better ways to improve patient selection
are found or if the scarcity of donor livers is reduced. Stem cell research may in time
change the field of transplantation. Recently, researchers have succeeded to regenerate
hepatocytes from stem cells, a development that may eventually lead to in-vitro created
donor livers.”

Surgical resection

Since liver transplantation is no option, surgical resection remains the treatment of
choice for most liver-dominant metastases. Resection is, however, not possible in a
large number of patients due to a high tumor burden, multifocality, unfavorable tumor
location (near major vessels for instance), or the presence of extrahepatic metastases.™
Various parts of the liver can be removed depending on tumor location. The resections
can be classified according to the part of the liver that is removed: (bi-)segmentec-
tomy (any segments), right/left anterior/medial/posterior sectionectomy (segments
6+7, segments 5+8, segment 4, or segments 2+3), hemihepatectomy (segments 2-4 or
segments 5-8, + segment 1), or trisectionectomy (segments 4-8 or segments 2-5+8, +
segment 1, i.e. extended hemihepatectomy).” It is estimated that up to 70% of the liver
volume can be safely removed in patients with healthy liver parenchyma.” The future
liver remnant - the part of the liver that will remain after resection - can take over the
function of the former liver by means of hypertrophy. In many patients, however, the
future liver remnant is smaller than 30%, which poses patients at risk of liver failure
after surgery. Preoperative portal vein embolization can yield these patients eligible for
surgical resection.* Portal vein embolization is mostly used for patients with metasta-
ses confined to the right liver lobe because the future liver remnant (in that case the
left liver lobe) is often too small to take over the entire liver function. The procedure is
aimed at embolizing the branches of the portal vein leading to the tumor-containing
hemiliver whilst not interfering with the other portal vein branches. As a result, the
hepatocytes in the embolized hemiliver receive less blood and will atrophy. The hepato-
cytes in the contralateral hemiliver receive more blood, hypertrophy and will take over
the liver function from the removed part. Within weeks the liver is at full capacity and

17
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the patient is ready for surgical resection of the embolized part. One of the downsides
of portal vein embolization is that small, undetected tumor depositions in the contra-
lateral hemiliver may be stimulated by the increased blood flow or by factors released
by the embolized part of the liver, and may start to grow rapidly as well as the healthy
liver.”” To what extent this effect occurs and whether it is due to portal vein emboliza-
tion is, however, still matter of debate.”®

Ablation and embolization therapies

There is a large array of other locoregional treatment options available for liver metas-
tases. One way to categorize these options is into ablation and embolization therapies.
Radiofrequency ablation (RFA) is the most common ablative technique used for liver
metastases, but other ablative therapies such as microwave ablation, irreversible elec-
troporation, cryoablation, laser induced thermotherapy, and high-intensity focused
ultrasound are used as well, albeit predominantly in experimental settings.”® Even
external radiotherapy can be considered an ablative therapy. These techniques are all
based on entirely different physical concepts and will not be separately discussed in
this chapter. All these therapies share a minimal invasive nature and are, in general,
image-guided to direct the ablation zone to the target area and monitor the effect of
ablation. The main limitation of ablative therapies are the restrictions in the maximum
number and size of lesions that can be treated.

Embolization is the selective occlusion of blood vessels by administering emboli of a
certain material. The types of embolization applicable to patients with liver metastases
are: bland embolization, chemoembolization, radioembolization, and the previously
described portal vein embolization. Occluding the blood vessels supplying a tumor
was long thought to be an effective method of depriving the tumor from oxygen and
nutrients in order to halt growth. However, tumors may thrive in an oxygen and nu-
trient-deprived environment and pure embolization (i.e. bland embolization) is, there-
fore, hardly advocated anymore for liver tumors.5*¢

Transarterial chemoembolization

Transarterial chemoembolization, often abbreviated as TACE, combines emboliza-
tion with the deposition of high concentrations of chemotherapeutic drugs close to
the tumor. Chemotherapeutic drugs that are often used are doxorubicin (for HCC),
irinotecan or oxaliplatin (for colorectal cancer metastases).”® As a result, the drug
concentration at the tumor is high and low in the rest of the body, theoretically increas-
ing therapeutic efficacy and reducing toxicity. Conventional TACE is performed by
administrating a chemotherapeutic agent mixed with an embolizing agent (generally
lipiodol) but there are also drug-eluting beads available that combine the drug and the
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embolizing particle in one. Most evidence for TACE is based on patients with HCC.%
In the widely used Barcelona treatment algorithm for HCC, TACE is reserved for pa-
tients with intermediate stage disease.”” The effect of treating liver metastases patients
with TACE is less well studied, although the results are promising.**%

Radioembolization

Radioembolization refers to a therapy in which millions of radioactive microspheres
are injected into the hepatic artery combining embolization with internal radiation
therapy. These microspheres have a diameter of 15-40 um and are carried by the blood
flow until they lodge at the arteriolar level. There are two types of clinically available
microspheres based either on glass (Therasphere®, BTG International Ltd., London,
UK) or on resin (SIR-Spheres®, SIRTeX Medical Ltd., Sydney, New South Wales, Aus-
tralia). These microspheres contain yttrium-90 (*°Y), a radioactive element that emits
beta-radiation. The beta radiation of Y has a maximal penetration depth of approxi-
mately 11 mm and is used to selectively irradiate the tumors. Tumor selectivity is based
on the previously mentioned principle that liver metastases are preferentially supplied
by the hepatic artery, whereas the healthy liver is mostly supplied by the portal vein.*
Injecting microspheres into the hepatic artery will, therefore, lead to a high concentra-
tion of radioactivity near the tumor and a lower concentration of radioactivity in the
healthy liver. As such, a tumorical dose can be absorbed in the tumorous liver while the
healthy liver remains functional.

The effect of *Y-radioembolization on tumor response and (progression-free) survival
has been investigated in three relatively small, randomized controlled trials.®*7° In the
largest and most recent study, 46 patients with end-stage colorectal liver metastases
were randomized for treatment with 5-fluorouracil with or without *Y-radioemboliza-
tion. The combination arm had a significantly longer time to liver progression (4.5 vs.
2.1 months) and a non-significantly longer overall survival than the control arm (10.0
vs. 7.3 months, respectively).®® Other studies have found promising results as well, with
an estimated pooled any-response rate of 79% in patients with end-stage disease and
91% any-response rate in a first-line setting.”

*Y-radioembolization is a minimally invasive treatment option with a relatively low
amount of toxicity and complications. Toxicity consists mainly of nausea, fatigue, ab-
dominal pain, loss of appetite and other symptoms of the so-called post-embolization
syndrome.”>”? The complication rate of **Y-radioembolization is low (<10%) and com-
plications arise primarily when radiation arrives in non-target organs or when too
much radiation arrives in the healthy liver tissue.”*”® The main structures at risk for
non-target radioembolization are the stomach, duodenum, pancreas, lungs, spleen,
falciform ligament and gall bladder. A pre-treatment angiography to coil-embolize
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non-target vessels together with a test-injection of technetium-99m macroaggregated
albumin particles (*™Tc-MAA) is used to minimize the chance of non-target depo-
sition of *Y-microspheres.” **Tc-MAA seems, however, not a perfect surrogate for
microspheres when it comes to intrahepatic biodistribution assessment and lung shunt
calculation (i.e. dosimetry).”®” The biodistribution of *Y-microspheres can be visua-
lized indirectly through bremsstrahlung single photon emission computed tomography
(SPECT) or directly through positron emission tomography (PET). Bremsstrahlung
SPECT relies on the gamma radiation that is released when beta-particles are deflected.
Since beta-particles have traveled up to a few millimeters before the bremsstrahlung is
released, conventional *Y-bremsstrahlung SPECT is not optimal for quantitative imag-
ing on a detailed level (e.g. tumor dosimetry). Although better results can be obtained
using more elaborate reconstruction software.®*8! *°Y-PET, on the other hand, relies on
the release of a 511-keV photon pair 32 times per million decays.* *°Y-PET allows for
very accurate, high resolution, quantitative imaging but is limited by the low count rate
and related Poisson noise, which hinders the detection low concentrations of activity
outside the liver.*®

HOLMIUM RADIOEMBOLIZATION

Holmium-166 poly(L-lactic acid)-microspheres (abbreviated in this thesis as
1%Ho-PLLA-microspheres or ®*Ho-microspheres) have been developed at the Univer-
sity Medical Center Utrecht (Utrecht, the Netherlands) as an alternative to the *Y-
microspheres. Besides the high-energy beta-radiation required for tumor destruction,
'%Ho also emits low-energy gamma radiation, which can be used for quantitative gam-
ma imaging.*** Furthermore, the paramagnetic property of holmium can be used for
magnetic resonance imaging (MRI).**%

Preparation of '*Ho-microspheres

Ho-PLLA-microspheres are prepared according to good manufacturing practice
(GMP) guidelines in the radiopharmacy laboratory of the University Medical Cen-
ter Utrecht. In short, the microspheres are synthesized using the solvent-evaporation
technique by adding '®Ho-acetylacetonate and poly(L-lactic acid) to a continuous-
ly-stirred chloroform solution.® This way, '*Ho-acetylacetonate is incorporated in a
matrix of poly(L-lactic acid) in the spherical shape of microspheres. Subsequently, the
non-radioactive '®Ho-microspheres are dried and the desired amount is packed in an
irradiation vial. The vial is then neutron irradiated at the reactor institute Delft (Delft,
the Netherlands, thermal neutron flux 5 x 10> cms!) for several hours, depending on
the desired '*Ho-activity.
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Preclinical studies

'““Ho-microspheres have come a long way since the first concept of these microspheres
was conceived in the nineties. The first steps were to investigate the process of prepa-
ration and irradiation of these microspheres as well as the in-vitro stability.**' Small
animal models were used to establish the stability and biodistribution of '*Ho-micro-
spheres.”* Then, the feasibility and clinical effects were studied in larger animals, with
satisfactory results.”*** Simultaneously, the techniques for imaging the microspheres
with nuclear imaging and MRI were developed and studied as well.****” The whole
process took years and a total of eight PhD-theses, based at least partially on '*Ho-con-

taining microspheres, were written at our institute.”®'%

Clinical translation

The preclinical studies paved the way for the first study assessing *“Ho-radioemboliza-
tion safety in humans. The purposes of the so-called phase 1 clinical trial was to deter-
mine how much radioactivity should be given to patients, expressed as the maximum
tolerated radiation dose, to provide the first data on the safety of '*Ho-radioemboli-
zation, and to study the effects of '“Ho-radioembolization in terms of toxicity, tumor
response, survival and quality of life. Data of the phase 1 clinical trial could also be
used to study dosimetry using nuclear imaging and MRI in human patients. This phase
1 HEPAR (Holmium Embolization Particles for Arterial Radiotherapy) clinical trial is
the basis of this thesis.

OUTLINE OF THIS THESIS

In this thesis, the results of the first 'Ho-radioembolization treatments performed in
human patients are described and related to studies on radioembolization with Y-
microspheres. The thesis is subdivided in two parts: Part I: Response and Toxicity, and
Part II: Imaging and Dosimetry.

Part I. Response and Toxicity

In the first part of this thesis, clinical outcomes of radioembolization with holmium
and yttrium microspheres are presented. As a first step, in Chapter 2, the outcomes:
toxicity, tumor response and survival of patients treated in our center with yttrium-90
microspheres are described. These outcomes were retrospectively assessed in all con-
secutive patients with liver metastases who were not included in a prospective trial and
were treated with radioembolization since the start of radioembolization at our center,
providing a benchmark for the results of the phase 1 clinical trial.

In Chapter 3 the rationale and the study design of the phase 1 clinical trial are presen-
ted. The clinical outcomes of this trial in which we performed holmium radioemboli-
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zation in patients for the first time is presented in Chapter 4. In this chapter, we present
the results of the study in terms of maximum tolerated radiation dose, toxicity, tumor
response, survival, and quality of life. How the results from Chapter 4 compare to the
results for “Y-RE is described in Chapter 5. This chapter is based on our reply to a letter
that was published in Lancet Oncology in reaction to the phase 1 clinical trial results.
Chapter 6 concludes Part I of this thesis by providing an in depth analysis of quality of
life and factors influencing quality of life after '**Ho-RE.

Part II. Imaging and Dosimetry

A major advantage of ““Ho-microspheres over *’Y-microspheres lies in microsphere
visualization. Chapter 7 provides an overview of the current status of imaging options
and the way dosimetry is currently performed in radioembolization practices together
with the latest developments in this field. In Chapter 8 we assessed the value of *™Tc-
MAA to predict *Y-microsphere distribution for pre-treatment dosimetry. The value
of #Tc-MAA for treatment planning is further discussed in Chapter 9. Post-'*Ho-RE
dosimetry is evaluated in Chapter 10. In this chapter, the post-treatment dosimetry
based on MRI is compared with SPECT and estimated doses to the tumors and healthy
liver are elucidated. The gamma-radiation that comes with *“Ho is excellent for dosim-
etry but can pose radiation safety concerns as well. The radiation emitted by patients
after treatment with '**Ho-RE and the dose to others is presented in Chapter 11. Finally,
the thesis is summarized and discussed in Chapter 12.
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Objective

To investigate clinical and laboratory toxicity in patients with unresectable liver metas-
tases, treated with yttrium-90 radioembolization (*°Y-RE).

Methods

Patients with liver metastases treated with *Y-RE, between February 1% 2009 and
March 31+ 2012, were included in this study. Clinical toxicity assessment was based on
the reporting in patient charts. Laboratory investigations at baseline and during a four-
month follow-up were used to assess laboratory toxicity according to the Common
Terminology Criteria for Adverse Events version 4.02. The occurrence of grade 3-4
laboratory toxicity was stratified according to treatment strategy (whole liver treatment
in one session versus sequential sessions). Response assessment was performed at the
level of target lesions, whole liver and overall response in accordance with RECIST
1.1 at 3- and 6 months post-treatment. Median time to progression (TTP) and overall
survival were calculated by Kaplan-Meier analysis.

INTRODUCTION

Intra-arterial radioembolization with yttrium-90 microspheres (*°Y-RE) is an increasingly
applied treatment option for patients with unresectable primary or secondary hepatic
malignancies, refractory to systemic therapies. The treatment consists of intra-arterial
administration of microspheres tagged with or containing yttrium-90 (*°Y), a radioisotope
that emits high-energy beta radiation. In contrast to the normal liver parenchyma, which
mainly relies on the portal vein, intrahepatic malignancies mainly depend on the hepatic
artery for their blood supply.' As a consequence, these tumors can be selectively targeted by
instillation of **Y-microspheres in the hepatic artery.

There is growing evidence for an overall beneficial effect of *Y-RE regarding time to
progression, overall survival and quality of life in salvage patients with either primary or
metastatic hepatic malignancies.”* The effect of Y-RE in terms of tumor response varies
widely, with disease control rates (complete response + partial response + stable disease)
ranging from 56% - 100%.* Given the wide variety in tumor response rates, great effort
is put into optimal patient selection through the identification of prognostic factors for
a favorable outcome after *Y-RE.>” Improved selection may increase the efficacy of this
therapy and prevent patients from futile treatment and unnecessary toxicity.

Although minimally invasive, *Y-RE is not without adverse effects. Common adverse effects



Results

A total of 59 patients, with liver metastases from colorectal cancer (n=30), neuroen-
docrine tumors (NET) (n=6) and other primary tumors (n=23) were included. Clin-
ical toxicity after *°Y-RE treatment was confined to grade 1-2 events, predominantly
post-embolization symptoms. No grade 3-4 clinical toxicity was observed, whereas
laboratory toxicity grade 3-4 was observed in 38% of patients. Whole liver treatment
in one session was not associated with increased laboratory toxicity. Three-months dis-
ease control rates for target lesions, whole liver and overall response were 35%, 21%
and 19% respectively. Median TTP was 6.2 months for target lesions, 3.3 months for
the whole liver and 3.0 months for overall response. Median overall survival was 8.9

months.

Conclusion

The risk of severe complications or grade 3-4 clinical toxicity in patients with liver
metastases of various primary tumors undergoing *°Y-RE is low. In contrast, laboratory
toxicity grade 3-4 can be expected to occur in more than one-third of patients without
any clinical signs of radiation induced liver disease.

related to *Y-RE are symptoms of the post-embolization syndrome, comprising fatigue,
nausea, vomiting, abdominal pain, loss of appetite and fever.”'° In general, these symptoms
appear on the day of treatment and last up to three days after treatment.!" More serious
complications can occur when an excessive radiation dose is applied to non-target tissue.
An excessive dose to the healthy liver parenchyma, which can be due to either a high overall
administered activity or an unfavorable tumor to non-tumor activity distribution ratio, can
cause radiation induced liver disease (RILD). Alternatively, distribution of microspheres in
organs other than the liver could cause serious morbidity and even mortality (e.g. radiation
pneumonitis or gastric ulceration). These severe complications occur in less than 10% of
patients.!*™*

Laboratory toxicity in terms of elevated liver function tests and liver enzymes can be
expected after *°Y-RE. It is important to monitor laboratory toxicity, because this may be
an early indicator for RILD. Relatively little is known, however, about the normal range of
laboratory toxicities following *’Y-RE in patients who do not develop RILD. The primary
objective of this study was to investigate clinical and laboratory toxicity in patients with liver
metastases, treated with *Y-RE. Secondary objectives were assessment of tumor response
and overall survival.
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MATERIALS AND METHODS
Patient selection

Records of all liver metastases patients who were not participating in a clinical trial and
had received a pre-treatment angiographic procedure for treatment with *Y-RE at our
institute between February 1 2009 and March 31% 2012 were retrospectively analyzed.
Patients that were eligible for Y-RE had unresectable liver dominant metastases and
had progressive disease under systemic treatment, or were no longer treated systemi-
cally due to contraindications. The Medical Ethics Committee of the University Med-
ical Center Utrecht waived the need for informed-consent and approved this study.

Procedure

“Y-RE was carried out over two sessions: a pre-treatment diagnostic angiography and
a treatment angiography. Patients were admitted to the hospital on the evening be-
fore angiography. They received 1.5 L per 24h NaCl 0.9% intravenously for pre- and
post-hydration. Pre-treatment diagnostic angiography started with selective viscer-
al catheterization (celiac axis and superior mesenteric artery) in order to obtain an
angiographic map of the patient’s vascular anatomy. Specific extrahepatic vessels were
coil-embolized to prevent *°Y-microspheres that were injected into one of the hepatic
arteries, to be distributed to visceral organs other than the liver. Arteries that were ac-
tively searched for and embolized using coils included the gastroduodenal artery, the
right gastric artery, and pancreaticoduodenal vessels and any other relevant arteries
depending on the patient’s specific anatomy. Subsequently, 150 MBq technetium-99m-
labelled macro-albumin aggregates (*"Tc-MAA) were injected into the hepatic artery
to simulate the *°Y-microspheres distribution. Next, single photon emission computed
tomography (SPECT) and planar nuclear imaging were performed. In order to assess
whether part of the dose was deposited in abdominal organs other than the liver, the
SPECT images were analyzed after fusion with computed tomography (CT). Planar
nuclear imaging was used to calculate the lung shunt fraction; patients with a lung
shunt <10% received the full dose of **Y-microspheres, when lung shunt fraction was
between 10% - 15% or 15% - 20% the dose of **Y-microspheres was reduced with 20%
and 40%, respectively.”” Lung shunt fractions of >20% implied that no treatment could
be given. If radioactivity was detected in non-target organs, such as pancreas, duo-
denum or stomach, further angiographic investigation was performed with addition-
al coiling and/or a more distal injection position of *"Tc-MAA.'® Patients stayed one
night in the hospital for observation.

Treatment angiography was performed within two weeks after the pre-treatment angi-
ography. Patients were readmitted to hospital the day before angiography, where they
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again received pre- and post-hydration. One hour before angiography, patients received
a single intravenous dose of dexamethason (10 mg) and ondansetron (8 mg). The dose
of radioactive resin microspheres (SIR-Spheres®, SIRTeX, Lane Cove, Australia) for
each individual patient was calculated according to the body surface area method pro-
vided by the manufacturer.”” The tumor volume and total liver volume were calculated
by volumetric assessment of CT imaging. Subsequently, the dose of *°Y-microspheres
was administered with the catheter tip in the hepatic artery or one of its branches, at

)

was derived from CT-volumetric measurements assuming a density of 1 kg/l. The net

the same position as used for the injection of *"Tc-MAA. The total liver weight (m,
amount of administered radioactivity (A, ) (prepared activity minus residual activity
in administration system and catheter) was calculated. The whole liver absorbed dose
(D
er, was then estimated using the following Medical Internal Radiation Dose (MIRD)

), assuming a homogeneous distribution and full absorption of activity in the liv-

liver

committee-based formula'”:

4,.[GBq]
mliver [kg]

Patients received *°Y-RE as a whole liver treatment in a single angiographic procedure
(i.e. whole liver delivery), whole liver treatment in two sessions (i.e. sequential delivery)
or as treatment of a single lobe (i.e. lobar treatment). In cases of sequential delivery, the
aim was to perform both treatment sessions within a commonly accepted interval of
30-45 days." The distribution of *°Y-microspheres was assessed with either bremsstrah-
lung SPECT or *Y-positron emission tomography computed tomography (PET-CT).
Our institution’s radiation safety committee required all patients to stay in the hospital
for a minimum of 12 hours after treatment.

Toxicity assessment

Post-treatment, patients reported to the outpatient clinics at intervals of approximately
four weeks. At these visits, physical examination and laboratory tests were performed.
The following laboratory investigations were included in our analysis in order to as-
sess laboratory toxicity: total bilirubin, alkaline phosphatase (ALP), gamma-glutamyl
transferase (GGT), aspartate aminotransferase (AST), alanine aminotransferase (ALT),
albumin, hemoglobin (Hb) and white blood cell count (leukocytes). Blood samples,
taken up to four weeks prior to *°Y-administration and during a four months follow-up
were used for toxicity analysis. Laboratory toxicity was graded according to the Com-
mon Terminology Criteria for Adverse Events (CTCAE) v4.0."* GGT, AST, ALT and Hb
reference values were gender dependent. For each patient, baseline CTCAE grades and
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maximal CTCAE grades during follow-up were determined. In addition, new toxicity
or progression of baseline toxicity to a higher CTCAE grade was grouped separately
and will be referred to as “new toxicity”. Patients, in whom data on baseline and/or fol-
low-up laboratory investigations were not available in our center, were excluded from
the laboratory toxicity assessment. The clinical toxicity assessment was based on the re-
porting of periprocedural complications, treatment-related symptoms (CTCAE grade
1-2) and serious adverse events (CTCAE grade 3-4), in the patient charts.

Response assessment

Baseline imaging was performed with CT or magnetic resonance imaging (MRI) of
the liver. In addition, patients with (suspected) "*F-fluorodeoxyglucose (*F-FDG)-avid
tumors received *F-FDG-PET to assess the presence of extrahepatic metastases. Fol-
low-up imaging was performed with CT or MRI of the liver (depending on the modal-
ity used for baseline imaging) at approximately 1, 3 and 6 months post-treatment. Re-
sponse assessment was performed in accordance with the Response Evaluation Criteria
in Solid Tumors (RECIST 1.1) on the level of target lesions (TL), whole liver (including
non-target lesions) and overall response (including non-target lesions and extrahepatic
disease) at 3 months (range 2.0 - 4.5 months) and 6 months (range 4.5 - 7.5 months)
after the first *°Y-RE procedure.” Up to five target lesions per patient were identified
by an observer (either MS or CR) and the maximal cross-sectional diameter of each
target lesion was subsequently measured by the other observer. Observers were blind-
ed for the identity and characteristics of the patient; date of imaging and whether it
was a baseline or follow-up scan. Data on progression of non-target lesions, new liver
lesions and progression of extrahepatic disease were extracted from radiologic reports.
Patients who were lost to follow-up were regarded as having progressive disease (PD)
on the ‘overall response level at the time of death. Median time to progression (TTP)
was calculated for all response levels per Kaplan-Meier analysis.

Survival Analysis

Overall survival was defined as the interval between the date of (first) *°Y-RE treatment
and the date of death or most recent contact (alive). Median overall survival (including
corresponding 95% CI) was calculated through Kaplan-Meier survival-analysis. Statis-
tical analyses were performed with SPSS Statistics 20.0 for windows (IBM SPSS, Chica-
go, IL). All percentages were rounded to the nearest whole number.
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RESULTS
Patients

Between February 1 2009 and March 31 2012, a total of 73 consecutive patients (ex-
cluding patients participating in a prospective clinical trial) with liver metastases were
considered eligible for *Y-RE treatment at our institute and received a pre-treatment
angiographic procedure with *™Tc MAA. A flowchart of the study design and patient
treatment is presented in Figure 1. Fourteen patients (19%) could not be treated with
“Y-RE, due to persistent extrahepatic deposition (PED) of *"Tc-MAA (n=11), rapidly
progressive disease (n=2) and a lung shunt fraction exceeding twenty percent (26%,
n=1). Fifty-nine patients received *’Y-RE treatment.

Baseline characteristics of these patients are presented in Table 1. The majority of the
patients (30/59, 51%) had colorectal cancer liver metastases, six patients (10%) had
neuroendocrine tumor (NET) liver metastases, and 23 patients (39%) suffered from

liver metastases from various other primary tumors.

9mTC-MAA procedures
Feb 2009 - Mar 2012
(n=73)

Contra-indications for °°Y-RE (n=14):

-PED (n=11)
-PD (n=2)
-Lung shunt > 20% (n=1)

Y-RE treatment
(n=59)
[ I 1
Toxicity Response Survival analysis
analysis analysis (n=59) (n=59)
Clinical toxicity Laboratory toxicity
(n=59) (n=48)*

Figure 1. Flowchart displaying treatment selection and study design. *11 patients were non-evaluable for the
laboratory toxicity assessment. Abbreviations: PED = persistent extrahepatic deposition; PD = rapidly progres-
sive disease.
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Table 1. Baseline characteristics

Mean age (years) 60 + 12
Gender
Male 32 (54%)
Female 27 (46%)
Primary tumor
Colorectal cancer 30 (51%)
Neuroendocrine cancer 6 (10%)
Uveal melanoma 6 (10%)
Breast cancer 5(9%)
Esophageal cancer 2 (3%)
Gallbladder cancer 2 (3%)
Gastric cancer 1(2%)
Pancreatic cancer 1 (2%)
Nasopharyngeal cancer 1(2%)
Extrahepatic cholangiocarcinoma 1(2%)
ACUP 2 (3%)
ucCcC 1(2%)
GIST 1(2%)
WHO performance score
WHO =0 31 (53%)
WHO = 1 14 (24%)
WHO > 2 7 (12%)
Unreported 7 (12%)
Child-Pugh score
A5-A6 53 (90%)
B7-B8 6 (10%)
Tumor burden
<25% 43 (73%)
>25% - <50% 11 (19%)
>50% 5(9%)
Evidence of extrahepatic metastases
Yes 16 (27%)
No 43 (73%)
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Table 1. Continued

Prior treatment

Systemic treatment 51 (86%)

Locoregional treatment 50 (85%)

Salvage versus non-salvage therapy

Salvage therapy 41 (70%)
Non-salvage therapy 17 (29%)
Unreported 1(2%)

Values are presented as n (percentage) or mean + standard deviation. Percentages do not add up to 100%, due
to rounding to the nearest whole number. Salvage therapy = *’Y-RE after all regular treatment options have
been tried. Non-salvage therapy *°Y-RE, when not all treatment options have been tried yet. Abbreviations:
ACUP = Adenocarcinoma of Unknown Primary; UCC = Urothelial Cell Carcinoma; GIST = Gastrointestinal
Stromal Tumor; WHO = World Health Organization.

Treatment details are presented in Table 2. The majority of the patients received a whole
liver treatment in one session (1n=38, 64%), with a selective administration of *°Y-mi-
crospheres in the left and right hepatic artery (n=28) or administration in the proper
(n=9) or common hepatic artery (n=1). In ten patients, whole liver treatment was per-
formed selectively in sequential sessions (n=10, 17%), with a median interval of 14 days
(range 12-77 days) between both treatment sessions. Eleven patients received unilobar
treatment (n=11, 19%). The mean net administered activity was 1473 MBq (standard
deviation 447) with an estimated mean liver-absorbed dose of 42.0 Gy (standard devi-
ation 14.3). Post-treatment bremsstrahlung scintigraphy or *°Y-PET, revealed no extra-
hepatic deposition of radioactivity in any of the patients. Four patients were retreated
with °Y-RE after disease progression had occurred, with a median interval of 9 months
(range 5-25 months) between the first and second treatment. Median time of hospital
admission was 2 days (range 1-4 days). Fifty-four patients (92%) were discharged the
day after treatment. The other five patients required longer hospitalization (one or two
days extra), due to comorbidities such as renal insufficiency, diabetes mellitus or heart
failure.

Toxicity

Eleven patients (19%) were excluded from laboratory toxicity analysis, because data on
laboratory investigations at baseline or during follow-up, within our defined intervals,
were not available in our center. In the remaining 48 patients, there were values missing
for some laboratory parameters, therefore the denominator was adjusted according-
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Table 2. Treatment details

Initial extrahepatic deposition of *Tc-MAA 12 (20%)
Median *™Tc-MAA lung shunt fraction 6% (0-20%)
Dose reduction required in n patients 3 (5%)
Mean *Y administered activity (MBq) 1473 + 447
Mean Y liver absorbed dose (Gy) 42.0 £ 14.3
Whole liver treatment in one session 38 (64%)*
Selective administration (LHA & RHA) 28 (48%)
PHA 9 (15%)
CHA 1(2%)
Whole liver treatment in sequential sessions (LHA & RHA) 10 (17%)
Lobar treatment 11 (19%)
Retreatment with *’Y-RE after progression 4 (7%)
Median time to retreatment (months) 9 (5-25)

Values are presented as n (percentage), median (range) or mean * standard deviation. * This number includes

four patients with a history of previous hemihepatectomy. Abbreviations: MBq = Megabecquerel; Gy = Gray;
LHA = Left Hepatic Artery; RHA = Right Hepatic Artery; PHA = Proper Hepatic Artery; CHA = Common
Hepatic Artery.

ly when calculating incidences. CTCAE grades at baseline, maximum CTCAE grades
during follow-up and corresponding new toxicity are presented in Figure 2. Grade 3-4
toxicity at baseline was observed for GGT (16/47, 34%) and ALP (1/47, 1%). Grade
3-4 new toxicity was observed in 18 patients (38%), including following parameters:
GGT (13/47,27%), ALP (10/27, 21%), bilirubin (1/41, 2%), AST (1/47, 2%), ALT (1/47,
2%), and albumin (1/42, 2%). In addition, the incidence of grade 3-4 new toxicity was
stratified according to treatment strategy. Ten out of 28 evaluable patients (36%) who
received whole liver treatment in one session had grade 3-4 new toxicity, compared to
five out of ten patients (50%) who received whole liver treatment in sequential sessions,
and three out of ten patients (30%) who received unilobar treatment (Table 3).

The following periprocedural complications were reported: allergic reaction to con-
trast agent (n=6), arterial dissection (n=2), nausea/vomitus during angiography (n=1),
delayed hemostasis at the access site requiring prolonged clamping (n=1), inguinal
hematoma at the access site (n=1). Complications did not prevent any patients from
receiving therapy. Back pain or abdominal pain during angiography was managed with
fentanyl (37% of patients, range 50-200 mcg i.v.) and/or diclofenac (35% of patients,
range 50 - 125 mg i.v.).
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Bilirubin ALT GGT ALP
Leukocytes Hb Albumin AST
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Figure 2. Laboratory toxicity. Clustered bar-chart displaying the incidence of laboratory toxicity at baseline
(BL), during follow-up (FU) and corresponding ‘new toxicity’ (NT) per laboratory value. CTCAE grades: blue
= grade I; green = grade 2; orange = grade 3; red = grade 4. Abbreviations: ALT = alanine amino-transferase;
Hb = hemoglobin; AST = aspartate aminotransferase; AP = alkaline phosphatase; GGT = gamma-glutamyl
transferase.

Table 3. Grade 3/4 laboratory toxicity

Treatment strategy Incidence of new grade 3/4 laboratory toxicity

All evaluable patients 18/48 (38%)
Whole liver treatment in one session 10/28* (36%)
Whole liver treatment in sequential sessions 5/10 (50%)
Single lobar treatment 3/10 (30%)

Values are presented as n (percentage). * This number includes four patients with a history of previous hemi-
hepatectomy.

Clinical symptoms associated with the postembolization syndrome (CTCAE grade
1-2) were observed in the majority of the treated patients. This syndrome comprised
the following symptoms (in order of frequency): fatigue and loss of appetite, pain/dis-
comfort in the right upper abdominal quadrant requiring analgesics (paracetamol and/
or diclofenac and/or morphine), nausea and vomitus, fever and general discomfort. In
general, these symptoms started on the day of treatment and lasted up to two weeks
after treatment. No grade 3-4 clinical toxicity was observed after Y-RE treatment and
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no serious treatment-related complications such as duodenal or gastric ulceration, ra-
diation pneumonitis or RILD, were observed.

Response

Target lesions-, whole liver- and overall response rates and TTP (for all patients and per
tumor type) at 3- and 6-months are displayed in Table 4. Target lesion, whole liver and
overall disease control rates (complete response + partial response + stable disease) at
3-months post-treatment were 35%, 21% and 19% respectively. Corresponding disease
control rates at 6-months were 25%, 13% and 12%. Median TTP for all patients was 6.2
months (95% CI 2.2-10.0) for target lesions, 3.3 months (95% CI 2.8-3.8) for the whole
liver and 3.0 months (95% CI 2.4-3.5) overall.

Survival

At the time of analysis, 49 patients had died and 10 patients were still alive. Median
overall survival for the entire group of patients (n=59) was 8.9 months (95% CI 7.2-
10.6). The Kaplan-Meier survival curve is displayed in Figure 3. Median overall survival
was 8.9 months (95% CI 6.9-10.9) for colorectal cancer liver metastases (n=30), 40.3
months (0-107.9) for NET metastases (n=6) and 7.8 months (95% CI 5.0-10.6) for oth-
er metastases (n=23) (Figure 4).

Table 4. Response rates and time to progression

Target Lesion Whole liver Overall

3months 6months 3 months 6months 3 months 6 months
CR 2 (3%) 0 2 (3%) 0 1(2%) 0
PR 3 (5%) 3 (5%) 2 (3%) 2 (3%) 2 (3%) 1(2%)
SD 16 (27%) 12 (20%) 9 (15%) 6 (10%) 8 (14%) 6 (10%)
PD 16 (27%) 6 (10%) 26 (44%) 16 (27%) 30 (51%) 19 (32%)
Deceased 9 (15%) 24 (41%) 9 (15%) 24 (41%) 9 (15%) 24 (41%)
NE 9 (15%) 10 (17%) 7 (12%) 7 (12%) 5(9%) 5(9%)
Loss FU 4(7%) 4(7%) 4 (7%) 4 (7%) 4 (7%) 4(7%)
Disease control rate 35% 25% 21% 13% 19% 12%
TTP (all patients) 6.2 months (2.2-10.0) 3.3 months (2.8-3.8) 3.0 months (2.4-3.5)
TTP (CRLM) 6.2 months (2.5-9.8) 3.0 months (2.8-3.3) 2.8 months (2.2-3.3)
TTP (NET) 36.4 months (0-88.7) 19.0 months (0-62.0) 11.7 months (0-24.8)
TTP (Other) 4.4 months (0.8-8.0) 3.8 months (1.9-5.5) 3.3 months (2.2-4.4)

Values are presented as n (percentage) or median Kaplan-Meier estimate (95% confidence interval). Abbrevia-
tions: CR = Complete Response; PR = Partial Response; SD = Stable Disease; PD = Progressive Disease; NE =
Non-evaluable; Loss FU = Loss to Follow-Up; TTP= Time To Progression.
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The primary objective of this study was to investigate treatment-related clinical and
laboratory toxicity in patients with unresectable liver metastases, treated with *Y-RE.
Secondary objectives were to assess tumor response and overall survival. Clinical toxic-
ity was confined to grade 1-2 symptoms of the post-embolization syndrome. No RILD
or other grade 3-4 clinical toxicity was observed, whereas laboratory toxicity grade 3-4
was observed in 38% of patients. In this cohort, a disease control rate of up to 35% was
obtained at 3-months post-treatment, and median overall survival was 8.9 months.
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Tumor response rates vary widely in the *°Y-RE literature.* This may be explained in
part by differences in methodology for response assessment. Various studies do not
specify whether RECIST criteria have been followed. According to these criteria, tumor
response should be differentiated in target lesion, liver and overall response.® In order
to improve interpretability of overall response rates, studies should indicate whether
patients had evidence of extrahepatic disease at baseline. Response rates are commonly
divided into 3- and 6-months rates post-treatment. However, it should be clearly stated
which imaging intervals are chosen to represent this 3- and 6-months measurements.
In addition, it would be preferable to score target lesion response blindly, to assure ob-
jective measurements. In a comprehensive review of the *Y-RE literature, twelve studies
were identified that reported a 3-month disease control rate, ranging from 63 - 100%.*
In most of these studies, the level on which response assessment had been performed
was not specified. Assuming these are whole-liver disease control rates, our 3-month
disease control rate was much lower: 21%. This difference could be attributable to dif-
ferences in methodology of response assessment, as mentioned above. However, less
stringent patient selection criteria and the heterogeneity of our cohort, including hy-
per- and hypovascular liver metastases from various primary tumors, could also have
attributed to lower response rates.

Toxicity due to radiation to the liver has first been described after external radiation
therapy.®®?' It was found that the liver is very sensitive to radiation and patients may
develop radiation induced liver disease (RILD), months after an overdose of radiation.
Histopathologically, RILD is characterized by veno-occlusive disease with congestion
of the central veins and sinusoids.?*** The symptoms of RILD comprise fatigue, anic-
teric ascites, hepatomegaly, and elevated liver function tests (especially alkaline phos-
phatase).” High dose corticosteroids can be given to mitigate the course of this disease.
It is however, hard to recognize RILD since it has a long latency time and many of its
symptoms can also occur after non-complicated treatment with *°Y-RE. A better un-
derstanding of the physiological variation of treatment-related laboratory toxicity after
“Y-RE would be very helpful in discriminating early signs of RILD from transient lab-
oratory abnormalities after treatment. Mild toxicity (grade 1-2) of liver function tests is
common after “Y-RE, occurring in up to 70% of the patients.”>* Reported incidences
of grade 3-4 toxicity are much lower and vary widely across studies. Van Hazel et al.?
observed no grade 3-4 toxicity in their study, Piana et al.”® found an overall incidence
of 7% and Kennedy et al.® reported an incidence of up to 20.5% for ALP. In the study
of Piana et al., one patient died of RILD.” In our study we found higher incidences of
laboratory toxicity, with new laboratory toxicity grade 3-4 occurring in up to 38% of
the patients. However, we did not observe any serious treatment-related complications,
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nor did we observe any RILD. This indicates that serious laboratory toxicity regarding
transaminases and liver function tests can occur as part of the physiological reaction of
the liver to *°Y-RE treatment.

One of the factors complicating the interpretation of toxicity results is that abnormal-
ities in liver function tests and transaminases could be the result of tumor progression
instead of treatment-related toxicity. Moreover, results of toxicity are often incomplete-
ly reported in the *°Y-RE literature. Many studies do not specify how CTCAE scores
for laboratory toxicity have been determined. This could inadvertently lead to an un-
derestimation of treatment toxicity and it limits the comparability of studies. There-
fore, we aimed to report our methods and results in an unambiguous and transparent
fashion. The most important limitations of this study were its retrospective design and
the lack of standardization of laboratory investigations and reporting of clinical symp-
toms during physical examination. Therefore, our results in terms of the incidence of
laboratory or clinical toxicity are likely to be underestimations of the real incidence of
toxicity. Another limitation was the heterogeneity of our study population. However,
this heterogenic group does reflect the typical population of patients referred for *Y-RE
treatment.

Fourteen of the 73 patients (19%) who received work-up angiography did not receive
“Y-RE. The majority of these patients (n=11) were not eligible because of persisting
extrahepatic deposition (PED) of *™Tc-MAA. This PED rate of 11/73 (15%) is much
higher than the rates reported in the literature (ranging from 0% to 10%).'%*** A likely
cause of the high PED rate in this study is the relative large number of proximal injec-
tion positions (i.e. proper or common hepatic artery). Several studies have demonstrat-
ed that extrahepatic deposition can be solved/prevented by more distal injection posi-
tions (left/middle/right hepatic artery or even more selective).'®*** We have changed
our current practice accordingly and we rarely perform whole liver treatments from the
proper hepatic artery anymore. In addition, our center and many others increasingly
use c-arm cone beam computed tomography during the pre-treatment angiography to
help prevent extrahepatic distribution and identify culprit vessels.*"*

The whole liver approach has also been associated with increased toxicity. Seidenstick-
er et al. have reported that a whole liver approach, in non-cirrhotic liver metastases
patients, resulted in a higher number of liver-related CTCAE grade 3-4 events as com-
pared to a sequential lobar approach.”* We could not confirm this finding in our pa-
tients. In fact, the number of patients with CTCAE grade 3-4 laboratory toxicity was
even lower in the whole liver approach group (36%) than in the sequential lobar group
(50%). Selection bias, and confounding due to differences in baseline characteristics,
may play a significant role in this matter. However, we do recognize the clinical impor-
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tance, and we think that the question whether treating the whole liver at once increases
toxicity, should be determined using a randomized controlled trial.

The majority of the patients (70%) treated in our cohort, received radio-embolization as
salvage therapy. This illustrates that **Y-RE is still regarded as a treatment option of last
resort, for patients who have unresectable and chemorefractory liver tumors. The costs
of radioembolization treatment (approximately €11.000 for one dose of SIR-spheres
plus the costs of the procedure, the involved imaging, hospitalization and follow-up)
need to be weighed against the potential benefit to the patient.*® For this purpose, pro-
spective comparative studies evaluating survival, tumor response, and quality of life
after *Y-RE are strongly warranted. In addition, it will become increasingly import-
ant to select those patients that will benefit most from this therapy. Performing radio-
embolization at an earlier stage in patients with liver metastases might for instance
translate into improved tumor response rates and overall survival. Two large random-
ized controlled trials are currently ongoing, investigating the effect on overall survival
(SIRFLOX study) and progression free survival (FOXFIRE study) of the addition of
“Y-RE to FOLFOX (fluorouracil, leucovorin, oxaliplatin) with or without bevacizumab
as first-line treatment for patients with unresectable colorectal liver metastases.*

CONCLUSION

The risk of severe complications or grade 3-4 clinical toxicity in patients with liver
metastases of various primary tumors undergoing *°Y-RE is low. In contrast, laboratory
toxicity grade 3-4 was observed in more than one-third of the patients without any
signs of RILD. This physiological reaction of liver enzymes to *°Y-RE therapy may mask
early signs of toxicity due to RILD.
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Background

Intra-arterial radioembolization with yttrium-90 microspheres ®*Y-RE) is an in-
creasingly used therapy for patients with unresectable liver malignancies. Over the last
decade, radioactive holmium-166 (***Ho) poly(L-lactic acid) microspheres have been
developed as a possible alternative to *°Y-RE. Next to high-energy beta-radiation, '*Ho
also emits gamma-radiation, which allows for imaging by gamma scintigraphy. In ad-
dition, holmium is a highly paramagnetic element and can therefore be visualized on
MRI. These imaging modalities are useful for assessment of the biodistribution and
allow dosimetry through quantitative analysis of the scintigraphic and MR images. Pre-
vious studies have demonstrated the safety of **Ho-radioembolization (**Ho-RE) in
animals. The aim of this phase I trial is to assess the safety and toxicity profile of '**Ho-
RE in patients with liver metastases.

Methods

The HEPAR study (Holmium Embolization Particles for Arterial Radiotherapy) is a
non-randomized, open label, safety study. We aim to include 12 to 24 patients with
liver metastases of any origin, who have chemotherapy-refractory disease and who are

BACKGROUND

The liver is a common site of metastatic disease. Hepatic metastases can originate from
a wide range of primary tumors (e.g. colorectal-. breast- and neuroendocrine tumors).!
It is estimated that 50% of all patients with a primary colorectal tumor will in due
course develop hepatic metastases.” Once a primary malignancy has spread to the liver,
the prognosis of many of these patients deteriorates significantly. Potentially curative
treatment options for hepatic metastases consist of subtotal hepatectomy or, in cer-
tain cases, radiofrequency ablation. Unfortunately, only 20-30% of patients are eligible
for these potentially curative treatment options, mainly because hepatic metastases are
often multiple and in an advanced stage at the time of presentation.’ The majority of
patients are therefore left with palliative treatment options.

Palliative therapy consists primarily of systemic chemotherapy. In spite of the many
promising developments on cytostatic and targeted biological agents over the last ten
years, there are still certain tumor types that do not respond adequately and the long-
term survival rate for patients with unresectable metastatic liver disease remains low.**
Moreover, systemic chemotherapy can be associated with substantial side effects that
lie in the non-specific nature of this treatment. Cytostatic agents are distributed over
the entire body, destroying cells that divide rapidly, both tumor cells and healthy cells.



not amenable to surgical resection. Prior to treatment, in addition to the standard tech-
netium-99m labelled macroaggregated albumin (*"Tc-MAA) dose, a low radioactive
safety dose of 60 mg '*“Ho-microspheres will be administered. Patients are treated in 4
cohorts of 3-6 patients, according to a standard dose escalation protocol (20 Gy, 40 Gy,
60 Gy, and 80 Gy, respectively). The primary objective will be to establish the maximum
tolerated radiation dose of "**Ho-microspheres. Secondary objectives are to assess tu-
mor response, biodistribution, performance status, quality of life, and to compare the
'““Ho-microspheres-safety dose and the **"Tc-MAA dose distributions with respect to
the ability to accurately predict microsphere distribution.

Discussion

This will be the first clinical study on **Ho-RE. Based on preclinical studies, it is ex-
pected that **Ho-RE has a safety and toxicity profile comparable to that of ’Y-RE. The
biochemical and radionuclide characteristics of '**Ho-microspheres that enable accu-
rate dosimetry calculations and biodistribution assessment may however improve the
overall safety and efficacy of the procedure.

A relatively recently developed therapy for primary and secondary liver cancer is radio-
embolization with yttrium-90 microspheres (*°Y-RE). *°Y-RE is a minimally invasive
procedure during which radioactive microspheres are instilled selectively into the he-
patic artery using a catheter. The high-energy beta-radiation emitting microspheres
subsequently strand in the arterioles (mainly) of the tumor and a tumoricidal radiation
absorbed dose is delivered. The clinical results of this form of internal radiation therapy
are promising.>'® The only currently clinically available microspheres for radioemboli-
zation loaded with *°Y are made of either glass (TheraSphere®, BTG International Ltd.,
London, UK) or resin (SIR-Spheres®, SIRTeX Medical Ltd., Sydney, New South Wales,
Australia).

Although °Y-RE is evermore used and considered a safe and effective treatment,
“Y-microspheres have a drawback: following administration the actual biodistribution
cannot be optimally visualized. For this reason, '““Ho-microspheres have been develo-
ped at our center.'"'? Like *Y, '““Ho emits high-energy beta particles to eradicate tumor
cells but **Ho also emits low-energy (81 keV) gamma photons, which allows for nu-
clear imaging. As a consequence, visualization of the microspheres is feasible. This is
very useful for three main reasons. Firstly, prior to administration of
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the treatment dose, a small scout dose of '““Ho-microspheres can be administered for
prediction of the distribution of the treatment dose. This provides a theoretical advan-
tage over *Y-RE, for which the distribution assessment depends on a scout dose of
#mTc-MAA, with a disputable distribution correlation with the actual microspheres."
Secondly, quantitative analysis of the nuclear images would allow assessment of the
radiation dose delivered on both the tumor and the normal liver (i.e. dosimetry)."*
Thirdly, since holmium is highly paramagnetic, it can be visualized using magnetic
resonance imaging (MRI). Quantitative analysis of these MRI images is also possible,
which is especially useful for medium- and long-term monitoring of the intrahepatic
behavior of the microspheres.'>'¢

The pharmaceutical quality of "*Ho-microspheres has been thoroughly investigated
and proven to be satisfactory.'”!” Multiple animal studies have been conducted in order
to investigate the intrahepatic distribution (ratio tumor-to-normal liver), the toxicity
profile/biocompatibility of the '**Ho-microspheres, safety of the administration proce-
dure, and efficacy of these particles.*

Now that the preclinical phase of '““Ho-RE has been successfully completed, we will
start a clinical trial (the HEPAR study: Holmium Embolization Particles for Arterial
Radiotherapy) in order to evaluate '®Ho-RE in patients with liver metastases. The main
purpose of this trial is to assess the safety and toxicity profile of 'Ho-RE. Secondary
endpoints are tumor response, biodistribution prediction with *Tc-MAA versus a sa-
fety dose of **Ho-microspheres, performance status, and quality of life.

METHODS
Study design

The HEPAR study is a single center, non-randomized, open label safety study. In this
phase I study, a new device will be investigated, namely '“Ho-microspheres for in-
tra-arterial radioembolization for the treatment of liver malignancies. In a group of 12
to 24 patients with liver metastases, treated with increasing doses of '*Ho, the device
will be investigated for safety and toxicity.

Subjects

The study will include patients with liver-dominant metastases, of any histology, who
cannot be treated by standard treatment options such as surgery and systemic chemo-
therapy, due to advanced stage of disease, significant side effects or unsatisfactory tu-
mor response.



Design of the HEPAR trial

Medical device

Using the solvent evaporation technique, non-radioactive holmium-165 (**Ho) and
its acetylacetonate complex (HoAcAc) can be incorporated into the poly(L-lactic acid)
matrix to form microspheres (Figure I). Subsequently, the non-radioactive '*Ho- mi-
crospheres can be made radioactive by neutron activation in a nuclear facility and form
%Ho-microspheres. Neutron-activated '*Ho has a half-life of 26.8 hours and is a beta
emitter (Eﬁmax = 1.85 MeV) that also emits gamma photons (Ey = 81 keV) suitable for
single photon emission computed tomography (SPECT) (Table 1).

Figure 1. Scanning electron microscope image of
holmium microspheres

Recruitment

Patients with liver metastases who agree to participate in the study must be referred
to the principle investigator. The principle investigator will inform every patient and
obtain his or her informed consent.

Pre-treatment work-up

Screening

A screening visit will take place at the outpatient clinic within 14 days prior to the fist
angiography. During this visit, the principle investigator will run through the inclusion
and exclusion criteria, conduct a physical examination, and assess the WHO perfor-
mance status of the patient. Subsequently, CT, MR, and positron emission tomography
(PET) will be performed, as well as electrocardiography (ECG). PET will only be per-
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Table 1. Radionuclide and physicochemical characteristics of *°Y- and '*Ho-microspheres for radioembolization

Product 1%Ho-PLLA-MS SIR-Spheres® TheraSphere®
Radionuclide Holmium-166 Yttrium-90
T1/2 (h) 26.8 64.2

80.6 (6.7%) and
y-emission (keV) 1,379.4 (0.9%) none
B-emission (keV) 1,774.3 (48.7%) and 2,280.1 (100%)

1,854.9 (50.0%)
Imaging options SPECT and MRI Bremsstrahlung SPECT and PET
Matrix material PLLA resin glass
Density (g/ml) 1.4 1.6 33
Diameter (um) 30+5 32+10 25+ 10
Administered amount of particles (mg) 600 1,370 66 — 440
Administered number of particles 33,000,000 40,000,000 - 80,000,000 1,200,000 - 8,000,000
Maximal activity (GBq) 15 3 20
Activity per microsphere (Bq) 450 50 1,250 - 2,500

Y = yttrium-90; '“Ho-PLLA-MS = holmium-166 poly(L-lactic acid) microspheres; MRI = Magnetic Resonance
Imaging; PET = Positron Emission Tomography; SPECT = Single Photon Emission Computed Tomography

formed in FDG-avid tumors. Liver weight will be calculated, based on the liver volume
measured on CT data with a density conversion factor of 1.0 g/cm’. Relevant laboratory
tests (hematology, coagulation profile, serum chemistry, tumor marker) must be docu-
mented and reviewed. All patients are asked to fill out the European Organization for
Research and Treatment of Cancer (EORTC) QLQ-C30 questionnaire.?

Angiography

Patients will be hospitalized on the evening prior to angiography. On day 0 the patient
is subjected to angiography of the upper abdominal vessels. The celiac axis and superior
mesenteric artery are visualised, followed by coiling of relevant vessels, in particular
branches of the hepatic artery supplying organs other than the liver, e.g. gastroduo-
denal artery (GDA), right gastric artery (RGA). If major arteries like the GDA or RGA
cannot be successfully occluded, the patient will be withheld '**Ho-RE. This procedure
will be performed by a skilled and trained interventional radiologist. The catheter is
introduced using the Seldinger technique. Premedication consists of a single adminis-
tration of corticosteroids (dexamethason 10 mg i.v.) and antiemetics (ondansetron 8
mg i.v.). Proton pump inhibitors (pantoprazol 1 dd 40 mg) are started on the day of the
intervention and prescribed for use until the end of the follow-up.
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Macroaggregated albumin injection

After successful angiography and coiling of relevant vasculature is performed, a dose
of **Tc-Macroaggregated Albumin (*"Tc-MAA) will be administered in the hepatic
artery on the same day. The *™Tc-MAA are used to assess whether a favorable distri-
bution of the '“Ho-microspheres can be expected. The patient is subjected to planar
imaging of the thorax and abdomen and SPECT of the abdomen, in order to determine
the #®"Tc-MAA distribution. Images will be evaluated qualitatively and quantitative-
ly. Extrahepatic deposition of activity is a contra-indication for administration of the
treatment dose. Region of interest analysis will be used to calculate lung shunting. Lung
shunting should not exceed 20% of the dose ™Tc-MAA. If the amount of lung shun-
ting cannot be reduced to <20% using standard radiological interventional techniques
to decrease the shunting, the patient will not be eligible to receive a safety nor a treat-
ment dose of '**Ho-microspheres. The dose point-kernel method will be applied to the
(non-homogeneous) activity distribution to calculate the absorbed dose distribution.*
Dose-volume histograms will be generated in order to quantify the dose distribution,
and the tumor to healthy tissue absorbed dose ratio will be calculated.

1 Ho-microspheres-safety dose

The second angiography takes place around 1 week after the first angiography but no
longer than 2 weeks later. Patients will be hospitalized on the evening before treat-
ment. They will be discharged approximately 48 hours after the intervention unless
complications have occurred. Prior to the procedure, the patient is offered a tranqui-
lizer (oxazepam 10 mg). A safety dose of **Ho-microspheres will be administered
through a catheter inside the hepatic artery, at the position planned during the first
intervention. The safety dose will consist of 60 mg (10% of the total amount of micro-
spheres) **Ho-microspheres with a lower specific activity (90 Bq/microsphere) than
for the treatment dose. After the safety dose, planar imaging of both the thorax and
abdomen will be performed, as well as SPECT and MRI of the abdomen. Presence of
inadvertent administration to the lungs or other upper abdominal organs will once
more be checked for. These SPECT and MRI images will be compared with the ima-
ges post Tc-MAA and post-treatment, regarding extrahepatic deposition of activity,
percentage lung shunting, homogeneity of the dose distribution and tumor to healthy
tissue absorbed dose ratio.

Treatment

1Ho-microspheres-treatment dose

When the amount of lung shunting does not exceed 20% of the safety dose of '*Ho-mi-
crospheres, the (complete) treatment dose of '**Ho-microspheres will be administered
(Figure 2).
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Figure 2. Schematic overview of the administration system for '“Ho-RE. The administration system consists
of the following components: iodine contrast agent (Visipaque®, GE Healthcare) (1), saline solution (2), 20-ml
syringe (Luer-Lock) (3), three-stopcock manifold (4), one-way valve (5), inlet line (6), administration vial con-
taining the "*Ho-microspheres (7), outlet line (8), flushing line (9), Y-connector (10) and catheter (11).

Consecutive cohorts of 3 patients will be treated with identical amounts of microsphe-
res (600 mg). If no toxicity > grade 3 according to the Common Terminology Criteria
for Adverse Events (CTCAE)® is observed, the next cohort of three patients will be
treated at the next radiation dose level. If in one patient CTCAE 2> grade 3 is observed
in a particular cohort, the cohort will be extended to six patients.

If toxicity > grade 3 is observed in two or more patients in a particular cohort, the study
will be terminated because the endpoint, e.g. the maximum tolerated radiation dose, is
reached. This will be reported to the Independent Ethics Committee (IEC). The dose
level prior to the toxic radiation dose will become the recommended dose for efficacy
studies. If an event is classified as grade 3 or 4 administration technique related, the
patient will be replaced. The specific activity of the **Ho-microspheres will be incre-
ased by adapting the activation time in the nuclear reactor. The first, second, third and
fourth cohort will be treated with a dose of 1.3, 2.5, 3.8 and 5.0 GBq/kg (liver weight),
respectively. Assuming a homogenous uptake throughout the liver, this equals escala-
ting radiation doses of 20 Gy, 40 Gy and 60 Gy, to a maximum dose of 80 Gy in the last
cohort. A maximum of 15.1 GBq will be given to the maximum treated liver weight
(inclusive the tumor tissue) of 3 kg (Table 2). The amount of radioactivity administered
to the patient is calculated according to the following formula:

(MBQq)/LW (kg) = Liver Dose (Gy)/15.87 x 10~ (J/MBq)

AH0-166
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Table 2. Dose (Gy) and activity (MBq) relation of "**Ho treatment

Liver weight (kg)
1 1,5 2 2,5 3

Liver dose (Gy) A (MBq) A (MBq) A (MBq) A (MBq) A (MBq)
10 630 945 1260 1575 1890
20 1260 1890 2520 3150 3780
30 1890 2835 3780 4725 5670
40 2520 3780 5040 6300 7560
50 3150 4725 6300 7875 9450
60 3780 5670 7560 9450 11340
70 4410 6615 8820 11025 13230
80 5040 7560 10080 12600 15120

In bold: the four consecutive cohorts receive 1.3 GBq/kg (20 Gy), 2.5 GBq/kg (40 Gy), 3.8 GBq/kg (60 Gy) and
5.0 GBq/kg (80 Gy), respectively. As an example, a patient in the first cohort (20 Gy) with a 1.5-kg liver, will be
administered a total activity of 1890 MBq

where LW is the liver weight of the patient which may be determined using CT, MRI
or ultrasound, and where 15.87 x 10~ (J/MBq) is the activity-to-dose conversion factor
for 1*Ho.?

Radiation exposure rate

During the hospitalization in week 1 the radiation exposure rate will be measured from
1 m distance at t = 0, 3, 6, 24, and 48 hours following **Ho-microspheres administra-
tion. Patients will not be discharged from the hospital until the dose equivalent is less
than 90 pSv/h measured from 1 m distance.

Follow-up

All patients are followed over a period of 12 weeks after treatment with weekly visits
at the outpatient clinic. During each visit, data is collected by physical examination,
WHO performance status assessment and laboratory examination (hematology, coa-
gulation profile, serum chemistry and [if applicable] tumor marker). Adverse events
are monitored. In addition, patients are asked to fill out the EORTC questionnaires in
the 6™ and 12" week post-treatment. CT and (in case of "*F-FDG-avid tumors) PET are
performed in the 6" and 12" week post-treatment and MRI is performed in the 1* and
the 12" week post-treatment (Figure 3).
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Screening visit, inclusion, informed consent, QoL

Week
assessment
baseline CT + MRI + PET*
Week Initial angiography, %™Tc-MAA dose, scintigraphy
Second angiography, '®Ho-PLLA-MS safety dose and
Week T
treatment dose, scintigraphy
Week Weekly outpatient visit
MRI
Week Weekly outpatient visits
Weekly outpatient visit, QoL assessment
wess CT + PET*
Week Weekly outpatient visits
Week 1 Weekly outpatient visit, QoL assessment

CT + MRI + PET*

Figure 3. Timeline for study participants. QoL = quality of life; CT = computed tomography; MRI = magnetic
resonance imaging; PET = positron emission tomography; *“Ho-PLLA-MS = holmium-166 poly(L-lactic acid)
microspheres. * only in "*F-FDG-avid tumors

Holmium content

Pooled urine samples will be collected from 0-3 hours, 3-6 hours, 6-24 hours and 24-48
hours post-'*Ho-microspheres administration. In the 6" and 12 week post treatment,
pooled 24-hours urine will be collected for measurement of holmium content. The date
and time of the start and the end of the collection period, the volume and whether
the collection was complete or not, will be noted in the case record form. During the
hospitalization in week 1, blood will be drawn for measuring the holmium content in
the blood at t = 0, 3, 6, 24, and 48 hours following '*Ho-microspheres administrati-
on."”

Primary objective

The primary objective of this study is to establish the safety and toxicity profile of treat-
ment with '**Ho-microspheres. This profile will be established using the CTCAE v3.0
methodology and will be used to determine the maximum tolerated radiation dose.
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Any of the following events which are considered possibly or probably related to the
administration of '*Ho-microspheres will be considered a serious adverse event during
the 12 weeks follow-up period:

o Grade 3-4 neutropenic infection (absolute neutrophil count < 1.0 x 10°/L) with
fever > 38.3°C,

o Grade 4 neutropenia lasting > 7 days,

o Grade 4 thrombocytopenia (platelet count < 25.0 x10°/L),

o Grade 3 thrombocytopenia lasting for > 7 days,

«  Any other grade 3 or 4 toxicity (excluding expected AST/SGOT, ALT/SGPT eleva-
tion, elevated bilirubin and lymphopenia) possibly related to study device, using
CTCAE v3.0.

o Any life threatening event possibly related to the study device: events as a conse-
quence of inadvertent delivery of '*Ho-microspheres into non-target organs like
the lung (radiation pneumonitis), the stomach and duodenum (gastric/duodenal
ulcer or perforation), the pancreas (radiation pancreatitis), and liver toxicity due
to an excessive radiation dose (“radiation induced liver disease” [RILD]?).

The hematological and biochemical adverse events as well as RILD will be considered
dose-limiting toxicity.

Secondary objectives

Secondary objectives are to evaluate tumor response, performance status, biodistribu-
tion, quality of life and to compare the accuracy of the *™Tc-MAA scout dose with a
safety dose of **Ho-microspheres, in predicting microsphere distribution of the treat-
ment dose. Tumor response will be quantified using CT of the liver scored according
to Response Evaluation Criteria in Solid Tumors guidelines (RECIST 1.1).** Tumor
viability will be assessed by PET, depending on tumor type. In addition, the antitu-
moral effect will be assessed by relevant tumor markers responses if applicable (i.e.
carcinoembryonic antigen [CEA] in colorectal carcinoma and chromogranin A [CgA]
for neuroendocrine tumors). Biodistribution is assessed using quantitative SPECT and
MRI. Urine and blood samples will be screened for presence of '**Ho-microspheres or
fragments of '**Ho-microspheres. Performance status is assessed using WHO perfor-
mance status criteria. Quality of life (QoL) is evaluated using the EORTC questionnaire
QLQ-C30 with colorectal liver metastases module QLQ-LMC21. Finally, the accuracy
of the "*Ho-microspheres-safety dose in predicting the distribution of the treatment
dose is compared with the accuracy of the *"Tc-MAA. Quantitative SPECT analysis
will be performed using the scatter correction method described by De Wit et al..*
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Safety profile

From the literature on *Y-RE, it is known that several treatment related effects can
occur in radioembolization. As long as the patient is treated with the correct techni-
que, which includes that no excessive radiation dose be delivered to any organ, the
common adverse events after receiving radioactive microspheres are fever, abdominal
pain, nausea, vomiting, diarrhea and fatigue (i.e. post-embolization syndrome).!**%
These effects are in general self-limiting within 1 to 2 weeks, and may be up to grade 3
or 4 (CTCAE v3.0) without direct clinical relevance. Based on the preclinical studies, a
similar safety profile is expected for '®*Ho-RE.?"*

Escape medication

Patients will receive oral analgesics (paracetamol up to 4000 mg/24 h) for relief of fever
and pain after the administration of microspheres. To reduce nausea and vomiting, pa-
tients will receive anti-emetics (ondansetron up to 3 dd 8 mg) during the first 24 hours
after administration of the treatment dose. In the case of persisting nausea, metoclop-
ramid (up to 300 mg/24 h) will be used. Patients suffering from diarrhea will receive
loperamide (up to 16 mg/24 h). The vascular contrast agent jodixanol (Visipaque®) may
cause renal insufficiency in poorly hydrated patients. All patients will therefore be hy-
drated. This consists of 1.51NaCl 0.9% both prior to and post angiography. Inadvertent
delivery of microspheres into organs such as the lungs, stomach, duodenum, pancreas,
and gallbladder is associated with serious side effects. To reduce toxicity of the radioac-
tive microspheres in patients with excessive extrahepatic deposition of '**Ho-microsp-
heres, the cytoprotective agent amifostine (Ethyol®, up to 200 mg/m? for 7 days) may be
administered intravenously.

Statistical considerations

Descriptive statistics (n, mean, standard deviation, median, minimum and maximum)
will be calculated for each quantitative variable; frequency counts by category will be
made for each qualitative variable. Interim analysis will be performed after every 3
patients. Inclusion of patients in the next cohort will be performed if the Independent
Data Monitoring Committee (IDMC) has scrutinized the toxicity data and given per-
mission to proceed.

Two sets of study data will be evaluated: the primary objective will be evaluated in the
tull analysis set (FAS). The FAS is defined as the set of data generated from the inclu-
ded patients who received at least the safety dose. The secondary objectives will be
evaluated in both FAS and per-protocol set (PPS). The PPS is defined as the set of data
generated from the included patients who complied with the protocol.
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Monitoring

The IDMC will perform a safety review after each series of treatments of three consecu-
tive patients. The IDMC members have no conflict of interest with the sponsor because
they are not involved in the study, nor are they receiving funds. The IDMC will work
according to standard operating procedures and will receive reports on a regular basis
on all toxicity CTCAE 2 grade 3 reported for this trial. Recruitment will not be inter-
rupted unless otherwise requested by the chairman of the IDMC. The responsibilities
of the IDMC include:

o minimize the exposure of patients to an unsafe therapy or dose

o make recommendations for changes in study processes where appropriate

o endorse continuation of the study

+  inform the institutional IEC in the case of toxicity CTCAE > grade 3 and/or when
the well-being of the subjects is jeopardized

Ethical considerations

The study will be conducted according to the principles of the Declaration of Helsinki
(version 9.10.2004) and in accordance with the Medical Research Involving Human
Patients Act (WMO), the requirements of International Conference on Harmonization
- Good Clinical Practice. The study protocol has been approved by the IEC and by the
institutional Radiation Protection Committee.

DiscussioN

The HEPAR trial is a phase I study to evaluate the safety and toxicity profile of
“Ho radioembolization. Secondary endpoints are tumor response, biodistribu-
tion assessment, performance status, quality of life and comparison of the biodis-
tributions of the *™Tc-MAA-scout dose and the '**Ho-microspheres-safety dose.
With regard to the method of administration, viz. through a catheter placed in the
hepatic artery, the in-vivo characteristics (no significant release of radionuclide), and
the mechanism of action (local irradiation of the tumor), '**Ho-microspheres consti-
tute a device analogous to the *Y microspheres, which are currently applied clinically.
““Ho-microspheres only differ in the radioisotope and the device matrix that are used.
In a toxicity study on '®Ho-RE in pigs, it has been demonstrated that (healthy) pigs can
withstand extremely high liver absorbed doses, at least up to 160 Gy.”> During these
animal experiments, only very mild side effects were seen: slight and transitory inap-
petence and somnolence, which may well have been associated with the anesthetic and
analgesic agents that had been given and not necessarily with the microsphere admi-
nistration. It is plausible that this low toxicity profile is caused by the inhomogeneous
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distribution of '**Ho within the liver after intra-arterial injection, as was observed on
MRI and SPECT images. The current study will investigate whether a similar distribu-
tion pattern can also be observed in human subjects and whether this inhomogeneous
distribution is concentrated around the tumor sites.

Hepatic arterial injection with *™Tc-MAA and subsequent scintigraphic imaging
is widely used to predict the biodistribution of *°Y microspheres, prior to the actu-
al radioembolization procedure. Its accuracy can however be disputed. In our center,
we have observed that patients with a borderline lung shunt fraction of 10% to 19%,
as calculated using the *™Tc-MAA images (approximately 24% of all patients, all of
whom were instilled a by 50% reduced amount of radioactivity), had no signs of lung
shunting on post-""Y-RE Bremsstrahlung images. In these cases, it seems that the *™Tc-
MAA-scan had false-positively predicted extrahepatic spread. This may be explained
by the fact that *Tc-MAA differs in many aspects from the microspheres that are
used. Shape, size, density, in-vivo half-life, and number of ***Tc-MAA particles do not
resemble the microspheres in any way."** In addition, free technetium that is released
from the MAA particles can disturb the (correct) assessment of extrahepatic spread.
We hypothesize that a small safety dose with low-activity 'Ho-microspheres will be
a more accurate predictor of distribution than **Tc-MAA. The unique characteristics
of 'Ho-microspheres, in theory, allow a more accurate prediction of the distributi-
on with the use of scintigraphy and MRI. In this study, we chose to perform both an
injection with **"Tc-MAA and administration of a safety dose of '“Ho-microspheres.
The respective distributions of the *"Tc-MAA and the '**Ho-microspheres-safety dose
will be compared with the distribution of the treatment dose of '**Ho-microspheres by
quantitative analysis of the scintigraphic images.

Both commercially available **Y-microspheres products are approved by the Food and
Drug Administration (FDA) and European Medicines Agency as a medical device and
not as a drug. Radioactive microspheres are a medical device since these implants do
not achieve any of their primary intended purposes through chemical action within
or on the body and are not dependent upon being metabolized for the achievement of
their primary intended purpose. In accordance with the definition of a medical device
by the FDA and in analogy with the **Y-microspheres, we consider the '“Ho-microsp-
heres to be a medical device.*® The Dutch medicine evaluation board has discussed this
issue (13 July 2007) and has concluded that the microspheres are indeed to be conside-
red a medical device.

One important issue concerning the resin-based SIR-Spheres® is the relatively high
number of particles instilled (>1,000 mg), since this may sometimes be associated with
macroscopic embolization as observed during the fluoroscopic guidance.””*! Sever-
al authors have reported stasis of flow during administration of resin microspheres
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and were forced to end the procedure prematurely because of the risk of backflow,
hence extrahepatic deposition of a part of the dosage.””**** The specific activity of the
'*“Ho-microspheres is considerably higher than that of the resin microspheres (<450
and 50 Bqg/microsphere, respectively). However, in order to obtain an equivalent ab-
sorbed dose, the total amount of radioactivity of the administered microspheres in
!*Ho-radioembolization needs to be 3 times higher than in *’Y-radioembolization,
due to the shorter physical half-life of '**Ho. Even so, compared with the resin *°Y-mi-
crospheres, considerably less microspheres (<600 mg) are required in '*Ho-radi-
oembolization to obtain an equivalent radiation dose, which results in a lower risk
of stasis or backflow during administration.””® Another issue is that Y- microsphe-
res can not be visualized under fluoroscopy during injection. Manufacturers of resin
“Y-microspheres state that their microspheres are to be administered with water for
injection alternated with non-ionogenic contrast.’ As a result, the operating physi-
cian cannot detect stasis or backflow of microspheres until he has switched from in-
jecting microspheres to injecting the contrast agent. Holmium-microspheres, on the
contrary, are administered in a mixture of 50% saline and 50% non-ionogenic con-
trast under constant fluoroscopic imaging, which ensures constant control over the
microspheres during injection.”® However, continuous fluoroscopic imaging du-
ring microsphere administration may comprise an increased radiation dose deliver-
ed to the patient, specifically the abdominal skin, during the procedure.

If this phase I trial provides sufficient data to prove that '**Ho-microspheres has an
acceptable safety and toxicity profile, further studies will be needed. The next step will
be an efficacy study in a larger number of patients. The primary endpoints of that study
will be tumor response and survival.
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Background

The efficacy of radioembolization for the treatment of liver tumors depends
on the selective distribution of radioactive microspheres to tumorous tissue.
The distribution of holmium-166 (***Ho) poly(L-lactic acid) microspheres can
be visualised in vivo by both single-photon-emission CT (SPECT) and MRI.
In this phase 1 clinical trial, we aimed to assess the safety and the maximum
tolerated radiation dose (MTRD) of '®Ho-radioembolization in patients with
liver metastases.

Methods

Between Nov 30, 2009, and Sept 19, 2011, patients with unresectable, chemore-
fractory liver metastases were enrolled in the Holmium Embolization Particles
for Arterial Radiotherapy (HEPAR) trial. Patients were treated with intra-arte-
rial '*Ho-radioembolization in cohorts of three patients, with escalating aimed
whole-liver absorbed doses of 20, 40, 60, and 80 Gy. Cohorts were extended to a
maximum of six patients if dose-limiting toxicity occurred. Patients were assig-
ned a dose in the order of study entry, with dose escalation until dose-limiting
toxicity was encountered in at least two patients of a dose cohort. Clinical or
laboratory toxicities were scored according to the National Cancer Institute’s
Common Terminology Criteria for Adverse Events version 3.0. The primary
endpoint was the MTRD. Analyses were per protocol. This study is registered
with ClinicalTrials.gov, number NCT01031784.

Findings
15 patients underwent '*Ho-radioembolization at doses of 20 Gy (n=6), 40
Gy (n=3), 60 Gy (n=3), and 80 Gy (n=3). Mean estimated whole-liver absor-

INTRODUCTION

Radioembolization using yttrium-90 (*’Y) microspheres is increasingly used to
selectively target liver metastases as first-line or salvage treatment in patients
with unresectable hepatic tumors."” The rationale behind this treatment is that
blood from the hepatic artery flows preferentially to malignancies, whereas
healthy liver parenchyma is mainly perfused by blood from the portal vein.
Microspheres injected into the hepatic artery will therefore selectively target
tumorous tissue, whereas the healthy liver tissue is spared. Recent research has
focused on quantitative imaging for dosimetry to ensure optimum depositi-
on of radioactive microspheres in the tumorous tissue.>* Holmium-166 po-
ly(L-lactic acid) (***Ho-PLLA) microspheres that can be seen on imaging with
multiple modalities have been developed at University Medical Center Utrecht
(Utrecht, Netherlands) for quantitative in-vivo imaging. In addition to emitting



bed doses were 18 Gy (SD 2) for the 20 Gy cohort, 35 Gy (SD 1) for the 40 Gy
cohort, 58 Gy (SD 3) for the 60 Gy cohort, and 73 Gy (SD 4) for the 80 Gy
cohort. The 20 Gy cohort was extended to six patients because of the occur-
rence of dose-limiting toxicity in one patient (pulmonary embolism). In the 80
Gy cohort, dose-limiting toxicity occurred in two patients: grade 4 thrombo-
cytopenia, grade 3 leucopenia, and grade 3 hypoalbuminemia in one patient,
and grade 3 abdominal pain in another patient. The MTRD was identified as
60 Gy. The most frequently encountered laboratory toxicities (including grade
1) were lymphocytopenia, hypoalbuminemia, raised alkaline phosphatase, rai-
sed aspartate aminotransferase, and raised gamma-glutamyltransferase, which
were all noted in 12 of 15 patients. Stable disease or partial response regarding
target lesions was achieved in 14 of 15 patients (93%, 95% CI 70-99) at 6 weeks
and nine of 14 patients (64%, 95% CI 39-84) at 12 weeks after radioembolizati-
on. Compared with baseline, the average global health status and quality of life
scale score at 6 weeks after treatment had decreased by 13 points (p=0.053) and
by 14 points at 12 weeks (p=0.048). In all patients, technetium-99m (**Tc)-ma-
croaggregated albumin SPECT, '“Ho scout dose SPECT, and '®Ho treatment
dose SPECT showed similar patterns of the presence or absence of extrahepatic
deposition of activity.

Interpretation

'%Ho-radioembolization is feasible and safe for the treatment of patients with
unresectable and chemorefractory liver metastases and enables image-guided
treatment. Clinical '“Ho-radioembolization should be done with an aimed
whole-liver absorbed dose of 60 Gy.

beta-radiation for tumor destruction, '**Ho-microspheres emit gamma radia-
tion and are paramagnetic, which makes them visible on both single photon
emission CT (SPECT) and MRI, enabling use of dosimetry and personalized
patient treatment.>® Using these microspheres, assessment of whether the tu-
mor distribution was strictly intrahepatic and whether each tumor has received
an adequate dose can be done shortly after treatment. If not, additional treat-
ment can be provided to previously non-targeted tumors. We previously repor-
ted the safety, efficacy, and imaging properties of '**Ho-PLLA-microspheres in
both in-vitro and in-vivo studies.”!" In this phase 1 clinical trial, we aimed to
assess the safety and maximum tolerated radiation dose (MTRD) of '*Ho-ra-
dioembolization in patients with unresectable and chemorefractory liver me-
tastases to identify the starting dose for further studies and clinical treatment.
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METHODS
Patients

Between Nov 30, 2009, and Sept 19, 2011, patients with unresectable, chemorefractory
liver metastases were enrolled in the phase 1 Holmium Embolization Particles for Arte-
rial Radiotherapy (HEPAR) dose- escalation study of intra-arterial '*Ho-radioemboli-
zation. The study design has been published previously.'? Patients were included in the
study if they complied with the following inclusion criteria: presence of liver-dominant,
unresectable, chemorefractory liver metastases of any primary tumor; age 18 years or
older; an estimated life expectancy of over 3 months; WHO performance status score
0-2; at least one measurable lesion of at least 10 mm on CT; and a negative pregnancy
test for women. Patients with impaired hematological function (leucocytes <4.0x10°
cells per L and platelet count <150x10°/L), impaired renal function (serum creatinine
>185 pumol/L), impaired cardiac function (relevant morphological changes on electro-
cardiography or New York Heart Association classification of heart disease score >2),
impaired hepatic function (alanine aminotransferase [ALT], aspartate aminotransfera-
se [AST], or alkaline phosphatase over five times the upper limit of normal, or serum
bilirubin over 1.5 times the upper limit of normal), patients who had received chemo-
therapy or abdominal surgery over the previous 4 weeks, those with incompletely hea-
led surgical incisions, and those with contraindications for MRI were excluded from
study treatment.

All patients provided written informed consent before enrolment. Ethical approval for
this study was obtained from the institutional review board and the study was underta-
ken in accordance with the Declaration of Helsinki. An independent data monitoring
committee assessed study results and patient safety at interim analyses, which were
organized after every third patient who received treatment had completed at least 6
weeks of follow-up. Inclusion of patients could only continue after approval from the
independent data monitoring committee.

Procedures

“Ho-PLLA-microspheres were produced at University Medical Center Utrecht accor-
ding to good manufacturing practice guidelines, as described previously.”*** For each
patient, a scout dose of 60 mg and a treatment dose of 540 mg of '**Ho-PLLA-microsp-
heres were packed in high-density polyethylene vials (Posthumus Plastics, Beverwijk,
Netherlands) and these vials were irradiated separately in the nuclear facility of the
Reactor Institute Delft (Delft University of Technology, Delft, Netherlands). Upon ar-
rival at the University Medical Center Utrecht (Utrecht, Netherlands), the amount of
radioactivity of both doses of microspheres was measured in a dose calibrator (VDC-
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404, Veenstra Instrumenten, Joure, Netherlands) and a quality check (particle integrity
assessment by light microscopy and particle size measurement) was done on a sample
of the treatment dose of microspheres.

The calculations of the amount of radioactivity for this dose-escalation study were
done using a method derived from the medical internal radiation dosimetry (MIRD)
pamphlet number 17.'¢ This method is widely used for *°Y-dosimetry."” The amount of
administered '®Ho-radioactivity was calculated using the aimed whole-liver absorbed
dose (20, 40, 60, or 80 Gy) and the liver weight, as described previously."? The liver
volume was measured on contrast-enhanced CT images with Volumetool*® assuming
a tissue density for liver tissue of 1.00 g/cm’." Whole-liver absorbed doses were calcu-
lated assuming homogeneous distribution of the administered activity and complete
absorption of the dose in the liver, using the following formula:

Apioies(MBq)
LW (kg)

= liver dose (Gy) x 63 (@)

Where A, is the administered activity, LW is the liver weight, and liver dose is the
aimed whole-liver absorbed dose.

All patients underwent triphasic contrast-enhanced abdominal CT at study entry to es-
timate the intrahepatic tumor burden at baseline. Patients were admitted to hospital on
the evening before each angiography session. All patients received 1.5 L NaCl 0.9% per
intravenous cannula 12 h before angiography to optimize hydration status. 1 h before
angiography, patients were given an intravenous dose of corticosteroids (dexamethaso-
ne 10 mg) and anti-emetics (ondansetron 8 mg) for prophylaxis of post-embolization
syndrome. The technical procedures for “Ho-radioembolization did not differ sub-
stantially from routine procedures for *Y-radioembolization.” Briefly, a detailed map
of the vasculature supplying the liver and the surrounding organs was obtained. Subse-
quently, the hepatic artery was carefully skeletonized by means of coil embolization of
all vessels originating from the hepatic artery that could lead to deposition of activity in
non-target organs such as the intestines and pancreas. Subsequently, technetium-99m
(*Tc)-macro-aggregated albumin (MAA; 150 MBq, 0.8 mg, TechneScan LyoMaa,
Mallinckrodt Medical, Petten, Netherlands) was administered, followed by planar nu-
clear imaging and SPECT or SPECT-CT to calculate the fraction of the *Tc-MAA
shunting to the lungs and to ensure that the remaining activity was distributed exclu-
sively to the liver. If the lung shunt fraction of *Tc-MAA was less than 20% and no
extrahepatic deposition of *"Tc-MAA was detected, a second angiography was done
within 2 weeks. During this second angiography, a scout dose of '**Ho-microspheres
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(250 MBq) was administered from the same catheter position as where *Tc-MAA was
injected during the work-up angiography and SPECT or SPECT-CT, plus, in some pa-
tients, MRI, were done. Administration of '**Ho-microspheres was always done using
a dedicated administration system.?! By this system, the vial was flushed with a saline
solution mixed with contrast agent, bringing the microspheres in suspension and for-
cing them to exit the administration system and flow into the microcatheter. Flushing
occurred in a pulsatile manner at an overall rate of about 0.2-0.4 mL/s. This way, 10-20
mL of contrast and saline mixture was injected. During injection, fluoroscopy was used
at regular intervals to check for any stasis or backflow. The **Ho-microspheres-scout
dose was used as an extra predictor for the distribution of the '*Ho-microspheres treat-
ment dose to increase the overall safety of the procedure and to allow assessment of
distribution. At present, ***Tc-MAA is used for this purpose, although its validity as a
predictor for intrahepatic microsphere distribution is uncertain.?>* MAA particles dif-
fer substantially from *°Y-microspheres and '“Ho-microspheres in size, amount, den-
sity, and shape.” To overcome these differences, we hypothesized that the distribution
of microspheres for radioembolization can be best predicted with a scout dose of the
same microspheres. If no extrahepatic '®Ho-microspheres were detected, a treatment
dose of **Ho-microspheres was injected under angiography on the same day. After
each administration, the net delivered activity was calculated by measuring the residual
activity in the administration system and the dose vial. Abdominal SPECT or SPECT-
CT and MRI for distribution assessment of the treatment dose were done 3-5 days after
treatment.

Patients were treated in consecutive cohorts of three patients according to a standard
phase 1 3+3 dose-escalation protocol.** The aimed whole-liver absorbed dose of '*“Ho
was increased per cohort from 20 to 40, 60, and then 80 Gy, respectively. A cohort was
extended to six patients if dose-limiting toxicity was found in one of the initial three
patients. If dose-limiting toxicity was found in two patients of a given dose cohort, the
MTRD was classed as the preceding dose.

Follow-up consisted of physical examinations, clinical chemistry assessments (inclu-
ding electrolytes, renal and liver function tests, minerals, and relevant tumor markers)
and hematological tests every week, for the duration of 12 weeks, and triphasic con-
trast-enhanced abdominal CT, "*F-fluorodeoxyglucose (**F-FDG) PET, and MRI at 6
and 12 weeks after treatment. CT was used for response assessment and spleen volume-
try. Quality of life (QoL) was assessed by the European Organization for Research and
Treatment of Cancer QLQ-C30 and QLQ-LMC21 questionnaires at baseline and at 6
and 12 weeks after treatment. All urine from 0 to 24 h after treatment was collected and
blood was sampled after treatment for holmium content measurement with inductively
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coupled plasma mass spectrometry. Any clinical or laboratory toxicity was scored ac-
cording to the National Cancer Institute’s Common Terminology Criteria for Adverse
Events (CTCAE) version 3.0. For each parameter, the highest CTCAE grade was re-
corded during follow-up. Dose-limiting toxicity was defined as any toxicity exceeding
grade 2 that was deemed definitely, probably, or possibly related to the administration
of '**Ho-microspheres, with the exception of raised liver enzymes, hyperbilirubinemia,
raised lactate dehydrogenase, or lymphocytopenia.

The primary objective of this dose-escalation study was to identify the MTRD, defined
as the highest aimed whole-liver absorbed dose, up to 80 Gy, at which fewer than two
patients exhibited dose-limiting toxicity. Secondary objectives were assessment of over-
all toxicity using CTCAE, tumor response assessment on triphasic contrast-enhanced
abdominal CT according to the Response Evaluation Criteria in Solid Tumors version
1.1,% QoL assessment, and visualization of the biodistribution of '**Ho-microspheres
by SPECT and MRI

Statistical analysis

We calculated descriptive statistics of means and SDs for continuous variables and fre-
quencies and percentages per category for categorical variables. 95% ClIs for proporti-
ons were calculated using the Wilson score method without continuity correction. We
compared changes in global health status and QoL scale by a two-tailed paired-sam-
ples t-test. All objectives were assessed in the per-protocol analysis set, defined as the
data from all patients who received '“Ho-microspheres (treatment dose). We used
SPSS software version 15.0 (SPSS, Chicago, IL, USA) for all analyses. This study is re-
gistered with ClinicalTrials.gov, number NCT01031784."

Role of the funding source

The sponsors of the study had no role in study design, data collection, data analysis,
data interpretation, writing of the manuscript, or the decision to submit for publicati-
on. The corresponding author (BZ) had full access to all the data in the study and had
final responsibility for the decision to submit for publication.

RESULTS

27 patients were enrolled on an intention-to-treat basis, 12 of whom were excluded
from treatment during work-up because of excessive extrahepatic metastases (n=2),
recurrent extrahepatic deposition of *™Tc-MAA (n=2), vascular anatomy impe-
ding whole-liver treatment (n=5), and laboratory values matching exclusion criteria
(n=3). Table 1 lists the demographic data of the 15 patients who underwent '“Ho-
radioembolization. The primary tumor types were ocular melanoma (median liver in-
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volvement 22%, range 2-43%), colorectal carcinoma (median liver involvement 24%,
range 4-52%), cholangiocarcinoma (median liver involvement 14%, range 8-20%),
and breast carcinoma (liver involvement 10%). During the angiographic procedures,
the following arteries were embolized with coils: gastroduodenal artery (n=14), right
gastric artery (n=4), and unidentified intestinal branches arising from the hepatic ar-
teries (n=2). '**Ho-microspheres were injected in the proper hepatic artery (n=6), the
left and right hepatic artery (n=>5), the right hepatic artery (n=2), the left hepatic artery
(n=1), and the common hepatic artery (n=1). The mean total administered '*Ho ac-
tivity (scout plus treatment dose) per consecutive dose cohort is shown in Table 1, as
are the mean estimated whole-liver absorbed doses per cohort. At time of injection, the
mean activity of the scout dose was 224 MBq (SD 52) and the activity of the treatment
dose was 2343 MBq (SD 1035) for the 20 Gy cohort, 3930 MBq (1121) for the 40 Gy
cohort, 7839 MBq (1365) for the 60 Gy cohort, and 7854 MBq (1893) for the 80 Gy
cohort, corresponding to an injected amount of microspheres of 47 mg (SD 11) for the
scout dose and 474 mg (50) for the treatment dose, which resulted in a total amount
of injected microspheres of 521 mg (58). No stasis or reflux of contrast agent occurred
during administration of microspheres.

Table 1. Baseline characteristics and treatment details per dose cohort

Demographics
Sex
Male 9 5 2 2 0
Female 6 1 1 1 3
Age (years) 55 (38 - 87) 52(38-59) 50(43-61) 57(45-87) 63(48-67)
WHO performance status
0 13 5 3 2 3
1 2 1 0 1 0

Baseline global health status 75.6 +12.4 792+7.0 66.7+83 833+236 722+173
/ quality of life scale*

Tumor type (primary)
Ocular melanoma 6 4 1 0 2
Colorectal carcinoma 6 2 1 2 0
Cholangiocarcinoma 2 0 0 1 1
Breast carcinoma 1 0 1 0 0
Liver volume (ml) 2,071 599 2,234+756 1,884 +530 2,236 +498 1,771 +497
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All patients
(n=15)
Liver involvement
Exact percentage 14 (2-52) 19 (4 - 43) 12(2-25) 20(13-52) 8(2-43)
0% - 25% 10 4 2 2 2
25% - 50% 4 2 1 0 1
>50% 1 0 0 1 0
No. of tumors per patient 5(1-21) 7(1-19) 4(2-21) 4(3-5) 4(3-10)
Site of disease
Unilobar 4 1 1 2 0
Bilobar 11 5 2 1 3
Evidence of extrahepatic metastases
Yes 6 4 0 1 1
No 9 2 3 2 2
Previous therapies
Systemic treatment 11 5 3 2 1
Locoregional treatment 5 1 2 1 1
Treatment details
Lung shunt
#mTc-MAA lung shunt 72+£27 72+28 83+5.0 9.3+32 62+1.7
fraction (%)
Activity
Prepared 'Ho-activity ~ 5,415+2,928 2,750 + 1,056 4,671  1,1198,453 + 1,283 8,450 + 2,127
(MBq)
Remaining '*Ho-activity 329 +201 21877 526 +253  355+216 330 + 246
in administration system
(MBq)
Net administered 5,085 +2,876 2,532+ 1,039 4,145+ 1,1618,099 + 1,378 8,120 + 1,900
1Ho-activity (MBq)
Absorbed dose
Aimed whole-liver 44 +24 20 40 60 80
absorbed dose (Gy)**
Actual whole-liver 40 £23 18+2 35+1 58+3 73+4

absorbed dose (Gy)**

Data are median (range), means + SD, or counts. WHO = world health organization; *"Tc-MAA = techne-
tium-99m macro-aggregated albumin; '“Ho = holmium-166
* As measured with the European Organization for Research and Treatment of Cancer’s QLQ-C30 question-

naire

**Estimated dose assuming homogeneous distribution of the administered activity and complete absorption

of the dose in the liver
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Table 2 summarizes the grade 2-5 events that were recorded during the study.
At 12 weeks after treatment, splenic growth had occurred in ten of 15 patients
(67%; mean increase 17% [SD 22]). The mean amount of holmium excreted in
the urine during the first 24 h after treatment was less than 0.5% of the total
administered amount of Ho. At 3 h after treatment, the mean amount of free
holmium in the blood was 0.08%/L of the total administered amount of '“Ho.
The first cohort (20 Gy) was extended to six patients because of the occurrence of
dose-limiting toxicity in one patient (pulmonary embolism). Despite this event, dose
escalation was continued since there were no dose-limiting toxicities in the other pa-
tients in this cohort. All other dose-limiting toxicities occurred in two patients in the
final cohort (80 Gy). The first patient (patient 13), who was already on morphine for
abdominal pain before treatment, was readmitted to the hospital 3 days after treatment
with complaints of progressive abdominal pain. The pain was managed with intraven-
ous morphine (6 mg/h). The scheduled SPECT-CT 3 days after treatment revealed ex-
trahepatic deposition of a small amount of activity, located around the duodenum and
the head of the pancreas. Amylase and lipase concentrations were normal and endosco-
py 6 days after treatment showed no ulceration of the gastric or duodenal wall. The
patient reported that the pain gradually regressed to baseline 4 weeks after treatment.
The second patient (patient 14) experienced grade 4 thrombocytopenia, grade 3 leuco-
penia, and grade 3 hypoalbuminemia. The hematological dose-limiting toxicity in con-
junction with increasing serum bilirubin concentrations and ascites in this patient led
us to suspect radiation-induced liver disease.*® High-dose corticosteroids (prednisolo-
ne 30 mg two times per day) were given for this indication. Unfortunately, this patient
died shortly after study completion (15 weeks after radioembolization). Autopsy sho-
wed no typical radiation-induced pathological changes. The entire liver was occupied
by micrometastases and there was extensive metastatic colonization of the lungs and
the abdominal cavity. We therefore rejected the diagnosis of radiation-induced liver
disease. Aside from the aforementioned findings, there were no life-threatening morbi-
dities or deaths during the 12-week follow-up period. According to the study protocol,
the study was stopped after the 80 Gy cohort and the MTRD was identified as 60 Gy.
Opverall, the most frequently encountered laboratory toxicities (including grade 1) were
lymphocytopenia, hypoalbuminemia, raised alkaline phosphatase, raised AST, and rai-
sed gamma-glutamyltransferase, which were encountered in 12 of 15 patients (80%);
anemia and raised ALT in ten of 15 patients (67%), and monocytosis, thrombocytope-
nia, and hyperammonemia in nine of 15 patients (60%). Figure 1 shows liver enzyme
concentrations and hematological parameters over time, separated by patients with
and without progressive disease. Both biochemical and hematological toxicities were
most prominent in patients with progressive liver disease. Abdominal pain and nau-
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Figure 1. Liver enzymes serum levels (a) and hematological parameters levels (b) measured weekly for patients
with progressive disease (gray line) and patients with no progressive disease (black line) in the liver (observed at
12-week follow-up). All serum level values are mean + 1 SE. ALT = alanine aminotransferase; AST = aspartate
aminotransferase; Ho = lab measurement 1 day prior to '*Ho-microsphere treatment; MAA = lab measurement
1 day prior to *"Tc-MAA administration; Scr = lab measurement at screening visit
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sea were the most frequently experienced clinical toxicities, each reported by 12 of 15
patients (80%), followed by other characteristic post-embolization symptoms such as
fatigue (nine patients; 60%), anorexia (eight patients; 53%), vomiting (seven patients;
47%), and fever (six patients; 40%). Other clinical toxicity that could not be associated
with post-embolization syndrome also occurred. This toxicity was either related to the
procedure (allergic reaction to the radiopaque contrast agent used, back pain due to
lying on the angiography table) or to extrahepatic tumor progression (headache, poly-
dipsia, and shoulder pain).

In all patients, *"Tc-MAA SPECT, *Ho scout dose SPECT, and '**Ho treatment dose
SPECT showed similar patterns of the presence or absence of extrahepatic deposition
of activity. In the patient who was readmitted for abdominal pain with extrahepatic de-
position of activity on **Ho treatment dose SPECT, extrahepatic deposition of activity
was initially not recognized on the *"Tc-MAA SPECT and '“Ho scout dose SPECT
images. A culprit vessel was retrospectively identified that was not recognized during
angiography. The amount of extrahepatic activity, as estimated by quantitative SPECT,
was less than 2% of the total administered dose (117 MBq). Figure 2 shows an example
of how the intrahepatic distribution of'®Ho-microspheres was visualized with SPECT
and MRL

Figure 2. Intrahepatic visualization of ' Ho-microspheres. T2-weighted MRI of the liver in a patient with several
ocular melanoma liver metastases, outlined by colored regions of interest (panel a). Post radioembolization,
the distribution of 'Ho-PLLA-microspheres within the liver is visualized with the use of SPECT (panel b) and
R2*-weighted MRI (panel c). From panels b and c, it is clear that the largest tumor (red outline), received a sub-
stantial proportion of the administered activity. However, the small tumor in the caudate lobe (blue outline) and
the larger tumor in the left liver lobe (pink outline) received a far smaller proportion of activity. This example il-
lustrates how the imaging capabilities of ' Ho-PLLA-microspheres allow treatment optimization. Optimal treat-
ment in this patient would imply additional, more selective, treatment of the two sub-optimally treated tumors.

Table 3 shows tumor responses at 6 and 12 weeks after treatment. At 6 weeks follow-up,
14 of 15 patients (93%, 95% CI 70-99) exhibited stable disease or partial response,
and one of 15 patients (7%, 1-30) had progressive disease in the target lesions. At 12
weeks follow-up, nine of 14 patients (64%, 95% CI 39-84) exhibited stable disease or
partial response, and five of 14 patients (36%, 16-61) had progressive disease in the
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target lesions. One patient, who had terminal disease and was told it would become
fatal within weeks, declined the 12-week scan and so could not be assessed for 12-week
target lesions response. When extrahepatic disease was also taken into account (overall
response), 13 patients (87%) had progressive disease 12 weeks after treatment. Tumor
marker concentrations (assessable in ten of 15 patients) increased by more than 50% in
four of ten patients (40%) at the 12-week follow-up (Figure 3).

Table 3. Tumor response post radioembolization per holmium-166-radioembolization dose received

All patients 20 Gy 40 Gy 60 Gy 80 Gy
(n=15) (n=6) (n=3) (n=3) (n=3)

TLR OR TLR OR TLR OR TLR* OR TLR OR
6-weeks post '®“Ho-RE PR 1 (7%) 1(7%)

—_
—
(=}
(=}
(=}
(=}
(=}
(=}

SD 13 (87%) 7 (47%) 4 1 3 2 3 1 3 3
PD 1(7%) 7(47%)

,_.
-~
o
—
o
o
o
o

—_
—_
(=}
(=}
(=}
(=}
(=}
(=}

12-weeks post *Ho-RE PR 1(7%) 1 (7%)
SD 8(57%) 1(7%)
PD 5(36%) 13 (87%)

w

0 2 1 2 0 1 0
5 1 2 0 3 2 3

NS

OR = overall response; PD = Progressive disease; PR = Partial response; SD = Stable disease; TLR = target
lesion response; * One patient refused week-12 follow-up imaging, overall response was progressive due to new
brain metastases

Figure 3. Course of tumor
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QoL could be fully assessed in all patients except for one (patient 11) who failed to
fill out the questionnaire at baseline and at 12 weeks after treatment. Compared with
baseline, the mean global health status and QoL scale score at 6 weeks after treatment
had decreased by 13 points (from 75.6, 95% CI 68.4-82.8, to 62.5, 49.2-75.8; two-tailed
significance p=0.053) and by 14 points at 12 weeks to a mean score of 61.9 (46.8-78.0;
two-tailed significance p=0.048). The decrease in global health status and QoL score
was numerically greatest in patients with progressive disease. The mean decrease over
the first 6 weeks in patients with progressive liver disease was 18.8 points compared
with 5.6 points for non-progressive patients (p=0.31). Over the 12 weeks of follow-up,
this difference was smaller (16.7 points vs. 9.7 points, respectively; p=0.63).

Di1scussION

In this phase 1 study, 60 Gy of '®Ho was identified as the MTRD. Radioembolization
for liver metastases is traditionally done in a salvage setting when standard treatments
have failed. In this specific population, 80 Gy was not tolerable. We therefore chose to
use a dose of 60 Gy in the ongoing HEPAR phase 2 clinical trial. The mean whole-liver
absorbed dose with **Ho-radioembolization in the 60 Gy cohort was about two times
the mean whole-liver absorbed dose that is delivered by *’Y-radioembolization with
resin microspheres (SIR-Spheres, SIRTeX Medical, Lane Cove, Australia) when the em-
pirical or body surface area method is used.! Clinically, this higher dose might be an
advantage, since a higher absorbed dose at the tumor level might lead to an increased
response. Even though 60 Gy is a high dose for the liver, the actual dose to the tumor
is thought to be substantially higher.”” 60 Gy is the radiation dose absorbed by the liver
if all energy from the administered activity is homogeneously absorbed by the liver.
In reality, there is a preferential deposition of activity in tumorous regions, causing
much higher absorbed doses in those regions while mostly sparing the healthy liver
parenchyma.

Toxicity after '**Ho-radioembolization was mainly confined to symptoms associated
with post-embolization syndrome.”” These symptoms include fatigue, nausea, vomi-
ting, abdominal pain, fever, and anorexia. The mean global health status and QoL scale
score decreased significantly at 12 weeks after treatment. This decrease was numerically
greatest in patients with progressive liver disease, although it was not significantly gre-
ater than in patients without progressive liver disease.

Biochemical toxicity, consisting of grade 1-2 increases in ALT, AST, and bilirubin
serum concentrations, grade 1-2 hypoalbuminemia, and grade 1-3 increase of gam-
ma-glutamyltransferase and lactate dehydrogenase concentrations, was in line with the
toxicity reported for *°Y-radioembolization.”*



Results of the HEPAR trial

During the first 2 weeks after treatment, we noted a peak in liver enzyme concentrati-
ons. This peak was probably a result of injury to the liver caused by the radiation or the
embolic component of radioembolization, or both. Late laboratory toxicity (>2 weeks
after treatment), both biochemical and hematological, was most severe in patients with
progressive liver disease. This finding is most probably a result of disease progression
rather than radiation toxicity.

The fraction of systemically spread holmium was low and hematological toxici-
ty was mild in this study. Thrombocytopenia, which was present in 60% of patients
after '**Ho-radioembolization, might be related to the concomitant finding that the
spleen volume had increased in ten of 15 patients (mean increase 17%). Hypersplenism
might affect the number of circulating platelets since the spleen functions as a platelet
filter.”! Increased spleen size is also a side-effect of *Y-radioembolization, with mean
increases of 23-41% at 3 months after treatment.?>*

The most important limitations of this phase 1 study were the small number of patients
and the unequal distribution of sex, liver involvement, liver volume, and tumor type
across the dose cohorts. Furthermore, this study was done in metastatic patients only.
Patients with primary liver tumors constitute a distinct group on their own. A phase
1 study of the use of '*Ho-radioembolization in this patient group is needed, with a
particular focus on the toxicity of '**Ho-radioembolization in cirrhotic patients and
patients with portal vein thrombosis.

*“Ho-microspheres are produced in a non-profit environment and are not yet com-
mercially available. The short neutron-activation time for '**Ho (up to 6 h for low-flux
reactors and up to 1 h for high-flux reactors),'*** which we think is a major cost-de-
termining step, renders it suitable for commercial exploitation. '*Ho-microspheres
might change the manner that radioembolization is done in three ways. First, by using
a scout dose of '**Ho-microspheres, the medical team undertaking radioembolization
will be able to assess the pre-treatment SPECT and MRI results to calculate a specific
image-based treatment dose and hence ascertain optimum treatment. Based on the
distribution of the scout dose, the treatment dose can then be adjusted so that the
tumorous tissue receives the highest possible dose without exceeding the MTRD of
the healthy liver tissue. Second, after treatment, the actual dose distribution could be
assessed by the same methods to confirm the success of the planned treatment (ie.
post-treatment dosimetry). Third, '**Ho-microspheres could also be administered un-
der real-time MRI guidance, with direct visualization of the distribution of microsphe-
res (ie. per-treatment dosimetry).*
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Research in context

We developed holmium-166 poly(L-lactic acid) (***Ho-PLLA)-microspheres becau-
se radioembolization practices can benefit from a microsphere that can been seen on
multimodal imaging and that has optimum properties for both treatment and ima-
ging.** Holmium was deemed to be suitable for this purpose because of its high-energy
beta-radiation and low-energy gamma-radiation emission on nuclear imaging=>° Coin-
cidentally, we discovered that the magnetic susceptibility of holmium was also excellent
for quantitative imaging with MRI. Findings from a meta-analysis on yttrium radioem-
bolization® showed that both primary and secondary tumors respond well to yttrium
radioembolization with little toxicity.

However, treatment of these tumors would benefit from methods for quantitative ima-
ging to ensure optimum deposition of radioactive microspheres in the tumorous tissue
to improve patient outcome. The imaging possibilities of yttrium microspheres are in-
sufficient for this purpose. Previous laboratory and animal studies have shown positive
results regarding the safety, efficacy, and imaging properties of '““Ho-PLLA-microsp-
heres.”!! We therefore did a phase 1 clinical trial in patients. Findings from this trial
show that '*Ho-PLLA-microspheres can be translated from a laboratory invention to a
device that can be used in human beings.

Interpretation

Our findings show that '*Ho-radioembolization at a dose of 60 Gy is a feasible and
safe treatment option for patients with unresectable, chemorefractory liver metastases.
Quantitative imaging can now be used to personalize and improve patient treatment.
The efficacy of '*Ho-radioembolization will be investigated in the ongoing Holmium
Embolization Particles for Arterial Radiotherapy phase 2 trial.
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Maurizio Cosimelli' outlined the ongoing evolution of radioembolization in response
to our phase 1 study.? Cosimelli stated that the evidence for effectiveness of radioem-
bolization with *Y-microspheres cannot be directly translated to radioembolization
with '*“Ho-microspheres because of differences in toxic effects (80% of patients treated
with 'Ho-radioembolization had increases gamma-glutamyl transpeptidase concen-
trations and lymphocytopenia) and radionuclide properties (shorter half-life of '*“Ho
[26.8 h] than Y [64.2 h]). When assessing the toxic effects of radioembolization, stu-
dies with similar designs should be compared. In our phase 1 study, extensive bio-
chemical and hematological analysis were done every week during follow-up. Similar
studies have, unfortunately, not been published for *’Y-radioembolization. Neverthe-
less, abnormalities in biochemical and hematological analyses are not unique to '*Ho-
radioembolization and have been reported after *Y-RE as well.** Lymphocytopenia is
thought to be caused by irradiation of blood passing through the liver, which is a logical
side effect of radioembolization.>® Release of gamma-glutamyl transpeptidase - a sign
of bilio-canicular injury - was highest in patients with progressive liver disease and
their plasma levels kept rising from baseline to the end of follow-up, which suggests
that these abnormalities might have been largely caused by tumor progression.

The short half-life of "**Ho leads to deposition of a radiation dose in a shorter time
than with *°Y, which might or might not be favorable for tumor destruction. However,
we think that it is far more important that an adequate amount of microspheres, and
thereby an adequate absorbed dose, is given to each tumor. Still too often, patients with
liver metastases treated with radioembolization (either with *°Y or '®Ho) have a part
of a tumor, or a part of the liver with several lesions, that receive little or no activity,
because of the heterogeneous intrahepatic distribution of the microspheres. Tumors
receiving no to little activity will probably not respond to treatment, irrespective of the
decay time of the radionuclide.

A dose-response relation on tumor level has not been fully established for *Y-radi-
oembolization to date, mainly due to the lack of an accurate method for dosimetry,
requiring quantitative assessment of the biodistribution of the microspheres. We the-
refore believe that these questions can be best solved by using quantitative imaging
technology such as MRI, positron emission tomography, or and single photon emission
CT for each patient treated with radioembolization. Furthermore, we should investi-
gate whether in patients with incomplete tumor targeting on biodistribution imaging,
retreatment of the incompletely targeted tumors will increase tumor response and sur-
vival. If so, post-treatment dosimetry and retreatment could become standard practice
for radioembolization in patients with hepatic cancers.
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Purpose

To evaluate the adverse effect of intra-arterial holmium-166 radioembolization (***Ho-
RE) on quality of life (QoL) in patients with liver metastases.

Materials and Methods

Patients with unresectable and chemorefractory liver metastases were treated with
'*Ho-RE in a dose-finding phase 1 trial. The European Organisation for Research and
Treatment of Cancer QLQ-C30 and LMC21 questionnaires were used to evaluate QoL
at baseline, at six and at twelve weeks after treatment. The course of the global health
status/QoL and symptom and functioning scales were analysed. Patients were catego-
rized into responders and non-responders according to RECIST criteria based on CT
imaging at 12 weeks post treatment. Outcomes between subgroups were compared.

Results

Fifteen patients received '“Ho-RE and filled out the questionnaires with a complian-
ce of 96%. The mean global health status/QoL decreased after '**Ho-RE from 75.6 to

INTRODUCTION

Intra-arterial radioembolization is mostly applied as a palliative treatment option for
patients with liver metastases who are not or no longer candidates for partial liver resec-
tion and/or first or second line chemotherapy."* When proposing palliative treatment
options to patients with liver metastases, physicians tend to focus on survival benefit,
and the consequences in terms of quality of life are often not discussed.’ Studies have
shown, however, that 82 - 95% of patients with advanced cancer value quality of life
(QoL) at least as much as survival benefit.>* Therefore, it is important for decision ma-
king for the individual patient that data on QoL are available for all palliative therapies.
Radioembolization is a locoregional treatment option for patients with malignancies
in the liver during which radioactive microspheres are administered via the hepatic
artery. Radioembolization with yttrium-90 microspheres has been shown to lead to an
increased progression-free survival and a non-significantly prolonged overall survi-
val, accompanied by primarily short-term toxicity in patients with advanced colorectal
carcinoma liver metastases.>® The effect of *°Y-RE on QoL is less well-studied and the
evidence is sparse in the literature.

Holmium-166-poly(L-lactic acid) (***Ho) microspheres have been developed as an al-
ternative to the currently used yttrium-90 (*Y) microspheres. The main advantage of
'**Ho-microspheres is the ability to be visualised in-vivo by SPECT and MRI, which



62.5 points at 6 weeks (p=0.053) and to 61.9 points at 12 weeks (p=0.048). The biggest
drop in functioning scales was observed in physical, social and role functioning. The
most prominent symptoms were fatigue, appetite loss, pain, dyspnea and insomnia.
Scores for global health status/QoL, functioning and symptoms worsened the most for
non-responders.

Conclusion

In this phase 1 study, QoL deteriorated moderately after 'Ho-RE. Tumor progression
may be an important factor in QoL since the deterioration was largest in non-respon-
ders.

enables quantitative biodistribution imaging.”® We performed a phase 1 trial in order
to investigate the safety and toxicity profile of '**Ho-RE.’ The purpose of the current
study was to evaluate the adverse effect of "**Ho-RE on QoL in these patients.

MATERIALS AND METHODS

Patients and study design

Patients with unresectable, chemorefractory liver metastases of any primary tumor
type were included in the HEPAR phase 1 trial. In this trial, the maximum tolerated ra-
diation dose was the endpoint of the study and was determined to be 60 Gy to the who-
le liver.® QoL was assessed in these patients as well and was used for the current study.
Patients had to be at least 18 years of age, have an estimated life expectancy of over 3
months, a WHO performance status score of 0-2, at least one measurable lesion of at
least 10 mm on CT and a negative pregnancy test for women. Patients were not allowed
to have an impaired hematological function (leucocytes <4.0x10° cells/L and platelet
count <150x10°/L), an impaired renal function (serum creatinine >185 pmol/L), an
impaired cardiac function (relevant morphological changes on electrocardiography or
New York Heart Association classification of heart disease score >2), an impaired he-
patic function (alanine aminotransferase [ALT], aspartate aminotransferase [AST], or
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alkaline phosphatise over five times the upper limit of normal, or serum bilirubin over
1.5 times the upper limit of normal), received chemotherapy or abdominal surgery
over the previous 4 weeks, incompletely healed surgical incisions or contraindications
for MRI. Patients were enrolled in cohorts of three to six patients, scheduled to receive
escalating radiation doses to the liver as calculated by aimed whole-liver radiation ab-
sorbed doses of 20 Gy, 40 Gy, 60 Gy, and 80 Gy. All cohorts consisted of three patients
and were extended in case dose-limiting toxicity occurred in one of the three patients.
If dose-limiting toxicity occurred in two out of three patients in one cohort, the pri-
mary study endpoint was reached, and the maximum tolerated radiation dose would
be set at the dose of the preceding cohort. The institutional review board approved this
study and all patient provided written informed consent. This study was registered at
clinicaltrials.gov, number NCT01031784. A more detailed description of the study de-
sign and the main study results have been published elsewhere.>'’

Treatment procedures

Patients first received a work-up angiography during which a catheter was placed in
the hepatic artery via the femoral artery. Any vessels arising from the hepatic artery or
its branches and leading tot non-target organs such as the stomach or intestines, were
coil-embolized. Then, approximately 150 MBq of technetium-99m-labelled macroalbu-
min aggregates (**"Tc-MAA) was administered as a surrogate for the '**Ho-microsphe-
res. Patients were allowed to receive '®Ho-microspheres if on post-*"Tc-MAA-scin-
tigraphy and SPECT, *™Tc-MAA was exclusively distributed to the liver with a lung
shunt fraction <20%. Subsequently, a second angiography session was planned in
which a scout dose (60mg, 250 MBq) of "**Ho-microspheres was administered at the
same injection position as for *Tc-MAA injection directly followed by SPECT and
MRI. The treatment dose of 'Ho-microspheres (540 mg, varying activities depending
on liver volume) was then injected the same afternoon, followed by SPECT and MRI a
few days afterwards.

Quality of life assessment

The QoL in patients was assessed using the validated European Organisation for Rese-
arch and Treatment of Cancer QLQ-C30 version 3.0 and QLQ-LMC21 questionnaires
at baseline and at six and twelve weeks after treatment." From the questionnaires a
Global Health Status / Quality of Life (GHS/QoL) scale, five functioning scales and
twenty-two symptom scales were derived. All scales can range in scores from 0 to 100,
where a high score on the GHS/QoL or functioning scales represents a high degree of
GHS/QoL or functioning, and a high score on the symptoms scale represents a high
level of symptomatology. The functioning scales are: physical functioning, role functio-
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ning, emotional functioning, cognitive functioning and social functioning. The symp-
tom scales are: fatigue, nausea and vomiting, pain, dyspnea, insomnia, appetite loss,
constipation, diarrhea, financial difficulties (QLQ-C30); and eating, activity/vigour,
pain, emotional problems, weight loss, taste, dry mouth, sore mouth/tongue, perip-
heral neuropathy, jaundice, contact with friends, talking about feelings, and sex life
(QLQ-LMC21).

Response assessment

Patients were categorized into responders (stable disease, partial response, or complete
response in the liver) and non-responders (progressive disease in the liver). Response
was scored according to the Response Evaluation Criteria in Solid Tumors (RECIST)
v.1.1 on CT at 12-weeks follow-up.

Scoring and statistical analysis

Scoring of the questionnaires was performed according to the scoring manual provi-
ded by the EORTC." Corrections for missing values in a scale composite of multiple
questions were performed by using the average of the known values for the respective
scale. Interpretation of changes in scores took place according to an anchor-based in-
terpretation according to which a change of 5-10 points is ‘little’ change, >10-20 ‘mode-
rate’ change, and >20 ‘very much’/’severe’ change.”” A change <5 points was interpreted
as neglectable change. The GHS/QoL scale was used as an indicator of overall QoL.
Descriptive statistics (average score, standard deviation, percentage) were used to des-
cribe the scores on the GHS/QoL, functioning and symptom scales. Changes in GHS/
QoL scores during follow-up were tested for statistical significance by a two-tailed pai-
red-sample t-test. SPSS was used for all analyses (version 20, IBM corporation, Somers,
NY).

RESULTS

Fifteen patients underwent "“Ho-RE for the treatment of liver metastases. Baseline
characteristics are listed in Table 1. The primary tumor types were ocular melanoma
(n=6), colorectal carcinoma (n=6), cholangiocarcinoma (n=2), and breast carcinoma
(n=1). The first dose cohort (20 Gy) consisted of six patients and the other dose cohorts
(40, 60, and 80 Gy) consisted of three patients each. Six patients had partial response
or stable disease in the liver at 12-weeks follow-up (responders) and nine patients had
progressive disease (non-responders).

101



102

Part I - Response and Toxicity

Table 1. Demographics

Mean age (years) 55 (38-87)
Gender
Male 9
Female 6
Primary tumor
Ocular melanoma 6
Colorectal carcinoma 6
Cholangiocarcinoma 2
Breast carcinoma 1
WHO performance score
WHO =0 13
WHO =1 2
Tumor burden
<25% 10
>25% - < 50% 4
>50%
Evidence of extrahepatic metastases
Yes 6
No 9
Prior treatment
Systemic treatment 11
Locoregional treatment 5
Treatment and follow-up
Aimed whole liver absorbed dose
20 Gy 6
40 Gy 3
60 Gy 3
80 Gy 3
Tumor response
Responders* 6
Non-responders* 9

Values are presented as n or median (range). WHO = World Health Organization. *Response defined as par-
tial response or stable disease in the liver as assessed on CT at 12-weeks post treatment

Compliance

In total, the 15 patients were asked to fill a total of 45 questionnaires, of which 43 were
handed in (compliance 96%). One patient failed to fill out the questionnaire both at
baseline and 12 weeks after treatment and this patient was therefore excluded from the
analyses. Of the 42 questionnaires that were analyzed, each comprising 51 questions,
2 questions were left blank (missing items 2/2142, 0.1%). Baseline questionnaires were
collected on average 2.1 (SD 0.4) weeks before treatment. Follow-up questionnaires
were handed in on average 5.9 (SD 0.1) weeks and 12.1 (SD 0.2) weeks after treatment.



Quality of life after '**Ho-RE

a[qeIoa[3ou 6PT F ¢ee A EIFHIT TYCF T6C sworqod [euonoury
ajeIopowr I'€TF 99T ajeapowr LTFT9T IF1F €01 ureq
219438 8'8¢ F I'TH erapowr LLTFS9E €81 F €81 angneg
219438 9FE F gee aeIapow SLTFSET 90T F09 Suneg
(1Z-DINT) saeas wojduig

a[qe1daSou TICF 611 aqeydsSeu TIZF 611 YOTFS6 SaNMIYIP [eIOURUL]
ap TYIFIL g 71 ¥8% IICF611 BIOYLIBI(]
a[qe1da[dau 96T F¥S6 a[qeds[dou SLTFS6 TSTFETI uonednsuo))
219438 68T F 98T ajerapour CIEF 61 121 F8F sso[ naddy
P STTF 61 aBueyo ou SITFEHI SITFEHT BIUWOSU]
ajeropowr YT FFIC ap V8T F €H1 ITIF8F raoudsi(q
jeropowr I'STFYLT erapowr 81E F 8'€T 0T ¥ 611 ureq
ap T'€CTFSST a SSTFL0T SLTST Sunrwoa pue easneN
ajerdpowr SSEF ITH g YT F€LE €81 F0°LT angdneg
(0£D-0TO) sa[eds woyduisg

ajeropowr 6'STFTIL erapowr 6'6TF 169 TSIFI'88 Suruonouny [erog
ap GBI F €8 d[qerda[3au 79I F 698 9TIF506 Suruonouny aanugo)
a[qe1da[dau 1'ICF 9L J1qe109[3au 917 F 98 97T FH08 Suruonouny euonowy
ajerapowr 67EF SS9 ajeIapowr 9'SE T L09 1'TCF9'8L Buruonpuny ajoy
areIapow L9TFEEL am 6'0CF VI8 CITFS06 Suruonouny resrsAyq
safess Suruonoung

ajerspowr 192 F6'19 jeIopowr T'€CF 579 PTIFOSL TOD / snyels yireay [eqo[

aguer jo

uonejdxdidyur paseq-roypPuy

Judunear) ysod

SYIIM-T[ 2100§

ague

Jo uone)axdadyur paseq-IoyduUy

JudUIIedN)

350d $)99M-9 31008

9103s durseqg

24025 O, LJOH "T31q8L

103



Part I - Response and Toxicity

afiy Jo Ajpnb = T0Q) ‘spuarvd 4120uvd 932210102 10f 241V ULOIISIND
suorgsanb-1z uorppy = 1ZOWT-OTO Siuanvd 12ouvd up afiy Jo £1pnb 1of aupunoiisanb suorsanb-g¢ = 0£D-OTO "UOHUVIAIP PIDPUD]S F UDIUL Pajuasaid auv sanjp

21038 9THFTSH ajerapowr 0'SEF 507 1'9¢ F¥°1¢C SHIBEN
s[qe3dafSou $0CFS6 M 0 C6IFIL s3uraay noqe Junyrer,
o SLTFSE Y LITFTL 0 SPULY (3IM JOBIUOD)
a8uep ou 0 a8uep ou 0 0 Jo1pune(
s[qesdafSou 68FHT ML 0 I'ZIF8% Ayredomoau reraydirag
a3ueyp ou 0 a8ueyd ou 0 0 anguoy/ynour arog
M TIZF6'11 S 99T+ 611 68F¥C ynow L1
21038 8P F 1T jerapowr CTEF VI 0 aseL,
a[qesdafdou SLTFS6 ST SITFECHI CEIFTL sso[ 1ySTom

aSue Jo

uonejardiayur paseq-1oyduy

Judunyear) yjsod

SYPIM-T[ 2100§

gue

Jo uone)axdidyur paseq-IoyPuUy

JudUeII)

3s0d s)99M-9 31008

2105 duIpaseq

panuyuo) "gIqey,

104



Global health status / quality of life

Quality of life after '““Ho-RE

The mean GHS/QoL score at 6 weeks after treatment had decreased ‘moderately’ by
13.1 points (from 75.6 to 62.5, p=0.053) compared to baseline. After 12 weeks the QoL
score had decreased ‘moderately’ compared to baseline, by 13.7 points to a mean score
of 61.9 (p=0.048) (Table 2). The decrease in GHS/QoL score was higher in non-respon-
ders than in responders: 18.8 vs. 5.6 points at 6 weeks (p=0.31) and 16.7 vs. 9.7 points

at 12 weeks post treatment (p=0.63), respectively (Figure I).
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Figure 1. Course of quality of life (QoL) scores
at screening, and at six and twelve weeks post
treatment. Global health status(GHS)/QoL sco-
res for all patients (a); GHS/QoL scores split for
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Progressive
disease at
12 weeks

I No
I Yes

105



106

Part I - Response and Toxicity

Functioning and Symptom scales

Mean scores for all functioning scales decreased during follow-up (see Table 2). Physi-
cal functioning, role functioning and social functioning were the most affected functi-
ons, with mean scores decreasing ‘moderately’ by 9.1, 17.9, and 19.0 points at 6 weeks,
and by 17.2, 14.1 and 11.9 points at 12 weeks, respectively. Cognitive and emotional
functioning score decreased little during follow-up. In analogy, the mean scores for
nearly all symptom scales increased (more symptomatology). Patients did report less
constipation and diarrhea. None of the patients reported any sore mouth/tongue or
jaundice. There were no severe changes in symptom scales at 6 weeks. Mean scores
worsened ‘severely’ at 12 weeks for appetite loss (+23.8 points), eating (+27.3 points),
fatigue (+23.8 points), taste (+21.4 points) and sex life (+23.8 points). Mean scores for
all other symptoms changed ‘neglectably, ‘little’ or ‘moderately’ (Table 2). The course
of the scores for GHS/QoL, functioning and symptom scales are presented in Figure 2.
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Quality of life after '““Ho-RE

DiscussioN

This study showed that the GHS/QOL of advanced liver metastases patients decreased
moderately after treatment with '**Ho-RE. This decrease was most prominent in pa-
tients with progressive liver disease.

The GHS/QoL score was used as a general measure of QoL. The GHS/QoL score is ba-
sed on two questions and the other 49 questions (on which functioning and symptom
scores are based) may help to determine why GHS/QoL scores changed. In this study,
physical functioning, role functioning and social functioning were the most affected
functioning scales. These functioning scales comprised questions assessing whether
patients were limited in activities like walking/eating/dressing/washing/performing
strenuous activities (physical functioning), performing hobbies or other daily activities
(role functioning), and whether the physical condition or treatment interfered with
their family life or social activities (social functioning). Factors other than the treat-
ment itself can influence these scores. Social functioning, for instance, may be affected
by the instructions for radiation safety. Patients are instructed to keep a safe distance to
family and relatives for the first days after treatment. Participation in this clinical trial
with intensive monitoring and follow-up imaging may have influenced functioning as
well. Patients had to come to the outpatient clinic every week and received multiple
MRI, CT, SPECT and PET scans, which poses a significant time, psychological, and
physical burden, possibly reflected in the decreased role functioning scores. It is there-
fore plausible that the drop in GHS/QoL will be less when '*“Ho-RE is offered in regular
clinical practice instead of in a research setting.

The results of this phase I study showed that the toxicity profile of '““Ho-RE was similar
to that of *Y-RE, with a high incidence of post-embolization symptoms such as abdo-
minal pain, nausea, fatigue, anorexia, vomiting, and fever. It is interesting to note that
the questionnaire scores for typical post-embolization symptoms like nausea/vomiting
and pain were only little or moderately changed, while fatigue, sex life and symptoms
involved with eating (appetite loss, eating, taste) were the most affected symptoms.
This knowledge can help to better inform patients on what to expect from therapy.
Furthermore, in order to improve QoL after radioembolization in the future, we think
it is important to interview patients to determine what caused their QoL to decrease
and how they experienced the treatment and the follow-up period. For this reason, our
department is now developing a patient survey addressing all these questions.

To compare our results to earlier studies (using *°Y-RE), we searched for literature on
QoL in patients treated with **Y-RE to use as a benchmark for our results (Table 3).
Seven studies presented data on QoL after *°Y-RE.***? The study by Mancini et al. was
disregarded because it presented data from the same patient cohort as Cosimelli et
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al.**'> Of the four studies in which patients received *Y-RE as a stand-alone treatment,
QoL worsened in one, improved in two, and ‘did not worsen’ in another study. The only
two studies that provided QoL-scores were performed in patients with hepatocellular
carcinoma.'®" Steel et al. used the Functional Assessment of Cancer Therapy-Hepato-
biliary (Fact-Hep) questionnaire and found no clinically significant difference in QoL
after three or six months between hepatic artery infusion of chemotherapy (cisplatin)
or *Y-microspheres (Therasphere®) in patients with hepatocellular carcinoma.'” Over-
all health-related quality of life decreased from 77.2 points at baseline to 74.5 points
three months after °Y-RE, and 47.3 points after six months. Salem et al. used the Fact-
Hep questionnaire as well, and found an increase of health-related QoL in patients
with hepatocellular carcinoma from 80.4 points to 84.3 points four weeks after *°Y-RE."®
Cosimelli et al. measured QoL using the EORTC QLQ-C30 and CR38 in 14 patients
out of 50 patients treated with *Y-RE for metastatic colorectal cancer.’* The authors
reported that the QoL was not adversely affected by radioembolization but provide no
further details. Kalinowski et al. described *°Y-RE in nine neuroendocrine liver meta-
stases patients in whom QoL was assessed at three-monthly intervals using the EORTC
QLQ-C30 and LMC-2"1¢ The authors report a statistically significant increase in QoL
after six months.

In two studies, patients with metastasized colorectal carcinoma were randomized to
either chemotherapy or chemotherapy and *Y-RE. Gray et al. performed a randomized
controlled trial in which a total of 74 patients with metastatic colorectal carcinoma
were randomized to *’Y-RE plus hepatic artery chemotherapy (HAC) with floxuridine
or solely HAC." QoL was assessed using an 11-question linear analogue self-assess-
ment questionnaire. In a second randomized controlled trial, 21 patients with colo-
rectal liver metastases were treated with chemotherapy (fluorouracil/leucovorin) or
chemotherapy plus Y-RE.® QoL was self-assessed by patients using the Functional
Living Index Cancer questionnaire and clinicians assessed patient well-being using the
Spitzer index. Both studies found no difference in QoL between the study arms.
Radioembolization for patients with colorectal cancer liver metastases is currently pre-
dominantly applied in an end-stage setting, where it may compete with third-line opti-
ons like the epidermal growth factor receptor (EGFR) antibodies cetuximab and pani-
tumumab. Knowing the effect of these antibody-treatments on QoL may be important
for choosing between these options. In a landmark study on cetuximab, the mean GHS/
QoL score as measured with the EORTC QLQ-C30 questionnaire decreased only by 0.5
and 3.6 points at 8 and 16 weeks after cetuximab treatment, respectively.”’ This decre-
ase is less than seen after '*Ho-RE, although it must be noted that the questionnaire
compliance in this study was only 81% at 8 weeks and 67% at 16 weeks. There are no



Quality of life after '““Ho-RE

studies comparing the effect of RE and anti-EGFR treatment on QoL. The studies that
compared RE with third-line chemotherapy found no difference between arms in the
effect on QoL®" or a better QoL in patients treated with RE (Table 3)."

Based on the available literature, the decrease in QoL after '**Ho-RE found in this study
is in line with results from studies on *°Y-RE. There are several limitations to our study.
Since this was a phase one clinical trial in which patients were treated with '®Ho-RE
according to a dose escalation protocol, the total number of patients was limited, there
was no control group, and the aimed whole liver absorbed doses varied in order to find
the optimal dose. This study should therefore be interpreted as a first reconnaissan-
ce of the effects of '®Ho-RE in humans. Furthermore, in current study we decided
only to look at differences in QoL for two categories of patients, i.e. responders and
non-responders, since these categories showed very different results regarding labora-
tory toxicity as well and the small number of patients hindered analysis of more cate-
gories.” The EORTC QLQ-C30 questionnaire was used because it has been validated in
many settings and languages and is often used for measuring QoL in radioembolization
studies (see Table 3).""*' In addition to the QLQ-C30 as a universal questionnaire for
cancer patients, all patients were asked to fill out the LMC21 module. Although this
module has been validated in patients with colorectal liver metastases (only 40% of this
study’s population) we think this questionnaire provides valuable information about
the symptomatology in the patients with liver metastases from other primaries as well.
More knowledge about the influence of ***Ho-RE on QoL is important for several rea-
sons. Above all, we think it is important to use this information to better inform pa-
tients about what to expect from '®Ho-RE and help them to make a well-informed
choice between all the available palliative treatment options. Second, since the decrease
in GHS/QoL was largest in patients with progressive disease, QoL seems to be related
to other outcomes like tumor response, progression-free survival and survival. We hy-
pothesize that finding ways to improve tumor response after RE, for instance by assu-
ring that an adequate amount of radioactivity arrived in all tumors, may therefore have
a positive effect on QoL.

In conclusion, patients treated with “Ho-RE experienced a moderately decreased
health-related QoL at 6 and 12 weeks after treatment. QoL decreased most in patients
with progressive disease. These results are in line with available data on QoL after Y-
RE.
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Author Treatment arm Control n Primary tumor(s) Questionnaires
arm (Y-RE / other)
£ | Cosimelli et al. Y-RE 14> Colorectal QLQ C30, QLQ LMC21
s QLQCR38
§ Kalinowski et al. Y-RE 9 Neuroendocrine QLQ C30, QLQ LMC21
212
= Salem et al. Y-RE TACE 29/27 HCC FACT-Hep
3
Steel et al. Y-RE CP 14/ 14 HCC FACT-Hep
=
g
g § Gray et al. Y-RE & 5-FU 5-FU 36/34 Colorectal Self Assessment Scale
5
é Van Hazel et al. Y-RE & 5-FU/LV  5-FU/LV 11/10 Colorectal FLIC questionnaire,
N Spitzer index
Smits et al.” Ho-RE 15 Colorectal QLQ C30, QLQ LMC21
ocular melanoma
cholangiocarcinoma
breast

Y-RE = Yttrium-90 radioembolization, HADs = Hospital Anxiety and Depression Scale, NS = Not specified, 5-FU = Fluorouracil, LV =
Leucovorin, NR = not reported, CP = Cisplatin, TACE = Transarterial Chemoembolization, HCC = Hepatocellular carcinoma, Ho-RE
= Holmium-166 radioembolization

Values presented as mean, values in parentheses are SD, in brackets 95% CI

a displayed for Y-RE, b of 50 included patients 14 were evaluated for QoL, c values were read out from a graph, d original data of 2
weeks not published, e calculated from difference, f this study
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Scale  Baseline® 4 (3 3 6 9 12 Outcome
range weeks weeks months months months months
QoL was not adversely affected
0-100 50¢ 66 58 50 58 QoL temporarily
improved with statistical significance
0-180 80,4 84,28 No significant difference between arms
(2.76) (2,96)°
0-180 77.2 74,5 47,3 Patients treated with Y-RE had significantly
(17.4) (18.6) (23.8) better QoL at 3 months than in the control
arm, no significant difference at 6 months
No significant difference, in both arms QoL
tended to improve
No significant difference between arms
0-100 75.6 62.5 61.9 Decrease in QoL greatest in patients with
[68.4-82.8] [49.2-75.8] [46.8-78.0] progressive disease
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While the worldwide treatment of liver malignancies with yttrium-90 radioembolizati-
on (*°Y-RE) is rapidly growing, methods for calculating the activity to be administered
are largely based on empirical toxicity and efficacy analyses, rather than organ-specific
dosimetry. At the same time, it is recognized that treatment planning based on proper
dosimetry is of vital importance for the optimization of RE. The heterogeneous and
often clustered intra-hepatic biodistribution of millions of point-source radioactive
particles poses a challenge for dosimetry. Several studies found a relationship between
absorbed doses and treatment outcome, with regard to both toxicity and efficacy. This
should ultimately lead to improved patient selection and individualized treatment
planning. New calculation methods, imaging techniques and a new generation micro-
spheres for image-guided RE all contribute to these improvements. The aim of this re-
view is to give insight in the latest and most important developments on RE dosimetry,
and give future directions on patient selection, individualized treatment planning and
study designs.

INTRODUCTION

Yttrium-90 (*Y) radioembolization (RE) is an established treatment modality for
chemotherapy resistant, unresectable liver malignancies.' The radioisotope *Y (aver-
age beta energy 0.93 MeV; half-life 2.67 days; maximum tissue range 11 mm) is either
labeled to resin microspheres (SIR-Spheres®, Sirtex Medical Limited, Lane Cove, Aus-
tralia) or incorporated in glass microspheres (TheraSphere®, BTG International Ltd.,
London, UK). After injection in the hepatic artery these microspheres lodge in the
capillaries around the tumors and deliver high local radiation absorbed doses, while
largely sparing the normal liver parenchyma.*

%Y activity calculation is largely based on empirical grounds only. Although the safety
and efficacy of RE using these methods have been sufficiently proven, the observed
toxicity in some patients, and the lack of response in other patients, challenge their
validity. It is crucial for optimal treatment to be able to predict the absorbed dose to
the tumor and the absorbed dose to the healthy liver. This knowledge should lead to
individualized treatment planning and improved patient selection.

Image-based dosimetry may be performed before the actual treatment, during treat-
ment, or after treatment. The timing of dosimetry has different implications for the key
factors of accurate image-based dosimetry, which include the used device, the imaging
technique and the calculation methods. Substantial progress has been made in each of



these areas over the last years. The aim of this review is to summarize current status,

limitations, developments and future directions for radioembolization dosimetry.

PRE-TREATMENT DOSIMETRY
Scout dose

Before every RE procedure, a preparatory angiography is performed to map the ana-
tomy of the patient, to coil-embolize non-target vessels arising close to the injection
site, and to administer a scout dose.” Since *Y emits no direct gamma-radiation it is
less suitable for low activity scout dose imaging. Relatively high activity is needed to
accurately quantify the *Y biodistribution. Instead, the surrogate technetium-99m
macroalbumin aggregates (*"Tc-MAA) are used for this purpose, and single photon
emission computed tomography (SPECT) combined with CT is the preferred modality
to determine the exact intra- and extrahepatic biodistribution of *™Tc-MAA. Its use is
three fold. First it is used to exclude any extrahepatic deposition of activity in organs
other than the lungs, second it can be used to calculate the hepatopulmonary shunt as a
percentage of the administered activity, and third, its intrahepatic biodistribution may
be used for treatment planning.®

A #mTc-MAA scout dose is currently the preferred method to exclude extrahepatic
deposition in non-target organs such as the stomach, duodenum or pancreas. Extrahe-
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patic distribution can also be detected on c-arm CT. The benefit of using c-arm CT
is that the extrahepatic distribution can be corrected immediately and no additional
angiographies are needed to coil-embolize the culprit vessel. For this reason, some cen-
ters ceased to rely on *"Tc-MAA to exclude extrahepatic deposition and coil-embolize
non-target vessels during the treatment angiography, right before microsphere injecti-
on. The advantage is that vessels can then be coil-embolized shortly before treatment,
which decreases the chance of formation of new non-target collaterals.” *™Tc-MAA is
then merely used to predict the lung shunt fraction.

Calculation of the hepatopulmonary shunt is performed in every patient in order to
exclude the deposition of a toxic amount of activity in the lungs, which can lead to
radiation pneumonitis.*® The accuracy of *"Tc-MAA in this aspect is however uncer-
tain. A recent study showed that the lung shunt fraction for radioembolization is lar-
gely overestimated, even on *™Tc-MAA-SPECT." As a result, many patients receive an
unjustified dose reduction or don’t receive treatment at all. For this reason and other
reasons, there are ongoing efforts to develop surrogate particles other than **Tc-MAA,
which are discussed later on in this article.

If the ®™Tc-MAA scout dose confirms a patient’s eligibility for RE (i.e. no extrahepatic
deposition of *Tc-MAA and an acceptable lung shunt fraction), the scout dose may
also be used for treatment planning. Some centers deny RE to patients whenever the
activity concentration in the tumor is low in comparison with non-tumorous areas.
The rationale behind this strategy is that this means less treatment benefit and an in-
creased risk of liver toxicity."'* The different methods for activity planning and the role
of intrahepatic biodistribution of ***Tc-MAA for activity planning are discussed below.

Activity planning: BSA method

In early clinical studies, the used activity ranged between 2 - 3 GBq depending on the
metastatic tumor load (the so-called ‘empirical’ method), but this method was soon
abandoned after clinically observed toxicity.”* A patient with a large metastatic tumor
load but a small overall liver size developed radioembolization-induced liver disease
(REILD). The ‘body surface area (BSA)’ method was subsequently developed to over-
come this problem, because it is known that BSA correlates with liver volume and thus
the administered activity could be corrected for liver volume without the need for as-
sessing the liver volume on cross-sectional imaging.'* This is currently the preferred
method for calculating the prescribed activity in patients with multiple liver metastases
who are treated with resin microspheres.'>!¢

The standard BSA formula for resin microspheres is based on BSA and liver tumor

involvement, and the fraction of the total liver volume involved by tumor:*¢



Radioembolization Dosimetry

tumor involvement (%)
100

Eq.1 Prescribed activity (GBq) = (BSA (m?)- 0.2) +

In the case of a significant shunt to the lungs the prescribed activity is reduced (10
- 15% shunt fraction; 20% activity reduction; 15 - 20% shunt fraction: 40% activity
reduction; > 20% shunt fraction: no treatment). The BSA method leads to considerable
inter-patient variation in absorbed doses. While BSA may be related to liver weight in
healthy persons, this is not necessarily the case in patients with liver tumors. As a result,
treatment planning according to the BSA-based method (Eq. I) leads to inconsistent
liver absorbed doses. Large patients with small livers will receive relatively high doses
on the liver and vice versa (Figure 1).

Figure 1. The BSA-based activity calculation method does not take the target volume into account, leading to
a wide variation in absorbed target doses. A small patient (BSA 1.62) with a large liver (1963 mL)(A and C)
versus a large patient (BSA 2.02) with a small liver (1558 mL)(B and D). The former patient (panel A and C)
received 1554 MBq resulting in a mean target absorbed dose of 40 Gy, while the latter patient (panel B and D)
received 1872 MBq resulting in a mean target absorbed dose of 60 Gy.
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Activity planning: MIRD method

Activity calculation for glass microspheres is based on an estimation of the mean ab-
sorbed dose in the target liver volume."” It uses a simplified calculation method derived
from the MIRD equations for dose calculation.’® An absorbed dose of 50 Gy per GBq
per kilogram tissue is used with assumptions of homogeneous intrahepatic microsphe-
re distribution and absorption of all the administered activity and energy in the liver,
using the following formula:

Desired dose (Gy) X Mrqyrger (kg)

Eq.2 Prescribed activity (GBq) = 50 (/GBQ)

where M, is the mass of the target volume. The desired dose may range from 80 -
120 Gy depending on the clinical judgment of the treating physician. The lung dose
should not exceed 30 Gy (or 50 Gy for repeated treatment), which, with the above
mentioned assumptions and an assumed lung mass of 1 kg, is equivalent to an absolute
hepatopulmonary shunt of approximately 600 MBq of *°Y-microspheres.'”"

The method used for glass microspheres (Eq. 2) is based on estimations of this whole
liver absorbed dose.”” The treating physician may prescribe an amount of activity based
on a desired absorbed dose, which depends on the patient’s clinical status. Although
this seems to be scientifically sound, the intrahepatic biodistribution varies per patient
and thus the dose to tumor and healthy liver can vary between patients as well. The
method (Eq. 2) is particularly useful for so-called radiation lobectomy.?® Patients with
extensive disease in a limited part of the liver may be treated with supra-therapeutic
absorbed doses to a limited target volume that will ablate both the tumor and the nor-
mal liver parenchyma within that target volume, while sparing the untreated part of
the liver.

The large majority of treatment centers use these two methods, depending on the
microspheres used. Glass microspheres are mostly used to target only a part of the
liver, whereas resin microspheres are more frequently used to target the entire liver.?!
Furthermore, the number of the resin microspheres is higher, and the specific activity
is lower, than glass microspheres.? It is not fully understood whether this leads to a dif-
ferent mechanism of action (i.e. more embolic effect) than that of glass microspheres,
with possibly a different tolerance for radiation. It has been recognized that especially
the BSA method has some distinct disadvantages because it artificially limits the injec-
ted activity between 1-3 GBg, and because the desired activity in cases of high hepato-
pulmonary shunting is adjusted empirically using standard reference tables provided
by the manufacturer.” Both methods fail to account for the absorbed dose to the tumor
and the normal liver compartment and therefore lack a sound scientific basis.
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Activity planning: Partition model

A huge step forward with regard to dosimetry was the development of the ‘partition’
method.?**¢ This method involves selecting safe absorbed doses to the normal liver
and lung and implanting the maximum activity that does not exceed these limits. The
tumor and normal liver compartments are in general delineated on anatomical imaging
modalities, and the anticipated activity in these compartments is calculated on scout
dose SPECT imaging using *"Tc-MAA, which is injected during preparatory angio-
graphy 1 - 2 weeks prior to treatment. The ratio between the activity concentrations in
the tumor and normal liver compartments (R ) is calculated as:

R — ATumor (GBq)/MTumor (kg)
/N ANormal liver (GBq)/MNormal liver (kg)

where A is the activity in GBq and M is the mass of the compartment in kg. Subse-

Eq.3

quently the prescribed activity may be calculated as:

Eq. 4

DNarmal liver (GY) X RT/NX MTumor (kg) + MNormal liver (kg)
50 (J/GBq) x (1 — LSF)

Prescribed activity (GBq) =

where D is the maximum desired absorbed dose to the normal liver in Gy, R,

Normal liver
follows from Eg. 3, and LSF is the lung shunt fraction. The partition method is derived
from the glass microspheres method (Eq. 2). Importantly, it adjusts for the difference
between absorbed dose to the tumor and the normal liver (T/N). The partition mo-
del may unfortunately only be used in highly selected patients with a low number of
well-delineated tumors, which constitute a mere minority of patients with liver meta-
stasis.'>'¢ Therefore, the partition model is still not routinely used today.'>'¢

Several studies have sought to validate the partition model by investigating the relati-
onship between the amount of ***Tc-MA A-activity in the tumor(s) and the tumor res-
ponse or survival after treatment. Table I provides an overview of the literature on this
matter. The results of these studies are heterogeneous: four studies found some kind
of relationship between dose and response and three studies found no or a very weak
relationship. Part of the heterogeneity in study outcomes is the inconsistency in the me-
thods used to quantify activity distribution and the volume of the compartments. One
study even used a volume of interest drawn over a ‘normal’ region to extrapolate the
found values and calculate the dose on the entire healthy liver.”” Combining the limited
number of available studies on this matter, there is no convincing evidence that there
is a strong dose-response relationship based on *™Tc-MAA-activity in the tumor(s),

especially not for metastatic patients.
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Table 1. Studies evaluating pre-treatment tumor dosimetry and dose-response relationship.

Study design and methods Dhabuwala et al., Gulecet al.,
2005 2007
No. patients 58 40
Primary tumor CRCLM CRCLM (n=15), NET (n=10), HCC
(n=5), breast cancer (n=4), lung cancer
(n=2), ovarian cancer (n=1)
Treatment “Y-RE, resin microspheres, via “Y-RE, resin microspheres

laparotomy

Method for activity planning

Empirical method

Empirical or BSA method

Modality used for dosimetry

#mTc-MAA planar scintigraphy

#mTc-MAA SPECT

Modality for response assessment

CT and CEA values in blood

CT, 3 months post therapy

Response evaluation method Self-defined criteria RECIST
Toxicity evaluation method n.a. CTCAEv.3
Study outcomes

Tumor dose, median (range) or mean n.r. 121.5 + 85.6 Gy
+SD

Normal liver dose, median (range) or n.r. 17.2 + 18.6 Gy
mean + SD

T/N ratios, median (range) n.r. n.r. (2.9 -15.4)
Dose-response relationship - +/-

T/N ratio correlated poorly with
CEA levels (r*= 0.004)

Responders had a median tumor dose
of 107.8 Gy and nonresponders 76.9 Gy

Dose-survival relationship

No significant difference in survi-
val between patients with high or

low #"Tc-MAA tumor uptake

Dose-toxicity relationship

liver function tests abnormalities did
not correlated with liver dose

* as calculated from Table 1 in Campbell et al. ** probably overlapping patient cohorts between Chiesa et al., and Mazza-

ferro et al. **Tumor threshold dose >205 Gy and healthy liver dose <120 Gy. BSA = body surface area; Y = yttrium-90;
RE = radioembolization; n.r. = not reported; SPECT = single photon emission computed tomography; PET = positron
emission tomography; FDG = fluorodeoxyglucose; SUV = standardized uptake value; WHO = world health organization;
RECIST = response evaluation criteria in solid tumors; EASL = European association for the study of the liver; CTCAE =
common terminology criteria for adverse events; n.a. = not applicable; T/N ratio = tumor-to-non-tumor ratio; *"Te-MAA
= technetium-99m macroalbumin aggregates; CEA = carcinoembryonic antigen.
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Flamen et al., Campbell et al., Ulrich et al.,
2008 2009 2013
8 12 66
CRCLM CRCLM CRCLM

PY-RE, resin microspheres

“Y-RE, resin microspheres

“Y-RE, resin microspheres

BSA method n.r. n.r.
#mTc-MAA SPECT #mTc-MAA SPECT #mTc-MAA SPECT
"F-FDG-PET ""F-FDG-PET, approx. 3 MRI, 6 weeks and 3 months
months post therapy post therapy
Total lesion glycolysis Mean SUV RECIST v1.1
n.a. na. n.a.
37 425Gy 150 Gy (85 - 340 Gy)* nr
mean 27 Gy, 95% CI 22-33 Gy 35 Gy (23 - 53 Gy)* n.r.
n.r. 4.2 (2.9 -9.4)* n.r.
- +/- -

T/N ratio >1 indicated tumor
response (89% sensitivity and 65%
specificity). Poor linear relation
between tumor dose and response

Dose and response correlated
with linear coefficients (r)
ranging from 0.43 - 0.60

Response to *"Y was indepen-

dent of *Tc-MAA uptake in

the tumor. Tendancy towards
inverse relationship.

(r’=0.26)
n.a n.a n.a
n.a n.a n.a
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Table 1. Continued II.

Study design and methods Garin et al., Mazzaferro et al.,
2013 2013

No. patients 71 52

Primary tumor HCC HCC

Treatment

“Y-RE, glass microspheres

Y-RE, glass microspheres

Method for activity planning

Mean absorbed liver dose 120 +
20 Gy and lung dose <30 Gy or
boosting method***

Mean absorbed liver dose 120 and
lung dose <30 Gy

Modality used for dosimetry

#mTc-MAA SPECT/CT

#mTc-MAA SPECT

Modality for response assessment

CT, every 3 months

Response evaluation method

EASL

RECIST, WHO and EASL

Toxicity evaluation method

CTCAE v4

n.a.

Study outcomes

Tumor dose, median (range) or
mean + SD

342 + 116 Gy (responding lesions)
and 191 + 89 Gy (non-responding

387 Gy (24 - 1,478 Gy)

lesions)
Normal liver dose, median (range) 76 + 35 Gy ..
or mean + SD
T/N ratios, median (range) n.r. n.r.
Dose-response relationship + +

Tumor dose of >205 Gy indicated
tumor response (100% sensitivity
and 90% accuracy)

Correlation between response and
tumor dose (r = 0.60). Tumor dose
of >500 Gy indicated response (AUC

0.78)
Dose-survival relationship + na
Median survival was 23.2 months
(if tumor dose >205 Gy) vs. 11.5
months (<205 Gy), tumor dose
correlated with survival p=0.04
Dose-toxicity relationship + +

Healthy liver dose > 120 Gy and
hepatic reserve <30% is predictive
of toxicity (p<0.0001)

1

A healthy liver dose of >70 indicates
iver decompensation (75% sensitivity
and 75% specificity)**

* as calculated from Table 1 in Campbell et al. ** probably overlapping patient cohorts between Chiesa et al., and
Mazzaferro et al. ***Tumor threshold dose >205 Gy and healthy liver dose <120 Gy. BSA = body surface area; 'Y
= yttrium-90; RE = radioembolization; n.r. = not reported; SPECT = single photon emission computed tomograp-
hy; PET = positron emission tomography; FDG = fluorodeoxyglucose; SUV = standardized uptake value; WHO =
world health organization; RECIST = response evaluation criteria in solid tumors; EASL = European association for
the study of the liver; CTCAE = common terminology criteria for adverse events; n.a. = not applicable; T/N ratio
= tumor-to-non-tumor ratio; *"Tc-MAA = technetium-99m macroalbumin aggregates; CEA = carcinoembryonic

antigen.
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Functional segmentation

Unfortunately, most patients presented for radioembolization have multiple tumors
distributed over the whole liver, which hinders accurate segmentation of all tumors
and direct registration with *"Tc-MAA distribution. A new method was recently intro-
duced to overcome this problem.? This method involves a second SPECT scan after
intravenous injection of **Tc-MAA sulfur colloid (*™Tc-SC; 185 MBq) directly follo-
wing conventional #™Tc-MAA SPECT imaging (37 MBq). Sulfur colloid is used as a
biomarker for normal hepatic reticulo-endothelial tissue, and its distribution can be vi-
sualized with a second SPECT shortly after the *Tc-MAA SPECT. The absorbed dose
to functional liver tissue is estimated by calculation of *"Tc-MAA activity in regions
with *™Tc-SC uptake. Similarly, the tumor-absorbed dose is predicted by calculation
of #®"Tc-MAA activity in voxels without *Tc-SC uptake. In an early feasibility study,
toxicity correlated significantly with SPECT-based calculation of the absorbed dose to
functional liver tissue.28 In addition, SPECT-based calculation of the tumor absorbed
dose correlated with radiographic response, decrease in serum CEA and overall sur-
vival. Patients receiving a tumor absorbed dose > 55 Gy had a median survival of 32.8
months compared to 7.2 months in patients who received < 55 Gy. This method offers
a physiology-based functional imaging tool for hepatic RE treatment. It appears to be
a robust prognostic tool for patients with multiple tumors requiring whole-liver treat-
ment, and may lead to improved individualized treatment planning.

Multiple injection positions

Currently only about 14% of patients is treated with a single administration in the pro-
per or common hepatic artery. The vast majority receives treatment from two or more
injection sites.”” The prescribed activity needs to be split proportionally to the volume
of the perfused areas. There are several methods for calculating these proportions. The
proportional volume of the right and left liver lobe can be assessed by manual delineation
on CT or MRI, dividing the activity accordingly.* However, this assessment is complica-
ted by the variable vascular anatomy in the liver. For instance, the middle hepatic artery
supplying segment IV, may originate from the left or the right hepatic artery.*" The pa-
tient-specific arterial anatomy needs to be taken into account for delineation of the liver
lobes. A more sophisticated method has been presented by Kao et al., who developed an
artery-specific method by calculating the volume of each flow area on c-arm CT with
selective contrast injection from each injection position for treatment.*? The regular use
of contrast-enhanced c-arm CT during work-up angiography for RE is not only useful to
determine the target volume, but also to ascertain that the tumors are sufficiently targe-
ted.”** Sections of the liver or tumors that are not supplied by the catheterized vessel can
be recognized and acted upon. However, contrast reaching a tumor does not guarantee
that microspheres will reach and completely cover that tumor as well.*
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Developments in pre-treatment dosimetry

An ideal surrogate particle for pre-treatment dosimetry follows a distribution pattern
that is very similar to the distribution pattern of the microspheres used for treatment.
This seems not the case for *"Tc-MAA and *Y-microspheres, which may be due to
differences in the size, number, density, and morphology of *Tc-MAA and *Y-mi-
crospheres (Figure 2). A recent study showed that substantial differences exist between
intrahepatic *"Tc-MAA distribution and subsequent *°Y distribution.* In that study,
a total of 39 procedures (225 segments according to Bismuth’s modification of Coui-
naud’s liver segmentation) in 31 patients were included for analysis (see Chapter 8 of
this thesis).” A difference of >10%, >20% and >30% of the mean activity per mL was
found in respectively 153 / 224 (68%), 97 / 224 (43%), and 72 / 224 (32%) segments. In
every single *"Tc-MAA-procedure, at least 1 segment showed an under- or overestima-
tion of 10%. The mismatch between *"Tc-MAA and ™Y distribution can increase by a

Figure 2. Example of intrahepatic biodistribution mismatch between technetium-99m macroalbumin aggregates
(A) and resin yttrium-90 microspheres (B) while the catheter positions for both injections were similar (C and
D, respectively).



Radioembolization Dosimetry

mismatch in catheter tip position, by injections close to bifurcations, and by injections
in the main hepatic artery.*®?’

Further optimization may be reached with a scout dose other than *™Tc-MAA. Dif-
ferences in the size, number, density, size, and morphology between *™Tc-MAA and
%Y may result in a different activity distribution.* The number of *"Tc-MAA particles
used to predict the biodistribution (1-2 x10° particles) is significantly lower than the
number of Y microspheres applied (resin: 30-60 x10° glass: 4-5 x10° particles), while
the density of *"Tc-MAA particles (1.1 g/mL) is lower than that of **Y microspheres
(resin: 1.6 g/mL; glass: 3.3 g/mL).* The particle size distribution of **Tc-MAA is such
that over 90% are within 10 - 90 pm in size (mean 15 pm). No particles have a greater
size than 150 um. The average number of *’Y-microspheres (typically tens of millions)
outnumbers the average number of MAA particles (1-2 million). The mean size of *°Y
microspheres is 32 + 10 pm, while also the morphology of the spherical *°Y microsphe-
res is considerably different than the macro-aggregated random shape of *"Tc-MAA
particles.”” The embolization effect of the much larger number of **Y-microspheres may
result in flow alterations that may alter the distribution of the particles.’**
Researchers have sought to develop a particle that is rheologically identical to the ra-
dioactive microspheres used for treatment. *™Tc-albumin spheres have been developed
for this purpose (ROTOP-HAS microspheres B20, Rotop Pharmaka, Dresden, Ger-
many). Just like *Tc-MAA, these particles consist of *Tc labeled to albumin, but are
shaped spherically to better mimic the *°Y-microspheres. The predictive value of these
microspheres before *Y-radioembolization is currently under investigation.* Selwyn
et al. developed a positron-emitting resin microsphere labeled with *F that showed
promising results regarding labeling efficiency and imaging capabilities.*? The in vivo
stability was, however, insufficient with significant leaching of *¥F from these micro-
spheres (15% in 45 min). Another particle that was already applied in human patients
is a holmium-166 (***Ho) loaded poly(L-lactic acid) microsphere. These microspheres
have been developed as a new generation microspheres for image-guided radioembo-
lization.* The radioisotope '**Ho emits high-energy beta particles, used for tumor de-
struction, and gamma radiation, which allows for nuclear imaging (half-life 27 hours;
gamma energy 81 keV; maximum beta energy 1.8 MeV). Holmium is also a highly
paramagnetic and radiopaque metal, and as such can be visualized on MRI and CT.***
Prior to administration of the therapeutic dose a small scout dose of '**Ho-microsphe-
res may be instilled to predict the distribution of the therapeutic dose. Since the parti-
cles in the scout dose are physically identical to the particles of the therapeutic dose, the
biodistribution is expected to be more similar.
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POST-TREATMENT DOSIMETRY

Although in most centers post-treatment dosimetry is not routinely performed, it may
be useful for optimization of the toxicity profile and the efficacy of RE treatment. Depo-
sition of a fraction of the total administered activity in non-target organs can lead to se-
rious complications, such as radiation pneumonitis and gastro-intestinal ulceration.
Early detection of possible extrahepatic activity, i.e. before the patient starts to exhibit
adverse effects, can therefore be life saving. Besides, the intrahepatic biodistribution
may predict toxicity and the risk of developing REILD.*** An unfavorable intrahepatic
distribution with a relatively high radiation dose to the healthy-liver tissue (low T/N
ratio) might for instance require prophylactic treatment or more intensive monitoring
than patients with high T/N ratios.

Second, post-treatment dosimetry can reveal tumors that have not received the planned
radiation dose and require additional targeting.** Pre-treatment scout dose imaging or
contrast-enhanced c-arm CT imaging does not guarantee that microspheres will reach
and completely cover the tumor.”® Therefore, post-treatment dosimetry remains a va-
luable tool to support treatment planning in selected patients that potentially benefit
from a (super-selective) second treatment with radioembolization.* At the same time
it may prevent unacceptable toxicity whenever repeated treatment is warranted, since
it has been shown that patients who receive a second treatment may have an increased
risk of REILD (25%).”!

Lastly, post-treatment dosimetry is key for establishing dose-effect and dose-toxicity
relations. This information should support general understanding of the radiobiologi-
cal mechanisms involved in radioembolization and may elucidate important dosime-
tric parameters that are related to therapy outcome. Once these parameters are known,
they should be included in the pre-treatment dosimetric model for activity planning.
To date, there are six studies available that have investigated dose-effect ***°>* and/or
dose-toxicity relations * based on post-treatment images of the microsphere distri-
bution (Table 2). Comparing the results of these studies is limited due to the large he-
terogeneity in terms of the number of patients, the primary tumor types, the methods
of treatment, dosimetry and response assessment. Five studies reported a more or less
positive dose-response relationship versus one study that did not.

Lau et al., found that a tumor dose of >120 Gy indicated tumor response with an 87%
sensitivity and 87% specificity in 18 hepatocellular carcinoma (HCC) patients.”* The
authors did however not use imaging for dosimetry, but instead measured activity at
normal liver and tumor sites preoperatively with a beta probe. Wang et al. found that
a tumor absorbed dose of >90.65 Gy was indicative of tumor response.”> Radioembo-
lization in this study was performed with phosphorus-32 microspheres in 25 HCC pa-
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tients. Walrand et al., who performed *Y-RE in eight colorectal carcinoma liver meta-
stases patients, found a strong correlation between tumor absorbed dose (corrected for
hemoglobin enhancement) and cell survival fraction (r=0.96).° The definition given
for cell survival fraction was the ratio between the number of living cells just after and
before the therapy. Dosimetry was performed with *Y-positron emission tomography
(PET). However, this study was performed in only eight patients and four outlying tu-
mors had to be excluded from the analysis to obtain this correlation. A fourth study, by
Strigari et al., with the largest number of patients (n=73 HCC patients), reported that
the median tumor absorbed dose was higher for responders than for non-responders.*
Patients with a complete and partial response according to RECIST had median tu-
mor absorbed doses of 122 Gy and 99 Gy, respectively. Unfortunately, non-quantitative
Bremsstrahlung SPECT was used for tumor dosimetry. Kao et al. looked at a highly
selected group of tumors in 8 out of 25 patients and found that the absorbed dose to
70% of the tumor was in general >100 Gy in HCC patients compared to <100 Gy in case
of incomplete response.* The only study that did not find a dose-response relationship
was performed in metastatic patients who received '®Ho-RE.* The number of patients
in this study was relatively low (n = 15), but SPECT with a high accuracy for 'Ho-mi-
crospheres was used for dosimetry.

In order to optimally establish the dose-response relationship, both dose and response
should be measured as accurately as possible. Tumor dosimetry should be performed
with accurate quantitative imaging methods and meticulous delineation of all tumors.
Response on the other hand, is more subjective. Classic response evaluation methods
based on tumor volume or size may not suffice since a lesion may remain visible after
treatment even when a tumor is not metabolically active anymore.*® Functional or me-
tabolic parameters such as diffusion-restriction on MRI or FDG-avidity on PET may
be more suitable.?>*

The reported minimal tumor absorbed dose to obtain response ranged between 90-120
Gy. This range, however, provides a distorted view of the real biodistribution. In reality,
the absorbed dose is not homogeneously distributed in the tumor. It may be more use-
ful to know the minimal dose to a tumor fraction needed for response. Further research
using dose-volume histograms should help to establish such parameters for each tumor
type and type of microsphere used. Not surprisingly, the evidence for a dose-response
relationship based on post-treatment dosimetry (Table 2) is stronger than the evidence
for a dose-response relationship based on pre-treatment dosimetry (Table 1).

Nuclear imaging

Quantitative assessment of *Y has long been considered impossible, due to the limi-
ted quality of the *Y Bremsstrahlung SPECT images. Recent developments in hard-
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ware and image reconstruction software, however, have paved the way for quantitative
Y-PET and *Y-Bremsstrahlung SPECT imaging.

The wide range (0 - 2.3 MeV) and continuous nature of the Bremsstrahlung photon
energy spectrum complicate quantification of the local *°Y activity with the reconstruc-
tion software that is currently available in the clinic ¥: the absence of a photopeak
prohibits the use of simple energy window-based scatter rejection and correction tech-
niques and hinders attenuation correction based on a single photon energy. Further-
more, compensation for penetration of high-energy photons through the collimator
septa is required for accurate resolution recovery.®® With more elaborate reconstruc-
tion software, however, quantitative Y bremsstrahlung SPECT imaging is possible,
as was demonstrated by Rong et al. ** and Elschot et al..®* These methods incorporate
energy-dependent models of the scatter and attenuation effects in the patient, and of
the photon interactions in the collimator-detector system in the iterative reconstructi-
on algorithm.

Y has long been considered a pure beta-emitter by the Nuclear Medicine community,
despite the fact that the very low branch leading to positron emission (32 times per mil-
lion decays) was already discovered in 1955.5¢? It was not until the introduction of the
latest generation of 3D PET/CT scanners with Time Of Flight (TOF) technology that
the feasibility of *’Y-PET was demonstrated.”” An advantage of *Y-PET over Brems-
strahlung SPECT is that advanced correction techniques for scatter, random, and atte-
nuation effects are clinically available and can be directly applied.***”* Moreover, PET
has a higher resolution than SPECT, because a mechanical collimator is not required,
which results in better quantification of the *°Y activity in small lesions.””® A disad-
vantage of *°Y-PET is the very low count rate, which results in images that are prone
to deterioration by Poisson noise. The minimum detectable activity on *Y-PET ima-
ges was estimated to be 1 MBq ml” by Carlier et al..** Although this is probably good
enough for intrahepatic dosimetry in most patients, it impedes for instance detection
of possible lung shunting on post-treatment *Y-PET images. Figure 3 shows the in-
trahepatic *Y-biodistribution in a patient, visualized with *Y-Bremsstrahlung SPECT
and *Y-PET, in comparison to '**Ho. As mentioned before, owing to its single photon
emissions, '®Ho-microspheres can be imaged with conventional quantitative SPECT
techniques (Figure 3), which enables post-treatment assessment of the absorbed dose
distribution.

Other imaging modalities

Post-treatment dosimetry may also be performed by image-analysis based on physical
features of the particles other than radioactivity, including magnetic properties or elec-
tron densities. A great benefit of quantitative imaging with CT or MRI is the anatomical
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ttrium-90 holmium-166

Bremsstrahlung X-rays

Bremsstrahlung X-rays Vs, keV, 32 positrons per million decays

Figure 3. Schematic illustration of the physical properties and decay of °Y (A) and '**Ho (B) in the liver. The up-
per row displays examples of the microsphere biodistribution in the liver using *Y-SPECT (A upper left), ’Y-PET
(A upper right), '*Ho-MRI (B upper left), and "*Ho-SPECT (B upper right)

information that comes with it. Imaging may be performed at any time, also long after
treatment when the radioactivity has already decayed (for studying long term migrati-
on and stability of the microspheres). Both CT and MRI require specific microspheres
that provide contrast on these images.

In contrast to *°Y microspheres it is possible to quantify new generation microspheres
for RE such as '**Ho microspheres using CT or MRI. Quantification of '**Ho microsphe-
res with CT was demonstrated in phantom experiments *, but, unfortunately, lacked
the sensitivity for use in clinical practice. MRI is more promising in that regard due to
the paramagnetic properties of the used element holmium. Quantitative analysis with
MRI is especially useful for medium- and long-term monitoring of the intra-hepatic
behavior of the microspheres.**> A schematic overview of how the physical properties
of Y and '*“Ho can be used for imaging is presented in Figure 3. Quantitative analysis
of the SPECT and MR images allows for accurate assessment of the absorbed dose on
both the tumor(s) and the normal liver.”

DOSIMETRY DURING TREATMENT

The greatest disadvantage of post-treatment dosimetry is that irrespective of how accu-
rate it estimates the absorbed dose, the activity has already been administered. Dosime-
try during treatment, on the other hand, would allow for on-site modifications to the
treatment plan and could therefore be very beneficial. Dosimetry during RE is however
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technically very challenging and has not yet been performed in patients. Two options
for dosimetry during treatment involve the use of nuclear imaging and MRIL.

MRI-angiography

Perhaps the best-suited modality for dosimetry during treatment is MRI. MRI can pro-
vide anatomical and functional information at a high temporal and spatial resolution
with excellent soft tissue contrast. The key ingredient is a type of microsphere that
provides sufficient contrast on MRI. To our knowledge, there are currently two types
of microspheres for MRI-guided RE under investigation. Both particles are based on
a paramagnetic element to induce susceptibility artifacts on T2*-weighted MRI. One
type consists of iron-oxide incorporated in / labeled to glass microspheres.®**” Studies
in rats and rabbits have shown that the biodistribution of these microspheres can be
accurately quantified with MRI but no clinical studies have yet been performed. The
second type is the 'Ho-microsphere which consists of holmium integrated in a ma-
trix of poly(L-lactic acid). In this case, holmium is used both as the contrast agent for
MRI and as the radionuclide for therapy. This eliminates the need for post-labeling
the microspheres with the radionuclide or contrast agent, which results in a less stable
particle and requires a hot lab. These microspheres may be excellent candidates for
MRI-guided RE. Its feasibility was demonstrated in an animal model.*® However, as
with all MRI-guided endovascular interventions, MRI-guided RE faces complicating
factors such as a shortage of clinically available MR-compatible and trackable catheters,
guide-wires and coils, limited operational space, and high costs.*>”°

Scintigraphy-guided angiography

Three-dimensional nuclear imaging is generally not associated with real-time imaging,
because the scan duration is typically in the order of 30 minutes or longer, during which
the camera rotates around a presumably static object. With the localized deposition of
activity that is typical for liver RE (i.e. high activity concentrations), however, it may
be possible to acquire good quality SPECT scans in 5 to 10 minutes. This may allow for
dosimetry during treatment administration in the same angiography procedure, if a
SPECT/CT scanner is available in the angiography room. An advantage would be that
while the catheter tip can stay in position, quantitative SPECT/CT can guide further
administration of the microspheres. Real-time tracking of the microsphere distribution
during administration may further enhance the possibilities of SPECT for treatment
guidance. For this purpose, our institution is currently working on simultaneous X-ray
fluoroscopy / scintigraphy imaging. This hybrid imaging modality would give the in-
terventional radiologist direct feedback, more control over the procedure, and the pos-
sibility to combine scout and therapy dose in one session.
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DiscussioN

The purpose of this paper was to show how in vivo dosimetry using quantitative imaging
modalities can help to improve radioembolization practices and to give an overview of
the current status and ongoing developments in this field. The currently used methods
for determining the amount of activity to be delivered during radioembolization need
further refinement. As a result, patients can receive a too high dose on the healthy liver
or a too low dose on (a part of) the tumors. Accurately predicting the biodistribution
of microspheres can help to come to the most effective and safe dose for each speci-
fic patient. Currently, biodistribution is predicted by using surrogate particles (mainly
#mTc-MAA), but these have are not very accurate, probably because of differences in
particle properties but also because of the dynamic blood flow in the liver. Dosimetry
during treatment is therefore ideal so that treatment can be adjusted based on real-time
information of the distribution of the microspheres themselves. Performing dosimetry
during treatment is unfortunately also the most challenging option since it requires
new generation microspheres (e.g. SPIO-labeled or “*Ho-microspheres) and/or new
methods of performing radioembolization (e.g. radioembolization guided by fluoro-
scopy-scintigraphy-c-arm or real-time MRI), which are still in the experimental phase.
Dosimetry post treatment is the most straightforward option and remains essential to
confirm adequate biodistribution of microspheres after treatment as long as reliable
methods for dosimetry before and during treatment are lacking.
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In hepatic *°Y radioembolization, pretreatment ***Tc-macroaggregated albumin (*™Tc-
MAA) nuclear imaging is used for lung shunt analysis, evaluation of extrahepatic de-
position, and sometimes for treatment planning, using a partition model. A high level
of agreement between pretreatment *"Tc-MAA distribution and final **Y-microsphere
distribution is assumed. The aim of this study was to investigate the value of pretreat-
ment **Tc-MAA SPECT to predict intrahepatic post-treatment **Y-microsphere dis-
tribution.

Materials and Methods

Volumes of interest (VOIs) were delineated on pretreatment contrast-enhanced CT or
MR images according to Couinaud’s liver segmentation. All VOIs were registered to
the **Tc-MAA SPECT and *°Y SPECT images. The *"Tc-MAA SPECT and *°Y SPECT
activity counts were normalized to the total administered activity of *’Y. For each VOI,
this practice resulted in a predictive amount of *°Y (MBgq/cm’) based on *"Tc-MAA
SPECT in comparison with an actual amount of *°Y based on *°Y SPECT. Bland-Alt-
man analysis was used to investigate the agreement of the activity distribution between
#mTc-MAA SPECT and *°Y-SPECT.

INTRODUCTION

Radioembolization with *Y microspheres is widely used for treatment of primary or
metastatic liver malignancies. Selective injection of these microspheres in the hepa-
tic artery results in high absorbed tumor doses while largely sparing the surrounding
normal liver parenchyma, which is dependent mainly on the portal vein for its blood
supply.'”

In a pretreatment angiographic procedure the anatomy of the liver vasculature is eva-
luated, and hepatico-enteric anastomoses that may lead to extrahepatic deposition of
activity are occluded by coil embolization.* Thereafter **Tc-macroaggregated albumin
particles (*"Tc-MAA) are injected in the liver artery supplying the target volume, and
the distribution of **"Tc-MAA is visualized by scintigraphy. Most centers that perform
radioembolization use the distribution of *"Tc-MAA to calculate the lung shunt frac-
tion and to detect any extrahepatic deposition of activity.>® Furthermore, it is assumed
that *™Tc-MAA can also be used to predict the intrahepatic distribution of *°Y-mi-
crospheres, and as such, *"Tc-MAA is sometimes used for individualized treatment
planning by the so-called partition model.””

In most of the patients, the prescribed activities for radioembolization are calculated
with methods based on liver weight or on a combination of body surface area and



Results

A total of 39 procedures (225 VOIs) in 31 patients were included for analysis. The over-
all mean difference between pretreatment and post-treatment distribution of activity
concentration for all segments was -0.022 MBq/cm’ with 95% limits of agreement of
-0.581 t0 0.537 MBgq/cm® (-28.9 to 26.7 Gy absorbed dose). A difference of >10%, >20%,
and >30% of the mean activity per milliliter was found in, respectively, 153 (68%), 97
(43%), and 72 (32%) of the 225 segments. In every *"Tc-MAA procedure, at least 1
segment showed an under- or overestimation of >10%. The position of the catheter tip
during administrations, as well as the tumor load of the liver segments, significantly
influenced the disagreement.

Conclusion

In current clinical practice, *"Tc-MAA distribution does not accurately predict final
PY activity distribution. Awareness of the importance of catheter positioning and ad-
herence to specific recommendations may lead to optimization of individualized treat-
ment planning based on pretreatment imaging.

tumor liver involvement.”” The absorbed dose to the tumor and any accompanying
toxicity effects to the normal liver parenchyma may be observed only after the actual
treatment. Dosimetry can be used for individualized treatment planning and aims to
optimize treatment efficacy with acceptable toxicity. Pretreatment dosimetry, however,
requires a scout or safety dose as a reference for the treatment, for example by using the
#mTc-MAA distribution as a reference for post-treatment dose distribution.

The partition model is suggested as an alternative means of activity calculation in
patients with a limited number of hypervascular liver tumors, optimizing the admi-
nistered activity in individual patients.” Tumor-to-non-tumor activity ratios on pre-
treatment *™Tc-MAA SPECT are used to calculate activities that better reflect the
intrahepatic dose distribution. In clinical practice, this means that the partition-mo-
del-based activity may be much higher than prescribed activities that are based on the
more conventional methods, especially in patients with hypervascular tumors, having
high tumor-to-non-tumor activity ratios."

The partition model relies on ™ Tc-MAA as a predictor for *°Y-microsphere distributi-
on. However, the predictive value of ®™Tc-MAA for the distribution of *°Y-microsphe-
res in the liver is still a matter of debate.'? Parameters that may influence distribution
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differences between *Tc-MAA and *Y-microspheres include interval differences in
catheter position, physiologic variances in hepatic blood flow, size and morphology
differences between *Tc-MAA particles and *°Y-microspheres, tumor histopathology,
and tumor load. These and other factors may all limit the agreement between *™Tc-
MAA and *Y-microsphere distribution.

The aim of this study was to investigate the value of *Tc-MAA to predict **Y-microsp-
here distribution. Insight on this matter is essential for further development of any dose
calculation method based on pretreatment **Tc-MAA distribution.

MATERIALS AND METHODS
Patients

All patients who were treated with radioembolization from the start of our program
in February 2009 up to February 2012 were retrospectively analyzed. The institutional
review board approved this study and waived the requirements for patient informed
consent. Patients who had received both the pretreatment administration of *™Tc-
MAA and the treatment with **Y-microspheres were included. Exclusion criteria were
missing data, malregistration of imaging data, and procedures with multiple adminis-
trations, rendering it impossible to relate individual administrations to specific target
volumes. In some patients, two separate lobar procedures were included in the study
analysis. Subsegmental administrations were not performed.

Radioembolization

All procedures were performed according to international consensus." In short, during
a pretreatment angiographic procedure, a 5-French catheter was used to evaluate hepa-
tic vascular anatomy and to identify non-target vessels leading to organs other than the
liver. In general, the gastroduodenal artery and the right gastric artery were coil-em-
bolized to prevent extrahepatic deposition of activity. Any other vessels branching off
near the injection site and leading to non-target organs were embolized as well. The
cystic artery was not prophylactically embolized. Consecutively, a scout dose of *™Tc-
MAA (150 MBgq, 0.8 mg in 3.0 mL, TechneScan LyoMaa; Mallinckrodt Medical B.V.)
was injected via a slow-pulsed injection, followed by planar imaging and SPECT, to
check for inadvertent extrahepatic deposition. **"Tc-MAA was prepared immediately
before administration; imaging was performed immediately after administration. If the
mTc-MAA was not distributed to any non-target area (including a hepatopulmonary
shunt <20%), the patient was scheduled for treatment (mean interval, 12 d; range, 0-23
d). However, in the case of inadvertent *"Tc-MAA distribution, a second pretreatment
procedure was performed to embolize the culprit vessels. In those cases, only the most
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recent *"Tc-MAA SPECT study was used for analyses. No vessels were coil-embolized
after final ®™Tc-MAA administration. Resin microspheres (SIR-Spheres; Sirtex) were
used for treatment. Activity calculations were based on the body surface area method
(prescribed activity in GBq, body surface area — 0.2 + 1 fractional tumor involvement).
Patients with a lung shunt fraction of >20% were excluded from treatment, and in pa-
tients with a lung shunt fraction of 10%-15% or 15%-20% a reduction of 20% and
40% was applied, respectively. Per protocol, the interventional radiologist placed the
catheter tip in the same position during both procedures. The microspheres were infu-
sed slowly, with intermittent contrast injection and digital subtraction angiography to
check for stasis. All administered activity was corrected for any residual activity after
treatment.

Imaging

Pre- and post-treatment imaging was performed on a dual-head y-camera (Forte [Phi-
lips] for 7 procedures and Symbia [Siemens Health Care] for 32 procedures). Pretreat-
ment *Tc-MAA planar and SPECT images were acquired on a 128 x 128 matrix using
a 129.5- to 150.5-keV energy window and a low-energy general-purpose collimator.
For post-treatment *°Y-bremsstrahlung SPECT imaging, the combination of a high-
energy general-purpose collimator and a wide 50- to 250-keV energy window was
used, which yields images with a favorable combination of sensitivity and contrast.™
SPECT imaging was performed with 120 projections over a noncircular orbit of 180°
(Forte; 30 s/projection) or 360° (Symbia; 20 s/projection). Data were reconstructed
using ordered-subsets expectation maximization (5 iterations, 8 subsets) including at-
tenuation correction and a Gaussian post-reconstruction filter of 5 mm in full width
at half maximum. The reconstructed voxel size was 4.7 x 4.7 x 4.7 mm, 3.9 x 3.9 x 3.9
mm, and 4.8 x 4.8 x 4.8 mm, for Forte images, Symbia *"Tc-MAA images, and Symbia

Y images, respectively.

Analysis

Contrast-enhanced CT or MR pretreatment images were used for liver segmentation
according to the Bismuth adaptation of Couinaud’s classification of liver anatomy.'
Software was developed at our institution for this purpose (Research Volumetool, ver-
sion 1.3.3).'® A maximum of 8 segments (volumes of interest, or VOIs) were delineated
per patient. Prior liver resection and lobar procedures resulted in fewer segments. All
delineated VOIs were manually registered to the *™Tc-MAA SPECT and *Y SPECT
images (Figure 1). Procedures for which coregistration was impossible or inaccurate
because of differences in liver position between the different scans were excluded from
analysis. The pretreatment **"Tc-MAA SPECT and the post-treatment Y SPECT ima-
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ges were converted into units of *Y-activity concentration by normalization of the total
number of reconstructed counts in the VOIs to the total administered activity of *°Y.
For each VOI, this practice resulted in a predictive amount of Y (MBgq/cm?*) based on
#mTc-MAA SPECT in comparison with an actual amount of Y based on *°Y SPECT. A
homogeneous distribution of the activity inside a VOI, no activity distribution outside
the liver, and no interval change in liver morphology were assumed. To illustrate the
clinical implications of the disagreement, a map of the absorbed dose in grays was also
calculated, using a conversion factor of 49.7 Gy/(MBg/cm?®)."” The injection positions
of *"Tc-MAA and *Y-microspheres were retrospectively analyzed. Three observers in-
dependently reviewed the agreement between the 2 injection positions (per procedure)
on fluoroscopy images on a 4-point scale (1, very poor agreement, difference >10 mm;
2, poor agreement, difference >5-10 mm; 3, good agreement, difference >3-5 mm;
4, very good agreement, difference <3 mm). A subgroup of patients with suboptimal
agreement between the injection positions (average score <2.5) was selected. The in-
jection positions were also classified as close to a major bifurcation (<10 mm) or not
close to a major bifurcation, and segments were classified as having >25% tumor invol-

vement or <25%.

Figure 1. Segmentation on CT (A) and co-registration of the segments on *"Tc-MAA-SPECT (B) and **Y-SPECT
(C) after injection of activity in the right hepatic artery. Note the clear differences in intrahepatic activity distri-
bution in this patient. There is also diffuse uptake of free pertechnetate in the stomach on *"Ic-MAA-SPECT,
also evidenced by thyroid gland and kidney uptake (not shown).
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Statistical Analysis

A commercial statistical software package (SPSS for Windows, version 20.0; SPSS Inc.)
was used for data analysis. Bland—Altman plots were used for evaluating agreement be-
tween pre- and post-treatment activity distributions.’®' A Bland-Altman graph is the
preferred method to test for agreement between two instruments that are intended to
measure the same parameter, in our case: *™Tc-MAA SPECT and *Y SPECT to measu-
re final *°Y-microsphere distribution. In a Bland-Altman plot, the difference between
the 2 methods is plotted against the mean of the 2 methods. The error was estimated by
the mean difference (d ) and the SD of the differences (s). The 95% limits of agreement
were calculated by d_ + 2s. Because the *"Tc-MAA was normalized to the **Y-activity,
the expected mean difference is zero. In Bland-Altman analysis, the width of the dis-
tribution (i.e. 95% limits of agreement) is a measurement of the agreement between the
2 methods. An absorbed dose map in grays was calculated for translation to clinical
practice. Cutoff levels (10%, 20%, and 30%) for the difference from the mean were used
to evaluate variability in activity distribution. The Fisher exact test was used to test
differences between subgroups with differences in tumor involvement, tumor cell type,
and catheter positions.

RESULTS

Eighty patients were evaluated for radioembolization (Figure 2). In 18 patients, contra-
indications to therapy were found during or after the **"Tc-MAA procedure. The remai-
ning 62 patients underwent 73 treatment procedures. Multiple injections of activity in
the same procedure led to exclusion of 27 procedures, and missing data led to exclusion
of four procedures. In another three procedures, technical difficulties were encounte-
red during coregistration because of substantial differences in liver position between
the different scans (n = 2) or because of segmentation problems (n = 1). In the latter
patient, extensive disease in the liver made it impossible to delineate the individual
liver segments. A total of 39 procedures in 31 patients were included for analysis (Table
I1). The mean administered activity of **Y-microspheres was 1,002 MBq per procedure
(range, 207-1,912 MBq). In 8 patients, 2 separate procedures were included, one for the
left liver lobe and one for the right lobe. A total of 225 liver segments were analyzed.
The overall mean difference between pretreatment and post-treatment distribution of
activity concentration for all segments was -0.022 MBq/cm’, with an SD of the mean
of 0.285 MBq/cm®. A Bland-Altman plot was constructed with the absolute differen-
ces against their mean (Figure 3). The 95% limits of agreement of the differences were
-0.581 and 0.537 MBg/cm?, which correspond to 95% limits of agreement of -28.9 and
26.7 Gy absorbed dose.
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Figure 2. Inclusion flowchart.

A difference of >10%, >20%, and >30% of the mean activity per milliliter was found in,
respectively, 153 (68%), 97 (43%), and 72 (32%) of the 225 segments (Figure 4). In every
#mTc-MAA procedure, at least 1 segment showed an under- or overestimation of >10%.
A >20% and >30% difference in at least 1 segment was found for 35 (90%) and 32 (82%)
of 39 procedures, respectively (Figure 5). A substantial difference in agreement between
#mTc-MAA and *°Y activity distribution was found for every procedure (Figure 6).

Interestingly, the distribution differences were found to be smaller for segments with
greater tumor involvement. The mean difference and 95% limits of agreement were
-0.027 + 0.603 and 0.007 + 0.381 MBg/cm® for segments with <25% and >25% tumor
involvement, respectively. In grays, the 95% limits of agreement (-18.6 to 19.3 Gy) for
segments with >25% tumor involvement had a smaller width than the 95% limits of
agreement for segments with <25% tumor involvement (-31.3 to 28.6 Gy). A relative
difference of >10%, >20%, and >30% was found in, respectively, 18 (51%), 9 (26%), and



Table 1. Baseline characteristics
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Sex, Male / Female 19/12
Age, year: median (range) 60.3 (35 -76)
Primary tumor

Colorectal 17 (55%)
Hepatocellular 4 (13%)
Neuroendocrine 3 (10%)
Cholangiocarcinoma 2 (6%)
Other * 5(16%)

SIR-Spheres® activity in MBq: mean (range)

1002 (207 - 1912)

Liver tumor involvement

<25% 21 (68%)
25 - 50% 9 (29%)
50 - 75% 1(3%)
75 - 100% 0 (0%)
Treatment

Whole liver in one administration (one session) 6 (19%)
Whole liver in two lobar administrations (two sessions) 10 (31%)
Lobar left only 2 (6%)
Lobar right only 13 (44%)
Injection position

Common or proper hepatic artery 6 (15%)
Right hepatic artery 22 (57%)
Left hepatic artery 11 (28%)
Total included procedures 39
Total included liver segments 225

Segment volume in mL: mean (range)

320 (5 - 1393)

Previous liver-directed treatment

Trans-arterial embolization 1 (3%)
Partial liver resection 3 (10%)
Radiofrequency ablation (RFA) 5(16%)
External beam radiotherapy 0 (0%)
Radioembolization 0 (0%)
Previous systemic treatment + 21 (68%)

* Uveal melanoma (2); Pancreatic (2); Insulinoma (1); Unknown primary (1). + Most patients were chemo-
refractory, except those patients with chemoresistant tumors (hepatocellular, cholangiocarcinoma, neuroen-

docrine, melanoma, etc.)
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Figure 3. Bland-Altman plot. The
difference  between *"Tc-MAA
o and *Y-microspheres activity in
each segment is plotted against
the mean activity in each segment.
The 95% limits of agreement (LoA)
° are plotted as gren dotted lines.
The mean bias is plotted as a red
dotted line.
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Figure 4. Right-sided treatment of a 36-year-old patient with colorectal liver metastases. The pre-treatment
#mTe-MAA SPECT images (A) showed substantial distribution differences in comparison with the post-treat-
ment Y SPECT images (B). Digital subtraction angiography images show the identical position of the catheter
tip in the right hepatic artery (C and D). The gastroduodenal artery, the right gastric artery and supraduodenal
arteries were coil embolized. Diffuse uptake of free pertechnetate in the stomach on *"Tc-MAA-SPECT was also
seen (A).
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Figure 5. Relative difference plot.
The relative difference between
“mTe-MAA and *Y-microspheres
activity in percentage of the mean
activity is plotted against the mean

activity, according to Bland-Alt-
man. The dotted lines indicate the

95% limits of agreement for three
categories representing > 10%
(green), > 20% (orange), and >

30% (red) difference in activity.

Figure 6. Agreement per procedu-
re. The relative difference between
#mTe-MAA and *Y-microspheres
activity for each VOI is plotted per
procedure. The dotted lines indi-

cate the 95% limits of agreement
for three categories representing >

10% (green), > 20% (orange), and
> 30% (red) difference in activity.
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Procedure

7 (20%) of the 35 segments with >25% tumor involvement and in 136 (72%), 88 (47%),
and 64 (34%) of the 190 segments with <25% tumor involvement. This proved signifi-
cant for the cutoff values of >10% (P = 0.028) and >20% (P = 0.026), but significance
was not reached for a cutoff value of >30% (P = 0.118).
A suboptimal agreement on catheter tip position was found for 9 patients (11 proce-
dures). The mean difference and 95% limits of agreement were -0.008 + 0.622 MBq/
cm’® for procedures with a suboptimal agreement on catheter tip position (Figure 7)

and -0.026 + 0.556 MBq/cm’ for procedures with an optimal agreement on catheter tip
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Figure 7. Lefi-sided treatment of a 72-year-old patient with uveal melanoma liver metastases. The pre-treatment
#mTe-MAA SPECT images (A) showed substantial distribution differences in comparison with the post-treat-
ment *°Y SPECT images (B), especially in the caudate lobe (*). The injection position during *"Tc-MAA admi-
nistration (C) and *Y administration (D) was also different. Digital subtraction angiography images show the
catheter tip (long arrow) positioned in the left hepatic artery. At *°Y administration the catheter tip was located
proximal to a significant side branch (short arrow) probably supplying the caudate lobe. The catheter was distal
to this branch during *"Tc-MAA administration.

position. A relative difference of >10%, >20%, and >30% was found in, respectively, 54
(79%), 33 (49%), and 24 (35%) of the 68 segments for procedures with a suboptimal
agreement on catheter tip position and in 100 (64%), 64 (41%), and 47 (30%) of the 157
segments for procedures with an optimal agreement on catheter tip position (Fig.7).
This reached significance for the cutoff value of >10% (P = 0.020) but not for >20% (P
=0.307) and >30% (P = 0.438). Significant differences were not found between proce-
dures with the catheter tip near a major bifurcation (<10 mm) and procedures without,
as long as the position was the same during the *™Tc- MAA and the *Y injection. In
procedures with the catheter tip close to a major bifurcation, as well as suboptimal
agreement in catheter position between the *"Tc-MAA and the *°Y injection, a sig-
nificant difference in activity distribution was found. A relative difference of >10%,
>20%, and >30% was found in, respectively, 19 (95%), 12 (60%), and 9 (45%) of the 20
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segments for procedures with these 2 characteristics, and in 133 (65%), 85 (41%), and
62 (31%) of the 205 segments for procedures without. This reached significance for the
cutoff value of >10% (P = 0.005) but not for >20% (P = 0.155) and >30% (P = 0.209).
Evaluation of other parameters, including other combinations of parameters, did not
yield any significant results. Procedures in patients with colorectal metastases (relati-
vely hypovascular tumors) did not show any difference from procedures in patients
with more hypervascular tumors, nor did treatment approach with regard to left lobar
versus right lobar treatments.

DiscussioN

It is expected that patients can benefit from individualized treatment planning.'* Most
promising in this regard is the so-called partition model. This method was previously
shown to accurately predict treatment response and survival.'** The expected absor-
bed dose to the tumor is calculated on *Tc-MAA SPECT. The tumors are delineated
on morphologic images, whereas the dose distribution is estimated by calculation of
mTc-MAA in the tumors, the normal liver, and the lungs. The prescribed activity may
be calculated such that it does not exceed the maximum safe absorbed dose to the nor-
mal liver and lungs. Agreement between *™Tc-MAA and subsequent *°Y is therefore
crucial for the accuracy of the partition method.

The presented data, however, show a substantial disagreement between *Tc- MAA
and Y activity distribution. In 68% of all segments, a difference of >10% between
¥mTe-MAA and *°Y activity distribution was found. In every procedure, at least 1 seg-
ment showed a >10% difference. These findings raise concern about the validity of the
partition method. However, regardless of the found disagreement, early studies were
able to show the accuracy of the partition method nevertheless, although dose-effect
relationships with regard to toxicity on the normal liver parenchyma were ignored.'"
Knowledge of the existence, the magnitude, and the etiology of disagreement between
#mTc-MAA and ™Y activity distribution should ultimately lead to the improved vali-
dity of these methods. Specific technical and methodological recommendations may
help to overcome this issue. Knesaurek et al. visually assessed the correlation between
#mTc-MAA and *°Y-distribution and found that correlation could vary from poor to
relatively good (voxel-based Spearman rank correlation varied from 0.451 to 0.818).*!
However, their methodology is questionable. Their correlations indicate that *°Y activi-
ty is higher when *Tc-MAA is higher. This does not imply that for individual measu-
rements, the distributions are equal to (or close approximations of) each other. Agree-
ment as described by Bland and Altman'® is a more appropriate method of comparing
two measurements of the same variable (i.e. activity distribution).
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There are several factors that may have caused the disagreement in *"Tc-MAA and *Y
distribution. First, difference in catheter position between the two procedures seems
to be a key factor. Although the catheter tip was positioned at the same location, small
deviations (approximately 5-10 mm) were still found. A significantly increased dis-
agreement between *"Tc-MAA and Y distribution was found in these procedures.
In another study with more substantial differences in catheter tip position between the
#mTc-MAA and subsequent *°Y procedure, investigators found that position differences
(P <0.001) and a catheter position close to important side branches or bifurcations (P
< 0.01) led to significant visually assessed distribution differences between **Tc- MAA
and *Y."? In the current study, we confirmed this finding quantitatively. In particular,
patients with a mismatch in catheter tip position and injections close to a bifurcation
showed significant disagreement. Selective administration of microspheres distal to
the proper hepatic artery may largely overcome this issue. It was already shown that
selective administrations are beneficial to prevent extrahepatic deposition of microsp-
here activity.?? In addition, differences in the intraluminal cross-sectional position of
the catheter tip may have influenced the disagreement (Figure 7). These differences
are known to cause substantial differences in preferential flow.*** Innovative cathe-
ter designs with spacers to keep the catheter tip centered in the arterial lumen during
injection may lead to more comparable injection positions and subsequent improved
agreement between *™Tc-MAA and Y activity distribution.”

Second, differences in the number, density, size, and morphology of the radiophar-
maceuticals may also have resulted in a different activity distribution. The number of
mTe-MAA particles (1-2 x 10° particles) is significantly lower than the number of Y
microspheres applied (resin: 40-80 x 10% glass: 1.2-8 x 10° particles), whereas the den-
sity of Tc- MAA particles (1.1 g/mL) is lower than that of °Y microspheres (resin: 1.6
g/mL; glass: 3.3 g/mL).”"** The particle size distribution of *"Tc-MAA is such that over
90% are within 10-90 mm in size (mean, 15 mm). The mean size of *°Y microspheres
is 32 £ 10 mm, and the morphology of the spheric *°Y microspheres is also considera-
bly different from the macro-aggregated random shape of ***Tc-MAA particles.” The
embolization effect of the much larger number of **Y-microspheres may result in flow
alterations that alter the distribution of the particles.

Third, the use of bremsstrahlung Y SPECT after treatment leads to a degree of blur-
ring and quantitative uncertainty. To overcome this methodological problem, we chose
to evaluate larger segment-based volumes instead of using a voxel-based analysis. The
uncertainty in stochastic effects that are responsible for the measurement accuracy is
far less in larger volumes. Larger VOIs were also useful to overcome quantification
errors caused by coregistration artifacts. As a consequence, we were able to study quan-
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titative distribution differences on only a segmental level. Any existing disagreement
will be underestimated, since differences in certain areas of the segment may level out
differences in other areas. One way to improve part of the methodology may be the
use of *Y-PET imaging instead of SPECT. PET facilitates more accurate quantification
based on improved spatial resolution and may aid in the study of distribution on a sub-
segmental or tumor level.**** And lastly, the studied population was a heterogeneous
group with regard to the histopathology of the primary tumor. We could not differen-
tiate whether histopathologic features had any influence on the results. Remarkable
was the finding that a larger degree of tumor involvement was associated with a better
agreement between *Tc-MAA and Y. This finding may be due to a lesser degree of
random distribution of activity.

On one hand, the results lead to concerns about the agreement between *Tc-MAA
and *°Y distribution and, consequently, the validity of activity calculation methods that
are based on the assumption of agreement, such as the partition method. On the other
hand, it has been shown that, although based on the false assumption of agreement,
the partition method still offers huge advantages over existing methods with regard
to the prediction of treatment outcome and individualized treatment planning. This
may be explained by the fact that the partition method is prescribed only for patients
with a limited number of hypervascular tumors. Our results show that the agreement
between *™Tc-MAA and Y distribution in segments with a high tumor involvement
is considerably better. Moreover, these patients are generally treated super-selectively,
beyond the major bifurcation of the proper hepatic artery, and also with fewer embolic
glass microspheres. All these factors seem to contribute to a better agreement between
#mTe- MAA and Y distribution.

On the basis of the current study, the following two recommendations may lead to
optimization of the predictive value of a pretreatment scout dose. First, the catheter
tip should be placed in exactly the same position during both procedures, possibly
augmented by the use of catheters that center the tip within the lumen; second, for
each administration, the catheter tip should be placed distal to major bifurcations, with
selective administration in each branch to prevent preferential flow. In patients with
large hypervascular tumors limited to a single lobe, the agreement between *™Tc-MAA
and *°Y distribution is best, but caution should be taken in patients with multiple small
liver metastases in both lobes, especially when an embolic effect of the microspheres is
anticipated. The latter could be the case in patients who are treated with high-dosage
resin microspheres and have small livers and prior treatments with anti-angiogenic
drugs such as bevacizumab. To overcome the limitations of *"Tc-MAA as a scout dose,
our group has developed a new generation of microspheres for multimodality ima-
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ge-guided radioembolization: '““Ho-poly(L-lactic acid) microspheres.*” The radioisoto-
pe '*Ho is embedded in microspheres of poly(L-lactic acid). It emits p-radiation (half-
life, 26.8 h; maximum energy, 1.77 and 1.85 MeV) and y-radiation (y-energy, 80.6 keV)
and is paramagnetic, because the element holmium is chemically part of the lanthanide
group, like gadolinium.*>* The microspheres can be visualized in vivo with several
clinical imaging modalities, including SPECT and MR imaging.'**"*® The particles used
for pretreatment evaluation and actual treatment are exactly the same, and SPECT and
MR imaging are used to combine high sensitivity with high spatial-temporal resolution
and superior soft-tissue contrast to optimize dosimetry before and after treatment. The
performance of '*Ho-microspheres as a scout dose to predict distribution of the thera-
py dose is currently under investigation.

CONCLUSION

Individualized treatment planning methods may be used for optimized safety and
efficacy of radioembolization treatments. By definition, these methods are based on
predictive scout dose distribution within the target volume. The limited agreement be-
tween *"Tc-MAA and *°Y distribution in current clinical practice raises concern about
the validity of these methods. Care should be taken to use proper administration tech-
niques to overcome this limitation.
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The recent work by Ulrich et al.! discussed the value of intratumoral **"Tc-macroaggre-
gated albumin (MAA) distribution to predict treatment outcome after *°Y-radioembo-
lization in patients with colorectal cancer liver metastasis. Their results demonstrated
that response was independent of the degree of intratumoral *Tc-MAA uptake. This is
an important and interesting finding, but it should be interpreted with caution. Several
studies have shown that pretherapeutic dosimetric calculations based on *™Tc-MAA
distribution may lead to improved treatment planning methods based on tumor dosi-
metry.>® Because these developments are expected to lead to a paradigm shift in radi-
oembolization treatment planning, from empiric methods to individualized treatment
planning, it is critical that we carefully evaluate all aspects of scout dose imaging for
radioembolization treatment planning. It is imperative to emphasize the importance of
optimized scout dose imaging. Some additional comments may therefore be relevant
to their research.

The presented study confirmed previous findings on the questionable prognostic value
of pretherapeutic Tc-MAA distribution.* In our series we found a difference in acti-
vity distribution between *™Tc-MAA and ™Y of at least 10% in as many as 153 (68%) of
225 segments in 39 procedures.” However, instead of correlating *™Tc-MAA distribu-
tion to post-therapeutic Y distribution, the presented study correlated pretherapeutic
#mTc-MAA directly with parameters of efficacy. This methodology lacks an important
stepwise approach.

First, the predictive value of pretherapeutic *™Tc-MAA should be evaluated to predict
post-therapeutic Y distribution, and subsequently, post-therapeutic *Y distributi-
on should be compared with treatment outcome, both quantitatively. Otherwise, *°Y
distribution poses a significant confounding factor. Technical aspects of radioembo-
lization are especially important for step 1, whereas clinical and biologic aspects of
dose-response will influence step 2. Distribution differences between *"Tc-MAA and
Y are influenced by catheter tip position differences during the administration of both
agents. This should be looked at in detail. Very small subcentimeter differences, as well
as positioning the tip close to major bifurcations and side branches, may cause substan-
tial differences in distribution.*® But also the in-plane cross-sectional position of the
catheter tip causes distribution variations.® Close attention to catheter tip positioning,
possibly augmented by special catheters designed to fix the centriluminal positioning
of the tip 7, will likely improve the predictive value of *Tc-MAA scout dose imaging.
Besides, an agent that better resembles the treatment device may replace *"Tc-MAA.
For this purpose our group recently introduced new-generation microspheres for he-
patic radioembolization: '**Ho microspheres.® These microspheres offer accurate pre-
and post-therapeutic quantitative imaging by SPECT (81 keV) and MR imaging (pa-



Value of MAA for treatment planning

ramagnetic properties) but also offer effective treatment by b-radiation (half-life, 27 h;
1.8 MeV).

Second, dose-response relationships have not been fully established yet. The previously
mentioned publications on partition modeling were among the first to show such ef-
fects, but these studies were limited to hepatocellular carcinoma only. Interestingly, it
was shown that the pattern of activity uptake around the tumor influenced the response
to radioembolization.’ This was caused by variations in tumor perfusion, depending on
location, and should be accounted for during treatment planning. Establishing such
methods for multiple lesions in both liver lobes, such as colorectal cancer liver me-
tastasis, is a great challenge because each tumor needs to be evaluated separately. The
reported response in this cell type is very low (in the presented study only 10.4% at 3
months). It is not yet clear whether this is caused by resistance to radiation or by un-
derdosing, but proper dosimetry should further elucidate these issues. Nevertheless, it
is expected that individualized treatment planning based on pretherapeutic dosimetry
will ultimately lead to improved efficacy and toxicity. Because the response in the pre-
sented study was too little to reveal any relation with activity distribution, the authors
used a suboptimal response parameter (i.e. size change). It is also important that we
stick to validated endpoints, including survival, for future investigation.’

Negative results should not lead to cessation of our quest for optimized dosimetry,
since these results do not necessarily imply that no relation exists. They merely, but
importantly, tell us that we should overcome the limitations that lead to these negative
findings, in order to establish validated methods for individualized pretherapeutic tre-
atment planning.
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Holmium-166 (***Ho) poly(L-lactic acid) microspheres allow for quantitative imaging
with magnetic resonance imaging (MRI) and/or Single Photon Emission Computed
Tomography (SPECT) for microsphere biodistribution assessment post radioemboli-
zation (RE). The purpose of this study was to evaluate SPECT- and MRI-based dosime-
try in the first patients treated with '“Ho-RE.

Materials and Methods

Fifteen patients with unresectable, chemorefractory liver metastases of any origin were
enrolled in this phase 1 study and were treated with **Ho-RE according to a dose esca-
lation protocol (20 Gy - 80 Gy). The contours of all liver segments and all discernible
tumors were manually delineated on T, -weighted post-treatment MRI and registered
to the post-treatment SPECT images (n = 9) or SPECT-CT images (1 = 6) and MRI-ba-
sed R *-maps (n = 14). Dosimetry was performed based on SPECT (n = 15) and MRI (1
=9) for all volumes of interest, tumor-to-non-tumor activity concentration (T/N) ra-
tios were calculated and correlation and agreement of MRI- and SPECT-based measu-
rements were evaluated.

INTRODUCTION

Radioembolization (RE) is an interventional oncologic treatment during which radio-
active microspheres are administered in the arterial vessels supplying the liver and its
tumors. The rationale behind this and some other intra-arterial liver cancer treatments
is that liver tumors are predominantly supplied by arterial blood, in contrast to the
non-tumorous liver, which relies mainly on the portal vein for its blood supply. Injec-
tion of a substance in the hepatic artery will therefore selectively reach the tumorous
tissue.! Currently, the microspheres used for radioembolization that are commercially
available are labeled with yttrium-90 (*°Y). In order to be able to quantitatively evaluate
the optimal and selective distribution of microspheres to the liver tumors, post-treat-
ment imaging is indispensable. For that reason, optimization of post-treatment ima-
ging of **Y-microspheres with bremsstrahlung Single Photon Emission Computed
Tomography (SPECT) and Positron Emission Tomography (PET) has recently gained
interest.>?

Holmium-166 poly(L-lactic acid) (***Ho) microspheres have been developed at our in-
stitute as an alternative to *°Y-microspheres specifically in order to be able to visualize
the in vivo biodistribution of microspheres after radioembolization. '*“Ho-microsphe-
res have the advantage to be quantitatively imageable with both SPECT and magnetic



Results

The median overall T/N ratio was 1.4 based on SPECT (range 0.9 - 2.8) and 1.4 based
on MRI (range 1.1 - 3.1). In six of fifteen patients (40%) all tumors had received an
activity-concentration equal to or higher than the normal liver (T/N ratio >1). Analysis
of SPECT and MRI-measurements for dose to liver segments yielded a high correlation
(R? = 0.91) and a moderate agreement (mean bias: 3.7 Gy, 95% limits of agreement:
-11.2 - 18.7).

Conclusion

Using '*Ho-microspheres, in-vivo dosimetry is feasible based on both SPECT and
MRI, which enables personalized treatment by selectively targeting of inadequately
treated tumors.

resonance imaging (MRI), utilizing the emission of gamma-photon radiation and the
paramagnetic properties of holmium, respectively.c'® Exploiting these qualities, multi-
modal dosimetry becomes feasible with a range of possibilities.

We performed a phase 1 clinical trial, purposed to assess the safety and toxicity of
'%Ho-RE in patients for the first time" and to investigate the feasibility of quantitative
imaging of the biodistribution of microspheres within the liver based on SPECT and
MRI. We now present the results of dosimetry based on SPECT and MR imaging of
'*“Ho-microspheres in the patients of this phase 1 trial.

MATERIALS AND METHODS
Microspheres

Ho-poly(L-lactic acid) microspheres with a mean diameter of 30 pm (range 20 - 50
um) were produced at the University Medical Center Utrecht compliant with good ma-
nufacturing practice regulations, as described previously.'>"* The holmium, which was
homogeneously incorporated into these microspheres (18.7% weight/weight ratio),
was used as a radioactive isotope for tumor destruction using its beta-radiation (E,
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=177MeVandE; = 1.85MeV, I =48.7% and 50.0%, respectively; T, , = 26.8 h) and
for SPECT imaging using its gamma-radiation (E = 80.6 keV; I = 6.7%), and as a con-
trast agent for MRI. For each treatment, a total of approximately 600mg of non-radio-
active Ho-microspheres were packed in high-density polyethylene vials (Posthumus
Plastics, Beverwijk, the Netherlands). The Ho-microspheres were then activated by
neutron-irradiation in the nuclear reactor of the Reactor Institute Delft (Delft Univer-
sity of Technology, Delft, the Netherlands) during the night before a treatment session.
After irradiation, the vials were shipped back to the University Medical Center where,
prior to treatment, the total amount of activity was measured (using a dose calibrator:
VDC-404, Veenstra Instrumenten, Joure, the Netherlands) and the quality of micro-
spheres was checked (particle integrity assessment and particle size measurement).

Patients

Patients with unresectable, chemorefractory liver metastases of any origin were inclu-
ded in this phase 1 dose-escalation study on '**Ho-RE. The design', and clinical results
(patient characteristics, toxicity and adverse events)'! of this study have been described
previously. In short, patients needed to be at least 18 years of age, have an estimated life
expectancy of at least 3 months, a World Health Organization (WHO) performance
status of 0 — 2, at least one measurable lesion of > 10 mm on CT, and a negative preg-
nancy test for women. Exclusion criteria were: an impaired hematological function
(leukocytes < 4.0 10%/1, platelet count < 150 10°/1), an impaired renal function (serum
creatinine > 185 pumol/l), an impaired cardiac function (relevant morphology on elec-
trocardiography or New York Heart Association classification of heart disease > 2),
an impaired hepatic function (alanine aminotransferase, aspartate aminotransferase,
or alkaline phosphatase > 5 times the upper limit of normal, or serum bilirubin > 1.5
times the upper limit of normal), having received chemotherapy or abdominal surgery
within four weeks prior to inclusion, incompletely healed surgical incision, and contra-
indications for MRI. All patients provided written informed consent before enrolment.
The study was approved by the institutional review board and the study was registered
with Clinicaltrials.gov, number NCT01031784.

Study Design and Treatment

Patients were treated in four consecutive cohorts of 3 - 6 patients (depending on the
occurrence of any dose limiting toxicity). Each cohort was scheduled for treatment
with escalating desired whole-liver absorbed doses of 'Ho-RE (20 Gy, 40 Gy, 60 Gy,
and 80 Gy). The required amount of activity was calculated according to the following
formula®:

(MBq) =D, (Gy) x 63 (MBgq/]) x LW (kg)

AH0166 liver



SPECT and MRI dosimetry of Ho-microspheres

Where A is the administered activity, LW is the liver weight calculated by delineation

Hol66
on contrast-enhanced CT-images (assuming a tissue density of 1.06 g/cm®)",and D, is

liver

the desired whole-liver absorbed dose.

Lesion vascularity, guided by arterial enhancement patterns as described in “Spiral and
Multislice Computed Tomography of the Body”¢, was evaluated on baseline 3-phasic
CT imaging by one of the investigators (MS). Patients underwent a standard work-up
angiography during which the hepatic arterial vasculature was investigated and several
non-target vessels, arising from the hepatic artery and leading to organs other than the
liver, were coil-embolized. Subsequently, 150 MBq of **Tc-MAA (0.8 mg, TechneScan
LyoMaa, Mallinckrodt Medical B.V., Petten, the Netherlands) was administered through
a microcatheter in the hepatic artery and the distribution was checked with (planar)
scintigraphy and SPECT(/CT). If there was no extrahepatic distribution of activity, ex-
cept for a lung shunt fraction of maximally 20%, the patients were scheduled for treat-
ment generally one to two weeks after the work-up angiography. On the day of treat-
ment, a microcatheter was angiographically placed as close as possible to the position of
the *™Tc-MAA injection. Subsequently, a scout dose (60 mg, approximately 250 MBq)
and a therapy dose of '*Ho-microspheres (540 mg, varying activities, see Table 1) were
injected with MR-imaging and scintigraphy and SPECT(/CT) in between. The scout
dose was used to increase the safety of the procedure.

SPECT Imaging

SPECT images of the "*Ho-microsphere distribution were acquired three to six days
after administration of '*Ho-microspheres, using a FORTE™ SPECT system (Philips
Medical Systems, Milpitas, CA, USA) system (n = 9) or a Symbia T16 SPECT-CT sys-
tem (Siemens Healthcare, Erlangen, Germany) (n = 6). The FORTE dual-headed gam-
ma camera was equipped with '**Gd scanning line-sources for transmission CT for
attenuation correction. Medium energy collimators were used on both systems. Energy
windows were set to 80.6 keV (15% window width) for the **Ho-photopeak and 118
keV (12%) for correction for down-scattered high-energy photons. 120 projections of
30 seconds were acquired in a 180° (FORTE) or 360° (Symbia T16) orbit around the
liver. Data were reconstructed to a 128 x 128 x 128 matrix with an isotropic voxel size
of 4.7 mm (FORTE) or 4.8 mm (Symbia T16), using an ordered subsets expectation
maximization (OSEM) algorithm including resolution recovery and a hybrid method
for scatter and attenuation correction.®

MRI

MRI was performed shortly before and 1 week after *Ho-RE, using a 1.5-T whole
body system (Achieva, Philips Healthcare, Best, the Netherlands) equipped with a
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16-element torso coil. For quantitative measurements of the '®Ho-microsphere-bio-
distribution, a multi-slice multi-gradient echo (MGE) sequence was used, sampling the
MRI signal of the free induction decay. Sixteen gradient echoes with a time spacing of
1.15 ms (first echo time = 1.33 ms) were acquired during breath hold with an in-plane
voxel size of 2.0 x 2.0 mm? and a slice thickness of 6.0 mm. Other imaging parameters
included: field of view: 288 x 384 mm? number of slices: 45, repetition time (TR):
440 ms, flip angle: 50°. Sensitivity encoding (SENSE) with a factor of 2.5 was used for
acquisition acceleration resulting in an imaging time of 3 x 19 s during breath hold.
For anatomical information and delineation of liver segments and tumors, T -weighted
turbo spin echo (TSE) images were acquired with a FOV and voxel size identical to the
previous sequence. Imaging parameters included: TR: 830 ms, echo time: 80 ms, SEN-
SE factor: 2, imaging time: 2 x19 s during breath hold.

Delineation of Volumes of Interest

In order to perform dosimetry on specific liver regions and to be able to validate
MRI-based dosimetry with SPECT-based dosimetry as a reference standard, each pa-
tient’s liver was carefully segmented into a number of VOIs using the in-house deve-
loped radiotherapy-planning software package Volumetool, which has been validated
and published elsewhere."” The T,-weighted MR images of each patient’ liver were used
to manually segment the liver into approximately the eight (functionally independent)
liver segments according to Bismuth’s adaptation of the Couinaud classification'® and to
segment the contours of all discernible tumors at baseline and post treatment (Figure I).
Subsequently, the segmented contour of the liver was manually registered to the contour
of the liver on post-treatment SPECT images (n = 9) or SPECT-CT images (n = 6) and
baseline and post-treatment MRI-derived R *-maps.

Quantitative Analysis and Dosimetry

MRI-based absorbed dose maps were generated using previously described and valida-
ted methods.* " In short, R," values were estimated voxelwise from the MGE data using
a mono-exponential fitting algorithm weighting all signal amplitudes equally. In order
to determine the microsphere-induced change in R" (AR)) after therapy, a baseline
R, value was subtracted from the post-therapy R," values. This baseline value was, in
contrast to the previously described method', determined for each VOI separately by
the mean R," value of that VOI prior to therapy. Voxelwise concentrations of '“Ho-mi-
crospheres were determined from the AR " maps by the relationship ['*Ho-microsphe-
res] = AR/ r,, withr,’= 103 s'mL'mg for 'Ho-microspheres with holmium content
of 18.9% by weight." Using the voxel volume the total amount of '**Ho-microspheres
(mg) in each voxel was determined. This amount of '**Ho-microspheres was then con-
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Axial view

Sagittal view

Coronal view
[ 3
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166H0-SPECT

1 = Tumorous volume
2 = Healthy liver volume
M= Hotspot (1 cm?)

Overall T/N ratio = [ **Ho,] /[ **Ho ] AR3-maps
Peak T/N ratio = [ "**Ho, 1/1™Ho]]

hotspots
o tisom

Figure 1. Delineations distribution assessment. (A) Schematic overview of the volumes of interest (VOIs) that
were created of each liver segment (1 - 8) according to Bismuths adaptation of the Couinaud classification. (B)
Top row: delineation of the liver segments on T,-weighted Magnetic Resonance (MR) images. Middle row: VOIs
registered to the holmium-166-Single Photon Emission Computed Tomography ("**Ho-SPECT) activity maps.
Bottom row: AR, *-based activity maps for the same set of VOIs. The delineation between rows may appear dif-
ferent due to rotation in multiple planes for registration across modalities. (C) Schematic overview of the tumor
VOIs that were created for calculation of tumor-to-non-tumor (T/N) ratios and fine distribution assessment.
(D) delineation of tumors. Orientation is the same as for (B). The hotspots for calculation of the peak T/N ratio
are not depicted.

verted into units of activity (MBq) by multiplication with the specific activity of the
microspheres. Patients with surgical clips were excluded from analysis of MRI dosi-
metry because it has been demonstrated that MRI dosimetry is not reliable in these
patients.”

SPECT-reconstructed counts were converted into units of activity using a calibrati-
on factor obtained from a phantom experiment with a uniformly filled cylinder with
%Ho-chloride solution. Absorbed dose maps were calculated by convolution of the
SPECT and MRI activity images with a '®Ho 3D dose-point kernel with the appro-
priate voxel size®, in accordance with MIRD Pamphlet No. 17.2° The SPECT and MRI
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dose-point kernels were calculated using the Monte Carlo engine MCNPX 2.5.0.*!
Volume, mean/maximum/minimum/peak activity, mean/maximum/minimum/peak
radiation absorbed doses, and cumulative dose-volume-histograms were calculated for
all VOIs using MATLAB (MathWorks, Natick, MA, USA). The definition of the peak
values was derived from the PERCIST criteria, defining it as the mean activity concen-
tration in the 1 cm?® volume (within a VOI) with the highest activity concentration.”
Mean tumor-to-non-tumor (T/N) activity concentration ratios, defined as the mean
activity concentration in the tumor divided by the mean activity concentration in the
non-tumorous liver, and peak T/N activity concentration ratios, defined as the peak
activity concentration in the tumor divided by the mean activity concentration in the
non-tumorous liver, were calculated per tumor and per patient. CT of the abdomen
was performed at 6 and 12 weeks post-treatment for tumor response assessment ac-
cording to RECIST 1.1.” The change in longest diameter of all index lesions (up to five
lesions per patient) was plotted against the mean and maximum dose on those lesions
for assessment of a dose-response relationship.

SPECT Activity Recovery

To correct for activity spill-in and spill-out effects in SPECT-based dosimetry, activi-
ty recovery coeflicients (ARCs) for the FORTE-system and the Symbia-system were
determined using a cylindrical water phantom with five hot spheres in a cold back-
ground (volume = 2.0, 4.1, 8.0, 24.1, and 106.2 mL; [A] = 700 kBq mL"). The ARCs
were calculated as the fraction of the true activity in the sphere that was recovered in
the spherical VOI on the SPECT image. Activity recovery curves were created by fitting
the ARCs with a dual-exponential function of the shape ARC = a +a,*exp(a,*volume)+
a,*exp(a,*volume). For each tumor VOI, the corrected T/N ratio was subsequently cal-
culated from the uncorrected (measured) T/N ratio using the following formula:

T/N =(T/N - (1-ARC)) / ARC

corrected uncorrected

Statistical Analysis

Activities were expressed in MBq, absorbed doses in Gy, and quantitative values as
mean + SD or median plus range. T/N ratios were stratified for primary tumor type,
liver tumor involvement, and tumor vascularity. Linear regression analysis was perfor-
med to investigate correlation and Bland Altman analysis was used to express agree-
ment between measurements of two modalities.* High agreement was arbitrarily de-
fined as both 95% limits of agreement <10 Gy and >-10 Gy; low agreement as one or
more 95% limits of agreement >20 Gy or <-20 Gy. All other results were defined as
moderate agreement.
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RESULTS
Treatment

Fifteen patients, mean age 55 y (range 38 - 87 y), with unresectable liver metastases ori-
ginating from uveal melanoma (n = 6), colorectal cancer (n = 6), cholangiocarcinoma
(n = 2), and breast carcinoma (n = 1), were treated with '®*Ho-RE. The first cohort (20
Gy) consisted of six patients. The other cohorts (40 Gy, 60 Gy, and 80 Gy) consisted of
three patients each. Patient demographics and treatment details are listed in Table 1.

Dose to Normal Liver and Tumor

Figure 2 displays a flowchart of the analyses performed in this study. Post-treatment
SPECT imaging was performed in all fifteen patients. Tumor dosimetry based on
SPECT showed that, on average, the tumorous liver tissue in these patients received a
dose of 16.6 Gy (20 Gy-cohort), 44.4 Gy (40 Gy-cohort), 44.7 Gy (60 Gy-cohort), and
59.2 Gy (80 Gy-cohort), whereas the non-tumorous liver tissue received an average
dose of 9.6 Gy (20 Gy-cohort), 20.4 Gy (40 Gy-cohort), 33.5 Gy (60 Gy-cohort), and
43.9 Gy (80 Gy-cohort) (Figure 3).

The biodistribution of "**Ho-microspheres was heterogeneous (see example of the bio-
distribution and implications on outcome in Figure 4), with the dose to the tumor re-
gion varying between and within patients. In thirty-one of the 107 delineated tumors
(29%), the activity concentrations were less than the activity concentrations in the nor-
mal liver (i.e. T/N ratio <1.0). In only six of the fifteen patients (40%), it was found that
all tumors had a T/N ratio >1.0. The median fraction of the net injected amount of ac-
tivity lodging in the tumorous tissue as calculated based on SPECT, was 14.8% (range:
1.4 % - 60.7 %). This fraction was linearly related to the fraction of the liver involved
by tumor (R* = 0.89).

The median overall tumor-to-non-tumor (T/N) ratio for the fifteen included patients
was 1.4 (range 0.9 — 2.8). The median peak T/N ratio was 2.0 (range 0.9 — 10.3). Overall
T/N ratios were highest for metastases from uveal melanoma (2.2), followed by co-
lorectal cancer (1.5), breast carcinoma (1.4), and cholangiocarcinoma (1.2). Patients
with a liver tumor involvement >25% had higher median overall- and peak T/N ratios
(1.8 overall, 3.6 peak) than patients with liver tumor involvement <25% (1.3 overall,
1.5 peak). Patients with hypervascular tumors as scored on 3-phasic CT imaging had
higher median overall T/N ratios (2.6 overall, 3.3 peak) than patients with non-hyper-
vascular tumors (1.3 overall, 1.5 peak) (Table 2). From the phantom set-up, activity
recovery curves for both SPECT systems were assessed and fitted to a dual-exponential
function (Figure 5). Corrected for incomplete activity recovery, the median overall T/N
ratio was 1.6 (range 1.1 - 3.6).
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Table 1. Demographics, treatment and imaging details

No. of patients that underwent '“Ho-RE 15
Gender
Male 9
Female 6
Age (y) 55 (38-87)
Tumor type (primary)
Ocular melanoma 6
Colorectal carcinoma 6
Cholangiocarcinoma 2
Breast carcinoma 1
Tumor vascularity
Hypervascular 3
Hypovascular 10
Centrally hypovascular and peripherally hypervascular 2

Liver tumor involvement

Absolute fraction

14% (2%-52%)

0% - 25%

10

25% - 50%

4

>50%

No. of tumors per patient

5(1-21)

Desired whole-liver absorbed dose

20 Gy

40 Gy

60 Gy

80 Gy

W IiWwW| W

Treatment details

Bilobar treatment (whole liver treatment in one session)

Injection from proper or common hepatic artery

Sequential injection from left and right hepatic artery

Lobar treatment*

Injection from right hepatic artery

2

Injection from left hepatic artery

1

Net administered amount of microspheres (mg)

484 + 53

Net administered '*“Ho-activity (MBq)

5,085 + 2,876

Whole-liver absorbed dose (Gy)
Quantitative imaging
Eligible for SPECT dosimetry

40 +23

Yes

15

No

Eligible for MRI-dosimetry

Yes

9

No

6 (claustrophobia n = 1, metal clips n = 5)

Data are number, median (range), or mean (SD). '*Ho-RE = holmium-166 radioembolization; MRI =
magnetic resonance imaging; SPECT = Single Photon Emission Computed Tomography; * Unilobar treatment
because of unilateral disease (n = 1) or previous hemihepatectomy (n = 2); 1 Assuming all the energy of the

net administered activity was absorbed in the liver
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Figure 3. Cumulative dose volume histograms
per dose cohort (20 Gy, 40 Gy, 60 Gy, and 80
Gy). The lines represent the cumulative dose
per volume fraction on the non-tumorous (NT)
liver tissue (continuous lines) and on the tumo-
rous (T) tissue (dotted lines) in each of the study
patients.
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Baseline 6-wk follow-up Microsphere distribution

Figure 4. Example of clinical implication of inadequate microsphere distribution. '*F-Fludeoxyglucose Positron
Emission Tomography ("*F-FDG-PET) at baseline (A) and at 6-weeks post treatment (B) shows substantial re-
duction of FDG-uptake in all but one liver lesion (arrow). Single Photon Emission Computed Tomography post
1%Ho-radioembolisation showed that only a very small amount of '*Ho-microspheres had arrived at this lesion
(C). The calculated mean absorbed dose to this lesion was 4.8 Gy versus 19.6 Gy on the normal liver and 27.7
Gy on the entire tumorous volume.

1B i ' " " ' Figure 5. Activity recovery curves for the two
09F { used SPECT-systems (SYMBIA and FORTE).
--------------- P - | The activity recovery coefficient (ARC) per volu-
o me of interest (VOI) increases with the volume

1 ofthe VOL

O Data point FORTE |7
= Fit FORTE

O Data point SYMBIA
= = =Fit SYMBIA

0 20 40 60 80 100 120
VOI volume (mL)
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Table 2. Tumor dosimetry based on SPECT

SPECT
Descriptive statistics Median range
Volumes of interest
Whole liver volume (mL) 2120 (1467 - 3650)
Tumorous liver volume (mL) 333 (28 -1809)
Non-tumorous liver volume (mL) 1677 (1320 - 2477)
Calculated radiation absorbed doses*
Whole liver dose (Gy) 21.8 (8.4 -54.2)
Tumorous liver dose (Gy) 43.7 (13.2-64.9)
Non-tumorous liver dose (Gy) 20.7 (7.1 -54.3)
Fraction of the injected activity arriving
at the tumorous liver* 14.8% (1.4% - 60.7%)
T/N ratios Overall T/N ratio Peak T/N ratio
Overall T/N ratio 1.4 (0.9-2.8) 2.0 (0.9 -10.3)
T/N ratio for two largest lesions per patient 1.7 (0.8-3.2) 4.0 (0.5-10.3)
T/N ratio for the ‘hottest’ lesion per patient 2.3 (1.2-34) 5.1 (1.3-12.1)
Stratified for primary tumor type
Ocular melanoma patients (n = 6) 2.2 (0.9-2.8) 2.1 (0.9-3.6)
Colorectal carcinoma patients (n = 6) 1.5 (1.2-2.4) 3.6 (1.3-10.3)
Cholangiocarcinoma patients (n = 2) 1.2 (1.2-1.2) 1.7 (1.6 - 1.8)
Breast carcinoma patients (n = 1) 1.4 N.A. 1.5
Stratified for liver tumor involvement
Liver tumor involvement >25% (n = 5) 1.8 (1.1-2.6) 3.6 (2.1-4.2)
Liver tumor involvement 0% - 25% (n = 10) 1.3 (0.9 -2.8) 1.5 (0.9 -10.3)
Stratified for lesion vascularity
Patients with hypervascular lesions (n = 3) 2.6 (1.8-2.8) 33 (2.1-3.6)
Patients with non-hypervascular lesions (n = 12) 1.3 (0.9 -2.7) 1.5 (0.9 - 10.3)

Data are number or median (range). N.A. = Not applicable; T/N ratio = tumor-to-non-tumor ratio; * As cal-

culated with quantitative SPECT

Based on SPECT dosimetry, there was a weak correlation (R* = 0.09 at 6-week and R?
= 0.04 at 12-week follow-up) between the change in longest diameter and mean dose

on each index lesion. There was a stronger dose-response relationship when looking at
the maximum dose (R? = 0.34 at 6-week and R* = 0.19 at 12-week follow-up) (Figure 6).

Comparison of MRI- and SPECT-Based Dosimetry

Five patients with surgical clips in the liver region were excluded from MRI-dosimetric

analysis and one patient did not undergo MRI because of claustrophobia. In the remai-
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Figure 6. Dose response analysis. The mean (A) and maximal (B) dose on all index lesions (up to five per patient)
were plotted against the change in maximal diameter of the index lesions at six-week and twelve-week follow-up.
Maximal diameters were measured on CT according to RECIST 1.1 and dose was measured with SPECT. There
is a weak correlation between dose and change in tumor diameter.

ning nine patients who were eligible for both SPECT- and MRI-based dosimetry, gross
(dose to each liver segment, n = 72) and fine (dose to each tumor, n = 86) distribution
assessment were compared. The gross distribution assessment comparison yielded a
high correlation (R*=0.91) and a moderate agreement between the estimated absorbed
dose in each segment as estimated based on MRI and SPECT (mean bias: 3.7 Gy, 95%
limits of agreement: -11.2 — 18.7) (Figure 7). The fine distribution assessment compa-
rison yielded a good correlation (R*= 0.72) and a low agreement (mean bias: 8.4 Gy,
95% limits of agreement: -22.2 - 38.9 Gy) between the absorbed dose in each tumor as
estimated based on MRI and SPECT.
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Figure 7. Gross distribution assessment with Magnetic Resonance Imaging (MRI) and Single Photon Emission
Computed Tomography (SPECT) for 72 liver segments in nine patients. (A) Linear regression analysis (correla-
tion). (B) Bland Altman plot visualizing agreement between both measurements.
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The higher resolution of MRI allowed for more detailed evaluation of microsphere bio-
distribution (Figure 8). In the nine MRI-evaluated patients, the peak T/N ratios were
notably higher for MRI (median peak T/N ratio = 2.8) than for SPECT (median peak
T/N ratio = 1.8). These results are presented in Table 3.

MBg/mL 0 MBg/mL 0

Figure 8. Intrahepatic biodistribution on SPECT and MRI. (A) Baseline *F-fluorodeoxyglucose-Positron Emis-
sion Tomography (*F-FDG-PET) fused with CT depicting a peripherally FDG-enhancing colorectal liver me-
tastasis (arrows). (B) Single Photon Emission Computed tomography fused with Magnetic Resonance imaging
(MRI) of the liver shows '°*Ho-microsphere-deposition primarily in the FDG-avid region of the same tumor
and in a non-FDG-avid region (arrow head). (C) The MRI-based AR *-map shows a more detailed map of the
microsphere-distribution due to the higher resolution of MR.

Di1scussION

This study describes the results of SPECT- and MRI-based dosimetry in the first pa-
tients treated with **Ho-RE. We were able to visualize and quantify the distribution
of microspheres within the liver and reliably perform dosimetry based on SPECT and
MRI. The ability to perform dosimetry can benefit the patient because RE can now be
performed in a more controlled fashion, knowing the amount of microspheres arriving
in the tumor(s) and in the normal liver and being able to adjust the treatment plan
accordingly.

The theoretical advantage of intra-arterial liver therapies is based on the assumption
that the hepatic artery selectively feeds tumors and not the normal liver, which would
consequently lead to high T/N ratios. We were now able to determine the amount of
microspheres that arrived in the tumor and the amount of microspheres that arrived
in the normal liver (T/N ratio) for patients treated with '*Ho-RE. T/N ratios achieved
in RE have previously been investigated in several series in which metastatic patients
were reported to have a wide variety of T/N ratios ranging from 0.4 — 15.4.*° However,
these T/N ratios were often estimated using pre-treatment *"Tc-MAA-distributions
26252 and/or tumors were not delineated based on anatomy but were assumed to lie
exactly there where a MAA-hotspot was visible.?® In other cases, T/N ratios were only
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calculated based on a selection of tumors or based on the ‘hot spots’ within a tumor
and/or compared with an arbitrarily chosen ‘normal liver’ region in the rest of the li-
ver.” The median overall T/N ratio found in our study population was only 1.4, ranging
from 0.9 - 2.8. However, when calculating a peak T/N ratio for the ‘hottest’ tumor per
patient, these figures were considerably higher (median peak T/N ratio 5.1, range 1.3
- 12.1). This shows that peak T/N ratios can be misleading since one may interpret the
activity concentration in the entire volume of tumor(s) to be as high as 5.1 times the ac-
tivity concentration in the entire non-tumorous liver, whereas this was actually only 1.4
times as high. On the other hand, when taking the entire tumor volume into account
for calculation of overall T/N ratios, a tumor receiving little activity in its non-viable
core but a tumoricidal dose to its viable parts may still display an overall T/N ratio <1.
Peak T/N ratios are not affected this way. Another factor that may be of influence in
T/N ratio assessment is the occurrence of activity spill-in or spill-out. We know from
the phantom set-ups that the accuracy of the calculated SPECT-based activity concen-
tration in a VOI is hindered by spill-in or spill-out of activity. This effect may lead to
over- or underestimation of the true activity in a VOI, the degree of which depends on
the size of the VOI and the activity concentration ratio between the VOI and it’s sur-
rounding. Corrected for these effects, the median overall T/N ratio in this population
was slightly higher (1.6).

In this study, patients with uveal melanoma metastases had the highest T/N ratios,
which is in line with the, in general, more pronounced arterial vascularity of these
tumors.” T/N ratios may be influenced by microsphere-specific characteristics such as
microsphere size and number of microspheres injected. We do, however, not believe
that the specific properties of '**Ho-PLLA-microspheres caused the T/N ratios to be
lower than the reported T/N ratios for *Y-microspheres. Catheter position during ad-
ministration is in our opinion a more important factor. In this study microspheres were
administered from the proper, common, right or left hepatic artery. Administration
from a more selective catheter position might lead to higher T/N ratios.

SPECT- and MRI-based dosimetry on liver segments showed a high correlation and a
moderate agreement, which supports the validity of both modalities for gross intrahe-
patic dosimetry. The correlation for tumor dosimetry was also high and equivalent
T/N ratios (median 1.4) were obtained with both modalities. However, the agreement
for tumor dosimetry was low according to our predefined criteria, which means that
there is a significant uncertainty in the bias between MRI- and SPECT-based doses on
a specific tumor. These criteria may be too strict for tumor dosimetry since the uncer-
tainty on this smaller level is intrinsically higher. The low agreement on this level may
be caused in part by registration errors, since there were many small lesions, but also by
differences between the modalities. Both SPECT and MRI have their specific advanta-
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ges, such as, for SPECT, a superior sensitivity and accuracy'’; and, for MRI, anatomical
reference, the high soft tissue contrast in combination with high resolution quantitative
imaging, potentially eliminating the need for registration. These two independent mo-
dalities may complement each other when combined. MRI does for instance not rely on
radioactivity but on differences in susceptibility. This property enables assessment of
the biodistribution of decayed microspheres long after therapy or the distribution of a
non-radioactive scout dose, but makes intrahepatic dosimetry also sensitive to suscep-
tibility artifacts. Furthermore, SPECT remains crucial for assessment of any extrahe-
patic distribution because MRI-based dose assessment is hampered by susceptibility
artifacts around air containing organs such as the lungs and intestines. MRI-dosimetry
may be locally more accurate than SPECT-dosimetry because of the high resolution
of MRI, which provides a high level of detail and is less susceptible to partial volume
effects. This is probably the reason that higher peak T/N ratios were found for MRI.

A great amount of imaging was involved in this study for dosimetric purposes: 3x MRI,
3x scintigraphy and SPECT(/CT). This amount of imaging is not desirable for clinical
practice since these exams are costly and a burden for the patient. Therefore, future
research will need to facilitate the decision whether to continue with *™Tc-MAA or
with '**Ho-microspheres to predict biodistribution, which will eliminate part of the
imaging, and whether to use SPECT or MRI for dosimetry. At this point, SPECT is the
most obvious modality to use for dosimetry since SPECT-based dosimetry is very sen-
sitive and specific and MRI-based dose assessment is limited by artifacts and patients
may have contraindications for MRI (claustrophobia, metal devices/shrapnel, etc.).
However, MRI-based dosimetry continues to improve and might prove valuable for
future purposes such as real-time dosimetry during MRI-guided radioembolization.*

This study is limited by the small number of patients and the variation of primary
tumor types. The heterogeneity of this study population is, however, a true reflection
of the population of patients that is referred to our institute for radioembolization. Fu-
rthermore, tumor delineation was performed manually and distinguishing tumor and
normal liver tissue on MRI leaves room for subjective interpretation. Using functional
imaging such as FDG-PET for tumor delineation may be more appropriate since it can
be used to separate non-viable tumor tissue from viable tumor tissue. Whether liver
segments were precisely delineated according to Bismuth’s adaptation of the Couinaud
classification was not essential for this study’s analyses. We sought to divide the liver
into several sub-regions to assess SPECT- and MRI-based dosimetry and we chose the
Bismuth’s adaptation of the Couinaud classification because it is well known by clinici-
ans, is based on anatomical landmarks and divides the liver in parts of approximately
100 - 500 mL, which is large enough to compare the gross intrahepatic biodistribution
assessment based on SPECT and MRI. The calculated absorbed doses on SPECT and
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MRI were consistently lower than the desired liver absorbed doses of 20 - 80 Gy. This is
due to residual activity in the administration system, lung shunting, and activity in the
liver hilus, which was excluded on segmentation.

Now that in vivo post-treatment dosimetry of '*Ho-microspheres and early recogniti-
on of inadequately treated tumors is feasible with both SPECT and MRI, a personalized
approach in which inadequately treated tumors receive additional, selective treatment
is advised. These next-generation microspheres for radioembolization are therapeutic
and imaging agents in one, and provide the opportunity to see what one is treating.
Sub-optimal treatment can be detected by MRI and SPECT and a retreatment plan
can be elaborated to ensure full efficacy of the treatment. To date, dose-response rela-
tionships reported for RE are mainly based on the distribution of ***Tc-MAA particles
and not on the actual microsphere distribution®* In the current study we found a weak
to moderate dose-response relationship when looking at decrease in tumor diameter.
We think that decrease in tumor diameter as used for response assessment is a too indi-
rect measure of response for individual tumors. Using an indicator of functional tumor
response such as the apparent diffusion coeflicient on diffusion weighted MR imaging
or an FDG-PET-marker might show a closer dose-response relationship.?>** Investiga-
ting if a higher tumor dose leads to better functional tumor response and prolonged
patient survival will be the focus of future studies on “Ho-RE. The value of a scout
dose of a small number of '**Ho-microspheres to predict the post-treatment absorbed
dose distribution in the liver will have to be studied and compared to the conventional
#mTc-MAA-scout dose. If predictive, a scout dose of '®*Ho-microspheres might allow
pre-treatment dosimetry and identification of patients who will not benefit from treat-
ment due to an unfavorable biodistribution or patients who need extra precautions due
to a high normal-liver absorbed dose. In addition, the favorable MRI-characteristics of
“Ho-microspheres may allow for administration under real-time MRI-guidance with
direct visualization of the distribution of microspheres (i.e. per-treatment dosimetry).*!

CONCLUSION

The purpose of this study was to evaluate SPECT- and MRI-based dosimetry in the first
patients treated with '*Ho-RE. Dose to the tumorous and non-tumorous liver were
quantitatively determined and median T/N ratios were found to be only 1.4 (overall)
and 2.0 (peak). Many tumors had received a lower concentration of activity than the
non-tumorous liver. Using '**Ho-microspheres, in-vivo dosimetry based on SPECT and
MRI correlated well for dose to liver segments and dose to tumors. These results may
enable personalized treatment by selective targeting of inadequately treated tumors.
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Purpose

Holmium-166 (***Ho) microspheres have been developed for radioembolization (RE)
of liver tumors. The gamma rays of '®Ho-microspheres reaching outside the body are
useful for imaging purposes, but could necessitate contact restrictions for patients tre-
ated with '**Ho-RE. The purpose of this study was to assess the potential dose to other
individuals from patients treated with '“*Ho-RE and to evaluate what radiation safety
precautions are necessary post treatment.

Materials and methods

Fifteen patients with unresectable, chemorefractory liver metastases received **Ho-
RE with escalating aimed-whole liver doses of 20, 40, 60, and 80 Gy. Dose rates from
patients were measured at 1.0 m distance from a right lateral and frontal position at 0,
3, 6, 24, and 48 h after infusion. Total effective dose equivalent (TEDE) to a maximally
exposed contact was calculated in accordance with published guidelines of the U.S.
Nuclear Regulatory Commission (NRC). Results were recalculated to an aimed-whole
liver dose of 60 Gy and compared with current NRC regulations in order to evaluate
after how much time patients can be released and whether or not they require contact
restrictions.

INTRODUCTION

Radioactive microspheres can be used for radioembolization of liver tumors. The two
most commonly used types of microspheres are resin microspheres that chelate yttri-
um-90 (*°Y) (SIR-Spheres, Sirtex Medical Limited, Australia), and glass microspheres
containing *°Y (Theraspheres, BTG International Ltd., London, UK). At our institute,
we have developed a different kind of microsphere for radioembolization, consisting of
a poly(L-lactic acid) matrix containing holmium-166 (**Ho), that can be visualized in
vivo with both SPECT and MRI.!

All three microsphere products are loaded with a high-energy beta-emitting isotope.
For SIR-Spheres® and TheraSphere® the used isotope *Y emits a beta particle with a
maximum energy of 2.28 MeV with an intensity of 99%. The half-life is 64.1 hours.
'“Ho, on the other hand, emits beta-radiation at two main energies (Eb- max = 1.74
and 1.85 MeV, Intensity = 48.7% and 50.0%, respectively) and has a half-life of 26.8
hours. Since the beta energy of '**Ho is somewhat lower than *°Y and its physical half-
life is significantly shorter, the energy released per unit of activity is 15.87 J/GBq for
%Ho and 49.67 J/GBq for *°Y.? Therefore, an approximate three times higher amount
of '*Ho is required to obtain an absorbed dose similar to the dose from a given activity
of *Y. For both Y and '*Ho, low energy photons (bremsstrahlung) are also emitted



Results

The median dose rate at discharge, 48 hours after infusion, measured from 1.0 m dis-
tance from a right lateral position was 26 pSv/h (range 7 — 45 pSv/h). Recalculated
to 60 Gy, none of the dose rates for the NRC contact scenario, at any time, frontal
or lateral, would lead to a TEDE exceeding 5 mSv and all patients would have been
releasable directly after treatment according to the NRC regulations. Release without
contact restrictions 24 h after treatment was appropriate for all patients who received
up to 11 GBq.

Conclusions

In the NRC contact scenario, TEDE to a contact of patients treated with "**Ho-RE ai-
med at a 60 Gy whole-liver absorbed dose, will not exceed the NRC limit of 5 mSv:
not even when discharged immediately after treatment. Contact restrictions 24 h after
treatment are not necessary for infused activities <11 GBq according to the NRC con-
tact scenario.

indirectly due to deceleration of the beta particles in the body. The direct gamma radi-
ation of ***Ho-microspheres (81 keV, abundance 6.2%) can be used for dosimetry with
SPECT."” However, from a radiation safety point of view, the direct gamma emission
of 'Ho, including a low intensity (abundance 0.93%) 1379 keV gamma emission, in-
creases the radiation exposure to individuals surrounding the patient in the first days
after treatment.

The nuclear regulatory commission (NRC) of the United States has set regulations for
the release of patients after administration of radioactive materials. Using the scenario
described by the NRC, the limit of the total effective dose equivalent (TEDE) to indivi-
duals surrounding patients treated with radioactive materials is 5 mSv, above which pa-
tients cannot be discharged.* When the TEDE to surrounding individuals will exceed
1 mSy, the patients should be given written instructions how to keep exposure to other
individuals as low as reasonably achievable (i.e. contact restrictions).

The purpose of this study was to assess the potential dose to other individuals from
patients treated with '*Ho-RE and to evaluate what radiation safety precautions are
necessary post treatment.
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METHODS
Phase 1 study

In this phase 1 study, the safety and toxicity profile of 'Ho-microspheres were eva-
luated in patients with unresectable, chemorefractory liver metastases. The primary
endpoint was the maximum tolerated radiation dose (MTRD) to the liver. Patients
were treated in four cohorts, with escalating radioactivity of '“Ho-microspheres, to
accomplish an aimed whole liver dose of respectively 20, 40, 60 and 80 Gy. All patients
provided written informed consent prior to study enrolment. This trial was approved
by the institutional review board and is registered with ClinicalTrials.gov, number
NCT01031784.

Production of microspheres

Ho-microspheres were made by incorporating holmium-165 into poly(L-lactic
acid) (PLLA) microspheres and exposing them to neutron irradiation.® In short, hol-
mium-acetylacetonate crystals (Ho-AcAc) were prepared from a continuously stirred
aqueous solution of acetylacetone by addition of ammonium hydroxide and holmium
chloride. The formed Ho-AcAc was then added to PLLA, chloroform, and polyvinyl
alcohol, after which the chloroform was allowed to evaporate. The formed microsphe-
res were washed and sieved, after which they were neutron irradiated in high-density
polyethylene vials at the Reactor Institute in Delft, The Netherlands (thermal neutron
flux 5 x 10" cm™? s™). Neutron irradiation time was customized to the activity needed
for each patient. This way, 600 mg of '“*Ho-microspheres was administered to each
patient but with a different amount of radioactivity. The GMP-grade production of the
““Ho-microspheres was described in detail in prior work.®

Treatment procedure

Patients eligible for treatment were discussed in a multidisciplinary liver tumor board.
After baseline imaging, patients were admitted for a pre-treatment angiography. After
coil-embolization of non-hepatic vessels, technetium-99m-macro-aggregated albumin
(*"Tc-MAA) was administered in relevant arteries leading to liver parenchyma. If no
significant lung shunting or extrahepatic deposition was observed, patients received a
second angiography during which they received a scout dose of ***Ho-microspheres
(approximately 60 mg, 250 MBq) to assess microsphere distribution. After imaging
of the scout dose, a therapy dose (approximately 540 mg, varying activities) was given
several hours after infusion of the scout dose.
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Release and follow-up

Patients had to stay in the nuclear medicine ward for 48 h post treatment. After dischar-
ge, patients were given contact restrictions for another 48 h (see Appendix 1). Patients
returned to the outpatient department for weekly follow-up visits during which physi-
cal examination was performed and blood was drawn for hematological and bioche-
mical tests. PET-CT and MRI were performed at 6 and 12 weeks for tumor response
assessment.

Planning the activity to be administered

Dosimetry to the liver was calculated using a method analogous to the medical internal
radiation dosimetry (MIRD) pamphlet number 17.” Aimed whole liver radiation ab-
sorbed doses were 20 Gy, 40 Gy, 60 Gy, and 80 Gy. For calculation of necessary radio-
activity of ***Ho-microspheres, the following formula was used:

MBq .
Anors(MBQ) = Dose ey (Gy) X 63 (=) X Myiner (k) [Equation 1]

Where A, . is the activity of ' Ho-microspheres in MBq to be administered, the Ab-
sorbed energy is the activity-to-dose conversion of 'Ho assuming that all energy of
the emitted beta particles is absorbed in the liver, and the M, is the mass calculated
by delineating the liver on CT using the in-house developed software Volumetool?,
assuming a liver tissue density of 1.0 g/cm®. As such, activities for each cohort were

respectively 1.3, 2.5, 3.8 and 5.0 GBq/kg (liver weight).

Net administered activity measurement

Before treatment, the activity of the vial containing the microspheres was measured
using a validated dose calibrator (VDC 405 or 404, Veenstra Instruments, the Nether-
lands). Upon completion of therapy, the remnant radioactivity in the vial was measured
again. The difference was used as the net activity with which the patient was treated and
used in further dose calculations.

Post treatment radiation emission

The radiation emitted by the patient after treatment was studied in three ways. First,
the potential dose to other individuals was estimated based on the net administered
activity. Second, the dose rates at 1.0 m distance from the patient were measured after
treatment and transformed to absorbed doses. Third, the calculated absorbed doses
were recalculated for a scenario where each patient receives an aimed-whole liver ab-
sorbed dose of 60 Gy.
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1. Estimated dose to others

Using the net administered activity and the gamma ray constant, the TEDE to others
from the direct gamma radiation after discharge can be estimated. All '**Ho was assu-
med to remain in the liver. Biological half-life was thus neglected and only radioactive
half-life was taken into account. The bremsstrahlung and the fraction of metastable
!Ho were neglected for the estimated dose to others. In the rest of this paper, the term
“effective dose” will be used instead of TEDE. The effective dose was calculated using
the following formula:*

34.6T Qo ty, E

D(w) = (1.0)2 [Equation 2]

Where D(e0) is the effective dose (mSv), 34.6 is a conversion factor (24h/day * 1/In(2)),
I' the specific gamma ray dose constant (mSv/GBg-h at 1.0 m), Q, is the activity at time
of release (GBq), t, , the half-life time (days), E the occupancy factor, and 1.0 the aver-
age distance from the patient (m). The specific gamma ray dose constant for ***Ho is
0.00627 mSv/GBq-hr at 1.0 m.’ The half-life for '**Ho is 26.8 hours. No significant beta
emission is expected outside of the human body due to the maximal tissue penetration
of 8.7 mm and mean tissue penetration of 2.5 mm of beta radiation from '*Ho.'*"
Given the above, the formula can be rewritten as:

D(0) = 0.242 Qu E [Equation 3]

Where D() is the effective dose (mSv) from activity Q, (GBq) until final decay, with
a presence E (range 0-100%) at 1.0 m. E was conservatively set to 1 (continuous pre-
sence) for the analyses of this study because the half-life of ®Ho is relatively short.
Effective dose was calculated for the four most relevant time points that were also used
for measurements in this study, i.e. 0, 6, 24, 48 h after infusion.

2. Measurements of dose rates and effective doses

External radiation dose rates from patients were measured after treatment with '**Ho-
RE from two positions at five different times. Measurements were performed from a
right lateral and frontal position from the patient at 1.0 m distance, in line from the
center of the liver, perpendicular to the liver surface. A wooden stick of 1.00 m was
used to keep the appropriate distance. The dose rate meter was aimed at the center of
the liver. The measurements were performed shortly after infusion of microspheres
(called t), and at t,, t, t,,, and t,, hours after infusion. The exact times of the measu-
rements were noted, to allow correction for decay. Immediately after the angiography
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procedure, patients were required to remain in the supine position in order to allow the
vascular access site to heal, and thus frontal measurements were not performed at t. A
portable dose rate meter was used (Radiagem 2000, CANBERRA, Meriden, Ct.). This
calibrated dose rate meter was sensitive for gamma radiation only (range 40 keV - 1.5
MeV).

Dose rates were measured at different times, so to allow comparison, all dose rates from
the same patient and position were transformed back to dose rate at time of infusion.
The mean of these dose rates was used to calculate effective doses. To assess the validity
of these values, the mean of the decay-corrected dose rate measurements and effective
dose of each patient was examined for a correlation with the infused activity. Pearson’s
correlation coeflicient (R?) was calculated. The slope of the correlation line between
dose rate and infused activity was used to determine a new constant that includes at-
tenuation to replace the hypothetical constant of 0.242 mSv/GBq in equation 3. The
newly determined constant was then used to determine whether contact restrictions
are necessary for different release times and varying amounts of infused activity.

The effective dose to other individuals was calculated from measured dose rates in ac-
cordance with published guidelines of the U.S. NRC.* The following equation, which is
also used by McCann et al.,'”> was used to calculate the effective dose to others:

D() =346 R T, E [Equation 4]

Where D() is the effective dose (in mSv), 34.6 is the conversion factor of 24 hours /
day time the total integration of decay (1/In(2) = 1.44), R is the dose rate measured at
1.0 m from the patient (in mSv/h), T, is the physical half-life in days (1.115 days for
'%Ho), and E is the occupancy factor.

3. Recalculation to a 60-Gy aimed dose

In the current dose-escalation study the whole-liver absorbed doses ranged from 14.7
Gy to 78.3 Gy. Based on the maximum tolerated radiation dose established in this stu-
dy, 60 Gy will be the aimed-whole liver dose for future '**Ho-RE treatments (equivalent
to 3.8 GBq/kg)." Since the liver absorbed doses in the patients of this study varied wi-
dely, dose rates could be recalculated to a scenario where each patient receives a whole
liver dose of 60 Gy, assuming a good correlation between infused activity and measured
dose rates (as described above). In order to do so, the mean dose rate for each patient
was multiplied by the ratio between the aimed-whole liver absorbed dose for future
treatments (i.e. 60 Gy) and the actual whole liver absorbed dose (range 14.7 - 78.3 Gy).
Using equation 3, the effective dose for different contact scenarios was calculated, as
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suggested by Gulec and Siegel.™* Besides the basic scenario in which the occupancy fac-
tor (E) is 1 (continuous presence) and the distance (d) is 1.0 m, scenarios for household
members (E=0.25, d=1), caregivers (E=0.25, d=0.3), givers of significant care (E=0.5,
d=0.3), and for infants, children or pregnant women (E=0.042, d=0.1) were calculated.
The applied distance correction factor was not the inverse square but a multiplication
of 3/d, where d is the distance in meters. This correction factor is more appropriate for
distances closer than 1.0 m due to the source of radiation (i.e. the liver) more resem-
bling a line than a point source.'

RESULTS

Fifteen patients were treated with **Ho-RE. The primary tumor was ocular melanoma
in six patients, colorectal cancer in six patients, cholangiocarcinoma in two patients
and breast cancer in one patient. Mean liver volume for each cohort was 2234 mL (SD
756), 1884 mL (SD 530), 2236 mL (SD 498), and 1771 mL (SD 497). The mean infused
activity for each of the cohorts was 2532 MBq (SD 1039), 4145 MBq (SD 1161), 8099
MBq (SD 1378), 8120 MBq (SD 1900), with a mean actual whole-liver absorbed dose of
18 Gy (1.1 GBq/kg), 35 Gy (2.2 GBq/kg), 58 Gy (3.7 GBq/kg), and 78 Gy (4.6 GBq/kg).

1. Estimated dose to others
Based on the net administered activity, the estimated median effective dose to other
individuals from patients treated with '®*Ho-RE was 0.31 mSv (range 0.11 - 0.72 mSv)

Table 1a. Estimated effective dose to others from patients treated with holmium-166 radioembolization starting
from different time points

Dose T, (mSv)

Dose T, (mSv)

Dose T,, (mSv)

Dose T,, (mSv)

Cohort 20 Gy 0.52 (0.39-1.09) 0.45 (0.33-0.93) 0.28 (0.21-0.59) 0.15 (0.11-0.31)
Cohort 40 Gy 0.84 (0.84-1.33) 0.72 (0.72-1.14) 0.45 (0.45-0.71) 0.24 (0.24-0.38)
Cohort 60 Gy 1.92 (1.65-2.31) 1.64 (1.41-1.98) 1.03 (0.89-1.24) 0.55 (0.48-0.67)
Cohort 80 Gy 1.74 (1.66-2.49) 1.49 (1.42-2.13) 0.94 (0.89-1.34) 0.50 (0.48-0.72)

Table 1b. Measured effective dose to others from patients treated with holmium-166 radioembolization starting

from different time points

Dose T, (mSv) Dose T, (mSv) Dose T,, (mSv) Dose T,, (mSv)
Cohort 20 Gy 0.32 (0.27-0.65) 0.27 (0.24-0.55) 0.17 (0.15-0.35) 0.09 (0.08-0.19)
Cohort 40 Gy 0.62 (0.56-0.85) 0.53 (0.48-0.73) 0.33 (0.30-0.46) 0.18 (0.16-0.25)
Cohort 60 Gy 1.25 (1.18-1.32) 1.07 (1.01-1.13) 0.67 (0.64-0.71) 0.36 (0.34-0.38)
Cohort 80 Gy 1.56 (0.93-1.82) 1.34 (0.80-1.56) 0.84 (0.50-0.98) 0.45 (0.27-0.52)

Reported data are median (range)



Radiation emission from patients treated with '*Ho-RE

assuming an occupancy factor of 1 (continuous presence at 1.0 m during total decay)
starting at from the moment that patients were discharged in this study (48 hours post
treatment). The effective dose for the other time points are presented in Table 1.

A Cohort B Cohort

609 o % 40.00 2.007 % 40.00

50 —20.00 o

304

Dose Rate (uSv/h)
Effective dose (mSv)

2
Q

0b

T T
0 10 20 30 0 50 0 10 20 30 0 50
Time (h) Time (h)

Figure 1. Measured dose rates for each patient categorized per cohort (A) and subsequently calculated effective
dose rates (B). The median dose rates and median effective doses per cohort are connected by lines. The black
reference line in B represents the 1.0 mSv threshold above which contact restrictions are necessary for release.

2. Measured dose rates and calculated doses

Six of 135 dose rate measurements were missing (4.4%, one lateral, five frontal measu-
rements). These measurements were missing in 5 different patients. The median lateral
dose rates at discharge, 48 hours after infusion, measured from 1.0 m distance were 8
uSv/h (range 7 - 11 pSv/h), 26 pSv/h (17 - 29 uSv/h), 35 uSv/h (29 - 40 pSv/h), and 36
uSv/h (28 - 45 uSv/h) for the 20-Gy, 40-Gy, 60-Gy and 80-Gy cohort, respectively. The
dose rates and effective doses for each cohort are presented in Figure 1.

After correction for decay, there was a strong correlation between mean dose rate at
t0 for each patient and the infused activity for the lateral measurements (R?=0.94,
p < 0.01) and for the frontal measurements (R*=0.92, p < 0.01) (Figure 2A). Since the
lateral dose rates measurements correlated slightly better with infused activity than
the frontal measurements, the lateral dose rates were used for further calculations. The
median effective dose to other individuals assuming an occupancy factor of 1 starting
48 h post treatment was 0.19 mSv range (0.08 - 0.52 mSv) The effective doses for the
other time points are displayed in Table 1.

The calculated effective dose for a person standing at 1.0 m distance on the right side
of the patient for continuous presence from t0 correlated well with the infused acti-
vity (R?=094) with a constant of 0.161 mSv/GBq (Figure 2B). This constant was used
to create a chart that indicates whether contact restrictions are necessary for different
release times (Figure 3). According to these calculations, for the basic contact scenario,
release without contact restrictions 24h after treatment is appropriate for all patients
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Figure 2. Scatter plots of the infused activity versus (A) the lateral and frontal dose rates,
and (B) the effective dose based on the lateral dose rates. The constant of 0.161 mSv/GBq
was derived from the trendline in B. Reported R’ values are Pearson’s correlation coefficients.
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Figure 3. Total effective dose equivalent (TEDE) for different infused activities and release
times. Contact restrictions are necessary if the TEDE exceeds 1.0 mSv (dashed reference line).
Whether release without contact restrictions is appropriate can be checked by following the
line for the activity administered to the patient and the time of release on the x-axis. If the
value is below 1.0 mSy, the release without contact restrictions is appropriate.

who receive up to 11 GBq of '*Ho. All patients who receive up to 21 GBq of '®Ho are
releasable without instructions 48 h post therapy.

3. Recalculation to a 60 Gy aimed dose

Recalculation of the measured radiation dose rates to the future aimed whole-liver dose
of 60 Gy (3.8 GBq/kg), resulted in median dose rates of 31 uSv/h, 30 puSv/h, 28 puSv/h,
19 pSv/h, and 10 uSv/h for the lateral measurements, at Oh, 3h, 6h, 24h, and 48 h, res-
pectively. Assuming continuous presence (occupancy factor = 1) starting 48 hours after
infusion, the median dose to a person standing at 1.0 m in the right lateral position
was estimated to be 0.35 mSv (range 0.21-0.59 mSv). The median dose to a person at
1.0 m distance, lateral from the patient, starting immediately after treatment is 1.20
mSv (range 0.71-2.06 mSv). None of the recalculated dose rates for the basic scenario,
at any time, frontal or lateral, would lead to a effective dose exceeding 5 mSv. For the
caregivers and givers of significant care scenarios, the effective dose could exceed 5
mSv unless waited for 6 or 48 h, respectively. The mean effective dose to individuals for
other contact scenarios is displayed in Table 2.
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Table 2. Maximum effective doses for a 60-Gy whole liver absorbed dose scenario combined with different
contact scenarios

Dose T, Dose T, Dose T,, Dose T,
(mSv) (mSv) (mSv) (mSv)

Basic scenario 1.20 (0.71-2.06) 1.03 (0.61-1.76)  0.64 (0.38-1.11)  0.35(0.21-0.59)
(E=1,d=1)
NRC contact scenario: 0.30 (0.18-0.51)  0.26 (0.15-0.44)  0.16 (0.10-0.28)  0.09 (0.05-0.15)
Household members
(E=0.25, d=1)
Caregivers 3.00 (1.79-5.15)  2.57 (1.53-4.41)  1.61(0.96-2.76)  0.87 (0.52-1.48)
(E=0.25, d=0.3)

Givers of significant care 6.0 (3.57-10.29)  5.13 (3.06-8.81)  3.22(1.92-5.53)  1.73 (1.03-2.97)
(E=0.5, d=0,3)
Infants / children / 1.51 (0.90-2.59)  1.29(0.77-2.22)  0.81 (0.48-1.39)  0.44 (0.26-0.75)

pregnant women
(E=0.042, d=0.1)

Reported data are median (range)

Di1scussION

The gamma radiation emitted by '*Ho is beneficial for imaging purposes* but can
raise concerns regarding radiation exposure to others. This study describes the radia-
tion emitted from patients treated with '“Ho-RE and the subsequent potential dose to
others. The doses to others were first estimated using the gamma ray constant and were
then calculated based on the measured dose rates. As expected, the estimated doses
were higher than the calculated doses, since attenuation was not taken into account
for the estimated doses. There was an excellent correlation between the infused activity
and the effective doses based on the lateral measurements at 1.0 m distance (R?*=0.94)
with a constant of 0.161 mSv/GBq of '*Ho. We used this constant to recalculate the
measured values to a whole-liver dose of 60 Gy (3.8 GBq/kg) in order to gain insight
in the radiation exposure of future patients who will be treated with aimed whole-liver
absorbed doses of 60 Gy. Potential effective doses for a range of contact scenarios were
calculated, of which some posed a concern (significant caregivers).'

A similar study has been performed in patients treated with resin or glass *°Y-microsp-
heres.”? In that study there was a poor correlation between infused activity of resin
microspheres and dose rates at 1.0 m (R?*=0.21). This discrepancy may be due to the
fact that the measured dose rate in patients treated with *°Y consists of bremsstrahlung
only and the amount of bremsstrahlung leaving the body is highly dependent on distri-
bution and attenuation. This is of less influence to the direct gamma radiation coming
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from '**Ho. As expected, because of the gamma-emission of holmium, the dose rates
and effective doses to others from patients treated with '“Ho are higher than for *Y-
RE shortly after treatment.'? Nevertheless, patients treated with '*Ho-RE can still be
discharged directly after treatment according to the NRC contact scenario. Furthermo-
re, contact restrictions might only be necessary for patients who are discharged within
24 h after treatment or who received more than 11 GBq. Discharge within 48 h after
treatment is however uncommon. A recent review demonstrated that most centers
keep patients in a nuclear medicine ward for 2-3 days after treatment with RE.'® After
a stay of 48 h post therapy, patients treated with the recommended whole liver absor-
bed dose of 60 Gy can be released without restrictions in all cases. We chose to use the
NRC guidelines for the U.S. as a reference since these regulations apply to the entire
U.S. where a large number of RE-treatments are performed. The threshold for release
of patients and need for contact restrictions may be different in other countries. After
how much time patients can be released respecting other thresholds can be read out
from the graph in Figure 3.

Although contact restrictions are not required in most cases, the effective doses should
still be minimized by employing all reasonable methods according to the radiation sa-
fety ‘as low as reasonably achievable’ (ALARA) principle. One must however recognize
that the safety restrictions recommended to patients may have a negative influence on
their quality of life in, perhaps, the last months of their lives. Avoiding physical contact
and not sleeping in the same bed as a partner — which are recommended restrictions at
our center and by the NRC (see Appendix 1 and 2) - can weigh heavily on for instance
an elderly couple. In a recent study on quality of life in patients treated with '“Ho-RE,
social functioning was found to decrease after treatment with improvement at 12 weeks
post treatment.'” The reasons for this decrease in social functioning are not fully iden-
tifiable using the standard quality of life questionnaires, but it may have partly been
caused by the set of restrictions given to the patients after treatment. For this reason, we
think physicians should always give written instructions to patients as to how to mini-
mize the dose to others and discuss the potential harms of radiation, but also provide
a pragmatic advice on how to personally determine what restrictions are reasonable.
Despite the limited number of patients in this study, the measurements consistently
showed a strong correlation between infused activity and dose rate and effective dose.
Also, as part of this phase 1 dose-escalation study, patients received a range of activi-
ties in our study. We did not consider this a limitation. The range in infused activities
helped to establish the relationship between infused activity and effective dose and to
recalculate more accurately to higher amounts of activity.
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The estimated effective dose to others (part 1) was limited by the fact that we neglected
bremsstrahlung radiation and metastable '““Ho. These components were expected to be
far smaller than the dose from the direct gamma radiation. Bremsstrahlung and metas-
table '*Ho were part of the measured dose rates and calculated effective doses (part 2).
True dose rates were nevertheless somewhat underestimated by these measurements
due to the limited range of the dose rate meter (range 40 keV - 1.5 MeV), especially
in the 0-40 keV range. This lower limit is especially relevant for measuring brems-
strahlung, since low-energy photons constitute a significant part of the bremsstrahlung
spectrum.'®

Both lateral and frontal dose rate measurements were performed. For the frontal
measurements, the patient needs to sit up in bed, which is not possible shortly after
closure of the arterial access site for angiography. The lateral dose rate measurements
are easier to perform, more comfortable for the patient and proved to be more accurate.
Therefore, we have decided to perform only lateral dose rate measurements in future
studies.

Another limitation of this study was the assumption that all radiation was emitted by
%Ho from inside the liver. Just as with resin *°Y-microspheres, it is known that trace
amounts of '®Ho may leach into the system.'*'? Body fluids, especially the urine, can
thus be contaminated. We are currently collecting urine from a larger number of pa-
tients to determine what amounts of radioactivity can be found in the urine after treat-
ment and whether patients need to stay in a nuclear medicine ward for this reason.
Even before and during treatment, persons other than the patient may absorb radiati-
on from '**Ho. One concern is the dose to personnel handling the radioactive micro-
spheres. At this moment, a vial with '*Ho-microspheres at the right activity for each
specific patient is delivered to the hospital in the morning of the treatment day. The vial
is placed in a lead-glass container inside a poly(methyl methacrylate) box and brought
to the angiography room. During the time that the administration system is set up and
microspheres are administered, up to the time that the patient leaves the room, the
personnel in the angiography room (interventional radiologists, technicians, nuclear
medicine physicians) are exposed to gamma-radiation from '*Ho. Preliminary measu-
rements from our institution’s radiation safety committee have indicated that the dose
to the operators in the angiography room from '“Ho is far less than the dose coming
from scattered radiation from the c-arm. It is however complex to exactly determine
the contribution of *“Ho to the entire dose absorbed by operators during an RE-proce-
dure. This will be the focus of a future mock-up study.

In conclusion, according to the NRC contact scenario, the effective dose to a contact
of patients treated with '®Ho-RE aimed at a 60 Gy whole-liver absorbed dose, will not
exceed the NRC limit of 5 mSv. Not even when discharged immediately after treatment.
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Contact restrictions 24 h after treatment are not necessary for infused activities <11
GBq according to the NRC contact scenario. Other radiation safety aspects concerning
'*Ho-RE such as the dose to personnel and release through body fluids need to be
studied further.
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APPENDIX 1.

List of instructions given at our center to patients for 48 hours after treatment with
'%Ho-RE

 Keep roommates at a distance of at least 1 m

« Avoid physical contact with children up to 10 years old. Others should take care of
them. Maximize the distance to children. If these precautions are not possible, let the
children stay with family or friends during the period that the contact restrictions ap-
ply.

o Keep at least 2 m distance from a partner or roommate during when sleeping, if pos-
sible in separate rooms. Pay attention that the beds in the separate rooms are not placed
adjacent to the same wall. Direct physical contact like cuddling and sexual intercourse
should be limited to 30 minutes a day.

« Maximize the distance to pregnant women in order to minimize the dose to the un-
born child.

o In case you die within 20 days after treatment, one of your relatives should contact the
nuclear medicine department.

« In case you have an appointment with a physician outside the nuclear medicine de-
partment of this hospital within 13 days after treatment, please notify that physician
about the radioactivity present in your body.

APPENDIX 2.

Example of additional instructions that may be given to patients with permanent
implants as provided by the Nuclear Regulatory Commission:*

“A small radioactive source has been placed (implanted) inside your body. The source is
actually many small metallic pellets or seeds, which are each about 1/3 to 1/4 of an inch
long, similar in size and shape to a grain of rice. To minimize exposure to radiation to
others from the source inside your body, you should do the following for days.
o Stay at a distance of ______feet from

 Maintain separate sleeping arrangements.

o Minimize time with children and pregnant women.

« Do not hold or cuddle children.

« Avoid public transportation.

o Examine any bandages or linens that come into contact with the im-
plant site for any pellets or seeds that may have come out of the implant site.

« If you find a seed or pellet that falls out:
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- Do not handle it with your fingers. Use something like a spoon or tweezers
to place it in a jar or other container that you can close with a lid.

- Place the container with the seed or pellet in a location away from people.

- Notify one of the persons listed in this instruction”
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General discussion

In this thesis, the first clinical trial on holmium-166 (***Ho) radioembolization in hu-
man patients is described. The first part of this thesis describes the clinical outcomes of
radioembolization in terms of response and toxicity. The main distinguishing charac-
teristics of "*“Ho-microspheres are the possibilities for imaging and dosimetry, which is
the focus of the second part.

PART I RESPONSE AND TOXICITY

2Y-radioembolization

The University Medical Center Utrecht was the first center in the Netherlands to
perform *Y-radioembolization. The first patient was treated in February 2009,
while thousands of patients worldwide had already received *°Y-radioembolization.
Our institution had a lot to catch up with compared to high-volume centers. Data
from all patients that were scheduled for *Y-radioembolization outside the prospective
RADAR study' between February 2009 and March 2012 was retrospectively studied, as
described in Chapter 2. Safety was the main priority of this retrospective analysis: what
complications and adverse effects occurred in these patients and what kind of toxicity
can we expect for future patients? Besides safety, efficacy in terms of tumor response
and survival were evaluated. The clinical toxicity after *°Y-radioembolization was in
line with the literature, consisting mainly of low-grade post-embolization symptoms
that were well manageable with outpatient medication.>” Liver enzymes levels signi-
ficantly increased after **Y-radioembolization in 38% of patients. These patients sho-
wed no signs of radiation induced liver disease and it was concluded that liver enzyme
elevations are part of the physiological reaction of the liver to *Y-radioembolization.
Disease control in the liver (complete or partial tumor response and stable disease) was
obtained in only 21% of patients at 3 months follow-up. The majority of patients had
progressive disease shortly after treatment. These figures differed a lot from the disease
control rates reported in the literature ranging from 63 — 100%.° Part of this discrepan-
cy is likely due to the methodology of dose response assessment. Tumor response was
assessed blindly in our trial in order to increase objectivity and response rates were
reported for different levels (target lesions only, whole-liver, and whole body). The me-
thods of response assessment (i.e. responsimetry) were often not clearly described in
the literature, which may have resulted in higher response rates.

Phase 1 clinical trial, design and limitations

A phase 1 clinical trial on '“Ho-radioembolization was also started in 2009. The ratio-
nale and full design of this trial are presented in Chapter 3. The trial was designed to
determine the maximum tolerated radiation dose in end-stage liver metastases patients
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by escalating the dose after each cohort of 3-6 patients. Since these were the first pa-
tients to be treated with '*Ho-radioembolization, the starting dose was set relatively
low at 20 Gy. The dose increased linearly in steps of 20 Gy per dose cohort up to an
absorbed dose of 80 Gy. 80 Gy was chosen as the highest dose since it is approximately
two times the whole-liver absorbed dose that is delivered with *Y-radioembolization
using the empirical or body surface area method, which is generally in the range of
20-60 Gy.27

A dose-escalation trial is always a compromise between exposing a minimum number
of patients to an ineffective or toxic dose and accurately determining the optimum
dose.® For this reason the HEPAR (Holmium Embolization Particles for Arterial Ra-
diotherapy) trial was performed with a limited number of patients. Due to the limi-
ted number of patients in each cohort and conservative stopping rules, it cannot be
excluded that chance may have played a role in determining the maximum tolerated
radiation dose. Furthermore, the future dose was only determined based on maximum
tolerated toxicity, not on efficacy. Maximum efficacy may be obtained already at a lower
dose or at a higher dose. In a phase 1 trial, however, these aspects need to be balanced
against practical and safety aspects.

Phase 1 clinical trial, outcomes

Chapter 4 presents the main outcomes of the phase 1 clinical trial. The maximum tole-
rated radiation dose was determined to be 60 Gy due to dose-limiting toxicities in the
80-Gy cohort. However, one can argue whether these toxicities were truly dose-related.
The first of the patients in the 80-Gy cohort was readmitted with abdominal pain after
a part of the radioactivity had inadvertently been deposited in the duodenum. The pain
gradually disappeared over a period of four weeks. This event had to be interpreted as
dose-limiting toxicity since it was a non-expected serious adverse event, although there
seems to be no relation to the dose given. The second patient of the 80-Gy cohort deve-
loped signs of liver failure several weeks after treatment that can point to an overdose of
radioactivity to the healthy liver. The patient died 15 weeks after radioembolization. At
autopsy, however, no signs of radiation-induced liver disease were found and the entire
liver was seeded with metastases. Liver failure was most likely due to tumor progres-
sion and the amount of radioactivity administered during radioembolization seemed
unrelated. A third patient was treated at 80 Gy and did not experience any serious
adverse events. Considering these findings together with the inherent limitations of the
phase 1 clinical trial design, 60 Gy is probably not the absolute maximum tolerated ra-
diation dose for end-stage liver metastases patients, if an absolute maximum tolerated
radiation dose even exists for a group of patients.
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Non-dose limiting toxicity was also thoroughly evaluated in this phase 1 clinical trial.
Abdominal pain and nausea were the most frequent clinical toxicities, each reported in
80% of patients. Laboratory toxicity consisted mainly of liver enzyme levels elevations.
The measured laboratory toxicities seemed in large part due to disease progression.

Comparison of *°Y with '“Ho

The aforementioned results on toxicity are in line with the toxicity from *Y-radioem-
bolization as described in Chapter 2. The clinical adverse events consisted mainly of
symptoms belonging to the post-embolization syndrome (e.g. abdominal pain, nausea,
fatigue, loss of appetite). No new toxicities were found for **Ho-radioembolization
that are not known to *Y-radioembolization. However, incidence rates of toxicity in
our phase 1 clinical trial (Chapter 4) did differ from the toxicity as observed in clinical
practice with *°Y-radioembolization as presented in Chapter 2. We would like to stress
that the results of the phase 1 clinical trial cannot be compared directly to *°Y-radi-
oembolization studies with completely different study designs. In a comment to our
article describing the results of the phase 1 clinical trial, prof. Cosimelli, from the Regi-
na Elena National Cancer Institute (Rome, Italy), stated that '*Ho-radioembolization
comes with a new range of adverse events, referring to the 80% lymphocytopenia and
elevated gamma-glutamyl transpeptidase rate reported in this study.’ In response to his
comments (Chapter 5) we explained that these adverse events have been reported for
“Y-radioembolization as well, and we highlighted the pitfalls of comparing the results
of a phase 1 clinical trial - performed in a limited number of patients, that were treated
at various doses and followed extensively with weekly blood analysis analysis and out-
patient visits, where the main goal was to identify side effects — with dissimilar studies
on *Y-radioembolization.

Quality of life

There is an increasing trend to look beyond the obvious outcomes like toxicity, tu-
mor response and survival, when evaluating new treatment options.'” To approxima-
tely 90% of cancer patients quality of life (QoL) is at least as important as length of
life.!>? The effect of **Ho-radioembolization on QoL was presented in Chapter 6.
Despite that '*Ho-radioembolization comes with relatively little adverse events, espe-
cially compared to the systemic therapies that many of these patients had had, QoL
decreased moderately and consistently after treatment. Similar results have been re-
ported for *Y-radioembolization in patients with end-stage disease. QoL may benefit
from higher response rates, since disease progression had a negative impact on QoL.
Tumor response rates are likely to be higher when patients receive radioembolization

in an earlier phase of treatment.
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PART II IMAGING AND DOSIMETRY

An overview of the imaging and dosimetry aspects of radioembolization is provided
in Chapter 7. Dosimetry can be categorized into pre-treatment dosimetry, dosime-
try during treatment, and post-treatment dosimetry. There are various techniques and
particles used for each of these categories that are discussed in detail in this chapter.
Dosimetry can be further divided into extrahepatic and intrahepatic dosimetry. Ex-
trahepatic dosimetry is crucial to prevent complications due to non-target radioembo-
lization. The main goal of intrahepatic dosimetry is to get or verify a therapeutic dose
on the tumorous tissue and an as low as possible dose on the healthy liver. An overview
of studies on dose-response relations in radioembolization is presented in order to get
an indication of what a therapeutic tumor dose might be. This chapter provides insight
into the latest developments on imaging and dosimetry for radioembolization and how
these can be used for individualized treatment planning.

Pre-treatment dosimetry with *"Tc-MAA

Technetium-99m-macroaggretated albumin (**Tc-MAA) is the widely used surrogate
particle for *Y-microspheres. The amount of *™Tc-MAA arriving in the lungs, and/
or in the different compartments of the liver is taken into account for calculating the
amount of activity administered at radioembolization. The underlying assumption is
that the biodistribution of *™Tc-MAA is equal to the biodistribution of **Y-microsp-
heres. Chapter 8, however, demonstrates that this is not the case for the intrahepatic
biodistribution, and a recent study demonstrated that this is not the case for biodistri-
bution to the lungs either.”” In Chapter 9, we discussed why the literature is so divided
when it comes to the value of *"Tc-MAA, and what role the methods of administration
(e.g. catheter tip position) and methods of dosimetry may play.'**

Post-treatment dosimetry of '“Ho-microspheres

*“Ho-microspheres can be visualized with single photon emission computed tomo-
graphy (SPECT) and MRI In Chapter 10, data from the first patients treated with
%Ho-radioembolization were used to demonstrate the feasibility of performing in-
trahepatic dosimetry with SPECT and MRI post treatment. MRI-based dosimetry
could not be performed in 6 of 15 patients due to claustrophobia (n=1) or due to the
presence of surgical clips in the liver distorting the images (n=5). SPECT-based do-
simetry was performed in all patients. The agreement and correlation between both
modalities on assessing the dose to liver segments and dose to tumors was assessed in
the nine patients that received both SPECT and MRI-based dosimetry. There was a low
to moderate agreement and high correlation between both modalities.

Accurate intrahepatic dosimetry allows for dosimetry on tumor level and calculating so
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called tumor-to-non-tumor (T/N) ratios. The concept of radioembolization is founded
on the assumption that the tumors in the liver are selectively fed by the hepatic artery
and that arterially injected microspheres will thus end up in much higher concentrati-
ons in the tumor than in the normal liver tissue. T/N ratios for liver metastases patients
have been reported to be up to 15."® In the study described in Chapter 10, however,
mean T/N ratios ranged from 0.9 - 2.8, which is far lower than often assumed. T/N ra-
tios can even be below 1.0, which means that there is a higher concentration of activity
in the normal part of the liver than in the tumorous liver. However, determining exactly
what is ‘normal’ liver and what is tumor is subject to error as well as dosimetry on the
level of multiple small tumors. Tumor dosimetry is likely to benefit from ongoing deve-
lopments like automatic functional liver delineation using sulfur colloid as described in
Chapter 7. Various efforts have been made to improve T/N ratios in order to enhance
tumor response and decrease toxicity. Vasoactive agents like angiotensin-II have been
used for this purpose since the early days of radioembolization, with promising effects
on T/N ratios.'** Unfortunately, the limited availability of angiotensin II plus the lack
of guidelines on how and how much of these agents should be administered and the
systemic side effects seem to have hampered the application in clinical practice.?**

Radiation safety

The gamma radiation that comes with '**Ho and renders it imageable with SPECT, has
downsides as well. The beta-radiation is absorbed in the patient’s body, but a major part
of the gamma-dose leaves the body, exposing other individuals. Chapter 11 is a study
on the radiation emission from patients treated with '®Ho-RE. The total dose to others
from patients treated with '®Ho-RE was 1) estimated using the gamma-ray constant
for '*Ho, 2) calculated based on the dose rate measurements from the 15 patients, and
3) recalculated to the whole liver absorbed dose that future treatments will be aimed
at (i.e. 60 Gy) and evaluated according to the U.S. Nuclear Regulatory Commission
(NRC) regulations.” As expected the conservatively estimated total doses were higher
than the total doses calculated based on the dose rate measurements. Also, the total
doses to others were higher than total doses for *Y-radioembolization reported in the
literature, which is caused by the gamma-radiation. All patients receiving '“Ho-radi-
oembolization can nevertheless be discharged from the hospital directly after treat-
ment with contact restrictions according to the NRC regulations. According to these
guidelines patients cannot be released if the calculated total dose to others in a basic
scenario of 1 m distance and invariable presence exceeds 5 mSv. Contact restrictions
are required in case the calculated total dose exceeds 1 mSv. The data from this study
shows that contact restriction are not required in any patients with an administered
activity up to 21 GBq when released 48 h post treatment.
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FUTURE PERSPECTIVES
SPECT or MRI

In the phase 1 clinical trial, patients received *™Tc-MAA, a '®Ho-scout dose, and a
!Ho-therapy dose. Imaging was performed after each administration with SPECT
and/or MRI. As described in Chapter 10, this amount of imaging is not desirable for
clinical practice and future studies should help to make clear in what situations SPECT
or MRI is most useful for dosimetry. Some factors that should be considered are the
higher resolution of MRI compared to SPECT and that MRI does not rely on radioacti-
vity.* MRI is, however, more susceptible to artifacts from metallic implants or air-con-
taining organs (like the stomach, intestines and lungs) and MRI is limited to intrahe-
patic dosimetry. SPECT remains the preferred modality for extrahepatic dosimetry.
MRI-dosimetry is potentially useful for real-time MRI guidance during radioemboli-
zation. The feasibility of this concept was demonstrated in pigs.” The scarcity of dedi-
cated materials for MRI-guided endovascular interventions and the lack of real-time
dosimetry software have prevented us from performing MRI-guided radioembolizati-
on, but this remains an interesting topic for future research.

Scout dose

There are several reasons why *™Tc-MAA is not the ideal particle for biodistribution
prediction. We have presented a scout dose consisting of a small amount (60 mg, 10%
of therapy dose) of '*Ho-microspheres with a lower specific activity than the treat-
ment dose (250 MBq). Both the '*Ho-scout dose and *Tc-MAA were used in this
phase 1 clinical trial since administration of *™Tc-MAA is the accepted method for
pre-treatment safety assessment. Our goal is, however, to replace *™Tc-MAA with the
scout dose of '**Ho-microspheres. There are several hurdles that have to be taken before
#mTc-MAA can be replaced. First of all, although the specific activity of microspheres
in the '**Ho-scout dose is substantially lower than microspheres in the treatment dose,
these microspheres still emit beta-radiation next to the gamma-radiation. Beta-radia-
tion in non-target organs is undesirable and potentially harmful. Low amounts of beta
radiation concentrated on a small part of the stomach or duodenum may for instance
result in ulceration and even perforation. Our research group is currently investigating
these safety aspects by looking at 1) what amounts of beta-radiation are tolerable in
non-target organs, 2) how techniques like c-arm CT may help to reduce the chance of
extrahepatic deposition of a scout dose, and 3) whether the activity of the scout dose
can be reduced while still maintaining a satisfactory image quality. The scout dose of
“Ho-microspheres has already shown to be superior to *"Tc-MAA for lung shunt
prediction.” Similarly, the intrahepatic biodistribution of the '*Ho-scout dose should
ideally approach the biodistribution of the '**Ho-treatment dose.
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The position of radioembolization in the Netherlands

In the year of 2013, there is a growing number of centers in the Netherlands offering
“Y-radioembolization. Those centers mainly perform *°Y-radioembolization for pri-
mary liver cancer, since the college of health insurance companies has approved the
reimbursement of *Y-radioembolization for patients with hepatocellular carcinoma
only. The reimbursement of *°Y-radioembolization for end-stage liver metastases and
in particular for colorectal cancer liver metastases, has not yet been approved because
of a shortage of evidence for treatment benefit. The body of evidence is, however, in-
creasing and this year, *°Y-radioembolization has been included in the concept Dutch
national Colorectal liver metastases guidelines.?®

As with many novel treatment options in oncology, radioembolization is currently
mostly applied in patients with end-stage disease. End-stage disease means in general
that patients had at least had the standard lines of systemic or locoregional treatments,
or were not eligible for those treatments, or explicitly wished not to deviate from the
standard treatment options due to toxicity. In that stage, *°Y-radioembolization has
shown a significant time-to-liver-progression benefit when added to 5-fluorouracil
treatment for colorectal cancer liver metastases.” Other studies have found promising
results as well, with an estimated pooled any-response rate of 79% in patients with
end-stage disease.®

Radioembolization may, however, be more effective in earlier stages of disease. Ra-
dioembolization is a liver-directed therapy and is thus best suited for patients with
metastasis confined to the liver. As the disease progresses, the metastasis becomes sys-
temic and radioembolization alone may not be sufficiently effective. Not surprisingly,
there is a trend to investigate whether there is a place for radioembolization in earlier
stages of disease in combination with systemic treatment options. Systemic treatment
options are relatively effective in colorectal cancer patients with liver metastases since
metastases are often not confined to the liver only. However, systemically administe-
red chemotherapy may not reach a high enough dose on the liver metastases. Com-
plementing systemic treatment with a locoregional therapy that only targets the liver
metastases seems therefore promising. Figure 1 shows the current position of radio-
embolization in relation to the systemic treatment lines for colorectal cancer liver me-
tastases as well as the position of radioembolization in ongoing studies. The largest
of these studies are the FOXFIRE and SIRFLOX trials and these aim at the top of the
treatment algorithm.?* These studies are targeted at more than 1000 patients (com-
bined) and compare the overall survival of patients who receive first-line therapy with
oxaliplatin-based treatment with patients who receive oxaliplatin-based treatment plus
“Y-radioembolization. In the inSIRT trial, patients who are progressive on first-line
oxaliplatin-based treatment receive *°Y-radioembolization shortly before second-line
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chemotherapy.”* Combining *°Y-radioembolization with second-line chemotherapy is
also under investigation in the EPOCH study, which uses glass microspheres.* The re-
sults of these studies are eagerly awaited and may result in a shift from applying radio-
embolization for end-stage disease only, towards treatment of early-stage disease as
well.

HEPAR trial phases

Clinical trials on new drugs or medical devices are often described in four tempo-
ral phases. According to the guidelines provided by the International Conference on
Harmonization®, phase 1 studies provide information on the short-term safety and
tolerability in a limited number of patients and the information from those studies can
be used to chose a suitable dosage range or administration schedule for further studies.
The sequential studies are usually larger and have a longer follow-up time. Phase 2 trials
should aim to select which of all the new drugs, devices etc., are worth it to be taken to
a phase 3 trial.

These general guidelines apply well to the clinical trials on '®Ho-radioembolization.
The HEPAR phase 1 clinical trial was performed in 15 end-stage patients with a fol-
low-up of three months. The main purpose of this study was to establish the maximum
dose that could be safely given to end-stage disease patients.”® Tumor response was
also looked at in the phase 1 clinical trial, but a larger number of patients is necessary
to tell whether holmium-radioembolization can induce tumor response. This will be
answered in a phase 2 trial in which a larger number (n = 30 - 48) of the same category
of patients will receive holmium-radioembolization with a follow-up time up to a year.
The (interim) results of the HEPAR phase 2 trial should thus be used to make a decisi-
on whether or not to embark on a much larger, and resource consuming, phase 3 trial.
Design of a phase 3 trial is ongoing. This trial will aim at colorectal cancer patients in an
earlier phase of disease, adding '*Ho-radioembolization to second-line chemotherapy
(Figure I).

VALORIZATION

Valorization is the process of creating value out of knowledge.** As mentioned in the
Introduction of this thesis, the development of holmium-microspheres at our institute
began more than 20 years ago and research and development has continued uninter-
ruptedly ever since with an increasing number of people working on this project. Now,
the first trial in human patients has been completed and a phase 2 trial is recruiting.
Research and publishing of scientific data is important, but the impact for society in-
creases when the knowledge obtained through research can be translated to clinical
practice.
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Systemic treatment for colorectal cancer patients
with liver-dominant metastases
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Figure 1. Algorithm for the current and investigational position of radioembolization (blue boxes) displayed
against the systemic treatment lines (green boxes) for colorectal cancer patients. Radioembolization is currently
predominantly performed in patients who have received first and second line therapy, but radioembolization can
also be performed after third line therapy. The red quad indicates the position of radioembolization in ongoing
studies in which radioembolization is combined with oxaliplatin-or irinotecan-based treatment (+ sign) or in
between (arrows). Kras = v-Ki-ras2 Kirsten rat sarcoma viral oncogene homologue gene; EGFR = epidermal
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Several grants have been invested in the development of holmium-microspheres and
related studies. Inter alia the Dutch Technology Foundation (Stichting Technische
Wetenschappen), the Dutch Cancer society (Koningin Wilhelmina Kankerbestrij-
dingsfonds), the Sacha Swarttouw Heijmans Foundation, Maurits and Anna de Kock
Foundation, Netherlands Genomics Initiative, and the University Medical Center have
funded this process. We are very grateful for this broad support that enabled us to
develop the product and perform the studies described in this thesis. Valorizing the
resources invested in holmium microspheres by making holmium radioembolization
available for a broad public is one of the future goals.

We believe that making holmium microspheres commercially available contributes to
reaching patients with liver tumors worldwide. The need for commercialization led
to the foundation of Quirem Medical in 2013.* Obtaining CE-marking is one of the
next steps in the valorization of holmium-microspheres, since this will enable other
centers to use holmium microspheres as well, which makes it available to patients with
liver malignancies. Further steps that are essential for successful valorization include
up-scaling the production / preparation of microspheres, marketing the product, per-
forming further studies, assuring integration of the treatment in international treat-
ment guidelines, and reimbursement by insurance companies. These steps should as-
sure that holmium radioembolization will become available on a large scale for patients
in and outside the Netherlands within a few years.
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Nederlandse samenvatting

In dit proefschrift wordt de eerste toepassing van holmium-166 radioembolisatie in
de mens beschreven. Deel 1 van dit proefschrift beschrijft de klinische uitkomsten van
radioembolisatie. Deel 2 behandelt de onderscheidende eigenschappen van holmi-
um-166 microsferen, namelijk de mogelijkheden tot beeldvorming en dosimetrie bij
radioembolisatie.

INLEIDING

Gedeeltelijk gebaseerd op “Radioembolisatie van levermetastasen”, door Smits ML], Nij-
sen JFW. Oncologie-Up-To-Date, 2012, vol 3, nummer 4

Principe van radioembolisatie

Radioembolisatie bestaat uit het toedienen van enkele miljoenen radioactieve micro-
sferen (bolletjes met een diameter van ongeveer 30 micrometer) in de leverslagader
waarmee bestraling binnen in de lever tot stand wordt gebracht. Deze behandeling kan
worden gebruikt om patiénten met tumoren in de lever te behandelen. Het woord radi-
oembolisatie is een samenvoeging van de woorden ‘radio’ en ‘embolisatie’ die de voor-
naamste componenten van deze behandeling omschrijven. ‘Radio’ slaat op het feit dat
er radioactiviteit wordt gebruikt om de tumoren van binnenuit te bestralen en ‘emboli-
satie’ (het afsluiten van een bloedvat door inbrenging van een bepaalde substantie) slaat
op de (gedeeltelijke) afsluiting van de bloedvaten richting de tumor door de microsfe-
ren. Bij radioembolisatie wordt gebruik gemaakt van de unieke bloedvoorziening van
de lever: gezond leverweefsel wordt voornamelijk gevoed door de poortader, terwijl
levertumoren hoofdzakelijk gevoed worden door de leverslagader. Door microsferen
toe te dienen in de leverslagader kunnen de tumoren selectief worden behandeld met
hoge doses zonder het gezonde leverweefsel overmatig te schaden. Het belangrijkste
voordeel van radioembolisatie ten opzichte van andere lokale behandelopties is dat er
weinig beperkingen zijn wat betreft de maximum toelaatbare grootte, aantal en verde-
ling van de tumoren in de lever.

Microsferen

Op dit moment wordt voor radioembolisatie gebruik gemaakt van microsferen geladen
met het element yttrium-90 (*°Y). Deze microsferen zenden beta-straling uit waarmee
schade aan de tumoren wordt bereikt. Als alternatief voor de yttrium-microsferen zijn
in het Universitair Medisch Centrum (UMC) Utrecht microsferen ontwikkeld die het
element holmium-166 (**Ho) bevatten. Deze microsferen zenden behalve béta- ook
gamma-straling uit. Daarnaast is holmium een paramagnetisch element. Deze eigen-
schappen zorgen er voor dat holmium-microsferen met meerdere methoden in beeld
kunnen worden gebracht (zie Figuur 1). Doordat in kaart kan worden gebracht waar
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de microsferen zich precies bevinden in de lever, kan men vaststellen of elke tumor een
adequate dosis heeft gehad en of er nog aanvullende behandeling nodig is. Dit aspect
wordt verder belicht onder “Deel II, Beeldvorming en Dosimetrie”

ttrium-90 holmium-166

Bremsstrahlung X-rays

SPECT

Bremsstrahlung X-rays Y., keV, 32 positrons per million decays

Figuur 1. Beeldvorming van yttrium-microsferen (A) en holmium-microsferen (B). Yttrium-microsferen zijn
zichtbaar met Single Photon Emission Computed Tomography (SPECT) via indirecte gamma-straling (Brems-
strahlung) en Positron Emission Tomography (PET). Holmium-microsferen zijn zichtbaar met Magnetic Reso-
nance Imaging (MRI) vanwege het paramagnetisme van holmium en middels SPECT via directe gamma-stra-
ling.

Productie

!Ho is een radioactief isotoop, waarvan 166 het massagetal is (som van aantal proto-
nen en neutronen). '*Ho is instabiel en vervalt met een half-waarde tijd van 27 uur naar
erbium-166. Tijdens dit verval komt er béta- en gamma-straling vrij. Gamma-straling
heeft een veel langere dracht dan béta-straling en wordt in aanzienlijk mindere mate
door het lichaam geabsorbeerd. Deze straling kan buiten het lichaam worden waarge-
nomen door middel van een gamma-camera. Holmium microsferen — opgebouwd uit
holmium-165 in een melkzuurmatrix — worden gemaakt in de radionucliden apotheek
van het UMC Utrecht. Deze niet-radioactieve microsferen worden afgewogen, verpakt
en vervolgens gedurende enkele uren met neutronen bestraald in de kernreactor van
het Reactor Instituut Delft. De radioactieve '**Ho-microsferen worden tot slot naar het
UMC Utrecht vervoerd waar ze dezelfde dag nog worden gebruikt voor behandeling

van een patiént.
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DEEL I RESPONS EN TOXICITEIT

9Y-radioembolisatie

Het UMC Utrecht was het eerste centrum in Nederland dat startte met 90Y-radioem-
bolisatie. De eerste patiént werd behandeld in februari 2009, terwijl al duizenden pa-
tiénten wereldwijd *°Y-radioembolisatie hadden gehad. Ons instituut had daarom een
achterstand in te halen vergeleken met internationale hoge-volume-centra. We hebben
data van alle patiénten die buiten de RADAR-studie’ tussen februari 2009 en maart
2012 in aanmerking kwamen voor *’Y-radioembolisatie verzameld en beschreven in
Hoofdstuk 2. Veiligheid was de voornaamste prioriteit van deze retrospectieve analy-
se: welke complicaties en bijwerkingen treden op in deze patiénten en welke toxiciteit
kunnen we voor toekomstige patiénten verwachten? Behalve veiligheid werd effectivi-
teit geévalueerd in termen van tumor respons en overleving. De klinische toxiciteit na
“Y-radioembolisatie was in lijn met de literatuur en bestond met name uit laag-gradige
post-embolisatie symptomen die goed te controleren waren met medicatie.* Leveren-
zym-spiegels stegen significant na *’Y-radioembolisatie in 38% van de patiénten. Deze
patiénten lieten geen tekenen zien van radiatie-geinduceerd leverfalen en er werd ge-
concludeerd dat leverenzym stijgingen onderdeel zijn van de fysiologische reactie van
de lever op *Y-radioembolisatie. Tumor controle (complete tumor respons, partiéle
tumor respons of stabiele ziekte) na drie maanden werd bereikt in slechts 21% van de
patiénten. De meerderheid van de patiénten ontwikkelde kort na behandeling progres-
sieve ziekte. Deze cijfers verschillen aanzienlijk van de respons-cijfers die in de litera-
tuur worden gerapporteerd, waarbij tumor controle werd bereikt in 63% - 100%.6 Deze
discrepantie zou gedeeltelijk veroorzaakt kunnen zijn door verschillen in de methoden
van tumor-respons meting. Tumor respons werd in onze studie blind gemeten om de
objectiviteit te maximaliseren en respons ratio’s werden uitgesplitst voor verschillen-
de niveaus (doel-laesies, gehele lever en geheel lichaam). De methoden van respons
meting en rapportage worden vaak niet duidelijk omschreven in de literatuur, wat tot
hogere respons ratio’s kan hebben geleid.

Fase 1 studie, ontwerp en beperkingen

In 2009 werd ook een fase 1 klinische studie gestart naar '®Ho-radioembolisatie. De
rationale en volledig ontwerp van deze studie worden gepresenteerd in Hoofdstuk 3.
De studie was ontworpen om de maximum tolereerbare stralingsdosis vast te stellen
in patiénten met eind-stadium levermetastasen (uitzaaiingen), door middel van het
verhogen van de dosis na elk cohort van 3-6 patiénten. Aangezien dit de eerste keer
was dat patiénten met ***Ho-radioembolisatie werden behandeld, was een relatief lage
startdosering van 20 Gray (Gy) gekozen. Gy is de eenheid voor geabsorbeerde ioni-
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serende straling. De dosis nam lineair toe in stappen van 20 Gy per dosis-cohort tot
een geabsorbeerde dosis van 80 Gy. 80 Gy was gekozen als de hoogste dosis omdat dit
ongeveer twee keer de geabsorbeerde dosis op de hele lever is na *°Y-radioembolisatie
volgens de empirische- of lichaamsoppervlakte methode, welke in het algemeen vari-
eert van 20 Gy tot 60 Gy.2’

Het ontwerp van een dosis-escalatie studie bevat vaak de afweging tussen enerzijds
zo min mogelijk patiénten blootstellen aan een ineffectieve of toxische dosis en an-
derzijds zo accuraat mogelijk bepalen wat de optimale dosis is.* Om deze reden was
de HEPAR (Holmium Embolisatie Partikels voor Arteriéle Radiotherapie) uitgevoerd
in een beperkt aantal patiénten. Gezien het beperkte aantal patiénten in elk cohort en
de conservatieve stopregels, kan niet worden uitgesloten dat toeval een grote rol heeft
gespeeld in het bepalen van de maximaal tolereerbare stralingsdosis. Bovendien werd
de toekomstige dosis in deze studie alleen bepaald op basis van maximaal tolereerbare
toxiciteit en niet op basis van effectiviteit. Maximale effectiviteit zou in principe al bijj
een lagere dosis of pas bij een hogere dosis kunnen worden bereikt. In een fase 1 studie
moeten deze aspecten echter worden afgewogen tegenover praktische- en veiligheids-
overwegingen.

Fase 1 studie uitkomsten

In Hoofdstuk 4 worden de voornaamste uitkomsten van de fase 1 studie gepresen-
teerd. De maximum-tolereerbare stralingsdosis werd vastgesteld op 60 Gy nadat er
dosis-limiterende toxiciteit was opgetreden in het 80-Gy cohort. Men kan zich echter
afvragen of deze toxiciteiten daadwerkelijk gerelateerd waren aan de dosis. De eerste
patiént uit het 80-Gy cohort werd heropgenomen met buikpijn nadat een deel van de
radioactiviteit onbedoeld in de twaalfvingerige darm terecht was gekomen. De pijn
nam geleidelijk af gedurende vier weken. Ondanks dat er geen relatie leek te zijn met
de dosis, moest deze gebeurtenis toch worden geinterpreteerd als dosis-limiterende
toxiciteit omdat het ging om een onverwachte ernstige bijwerking. De tweede patiént
van het 80-Gy cohort ontwikkelde enkele weken na behandeling tekenen van leverfa-
len. Deze tekenen kunnen wijzen op een overdosis aan radioactiviteit op het gezonde
leverweefsel. Deze patiént overleed 15 weken na radioembolisatie. Bij autopsie werden
echter geen tekenen van radiatie-geinduceerd leverfalen geconstateerd. Daarentegen
was de gehele lever bezaaid met uitzaaiingen. Het leverfalen werd waarschijnlijk ver-
oorzaakt door tumorprogressie en leek niet gerelateerd aan de hoeveelheid toegedien-
de radioactiviteit. Een derde patiént werd ook behandeld met 80 Gy en ontwikkelde
geen ernstige bijwerkingen. Deze bevindingen in overweging nemend samen met de
inherente beperkingen van het fase 1 studie design, is 60 Gy waarschijnlijk niet de ab-

solute, maximaal tolereerbare stralingsdosis voor patiénten met eind-stadium leverme-

13

235



236

13

Nederlandse samenvatting

tastasen. Men kan zich afvragen of een absolute, maximaal tolereerbare stralingsdosis
voor een groep patiénten tiberhaupt bestaat, hierover meer in Hoofdstuk 7.
Niet-dosis-limiterende toxiciteit was ook uitvoerig geévalueerd in deze fase 1 studie.
Buikpijn en misselijkheid waren de meest frequente symptomen, elk gerapporteerd in
80% van de patiénten. Laboratorium toxiciteit bestond met name uit leverenzym stij-
gingen. Er waren aanwijzingen dat de gemeten laboratorium toxiciteit in groot deel
werd veroorzaakt door progressie van tumoren.

Vergelijking *°Y en '*Ho

De bovengenoemde resultaten met betrekking tot toxiciteit zijn in lijn met de toxiciteit
van *Y-radioembolisatie zoals beschreven in Hoofdstuk 2. De klinische bijwerkingen
bestonden voornamelijk uit symptomen van het post-embolisatie syndroom (e.g. buik-
pijn, misselijkheid, moeheid, verminderde eetlust). Er werden geen nieuwe toxiciteiten
vastgesteld bij '*Ho-radioembolisatie die niet al beschreven waren na *’Y-radioemboli-
satie. De incidentie van toxiciteit in onze fase 1 studie (Hoofdstuk 4) verschilde echter
wel van de incidentie van toxiciteit zoals die veelal wordt gerapporteerd na *Y-radi-
oembolisatie. Het is belangrijk om te benadrukken dat de resultaten van deze prospec-
tieve fase 1 studie niet rechtstreeks kunnen worden vergeleken met compleet verschil-
lend ontworpen studies naar *°Y-radioembolisatie. In een brief naar aanleiding van ons
artikel waarin de resultaten van deze fase 1 studie worden beschreven, noemt prof.
Cosimelli van het Regina Elena National Cancer Institute (Rome, Italié) dat '*Ho-radi-
oembolisatie gepaard gaat met een scala aan nieuwe bijwerkingen, verwijzend naar de
lymfocytopenie en gamma-glutamyl transpeptidase stijging in 80% van de studiepati-
enten.’ In antwoord op dit commentaar (Hoofdstuk 5) leggen we uit dat deze bijwer-
kingen ook na *"Y-radioembolisatie zijn beschreven en we benoemen de valkuilen van
het vergelijken van resultaten van een fase 1 studie — uitgevoerd in een beperkt aantal
patiénten die behandeld werden met variérende doses en intensief werden gevolgd met
wekelijkse bloed analyses en polikliniek bezoeken — met studies naar *°Y-radioemboli-
satie die een totaal andere opzet hadden.

Kwaliteit van Leven

Bij het evalueren van nieuwe behandelopties voor kanker is er tegenwoordig een trend
om verder te kijken dan de voor de hand liggende uitkomstmaten zoals toxiciteit, tu-
mor respons en overleving.'" Zon 90% van de patiénten met kanker geeft aan dat kwa-
liteit van leven voor hen minstens zo belangrijk is als overlevingswinst.'"'? Het effect
van 'Ho-radioembolisatie op kwaliteit van leven is beschreven in Hoofdstuk 6. On-
danks dat '*Ho-radioembolisatie met relatief weinig bijwerkingen gepaard gaat, met
name in vergelijking met de systemische therapieén die veel van deze patiénten hebben
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gehad, was er een (matige) daling in kwaliteit van leven. Vergelijkbare resultaten zijn
gerapporteerd voor *Y-radioembolisatie in patiénten met eind-stadium ziekte. Kwali-
teit van leven zou wellicht kunnen verbeteren door meer tumor respons te verkrijgen,
aangezien ziekte progressie een negatieve invloed had op kwaliteit van leven. Mogelijk
kan tumor respons in een groter aantal patiénten behaald worden als de behandeling in
een eerdere fase wordt uitgevoerd.®

DEEL II BEELDVORMING EN DOSIMETRIE

Hoofdstuk 7 beschrijft een overzicht van de beeldvorming en dosimetrie aspecten van
radioembolisatie. Dosimetrie is het meten van de (radioactieve) dosis op een bepaald
object of weefsel. Dosimetrie kan worden gecategoriseerd in dosimetrie voorafgaand
aan behandeling, gedurende behandeling en na behandeling. Dit hoofdstuk behandelt
de verschillende technieken en partikels die gebruikt worden voor dosimetrie. Dosime-
trie kan verder worden onderverdeeld in extra-hepatische en intra-hepatische dosime-
trie. Extra-hepatische dosimetrie is cruciaal om te voorkomen dat radioactiviteit buiten
de lever terecht komt en voor ernstige complicaties zorgt. Het hoofddoel van intra-he-
patische dosimetrie is om een therapeutische dosis op het tumorweefsel te verkrijgen /
verifiéren en een zo laag mogelijke dosis op het gezonde leverweefsel. Om een indruk
te krijgen van wat een therapeutische dosis is, is in dit hoofdstuk een overzicht toege-
voegd van studies die naar dosis-respons relaties bij radioembolisatie hebben gekeken.
Samenvattend biedt dit hoofdstuk inzicht in de laatste ontwikkelingen op het vlak van
beeldvorming en dosimetrie voor radioembolisatie en hoe deze kunnen worden ge-
bruikt om de behandeling toe te spitsen op iedere individuele patiént.

Dosimetrie voorafgaand aan behandeling met *"Tc-MAA

Voorafgaand aan elke radioembolisatie behandeling krijgt elke patiént een proefbe-
handeling waarbij technetium-99m-macro-albumine aggregaten (*"Tc-MAA) worden
toegediend als surrogaat partikel voor *°Y-microsferen. De hoeveelheid *™Tc-MAA dat
in de longen en/of de verschillende compartimenten van de lever terecht komt wordt
meegenomen bij het berekenen van de toe te dienen hoeveelheid *"Y-activiteit. De on-
derliggende aanname is dat de verdeling van **Tc-MAA in het lichaam en in de lever
gelijk is aan de verdeling van *Y-microsferen. In Hoofdstuk 8 wordt aangetoond dat
dit niet het geval is voor de intra-hepatische verdeling en recent is aangetoond dat dit
ook niet het geval is voor de verdeling in de longen." In Hoofdstuk 9 wordt bediscus-
sieerd waarom de literatuur zo verdeeld is als het gaat over de waarde van **Tc-MAA
en welke rol de toedieningsmethoden (e.g. kathetertip positie) en methoden van dosi-

metrie kunnen spelen.'*"’
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Dosimetrie na behandeling met 'Ho-microsferen

!%Ho-microsferen kunnen in beeld worden gebracht met SPECT en MRI (zie Figuur 1).
In Hoofdstuk 10 wordt in de eerste patiénten die behandeld waren met '*Ho-radioem-
bolisatie aangetoond dat intra-hepatische dosimetrie na behandeling mogelijk is met
SPECT en MRI. Dosimetrie op basis van MRI kon niet worden uitgevoerd in 6 van de
15 patiénten door claustrofobie (1 patiént) of door de aanwezigheid van metalen clips
na een operatie aan de lever (5 patiénten). Op SPECT gebaseerde dosimetrie was in alle
patiénten uitgevoerd. De overeenkomst en correlatie tussen beide modaliteiten voor
het inschatten van de dosis op elk lever segment en de dosis op de tumoren werd be-
paald in negen patiénten die geschikt waren voor dosimetrie op basis van zowel SPECT
als MRI. De overeenkomst was laag tot matig, de correlatie was hoog.

Accurate intra-hepatische dosimetrie maakt dosimetrie op niveau van de tumor en
het berekenen van de zogenaamde tumor-tot-non-tumor (T/N) ratios mogelijk. Het
concept radioembolisatie is gebaseerd op de aanname dat de tumoren in de lever se-
lectief worden voorzien van bloed door de leverslagader en dat microsferen die in de
leverslagader worden toegediend in veel hogere concentraties in de tumoren terecht
komen dan in het gezonde leverweefsel. Er zijn zelfs T/N ratio’s van 15 gerapporteerd
in patiénten met levermetastasen, wat betekent dat de concentratie microsferen in de
tumoren 15 keer zo hoog is als de concentratie in het gezonde leverweefsel.’® Echter,
in de studie beschreven in Hoofdstuk 10 varieerden de T/N ratios van 0.9 tot 2.8, wat
een stuk lager is dan vaak wordt aangenomen. T/N ratios kunnen zelfs kleiner zijn dan
1.0, wat betekent dat er een hogere concentratie activiteit in het gezonde leverweef-
sel terecht is gekomen dan in de tumoren. Het blijft echter lastig en foutgevoelig om
dosimetrie uit te voeren op meerdere kleine tumoren en om precies te bepalen welk
deel van de lever ‘gezond’ is en wat tumor is. Dosimetrie op tumor-niveau zou kunnen
profiteren van lopende ontwikkelingen zoals automatische omlijning van functioneel
leverweefsel (beschreven in Hoofdstuk 7). Vanaf het begin van radioembolisatie zijn
er pogingen ondernomen om T/N ratios te verbeteren met als doel het effect op de
tumoren te versterken en de bijwerkingen te verminderen. Voor dit doel zijn in het
verleden verscheidene vaso-actieve stoffen zoals angiotensine-II bij radioembolisatie
toegepast.*** Helaas worden deze stoffen niet routinematig gebruikt in de praktijk van-
wege slechte verkrijgbaarheid van deze middelen, gebrek aan gebruiksrichtlijnen en het
risico op systemische bijwerkingen.?*

Stralingshygiéne
De gamma-straling waarmee '“Ho gepaard gaat zorgt er voor dat de microsferen

zichtbaar zijn met SPECT, maar er zijn ook nadelen aan verbonden. De béta-straling
wordt geabsorbeerd in het lichaam van de patiént, maar een groot deel van de gam-
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ma-straling verlaat het lichaam waardoor anderen aan radioactieve straling worden
blootgesteld. Hoofdstuk 11 is een studie naar de straling die wordt uitgezonden door
patiénten die behandeld zijn met '**Ho-radioembolisatie. De totale effectieve dosis aan
derden werd op drie manieren bepaald. Ten eerste werd deze geschat door middel van
de gamma-straling constante voor '“Ho. Ten tweede werd deze berekend op basis van
exposie-tempo metingen in 15 patiénten, en ten derde werd deze herberekend naar een
scenario waarin alle patiénten behandeld zouden zijn met de toekomstige hoeveelheid
activiteit (i.e. hele-lever geabsorbeerde dosis van 60 Gy), en werd geévalueerd volgens
het reglement van de U.S. Nuclear Regulatory Commission (NRC).?* Zoals verwacht
waren de conservatief-geschatte totale effectieve doses hoger dan de berekende totale
effectieve dosis op basis van de exposie-tempo metingen. De totale effectieve doses
aan derden waren hoger dan de waarden gerapporteerd voor *°Y-radioembolisatie, wat
kan worden verklaard door de gamma-straling van 'Ho. Alle patiénten die behandeld
worden met '““Ho-radioembolisatie kunnen desondanks direct na behandeling worden
ontslagen uit het ziekenhuis met leefregels volgens het reglement van de NRC. Volgens
dit reglement mogen patiénten niet worden ontslagen als de ingeschatte totale effectie-
ve dosis aan derden, volgens een basis-scenario van onafgebroken aanwezigheid op 1m
afstand, 5 millisievert (mSv) overschrijdt. Leefregels zijn noodzakelijk als de ingeschat-
te totale effectieve dosis 1 mSv overschrijdt. Deze studie laat zien dat leefregels niet
nodig zijn als patiénten tenminste 48 uur worden opgenomen en niet meer dan 21 gi-
ga-becquerel (GBq), aan '**Ho hebben ontvangen. Becquerel is de SI-eenheid voor ra-
dioactiveit, waarbij 1 becquerel gelijk is aan het verval van één atoomkern per seconde.

TOEKOMST PERSPECTIEVEN
SPECT of MRI

In de fase 1 studie werd zowel *™Tc-MAA, als een speurdosis '“Ho-microsferen, als
een therapeutische dosis '*Ho-microsferen toegediend aan iedere patiént. Na elke toe-
diening werd er beeldvorming uitgevoerd met SPECT en/of MRI. Zoals beschreven in
Hoofdstuk 10, is deze hoeveelheid beeldvorming niet wenselijk voor de klinische prak-
tijk en daarom moeten toekomstige studies duidelijk maken in welke situaties SPECT
of MRI de meest bruikbare modaliteit voor dosimetrie is. Enkele factoren die in die
overweging mee moeten worden genomen zijn de hogere resolutie van MRI ten op-
zichte van SPECT en het gegeven dat MRI niet gebaseerd is op radioactiviteit.** MRI
is echter gevoelig voor beeldverstoringen van metalen implantaten of lucht-houdende
(organen zoals de maag, darmen en longen)en MRI is beperkt tot intra-hepatische do-
simetrie. SPECT blijft daarom voorlopig de voorkeursmodaliteit voor extra-hepatische
dosimetrie.
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Dosimetrie op basis van MRI is potentieel bruikbaar voor MRI-geleide radioembolisa-
tie. Dit concept is reeds aangetoond in varkens.” Het gebrek aan toegewijde materialen
voor MRI-geleide endovasculaire interventies en het gebrek aan de vereiste software
hebben ons er van weerhouden om MRI-geleide radioembolisatie in mensen uit te voe-
ren, maar dit blijft een interessant onderwerp voor toekomstig onderzoek.

Speurdosis

Er zijn verschillende redenen waarom *™Tc-MAA niet het ideale partikel is voor voor-
spelling van de verdeling van microsferen. In de fase 1 studie hebben we een speurdosis
gebruikt bestaande uit een kleine hoeveelheid (60 mg, 10% van de totale hoeveelheid
microsferen) '“Ho-microsferen met een lagere activiteit per microsfeer dan de thera-
pie dosis (250 MBq). Zowel de speurdosis met '*Ho-microsferen als *™Tc-MAA zijn
in deze fase 1 studie gebruikt aangezien toediening van *"Tc-MAA op dit moment de
aangewezen methode is om de behandeling voor te bereiden. Het is ons streven om
#mTe-MAA op den duur te vervangen met een speurdosis van '“Ho-microsferen, maar
voor het zo ver is, moeten er nog enkele hindernissen genomen worden. Ondanks de
lagere activiteit per microsfeer zenden de '**Ho-microsferen in de speurdosis potentieel
schadelijke beéta-straling uit. Het is uiterst onwenselijk en schadelijk als béta-straling
terecht komt in niet-doel organen. Lage hoeveelheden béta-straling, geconcentreerd
in een klein volume van bijvoorbeeld de maag of twaalfvingerige darm kan resulteren
in een ulcus of perforatie van de maag- of darmwand. Enkele vraagstukken die van
belang zijn, zijn: 1) welke hoeveelheid beta-straling verdraagbaar is voor niet-doel or-
ganen, 2) hoe technieken zoals c-arm CT het risico op extra-hepatische depositie van
de speurdosis kunnen voorkomen, en 3) of de activiteit van de scout dosis kan worden
gereduceerd met behoud van beeldkwaliteit. Het is al aangetoond dat een speurdosis
met 166Ho-microsferen superieur is in het voorspellen van de hoeveelheid activiteit
die in de longen terecht komt.”* Op een zelfde wijze moet worden aangetoond dat de
intra-hepatische verdeling van de speurdosis '**Ho-microsferen vergelijkbaar is met de
verdeling van de therapeutische dosis.

De positie van radioembolisatie in Nederland

Anno 2013 biedt een groeiend aantal centra in Nederland *°Y-radioembolisatie aan.
“Y-radioembolisatie wordt in deze centra met name toegepast voor de behandeling
van primaire levertumoren (tumoren die zijn ontstaan in de lever), omdat het college
van zorgverzekeraars *°Y-radioembolisatie op dit moment alleen nog vergoedt voor
deze categorie patiénten. De vergoeding voor *Y-radioembolisatie voor eind-stadium
levermetastasen en colorectale levermetastasen in het bijzonder is nog niet goedge-
keurd vanwege een tekort aan bewijs dat deze behandeling voordelen oplevert voor de
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patiént. De hoeveelheid bewijs neemt echter toe en dit jaar is *Y-radioembolisatie voor
het eerst opgenomen in de Nederlandse concept richtlijnen voor colorectale leverme-
tastasen.”® Zoals met vele nieuwe oncologische therapieén wordt radioembolisatie op
dit moment voornamelijk toegepast in patiénten met eind-stadium ziekte. Eind-sta-
dium ziekte betekent in het algemeen dat patiénten de standaard chemotherapie en/
of loco-regionale behandelingen hebben ondergaan, of niet geschikt waren voor deze
behandelingen, of de expliciete wens hadden om af te wijken van de standaard behan-
deling vanwege bijvoorbeeld bijwerkingen. In dit stadium is aangetoond dat *°Y-radi-
oembolisatie een significante verlengde tijd-tot-lever-progressie teweeg kan brengen
bij patiénten met colorectale levermetastasen, in combinatie met 5-fluorouracil behan-
deling.”” Andere studies hebben ook veelbelovende resultaten gevonden, met een ge-
schatte gewogen tumor-controle ratio van 97% in patiénten met eind-stadium ziekte.®
Radioembolisatie zou echter effectiever kunnen zijn in eerdere fases van de ziekte.
Radioembolisatie is een behandeling gericht exclusief op de lever en is dus het beste
geschikt voor patiénten met metastasen beperkt tot de lever. Terwijl de ziekte voort-
schrijdt, wordt de kans groter dat er systemische uitzaaiing optreedt en dan is radioem-
bolisatie alleen niet meer voldoende effectief. Het is daarom ook niet verrassend dat er
een toenemende trend is om te onderzoeken of er een plaats is voor radioembolisatie in
eerdere fases van de ziekte in combinatie met systemische chemotherapie. Systemische
chemotherapie is relatief effectief in patiénten met colorectale levermetastasen omdat
deze metastasen vaak niet tot de lever beperkt zijn. Systemisch toegediende chemo-
therapie lijkt echter niet altijd te resulteren in een adequate dosis op de tumoren in de
lever. Het lijkt daarom veelbelovend om systemische behandeling aan te vullen met
een locoregionale behandeling die alleen de lever metastasen aanpakt. Figuur I laat de
huidige positie van radioembolisatie in verhouding tot de systemische behandelingen
zien voor colorectale levermetastasen evenals de positie van radioembolisatie in huidi-
ge studies. De grootste van deze studies zijn de FOXFIRE en SIRFLOX studies, welke
gericht zijn op de top van het behandelalgoritme.?®* Deze studies zijn samen gericht
op meer dan 1000 patiénten en vergelijken de algehele overleving van patiénten die
eerstelijns oxaliplatin-bevattende behandeling hebben ontvangen, met patiénten die
oxaliplatin-bevattende chemotherapie hebben ontvangen in combinatie met *Y-radi-
oembolisatie. In een andere studie, de inSIRT trial genaamd, worden patiénten die pro-
gressief waren onder eerstelijns oxaliplatin-bevattende chemotherapie behandeld met
“Y-radioembolisatie kort voorafgaand aan tweedelijns chemotherapie.*® Het combi-
neren van *Y-radioembolisatie met tweedelijns chemotherapie wordt ook onderzocht
in de EPOCH studie, welke glas microsferen gebruikt.*! Er wordt hoopvol uitgekeken
naar de resultaten van deze studies welke zouden kunnen leiden tot een verandering
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van de positie van radioembolisatie: van toepassing alleen in eind-stadium ziekte naar
toepassing in eerdere fases van de ziekte.

HEPAR-studie fases

Klinische studies naar een nieuw geneesmiddel of medisch hulpmiddel worden vaak
beschreven in vier fasen. Volgens de richtlijnen van de internationale conferentie op
het gebied van harmonisatie®, verstrekken fase 1 studies in het algemeen informatie
met betrekking tot de verdraagbaarheid en veiligheid op korte termijn in een beperkt
aantal patiénten. De informatie van deze studies kan worden gebruikt om een geschikte
dosis of toedieningsschema voor toekomstige studies te bepalen. De daaropvolgende
studies worden gewoonlijk in een groter aantal patiénten uitgevoerd en patiénten wor-
den langer gevolgd. Fase 2 studies zouden zich moeten richten op het selecteren van
nieuwe geneesmiddelen / medische hulpmiddelen etc., die het waard zijn om verder te
worden onderzocht in een fase 3 studie. Vanwege beperkte middelen kan niet elk nieuw
geneesmiddel / medisch hulpmiddel dat veilig blijkt in een fase 1 studie door gaan naar
een fase 3 studie.

Deze algemene richtlijnen zijn goed toepasbaar op de klinische studies naar 'Ho-ra-
dioembolisatie. De HEPAR fase 1 studie werd uitgevoerd in 15 eind-stadium patiénten
met een volgperiode van drie maanden. Het hoofddoel van deze studie was om vast
te stellen wat de maximale dosis is die veilig aan patiénten met eind-stadium lever-
metastasen kan worden gegeven.* In deze fase 1 studie werd tumor respons ook ge-
analyseerd, maar er is een groter aantal patiénten nodig om vast te kunnen stellen of
“Ho-radioembolisatie daadwerkelijk in staat is om tumor respons te induceren. Dit
zal worden beantwoord in een fase 2 studie waarin een groter aantal (n = 30 — 48) ver-
gelijkbare patiénten zal worden behandeld met '*Ho-radioembolisatie met een volgpe-
riode van maximaal een jaar. De (tussentijdse) resultaten van de HEPAR fase 2 studie
worden gebruikt om te bepalen of gestart wordt met een grotere, kostbare fase 3 studie.
Er wordt op dit moment gewerkt aan het ontwerp van een dergelijke fase 3 studie, die
zich bijvoorbeeld zou kunnen richten op het toevoegen van '®Ho-radioembolisatie aan
tweedelijns chemotherapie in patiénten met colorectale levermetastasen.

Valorisatie

Valorisatie is het proces van het creéren van waarde uit kennis.* De ontwikkeling van
holmium-microsferen begon meer dan 20 jaar geleden in ons instituut en sindsdien
is het onderzoek en de ontwikkeling ononderbroken doorgegaan met een toenemend
aantal personen werkzaam op dit project. De eerste studie in patiénten is nu afgerond
en een tweede studie loopt. Natuurlijk is het belangrijk om gedegen onderzoek uit te
voeren en de resultaten te publiceren in de vorm van wetenschappelijke artikelen, maar
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dit project kan met name waarde toevoegen aan de samenleving als de opgedane ken-
nis kan worden vertaald naar de praktijk.

Er is vanuit verschillende bronnen geinvesteerd in de ontwikkeling van holmium-mi-
crosferen en de gerelateerde studies. Onder andere de Stichting Technische Weten-
schappen, het Koningin Wilhelmina Kankerbestrijdingsfonds, de Sacha Swarttouw
Heijmans stichting, de Maurits en Anna de Kock stichting, het Netherlands Genomics
Initiative, en het Universitair Medisch Centrum Utrecht hebben dit proces gesteund.
We zijn zeer dankbaar voor deze brede steun dat ons in staat heeft gesteld om het pro-
duct te ontwikkelen en de studies uit te voeren die onder andere in dit proefschrift zijn
beschreven. Een belangrijk doel voor de toekomst is dan ook om de middelen die in
holmium-microsferen zijn geinvesteerd te valoriseren door holmium-radioembolisatie
beschikbaar te maken voor breed publiek.

In onze opinie draagt het commercieel beschikbaar maken van holmium-microsfe-
ren bij aan het bereiken van patiénten met levertumoren wereldwijd. De behoefte aan
commercialisatie heeft geleid tot de oprichting van Quirem Medical in 2013.% Het ver-
krijgen van CE-markering is een van de volgende stappen in de valorisatie van holmi-
um-microsferen, omdat dit andere centra in staat moet stellen om holmium-microsfe-
ren te gebruiken. Overige stappen die belangrijk zijn voor succesvolle valorisatie zijn
onder andere het opschalen van de productie / bereiding van de microsferen, product
marketing, het uitvoeren van vervolgstudies, het positioneren van de behandeling in
internationale richtlijnen, en het verkrijgen van vergoeding voor therapie van de zorg-
verzekeraars. Deze stappen moeten er voor zorgen dat holmium-radioembolisatie bin-
nen enkele jaren op grote schaal beschikbaar komt voor patiénten binnen en buiten
Nederland.
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Systemische behandeling voor patiénten met
lever-dominante colorectale levermetastasen
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’ Y . . 7. Cosimelli et al., Br ] Cancer, 2010; 103: 324-31

3. inSIRT study, Reid et al.,, JVIR 2012; WCIO abstracts poster 42

4 EPOCH study, clinicaltrials.gov, NCT01483027 8. HEPAR study, Smits et al., Lancet Oncol, 2012; 13: 1025-35

9. De Roock et al., Lancet Oncol, 2010; 11: 753-63

Figuur 2. Algoritme voor de huidige positie en onderzoekstoepassing van radioembolisatie (blauwe kaders) te-
genover de systemische behandel-lijnen (groene kaders) in het behandelschema van patiénten met colorectale
levermetastasen. Radioembolisatie wordt op dit moment voornamelijk uitgevoerd in patiénten die reeds eerste-
en tweedelijns chemotherapie hebben ontvangen, maar radioembolisatie kan ook worden uitgevoerd na derde
lijn systemische therapie. Het rode kader indiceert de positie van radioembolisatie zoals deze op dit moment
wordt onderzocht in studies die radioembolisatie ofwel combineren met eerste of tweede lijns therapie (+ teken)
of radioembolisatie tussen deze behandelingen in geven (pijlen). Kras = v-Ki-ras2 Kirsten rat sarcoom viraal
oncogeen homoloog gen; EGFR = epidermale groei factor receptor
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