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Abbreviations and glossary

PET Positron emission tomography

FDA Food and Drug administration

SPECT Single photon emission computed tomography

CT Computed tomography

ARC Antibody-radionuclide conjugate

NHL Non-Hodgkin lymphoma

RIT Radioimmunotherapy

EBRT External beam radiation treatment

VOI Volume of interest

RM Red marrow

WB Whole body

TAC, A(t) Time activity curve

TIAC, 7 Time-integrated activity coefficient

MIRD Committee on Medical Internal Radiation Dose
ICRP International Commision on Radiological Protection
Ts, 1y Source and target organs

¢ Absorption fraction

® Specific absorption fraction

OLINDA Organ Level INternal Dose

R-CHOP Rituximab-Cyclophosphamide-Doxorubicin-Vincristine-Prednisone
CVP Cyclophosphamide-Vincristine-Prednisone

P.I Post injection

CTCAE Common Terminology Criteria for Adverse Events
PBN Percentage at baseline compared to nadir

TTN Time to nadir

CF Cellularity factor






Chapter 1
Introduction

Non-Hodgkin lymphoma (NHL) is a cancer that develops from white blood
cells. The majority (85 - 90 %) stem from B-cells. It encompasses subtypes
ranging from the agressive to the indolent. Follicular NHL is a histological
subtype, being the most frequent indolent type of lymphoma stemming from the
B-cells. Standard treatment includes cytotoxic agents, either with or without
immunotherapy with anti CD20 antibodies in patients with systemic disease,
and external beam radiation therapy (EBRT) in patients with localized tumours.
Follicular NHL is slow growing, but considered to be incurable, calling for an
alternative treatment in refractive or relapsing patients .

Antibody-radionuclide conjugates (ARCs) are used in radioimmunotherapy,
a therapy approach where radioactive nuclei are guided to the cancerous cells
with molecular messengers in the form of monoclonal antibodies . The target
of the antibodies is specific, complimentary epitopes expressed on the surface
of malignant cells. The treatment has the potential to provoke an immunologic
response, as well as providing a tumoricidal amount of continuous radiation.
If the range of the emitted radiation particles is in the order of multiple cell
lengths, this radiation energy is also deposited in neighboring cells not expressing
the epitope, thus providing extended therapeutic coverage. The therapy is
most applicable in cancers with radiosensitive, well differentiated and systemic
tumours.

Initial experience with radioimmunotherapy of NHL set a high bar for survival,
with remarkable efficacy results with moderate toxicity, primarily hematological
@ ﬂgﬂ . Several RITs are currently under investigation, both for
NHL and other malignancies Two ARCs targeting the CD20 antigen have
received approval from the Food and Drug administration, [*°Yttrium|Yttrium-
ibritumomab tiuxetan (Zevalin ®) and [**'Todine]lodine-tositumomab (Bexxar
®). These drugs have been approved for relapsed or refractory low grade follicular
or transformed B-cell NHL and relapsed or refractory CD20 positive follicular
NHL for [*°Y]Y-ibritumomab tiuxetan and [*3!I)I-tositumomab respectively [13).

Oslo University Hospital is currently treating patients with [177 Lu]Lu-lilotomab
satetraxetan, a novel ARC therapy developed by Oslo University Hospital and
Nordic Nanovector ASA that targets the CD37 antigen. The ARC is under inves-
tigation in three clinical trials (NCT01796171, NCT02658968 and NCT03806179),
enrolling patients with CD37-positive, indolent NHL, the first patient was treated
in 2012.

Internal radiation dosimetry is the assessment of absorbed radiation energy
(absorbed dose) to tissue from unsealed radionuclides. Dosimetry in treatment
planning is an ubiquitous part of EBRT . In EBRT, absorbed dose is
calculated and can be delivered with error margins within a few percent of
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1. Introduction

this treatment plan . As absorbed dose from internal emitters cannot be
calculated in an equal, straight-forward manner, internal dosimetry routines
have been lagging those of EBRT. However, there is little reason to believe
that radiation therapy with unsealed sources should be exempt from dosimetry,
to personalize treatment, optimizing delivery of radiation to target tissue and
monitoring absorbed dose to organs at risk. Indeed, the European Council
Directive 2013/59 states that

"For all medical exposures of patient for radiotherapeutic purposes,
exposure of target volumes shall be individually planned and their
delivery appropriately verified..."

where the term “radiotherapeutic” includes nuclear medicine for therapeutic
purposes, i.e. radioimmunotherapy.

Proposed reasons for the lag have been the complex spatial and temporal
distribution of the sources of radiation, compared to the well defined sources in
EBRT, combined with technological challenges for measuring this distribution
. Internal dosimetry studies have been limited to studies with few patients,
and this has made it challenging to infer a clear connection between absorbed
dose and response.

The emergence of quantitative tomographic modalities like PET and SPECT,
has made it possible to determine the distribution of the radioactive sources in the
patient directly and more accurately, provided that the sources emit radiation
suitable for medical imaging. These advances in technology together with
standardization and harmonization of methodology in recent years have made
accurate dosimetry more feasible and internal dosimetry is gaining momentum.
With the evidence of absorbed dose and treatment outcome being “sufficient
and constantly increasing”, dosimetry is taking the leap from specialised centers
to the clinic. [17].

Dosimetry has already been implemented in multiple institutions for a number
of treatments. As per a recent European survey, of established treatments where
dosimetry is most often applied are iodine treatment for benign thyroid disease,
recin or glass microspheres containing °°Y for treatment of hepatic carcinoma
and [P*]I-mIBG for neuroblastoma . Pre-therapeutic dosimetry has also
been implemented in treatment of differentiated thyroid cancer with '3!1.
. Dosimetry was part of the administration protocol for [*311]I-tositumomab
but not [?°Y]Y-ibritumomab tiuxetan, most likely due to the latter not being
a y-emitter and challenging to image directly. Clinical trials have shown that
hematological toxicity is dependent on calculated absorbed dose to the whole
body, assumed to be a proxy for the bone marrow, rather than administered
activity in an activity per kilogram body mass dosage regime .

The radioactive component of [177Lu|Lu-lilotomab satetraxetan, 17 Lutetium,
emits both short ranged - and long ranged y-emission. The y-emission can
be directly imaged, making it possible to track the treatment in time after the
administration of the drug and allowing for dosimetry. The aim of this thesis was
to establish a methodology to use internal dosimetry to compare treatment arms,

6



identify organs at risk and find a way to predict toxicity for patients treated
with [17"Lu]Lu-lilotomab satetraxetan.






Chapter 2
Scientific background

2.1 Non-Hodgkins Lymphoma

2.1.1 Incidence, prevalence and mortality

Lymphoma is a family of white blood cell-malignancies. The disease is categorized
as either Hodgkins lymphoma or Non-Hodgkins lymphoma where the latter
accounts for 90 percent of all lymphomas . In the United States there were 74
680 estimated new cases and 19 910 deaths in 2017 from NHL . In Norway
there were 519 and 408 new cases of NHL in 2017. The accumulated risk for
developing the disease by the age of 75 in the years 2013 to 2017 was 1.4 and
1.0 percent for male and female patients respectively .

2.1.2 Sub-groups - The indolent types

Roughly 85-90 percent of NHL are derived from B-cells. All B-cells originate as
naive B-cells, residing in the bone marrow. When they exit the bone marrow,
they start a maturation process through encounters with antigens and T-cells
to parts of the lymph nodes, the spleen or other secondary lymphatic tissue.
To select for B-cells that produce high-affinity antibodies, the lymphatic tissue
exhibits so-called germinal centers. These structures support processes that
require double strand DNA-breaks and are thus by design unstable. These
double-strand-break processes are guarded by transcription factors, and the
alteration of these transcription factors leads to disease [1].

Further classification of NHL depends on identification of the histological
sub-type with respect to architecture (follicular or diffuse) and morphology
(small or large cells), each with different treatment approaches . Subtypes en-
countered in this thesis, identifed based on immunohistochemistry and molecular
characterisation, are follicular lymphoma (the majority of included patients),
mantle cell lymphoma and marginal zone lymphoma, all being indolent forms
of NHL. Standard treatment of these is either single agent rituximab, with or
without maintenance therapy, or chemotherapy combined with rituximab with
differences depending on the specific subtype .

2.2 Radioimmunotherapy of lymphoma

Targeted radiotherapy is a treatment modality where radionuclides are guided
to malignant cells to deliver continuous radiation. This treatment modality
is particullary applicable on systemic cancers, where tumours are multiple
and non-localized. If the carrier molecule exploits the immune system and is a
monoclonal antibody, the therapy is sometimes refered to as radioimmunotherapy
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2. Scientific background

(RIT) with an antibody-radionuclide conjugate (ARC). In RIT with ARCs, the
carrier molecule itself can invoke an intrinsic anti-tumour activity via antibody
dependent cytotoxicity in addition to the cell killing in the form of radiation |26]

27).

2.2.1 Monoclonal antibodies

Monoclonal antibodies are biological molecules with a structure that resembles
the letter Y that can be made to have an affinity for a specific antigen [28].
In 1975, in a Nobel-prize-awarded work published by Kohler and Milstein, a
technique to mass produce clones of highly specific antibodies was presented
[29]. Today, at least 30 different monoclonal antibodies have been granted by
the FDA to treat ailments like cancer, chronic inflammatory disease, infectious
diseases and cardiovascular diseases |30 . In oncology, antibodies were ﬁrst
linked to potent, plant derived toxins, hke ricin to be used as cell killers [27]. In
treatment of NHL, monoclonal antibodies have played a considerable part, as
introduction of the anti CD20-antibody rituximab has dramatically changed the
therapeutic outcome of these patients .

2.2.1.1 Previously used antibodies

The ideal target for a specific RIT is an antigen that is highly expressed malignant
tissue. Equally important, the ideal carrier molecule must have affinity for
said target. The task at hand then becomes identification of suitable pairs of
antigen /antibody.

Potential antigen targets for lymphoma include multiple cluster of differenti-
ation (CD) antigens CD19, CD20, CD22, CD37 and CD45 (fig. [5]. These
antigens are surface-expressed macromolecules which are easily accessible from
both the blood stream and the intracellular fluid. The CD-antigens are expressed
during maturation of immune cells and are used in immunophenotyping .

Early focus was put on CD20 as a target antigen. CD20 is an integral
membrane phosphoprotein of 33-35 kDa expressed on multiple neoplasms, first
discovered in 1980 . The antigen is expressed on the surface of the ma-
jority of mature B-cells, and in 95 % of B-cell lymphomas [35]. It is the
target for the established drug rituximab in addition to multiple other mono-
clonal antibodies e.g. obinutuzumab, ofatumumab, veltuzumab and ocrelizumab
36] [31]. I[*3!I]I-tositumomab as part of sequential therapy with Rituximab-
Cyclophosphamlde Doxorubicin-Vindicristine-Prednisone (R-CHOP), followed
by [*¥]I-tositumomab and further followed by maintenance therapy has been
recently explored .

An alternative target to CD20 is CD37, expressed on mature B-cells. CD37
is a member of the tetraspanin family of size 40-52 kDa, discovered and first
described in 1986 . The gene of CD37 is expressed on Eppstein-Barr-virus-
transformed lymphocytes, spleen and blood . Cellular processes like cell
adhesion, differentiation, proliferation and tumour invasion have all been linked
to tetraspanin members. CD37 has been shown to play a role in the regulation of
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Radioimmunotherapy of lymphoma

CD2
PSMA GPA33
Blood B7-H3
vessel

Figure 2.1: Different molecular targets available for RIT for human cancers.
B-cell targets like CD37 and CD20 are suitable for treatment of NHL. .

immunoglobin-A-response, anti-fungal immunity and the lack of it is associated
with development of B-cell lymphoma [41]. The antigen is also studied
as a target for CAR-T-therapy . The details of its functions are currently

unknown .

2.2.1.2 Lilotomab

Lilotomab, previously refered to in the literature as HH1 or tetulomab, is a
murine monoclonal antibody developed at The Norwegian Radium Hospital in
the 80s. It is a type IgG1 isotype . The antibody has been found to stain
216 out of 217 biopsy samples from patients with different subtypes of B-cell

NHL [45).

2.2.2 Radioactive nuclei

Tonizing radiation has been used to treat cancer in humans since a case of
inoperable breast carcinoma conducted merely four months after the discovery
of X-rays [46]. In RIT, the radiation is provided by an unsealed radionuclide.
2.2.2.1 Different emitters, gamma and electrons

A radionuclide is an atom that has an unstable nuclear energy state. The nuclide
can undergo a spontaneous change in energy state (decay), releasing one or
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2. Scientific background

more radiation particles. The unit for nuclear decay is the Becquerel (Bq) which
denotes one decay per second. Currently, eight different modes of “pure” decay
have been identified, each with different combinations of emitted particles
As the process is stochastic, it is not possible to predict when a single unstable
nuclide decays. The rate of decay is defined by the half life, the time when half
of the nuclei have decayed.

When the resulting radiation particles are energetic enough to knock off
electrons from other atoms, the radiation is called ionizing radiation. Early
discoveries of ionizing radiation grouped the emitted particles into three classes:
a, B and y-radiation. Studies of these particles showed that a-particles were
massive and had a positive charge, S-particles were less massive and carried a
negative charge, and that y-particles were mass- and charge-less. Further studies
showed that they were helium nuclei, fast electrons and high energy photons
respectively. Later, auger-electrons (low-energy electrons, released in a cascade)
and characteristic X-rays due to processes where orbital electrons interact with
the nucleus have been identified and separated from their 5 and y-counterparts.
Most radionuclides have multiple decay modes, emitting a mixture of different
radiation, although it is common practice to classify radionuclides based on their
dominating particle emission.

Most elements present on earth are stable or have half-lives in the order of
millions of years, so naturally occurring radioactive materials are rare. However,
it was discovered in the 1930s that artificial, unstable radionuclides can be
created by bombardment of heavy elements with neutrons. This enabled the
creation of new radionuclides, of which some are suitable for medical use .
Some 90 years later, a large number of radionuclides have been synthesized, both
for therapeutic and diagnostic purposes . Both therapeutic and diagnostic
radionuclides should either have an intrinsic affinity for a biological target (like
isotopes of iodine), or have the possibility to be chemically linked to a suitable
carrier molecule.

Radiation properties of the ideal diagnostic and the ideal therapeutic ra-
dionuclide are somewhat conflicted. An ideal diagnostic radionuclide should only
emit penetrative radiation, meaning radiation that interacts, i.e. gets absorbed
or scatters as little as possible before it escapes the patient and is detected.
This is achieved by using a radionuclide that primarily emits y-photons in the
range of 100 to 300 keV. An example often used of the ideal diagnostic agent is
99Technetium, an isotope of the first man-made element . This is due to its
relatively short half-life (6 hours), photon energy of 140 keV and relative ease of
production.

In contrast, the ideal therapeutic radionuclide emits radiation with a short
particle range, which deposits its energy close to the site of decay. The goal of
therapeutic radiation is to make unrepairable damage, i.e. double strand breaks
to the DNA. The optimal energy deposition patterns are thus ones that traverse
the width of the DNA-helix, without reaching too far to surrounding, normal
cells. Emerging and established examples of S-emitters are !7"Lu, 3'T and 0Y
in increasing order of electron energy, and hence range.

If the radionuclide inhabits properties both suitable for therapy and diagnostic
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Radioimmunotherapy of lymphoma

purposes, the term “theragnostics” has been coined. EI

2222 "Lu

177Lu is a metal in the lanthanide series, with a nucleus containing 71 protons and
106 neutrons. Nuclear decay happens through beta-decay to stable 7" Hafnium,
with a max SB-energy of 0.49 MeV. The 3 energy from ""Lu can be classified
as either that of “low” or “moderate” to separate it from [-emitters with
comparatively higher S-energy emitters like Y and !3'1. This moderate f-
energy means that the S-particles are largely deposited locally. In tissue, the
average [-particles range is 0.23 mm in soft tissue. This range allows for cell
killing in neighboring cells of the target cell, so-called crossfire effect .

The half-life of ""Lu is approximately 7 days. The current most exact
recommended value by the Decay Data Evaluation project from 2004 is 6.647
days which is in accordance with more recent measurements 155].

The 7-spectrum of '""Lu contains several energy peaks. See fig for a
current recommended decay-scheme .

The two most prominent y-peaks have energies of 113 and 208 keV. The
newest adopted values are 112.94498(6) and 208.3661 keV, with intensities of
10.41(4) and 6.225 per 100 transitions . Additionally, there are four remaining
~v-peaks, all below 0.21 per 100 transitions and low-energy specific X-rays and
auger-emission.

The dual nature of '""Lu as both a - and y-emitter, makes it a theragnostic
radionuclide and it has in recent years gained popularity . It has been
established in treatment of metastatic castration-resistant prostate cancer when
conjoined with molecules targeting the prostate specific antigen and somatostatin
expressing neuroendocrine tumours .

2.2.3 Clinical radioimmunotherapies

As NHL tumours are both often multi focal and radiosensitive, the malignancy
was among the earliest of candidates of RIT .

Initial treatment with myeloblative amounts of RIT followed by bone marrow
transplant resulted in excellent efficacy-results . However, the high amount of
activity was discouraging due to practical reasons. Focus on out-patient regimens
with lower, tailored amounts of activity has given rise to numerous trials involving
radiolabelled antibodies (see e.g. for a list) Two of these treatments have
reached FDA-approval, the first being [*°Y]|Y-ibritumomab tiuxetan and [*311]1-
tositumomab, which was approved in 2002 and 2003 respectively. Both target
the CD20-antigen using two different murine antibodies as carrier molecules.
[P0Y]Y-ibritumomab tiuxetan is based on the antibody ibritumomab and
[131]I-tositumomab is based on tositumomab [61]. Bexxar was discontinued in
February 2014 .

1There has been some debate on whether to use the term theragnostic or theranostics.
Due to the latinization of the Greek words therapia anddiagnosis Prof. George Babiniotis has
concluded that is should be theragnostics with a g, and this word will be used here
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Figure 2.2: Decay-scheme for 1""Lu - from [56].
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Dosimetry

INN name Tradename Radionuclide Mean S-energy — S-range!  Radionuclide half-life
(keV) (mm)

[90Y]Y-ibritumomab tiuxetan Zevalin 0y 933 1.93 64.1 h

[13]I-tositumomab Bexxar 1817 182 0.90 8.02 d

[*""Lu|Lu-lilotomab satetraxetan  Betalutin L 133 5.53 6.6 d

TDefined by the Xgo-value, the diamter of a sphere around the radionuclide where 90 % of the energy have been absorbed in water

Table 2.1: Different physical properties of the two clinically established RITs,
compared with [177Lu]Lu-lilotomab satetraxetan

Multiple ARCs have been made to target CD20 and as the patent on ibri-
tumomab has expired, generic biosimilars could potentially soon be available,

chelated to various radionuclides [67].

CD37 as a target for RIT has been previously explored with a '3'I-labelled
antibody MB-1 .

2.2.3.1 !""Lu-lilotomab satetraxetan

177 Lu-lilotomab satetraxetan (Betalutin T™) is a novel RIT consisting of 17" Lu,
chelated to the murine monoclonal antibody lilotomab via the p-SCN-Bn-DOTA-
molecule . It is currently in two clinical trials recruiting patients with re-
lapsed/refractory B-cell lymphoma, the Phase 1/2 LYMRIT 37-01 (NCT01796171)
and the Phase 1 LYMRIT 37-07 (NCT03806179) trials . In addition, it
is also tested in the LYMRIT-37-05-study, recruiting patients with relapsed or
refractory diffuse large B-cell lymphoma (NCT02658968) |71].

The ARC has been shown to inhibit cell growth in B and T-lymphocyte
deficient mice injected with Daudi cells. In the same study, the affinity of
u—lilotomab satetraxetan to CD37 was found to be comparable to the
affinity of 1""Lu-labelled rituximab to CD20. The CD37-lilotomab complex was
internalized 10 times faster and to a greater extent than the CD20-rituximab-
complex. It was also determined that the drug did not break into free-floating
metal and antibody, as shown by the lack of redistribution of activity in the
mice . Recent investigations in several murine models have shown u—
lilotomab satetraxetan to be more efficient in transformed follicular lymphoma

models .

2.3 Dosimetry

2.3.1 Definition of dose

The absorbed dose is defined as the energy imparted in a volume, divided by the
mass of said volume. The unit is joule per kilogram mass, called the gray (Gy).

Internal dosimetry (from here on referred to simply as dosimetry) is the
process of which the end-point is the absorbed dose. The calculation involves
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2. Scientific background

first measuring or assuming the distribution of radionuclides and then calculating
the absorbed energy from the radiation from this distribution.

2.3.2 SPECT/CT-based Quantitative imaging
2.3.2.1 The scanner

A SPECT/CT-scanner is a device that is used to map the distribution of activity
in the patient body originating from (single) photon-emitters. This is achieved
by the detection of emitted «-photons from multiple angles around the imaged
volume, which is subsequently reconstructed into three dimensional images .
A full description of the inner workings of the SPECT/CT-scanner is beyond
the scope of this work. For a comprehensive introduction to the development of
SPECT and SPECT/CT, see Hutton . For an overview of detector technology,
see the review article by Peterson and Furenlid, with the main moments outlined
here in brief : The detection is done in a step-wise process, to convert the
high-energy ~-photons to an electrical signal. The first step is to collimate
the photons, excluding the photons that have been scattered on their path
to the detector. The ~-photon then interacts with a detection material, the
most commonly used is a crystal of sodium-iodide doped with trace amounts of
thallium or cerium. Photons in the relevant energy-range of SPECT (30keV -
250keV) interacts with zero to two Compton-scatters followed by a photo-electric
absorption. The result is a burst of optical photons, which is then converted
into an electrical signal and digitized.

2.3.2.2 Quantitative imaging

If the emission tomography images are to be used as the basis for internal
dosimetry, they have to be quantitative, i.e. having a one to one mapping
between voxel values and the activity contained in that voxel. Historically,
SPECT has not been regarded as a quantitative instrument, due to numerous
image degrading artefacts . Important causes of artefacts are, but not limited
to, attenuation, scatter and partial volume effect. Attenuation artefacts stem
from the SPECT-system not being able to distinguish a low-activity signal from
an attenuated high-activity signal (figure .

The use of hybrid imaging, i.e. a sequential combination of a SPECT and
CT-scan integrated in the same scanner, allows the inclusion of a CT-derived
attenuation map and hence a correction for attenuation artefacts. Scattered
radiation can potentially account for a considerable amount of the detections in
the photo peak. Corrections can be made using a variety of strategies, ranging
from simple scatter-energy-window-based techniques to sophisticated model-
based approaches . A calibration factor, relating the counts in the image to
units of activity needs to be found. Current guidelines consist of either imaging
a small, point-like source in air or a larger, cylindrical phantom filled with a
known amount of activity . The former method is to be done by planar,
while the latter by tomographic scans.
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VAN

Figure 2.3: In emission tomography, a major image degradation effect is the
presence of attenuation of the primary photon flux. On the left, two signals
are recorded as equal despite one of them being significantly more intense, and
attenuated by a high density material. Figure reproduced from

SPECT/CT-images are the basis for the measurements of the temporal and
spatial activity distribution, and should be as accurate as possible. The accuracy
depends on numerous factors such as nuclide, target geometry, target definition,
scanner, image protocol, etc. and a single accuracy containing all set-ups is not
possible to give. A table compiled by Lassmann et al. suggests quantitation
accuracies of 17"Lu ranging from -12 to around 7 %, for different geometries
and imaging systems . In a recent multi-center inter-comparison study, a
cylindrical shell phantom containing a known concentration of '""Lu was sent to
seven European hospitals. Each hospital measured the activity in the inner core,
a shell surrounding it and the entire phantom source and the measurements were
compared to the true activity, as measured by the National Physical Laboratory.
Results showed that all the hospitals over-estimated the activity for the whole
source by a mean value of 12 %, but three hospitals had the correct value included
in their reported uncertainty ranges, and all hospitals were within 30 % of the

true value )
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2.3.3 MIRD-formalism

The Medical Internal Radiation Dose (MIRD)-committee is a group associated
with the Society of Nuclear Medicine, and has since the late 1960s published
multiple pamphlets, with the aim of developing standardized frameworks and
methodology for performing internal dosimetry. The most recent overview of
the nomenclature, the one used here, can be found in MIRD Pamphlet No. 21
[79]. There are alternative formalisms (e.g. the ICRP) but the MIRD-formalism
will be used here throughout.

Dosimetry is generally a multi-step process, starting as previously mentioned
with the measurement of activity through time. The uptake and excretion of the
therapeutic drug are governed by metabolic processes, usually over the time scale
of several days. This makes continuous monitoring of the activity impractical,
and the activity is traced at discrete time points.

At17At27At3a"'Atn (21)

These discrete activity time points are used to derive the time-activity-curve
(TAC) A(t). These TACs have to be defined for each source organ.

The integration of these curves yields the time-integrated activity, the total
number of disintegration in source region rg, previously termed cumulated
activity:

Tp
A(rg, Tp) = /0 A(t)dt (2.2)

Here, the parameter T, the upper integration limit, is often taken to be
infinity.

This integration can be done either by fitting the time activity points to
an a-priori assumed function and integrated analytically, employ a numerical
integration scheme, or a combination of both.

This parameter is important because it is directly proportional to the number
of radiation particles, and hence the radiation energy, of the radiating source
organ. When normalized by administered activity, the quantity is called a
time-integrated activity coefficient (TTAC).

A(rs, Tp)
Ao
In the MIRD-scheme, the quantity to convert time-integrated activity coeffi-

cients to absorbed dose is often denoted as S(ry < rg), and the final absorbed
dose from source organ rg to target organ rp is

&(Ts,TD) = (2.3)

D(rr,rg) = A. S(rr +rg) (2.4)

The S-factors result from Monte Carlo-simulations in reference patient ge-
ometries. This quantity is dependent on the radionuclide and the mathematical
phantom used to represent the patient, which in turn can depend on age, sex
and patient size. Development of mathematical phantoms has been a matter of

18



Dosimetry

research interest for over fifty years, from simple models consisting of spheres
and cones, to more sophisticated voxel and polygonal-mesh models, see Xu for
an overview . The S-factor can be separated into its parts

1
S(ry < rg) = i > EYip(rr < rs, E;) (2.5)

here i denotes different nuclear transitions with energy FE; and yield Y;,
these are dependent on the radionuclide and independent of the mathematical
phantom. ¢ is the absorbed fraction, a number between 0 and 1 denoting the
fraction of energy that is absorbed in the target organ from the source organ.
For S-emitters, this number is often assumed to be unity. Finally, My is the
mass of the target organ.

To find the final dose of the target organ, contributions from each source
organ are summed resulting in the total absorbed dose to target rr

Dy =Y A-S(rr +rs) (2.6)

rs

The S-factors for a large number of nuclei are tabulated in the FDA-approved
software Organ Lovel INternal Dose Assessment (OLINDA/EXM). These S-
factors are based on the various phantoms of different relevant patient sizes and
sexes, where a series of Monte Carlo-simulations have been performed .

Lastly it should be noted that the concepts of source organ and target organ
can be generalized to a more fine-grained calculation, where rather than organs,
sub-volumes of organs, single cells or voxels are considered instead of organs.

2.3.4 Red marrow dosimetry

The red marrow requires some additional consideration, given that it is both a
challenging organ to perform dosimetry on, and also the most common organ at
risk in RIT.

The assumption of spatially homogeneous, local deposition of energy cannot
be made in the skeletal regions. The reason for this is that the bone marrow
is a highly complex structure of tissue, with different structure components
having different radiation sensitivity and the details of this structure are in
the same order of magnitude as the path length of the [-energies of typical
therapeutic radionuclides. The marrow itself is contained in small cavities
dispersed throughout the skeleton, in adults mostly in the axial skeleton [82].
These cavities contain islands of hematopoietic (blood-producing, red, marrow)
and adipose (fatty, yellow, marrow) cells, interspersed in a honeycomb-like
structure by a network of trabecular bone, refered to as the trabecular spongiosa.
If a B-particle originating from a radionuclide residing in the red marrow has some
of its energy absorbed in fatty marrow, the absorption factor ¢(Redmarrow <«
Redmarrow) is no longer unity.

Considerable work has been done in developing models to simulate the tra-
becular spongiosa, starting from one-dimensional path-length-models developed
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by Spiers et al. in the 1970s . These models were later re-evaluated
and extended to cover multiple skeletal sites, ages and sex by Eckerman and
Stabin . A separate calculation was done by Bouchet et al. who used revised
information on regional bone and marrow mass and calculated new absorbed
fractions . These two calculations deviates for low and high S-energies,
and the two models were resolved in a unified model . An average value
of the entire skeleton from this calculation is the basis for the S(RM < RM)
implemented in the OLINDA /EXM-program.

All the aforementioned methodologies and calculations assume that environ-
ment of trabecular spongiosa reaches infinitely. In addition to the micro-structure
of the marrow, there exists also a macro-structure which potentially can become
important. Shah and colleagues developed a paired image radiation transport
model that incorporated radiation transport in both the micro- and macroscopic
domain . The fraction of adipose cells in the marrow-cavities is called
the cellularity factor, denoted by the percentage of adipose cells as identified
from histological slices. This factor can vary substantially throughout the skele-
ton, and depends on patient age. This was also explored by Shah et al. using
microscopy-imaging and computer simulations . Results of this
comprehensive work include two publications, one for a male and one for a
female patient, describing mathematical phantoms for electron sources residing
in different regions of the marrow space (fig. |2.4) These mathematical
phantoms give absorbed fraction-values as a function of S-energy, skeletal site
and cellularity factor, and have also been parametrized to account for skeletal
size and bone mineral density, being proxy parameters for aging . Combined
with a description of the emission data and equation (1.5) these tabulated values
can be used to form S-factors for any given radionuclide.

2.4 Biodistribution and dose effect for RIT of Lymphoma

The RIT will after administration be eliminated through metabolic processes
and bind specifically or non-specifically to antigens. Previous studies of antibody
radionuclide conjugate agents, identified uptake in the spleen, liver kidneys and
bone marrow ([98], including errata).

The overall toxicity experiences with RIT in the treatment of haematological
malignancies have shown that the treatment is well tolerated. This also remains
true when high amounts of activity is used in a myeloblative setting . Ob-
served toxicities in non-myoblative have been myelosuppression, fatigue, HAMA
formation and in treatments where '3'T has been used, thyroid dysfunction .
Secondary myelodysplatic syndrome and acute myelogenous leukemia have been
been reported, with incidence in the order of 1-3 % . For both of the two
FDA-approved drugs [°Y]Y-ibritumomab tiuxetan and ['*'I]I-tositumomab the
hematological toxicities have been transient neutropenia and thrombocytopenia,
believed to result from irradiation of the red marrow cells . There has
been some interest to correlate the absorbed dose to the myelosuppression, to
predict this toxicity. A clear correlation has been proven elusive to find, as there

20



Biodistribution and dose effect for RIT of Lymphoma

Figure 2.4: The microscopic distribution of the red marrow. Panel A shows
images of bone marrow biopsy slides. The fatty marrow cells can be seen
indicated in white circular clusters. The panel show two different cellularity
factors, 30 percent to the left, and 80 percent to the right. Panel B show electron
pathways in across the marrow space and trabecular mesh. Finally panel C
show the three-dimensional structure of the trabecular mesh in the lumbar
vertebrae. The top left show the a 3D-model of the vertebrae. To the right are
two slices, where contical- and trabecular bone have been color coded as blue
and orange respectively. Below is a 3D-model (left) and a slice (right) of the
microscopy NMR-images showing the micro-structure of the bone trabeculae.
This modelling has been used by the group in the University of Florida to
make a comprehensible skeletal phantom that incorporates both macro- and
micro-structure of the marrow. Modified from [88] [85] and [90]
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are potential confounding factors that affect the bone marrow reserve of each
patient.

2.4.0.1 [°°Y]Y-ibritumomab tiuxetan,

Studies of [°Y]Y-ibritumomab tiuxetan did not reveal any correlation between
absorbed dose and toxicity. Early dosimetry included multiple methods to asses
dose, two methods based on planar imaging (lumbar and sacrum) and one blood-
surrogate-based. Results did vary across the methods, with a higher estimate of
the absorbed dose from the sacrum-based approach (1.0 mGy/MBq), a lowest
estimate in the lumbar-approach (0.3 mGy/MBq) and the blood-surrogate
method falling in the middle (0.6 mGy/MBq) None of these estimates correlated
with the severity of hematological nadir . Later in a larger cohort, no
correlation was found, although all calculated absorbed doses to the red marrow
were below the protocol-set limit of 3 Gy (the range was 17.5 to 221 ¢Gy) [103].
In the final dosimetry study, including 179 patients and “extensive analyses”
no correlation was found between either absorbed dose calculated from sacral
imaging or blood-based results and hematologic toxicity. The authors themselves
point to methodological challenges . As studies revealed no correlation
between absorbed dose and myelosuppression, activity is administrered according
to a dosage regime, with a maximum dosage level of 14.8 MBq/kg body mass
up to 1184 MBq .

A later study done by Fisher et al. calculated the absorbed dose in ten
patients using quantitative planar imaging, patient specific organ mass and body
weight and OLINDA /EXM . An almost two-fold discrepancy compared to the
packet insert value for the absorbed dose to RM. Still these estimates have been
done by planar imaging, known to be less accurate than tomographic imaging
especially when there are significant overlapping structures in the imaging plane
1105].

2.4.0.2 ["*']I-tositumomab

In contrast to [*°Y]Y-ibritumomab tiuxetan, absorbed dose calculation played
a crucial role and was an integrated part of standard clinical practice in the
administration of ['3!I]I-tositumomab. Initial studies of ['*'I]I-tositumomab used
a dose escalation model where the whole body absorbed dose was measured and
used as the dosage step . The standard treatment protocol consists of an
initial administration of a tracer amount, 185 MBq, of [!3'1]I-tositumomab. A
series of WB images is then performed to verify biodistribution and calculate the
WRB clearance rate. This is used to calculate the activity to deliver a specified
target absorbed dose . A whole body dose of 0.75 c¢Gy believed to reflect the
tolerated absorbed dose to the red marrow was found to be a suitable target
dose . The therapeutic activity is given seven to 14 days after the tracer
administration.
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2.4.0.3 Other

Stillebroer et al. found a significant correlation between absorbed dose to the
red marrow and leukocytic and thrombocytic toxicity, in small patient cohort
treated for renal cell carcinoma with the CAIX-targeting u—cG250 .

The time from the last chemotherapy was found to be the single parameter
predicting myelosuppression in a study including patients treated both with
I[*3]I-tositumomab and [*°Y]Y-ibritumomab tiuxetan. The absorbed dose to
the red marrow was also included as a variable, but the authors suggested that
this was due to a too narrow interval of included absorbed doses [101].

Myelosuppression and patient characteristics for patients treated with 1311-
monoclonal antibodies targeting carcino-embryonic antigen were investigated by
Juweid et al. They found a correlation between the platelet and white blood
cell toxicity grade and red marrow absorbed dose (both), baseline values (both),
metastatic disease defined as two or more metastasis found on bone scan or MRI
(both) and chemotherapy within three (for platelets) or six (for white blood cells)
months of treatment . They concluded on the absorbed dose as the single
most important factor, but also that other factors could be crucial to determine
toxicity.
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Chapter 3
Aims of individual papers

The overall aim of this thesis was to establish methods to perform dosimetry
on patients treated with [17"Lu|Lu-lilotomab satetraxetan with the end goal of
investigating the absorbed dose to normal organs in the LYMRIT 37-01-study.

Aim for Paper | The LYMRIT-37-01-study is a first in-human trial. In paper I
the aim was to investigate the bio-distribution in these initial patients to compare
them with the investigations of [17"Lu]Lu-lilotomab satetraxetan performed in
murine models and with other RITs. Special focus was set on the identification
of organs at risk and to explore ways to optimize the initial image protocol.

Aim for Paper Il In paper I the red marrow was established as the primary
organ at risk. In paper II, the aim was to quantify the absorbed dose in the red
marrow and establish toxicity correlation. This was primarily to be done with
a direct, image based quantitation method, as uptake in the red marrow was
visually identifiable on the SPECT /CT-images.

Aim for Paper lll In the previous papers, it was found that specific pre-dosing
with non-radioactive lilotomab had a mitigating effect on absorbed dose to the
red marrow. A potential concern is that the blocking effect of the non-radioactive
lilotomab could also affect the uptake in tumours. In paper III, patients from
additional treatment arms of the LYMRIT-37-01-study and absorbed dose to
lesions were included. A therapeutic index, defined as the ratio of the tumour to
red marrow absorbed dose was investigated to aid in the selection of an optimal
treatment protocol.

Aim for Paper IV A correlation between the absorbed dose to the red marrow
and myelosuppression was indicated in the previous papers. This correlation was
further investigated in paper IV. Correlation could be potentially obscured by
confounding factors related to red marrow reserve. The main aim of the paper
was to see if inclusion of more patient characteristics could help explain variation
in the observed correlation. In this paper, an updated absorbed dose calculation
that incorporated the existence of fatty marrow was also included.
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Chapter 4
Materials and Methods

4.1 Treatment and patient material

4.1.1 LYMRIT 37-01 study

Patients included in this work were all included in the LYMRIT 37-01-trial. The
trial includes histologically confirmed CD37-positive, relapsed indolent NHL
patients. A detailed description of the inclusion and exclusion criteria can be
found in . Spanning all papers, four different treatment arms were included.
Arms contained different pretreatment and predosing (fig. . Two arms
included a predosing with cold lilotomab, arm 1 (40 mg) and arm 4 (100 mg/m?).
Patients in arm 2 received 375 mg/m?2 of rituximab, whereas arm 3 did not include
any predosing. Treatment arms 2 and 3 were in multiple analyses combined as
they both contain no CD37-specific pre-dosing. All patients received a single
administration of [*7"Lu]Lu-lilotomab satetraxetan. The amount of activity was
given according to a dosage regime based on patient whole body mass (either
10, 15 or 20 MBq/kg) at the day of RIT administration.

4.1.2 Patients

Paper one included seven patients, paper II included eight, paper III nineteen
and IV included seventeen patients. A total of 21 different patients were included,
of which the majority (18) had follicular histological subtype, two had mantle
cell and one had marginal zone NHL. All patients signed a written consent form
and the study was approved by the regional ethics committee. All patients
throughout this thesis have the same patient identifier (i.e. patient number).

Pre-treatment Pre-dosing

- ~ —h—

lilotomab
40 mg

rituximab
375 mg/m?

rituximab
375 mg/m?

- Phase 2: 15 MBa/kg
7Lu-lilotomab satetraxetan

No
pre-dosing :

rituximab
375 ma/m?

rituximab
375 ma/m?

rituximab
375 mg/m?

lilotomab
100 mg/m?

Figure 4.1: An overview of the treatment protocol in the LYMRIT-37-01-study.
[110].

rituximab
375 mg/m*

- Phase 2: 20 MBqg/kg
TLu-lilotomab satetraxetan
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Figure 4.2: Thrombocyte counts normalized by basline counts p.i. Indicated in
the figure is the PBN-value, showed as a dashed line.

Age at treatment, total number of previous chemotherapy treatments, prior
history of EBRT and elapsed time since last chemotherapy were also recorded.

4.1.3 Toxicity

For papers II, IIT and IV, blood samples were collected at baseline, multiple
times at the day of treatment, once each day 1, 2, 3, 4 and 7, and every week
until week 4, and then every 6 months. Thrombocytes and neutrophils were
counted. Adverse effects were graded by the Common Terminology Criteria for
Adverse Events (CTCAE, version 4.0). For the primary analysis, the patients
were split into two groups; one with grade 0, 1, or 2 and one with 3 or 4. In paper
IV, the relative value of neutrophils and thrombocytes compared to baseline
(PBN) as well as the time to nadir (TTN) was used as indicators of toxicity

(fig. [£.2).

Activity concentration was measured in blood samples to be used in pharma-
cokinetic analyses. The total activity in blood was analysed by noncompartmental
analysis in Phoenic WinNonLin 64 using the “linear up log down” method. A
detailed description of the pharmacokinetic modelling is found in [109].
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4.2 Imaging and other radioactivity measurements

All patients were imaged in the same centre, on the same scanner, a Siemens
Symbia T16. Both planar and tomographic scans were acquired. The scanner
was equipped with a 0.952 inch thick Nal-crystal and a medium energy, low
penetration collimator. The scan was performed with 2 x 32 projections, each
projection was of 45s lenght. A non-circular orbit with body contouring was
used.

Both the 113 and 208 keV-photopeaks were acquired with a 20 % window
width. Both upper and lower scatter windows placed adjacent to the main
emission windows were used.

For all planar scans and for the majority of the SPECT/CT-images, a small
vial with a known activity of '77-Lu was placed in the field of view as a constancy
control.

4.2.1 Planar

In paper I, planar WB scans were performed for included patients. These planar
scans were done at approximately 2, 4, 8 hours, 96 and 168 hours post injection
(p.i.). The planar WB scans were acquired with a matrix size of 256 x 1024 with
a 5 cm/min scan speed. For the initial patients, a thin vacuum mattress was
used to provide fixation, this was amended for later patients due to practical
reason.

4.2.2 SPECT/CT

The SPECT/CT imaging protocol consisted of a series of SPECT/CT-images
acquired in general 24, 96 and 168 hours p.i. Patients in arm 1 and patient P001
did not have a SPECT/CT-scan at 24 hours p.i.

SPECT/CT-images were reconstructed using the vendor’s software. In paper
I, the 208 keV-energy window was used whereas in papers II, III and IV, both
energy windows were utilised for quantification.

A calibration factor to convert counts to activity was found from reconstructed
images of an anthropomorphic torso phantom model (model ECT/TOR/P; Data
Spectrum Corp). Volumes of interests were drawn inside the larger “liver”-insert
of the phantom, and a conversion factor for both the 208-keV- and 1134208
keV-reconstruction was made.

4.2.3 Miscellaneous measurements

Urine samples were collected for two patients, first for each individual micturition
during the first 2 h, then the urine from the next 18-22 h was collected together.
Whole body measurements of the exterior dose rate of the patient were in general
used to calculate the whole body clearance. Measurements were done both
anterior and posterior at fixed distances at the height of the sternum. The
measured dose rates were background corrected and the geometric means of
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the anterior and posterior dose rate used to yield the final measurement. The
first measurement was performed before the first void, and used as a reference
point for total activity in the patient. A time activity curve (TAC) for the whole
patient was found by fitting these measuring points to a mono exponential curve.

4.3 Dosimetry

4.3.1 Activity quantification

All volume delineations were done using the software tool PMOD version 3.6
(PMOD Technologies Ltd). Volume definitions of the red marrow volume and
tumours were done together with a nuclear medicine specialist. A volume of
interest (VOI) was drawn around the organ with a 1-2 ¢m margin, allowing
spill-out-activity to be accounted for. Individual TACs were made for each organ
and the whole body. In paper I, five-point TACs were made, whereas in papers
II, TIT and IV, a two-point TAC was used. These were integrated and divided by
the administered activity Ag to yield time integrated activity coefficients

1 A
a=— A = —
a (t)dt .

4.1
o ), (4.1)

Integration was performed by a combination of discrete and analytical tech-
niques. The five-point-curves were integrated by trapezoidal integration between
the second and penultimate time-point. The TAC beyond the last time-point
was integrated by assuming mono exponential decay from the penultimate time-
point to infinity. An effective half life for this mono-exponential washout phase
was estimated from the two last time-points. Activity at the first time-point
was extrapolated back to time zero. When a two-point TAC was used, mono
exponential fitting and integration were used.

4.3.2 Dosimetry

Organ masses were determined by drawing VOIs on CT images. The mass density
of organs and tumours except the red marrow in article IV was considered to be
1 g/cm?.

For the mass of the red marrow, two approaches were used. In papers II and
IIT a VOI was placed on the interior of the periostenum of the bone of vertebrae
L2-L4, denoting the volume Vio_14. A trabecular bone volume fraction, frg, of
0.135 and 0.148 was subtracted from this volume for male and female patients
respectively. Assuming a mass density of the red marrow of 1.0, the mass of the
red marrow was then be written as

mpry = Vie-14 (1 — frB) (4.2)

The total red marrow activity and mass were then found by assuming that
the region of L2-1.4 consists of 6.7 percent of the total marrow.
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Vio—1a (1 — frB)

MRM (patient) = 0.067 (43)
. ar2-14
ARM (patient) = 0.067 (44)

Conversion from TIACs and mass of the source organs liver, spleen, kidneys,
red marrow and WB to absorbed dose was done in papers I, IT and III with
the dose-calculation software tool OLINDA/EXM (version 1.1) [81]. Patient
specific organ masses in source-organs (liver, spleen, kidneys and red marrow)
and WB-mass were used, reference values from OLINDA /EXM were used for
the rest of the organs.

For the tumours, the OLINDA /EXM-sphere module was used. The software
program provides a look-up-table with input in the form of TIACs, and the
absorbed doses for various sphere sizes are given. A conversion factor, S was
made from the 10 g-sphere:

S = 8.56 - 10~ °Gykg/MBqh (4.5)

So the absorbed dose of the tumours could be calculated from

Dtumour -

S . Atumour (46)

Mtumour

The contribution from non-specific uptake in the rest of the body was
calculated by subtracting the sum of organ TIACs by the cumulative activity of
the whole body. This TTAC of the whole body was found either by whole body
probe measurements or planar whole body scans, when either was available. In
paper II where only the red marrow absorbed doses were calculated, if neither
were available, a mean value calculated from the available patients was used.

4.3.3 Blood-based method for the red marrow

In paper II, a surrogate method to calculate the absorbed dose to the red marrow
was explored . In this method, the cumulative activity concentration in the
red marrow was assumed to be equal to that of blood, leblood- The total mass of
red marrow was found by a scaling factor depending on the whole body mass of
the patient

TMRM (ref
TMRM (patient) = mﬁr(ﬁ;mWB(patient) (47)

and the TTAC of the red marrow was then calculated as

~ leblood
ARM (patient) = AO MRM (patient) (48)
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4.3.4 Red marrow in Paper IV

In paper IV, an improved method to calculate absorbed dose to the red marrow,
incorporating different fractions of yellow marrow was used. This method was
based on the mathematical phantoms developed at the University of Florida
. These two publications tabulate specific energy absorbtion factors for
male and female patients for different skeletal sites, cellularity factors (CFs) and
electron energy.

First, CF, energy and skeletal-specific absorbed energy fractions were calcu-
lated. This was done by using equations (2) and (4) from to calculate the
reference red marrow masses. The absorbtion fraction ¢ could then be calculated
with

(RM « RM, CF, E) = ®(RM + RM, CF, E) - may—ref (4.9)

These factors were combined with the electron spectrum of 7"Lu, found from
ICRP publication 107 [112] and the mean energy of each emission, A; and the
corresponding ¢ were summed for all energies i:

S(RM < RM,CF) = > Ai¢(RM < RM, CF, E;) (4.10)

The absorbed doses for a specific CF could then be calculated from this factor
and the corresponding measured skeletal volume V' and cumulative activity A.

p_ i SBM & RM,CF)
V'(l—fTB\/)~CF-p

Here p is the mass density used by the University of Florida phantoms,
1.03 g/cm? and frpy is the trabecular volume fractions used in the phantoms.
These calculations were done with in-house written software (python, version
3.7.6) where each phantom was implemented as a python-class object with
associated class functions to perform absorbed dose calculations. This software is
available online https://github.com/blakkisrud/RedMarrowSFactor. In paper IV,
fractions of 0-90 % fatty marrow in 10 %-intervals and the ICRP-reference-value
were calculated for the lumbar vertebrae L2-1.4. The ICRP-reference-values were
used in the final dose calculations.

(4.11)

4.4 Statistical methods

Linear tests were in general utilised. The Shapiro-Wilk-test and visual inspection
of quantile-quantile-plots were used to check for normality. Comparisons of
groups of patients were performed with the student t-test. A paired t-test
was used in paper II to compare the SPECT/CT-derived absorbed doses to
those calculated by the blood surrogate method. Correlation between individual
absorbed doses and thrombocyte and neutrophil-counts at nadir was investigated
with a Pearson test in paper II.
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In paper IV, a multivariate analysis was performed based on multiple patient
characteristics. All combinations of parameters were tried, and the significant
models, defined as all parameters being significant at the 0.05-level, were kept.
Multicolinearity was checked with the variance of inflation factor and the Akaike
Information criteria was used to identify the best model among significant models.
For the final model, a leave-one-out analysis where the predicted and observed
CTCAE-grade were compared was performed.

A sigmoid relationship between the absorbed dose and percentage of blood-
values at nadir compared to baseline was also performed

100 - DV

— 4.12
DN + DL (4.12)

PBN(D) = 100 —

Here N and Dsq are fitting parameters.
For model comparison, the sums of mean squared errors were compared.
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Chapter 5
Summary of publications

Paper | In paper I, the bio-distribution of [*77Lu]Lu-lilotomab satetraxetan was
explored with the use of serial planar- and tomographic scans. Seven patients in
this first-in-human trial were included.

Normal tissue organs with visually distinct uptake were the spleen, liver, red
marrow and to a lesser extent the kidneys. The TACs revealed a late mono
exponential wash-out phase of [17"Lu]Lu-lilotomab satetraxetan in the kidneys
and liver after an initial plateau-phase. The plateau phase in the spleen seemed
to be somewhat prolonged and to possibly have a later maximum value compared
to the other organs.

The spleen was the organ that received the highest absorbed dose overall, with
a mean absorbed dose of 3.57 and a maximum absorbed dose of 6.50 Gy. The
organ with the second highest uptake was the liver, with a maximum absorbed
dose of 2.00 Gy. The kidneys received a lower absorbed dose, a maximum of
0.62 Gy. No adverse renal or hepatic toxicity was observed during the 15 to 50
month follow-up time, which fits well with the dosimetry data as all absorbed
doses are below assumed toxic limits.

The whole body half-life of ['7"Lu]Lu-lilotomab satetraxetan was 82 hours,
ranging from 72 to 95 hours. Absorbed dose to the whole body ranged from 0.08
to 0.17 mGy/MBaq.

The initial imaging protocol included extensive imaging, with multiple imag-
ing sessions on the day of treatment. Simulations of time activity-curves with
fewer time points revealed that removal of the 4 and 8-hour time points did not
change the calculated absorbed dose by more than 1 %.

Urine was collected and measured before the first imaging time point for two
patients. With less than 2 % secreted in this voiding it was assumed that all
activity was retained in the body at the first imaging time point for all patients.

Background-subtraction of the planar images of the kidneys yielded negative
values, indicating low uptake in the kidneys compared to surrounding tissue and
making it difficult to analyse these organs with planar imaging. Geometric mean
planar images were sub-optimal for quantification of activity when compared to
SPECT/CT-images, apart from possibly TACs of the liver and spleen.

The study included patients of two different treatment arms. There was
no significant difference between absorbed dose per administered activity for
pre-dosed and non-pre-dosed patients except for the absorbed dose to the red
marrow.

In conclusion, the spleen and liver together with the red marrow accounted
for the majority of physiological uptake of [*""Lu]Lu-lilotomab satetraxetan.

35



5. Summary of publications

Paper Il Myelosuppression has previously been identified in RIT as being the
primary dose limiting toxicity. In paper II, absorbed dose to red marrow and its
correlation with myelosuppression was more closely investigated in [17"Lu]Lu-
lilotomab. As in paper I, the work included two treatment arms, arm 1 that
did include pre-dosing with non radioactive lilotomab, and arm 2 that did not.
A visually distinct uptake was identified in the skeletal regions of the patients,
especially on those that did not receive pre-dosing.

Absorbed dose to the red marrow was calculated by an imaging based
approach where the 1.2-14 vertebrae were imaged with SPECT/CT and used as
a model for the total red marrow. The estimated red marrow absorbed ranged
from 67 to 207 cGy. The absorbed dose was mainly from the red marrow itself,
with cross dose from the remainder of the body contributing to a maximum
value of 17 %.

The majority of patients did experience neutropenia or thrombocytopenia
some grade of. Patients were grouped according to either grade 1/2 or grade
3/4 thrombocytopenia and neutropenia. Patients that did experience grade 3/4
thrombocytopenia had a higher red marrow absorbed dose than patients that
experienced grade 1/2. For neutropenia, patients with grade 3/4 toxicity had
a higher red marrow absorbed dose, but this difference was not statistically
significant.

The absolute value of the nadir value, being the value defining the CTCAE-
toxicity grade, was also investigated. A significant linear correlation was found
between the absolute thrombocyte count at nadir and absorbed dose (p = 0.04).

Patients that received pre-dosing with unlabelled lilotomab had a signifi-
cantly lower absorbed dose to red marrow per administered activity, 0.9 vs 1.6
mGy/MBq.

The activity in blood was also used to calculate pharmacokinetic data. The
result of this analysis revealed a significantly larger area under the curve in
blood for lilotomab-pre-dosed patients and a lower clearance and volume of
distribution.

Both a blood based and an image based methodology for red marrow absorbed
dose was performed. Relative difference between the methods ranged from 80
to 638 % with a large underestimation of the absorbed dose calculated by the
blood-based methodology. Based on the lack of correlation with toxicity and the
visually distinct specific uptake in the red marrow, the blood based methodology
was deemed unfit for this therapy.

This work has identified a relationship between absorbed dose to the red
marrow and myelosuppression. Also, pre-dosing with unlabelled lilotomab had
a mitigating effect on absorbed dose to the red marrow, which leads to a more
favourable toxicity profile.
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Paper lll Paper IIT includes patients from four different treatment arms, two
without pre-dosing with unlabelled lilotomab (arms 2 and 3), and two with
pre-dosing (arms 1 and 4), for a total of 19 patients. The two treatment arms
without pre-dosing with unlabelled lilotomab were combined in the primary
analysis.

The main focus of paper III was the ratio between the previously identified
organ at risk (red marrow) and absorbed dose of the tumours. A higher tumour
to organ at risk ratio would suggest the more optimal treatment strategy. The
non-pre-dosed group was compared to the arm receiving a fixed amount of
unlabelled lilotomab (40 mg, arm 1) and the arm receiving a significantly higher
amount (100 mg/m? BSA, arm 4).

As seen in arms 1 and 2 patients in paper I, uptake of [177Lu]Lu-lilotomab
satetraxetan could be most prominently identified in the liver, spleen, and the
red marrow in addition to the tumours; this held true for all four arms included
in paper III. There was a significantly lower absorbed dose in the spleen in
patients in arm 4 compared to the non-pre-dosed group.

A total of 47 lesions were included for dosimetry, with 1 to 5 and a mode
of 3 tumours per patient. Absorbed doses to the tumours did vary significantly
both inter and intra-patiently. In one patient, the absorbed dose to the tumours
ranged from 149 to 859 cGy. Although a higher absorbed dose to tumours was
found in arms 1 and 4 compared to the non-pre-dosed group, 1.79, 2.15 and
2.67 mGy/MBq for the non-pre-dosed group, arm 1 and arm 4 respectively, the
differences were not statistically significant.

Absorbed dose to the red marrow ranged from 69 to 204 cGy. Patients
receiving pre-dosing with cold lilotomab had a lower absorbed dose to the red
marrow. This mitigating effect was present both in patients pre-dosed with a fixed
amount of 40 mg and 100 mg/m"2. However, no significant difference between
patients of the two different pre-dosing regimens with regards to absorbed dose
to the red marrow was observed.

There was a significantly higher ratio of tumour to red marrow absorbed
self-dose for both lilotomab-pre-dosing arms. The ratios between the tumour
and red marrow absorbed doses were 1.07, 2.16 and 4.62 for non-pre-dosed, arm
1 and arm 4 patients. Some care has to be taken when interpreting this, given
the aforementioned inter and intra-patient variation of absorbed dose to the
tumours. These results are nonetheless encouraging, and extend those of Paper
IT that pre-dosing with lilotomab provides a potentially better therapeutic ratio.
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5. Summary of publications

Paper IV Paper IV includes further investigations of the absorbed dose to
the red marrow and its correlation with myelosuppression. Several clinical
parameters and new S-factor were included in this work.

The new calculation using the L2-L4-site and the ICRP-CF increased the
numerical value of the absorbed dose calculation when compared to previously
calculated doses. This difference is systematic except for patient sex and contri-
bution to the red marrow absorbed dose from the whole body.

The PBN and the TTN were used as indicators of myelosuppression, and
were the primary dependent variables. PBN ranged from 4 to 56 and 1 to 53 %
for thrombocytes and neutrophils. The median time to nadir was 37 and 44 days
for thrombocytes and neutrophils respectively. All patients experienced some
grade of thrombocytopenia and 14 of the patients experienced neutropenia.

A possible explanation of the variation in response as a function of absorbed
dose to the red marrow found in Paper II could be patient heterogeneity in terms
of bone marrow reserve. This was tested by including several clinical parameters
believed to affect the marrow reserve: age at treatment, baseline cell-count of
thrombocytes and neutrophils, prior EBRT, previous chemotherapy treatments
and time elapsed since last chemotherapy. Pharmacokinetic parameters activity
under the curve and half life in blood were also included in addition to dosage
and administered activity. Inclusion of these variables did not contribute to
explain the variation within a linear model, and the absorbed dose to the red
marrow was identified as the single significant variable. The absorbed dose to
red marrow was identified as the single significant parameter, although with low
r-squared values, 0.25 and 0.32 for thrombocytes and neutrophils respectively.

The result of the leave-one-out-analysis showed that exact thrombocytopenia
and neutropenia grade was predicted in 3/17 and 6/17 for thrombocytopenia
and neutropenia respectively. Toxicity grade +/- 1 was predicted in 12/17
(thrombocytopenia) and 15/17 (neutropenia) of the patients.

A sigmoid relationship between absorbed dose to the red marrow and myelo-
suppression was also investigated. The root mean-square error was comparable
to the linear model, and the leave-one-out analysis of the sigmoid curve gave
the exact CTCAE-grade of 3/17 and 8/17 for thrombocytes and neutrophils
respectively. The CTCAE-grade +/- 1 was predicted in 12/17 and 15/17 for
thrombocytes and neutrophils respectively.
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Chapter 6
Discussion

In this work the biodistribution and absorbed dose to normal organs and tumours
for NHL patients treated with [17"Lu]Lu-lilotomab satetraxetan were investigated.

The red marrow was identified as the primary organ at risk and a correlation
between absorbed dose to the red marrow and myelosuppression was found.
Another important finding was that pre-dosing with unlabelled lilotomab prior
to RIT had a mitigating effect on the absorbed dose to the red marrow and
yielded a favourable biodistribution.

6.1 Clinical relevance of dose findings vs/ toxicity

The assessed absorbed doses to the red marrow were in the order of 1-4 Gy
depending on dosage and treatment protocol. When compared to suggested
toxicity limits, this absorbed dose to the red marrow was the only substantial
normal organ absorbed dose. This is in concordance with observed primary
toxicities, namely transient thrombocytopenia and neutropina that reached a
nadir approximately 5-7 weeks after therapy . These adverse events are mild
when compared to chemotherapy regimens like R-CHOP or CVP and comparable
to rituximab monotherapy and other RITs .

6.1.1 Tolerance limit

A correlation where an increase in absorbed dose results in increased myelosup-
pression for patients treated with [17"Lu|Lu-lilotomab satetraxetan has been
identified. A clear relationship between absorbed dose and toxicity has been
difficult to establish, both in RITs and other radionuclide therapies. A contribut-
ing factor for this is potentially that internal dosimetry and toxicity studies
have currently been limited to studies containing small patient populations and
challenges in activity measurements. Notable exceptions are peptide receptor
radionuclide therapy, selective internal radiation therapy of liver tumours and
radioiodine in treatment for differenciated thyroid cancer .

Red marrow dosimetry, given the marrow’s distributed nature and microscopic
scale complexity represents additional challenges. Although methodology is
maturing, there is still a current lack of large scale implementation beyond
specialized centers [116]. In treatment of metastatic differentiated thyroid
carcinoma, standard operating procedures for performing maximum tolerated
activity protocols have been published . A consequence of red marrow
dosimetry still being in a state of relative infancy, is that consistent toxicity
limits are not readily available for internal emitters. Possible approaches are to
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6. Discussion

either adapt toxicity limits from EBRT, rely on limits found empirically through
activity escalation studies or in rare occasions; other radionuclide therapies.

A commonly used toxicity limit for the RM, when radiation is delivered
through internal emitters, is 2 Gy, originating from 3T treatment of metastatic
differentiated thyroid carcinoma [118]. Though often used, it is based on a
surrogate absorbed dose, as it is 2 Gy to the blood rather than the red marrow
itself. In a larger cohort of 200 patients treated with [17"Lu]Lu-DOTA-octreotate,
a cumulative absorbed dose of 2 Gy to the red marrow was used as a stopping
criteria for therapy . In the context of total body irradiation, a typical non-
myoblative regime limit is set to 2 Gy, as higher doses are needed to erradicate
blood producing marrow cells . An absorbed dose limit of 3 Gy, adopted
from the absorbed dose in EBRT which results in a 5% risk of severe damage
within 5 years to the blood forming system, has also been used as a limit for
metastatic differentiated carcinoma . The protocol-set limit set in the phase
II-studies of [*°Y]Y-ibritumomab tiuxetan was also 3 Gy [104].

Even though these limits have been reported and used in the literature, one
should be wary of naively comparing them across treatments with different
radionuclei and biological vectors. Differing biological effect from the same
estimated absorbed dose can arise from different dose-rates, and distribution
across several scales, from the whole organism to the sub-cellular scale. When
factoring in potential cytotoxicity from the antibodies and other long distance
i.e. abscopal effects, the situation quickly grows complex. This stresses the need to
compile data for specific radionuclides and treatments. An example is comparison
between the ['7"Lu]Lu-DOTA-octreotate treatment and ['7"Lu]Lu-lilotomab
satetraxetan, even though the radionuclide is identical, the fractionation protocol
of the former treatment makes direct comparison unsuitable. Our results indicate
that the toxicity limits of a magnitude of 2-3 Gy are appropriate for ['77Lu|Lu-
lilotomab satetraxetan for adverse events in the form of grade 3/4 neutropenia and
thrombocytopenia. Given all the aforementioned restrictions in comparability
of absorbed doses, this is still in the same order of magnitude as previously
reported and proposed absorbed dose limits to the RM.

Although a statistically significant relationship between absorbed dose and
myelosuppression was found, the correlation was weak (r2-values of 0.25 and
0.32). There is a possibility that the marrow reserve has been depleted in patients
previously treated with myelosuppressive treatments, changing the radiation
sensitivity of the RM. We have explored potential confounders assumed to
affect the marrow reserve, explaining the variable association between absorbed
dose and myelosuppression. None of the investigated patient characteristics
contributed to the explanation of this variation. It is important to note that the
lack of significant results do not necessarily demonstrate a lack of effect from
these confounders, as the patient population is limited and still represents a
heterogeneous group with respect to these parameters. Future studies of this
patient group should still include these parameters and the analyses should
be re-done. As neither of the other variables showed a better correlation than
absorbed dose to the RM, this remains the single most important parameter to
predict myelosuppression.
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Clinical relevance of dose findings vs/ toxicity

6.1.2 Prospective dosimetry

As an association between absorbed dose to the red marrow and myelosuppression
has been found, the idea of implementing prospective dosimetry, i.e. tailoring
the administered activity to plan for a set absorbed dose, is appealing.

This approach to deliver absorbed dose is ubiquitous in EBRT and was
routinely done with [3!I]I-tositumomab, where clearance rates were found to
differ by a factor of five [21]. For [13!1]I-tositumomab, a tracer amount of activity,
185 MB(q, was administered and a therapeutic amount of activity was set to
deliver 0.75 Gy to the whole body . A similar, prospective dosimetry could
in principle be implemented in therapy with [}7"Lu]Lu-lilotomab satetraxetan,
however with some additional challenges when compared to [!311]I-tositumomab.

The main issue is the comparatively low y-yield, as the photopeak of 131 (364
keV) has an abundance of 82 %, five-fold more than the combined abundance of
the 113 and 208-photopeak of '""Lu. The lower energy of the v-emission from
TTLu will result in more photon absorption in the patient and count-statistics
are further suppressed, compared to 'I. This would in sum require longer scan
times to allow for comparable count statistics, with the scan times used in the
post-therapeutic setting already being of considerable length. Feasibility could
potentially be explored by simulating a tracer amount of [}7"Lu]Lu-lilotomab
satetraxetan and decide if the count statistics is sufficient for a reliable quantifi-
cation. An alternative is to substitute '""Lu with another, more diagnostically
suitable radionuclide that can be detected and accurately quantified also in
tracer amounts. It is important to allow time for the red marrow uptake to
distinguish itself from the blood pool. Substitute candidates should therefore
have a half-life in the order of a few days to study the established kinetics of
lilotomab.

Candidates are PET-tracers like °Zirkonium (half life 3.3 days) or y-emitters
like ! Indium (half life 2.8 days). The latter y-emitter has been used in prospec-
tive dosimetry studies of [*°Y]Y-ibritumomab tiuxetan [102|. Pre-therapeutic
imaging with a 200 MBq tracer amount of activity with !”"Lu in six patients
later treated with 7.4 GBq of [""Lu|Lu-DOTATATE has been presented [122].
There, a long scan-time (60 seconds per view) was used with variable success in
predicting normal organ and tumour absorbed doses. The authors commented
that a potential improvement in pre-therapeutic image quality could result in
better predictions.

When treating with murine monoclonal antibodies there is a possibility of
developing a human anti-mouse antibody (HAMA) reaction. This has to be
considered if a prospective administration of [*7"Lu|Lu-lilotomab satetraxetan is
to be proposed, as the risk increase with multiple administrations of antibodies
[123].

6.1.3 Post-therapy dosimetry

This thesis shows that it is feasible to apply imaging dosimetry on patients
treated with ['7"Lu]Lu-lilotomab satetraxetan to acquire an absorbed dose with

41
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a meaningful relationship between absorbed dose and myelosuppression. One
can propose that absorbed dose can be used as a prognostic indicator to identify
patients that need closer follow-up, as the dose calculation could be done in
ample time before the onset of myelosuppression. In the current clinical study,
the adverse events are watched by blood sampling, and all patients are thus
already carefully monitored.

One can argue that post therapy dosimetry should be performed for all
treatment regimens to document the delivered absorbed dose, as required by
legislation and routinely performed from EBRT. This would also contribute to
increase the evidence on dose-effects for internal emitters. However, an even
stronger case for dosimetry can be made in a fractionated treatment setting, or
in regimes where re-treatment is an option or as the standard treatment protocol,
like peptide receptor radionuclide therapy in the treatment of neuroendocrine
tumours .

There has been interest for re-treatment with RIT . Fractionated treat-
ment with [*0Y]Y-ibritumomab tiuxetan has been explored to treat previously
untreated follicular lymphoma patients, where it was found to be an effective
initial treatment, especially in patients with high tumour burden . Re-
peated treatment with [M3!]I-rituximab has also been investigated, resulting in
increased response rate when compared to a single treatment in patients with
relapsed or refractory B cell NHL . In addition, treatment given in multiple
weekly administration has been explored with [17"Lu]Lu-lilotomab satetraxetan
in a murine model, where an increase in tolerated administered activity was
discovered [129)].

If re-treatment or fractionation is to be considered for [*7"Lu]Lu-lilotomab
satetraxetan in the future, imaging dosimetry can be used to calculate and
project cumulative absorbed dose, and potentially aid identification and selection
of patients that are best suited for re-treatment. The amount of administered
activity or dosage level can also be tailored to the individual patient, based on
kinetic information from the post-treatment dosimetry of the initial treatment
fraction.

6.1.4 Red marrow methodology

The lumbar vertebrae L2-14 were used as the primary site to measure absorbed
dose to the RM. The site is commonly found in the literature, possibly because it
is often distinguishable in a planar imaging setting. In the patients treated with
[177Lu]Lu-lilotomab satetraxetan, a field of view covering the abdominal area
was imaged in the majority of the patients, so the site was often available for
dosimetry. It is also a region that contains a reasonable amount of red marrow
and conveniently in a geometry that is simple and practical to delineate.

The different assumptions on marrow parameters altered the numerical value
of the absorbed dose to the RM. In papers IT and III a model where the cellularity,
i.e. the fraction of red compared to yellow marrow, was assumed to be unity.
This was revised in paper IV, where a marrow to marrow S-factor including
different cellularity values, with the ICRP-reference value used for the primary
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Biodistribution

calculation, was calculated. Regardless of the numerical result, both depend
on mathematical phantoms with reference values, the activity concentration in
the marrow space is in principle the only patient dependent input. The model
in paper IV, incorporating a more realistic cellularity factor, albeit a reference
value, should theoretically be closer to the actual absorbed dose. A confirmation
of the numerical value would require a Monte Carlo-calculation where the patient
specific cellularity and intra-marrow morphology were included, and even then
the marrow would have to be modelled, as a complete measure of the marrow
space in the details needed would be infeasible.

A surrogate method, where the absorbed dose calculated from blood drawn
from the patients post-therapy was explored in paper II. This methodology did
not result in a correlation with toxicity, indicating that this methodology should
not be used for dosimetry with [17"Lu]Lu-lilotomab satetraxetan. This could
also be inferred by the clearly specific uptake in the red marrow shown by visual
inspection of the SPECT /CT-images, well after the blood pool had disappeared
from the images.

The imaging of the L2-1.4 site, the primary method used across the papers
resulted in a linear correlation with toxicity, bolstering its usability and supports
its future inclusion in red marrow dosimetry calculations.

6.2 Biodistribution

Visual inspection of the SPECT/CT and planar images revealed that [*77Lu]Lu-
lilotomab satetraxetan accumulated in the liver, spleen and red marrow in
addition to the tumours (fig. 2, article I). The treatment evacuated quickly from
the blood pool, with the heart not being visible on the SPECT-images after
four days. The spleen retained a considerable amount of activity for a prolonged
time, as seen on both the time activity curves and visually on the SPECT/CT
and planar images.

Pre-clinical work has explored ['77Lu]Lu-lilotomab satetraxetan both in nude
and SCID mice. This work concluded that the most likely organ at risk was
the red marrow . This toxicity was believed to be transient as CD37 is not
expressed on stem-cells. When compared with free " Lu, [17"Lu]Lu-lilotomab
satetraxetan had a twofold increase in the spleen and liver. For the kidneys,
there was half the amount of uptake of [177Lu]Lu-lilotomab satetraxetan as free
Ly This coincides with our clinical findings, as uptake was elevated in
both the spleen and liver, whereas the uptake in the kidneys was low.

Previous clinical studies of RIT that included internal dosimetry showed
that the spleen, liver, kidneys and bone marrow were primary source organs
[102]. The findings in this work for ['7"Lu]Lu-lilotomab satetrax-
etan suggest a similar overall biodistribution when compared to these previous
studies.

For both the liver and kidneys, the absorbed doses were far below the levels
believed to induce renal or hepatic toxicity and no such adverse events were

observed [133].
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6.2.1 Practical considerations

The initial image protocol described in publication I was imaging intensive,
with three planar imaging time points on the same day as treatment with
[*""Lu]Lu-lilotomab satetraxetan. As this early phase did not in large part
contribute to the integral, the imaging protocol was amended to remove these
time points. Planar scans were unreliable for smaller organ volumes, organs
with considerable lateral overlap or organs with low activity uptake, precluding
reliable kinetic evaluation of smaller tumours and the RM. The planar analysis
resulted in negative activity values when using background subtraction on the
kidneys. Background subtraction was thus removed from the calculation of these
organs. As planar images did not contribute to information not also provided by
other modalities (i.e. baseline and follow-up FDG-PET/CT and diagnostic CT-
examinations) or was contributing to reliable quantification information, these
imaging time points were either removed entirely or substituted for a SPECT /CT-
scan. In paper II, the whole body kinetic, used to include contribution to the
red marrow absorbed dose, was measured with the planar images. This was
later measured with a whole body probe, further removing the need for whole
body planar imaging. The conclusion of these experiences is that imaging can
be done with fewer tomographic scans, preferable and likely more accurate than
a larger number of planar scans, in agreement with the results from others and
guidelines . The current imaging protocol as of May 2020 consist of
four SPECT/CT-acquisitions, on day 0, 1, 4 and 7, allowing kinetic modelling
up to and including two exponentials.

Even though the number of scans has been reduced, the amount and duration
of the scans still represent a considerable effort for the patient. For each bed-
position, the patient will spend approximately 30 minutes on the SPECT/CT-
scanner, followed by the CT-scan. This is uncomfortable for the patient, and
can and does result in motion artefacts that degrade the image quality. It
could be of interest to explore approaches to reduce the scan-time, either by
phantom measurements or simulation studies. Future studies with a focus on
motion blurring as a deteriorating factor in quantification and how this could be
minimized could possibly be performed, for example with a moving phantom.

In this work the MIRD-formalism combined with tomographic imaging was
chosen to calculate the mean absorbed doses. A less simplified alternative to
this approach is to use the imaging data directly in a Monte Carlo-simulation,
solving the radiation transport in the specific patient geometry and calculate
the distribution of the dose in sub-organ level. However, the resolution of the
current SPECT/CT imaging system used, although considered state of the art,
is insufficient to provide a reasonable input to such a radiation transport code
1134].

6.3 Pre-dosing finding

Patients from four treatment arms were included in this work, each arm with
unique pre-treatment and pre-dosing. Two arms included pre-dosing with unla-

44



Pre-dosing finding

belled lilotomab (arm 1 and 4), one included pre-dosing with rituximab (arm 3)
and one included no pre-dosing (arm 2). In most of the analyses, the two arms
without pre-dosing with unlabelled lilotomab were combined.

The rationale behind pre-dosing in RIT is to alter the biodistribution to one
that favors uptake in target organs, and minimizing uptake in normal organs.
Pre-dosing is a part of the standard treatment protocol of [*°Y]Y-ibritumomab
tiuxetan and was for [**11]I-tositumomab.

In papers IT and III, a change in biodistribution with respect to the red
marrow absorbed dose and spleen dose was identified. In paper II, a statistically
significant difference between arm 1 and arm 2, showing a reduced absorbed
dose to the red marrow was found. In paper III, two additional arms were
included and patients in the arm including pre-dosing with lilotomab received a
significantly lower dose than those that did not.

In early studies of ['*!]I-tositumomab, unlabeled antibody was found to
prolong the blood and whole body clearance . This is also the experience
with [*77Lu|Lu-lilotomab satetraxetan, as shown in the pharmacokinetics analysis
in paper II. A further elevated blood retention was found in the arm containing
the highest amount of lilotomab pre-dosing in a pharmacokinetic study including
all four treatment arms [136].

CD20 and CD37 as a synergistic pair have been explored in a drug-antibody
conjugate where rituximab enhances the internalization and cytotoxicity .
Furthermore, CD20 and CD37 have been found to form hexamers and this has
been exploited to induce complement-dependent cytotoxicity . In arm 3,
pre-dosing with rituximab was explored. This could potentially also have a
mitigating effect on normal organ uptake, as rituximab may also bind to the
Fc  receptors [139]. However, our results do not indicate that pre-dosing with
rituximab has a significant mitigating effect, indicating that the blocking is
antibody-specific.

The optimal amount of lilotomab pre-dosing is still to be concluded on. Two
treatment arms and dosage regimes, arm 1 with 15 MBq/kg and arm 4 with 20
MBq have been continued into a phase IIb as two randomization options. An arm
5, with 60 mg/m? BSA has also been initiated. Although increased pre-dosing
likely leads to decreased absorbed dose to the RM, there is a possibility that
an unnecessary high amount of pre-dosing blocks binding to the tumour tissue.
Both treatment arms with lilotomab pre-dosing resulted in a reduced absorbed
dose in the RM, albeit there was not a statistically significant difference in
absorbed dose to the red marrow between the two pre-dosing-regimens. Our
findings do not indicate a considerable blocking of the tumour tissue, leading to
favourable tumour to red marrow absorbed dose ratios with pre-dosing.

The mean ratio between tumour and red marrow absorbed dose was doubled
between arm 4 and arm 1, suggesting that the higher dosage level of cold
lilotomab is the superior dosing regime. Care should be taken when making
conclusions based on this parameter as absorbed dose to tumours showed large
variations, both inter- and intra-patiently. This variation did also seem to
increase for the arm containing the highest amount of lilotomab-pre-dosing. Also,
no correlation has been observed between absorbed dose and response evaluation
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on FDG-PET/CT-images on the lesion level [140]. The tumour dosimetry
precluded smaller and clustered tumours, particularly in the abdominal area
that could not be included without compromising accuracy in the calculation.
Differences in radio biological parameters like dose rate and biological half life
between red marrow and tumour tissue should ideally be incorporated in the
analysis. However, if no patient or lesion-specific radio biological parameters are
included, the inter-patient numerical value of the ratio is equal and the result
is still applicable to discern between treatment protocols. If a parameter that
characterizes the total amount of tumour absorbed dose uptake of the ARC in
the patient is used, rather than resorting to using index lesions, the tumour to red
marrow absorbed dose ratio would become a more reliable parameter, allowing a
firmer conclusion. These considerations are currently being investigated.

The absolute mass of pre-dosing in both lilotomab pre-dosing regimens in
this work is modest compared to the amounts given as part of RIT treatment
with either [?°Y]Y-ibritumomab tiuxetan or ['3'I]I-tositumomab. The therapy
protocols for both of the other two RITs include a factor of approximately 2.5
larger mass of cold antibody compared to arm 2 in the current study, assuming
1.7 m? body surface area. When the expression of CD37 compared to CD20 (a
relative difference of 2 as found in vitro) is factored in, the amounts become
comparable [130].

The spleen represents a large normal-B-cell antigen sink for both CD37
and CD20-expressing cells. Our results indicate that the absorbed dose to the
spleen is dependent on lilotomab pre-dosing, with a lower uptake of [*7"Lu]Lu-
lilotomab satetraxetan being associated with lilotomab pre-dosing. Experience
from other RITs is similar to our results, with uptake in the spleen being
reduced by pre-dosing [135]. Although irradiation of the spleen could induce
hematological toxicity, the absorbed dose to the spleen found for ['7"Lu|Lu-
lilotomab satetraxetan (a maximum of 6.5 Gy) is likely too low [142].

Dosimetry plays an important role in phase I-studies and has been included
in clinical studies to evaluate tumour uptake, reveal biodistribution and calculate
absorbed dose to normal organs. It remains an open question whether dosimetry
also can play a key part in the dose-escalation part of a study, or even before
activity level escalation. Interestingly, in the first study published on RIT with
[*31]I-tositumomab, the dose-escalation was given in increments of whole body
absorbed dose, rather than amount of activity . In molecular radiotherapy,
large variations in individual clinical response have been observed for the same
amount of activity, potentially requiring a large number of patients included to
reveal statistically sound results . Internal dosimetry can help illuminate
these discrepancies more efficiently in escalation studies. In this work, it has
been shown that it is possible to differentiate between arms both with imaging
based dosimetry and pharmacokinetics. This could potentially allow for earlier
selection of optimal pre-treatment and pre-dosing regimens.

As the compiled body of work on internal dosimetry continues to grow, accu-
rate dosimetry can become more widespread and standardized. This could lead
to dose escalation based on absorbed dose and not merely on total administered
activity or activity dosage level.
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Chapter 7
Conclusion and future work

7.1 Conclusion

In this work, the biodistribution and absorbed dose in patients treated with
[Y""Lu]Lu-lilotomab satetraxetan were investigated with quantitative imaging.
The results of this can be summarised in the following three main findings:

The organ at risk as identified by normal organ dosimetry is the RM. This
finding is in agreement with clinical observations. When the four treatment
arms are compared, the protocols with CD37-specific pre-dosing result in a more
favorable biodistribution in the form of a decreased absorbed dose to the red
marrow without blocking uptake in the tumours. The last result of this thesis is
that absorbed dose to the red marrow is correlated with myelosuppression. This
could potentially improve prediction of hematological toxicity.

7.2 Future work

The are several interesting directions to continue the work on activity quan-
tification and dosimetry calculations of the [*"7Lu]Lu-lilotomab satetraxetan
patients. A considerable limitation of the calculated absorbed dose to the red
marrow is the use of standard CF-factors. It should be possible to include the
patient-specific amount of red marrow, either with the use of spectral CT or
magnetic resonance imaging.

The absorbed dose can be extended with a calculation of the biologically
effective dose. Such calculations would depend on dose rate through time, which
can easily be worked out from the time activity-curves presented in this work.
The second and less straight-forward dependence is biological parameters like
repair capacity and radiosensitivity.

Currently, the long acquisition times and comparatively low amount of imag-
ing photons result in a strain on the patient, ultimately leading to considerable
motion artefacts. Interesting work has been conducted to reduce the acquisition
times of SPECT /CT-dosimetry protocols using deep learning methods. These
methods, which use synthetic intermediate projection data, have been shown
to reduce the imaging time with a factor of four, with similar quality as images
reconstructed with all projections . These results are from a patient material
with '""Lu-DOTATATE and ''!In-octreotide, with in general a higher count
rate. It would be interesting to explore these techniques with the image data of
the ['""Lu]Lu-lilotomab satetraxetan patients.

Conclusions on the optimal amount of pre-dosing are inconclusive.

It could be interesting to use the time activity curve data together with relevant
parameters, e.g. association and dissociation constants, to develop a so-called
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7. Conclusion and future work

physiologically based pharmacokinetic (PBPK) model of [*7"Lu]Lu-lilotomab
satetraxetan. This has been performed for patients with acute myeloid leukemia,
treated with the CD45-targeting antibody YAML568 [144). This modelling
approach could potentially be used to estimate the amount of optimal pre-
dosing.
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Abstract

Purpose " "'Lu-lilotomab satetraxetan is a novel anti-CD37 antibody radionuclide conjugate for the treatment of non-Hodgkin
lymphoma (NHL). Four arms with different combinations of pre-dosing and pre-treatment have been investigated in a first-in-
human phase 1/2a study for relapsed CD37+ indolent NHL. The aim of this work was to determine the tumor and normal tissue
absorbed doses for all four arms, and investigate possible variations in the ratios of tumor to organs-at-risk absorbed doses.
Methods Two of the phase 1 arms included cold lilotomab pre-dosing (arm 1 and 4; 40 mg fixed and 100 mg/m* BSA dosage,
respectively) and two did not (arms 2 and 3). All patients were pre-treated with different regimens of rituximab. The patients
received either 10, 15, or 20 MBq '""Lu-lilotomab satetraxetan per kg body weight. Nineteen patients were included for
dosimetry, and a total of 47 lesions were included. The absorbed doses were calculated from multiple SPECT/CT-images and
normalized by administered activity for each patient. Two-sided Student’s 7 tests were used for all statistical analyses.

Results Organs with distinct uptake of 771 u-lilotomab satetraxetan, in addition to tumors, were red marrow (RM), liver, spleen,
and kidneys. The mean RM absorbed doses were 0.94, 1.55, 1.44, and 0.89 mGy/MBq for arms 14, respectively. For the
patients not pre-dosed with lilotomab (arms 2 and 3 combined) the mean RM absorbed dose was 1.48 mGy/MBq, which was
significantly higher than for both arm 1 (p = 0.04) and arm 4 (p = 0.02). Of the other organs, the highest uptake was found in the
spleen, and there was a significantly lower spleen absorbed dose for arm-4 patients than for the patient group without lilotomab
pre-dosing (1.13 vs. 3.20 mGy/MBq; p < 0.01).

Mean tumor absorbed doses were 2.15, 2.31, 1.33, and 2.67 mGy/MBq for arms 1-4, respectively. After averaging the tumor

absorbed dose for each patient, the patient mean tumor absorbed dose to RM absorbed dose ratios were obtained, given mean
values of 1.07 for the patient group not pre-dosed with lilotomab, of 2.16 for arm 1, and of 4.62 for arm 4. The ratios were
significantly higher in both arms 1 and 4 compared to the group without pre-dosing (p =0.05 and p =0.02). No statistically
significant difference between arms 1 and 4 was found.
Conclusions RM is the primary dose-limiting organ for '”’Lu-lilotomab satetraxetan treatment, and pre-dosing with lilotomab
has a mitigating effect on RM absorbed dose. Increasing the amount of lilotomab from 40 mg to 100 mg/m* was found to slightly
decrease the RM absorbed dose and increase the ratio of tumor to RM absorbed dose. Still, both pre-dosing amounts resulted in
significantly higher tumor to RM absorbed dose ratios. The findings encourage continued use of pre-dosing with lilotomab.
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Introduction

Antibody-radionuclide-conjugates (ARCs) based on CD20 anti-
bodies have been used routinely for the treatment of non-
Hodgkin lymphoma (NHL), and two ARCs are currently
FDA-approved; '*'iodine-tositumomab (Bexxar) and “yttrium-
ibritumomab tiuxetan (Zevalin) [1]. '""Lu-lilotomab satetraxetan
or Betalutin® (Nordic Nanovector ASA, Oslo, Norway) is a
novel ARC that targets the internalizing CD37 antigen, which
is expressed on normal and malignant B-cells [2, 3]. During B-
cell development, the CD37 antigen is found on mature B-cells,
but it is absent on plasma cells and normal stem cells [4, 5]. The
ARC therapy is currently under investigation in the phase 1/2a
LYMRIT-37-01 trial for patients with relapsed CD37+ B-cell
NHL. Four different combinations of pre-dosing and pre-
treatment have been investigated in the phase 1 study. Two arms
with “cold” lilotomab antibody pre-dosing of 40 mg fixed dos-
age (arm 1) and 100 mg/m* body surface area (BSA) dosage
(arm 4), and two without (arms 2 and 3). In addition, all patients
were pre-treated with different regimens of rituximab, which
targets the CD20 antigen, before the '7”Lu-lilotomab satetraxetan
injection. Investigating arms 1 and 2, we have previously shown
that red bone marrow (RM) is the primary dose-limiting organ
for the treatment, and that hematological toxicity was more se-
vere for patients receiving higher RM doses [6]. RM absorbed
doses were lower in arm 1 vs. arm 2. Tumor absorbed doses have
been previously reported for '""Lu-lilotomab satetraxetan pa-
tients, without revealing any significant differences between the
first two arms [7]. Theoretically, the absorbed dose for a given
tissue can be increased or decreased by adjusting the amount of
radioactivity prescribed to a patient; however, the absorbed doses

for all other tissues will be shifted by the same factor. The ratio of
tumor to organs-at-risk absorbed doses is therefore a parameter of
vital interest when determining the pre-dosage and pre-treatment
regimen that optimizes the biodistribution.

The aim of this work was to use the SPECT/CT data to
determine tumor and normal tissue absorbed doses for '”"Lu-
lilotomab satetraxetan patients in all four arms of the phase 1
trial. Furthermore, potential variations in biodistribution and
ratios of tumor to RM absorbed doses were to be determined.

Materials and methods
Patient characteristics

A total of 19 patients with relapsed indolent B-cell non-
Hodgkin lymphoma treated at Oslo University Hospital were
included in the dosimetry study. Of these 19 patients, subtypes
included follicular grades I-1I (16 patients), mantle cell (two
patients), and marginal zone (one patient). The CD37 status of
the patients was histologically confirmed. The phase 1/2a trial
was approved by the regional ethical committee and all pa-
tients gave written consent. In the phase 1 trial, patients re-
ceived a fixed amount of '7’Lu-lilotomab satetraxetan radio-
activity per total body mass; 10, 15, or 20 MBgq/kg (Table 1).
Approximately 4-10 mg of radiolabeled antibody is injected
in a typical patient (75 kg body mass, 15 MBg/kg), and the
mean amount was 8§ mg for the patients included here. The
specific activity ranged from 94 to 347 MBqg/mg (mean,
186 MBg/mg). Individual patient characteristics can be found
in Suppl. Table 1. Four treatment arms were investigated
(Fig. 1). The infusion of lilotomab took approximately 1 h

Table 1  Patient characteristics. Median values (minimum to maximum) are indicated for continuous parameters

Am 1 Arm 2 Arm 3 Arm 4
10 MBq/kg dosage level (1) 2 1 1 0
15 MBg/kg dosage level () 3 2 3 1
20 MBq/kg dosage level (1) 2 0 0 4
Administered activity (MBq) 1435 (747-1982) 1137 (1013-1416) 1077.5 (891-1366) 1434 (1147-2189)
Sex (n, females) 1 1 3 0
Age (years) 53 (41-70) 71 (69-72) 75 (59-88) 72 (63-74)
Pre-dosage, lilotomab (mg) 40 0 0 199 (169-224)
Included for tumor dosimetry (1) 6 3 4 4
Included for RM dosimetry (1) 4 3 4 4
Included for biodistribution (1) 3 3 3 3
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Pre-treatment

rituximab
375 mg/m?

rituximab
375 mg/m?

rituximab
375 mg/m?

rituximab

ARM 2 375 mg/m?

rituximab
375 mg/m?

Fig. 1 Study design of the four arms in the phase 1/2a trial. Different pre-
dosing (given approximately 1-3 h before '7’Lu-lilotomab satetraxetan
injection) and pre-treatment regimens are shown in parallel. The anti-
CD20 antibody rituximab was given to all patients, while only arms 1

for the patients, and the indicated lilotomab pre-dosing injec-
tion was finished on average 1.7 h (range, 0.9-2.8 h) before
'7"Ly-lilotomab satetraxetan injection.

Image acquisition

In brief, attenuation and scatter-corrected SPECT/CT images
were acquired with a Siemens Symbia T16 scanner (Siemens
Healthineers, Erlangen, Germany) at 96 and 168 h post injec-
tion (p.i.) of 7"Lu-lilotomab satetraxetan. As from arm 2, an
additional scan 24 h p.i. was performed. The acquisition cov-
ered areas of known lesions, and for at least three patients in
each arm, the thorax and abdomen areas were also covered.
Planar scintigraphy scans were acquired approximately 2, 24,
96, and 168 h p.i. The acquisition parameters and the meth-
odological considerations have been described previously [8].

Dosimetry

All patients with available imaging data were included for
dosimetry. Absorbed doses to the tumors were calculated from
SPECT/CT-images as described previously [7]. In brief, radio-
activity in the lesions was obtained from the SPECT images at
96 and 168 h p.i. and time integrated activity coefficients were
calculated using mono-exponential curve fitting. The SPECT/
CT images obtained at 24 h p.i. were used to calculate time—
activity curves from three time points for the lesions, however,
to avoid systematic deviations, these results were only used
for internal comparisons and not reported (as arm 1 patients
were not imaged by SPECT/CT at 24 h p.i). The volumes were
found from the CT images, and a distinct mass of minimum
1.5 ml volume was set as required for dosimetry to be per-
formed. Patient mean tumor doses were found by averaging
all available tumor absorbed doses for each patient.

RM absorbed dose was calculated with a SPECT/CT
imaging-based approach using the activity in lumbar vertebrae

rituximab lilotomab
375 mg/m? 100 mg/m?

Pre-dosing
P —

lilotomab
40 mg

- Phase 2: 15 MBqg/kg
177 u-lilotomab satetraxetan

T
pre-dosing

rituximab
375 mg/m?

177| y-lilotomab satetraxetan
10, 15 or 20 MBg/kg

‘ Phase 2: 20 MBq/kg
177Lu-lilotomab satetraxetan

and 4 patients received cold lilotomab (anti-CD37 antibody). The zero-
hour timepoint of the grey timeline is set according to the administration
of '7’Lu-lilotomab satetraxetan. Two of the arms, 1 and 4, are continued
in phase 2 as indicated

2-4 [6]. An imaging based method is here needed, as the
assumption of equal radioactivity concentrations in blood
samples and RM will underestimate the absorbed dose be-
cause of specific RM binding of the ARC [6, 9]. For two
patients, one of the lumbar vertebrac was not covered.
Homogenous uptake and equal mass of the three vertebrae
were assumed and both activity and mass were multiplied
with a correction factor of 1.5 for these two patients. Patients
that had received prior external beam radiation therapy to the
lumbar vertebrae were excluded.

Normal tissue absorbed doses for the remaining organs
were calculated as previously described, defining spleen, liver,
and kidneys as source organs [8]. The activities in these or-
gans at different time points were primarily SPECT-derived.
For time points where only planar imaging had been per-
formed, the planar-derived organ counts were adjusted ac-
cording to the ratio between the planar counts and SPECT
activity values day 4. Individual masses were obtained from
the CT images. For all other organs, the absorbed doses were
calculated using OLINDA/EXM (version 1.1, Vanderbilt
University, Nashville, TN, USA).

Statistics

The patient mean tumor absorbed dose derived for each
patient was divided by the RM self-dose for the patient to
yield the tumor to RM ratio. Normal tissue absorbed
doses, tumor absorbed dose, and the tumor to RM ratio
were compared using a two-sided Student’s ¢ test with a
significance level of 0.05. In addition to the separate cal-
culations, arms 2 and 3 were also combined and compared
to arm 1 and 4 individually. The values for the combined
group are hence obtained by averaging all absorbed dose
values in the two arms (not by computing the mean value
of the two arms’ mean values). The Shapiro—Wilk test and
visual inspection of the quantile-quantile-plots showed
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that none of the data sets deviated substantially from a
normal distribution. Thus, the parametric ¢ test was used.
The box plots show median values, interquartile ranges,
the range of data indicated by whiskers, where points
lower or higher than 1.5 times the lower or upper quartile
displayed as outliers. All statistical calculations were con-
ducted using Python version 2.7 (Python Software
Foundation) with the SciPy (version 0.18) statistics
library.

Results

For '"’Lu-lilotomab satetraxetan patients, the uptake was vi-
sually assessed to be most prominent in tumors, spleen, liver,
and red marrow (Fig. 2). Also, radioactivity was seen in the
blood (including heart cavities) at early time points.

Tumor absorbed doses on a lesion level Seventeen of the 19
patients had one or more tumors eligible for dosimetry, and the
number of lesions included per patient ranged from 1 to 5
(mode 3). A total of 47 tumor lesions were investigated, and
tumor absorbed doses ranged from 33 to 859 c¢Gy. For arms 1—-
4 the mean tumor absorbed doses per administered activity
were 2.15, 2.31, 1.33, and 2.67 mGy/MBq, respectively.
Combining arms 2 and 3, the mean tumor absorbed dose per
administered activity for patients not pre-dosed with lilotomab
was 1.79 mGy/MBq. No significant differences between tu-
mor absorbed doses in this group and the individual arms with
lilotomab pre-dosing (arm 1 and 4) were found. However,
large variations in tumor absorbed dose were observed
(Fig. 3a), and there were also found intra-patient variations

a Arm 1 b Arm 2

< >

Fig. 2 Fused SPECT/CT maximum intensity projection images at 96 h
after injection of '’Lu-lilotomab satetraxetan. a—d Patients 009 (arm 1;
40 mg lilotomab), 013 (arm 2; no lilotomab), 017 (arm 3; no lilotomab),
and 019 (arm 4; 100 mg lilotomab per m® BSA) are shown. After 96 h,
most of the ARC has been washed out of the blood, and 7’ Lu-lilotomab
satetraxetan uptake is observed in tumors, liver, spleen, and bone marrow.
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with a range of up to 710 cGy (patient 019, arm 4) (Suppl.
Table 1).

Tumor absorbed doses on the patient level Patient mean tu-
mor absorbed doses per administered activity for each patient
were calculated, and mean values for each arm were found to
be 2.08, 2.10, 0.83, and 2.46 mGy/MBq for arms 1-4, respec-
tively. Combining arms 2 and 3, the average patient mean
tumor absorbed dose per administered activity was
1.37 mGy/MBq for the patient group not pre-dosed with
lilotomab. Note that these values will differ slightly from the
overall mean value per arm or group (given in the previous
paragraph) since the absorbed doses are here averaged per
patient before the mean is obtained. There was a slightly
higher patient mean tumor absorbed dose in arm 4 patients
compared to the non-pre-dosed group, but the difference was
not significant (p = 0.13).

RM absorbed doses Fifteen patients were included for RM
dosimetry, as two of the patients had received prior external
beam radiation therapy to the lumbar vertebrae and two of the
patients lacked imaging data of the area. The RM absorbed
doses ranged from 69 to 204 cGy. Mean RM absorbed doses
for the different arms were 0.94, 1.55, 1.44, and 0.89 mGy/
MBgq for arms 1-4, respectively. Mean absorbed dose for the
arms that were not pre-dosed with lilotomab was 1.48 mGy/
MBgq. There was a significantly higher RM absorbed dose in
this non-pre-dosed group compared to arm 1 (p =0.04) and
arm 4 (p =0.02) (Fig. 3b).

Absorbed doses for the rest of normal tissues The mean
spleen absorbed doses were 2.81, 3.12, 3.27, and
1.13 mGy/MBq for arms 1-4, respectively. Combining

c Arm 3 d Arm 4

A shift in uptake for the spleen can be observed when an increased
amount of pre-dosing with lilotomab is given. Abdominal and inguinal
lesions are visible, and the arm 4 patient also had a focal lesion in the
spleen. All four patients had received 15 MBg/kg body weight of '""Lu-
lilotomab satetraxetan, and the same intensity scale is used for all images



Eur J Nucl Med Mol Imaging (2018) 45:1233-1241

1237

a 8

s 7

@

=S 6

15} .

E 5

o 4

Q

o 3

g >

£

=1 1

0

lilotomab- arm 1 arm 4
(arm 2+3)

C

Q

@

o]

a

= 10

e -

L 8

3

g 6

o

T 4

3

E 2 e —

:, ==

S 0

o lilotomab- arm 1 arm 4

E (arm 2+3)

Fig. 3 a The upper left boxplot displays tumor absorbed doses when
different amounts of lilotomab are given as pre-dosing before '”"Lu-
lilotomab satetraxetan treatment. The three groups are obtained from
patients that did not receive lilotomab (arms 2 and 3), patients that
received 40 mg lilotomab (arm 1), and patients that received 100 mg
lilotomab per m?> BSA (arm 4). The tumor absorbed doses are
normalized by the amount of radioactivity given each patient. For all
box plots, significant differences are annotated by asterisks. b Similar
measures of the RM absorbed doses are also shown for the groups.
Both arms 1 and 4 patients had received a significant lower RM
absorbed dose than patients not pre-dosed with lilotomab. ¢ The
boxplot illustrates the ratios between patient mean tumor absorbed
doses to RM absorbed doses. Here, the mean tumor absorbed dose is

arm 2 and 3, the mean dose was 3.20 mGy/MBq for the
group not pre-dosed with lilotomab. There was a signifi-
cantly lower spleen dose in arm 4 patients compared to
this group. No significant differences in absorbed doses
between each arm were found for the rest of the normal
tissues (Table 2). Individual masses, time-integrated activ-
ity coefficients, and absorbed doses for all patients can
found in supplementary Table 1.

Ratios between tumor and RM absorbed dose The tumor to
RM absorbed dose ratios were calculated using the patient
mean tumor absorbed doses, and the mean ratios were 1.07,
2.16, and 4.62 for patients not pre-dosed with lilotomab, arm
1, and arm 4, respectively (Fig. 3c). There was a significantly
higher tumor to RM absorbed dose in both arm 1 (p =0.05)
and arm 4 (p =0.02) compared to the non-pre-dosed group.
The ratios calculated separately for arms 2 and 3 gave values
of 1.41 and 0.81 (Suppl. Fig. 1).
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calculated for each patient before the patient ratios are obtained. Suppl.
Fig. 1 displays the same box plots (a—¢) separated for each of the four
arms, as the rituximab timing differed between arms 2 and 3. d To
illustrate the correlations between tumor and RM absorbed doses, the
values are plotted against each other. The color coding separates the
four arms. Each patient is represented by a symbol, and the patient
mean tumor absorbed dose values are used (as in ¢). However, to show
the variation in tumor absorbed doses, the intra-patient ranges are also
displayed by a line interval between the maximum and minimum tumor
absorbed doses for each patient. Some patients had only one lesion
eligible for dosimetry, and therefore lack range indicators in panel d.
The shaded areas are drawn using the extreme values from each arm

Discussion

In this study, we have investigated normal tissue and tumor
absorbed doses for '”’Lu-lilotomab satetraxetan therapy fol-
lowing four different pre-treatment and pre-dosing regimens.
For all four arms, RM was found the primary dose-limiting
organ, and both pre-dosing amounts with lilotomab investi-
gated had a mitigating effect on RM absorbed dose. Increasing
the amount of lilotomab did reduce the RM and spleen
absorbed doses, however, the decrease was not significant.
The ratio of tumor to RM absorbed dose was found to signif-
icantly increase for both the patient group given 40 mg of
lilotomab and the group given 100 mg/m? of lilotomab com-
pared to patients not pre-dosed with lilotomab.

In our previous work, we have shown that the RM
absorbed dose decreased when 40 mg of lilotomab was given
as pre-dosing before '7’Lu-lilotomab satetraxetan therapy [6].
In the current study, the approximately fivefold increase in the
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Table 2 Absorbed doses to all

organs for the different pre-dosing Arm | Arm 2 Arm 3 Arm 4
and pre-treatment regimens Mean (range) Mean (range) Mean (range) Mean (range)
mGy/MBq mGy/MBq mGy/MBq mGy/MBq

Adrenals 0.12(0.10-0.14)  0.10(0.07-0.12)  0.11 (0.07-0.17)  0.12 (0.11-0.13)
Brain 0.10 (0.08-0.13) 0.08 (0.05-0.10) 0.09 (0.05-0.15) 0.10 (0.10-0.11)
Breasts 0.10 (0.08-0.12) 0.08 (0.05-0.10) 0.09 (0.05-0.15) 0.10 (0.09-0.11)
Gallbladder wall 0.12 (0.10-0.14) 0.10 (0.07-0.12) 0.11 (0.07-0.17) 0.12 (0.12-0.14)
LLI wall 0.11 (0.09-0.13) 0.09 (0.06-0.11) 0.09 (0.06-0.16) 0.11 (0.10-0.12)

Small intestine

Stomach wall

ULI wall 0.11 (0.09-0.14)
Heart wall 0.11 (0.09-0.13)
Kidneys 0.46 (0.28-0.79)
Liver 0.97 (0.74-1.15)
Lungs 0.11 (0.09-0.13)
Muscle 0.10 (0.08-0.13)
Ovaries 0.11 (0.09-0.13)
Pancreas 0.12 (0.1-0.14)

Red marrow 0.94 (0.63-1.28)

Osteogenic cells

Spleen

Testes

Thymus

Thyroid

Urinary bladder wall
Uterus

Total body

0.11 (0.09-0.13)
0.11 (0.09-0.13)

0.50 (0.31-0.70)
Skin 0.10 (0.08-0.12)
2.81 (1.54-3.60)
0.10 (0.08-0.13)
0.11 (0.09-0.13)
0.10 (0.08-0.13)
0.11 (0.09-0.13)
0.11 (0.09-0.13)
0.14 (0.12-0.17)

0.09 (0.06-0.11)
0.09 (0.06-0.11)
0.09 (0.06-0.11)
0.09 (0.06-0.11)
0.25 (0.16-0.30)
0.95 (0.78-1.05)
0.09 (0.06-0.11)
0.08 (0.06-0.10)
0.09 (0.06-0.11)
0.10 (0.07-0.12)
1.55 (1.42-1.78)
0.87 (0.73-1.03)
0.08 (0.05-0.09)  0.08 (0.05-0.14)
3.12(2.73-345)  3.27(2.65-4.01)
0.08 (0.05-0.10)  NA

0.08 (0.06-0.10)  0.09 (0.06-0.15)
0.08 (0.05-0.10)  0.09 (0.05-0.15)
0.08 (0.06-0.10)  0.09 (0.06-0.15)
0.09 (0.06-0.11)  0.09 (0.06-0.16)
0.13 (0.11-0.15)  0.14 (0.08-0.20)

0.10 (0.06-0.16)
0.10 (0.07-0.16)
0.10 (0.06-0.16)
0.10 (0.06-0.16)
0.38 (0.30-0.47)
1.02 (0.70-1.43)
0.09 (0.06-0.16)
0.09 (0.06-0.15)
0.09 (0.06-0.16)
0.11 (0.08-0.18)
1.44 (1.08-2.12)
0.80 (0.63-0.91)

0.11 (0.10-0.12)
0.11 (0.10-0.12)
0.11 (0.10-0.12)
0.11 (0.10-0.12)
0.49 (0.34-0.71)
0.96 (0.69-1.30)
0.11 (0.10-0.12)
0.10 (0.10-0.11)
0.11 (0.10-0.12)
0.12 (0.11-0.14)
0.89 (0.54-1.07)
0.56 (0.30-0.74)
0.10 (0.09-0.11)
1.13 (0.78-1.43)
0.10 (0.10-0.11)
0.10 (0.10-0.11)
0.10 (0.10-0.11)
0.10 (0.10-0.11)
0.11 (0.10-0.12)
0.15 (0.11-0.19)

amount of lilotomab that was given to patients in arm 4 was
found to cause a further minor decrease in RM absorbed dose.
Only four patients were included from each of the two arms
and a larger number of patients is required for statistical ver-
ification of this trend. Still, a lower RM absorbed dose is also
supported by that a higher radioactivity level could be given to
patients in arm 4 (Fig. 1). There is a concern that pre-dosing
with cold antibody could block the CD37 antigen on tumor
tissues as well, but on a lesion level there was no significant
difference in the tumor absorbed dose for arm 1, arm 4, and
not pre-dosed patients. However, the overall variation in tu-
mor absorbed doses was highest in arm 4, so we cannot ex-
clude that uptake was influenced by the lilotomab pre-dosing
for some lesions (Fig. 3a).

The amount of unlabeled antibody that produced the
highest ratio of tumor to whole-body absorbed dose was in-
vestigated for individual patients in the first '*'I-tositumomab
trials [10]. In the current work, we calculated the ratio of
tumor to RM absorbed dose to compare all '”’Lu-lilotomab
satetraxetan therapy regimens. The ratio doubled for patients
receiving 40 mg lilotomab and doubled again for the patients
given 100 mg/m?® BSA of lilotomab, indicating that the higher
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pre-dosing level can optimize the therapeutic effect. It should,
however, be noted that the ratio parameter considers the mean
tumor absorbed dose across all lesions per patient, and large
intra-patient variations in tumor absorbed dose can possibly be
obscured. The variation is visualized in Fig. 3d. The limited
number of patients in each group with more than two tumors
eligible for dosimetry does not allow for statistical compari-
sons, but for arm 4 the intra-patient tumor absorbed doses
variation appears somewhat larger, and the largest intra-
patient range (710 cGy) was found in this arm (Suppl.
Table 1). Here, we aimed to perform an overall assessment
of the different groups rather then effect prediction for indi-
vidual patients. For such prediction studies, a more suiting
parameter could perhaps be the ratio of the patient minimum
tumor absorbed dose to RM absorbed dose. However, the
same trend is shown using this parameter; increasing values
for non-pre-dosed patients, arm 1, and arm 4 (data not shown).
A larger uncertainty will possibly be introduced by such a
parameter, since not all lesions are eligible for dosimetry.
There were some differences in absorbed dose for other
normal tissues, but the only significant difference was for
the spleen. This absorbed dose was significantly lower for
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arm 4 patients than for patients not pre-dosed with lilotomab
(Table 2). All organs received absorbed doses within com-
monly assumed tolerance levels, e.g., the highest spleen
absorbed dose across all patients was 6.5 Gy (patient 005),
which is lower than the absorbed doses observed to have an
effect for other lutetium-177-based treatments [11, 12].
Accordingly, no signs of non-hematological toxicities were
observed for the included patients. For the calculation of ratios
between tumors and organs-at-risk, we therefore focused on
RM as the most important normal tissue.

Pre-dosing with unlabelled antibody as a means of im-
proving biodistribution has been demonstrated effective
for ARCs targeting CD20. Treatment with '*'I-
tositumomab was described to be preceded by 450 mg
cold tositumomab [13] and °°Y-ibritumomab tiuxetan
treatment uses 250 mg/m> BSA cold anti-CD20 rituximab
as pre-dosing [14]. The theory is that unlabeled antibody
will bind the circulating non-malignant B cells expressing
target antigens. Administration of pre-dosing therefore
prevents rapid ARC sequestration in the spleen and will,
as a result, prolong the ARCs’ plasma half-life [15].
Reduction of ARC uptake in the spleen is clearly visible,
for example '3'I-tositumomab [13], and while the spleen
uptake even without lilotomab pre-dosing was lower for
""TLu-lilotomab satetraxetan, a corresponding reduction
can also be observed for this treatment (Fig. 2). We have
found that the cumulative activity in blood was higher,
and the clearance was lower, for arm 1 patients than for
arm 2 patients [6]. The higher amounts of lilotomab given
patients in arm 4 increased the cumulative radioactivity in
blood even further [16]. This may also explain the some-
what higher mean tumor absorbed dose in arm 4; if the
concentration in the blood increases, this may lead to
overcoming the binding site barrier and increase diffusion
into the tumor [17]. The observed changes in
biodistribution may indicate that the same mechanics are
applicable for pre-dosing with lilotomab before '"’Lu-
lilotomab satetraxetan treatment as for previous ARC
pre-dosing regimens. For the patients enrolled so far, the
maximum amount of lilotomab pre-dosing has been
224 mg (Table 1). This is lower than the pre-dosing
amounts given for '*'I-tositumomab or *°Y-ibritumomab
tiuxetan, but can be considered in relative agreement with
that the antigen expression of CD37 has been measured
approximately half of the CD20 expression in vitro [5,
18]. It is uncertain whether lilotomab pre-dosing levels
above 100 mg/m”> BSA could prove beneficial. While
the increased tumor to RM ratios encourage such investi-
gations, the larger absorbed dose variation for lesions may
advise against a continued escalation of pre-dosing
amounts. In studies of an iodine-131 labeled anti-CD37
antibody, MB-1, three different protein amounts were in-
vestigated, 0.5, 2.5, and 10 mg/kg, which corresponds to

35, 175, and 700 mg for a 70 kg patient [19, 20]. The
highest amount yielded the most favorable biodistribution
in the majority of patients. Interestingly, the cold antibody
was given simultaneously as the ARC (not as pre-dosing),
and one should then believe that both cold and
radiolabeled antibodies would bind non-malignant B cells
and tumors with the same relative effect. This difference
in administration does make direct comparisons with the
""TLu-lilotomab satetraxetan pre-dosing regimens chal-
lenging. However, this calls for a closer investigation of
the amount of radiolabeled antibody given. For arm 1, the
amount of '""Lu-lilotomab satetraxetan was relatively in-
variable, and for arm 4 the amount was less than 5% of
the amount given as cold lilotomab pre-dosing. A clear
deviation was found for one of the patients that did not
receive lilotomab pre-dosing, as this patient was given
approximately twice the amount of radiolabeled antibody
compared to the rest (patient 18, 16.4 mg, supplementary
Table 1). While we cannot rule out that variable amounts
of radiolabeled antibody will impact the biodistribution,
the RM and tumor absorbed doses for patient 18 were
within the range of the other arm 3 patients. The absolute
amounts of radiolabeled CD37 antibody given are proba-
bly too low for any measurable effects of possible
differences.

Two arms excluding lilotomab as pre-dosing have been
investigated. In the present work, the absorbed doses have
been reported separately for these two arms, since the ritux-
imab timing varied between the arms. However, no large
differences were observed (Table 2), and the data were com-
bined for some of the analyses and discussion. Pre-dosing
with the anti-CD20 targeting rituximab on the same day as
'7"Lu-lilotomab satetraxetan was investigated in arm 3 be-
cause rituximab will also bind Fcy receptors [21], and al-
though lilotomab is a mouse antibody, it also binds to sub-
types of human Fcy receptors. Our results show that the
rituximab pre-dosing will not introduce the same protective
effect for RM as pre-dosing with the same anti-CD37 anti-
body as is part of the ARC, indicating that the blocking
mechanics discussed above are antibody-specific. This is in
accordance with that rituximab has been found to block
radiolabeled anti-CD20 antibodies, but not radiolabeled
anti-CD45 antibodies [22].

In general, biodistribution and dosimetry studies allow for
the determination of uptake in organs-at-risk and tumors,
and hence the selection of an optimal pre-treatment and
pre-dosing regimen. It is an open question as to whether this
process should be conducted before activity level escalation
(often called dose-escalation) is performed. This could min-
imize the number of patients in arms that are later judged
less effective. While the correlation of RM absorbed dose
and hematological toxicity has been demonstrated for the
current phase 1/2a trial [6], the observed variation in tumor

@ Springer

91



1240

Eur J Nucl Med Mol Imaging (2018) 45:1233-1241

absorbed dose prevents fully reliable clinical translation, and
further studies are needed to investigate tumor absorbed
dose vs. patient outcome. If this issue is resolved, a tumor
to RM absorbed dose ratio parameter could prove valuable
for predictive purposes.

Conclusions

For all patient arms, RM was found to be the primary dose-
limiting organ for '”’Lu-lilotomab satetraxetan therapy, and
pre-dosing with lilotomab had a mitigating effect on RM
absorbed dose. Increasing the amount of lilotomab was found
to reduce the RM absorbed dose, and the ratio of tumor to RM
absorbed dose was found to double. Still, based on the dosim-
etry data, the variation in tumor absorbed doses leaves the
question of the optimal amount of lilotomab somewhat incon-
clusive. Continued investigations of absorbed dose—eftect cor-
relations are therefore needed. However, as both pre-dosage
levels investigated significantly increased the tumor to RM
absorbed dose ratio, it seems mandatory to include pre-
dosing with lilotomab in a treatment regimen with '7’Lu-
lilotomab satetraxetan.
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ABSTRACT

Background: The aim of this study was to investigate dosimetry data and clinical variables to predict
hematological toxicity in non-Hodgkin lymphoma (NHL) patients treated with ['7’Lutetium]Lu-liloto-
mab satetraxetan.

Material and methods: A total of 17 patients treated with ['”’Lu]Lu-lilotomab satetraxetan in a first-
in-human phase 1/2a study were included. Absorbed dose to the red marrow was explored using
SPECT/CT-imaging of the lumbar vertebrae L2-L4 over multiple time points. Percentage reduction of
thrombocytes and neutrophils at nadir compared to baseline (PBN) and time to nadir (TTN) were
chosen as indicators of myelosuppression and included as dependent variables. Two models were
applied in the analysis, a multivariate linear model and a sigmoidal description of toxicity as a function
of absorbed dose. A total of 10 independent patient variables were investigated in the multivari-
ate analysis.

Results: Absorbed dose to the red marrow ranged from 1 to 4 Gy. Absorbed dose to the red marrow
was found to be the only significant variable for PBN for both thrombocytes and neutrophils. The sig-
moid function gave similar results in terms of accuracy when compared to the linear model.
Conclusion: Myelosuppression in the form of thrombocytopenia and neutropenia in patients treated
with ["7”Lu]Lu-lilotomab satetraxetan can be predicted from the SPECT/CT-derived absorbed dose esti-
mate to the red marrow.
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myelosuppression

Introduction induce cytotoxic events by binding the antibody itself,
besides the treatment mechanism provided by the localized
radiation from the beta-emitting nuclides [5].
['"7Lutetium]Lu-lilotomab satetraxetan (Betalutin®) is a RIT
targeting the CD37-antigen [7]. CD37 is expressed on mature
B-cells and the majority of B-cell NHL, and previous studies

of CD37-targeting treatments have shown promising results

Radioimmunotherapy (RIT) is a treatment modality where an
antibody guides a radioactive nuclide to the tumor cells,
delivering a tumoricidal amount of localized radiation [1,2].
The treatment has proven itself a promising part of the can-
cer therapy armamentarium in the treatment of the radiosen-

sitive NHL [3,4].

Two RIT agents have been granted approval by the U.S.
Food and Drug Administration for treatment of refractory or
relapsed low-grade, follicular, or transformed B-cell NHL:
['*"lodine]l-tositumomab (Bexxar®) and [*°Yttrium]Y-ibritumo-
mab tiuxitan (Zevalin® [5]. Both RITs target B-cell NHL by
binding to epitopes on the CD20 antigen. The RIT agents
carry two different radionuclides, "'l and °Y. ®°Y is a pure
B-emitter that deposits 90% of its energy in a sphere with a
radius of 5.2mm while '*'I is a B emitter with shorter pene-
tration (a sphere of 1.0 mm radius) and also emits y-radiation
suitable for medical imaging [6]. Both treatments can also

in both clinical and preclinical studies [8-13]. Targeting CD37
may be an especially promising alternative for relapsed indo-
lent NHL patients, as previous treatment with anti-CD20
drugs can lead to resistance against further anti-CD20 treat-
ment [14]. This RIT is currently being investigated in three tri-
als, including the multi-center, non-randomized, open-label,
first  in  human  phase 1/2a-study  LYMRIT-37-01
(NCT01796171). The radionuclide carried by ['””Lu]Lu-liloto-
mab satetraxetan is '"’Lu. This radionuclide is, similarly to
31 and *°Y, also a B-emitter that deposits 90% of its radi-
ation energy in a sphere with a radius of 0.6 mm. It also has
y-emission suitable for medical imaging. These imaging
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capabilities of 7’Lu allow in-depth studies of biodistribution
and consequently the absorbed dose to different tissues in
each patient post-treatment.

Myelosuppression has been established as the primary
dose-limiting toxicity in other RIT treatments [15-17]. Early
studies indicated that this toxicity was not dependent on the
amount of administered radioactivity, precluding prediction
based on administered radioactivity alone [18]. This variation
could possibly be explained by two factors. One is patient-
specific biodistribution of the RIT, resulting in different
absorbed doses to the bone marrow between patients. Red
marrow absorbed dose or indirect markers has been shown
to correlate with hematological toxicity in various targeted
therapies with radionuclides [19-23]. The second factor is
interpatient differences in bone marrow reserve. This reserve
will vary between patients and can be dependent on previ-
ous treatment, for example, external beam radiation therapy
or myelotoxic chemotherapy [24]. As RIT is primarily used in
relapsed patients, many will have undergone substantial pre-
vious treatments.

Myelosuppression has also been identified as the dose-
limiting toxicity in ['””LulLu-lilotomab satetraxetan, resulting
in transient thrombocytopenia and neutropenia [25].
Previously, we have shown for a smaller group of eight
patients that the absorbed dose to red marrow, derived by
quantitative imaging, is related to this toxicity [26].
Therefore, the aim of the current work was to devise a
model to predict myelosuppression in patients treated with
["7LulLu-lilotomab satetraxetan considering both patient
pretreatment characteristics and individual absorbed dose to
red marrow.

Methods
Patient population

A total of 17 CD37-positive patients with relapsed indolent
NHL treated with ['”’LulLu-lilotomab satetraxetan at Oslo
University Hospital between 2012 and 2017 in the open-
label, non-randomized LYMRIT 37-01-study were included.
Key inclusion criteria in the LYMRIT-37-01-study were follicu-
lar lymphoma grade I-llIA, marginal zone lymphoma, small
lymphocytic lymphoma, and mantle cell lymphoma
>18years with <25% tumor infiltration in the bone marrow
determined by bone marrow biopsy. Key exclusion criteria
were central nervous system involvement of lymphoma, his-
tory of human anti-mouse antibodies, previous irradiation of
more than 25% of the bone marrow, absolute neutrophil
counts below 1.5 x 107/, platelet count below 150 x 10%/I,
total bilirubin above 30 mmol/l, liver values ALP and ALAT
above four times of normal values, and elevated creatinine.
The study was approved by the regional ethical committee
and all patients participated upon informed consent form.
The majority of the included patients had follicular sub-
type Grade 1-2 (n=14), two had mantle cell lymphoma and
one had marginal zone lymphoma. Patients from four treat-
ment arms with different pretreatment and pre-dosing regi-
mens were included. All patients received a single injection
of ['"’LulLu-lilotomab satetraxetan. This was a phase 1/2a
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activity escalation trial, where the amount of activity was
based on patient body mass; either 10, 15, or 20 MBq per
kilogram. Patients in Arm 1 received pretreatment with
375mg per m? body surface area of rituximab 28 and
21days before pre-dosing with 40 mg non-radioactive liloto-
mab followed by an administration of ['7’LulLu-lilotomab
satetraxetan. Patients in arm 2 received the same pretreat-
ment as those in arm 1, but no pre-dosing. Patients in arm 3
had a single administration of rituximab (375mg/m?) pre-
treatment 14days before the day of administration
of ['"’LulLu-lilotomab satetraxetan, and a pre-dosing with
rituximab (375 mg/mz). In arm 4, patients were pretreated
with rituximab (375 mg/mz) 14 days before treatment with
['”’LulLu-lilotomab satetraxetan and received a pre-dosing of
100 mg/m? body surface area non-radioactive lilotomab.

Analysis of hematological toxicity and blood
pharmacokinetic parameters

Blood samples to monitor thrombocytes and neutrophil
counts were collected before treatment, and posttreatment
on days 1, 2, 3, 4, and 7, and then weekly from weeks 4 to
12. Additional blood samples were taken if deemed neces-
sary. Hematologic adverse events (thrombocytopenia and
neutropenia) were graded by the Common Terminology
Criteria for Adverse Events (CTCAE), version 4.0 [27]. The PBN
and TTN were used as measures of toxicity.

Pharmacokinetic parameters were calculated as previously
described [25]. In brief, total radioactivity in the blood was
sampled at several time points and AUC and half-life in
blood were calculated by noncompartmental modeling using
the ‘linear up log down’-method implemented in Phoenix
WinLonLin 64 version 8.1 build 8.1.0.3530 (Certera). These
parameters were available for 15 of the included patients.

Bone marrow dosimetry

Image-based quantification of the radioactivity in lumbar ver-
tebrae L2-L4 at multiple time points post-injection was car-
ried out as previously described [26]. In brief, patients were
imaged on a dual-headed Symbia T16 SPECT/CT-scanner.
Attenuation and scatter-corrected images were acquired
nominally (mean, range) 96 (100, 94-122) and 168 (173,
145-193) hours p.i. Images were reconstructed using the
vendor’s software (Siemens Medical Esoft). A nuclear medi-
cine specialist delineated the volumes of interest in a slice-
by-slice manner. Care was taken to not include the activity
of adjacent physiological or tumor tissue. The total numbers
of disintegrations (time-integrated activity) were found from
the resulting mono-exponentially fitted time-activity curves.
Factors to convert the total number of disintegrations to
absorbed dose were calculated with the cellularity factor pro-
posed by the International Commission on Radiological
Protection (ICRP) [28]. In Supplementary Appendix A, a
detailed description of the methodology is shown.



Statistical analysis

The following ten patient characteristics and variables were
considered potential predictors of toxicity and included as
independent variables:

1. Age at treatment (years).
2. Baseline cell-counts.

i. Baseline cell-count of thrombocytes (10%/).
ii. Baseline cell-count of neutrophils (10%/1).

3. History of prior external beam radiation treatment
(yes/no).

4. Total number of previous chemotherapy treatments
(including rituximab).

5. Elapsed time since last chemotherapy (months).

6. Absorbed dose to the red marrow (Gy).

7. Activity dosage level (either 10, 15 or 20 MBqg/kg
body mass).

8. Total administered radioactivity (MBQq).

9. Area under the curve for ['”’Lu]Lu-lilotomab satetraxe-
tan in blood (AUC) (h kBg/ml).

10. Half-life of [7’Lu]Lu-lilotomab satetraxetan in blood
(t172) (h).

Multiple linear regression analyses were performed with
PBN and TTN as the dependent variables. The model is
formed as a linear sum:

Y=3 axX+p M

with fitting variables o; and B and independent variables X;.
Thrombocytes and neutrophils were treated separately.

Variable selection was done by choosing the models that
had all variables with a significance level (p) less than 0.05.
Multiple significant models for the same dependent variable
were evaluated based on the Akaike Information Criteria
(AIC). The variance of inflation factor in model candidates
was evaluated to ensure that predictors with multicollinearity
were not included. The best model was tested with a leave-
1-out analysis where one patient was left out and coeffi-
cients were calculated and used to predict the PBN of the
patient that had been removed. This was repeated for all
patients and the predicted and observed CTCAE grade of
myelosuppression was compared.

As the initial multivariate analysis found absorbed dose to
the red marrow to be the only significant parameter for PBN,
a sigmoid relationship between absorbed dose to red
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marrow and PBN was also explored. This was performed with
a simple sigmoid function [29]:
PBN = 100 — M (2)
DV + Df,
with D being the absorbed dose to red marrow and Dso and
N being fitting parameters. Dsq is the absorbed dose result-
ing in a 50% reduction.

To compare the two models, the sums of mean square
errors were used. Intra-patient variability for multiple sites
was investigated by examining the absolute difference
between the maximum and the minimum dose calculated in
the same patient.

Results

A summary of the patient characteristics and variables for
the 17 patients included in the prediction analysis are shown
in Table 1. Red marrow absorbed dose was calculated for all
patients and ranged from 1.0 to 3.7 Gy. As an illustration, the
thrombocyte counts relative to baseline and activity distribu-
tion 4days after treatment for two patients are shown in
Figure 1.

Myelosuppression

PBN ranged from 4% to 56% and 1% to 53% for thrombo-
cytes and neutrophils respectively. Median PBN values were
21% (thrombocytes) and 26% (neutrophils). The Median and
range of TTN were 37 (28-251) and 44 (34-62) days for
thrombocytes and neutrophils respectively. All patients expe-
rienced thrombocytopenia, grade 4 (n=5), 3 (n=2), 2 (n=4)
or 1 (n=6). Fourteen patients experienced neutropenia,
grade 4 (n=2), 3 (n=38) or 2 (n=4) whereas three patients
did not experience any neutropenia (grade 0).

Percentage reduction at nadir

Figure 2 shows the predicted and observed values for the
individual predictor candidates. The multivariate linear ana-
lysis showed that absorbed dose to red marrow was the only
significant predictive parameter of PBN for both thrombo-
cytes (F-test, p=0.0415, AIC = 138.1, r* = 0.249) and neutro-
phils (F-test, p=0.0178, AIC = 1343, r?> =0.321). Figure
3(a,b) shows the PBN as a function of absorbed dose to the
red marrow. The root-mean-square error was 12.5 and 11.2

Table 1. Patient characteristics and variables of the 17 patients included in the prediction analysis.

Patient charecteristics included as potential predictors Mean STD Range min Range max n
Age at treatment (years). 68.7 9.7 483 87.5

Baseline cell-count of thrombocytes (10%/1) 232 523 127 369

Baseline cell-count of neutrophils (10/1) 4 17 17 8.1

History of prior external beam radiation treatment. (yes/no) 5
Total number of previous chemotherapy treatments (including rituximab) 2.1 1.1 1 5

Elapsed time since last chemotherapy (days) 635.4 508.7 89 1830

Absorbed dose to the red marrow (Gy) 22 0.8 1.0 37

Activity dosage level (either 10, 15 or 20 MBqg/kg body mass) 153 36 10 20

Total administered activity (MBq) 1238.2 291.2 746 1769

Area under the curve for ["”Lu]Lu-lilotomab satetraxetan in blood (AUC) (h kBg/ml) 9737.3 4972.7 3860 20,200

Half-life of [”’Lu]Lu-lilotomab satetraxetan in blood (t;/,) (h) 539 123 26.3 75.8
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Figure 1. Left: The thrombocyte and neutrophil counts in blood, relative to baseline, were used to indicate myelosuppression. The relative thrombocyte count after
treatment with ["7”Lu]Lu-lilotomab satetraxetan is shown for two patients, patient 2 and 14. The absorbed dose of the two patients is indicated in the figure.
Right: Volume renderings of the activity distributions of the two patients. The white arrow on patient 2 points to a vial filled with a known amount of 177-Lu activ-
ity, included for technical quality assurance. Note that the SPECT-image does not cover the whole CT in patient 2. The image intensities in both images have been

scaled to the same range.

for thrombocytes and neutrophils respectively. In the leave-
1-out analysis, the exact thrombocytopenia and neutropenia
grade was predicted in 3/17 and 6/17 for thrombocytopenia
and neutropenia respectively. Haematological toxicity grade
+ 1 was predicted in 12/17 (thrombocytopenia) and 15/17
(neutropenia).

Time to nadir

Multivariate analysis of the ten parameters yielded one sig-
nificant model of TTN of neutrophils: Absorbed dose to red
marrow as the single parameter (F-test, p=0.00753, AIC =
111.0, r? =0.388). Figure 3(c,d) shows the TTN plotted
against the absorbed dose to red marrow. For thrombocytes,
no significant model between the ten parameters and TTN
was found (the lowest p for the linear model was 0.096).

Sigmoid fit

The sigmoid function was fitted with coefficients Dsg = 0.59
and N = 0.95 and Dsy = 0.66 and N = 0.96 for thrombocytes
and neutrophils respectively (Figure 4). The root means
squared errors of the sigmoid function were 12.6 and 11.4
for thrombocytes and neutrophils. A similar leave-1-out ana-
lysis as for the linear model was performed, resulting in an
agreement of 12/17 and 15/17 for thrombocytopenia and
neutropenia grade + 1, and 3/17 and 8/17 for exact agree-
ment between predicted and observed toxicity grade.

Discussion

Absorbed dose to red marrow was the only variable that pre-
dicted hematological toxicity for both thrombocytes and
neutrophils in patients treated with ['’’Lu]Lu-lilotomab sate-
traxetan. The absorbed dose was also found to be predictive
of the TTN of neutrophils.

Correlations between myelosuppression and potential risk
factors including absorbed dose to the red marrow have
been investigated previously, both for RIT- and other
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radionuclide treatments. In a phase Il study with [*°Y]Y-ibri-
tumomab tiuxitan no correlation was found between
absorbed dose and myelosuppression; possibly due to limita-
tions with the absorbed dose calculation [30,31]. In another
study with '*'I-labelled anti carcinoembryonic antigen RIT
absorbed dose to the red marrow, baseline blood cell counts,
multiple bone metastasis, and chemotherapy within the last
3-6 months of treatment were found to be predictors of
myelosuppression [32]. In a study with ["*'[]l-tositumomab
(n=14) and [*°Y]Y-ibritumomab tiuxitan (n=18), the elapsed
time from the last chemotherapy was identified as the only
predictive parameter [33]. However, the authors argued, the
range of absorbed dose to the red marrow was narrow
(mean 1.6+04Gy and 2.1+04Gy for ["*']l-tositumomab
and [*°Y]Y-ibritumomab tiuxitan, respectively), and therefore
not a factor of variability. Using whole-body absorbed dose
as a surrogate for absorbed dose to the bone marrow, a rela-
tionship between this parameter and myelosuppression was
found for patients treated with ['*'I]l-metaiodobenzylguani-
dine, whereas no relationship was found for administered
radioactivity [20]. In a study with [°°Y]Y-DOTATOC, a peptide
receptor radionuclide therapy, a correlation was observed
between the level of platelets at nadir and absorbed dose to
red marrow [19]. Unlike previous studies, we found absorbed
dose to red marrow to be the only variable to significantly
predict PBN also after having adjusted for other candidate
factors. Further, neither activity dosage level (MBg/kg) nor
amount of total administered radioactivity were predictive of
myelosuppression. Hence other means, that is, image-based
dosimetry taking the individual biodistribution into account
as we have done in this study, is most likely the best method
to predict hematological toxicity for patients receiving
['7’LulLu-lilotomab satetraxetan. We have previously shown
that specific pre-dosing with unlabeled lilotomab resulted in
reduced absorbed dose to the red marrow and thus pre-
dosing was not included as an independent variable [34].
When we included several parameters in the multivariate
analyses, this did not strengthen the prediction models. For
the neutrophils there was a model that was borderline



RM absorbed dose

Thrombocyte baseline

ACTA ONCOLOGICA 1485

100 7 100 -
Thro: r2 = 0.249, p = 0.042 ,/’ Thro: r2 = 0.009, p = 0.71 5
go{ Neut:r?=0.321,p= 0018, go{ Neut:r?=0.001,p= 0931~
° o ,’/
g 60 g 60 .
[} Q s
2 2 L
g w R
20 Thro 20 ’,g o Thro
. Neut . e Neut
0¥ 0+ %
0 20 40 60 80 100 0 20 40 60 80 100
Predicted Predicted
160 Neutrophil baseline . Time since last therapy
Thro: 2 = 0.037,p = 0.457 -~ Thro: > = 0.062,p = 0.336 -~
804 Neut:r2=0.126,p = 0.16‘3,/’ go| Neut:r?=0.007,p =075 -~
kel r”/ kel r”’
s 2 o0 %
2 2 ’0
8 5 g0 o
o Thro 20 ,,g o Thro
e Neut el e Neut
0 0 Og
40 60 80 100 0 20 40 60 80 100
Predicted Predicted
166 Age at treatment 106 No. of prev. therapy
Thro: 12 = 0.022, p = 0.566 " Thro: ? =0.001,p=092
804 Neut:r2=0.166, p = 0.10;,” go{ Neut:r?=0.023,p= 0.55§/'
kel // ° g
g 60 N g 60
& Qe s 2
8 40 90/.» g 40
20 ,,G%. o Thro 20 Thro
s e Neut Neut
04 Q 0 Q@
0 20 40 60 80 100 0 20 40 60 80 100
Predicted Predicted
100 Administered activity 100 Activity dosage
Thro:r> = 0.02,p=0588 -~ Thro: r2 = 0.0, p = 0.968 e
go{ Neut:r?=0.007,p = 0758, go| Neut:r?=00,p=0997 .
kel r”’ o r”’
g 60 e g 60 a
a o, e Q re
2 L 2 >
& 40 g‘ o g 40 & L
20 /5 o Thro 20 ’/i o Thro
e e Neut s e Neut
04 2 04 S
0 20 40 60 80 100 0 20 40 60 80 100
Predicted Predicted
100 AUC in blood 100 Blood effective half life
Thro: 2 =0.07,p=0341 -~ Thro: r? = 0.056, p = 0.396 -~
804 Neut:r2=0.101,p = 0.242,/’ go{ Neut: r?2=0.001,p= 0489,3’/'
kel r”/ kel r”’
g 60 N g 60 ©
v o L7 o o e
é 40 F é 40 of -
° o*”
20 ’/i o Thro 20 > ’g O o Thro
P e Neut e * ® Neut
0 7 Qe 0 o Op
0 20 40 60 80 100 0 20 40 60 80 100
Predicted Predicted

significant including neutrophils at baseline (F-test p-value =
0.01, absorbed dose p-value
p-value = 0.058) while as for the thrombocytes the second p-value = 0.08, absorbed dose p-value = 0.036, the other p-

0.008, baseline neutrophils

Figure 2. Absorbed dose to red marrow (upper left panel) was found as the only significant predictive parameter of PBN. None of the other parameters, shown
here with predicted and observed PBN-values, were predictive of PBN. The r>- and p-values are indicated for each parameter. Thrombocytes and neutrophils are
shown as unfilled and filled dots respectively.

most promising model included absorbed dose, history of
previous EBRT-therapy and baseline neutrophil counts (F-test
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Figure 4. A sigmoid relationship between red marrow absorbed dose and PBN was explored. The s-shaped response curve is shown plotted against PBN of throm-
bocytes (a) and neutrophils (b). The root mean squared errors of the s-curves were almost identical to the linear response curves.

values > 0.18). Pharmacokinetic parameters did not yield sig-
nificant predictors in the linear toxicity model. This could
potentially be due to that pharmacokinetics alone is an
incomplete description of the distribution of ['””Lu]Lu-liloto-
mab satetraxetan in the red marrow for individual patients.
Absorbed doses to red marrow ranged from approxi-
mately 1 to 4Gy in our study. This is higher than previously
reported for a subgroup of patients from the same trial [26],
as a correction factor for reference cellularity was here
included in the dose calculation. While this has shifted the
absolute values, the relative interpatient differences remain
unchanged with some differences due to whole-body contri-
bution and patient sex. The upper absorbed doses are some-
what higher than the toxicity limit of 2 Gy used in dosimetry-
guided radioiodine treatment of differentiated thyroid cancer
protocols [35]. Our absorbed doses are however in the same
order of magnitude as those reported for patients treated
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with high dose ['*'l]l-metaiodobenzylguanidine therapy for
neuroblastoma (range 2.06-5.02Gy) [22]. With a hybrid,
SPECT/CT-imaging technique of patients treated with the RIT
["*'Il-rituximab, absorbed doses were found to be compar-
able to ours (range 1.09-1.90Gy) [23]. Direct comparison of
absorbed doses from previous studies of other therapies is
however to be done with caution. This is mainly due to dif-
ferences in biological vectors and radionuclides, which leads
to differences in absorbed dose rate and energy deposition,
which in turn can result in variations in radiobiological
effects. Moreover, while the recent improvements in radio-
activity quantification technology have enabled more direct
and accurate measurements of radioactivity, there are still
methodological differences to be considered [36]. Overall,
our findings indicate an upper limit in the same order of
magnitude as previous relevant publications, approximately
3Gy when our methodology is used.



After having established that absorbed dose dominated in
the multivariate analyses, we proceeded to further investi-
gate the best model for this predictor. Relationships between
absorbed dose and normal tissue complications are usually
expected to follow sigmoid functions, of which parameters
are found for specific clinical situations [37]. The sigmoid
function used in our work has previously been reported to
describe the relationship between absorbed dose to red mar-
row and decrease in thrombocytes in metastatic prostate
cancer patients treated with ['®Rhenium]Re-HEDP [29]. The
value for Dsy, the absorbed dose resulting in a 50% reduc-
tion of platelets, was there reported to be 2.09 Gy in a group
of previously untreated patients, four times the value found
in the current work. This difference could be explained by
the fact that the patients included in the current study have
been heavily pretreated, and thus more radiosensitive. An
alternative explanation may be differences between the
radiobiological effects of the different radionuclides and car-
rier molecules. The sigmoid model had a similar root mean
square error as the linear model, however, the sigmoid
model showed slightly superior predictive abilities in the
cross-validation compared to the linear model. The two mod-
els seem to overlap in the range of the recorded absorbed
doses. Due to the comparable predictive power and the sim-
plicity of the linear description, we recommend that the lin-
ear description should be considered the preferred working
model except at very high or very low absorbed doses.

Absorbed dose to red marrow enabled identification of
high-risk patients for myelotoxicity after therapy with
['”’LulLu-lilotomab satetraxetan as it could be calculated as
early as 7days post-treatment, before the onset of neutro-
penia and thrombocytopenia. Severe myelosuppression was
uncommon for our patient group [25] who received a single
dose of radioimmunotherapy. However, the prediction of
hematologic toxicity might become particularly interesting
for repeated administrations. Dosimetry after the first treat-
ment cycle can then, in a multi-cycle treatment protocol, be
used to predict the toxicity of future cycles, and thus be
used to tailor the number and size of the cycles. Such an
approach has been explored in peptide receptor radionuclide
therapy [38]. Results in a murine model have suggested that
fractionated therapy is a possible treatment strategy for
['77Lu]Lu-lilotomab satetraxetan [39]. In such a treatment set-
ting, patients could benefit from being stratified into groups
that can allow for more intensive treatment for those that
have a more favorable therapeutic index.

Conclusion

It is possible to predict levels of thrombocytopenia and neu-
tropenia by applying absorbed dose to red marrow as the
only predictor. No other investigated patient characteristics
or variables strengthened this correlation in this study.
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Supplemental Fig 1. Percentage errors of the TIACs introduced for protocols with a reduced
number of imaging time points (indicated as hours p.i) compared to the original six time point
protocol (2, 4, 8, 24, 96 and 168 hours p.i.). The numbers in brackets are the included time
points in units of hours p.i. The integral is calculated as described in the article. Largest errors
across patient 1-5 are shown. The color scale reflects the magnitude of the error from -10 to
10 %. Error above 10 % or undefined integrals are written as “>10 %” Protocol

(2, 24, 96 and 168 hours p.i.) was chosen for arm 2. An interactive figure can be found as
Supplementary file 2.
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SUPPLEMENTARY TABLE 1.

Individual patient characteristics, as well as absorbed doses, masses and time-integrated activity coefficients (TIACs) for the target organs.

“N.A.” indicates that insufficient imaging data are available, that the red bone marrow (RM) has been treated by external beam radiation previously, or that
no tumours were eligible for dosimetry.

Patient | Sex | Arm | Prescription | Body Injected | Amount Amount of Liver Spleen Kidney RM Tumours
number level weight | activity | of lilotomab Mean
[MBq/kg] [kg) [MBq] labelled pre-dosing (range)

lilotomab | [mg] Mass | TIAC | Dose | Mass | TIAC | Dose | Mass | TIAC | Dose | Dose | Dose

[me] (8) (h) | (Gy) | (8 (h) | (Gy) | () (h) | (Gy) | (Gy) | (Gy)

1 F 3 10,0 118,0 | 1102,0 | N.A. 0,0 1876,0 | 146 | 0,8 262,0 | 8,0 29 204,0 | 0,7 0,3 15 0.33
(0.33-0.33)

2 M 1 10,0 103,0 | 1036,0 | 7,9 40,0 2405,0 | 19,8 | 0,8 406,0 | 7,2 1,6 233,0 | 0,7 0,3 0,7 1.04
(0.76-1.51)

3 M 1 10,0 73,0 746,0 79 40,0 1295,0 | 16,7 | 0,9 100,0 | 4,2 2,7 117,0 | 1,1 0,6 0,9 1.91
(0.89-2.82)

5 M 1 20,0 98,0 1982,0 |83 40,0 1705,0 | 19,4 | 2,0 194,0 | 7,3 6,5 270,0 | 0,9 0,6 N.A. | 2.09
(0.91-3.28)

7 M 1 20,0 74,0 1505,0 8,1 40,0 N.A. N.A. | NA. | NA. N.A. | NAA. | NA N.A. | NA. | NA. | 5.06
(3.19-7.94)

9 M 1 15,0 110,0 | 1696,0 | 7,8 40,0 N.A. N.A. | NAA. [ N.A N.A. | NA. | N.A. N.A. [ NA. | 1,2 221
(1.31-3.28)

11 M 1 15,0 97,0 1435,0 8,9 40,0 N.A. N.A. | NA. | NA. N.A. | NAA. | NA N.A. | NA. | NA. | 457
(2.77-6.72)

12 F 1 15,0 67,0 10150 | 89 40,0 N.A. N.A. | NAA. [ N.A N.A. | NA. | N.A. N.A. [ NA. | 1,3 N.A

13 M 2 15,0 94,0 1416,0 | 9,5 0,0 1690,0 | 20,0 | 1,5 170,0 [ 68 | 4,9 211,0 | 0,7 0,4 2,0 3.15
(1.23-7.28)

14 F 2 15,0 65,0 1013,0 |91 0,0 1687,0 | 19,1 | 1,0 152,0 [ 5,6 32 147,0 | 0,5 0,3 18 2.80
(2.45-3.38)

15 M 2 10,0 112,0 | 11370 | 838 0,0 2030,0 | 17,6 | 0,9 187,0 [ 59 31 282,0 | 0,5 0,2 16 1.48
(1.48-1.48)
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16 3 [150 590 8910 |82 0,0 1290,6 [ 20,8 [ 1,3 [2149[100[36 [1201[06 |04 |19 [035
(0.35-0.35)
17 3 |150 69,0 | 10530 |83 0,0 16442 | 169 | 1,0 | 2604 |94 |33 |17,7|07 |04 |11 |212
(1.27-2.87)
18 3 [150 920 | 13660 | 164 0,0 NA. | NA |NA |NA | NA |NA |NA |NA |NA |16 |084
(0.69-0.98)
19 4 |150 850 | 12860 |86 199 NA. | NA [ NA [NA [ NA [NA [NA [NA [NA |07 [509
(1.49-8.59)
21 4 [200 91,0 |17690 |54 207 28188 | 21,6 | 1,2 | 3987 |35 |14 |1619|08 |07 |16 |459
(3.30-6.49)
22 4 [200 59,0 | 11470 |34 169 NA. | NA [ NA [NA [NA [NA [NA [ NA [ NA |12 [236
(2.36-2.36)
23 4 [200 720 | 14340 |43 191 21054 | 306 | 1,9 | 5666 |93 |21 |1536|13 |10 |15 |NA
25 4 | 200 109,0 | 21890 |63 224 17904 (17,7 | 1,9 | 1987 |27 |26 |2196|08 |08 |NA. |267
(2.12-3.43)
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Supplementary Figure 1. (A) The upper boxplot displays tumour absorbed doses when
different amounts of lilotomab are given as pre-dosing before *'Lu-lilotomab satetraxetan
treatment. The four patient arms are shown. Arms 2 and 3 did not receive lilotomab, arm 1
patients received 40 mg lilotomab and arm 4 patients received 100 mg lilotomab per m? BSA.
The tumour absorbed doses are corrected by the amount of radioactivity given each patient.
For all box plots, significant differences are annotated by asterisks. (B) Similar measures of
the RM absorbed doses are also shown for the groups. (C) The boxplot illustrates the ratios
between patient mean tumour doses to RM absorbed doses. Here, the mean tumour absorbed
dose is calculated for each patient before the patient ratios are obtained. Fig. 1 displays the
same box plots when arms 2 and 3 are grouped.
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Appendix A: Calculation of the skeletal-specific S-values

Absorbed dose was calculated using the MIRD-formalism. The time integrated activity of
each site, 4 and site volume V were determined from volumes of interest drawn with PMOD
vs 3.8 (PMOD industries, Zurich). The volume was corrected with the ICRP-cellularity factor
(70 %) and a correction for trabecular volume fractions taken from table 4 in (O’Reilly et al.
2016) and table 1 from (Hough et al. 2011) for female (0.1260) and male (0.1025) patients,
respectively. A mass density of 1.03 g/ml was also used in accordance with both look-up-

tables to form the mass of the red marrow:

mam = V(1 — fram) - CF
(A1)

CF- specific absorbed energy fractions were calculated by the specific uptake fractions found
in the tables A1-A13 of the appendices of (O’Reilly et al. 2016) and (Hough et al. 2011)
multiplied by the red marrow masses. The reference masses were calculated using tables 4
and 1 from (O’Reilly et al. 2016) and (Hough et al. 2011) respectively, and equations (2) and

(4) from (Hough et al. 2011).

(AM « AM, CF,E) = ®(AM « AM, CF,E) - Map_res
(A2)

The final S-factor was found by summation of the mean energy, 4; and corresponding ¢ for

all B —, internal conversion and auger-electron-emission (i) of ’’Lu. These were extracted

119



from the software program DECDATA version 2.7, which contains the data of ICRP-

publication 107 (International Commission on Radiological Protection 2008).

S(AM « AM, CF) = Z A; ¢(AM « AM, CF, E;)
: (A3)

A - S(AM « AM, CF) (A4)

mMam

D(AM, CF) =

The required values to do the dose calculations were implemented as a python-class object to
create a phantom from specific absorption fractions and energy spectrum from DECDATA,
together with associated class-methods to do dosimetry calculation based on input in the form
of time integrated activity and volume measurements (python version 3.7.6). The software
with included documentation is freely available on github:

https://github.com/blakkisrud/RedMarrowSFactor.
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