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Abstract
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Neuroendocrine tumors (NETSs) are characterized by cellular overexpression of somatostatin
receptors (SSTR), which allows for the use of radiolabeled somatostatin analogs (SSA) for both
imaging and therapy. Because NETs often are diagnosed at a metastatic stage, curative surgery
is not possible. Monthly long-acting SSA preparation constitutes first-line therapy for low-grade
small-intestinal NETs and pancreatic NETs. Peptide receptor radionuclide therapy (PRRT), with
radiolabeled SSAs such as '"Lu-DOTATATE, has been shown to be an effective therapeutic
alternative for NETs, improving symptoms and quality of life. The gold-standard method for
SSTR imaging and diagnosis of NETSs is positron emission tomography (PET) using Gallium-68
(*Ga)-labeled SSAs, such as *Ga-DOTATOC and ®*Ga-DOTATATE. The tumor standardized
uptake value (SUV) has been proposed both as a marker of SSTR tumor density and a tool for
evaluating therapy response. Changes of tumor SUV on ®*Ga-DOTATOC- and DOTATATE-
PET have, however, not been shown to correlate with the patient outcome.

This thesis is based on five original papers, evaluating the relation between tumor-absorbed
dose and tumor shrinkage and developing novel theranostic methods in which quantitative PET
imaging with ®*Ga-DOTATATE and ®*Ga-DOTATOC is used to optimize PRRT with ""Lu-
DOTATATE in NET patients.

A high and significant positive correlation was found between tumor-absorbed dose and
tumor shrinkage in pancreatic NETs treated with "Lu-DOTATATE. Furthermore, it was found
that tumor SUV in ®*Ga-DOTATATE and ®*Ga-DOTATOC failed to correlate linearly with the
net influx rate (K;), assumed to reflect the SSTR density, due to low tracer availability in blood
for high K; values. SUV blood was significantly higher in tumors with high K; (>0.2) than in
tumors with low K; and it was found that the tumor-to-blood ratio (TBR) correlates linearly
with K;. Thus, both K;and TBR may be used as tools to monitor NET therapy response rather
than SUV. It was also found that parametric K; images, illustrating K; at the voxel level, provide
higher tumor-to-liver contrast than static whole-body PET images. Further, it was found that
administration of a single dose of cold peptide pre-PRRT with '"Lu-DOTATATE gave rise to
faster recycling of SSTRs in tumors than in normal organs. A linear relation was found for tumor
SUV and early K;, between ®Ga-DOTATATE-PET and '"Lu-DOTATE-SPECT; however, the
kinetics for *Ga-DOTATAE could not be used for predicting that of "’Lu-DOTATATE because
of tumor clearance of '"Lu-DOTATATE at late time interval.

In conclusion, quantitative PET imaging with ®*Ga-DOTATATE and ®*Ga-DOTATOC
shows great potential for both evaluating therapy response and optimizing PRRT with '""Lu-
DOTATATE.
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Introduction

Malignant tumors share several specific sets of hallmarks (/). However, de-
spite shared characteristics and common features, it is known that cancer is a
heterogeneous disease where tumor response to therapy can vary both intra-
and interpatient. Lower success rates are therefore obtained in standardized
cancer therapies where it is assumed that “one-size-fits-all.” The ultimate goal
of cancer treatment is to cure the patient. However, for solid tumors, this is
only possible at an early stage, mainly through surgery, and with options for
adjuvant and neoadjuvant chemotherapy and external beam radiation therapy.
Because many patients are diagnosed at an advanced stage, a cure is generally
not possible, and the treatment options, such as surgery, external beam ther-
apy, and chemotherapy, are merely palliative (2,3). This thesis focuses on
theranostics in patients with neuroendocrine tumors (NETSs) overexpressing
somatostatin receptors using somatostatin receptor imaging with ®*Ga-DOTA-
TATE and/or ®*Ga-DOTATOC and subsequent therapy with '""Lu-DOTA-
TATE.

Neuroendocrine tumors

Neuroendocrine neoplasms (NENs) are a heterogeneous group of tumors that
arise from the diffuse endocrine system of cells distributed throughout the
body (4). NENs include both well-differentiated neuroendocrine tumors
(NETs) with low mitotic activity and poorly differentiated neuroendocrine
carcinomas (NECs) with high mitotic activity. The heterogeneity of NENs de-
pends both on traits from the organ site of the primary tumor and its neuroen-
docrine characteristics, such as SSTR expression and hormonal production.
NETs are characterized based on primary tumor origin, such as pancreatic
NETs (PNETs), small-intestinal NETs (SI-NETS), and rectal NETs. These are
further divided based on their tumor grade, the proportion of proliferating tu-
mor cells in the tumor determined by the proliferation marker Ki-67 and func-
tionality. Well-differentiated tumors with Ki-67 index < 2% are classified as
a grade 1 (G1), 3-20 % as grade 2 (G2), and > 20 % as grade 3 (G3), whereas
low differentiated G3 tumors are denoted neuroendocrine cancers (NEC).
Functioning tumors produce hormones, which give rise to a hormonal syn-
drome, whereas nonfunctioning tumors do not. The clinical symptoms arising
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from the presence of hormone secretion depend on the main hormone that is
secreted (4,5). The clinical appearance of the disease depends on the primary
tumor site, its local growth, and its hormonal status (i.e., whether the tumor is
functioning and secrete peptides or is nonfunctioning). Most NETs are non-
functioning and appear clinically when they are large and/or have metasta-
sized to the liver (6), and approximately 60-80 % of NETs are metastatic at
the time of diagnosis (7). Diagnostic delay is common (5—7 years) and pre-
cludes curative therapy in many patients since this can only be performed at
an early stage (6,8).

Pancreatic NETs (PNETs) are mainly slow-growing and non-functioning,
although hormonal production may be detected biochemically (9). Functional
PNETs will, however, result in characteristic symptoms based on their specific
hormonal overproduction. Insulinoma, the most common functional PNET,
will result in hypoglycemia, glucagonoma will result in hyperinsulinemia, and
VIPoma (tumor excreting vasoactive intestinal peptide) in watery diarrhea,
hypokalemia, and achlorhydria (WDHA syndrome). Because the majority of
PNETSs are non-functioning and slow-growing, patients tend to seek medical
attention at a later stage because of local pressure or tumor overgrowth on
adjacent organs. Thus, late detection leads to a higher tumor stage with me-
tastasis present at diagnosis (/0,11).

SI-NETs are slow-growing tumors that often metastasize to the liver and
regional lymph nodes. Approximately 40-60% of SI-NETSs produce serotonin,
which may give rise to flushing, diarrhea, and abdominal pain, together with
right-sided heart failure (/2). Many SI-NET patients experience uncharacter-
istic and variable symptoms that are easily misinterpreted as those from com-
mon benign diseases and, therefore, on average, cause a 5—7-year delay in
diagnosis. Consequently, metastatic spread is common at the time of diagnosis
(7,13).

Even though NETs have been considered to be rare, analysis from the North
American Surveillance, Epidemiology, and End Results registry data shows
that the NET incidence increased 5-fold over the past three decades from
1.09/100,000 in 1973 to 5.25/100,000 in 2004 as a result of the introduction
of new diagnostic techniques and increased awareness (6, /4). Because many
patients live for many years, the prevalence is considerably higher, approxi-
mately 30/100,000. The overall survival (5 years) is about 75% and depends
primarily on the stage and grade of the tumor (/4).

Somatostatin receptors

Most NETs are characterized by cellular overexpression of somatostatin re-
ceptors (SSTRs) (15). These receptors are G-protein-coupled transmembrane
receptors (/6) expressed in many tissues throughout the body (such as kid-
neys, pancreas, spleen, and liver) (/7). In humans, five subtypes of SSTR have
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been identified (SSTR 1-SSTR 5), and the most frequently overexpressed in
NETs is SSTR 2 (18).

The SSTRs in NETs are attractive targets both for imaging and therapy
applications, given that the SSTR density in tumors is higher than that in most
normal tissues. The first synthesized somatostatin analog (SSA) is the peptide
octreotide, which has a high affinity for SSTR 2 and moderate affinity for
SSTR 3 and 5. Lanreotide is another SSA with similar SSTR subtype affinities
as octreotide (79).

Imaging of NETs
Diagnosis of NETs

NET overexpression of SSTRs has allowed for the development of radio-
labeled SSAs for NET diagnosis. By labeling SSAs with radioisotopes, SSTR-
expressing NETs can be targeted and visualized by imaging with either a
gamma camera or positron emission tomography (PET).

Historically, SSTR scintigraphy with a radiolabeled isotope was first per-
formed in 1989 with '*’I-octreotide and reported by Krenning et al. (20). Due
to its drawbacks, '*’I was replaced with '''In (27) and to achieve a stable con-
jugation between the SSA and the radioisotope, '''In, was labeled with oc-
treotide via the chelating agent (chelator) diethylene triamine pentaacetic acid
(DTPA). For many years, '''In-DTPA-octreotide (Octreoscan®) imaging with
a gamma camera (both two- and three-dimensions) comprised the gold stand-
ard for NET diagnosis (2/). However, current guidelines no longer recom-
mend SSTR imaging with a gamma camera (22)

During the past decade, PET in combination with computed tomography,
PET/CT, with ®*Ga-labeled SSAs such as *Ga-DOTATOC, **Ga-DOTA-
NOC, and ®*Ga-DOTATATE, has gradually replaced SSTR scintigraphy with
"n-DTPA-octreotide, and become the standard method for SSTR imaging
of NETs (22-27). This is due to better sensitivity and image quality combined
with considerably shorter acquisition time (24,28) with PET/CT as compared
to SPECT/CT. PET/CT shows specificity and sensitivity well above 90 %,
exceeding that of octreoscan and CT (22-27). No clinically relevant difference
in sensitivity was found between different SSAs (DOTATOC, DOTANOC,
and DOTATATE) (29-31). Barrio et al. (32) showed that PET/CT findings
with ®*Ga-DOTATOC, ®*Ga-DOTANOC, and ®*Ga-DOTATATE resulted in
management changes in 44% of the patients.

Characteristics of ®®Ga

%%Ga disintegrates by positron emission (B+) to a ground state of ®Zn (87.7%)
with a half-life of 68 minutes. The maximum and mean [+ energies of the
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positron emission are 633.5 and 249.3 keV, respectively. ®*Ga also decays
with a positron branch to an excited state of®*Zn (1.2 %) which is followed by
a prompt gamma emission of 1077 MeV to the ground state of ®Zn (33).

Principles of radionuclide imaging

The concept of radionuclide imaging is to obtain an image of the radiolabeled
pharmaceutical (radiopharmaceutical) distributed within the patient body.
This is performed by recording the gamma-ray emission from the radioisotope
with external radiation detectors placed outside the patient at different loca-
tions. For photon-emitting radioisotopes, a gamma camera is used to detect
the radioactive distribution and for positron-emitting radioisotopes, a PET
scanner is used.

Gamma camera imaging

The gamma camera is a non-invasive, molecular imaging technique visualiz-
ing the distribution of a photon-emitting radioactive isotope. The gamma cam-
era detects the incoming gamma rays from the patient with a specific energy,
perpendicular to the detector. The camera generally consists of two detector
heads, and the basic principle of a gamma camera is shown in Figure 1. The
detector consists of a large scintillation crystal with a high cross section for
photoelectric interactions, that absorbs the photons and converts the absorbed
photon energy into visible light. A collimator is placed in front of the crystal
to define the direction of detected gamma rays. When a photon is absorbed by
the detector, due to the collimator, it is known that the decay took place along
a line in the direction of the collimator holes (more-or-less perpendicular to
the detector). However, it is not known at what distance, along this line, the
disintegration took place. The collimator only let through photons that travels
in a certain direction, and without the collimator, the direction of the incident
photons is unknown, and the gamma camera cannot provide an image of the
radioactive distribution of the radiopharmaceutical. By controlling which
gamma rays are accepted, the collimator forms a projected image of the radi-
opharmaceutical distribution on the crystal.

A gamma camera can acquire both two- and three-dimensional images of
the radioactivity distribution within the patient. Planar images (static or
whole-body) are two-dimensional images of a three-dimensional radioactivity
distribution. If patient images are acquired by rotation of the detector heads
around the patient at different angles, three-dimensional images of the radio-
activity distribution can be acquired. This is called single photon emission
computed tomography (SPECT) (34).
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Figure 1. Gamma-ray photons (y) are emitted from a radioactive isotope distributed
within the patient and detected by the collimated scintillation crystal (detector), which
can rotate around the patient (SPECT imaging). Only photons that are more-or-less
perpendicular to the detector plane can pass through the collimators which deter-
mines the line of photon emission. The crystal absorbs the photons and converts the
absorbed photon energy into visible light.

PET imaging

PET is a non-invasive, molecular imaging method that provides visualization
and quantification of biological and physiological processes (metabolic pro-
cess, blood flow, receptor binding, etc.) within the body. Through administra-
tion of molecules in tracer amount labeled with positron-emitting radionu-
clide, such as ''C, °0, ®F, and ®*Ga, the distribution of these molecules in a
tissue of interest can be imaged in the PET scanner, without affecting the bi-
ological system of interest (34). The most commonly used tracer is '*F-fluoro-
2-deoxy-D-glucose ('*F-FDG), which measures glucose metabolism in tissue
(35).

Positron decay occurs when the nucleus has an excess of protons. The pro-
ton decays into a neutron and positron (a neutrino is also emitted, balancing
the energy and momentum). The emitted positron first travels a short distance
(of the order of millimeters) from the initial decay site while losing its kinetic
energy. The positron then recombines with an electron, a positron-electron
annihilation occurs, and their rest masses are converted into a pair of annihi-
lation photons. The energy of the emitted photons is 511 keV, and they are
emitted simultaneously in nearly opposite directions (180 +0.3°) depending
on the energy and range of the positron. The principle of PET is based on the
coincidence detection of two annihilation photons (produced from positron
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decay) that are emitted in opposite directions. The PET scanner counts this
coincidence event between pairs of detectors (almost simultaneously), and the
straight line connecting the two detectors is called line of response. This line
of response gives an indication of where the positron-electron annihilation oc-
curred. The PET scanner consists of rings of detector blocks, with each detec-
tor element working in coincidence to record annihilation events. A simplified
illustration of the basic principle of PET imaging is shown in Figure 2.

The recorded coincidence events on a PET scanner are reconstructed into a
tomographic (three-dimensional) image illustrating the tissue distribution of
the tracer, in units of radioactivity concentration in tissue (Bq/mL), after cor-
rection for several factors, such as random and scatter coincidence, attenua-
tion, decay and dead time (34).

Figure 2. Schematic illustration of positron emission, positron-electron annihilation,
and the subsequent coincidence detection in the PET scanner. The unstable nuclei
decay emitting a positron which travers a distance while losing its kinetic energy be-
fore it annihilates with an electron and creates two photons with an energy of 511 keV
that are detected by the ring of detectors around the patient. The photons are emitted
180° apart (£0.3°).

Quantification

PET images can both be acquired as static images acquired at a specific time
post-injection (p.i.), illustrating the average radioactivity concentration distri-
bution within the patient or as dynamic images, where the data is collected in
a series of time windows, so-called time frames, directly upon injection.
Static PET images are interpreted both visually and quantitatively. To read
static PET images, standardized uptake value (SUV), a unitless
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semiquantitative parameter, measuring the tracer uptake in the PET image rel-
ative to the injected activity and distribution within the patient, was intro-
duced. SUV is defined as follows:

CPET

SUVZA/ (1)
w

where Cpgr is the activity concentration in a region or volume of interest (ROI
or VOI), A is the injected activity, and W is either patient body weight (mostly
used), body surface area or lean body mass. SUV is a parameter representing
the distribution of the injected tracer (relative to uniform distribution); thus,
SUV of 1 implicates an even distribution of the injected tracer in the entire
body. The SUV parameter is mostly used for oncology examinations with '*F-
FDG, to facilitate tissue characterization and to monitor the effect of oncolog-
ical therapies (36-38) .

In dynamic images, the rate of change of tracer distribution (i.e., change of
radioactivity concentration) over time throughout the course of the PET study
can be followed. The tracer concentration can be followed and measured as a
function of time (38). From the dynamic scan, time-activity curves (TACs)
can be obtained, illustrating the change of activity concentration over time in
a specific VOI or voxel, as illustrated in Figure 3. The TAC can illustrate up-
take, binding to a specific target such as a tumor receptor, retention, and clear-
ance of the tracer over time (39).

A

e

B

i

kBg/mL

Concentraticn (kBg/mL)
o

o 10 Fo 30 40 50
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Figure 3. Dynamic PET scan showing images of a receptor tracer, ®*Ga-DOTATATE,
during 45 min. p.i. of a bolus injection (A) and the corresponding TAC showing the
activity concentration of the tracer over time in a tumor (B).

Compartment modeling

The tracers that are used in PET are developed to target physiological param-
eters such as receptor binding, metabolism, blood flow, and cell proliferation.
The measured signal in the PET image consists of a mixture of several states
of the tracer, such as tracer in the blood that has not yet entered the tissue,
metabolized tracer, which still carries the radioactivity but is altered in its
chemical form, and tracer within the tissue bound to the intended target, but
also non-specifically bound and unbound tracer within the tissue of interest.
With the intention of separating these states and estimating the parameter of
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interest, kinetic modeling is applied to the dynamic PET images. Tracer ki-
netic modeling involves mathematical models describing the transport of
tracer between plasma and different states or so-called compartments. The
tracer kinetics can be estimated by compartment modeling. The most used
compartment models are single- and two-tissue compartment models (1 TCM
and 2TCM) shown in Figure 4 A and B, respectively. In the compartment
models, C, represents the activity concentration in arterial plasma, Ciisoe is the
concentration of free, non-specific, and specific bound tracer in the tissue,
Ciieetns 18 the free and non-specific bound tracer in tissue, and Cpoung represents
the tracer specific bound to the target in tissue. The rate constants K, ko, ks,
and k4 represent the exchange of tracer both between plasma and tissue and
between different compartments. For tracers that are internalized in a tissue,
the kinetics are irreversible, and the rate constant k4 gets equal to zero (39,40).
Since the tracer is injected into the blood and transferred to the tissue by the
arterial plasma, the input concentration in the arterial plasma, which varies
over time, must be measured. This can be accomplished by blood sampling
from the patient’s radial artery. The arterial whole-blood TAC can also be
obtained by using the PET signal in the aorta when the aorta is in the field of
view (FOV). This method is called image-derived input functions (IDIF). If
the plasma-to-whole-blood ratio is constant during the time course of the PET
scan, the input arterial plasma can be determined by multiplying the whole-
blood signal from PET with the plasma-to-whole-blood ratio (417)

The compartment models can be described by first-order differential equa-
tions, and the parameters of interest can be derived using nonlinear regression
(NLR) analysis. The most proper model will be chosen for the tracer of inter-
est before analyzing the PET data (39,40). The solutions to these equations
yield quantitative outcome parameters such as binding potential, distribution
volume or net uptake rate. For an irreversible 2TCM (k4= 0 in Figure 4 B),
the following differential equation can be used to describe the model:

dCfree (t)

dt = K1Cp(t) — (ky + k3)Cfree ®) 2
dC oun (t)
— T = kaCpree (O 3

The solution of these equations is as follows:

Klkz
ky + ks

Kk
Cper(t) = e~ (2tka)t @ Cp(0) + - ;{ ® Cp(t) 4)
3

ky +
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in which Cpgr(t) represents the measured activity concentration in a VOI in
the PET image. The internalization of the tracer is described by the second
term on the right side of the equation; however, the parameter that is of interest
is the net influx rate (K;) representing the net influx of the tracers (39), or in
receptor studies, representing both receptor density and the ability of the tracer
to internalize in the tumors (42). The net uptake rate is defined as follows:

Kik
K, = 1

T ky t ks ©)

By fitting Eq. 4 to the measured PET data using nonlinear regression (NLR),
Ki can be determined (39).

Figure 4. Schematic drawing of single-tissue (A) and two-tissue (B) compartmental
model. The first compartment is the plasma concentration. In the single-tissue com-
partment model, the second compartment is the free, non-specific, and specific bound
concentration in tissue (A). In the two-tissue compartment model, the second com-
partment is the free and non-specific bound concentration in a tissue, and the third is
the specific bound concentration. The compartments are connected with rate con-
stants (K, k2, ks and ky).

Patlak plot

Graphical approaches have been proposed to transform the nonlinear compart-
ment problem into a linear solution in which linear least square fit can be used
to estimate parameters instead of NLR fit, so-called linearization. The Patlak
plot (43) is the most commonly used graphical analysis for representing irre-
versible tracers (ks = 0) and estimating K;. When using the Patlak plot, it is
assumed that the reversible compartment, Cpreens (in the two-tissue compart-
ment model, Figure 4 B) is in equilibrium with Cp. Hence, the ratio of tracer
concentration in plasma and in the reversible compartment is stable. The sys-
tem (Eq. 4) can then be described by the following equation:
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t
Cper(t) = K; f Cp(D)dt + v,Cp(1) (6)
0

Dividing both sides of Eq. 6 with the plasma time-activity concentration
curve, Cp(t), the system (Eq. 6) can now be described by a linear equation:

Cper(t) K fot Cp(D)dr

— 0 7 7,
GO G e @

By plotting the left-hand side of Eq. 7 to the integral term divided with Cp (on
the right-hand side of the equation), we obtain a linear graph where the slope
represents the net influx rate K; when equilibrium is reached, and the kinetics
are irreversible (39).

Parametric images

The quantification mentioned so far has focused on estimating the parameter
of interest (K;) in VOIs (so-called VOI-based kinetic analysis). However, es-
timation of the parameter of interest can also be performed on a voxel level
by constructing parametric images. Parametric images will visualize the phys-
iological parameter of interest, such as K; at the voxel level instead of the ac-
tivity concentration, and allow for assessment of heterogeneity within the tis-
sue. Because NLR for voxel-based parameter estimation is time consuming,
linearization of the model can be used, such as Patlak plots or basis function
methods of the irreversible 2TCM. The basis function method (BFM) is based
on the linearization of Eq. 4 (the exponential term) by creating a library of
possible solutions to the equation for a suitable range o of as follows:

BF = e=% @ Cp(0) (8)

where a is the sum of k, and k;. a is pre-calculated for a range of values for
the exponential function. By convolving the plasma input function with the
corresponding set of exponential functions, a set of basis functions, BF, can
be obtained, which constructs a library of possible solutions. The irreversible
2TCM can now be rewritten as a linear combination of any one of the basis
functions. The basis function resulting in the best fit to the data will be used
(39).
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Partial volume effect

The partial volume effect (PVE) is present both in SPECT and PET imaging
and results in a difference between the measured (in the camera) and the true
activity. PVE is a combination of two effects, limited spatial resolution, and
image sampling. The finite spatial resolution of the system causes a three-
dimensional blurring of the activity distribution. The measured activity in a
hot lesion will be lower than it truly is, and a small object will appear larger
but less radioactive than it truly is. Recovery is the ratio between the measured
and true activity in small objects. The second effect, limited image sampling
(voxel size), is due to the mismatch of the activity distribution between the
voxel contour and that of the actual object contour. Since the activity distribu-
tion in SPECT and PET is sampled on a voxel grid, many voxels will include
activity from different tissues, and the measured voxel will represent the av-
erage of the different tissue activity. Figure 5 illustrates the PVE (44).

Correction for PVE can be implemented both on the SPECT and PET data
by performing phantom studies where recover coefficients (RC) are calculated
for spheres of varying size. The RC represents the relation between the meas-
ured and true activity or activity concentration (45).

True ~ = True activity

Pl | 7 Measured activity

Measured

Figure 5. Schematic illustration of PVE in a hot lesion caused by limited spatial res-
olution. The measured lesion appears larger than the true lesion and the measured
activity appears lower than the true activity, all due to PVE.

Treatment of NETs

First line treatment in localized NETs is surgery and is for many patients’ cu-
rative, when the disease is detected at an early stage. Surgery is also performed
for symptom relief, to prevent complications and to prolong life, even when
the tumor has metastasized (46). Most NET patients are diagnosed at an
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advanced stage (with lymph node and liver metastasis), and for patients with
inoperable or metastasized tumors, cure is generally not possible and treat-
ment merely palliative. In disseminated disease, unlabeled SSA constitutes a
first-line treatment for low-grade NETs, usually administered as a long-acting
release preparation, to decrease the hormonal symptoms and slow tumor
growth (47). The unlabeled SSA does, however, not prolong survival in pa-
tients with small-intestinal NETs (48). Peptide receptor radionuclide therapy
(PRRT) has shown to be effective as a therapeutic alternative and plays an
increasingly important role in treatment of NET patients (49-59)

Peptide receptor radionuclide therapy

PRRT is a type of radionuclide therapy that involves systematic administra-
tion of a radiolabeled peptide (often an alpha- or beta-emitting radionuclide),
targeting SSTR, overexpressed in NETs, with high affinity. The concept of
PRRT is the same as SSA-imaging of NETs where the overexpressed recep-
tors are targeted. However, instead of using a gamma-emitting radionuclide
couple to the SSA via the chelator for imaging, radionuclides emitting charged
particles (alpha and beta) with shorter ranges are used (60).

TLu is the most commonly used beta-emitting particle for PRRT, and
""Lu-DOTATATE is the most used radiopharmaceutical for treating NET pa-
tients. PRRT with '’Lu-DOTATATE has been used in patients with meta-
static and advanced inoperable NETs since 2001 (59). In the prospective ran-
domized controlled NETTER-1 trial, PRRT with '”’"Lu-DOTATATE in com-
bination with long-acting repeatable octreotide (LAR) showed favorable re-
sults in patients with advanced midgut NET, with longer progression-free
survival (PFS) and higher response rate compared to high-dose octreotide
LAR alone (61). Furthermore, PRRT with '""Lu-DOTATATE also improved
symptoms and quality of life (62).

Characteristics of !7’Lu

TLu is a low-energy beta-emitting radionuclide with a physical half-life of
6.73 days (60). It has three beta decay modes with energies (abundance %) of
47.7 (11.6), 111.7 (9.0), and 149.4 (79.4) keV, with a mean and max energy
of approximately 133 and 498 keV. The low beta energy yields a maximum
particle range of 2.2 mm in water with a mean range of 0.5 mm. The short
range of beta particles emitted from '""Lu decay affects cells in close proxim-
ity (typically tumor cells) and spares adjacent normal tissues. Since '""Lu also
emits gamma radiation with energies of 113 and 208 keV with an abundance
of 6 and 11 %, respectively, '""Lu can also be used for imaging (59). The
characteristics of '""Lu enable both imaging and therapy simultaneously and
allow for performing dosimetry post-PRRT (60).
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Treatment and imaging with '"’Lu-DOTATATE

""Lu-DOTATE is administered as a fractionated treatment with a standard
intravenous infusion of 7.4 GBq, repeated in four cycles with 8-12 weeks in-
tervals (51,61,63). To prevent uptake in the kidneys, patients also receive a
mixed amino acid solution administered concomitantly, starting ca 30 min
pre-therapy. The standard protocol of four therapy cycles is based on a con-
servative safety margin for the organs at risk, which are the kidneys and bone
marrow (20). The absorbed dose limits to the organs at risk in PRRT with
""Lu-DOTATTE are unknown, hence, the dose limit to the kidneys is adopted
from external beam radiation therapy, and for the bone marrow from radioio-
dine therapy. According to these limits, the maximum acceptable absorbed
dose to the kidneys is 23 Gy (64) and 2 Gy to the bone marrow (65), although
in many patients higher absorbed doses to the kidneys have been achieved
without high grade adverse effects, such as a biologically effective dose of 28
Gy or 40 Gy for patients without risk factors (66,67). With the same radiobi-
ological basis as in external beam radiation therapy, the best PRRT result
would be obtained when the treatment plan aims to deliver the highest (thera-
peutical effective) absorbed dose the tumors while restricting the absorbed
dose to the organs at risk below the threshold level for deterministic effects
(68-70). Hence, the safety margin of only four treatment cycles leads to un-
dertreatment in most patients.

Since '”’Lu emits gamma radiation, post-therapy imaging and dosimetry
can be performed by SPECT imaging with a gamma camera. The images will
visualize the tissue distribution of the radiopharmaceutical and enable quanti-
fication of normal organ and tumor uptake. However, for dosimetry, the total
number of decays in the tissues and the kinetics of the radiopharmaceutical
must be registered. Therefore, repeated SPECT in conjunction with computed
tomography (SPECT/CT) imaging is performed to capture the dynamics of
the uptake and elimination phase. In clinical practice, three or four time points
are often chosen for imaging. When the activity within the ROI or VOI has
been quantified at the different time points (by using a fixed threshold), a TAC
is created, and the accumulated activity (or so-called time-integrated activity,
TIA), which represents the total number of radioactive decays that occur in
the region, can be estimated from the area under the curve by fitting a mono-
exponential fit to the data (60,71).

Dosimetry

Estimating absorbed doses in organs at risk and tumors in PRRT is essential.
The absorbed dose describes the amount of energy that has been deposited
from ionizing radiation into a medium (such as an organ or tumor) and is given
by the following equation:
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de
= 9
where d¢& is the mean energy imparted from ionizing radiation to a mass ele-
ment dm. The standard method for absorbed dose calculations in internal do-
simetry was specified by the committee on medical internal radiation dose
(MIRD). Using the MIRD formalism, the mean absorbed dose D to a target
tissue (rr) over a defined dose integration period t (usually set to infinity) after
administration of the radiopharmaceutical is given as follows:

D(rr1) = fD(rT, t) dt = ZA (re,7) - S(rp « 135) (10)
0 Ts

where A(7s,T) is the time-integrated activity (TIA) in the source tissue and
S(rp « 1) is the pre-calculated dose conversion factor (S-factor), which rep-
resents the mean absorbed dose to target tissue rr per decay in the source tissue
rs and depends on the properties of the radionuclide, age, and sex of the rep-
resentative model and tissue of interest. The S-factors can be found in the
MIRD scheme pamphlets or newer factors, called dose factors (DF), from
OLINDA (organ level internal dose assessment) calculated with Monte Carlo
simulations (7/). Because the range of the beta particles is short (2.2 mm), it
is assumed that there is only local absorption of the emitted beta particles (rr
= 13), hence Eq. 10 can be simplified, and the mean absorbed dose can be
rewritten as follows:

D=A-S (11)

where 4 is the time-integrated activity (TIA) in the target tissue and S is the
dose conversion factor from MIRD (S-factor), including only self-dose (59).
Tumor dosimetry during PRRT with '""Lu-DOTATATE is challenging be-
cause there are no S-factors for tumors. For tumor dosimetry, a different ap-
proach is therefore applied where a unit density sphere model is used. With
the unit density sphere model (defined both in MIRD pamphlets (72) and
OLINDA), the tumor self-dose can be calculated. The model assumes uniform
activity distribution with spherical tumor shapes composed with unit density
material. The dose factor will vary depending on the tumor size (73).
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Pre-therapy dosimetry

SPECT imaging post PRRT with '""Lu-DOTATATE at different time points
enables post-therapy dosimetry. The calculated absorbed doses to the organs
at risk and to the tumors are currently not routinely used for treatment plan-
ning. Instead, a fixed number of four cycles is administered to the patients.
The accumulated data for PRRT with four cycles of 7.4 GBq '""Lu-DOTA-
TATE indicate that many patients are undertreated (68,74,75). In one study,
more than > 50 % of the patients could receive more than four '"’Lu-DOTA-
TATE cycles before reaching an absorbed dose of 23 Gy to the kidneys, and
merely 20 % of the patients reached the 23 Gy absorbed dose threshold to the
kidneys after four cycles of 7.4 GBq '""Lu-DOTATATE. Patients who re-
ceived as many cycles as possible up to the 23 Gy renal dose limit experienced
significantly longer PFS than those who did not (33 versus 15 months), alt-
hough not conclusive, because of the observational, non-controlled study de-
sign (68,74,75). In a simulated study, personalized PRRT based on the ab-
sorbed dose to the kidneys resulted in a 1.47-fold higher tumor-absorbed dose,
which could have led to increased therapy response (75). However, increased
response has not yet been demonstrated in a prospective trial.

Even though there are limitations in determining absorbed doses based on
SPECT, the absorbed dose estimates contribute to the treatment planning be-
cause the absorbed dose to the organs at risk is monitored, in order to not
exceed the dose limits (70). Dosimetry should optimally be performed indi-
vidually for each patient. If dosimetry calculations were performed pre-ther-
apy, as in external beam radiation therapy (dose planning), and as stated in the
European Council directive, 2013/59/ Euroatom, (76), pre-therapy dosimetry
could be used to individually plan PRRT and post-therapy dosimetry could be
used to verify the plan. It is important to adopt strategies for PRRT that are in
analogy with those for external beam radiotherapy, involving planning and
verification of the absorbed dose both to tumors and organs at risk, to optimize
the treatment individually for each patient (60). Since the absorbed doses not
only depend on the amount of given radioactivity, but also on the kinetics of
the radiopharmaceutical in the individual patient, an identical approach, as in
external beam radiation therapy, is not possible in PRRT with '"’Lu-DOTA-
TATE. Instead, a theranostic approach could be used for pre-therapy dosime-
try, where a surrogate of the therapeutic radiopharmaceutical is used, for ex-
ample ®*Ga-DOTATATE (77,78). Using a surrogate would allow pre-therapy
dose planning and verification. Each treatment could be tailored individually
for each patient, thus avoiding under- or overtreatment.
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Treatment follow up of NETs

In parallel with the increasing use of "*F-FDG PET/CT for therapy monitoring
in conventional oncology, this application has also been suggested for NETs.
Most NETSs, however, show low proliferation and low metabolic activity and
are therefore generally not '*F-FDG avid (79). As an alternative, *Ga-DO-
TATOC and ®Ga-DOTATATE have been suggested as a tool for evaluating
therapy response in NET patients since most NETs express SSTRs (29,80,81),
and SUV has been proposed as a marker of SSTR density. However, changes
in tumor SUV during PET/CT with ®*Ga-DOTATOC or *Ga-DOTATATE
have not been found to correlate reliably with the patient outcome (80-84).
The difficulties in applying static tumor uptake measurements could partly be
explained by the results in a study by Velikyan et al. (29). In that work, K,
assumed to reflect SSTR density more accurately than SUV, was estimated
based on dynamic PET images. It was found that SUV saturated to a static
value for K; (> 0.02 mL/cm*/min) for ®*Ga-DOTATOC and **Ga-DOTA-
TATE, especially at higher SUVs (>20). Since SUV does not appear to reflect
SSTR density for tumors with high receptor expression, K; may therefore be
a more adequate measure to reflect the tumor SSTR density than SUV.
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Aims of the thesis

The general aim of this thesis was to develop novel methods in theranostic,
where quantitative imaging with ®*Ga-DOTATATE/**Ga-DOTATOC PET is
used for optimizing PRRT with '”’Lu-DOTATATE for patients with NETs

More specifically, the aim of each study was the following:

Paper 1
To investigate the tumor-absorbed dose—response relationship for PNETs
treated with PRRT using '""Lu-DOTATATE.

Paper 11

To evaluate methods for computation of parametric K;images compared to a
VOI-based method and to explore the conditions for lesion detection in K;
images by assessing the image contrast in terms of tumor-to-liver ratios com-
pared to those in static SUV images for ®*Ga-DOTATOC and ®*Ga-DOTA-
TATE.

Paper 111

To evaluate the relation between tumor-to-blood ratio (TBR) and K; for pa-
tients undergoing PET/CT imaging with ®*Ga-DOTATOC and **Ga-DOTA-
TATE.

Paper IV

To evaluate the time-dependent extended effect of receptor depletion and re-
circulation (7 h) of a single intravenous dose of 400 pg short-acting octreotide
on tumor versus normal tissue uptake of *Ga-DOTATOC in SI-NET patients.

Paper V

To compare tumor uptake and kinetics of ®*Ga-DOTATATE with '""Lu-DO-
TATATE by performing dynamic or serial static scans with both radiophar-
maceuticals in the same patients.
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Material and methods

Study population

Patients diagnosed with locally advanced and disseminated NETs, confirmed
by histopathology, were included in this thesis. Paper I included twenty-four
PNET patients who had undergone full treatment of PRRT with '""Lu-DOTA-
TATE. Paper 11, 111, and V included ten, twenty-two, and six patients with
various NETs. Paper III included patients from both paper II and V. In Paper
V, the included patients were planned for PRRT with '""Lu-DOTATATE. Pa-
per IV included four SI-NET patients who were progressing on long-acting
SSA and who were planned for PRRT.

Data acquisition

Paper I

Patients included in Paper I had undergone 2-6 cycles of PRRT with '""Lu-
DOTATATE, and the individual number of cycles was based on the estimated
absorbed doses to the kidneys and bone marrow. Most patients were infused
with 7.4 GBq '"Lu-DOTATATE at each cycle. For tumor-absorbed-dose es-
timations, at the first and third (or fourth) therapy cycle, serial SPECT/CT
images were acquired 24, 96, and 168 h p.i. During intermediate therapy cy-
cles, only a single SPECT/CT image was acquired 24 h p.i. Images were ac-
quired on an Infinia Hawkeye SPECT/CT system (GE Healthcare) with
MEGP collimators. The SPECT images were acquired using a 20 % energy
window around the 208.4 keV energy peak with 120 frames 4 30 s per frame.
For evaluation of tumor response, clinical routine CT of the thorax and abdo-
men was performed pre-therapy, between cycles and post-therapy.

In Paper [, a phantom measurement was also performed for PVE correction.
Six hollow spheres in a NEMA 1Q phantom were filled with '""Lu-DOTA-
TATE and scanned in the same SPECT/CT scanner using the same imaging
parameters as for patients.
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Paper II & 111

Patients in Paper II underwent a dynamic PET/CT examination after a bolus
injection of ®*Ga-DOTATOC and *®*Ga-DOTATATE, on consecutive days.
The same patients were included in Paper III along with a number of patients
that underwent dynamic PET/CT examination with either ®*Ga-DOTATOC or
%%Ga-DOTATATE. In Paper II, the patients were scanned on a Discovery ST-
PET/CT scanner (GE Healthcare). In Paper 111, the patients were examined
either on Discovery ST, Discover IQ, or Discovery MI (GE Healthcare). Dy-
namic scans started simultaneously with the intravenous injection of the trac-
ers and was acquired during 45 min with 22 time frames with varying lengths
(6x10, 3x20, 3x60, 5x180, 5x300 s). All patients included in Paper II also
underwent whole-body PET/CT ca one h p.i, and venous blood samples were
collected to assess whole-blood and plasma activity concentration.

Paper IV

All patients in paper IV underwent a baseline PET/CT (whole-body) with
%Ga-DOTATOC, 1-3.5 months pre-study day (WB 0). On study day, patients
were injected with a single intravenous infusion of 400 ng octreotide followed
by three serial, dynamic PET/CT examinations (in sessions) at time 0 (1% dy-
namic scan), 3 h (2 dynamic scan) and 6 h (3" dynamic scan), starting sim-
ultaneously with intravenous injection of ®*Ga-DOTATOC. Each dynamic
scan consisted of 45 min with 22 time frames (6x10, 3x20, 3x60, 5x180,
5x300 s). After each dynamic scan, three whole-body PET/CT images were
acquired at time 1 h (WB 1),4 h (WB 2), and 7 h (WB 3). Immediately, before
the second and third dynamic scans, a 5-min static acquisition of the patients’
upper abdomen was acquired to account for the remaining activity. All
PET/CT examinations were performed on a Discovery MI PET/CT scanner.
The patients in the study also underwent one cycle of PRRT with '""Lu-DO-
TATATE (7.4 GBq) the day after the dynamic PET/CT examinations. An
overview of the study design in Paper IV is presented in Figure 6.

Figure 6. Schematic overview of study design. Baseline PET/CT was acquired pre-
study, and PRRT with "7 Lu-DOTATATE was performed a period post study day.

29



Paper V

The patients received a bolus injection of '""Lu-DOTATE with a low peptide
dose (low-dose '”’Lu-DOTATATE) and underwent serial SPECT/CT exami-
nations at 0.3, 0.7, 1, 2, 4, 24, and 96 h p.i in Paper V. Serial blood sampling
was also performed to assess whole-blood and plasma activity concentrations.
The day after (after the 24 h SPECT/CT scan), a dynamic, 45 min PET/CT
scan with 22-time frames (6x10, 3x20, 3x60, 5x180, 5x300 s), was acquired,
starting simultaneously with the ®*Ga-DOTATATE injection. Whole-body
PET/CT scans were also performed 1 and 2 h p.i. Similar peptide dose was
administered in the ®*Ga-DOTATATE (17 + 4 pg) and in the low-dose '"Lu-
DOTATATE (17 + 3 pg) preparations. The week after, all patients underwent
their first PRRT cycle, 7.4 GBq '""Lu-DOTATATE, with a high peptide dose
of 254 + 45 ug (high-dose '""Lu-DOTATATE) and serial SPECT/CT scans
were acquired at 24, 96, and 168 h p.i. During PRRT, patients also received a
mix of amino acid solution for kidney protection.

All SPECT/CT examinations were performed on a Discovery 670 PRO
scanner (GE Healthcare) with MEGP collimators. A 20 % energy window was
applied around the 208.4 keV energy peak. During low-dose '"’Lu-DOTA-
TATE images with 60 or 120 frames during early and lite time interval, re-
spectively 4 30 s per frame. During high-dose '”’Lu-DOTATATE, images
were acquired with 120 frames & 30 s per frame. The PET/CT examinations
were either performed on Discovery ST, Discovery IQ, or Discovery MI. The
time duration of the dynamic images was 45 min with 22 time frames (6x10,
3x20, 3x60, 5x180, 5x300 s).

Overview of the study design in Paper V is presented in Figure 7.

Serial blood sampling

LD 177Lu-DOTATATE i HD 177Lu-DOTATATE
500 MBq 7.4 GBg
Serial

SPECT/CT SPECT/CT SPECT/CT SPECT/CT SPECT/CT SPECT/CT

03-4hpi. 24hpi. | 96 hp.i. 24hp_i_ 96 hp.i. 168 hp.i.
B A

%8Ga-DOTATATE
Dyn WB WB

PET/CT PET/CT PET/CT

]

0-45minp.i. 1hp.i 2hp.i.

Figure 7. Schematic overview of study design. Low-dose (LD) "7 Lu-DOTATATE (A)
was followed by dynamic and whole-body PET/CT scans with **Ga-DOTATATE (B).
PRRT with high-dose (HD) !’ Lu-DOTATATE was performed ca week after day 1 (C).
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Data analysis

Volume definition

The SPECT/CT examinations (clinical and phantom) in Paper [ were analyzed
on a Hermes workstation (Hybrid PDR, version 1.4B, Hermes medical solu-
tions), and tumors (and phantom spheres) were delineated using an automated
threshold of 42% isocontour VOI. In Paper V, the SPECT/CT images from
low-dose and high-dose '""Lu-DOTATATE were analyzed using the NED-
PAS software (VU University Medical Centre, Amsterdam), and tumors were
delineated by applying a 50 % isocontour threshold VOI. In Paper I, only tu-
mors larger than 2.2 cm in diameter at any time during the treatment was in-
cluded and a subgroup of tumors larger than 4 cm in diameter was also ana-
lyzed to avoid PVE effects. In Paper V, also only tumors with a diameter larger
than 2.2 cm were included.

All PET/CT examinations in Paper II and III were analyzed using NED-
PAS. For PET/CT examinations in paper IV, Hermes (Hybrid viewer PDR,
version 5.1.1, Hermes Medical Solutions) was used and only tumors larger
than 1 cm in diameter were included. Tumors were delineated in all PET/CT
examinations by applying a 50% isocontour threshold VOL. In Paper II, a sub-
sample of healthy liver was delineated in whole-body PET images using a 20
mL spherical VOI. Tumor and subsample of healthy liver were also delineated
in parametric K; images in Paper II using NEDPAS (with the same threshold
and VOI size). In paper V, samples of normal organs (liver, left and right kid-
ney, spleen, pancreas and bone marrow) were delineated using a spherical
VOI with a diameter of 1.5 cm. A spherical VOI of 1 cm in diameter was also
placed in the left ventricle of the heart.

In Paper II and VI, the descending aorta was delineated by placing a 1 cm
diameter VOI in the lumen, and in Papers III and IV, a 70 % isocontour was
applied instead.

Dosimetry and best response (I)

Tumor-absorbed dose calculations rely on sequential SPECT/CT images ac-
quired at 24, 96, and 168 h p.i. of PRRT with '”’Lu-DOTATATE and were
performed both for complete and intermediate dosimetry in Paper 1. For dosi-
metric evaluation, the MIRD scheme was used (Eq. 11). However, instead of
using the time-integrated activity A4, the time-integrated-activity concentra-
tion, C, was determined; hence the activity concentration was used instead of
the activity. The activity concentration was calculated for each SPECT scan-
ning timepoint and corrected for PVE using recovery coefficients determined
from phantom studies. The time-integrated-activity concentration was calcu-
lated as the area under the curve of a single exponential fit, and the following
equation was used for absorbed dose calculations during complete dosimetry:
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D =C-ACDF (12)

ACDF is the activity concentration dose factor, calculated as the dose factor
(DF) for a 10 g sphere taken from OLINDA/EXM 1.1 multiplied by the weight
of the sphere. An illustration of steps during complete dosimetry is presented
in Figure 8. For intermediate dosimetry, which was performed at intermediate
therapy cycles, the single-timepoint SPECT scanning was used, and the effec-
tive half-life from previous complete dosimetry was used; hence the effective
half-life was assumed to be unchanged between complete and intermediate
dosimetry. PVE correction was also performed during intermediate dosimetry
calculations.

Tumor shrinkage, or best response, recorded from start of treatment until
disease progression or recurrence, was determined according to response eval-
uation criteria in solid tumors (RECIST 1.1) by measuring the tumor diame-
ters at CT scans acquired pre-treatment and at serial CT scans during follow-
up.
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Figure 8. Schematic illustration of absorbed-dose calculations during complete do-
simetry post-PRRT with " Lu-DOTATATE.

Kinetic analysis (II-V)

In Paper 11, the net influx rate, K;, for ®*Ga-DOTATOC and *Ga-DOTATATE,
was determined by nonlinear regression of the irreversible two-tissue compart-
ment model 2TCM (VOI-based method). Parametric K; images were also com-
puted in Paper II using a BFM implementation of the irreversible 2TCM and the
Patlak method. The Patlak method was applied to the dynamic PET data, 15-45
min p.i. K from parametric images was compared to K; obtained from the VOI-
based method. In Papers III and 1V, the Patlak method was used to determine
K; for Ga-DOTATOC and ®*Ga-DOTATATE (15-45 min p.i.). In Paper V, K;
was determined for ®Ga-DOTATATE and low-dose '""Lu-DOTATATE both
by nonlinear regression of the irreversible two-tissue compartment model with
a loss parameter (2T3kioss) and by the Patlak method. For ®*Ga-DOTATATE,
the Patlak method was applied to the 15-45 min p.i. dynamic data and for '""Lu-
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DOTATAE, for early (0—100 min p.i.) and late (>100 min p.i.) time interval. In
Paper V, simultaneous estimation method fits (SIME) of ®*Ga-DOTATATE and
low-dose '"Lu-DOTATATE were also performed for 2T3kposs to determine K;
(Ki-SIME). For SIME, all the parameters were forced to be equal for both trac-
ers, and a fitted recovery parameter was added to account for limited recovery
in SPECT compared to PET.

For kinetic analysis of the PET data, the image-derived input function was
calculated by multiplying the arterial time-activity concentration curve (up-
take in the descending aorta over time) multiplied with a fixed plasma-to-
whole-blood ratio. For the low-dose '""Lu-DOTATATE data in paper V, the
SPECT input function was based on serial blood samples.

Statistical analysis

All statistical analyses were performed using GraphPad Prism, GraphPad
Software, Inc.

In Paper I, the square of the Pearson correlation coefficient was deter-
mined to evaluate the relation between the absorbed dose and tumor response
both for tumors larger than 2.2 cm and 4 cm in diameter.

The agreement and correlation between VOI and parametric-based K; val-
ues in paper II were determined using Pearson correlation and Deming re-
gression.

In Paper III, blood SUV was compared between high (>0.2) and low
(<0.2) K; using the Mann-Whitney test. Linear regression and square of Pear-
son correlation (R?) were used to evaluate the relationship between K; and
TBR and compared with the relation between K; and SUV. Comparison of K,
tumor SUV, and TBR between **Ga-DOTATOC and **Ga-DOTATATE was
performed using Deming regression, the square of Pearson correlation, and
Wilcoxon matched pairs test.

Tumor, organ, and whole-blood SUV (and normalized SUV) were com-
pared between all whole-body images in Paper IV, using Wilcoxon matched-
pairs test. The same test was performed for the three dynamic PET scans for
K. The relationship between K;and TBR was compared with the relationship
between K; and SUV and was evaluated using linear regression and the square
of Pearson correlation.

In Paper V, to evaluate the agreement and difference in the relationship be-
tween ®*Ga-DOTATATE and low-dose '""Lu-DOTATATE, Spearman correla-
tion, Deming regression, and Wilcoxon matched-pairs signed rank test (P<0.05)
were performed, respectively. This was also performed for high-dose and low-
dose '"Lu-DOTATATE in terms of SUV for tumors and whole-blood. To in-
vestigate the K;relation, wherein K; was derived from either the compartment
models or the Patlak method, the same statistical analysis was applied.

For all tests, the significance level was set to a P value of less than 0.05.
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Results

Paper I

Recovery coefficients were calculated for various sphere sizes in the NEMA
IQ phantom to correct for PVE. The recovery coefficient depends on the
sphere size and becomes lower with decreasing sphere diameter. For spheres
smaller than 2.2 cm in diameter the recovery is less than 50 % (Figure 9 A).
For spheres larger than 2.2 cm the measured diameters were in good agree-
ment with the true diameter, whereas for spheres smaller than 2.2 cm, there
was a severe overestimation of the measured diameter (Figure 9 B); hence
tumors with a diameter smaller than 2.2 cm were excluded from the study.
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Figure 9. Recovery coefficient as a function of sphere diameter (4) and comparison
between the true and measured diameters of the spheres (B) in the NEMA 1Q phantom.

The solid line represents 2 parameters sigmoid fit (A) and dashed line, line of identity
(B).

For PNETs a clear correlation was found between tumor-absorbed dose and
tumor reduction until best response, with a square of Pearson correlation of
0.64 and 0.91 for tumors larger than 2.2 and 4 cm in diameter, respectively.
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Figure 10. Tumor-absorbed dose relation (until best response) for PNETs treated
with '’ Lu-DOTATATE in tumors larger than 2.2 cm (4) and 4 cm (B), respectively.
The solid line represents 2 parameters sigmoid fit to the data.

Paper 11

A linear and high correlation was found between VOI-based (NLR) and para-
metric-based (BFM and Patlak) K; values both for ®*Ga-DOTATOC and *Ga-
DOTATATE (Figure 11). The square of Pearson correlation (Deming regres-
sion slope) between NLR and BFM K; values was 0.98 (0.81) and 0.97 (0.88)
for %Ga-DOTATOC and “*Ga-DOTATATE, respectively. For NLR and
Patlak based K; values, correlation (slope) was 0.95 (0.71) and 0.92 (0.74) for
%Ga-DOTATOC and **Ga-DOTATATE, respectively.

K values between parametric-based BFM and Patlak were also compared,
and a high correlation (square of Pearson correlation) was found for ®*Ga-DO-
TATOC (0.99) and ®®Ga-DOTATATE (0.98) with a Deming regression slope
of 0.88 and 0.85, respectively.

The image contrast was evaluated in terms of tumor-to-liver ratio, and as
seen in Figure 12, the contrast visually improves in the parametric images
(BFM and Patlak) in comparison to the static whole-body PET image. The
tumor-to-liver contrast was higher in the parametric K; images (BFM and
Patlak) than in the static whole-body images, and generally, the image contrast
was higher for ®*Ga-DOTATATE than in ®¥Ga-DOTATOC (Figure 13).
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Figure 11. Relation between VOI-based (NLR) and parametric-based (BFM and
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Figure 12. An illustration of representative transaxial SUV and K; images of a pa-
tient’s liver, with both ®*Ga-DOTATOC and ®*Ga-DOTATATE.
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Figure 13. Comparison of tumor-to-liver ratio (TLR) between static whole-body PET
images and parametric K; images (BFM, A and Patlak, B) for %Ga-DOTATOC (blue
dot) and 3 Ga-DOTATATE (red dot). TLR were 1.6 (blue dot, A), 2.0 (4, red dot), 2.3
(B, blue dot), and 3.0 (red dot) times higher in the parametric K; images than in whole-
body PET images.
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Paper 111

K; and tumor-to-blood ratio (TBR) showed a linear relation, with a square of
Pearson correlation of 0.98 and 0.98 for ®*Ga-DOTATOC and **Ga-DOTA-
TATE, respectively (Figure 14 A and B). For the same tumors, a nonlinear
relation was found between K; and SUV (Figures 14 C and D).

For ®*Ga-DOTATOC, it was found that SUV in aortal blood (at 45 min p.i)
was significantly lower in patients with high tumor K; values (>0.2) than in
those with low K; values (<0.2), Figure 15 A. The difference was smaller for
%Ga-DOTATATE, Figure 15 B. A comparison of K;, tumor SUV, and TBR
was performed between ®*Ga-DOTATOC and **Ga-DOTATATE. It was
found that all three parameters were slightly higher for ®*Ga-DOTATATE
than for ®*Ga-DOTATOC with a significant difference for TBR between the
two tracers (P=0.019).
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Figure 14. Correlation between K; and TBR and K; and SUV for ®*Ga-DOTATOC (4
and C) and *Ga-DOTATATE (B and D). The solid line represents linear regression
fit (A and B) and fit of a hyperbolic line (C and D), and the dashed line is the 95 %
confidence band of the fits.
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Figure 15. Box and whisker plot of SUVie0a at 40-45 min p.i. for ®*Ga-DOTATOC (4)
and °Ga-DOTATATE (B) for high- and low K; values. The box represents the median
and the interquartile range, and the two lines are the whiskers presenting the highest
and lowest observation.

Paper IV

Tumor SUV at whole-body PET (WB) 1, 2, and 3 were normalized against
tumor SUV at baseline WB PET (WB 0). As seen in Figure 16, the uptake
decreased from WB 0 to WB 1 (ratio <1) following intravenous injection of
400 pg octreotide, but with a subsequent recovery of the SSTR activity at WB
2 and WB 3 back to the baseline values, or even above, for some tumors at the
last timepoint (WB 3). A significant increase (P<0.05) was found in the nor-
malized SUV between WB 1 and WB 2, between WB 1 and WB 3, and be-
tween WB 2 and WB 3. Thus, the normalized SUV returns to baseline levels
at WB 2 and WB 3 (4 and 7 h p.i. of 400 pg octreotide), indicating a recovery
from the receptor depletion between WB 0 and WB 1. The net influx rate, Ki,
which was compared between the three dynamic scans (Figure 17), similarly
showed a significant increase between the first and second and first and third
(P<0.05) scan, however not between the first and third scan (P>0.05). K; val-
ues were also compared to SUV and TBR and a linear correlation was found
with the Pearson correlation (square) of 0.96 and 0.97, respectively. By con-
trast, in healthy organs, normalized SUV remained below one during all
whole-body scans (WB 1,2 and 3) in the liver, pancreas, and spleen (Figure
18 A-C). In contrast, in kidneys and bone marrow, some patients had normal-
ized SUV > 1, with higher SUV in WB 1, 2, and 3 in comparison with SUV
in WB 0 (Figure 18 D-F).
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Figure 16. Normalized tumor SUV for patients in Paper IV, where SUV in whole-
body (WB) 1, 2, and 3 is normalized against WB 0 (baseline scan).
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Figure 17. Scatter dot plots of K; at the first, second, and third dynamic scan (0, 4,
and 7 h). Between the first and the second dynamic scan, a significant increase was
found in tumor K;. This was also seen between the first and third dynamic scans but
not between the second and third. Solid horizontal lines show median and interquar-
tile range.
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Figure 18. Scatter dot plots of normalized SUV in the liver (4), pancreas (B), spleen
(C), dexter and sinister kidney (D and E), and bone marrow (F) where SUV in whole-
body (WB) 1, 2 and 3 is normalized against SUV at WB 0 (baseline scan). Solid hori-
zontal lines show median and interquartile range.
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Paper V

In paper V, tumor SUV were significantly higher (P<0.05) in ®*Ga-DOTA-
TATE-PET than in low-dose '""Lu-DOTATATE-SPECT (Figure 19 A),
which agrees with the SUV images of the patients included in the study (Fig-
ure 20). The Spearman correlation was 0.75, and the Deming regression slope
was 2.0 (Figure 19 A). Whole-blood SUV was lower in ®*Ga-DOTATATE
than in low-dose '""Lu-DOTATATE, resulting in a lower TBR for ®*Ga-DO-
TATATE than for low-dose '""Lu-DOTATATE (Figure 19 B-C). The Spear-
man correlation was 0.43 and 0.53 for whole-blood SUV and TBR, with a
Deming regression slope of 3.2 and 1.1, respectively (Figure 19 B—C). Tumor
SUV was significantly higher in low-dose than in high-dose '”’Lu-DOTA-
TATE (P<0.05) and whole-blood SUV lower in high-dose '"Lu-DOTA-
TATE, resulting in a lower TBR for high-dose '""Lu-DOTATATE (Figure 19
D-F). The Spearman correlation was 0.51, 0.93, and 0.49 for tumor and
whole-blood SUV and TBR, with a Deming regression slope of 0.7, 2.0, and
0.6, respectively (Figure 19 D-F).
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Figure 19. Tumor SUV (4), whole-blood SUV (B), and TBR (C) for ®*Ga-DOTATATE
versus low-dose (LD) '"Lu-DOTATATE and tumor SUV (D), whole-blood SUV (E),
and TBR (F) for high-dose (HD) versus low-dose (LD) 7’ Lu-DOTATATE. The blue,
red, and green dots represent values from %Ga-DOTATATE and low-dose '”” Lu-DO-
TATATE images obtained 45 min, 1, and 2.5 h p.i., respectively. The blue and red
triangles represent values from high-dose and low-dose '’ Lu-DOTATATE obtained
24 and 96 h p.i., respectively. The solid line represents the Demining regression fit to
all data points, and the dashed line represents the line of identity. The dotted line (4)
represents the Deming regression fit to the data, with a slope of 0.99, when one outlier
tumor was excluded.
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Figure 20. SUV images of %Ga-DOTATATE (top) and low-dose !’ Lu-DOTATATE
(bottom) at approximately 1 h p.i. for all patients (A-F)

K; from the 2T3kposs compartment model was compared between **Ga-DO-
TATATE and '""Lu-DOTATATE (Figure 21 A). The Spearman correlation
was 0.55, and the Deming regression slope was 0.093 between **Ga-DOTA-
TATE and low-dose '""Lu-DOTATATE. K; from the 2T3koss compartment
model for ®*Ga-DOTATATE, and low-dose '"’"Lu-DOTATATE was com-
pared with K from the simultaneous estimation fit (SIME), (Figure 21 B). The
Spearman correlation was 0.57 and 0.58 for ®*Ga-DOTATATE and low-dose
""Lu-DOTATATE, respectively, and the Deming regression slope was 0.15
and 2.5.
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Figure 21. Net influx rate (K;) in *Ga-DOTATATE (PET) versus low-dose '”’ Lu-DO-
TATATE (LD) from the 2T3k.ss compartment model (A). K; in ¥Ga-DOTATATE (K;
—PET) and low-dose '’ Lu-DOTATAE (K;— LD) from the 2T3k.ss compartment model
versus K;from the simultaneous estimation fit of *Ga-DOTATATE and "’ Lu-DOTA-
TATE (K;— SIME), (B). The solid lines represent Deming regression fits, and the
dashed line represents the line of identity.
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Patlak analysis resulted in lower K; in low-dose '""Lu-DOTATATE than for
%Ga-DOTATATE for both time intervals (Figure 22 A). With PVE correction
applied on the low-dose '”’Lu-DOTATATE data, K; increased, and the Spear-
man correlation increased from 0.73 to 0.90 and from 0.84 to 0.87 for early
and late time intervals, respectively (Figure 22). The Deming regression slope
increased from 0.60 to 0.83 and 0.11 to 0.18 for early and late time intervals,
respectively. Patlak K; for the early time interval for ®*Ga-DOTATATE and
low-dose '""Lu-DOTATATE becomes similar (P>0.05) with PVE correction
(Figure 22 B); however, the same does not apply for the late time interval with
PVE correction where Patlak K; was still significantly higher (P<0.05) in ®*Ga-
DOTATATE than in low-dose '""Lu-DOTATATE.
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Figure 22. Early (t = 0-100 min) and late (t > 100 min) time interval Patlak K; values
for 8Ga-DOTATATE (PET) versus low-dose '’ Lu-DOTATATE without (4) and with
(B) PVE correction. The solid lines represent Deming regression fits, and the dashed
line represents the line of identity.
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Discussion

The first step in this thesis was to evaluate the relationship between tumor-
absorbed dose and tumor reduction in patients with PNETs treated with '""Lu-
DOTATATE, as knowledge regarding this relationship is crucial for a better
understanding of the important factors involved in the outcome of PRRT. In
Paper I, a high correlation was found between tumor-absorbed dose and tumor
reduction until best response. Hence, responding tumors have a higher ab-
sorbed dose. These results highlight the importance of delivering the highest
possible dose to the tumors without exceeding the dose limits to organs at risk.
Despite this absorbed dose-response relationship, some tumors with high ab-
sorbed dose showed little tumor reduction and vice versa. The main reason for
this is thought to depend on factors affecting the specific tumor radiosensitiv-
ity, such as hypoxia and necrosis. Paper I had several limitations that could
affect the absorbed dose calculations, such as assumption of unchanged effec-
tive half-life during intermediate treatment cycles, relying the absorbed dose
calculations on a single image (24 h p.i.), limited spatial resolution, assump-
tion of spherical tumor shape and homogenous uptake during PVE correction.
Therefore, further work is needed to improve the accuracy of the absorbed
dose calculations.

The NETTER-1 trial showed favorable PRRT results in patients with
midgut NETs using the rigid treatment regime of four therapy cycles of 7.4
GBq '"Lu-DOTATATE. In a meta-analysis by Kim et al., it was seen that the
average disease control rate after treatment with PRRT was 82%. However,
the response rates were much lower: 18—44% based on RECIST (85). To-
gether with this paper, there is an increasing body of evidence that treatment
outcome correlates with the delivered absorbed doses to the tumors and to
organs at risk (86). These results indicate that more patients could benefit from
more than four PRRT cycles and that the constrain of four therapy cycles (i.e.,
cohort-based “treatment planning”) can lead to over- or undertreatment due to
large interpatient variability in organ distribution and consequently in radia-
tion dose delivered to the tumors and healthy organs. A cohort-based approach
should only be used when there are small biological variations within patients,
which however not is the case for NET patients, who conversely constitute a
very heterogenous group of patients (87,88). Paper I emphasized the im-
portance of developing new methods to decrease the absorbed dose to the or-
gans at risk, thereby increasing the tumor-absorbed dose. Hence. development
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of methods for individualized radiotherapy planning is crucial. It is becoming
more and more evident that PRRT should follow patient-specific treatment
planning where the amount of administered activity and/or the number of
PRRT cycles need to be estimated in order to achieve the desired absorbed
doses (pre-treatment dosimetry). At least, post-therapy estimation of the ab-
sorbed dose needs to be performed for verification or post-therapy dosimetry.
Thus, rather than using a “one-size-fits-all” approach, PRRT should be patient
specific, in parallel to treatment planning applied for external beam radiother-
apy (89,90).

The results from Paper II showed a high correlation between VOI and par-
ametric-based K; values and that the image contrast was higher in parametric
K; images than in SUV images both for ®*Ga-DOTATOC and **Ga-DOTA-
TATE. Because early prediction of treatment response is essential to guide
therapy, an imaging parameter to indicate a change of tumor SSTR density is
required. To this end, changes in tumor SUV have been proposed but have,
however, not been found to correlate with the treatment outcome. Velikyan et
al. (42) previously showed that the relationship between K; and SUV in NET
is not linearly correlated, especially for higher SUV > 20-25. They therefore
suggested that K; may better reflect the tumor SSTR expression and that
changes in K, rather than SUV, during treatment should be explored for ther-
apy monitoring. However, in Paper 11, it was found that k3 was much higher
than k; in patients with high K;, indicating flow-limited delivery and a related
underestimation of both K; and SUV, which means that this cannot explain the
divergence between K; and SUV. In Paper 111, our results further demonstrated
that SUV does not correlate with K; because of the low availability of tracer
in the blood. When tumor SUV in static whole-body PET 1 h p.i. was normal-
ized to SUV in the blood (TBR), a high linear correlation was found between
TBR and K;, both for *Ga-DOTATOC and **Ga-DOTATATE. This means
that TBR constitutes a better tool than SUV to assess changes in SSTR ex-
pression for monitoring of treatment response. When SUV in blood was com-
pared for patients with tumors with high and low Kj, respectively, a clear dif-
ference could be seen where high K; yielded lower SUV in blood. K; is not
affected because plasma concentration is considered when estimating K; in
comparison with SUV, where the plasma concentration is not considered.
Hence SUYV is affected since the absolute amount of tracer taken up in tissue
is limited by low plasma activity concentration, and will consequently be low
in patients with high tumor SSTR density.

In paper IV, the kinetics of SSTRs depletion and reappearance in tumors
(SI-NETs) was compared to that in normal organs, after a single intravenous
injection of 400 pg octreotide. It was found that, compared to the baseline
examination (WB 0), the SSTR expression in most tumors (and in liver, spleen
and pancreas) dropped significantly following octreotide injection on the first
whole body ®*Ga-DOTATOC PET/CT (WB 1). Over time (in WB 2 and 3),
tumor SUV was however restored to the baseline level in almost all tumors;

46



but in the liver, spleen, and pancreas, only a partial recovery was seen at WB
3, the last point of measurement (7 h). These findings indicate a possible path-
way for improvement of PRRT with '"Lu-DOTATATE, by pre-injecting SSA
5-7 h pre-therapy. At the time of '"Lu-DOTATATE administration, the re-
ceptors in the normal organs will still be depleted, in contrast to tumor SSTRs
which have reappeared. Consequently, the relative amount of tumor SSTR
available for binding will increase in relation to the normal tissue SSTRs. This
can potentially increase the tumor-absorbed dose, and hence the response and
treatment outcome, as discussed in Paper I. From a strict tissue uptake point
of view, administration of additional peptide would not decrease the absorbed
doses to kidney and bone marrow, except in patients with a large tumor load
and high SSTR expression, where a high peptide amount may enhance the
tumor sink effect and decrease the kidney and bone marrow dose. Tumor K;
was also determined in paper IV and was found to change over time in parallel
with tumor SUV, which is not in agreement with our findings in Paper III and
in the study by Velikyan et al. (42). In this paper (paper IV), where only SI-
NET patients were included, a linear relation was found between K; and SUV,
even for tumors with high K; (>0.2). One explanation for the deviating results
could be the lower tumor burden of the patients in Paper IV in comparison to
those in Paper III and in the study by Velikyan et al. Another explanation
could be the higher amount of octreotide administered in Paper IV (400 pg)
in comparison to the study by Velikyan et al. (20 pg), resulting in a higher
tracer concentration in the blood because of depletion of binding sites in tu-
mors and healthy organs. This will allow SUV to keep up with K; even at high
K values. Although paper IV shows convincing results, an obvious limitation
of the study is the small number of patients. However, the consistent result
across patients indicates that including more patients would not be likely to
change the study outcome.

The results in Paper V demonstrated a high correlation and good agreement
for tumor SUV and early K; between ®*Ga-DOTATATE and low-dose '""Lu-
DOTATATE. TBR was for the majority of tumors lower for ®*Ga-DOTA-
TATE than for low-dose '’Lu-DOTATATE because of higher blood SUV in
low-dose '""Lu-DOTATATE than in *Ga-DOTATATE. For low-dose and
high-dose '""Lu-DOTATATE, slightly but significantly higher tumor SUV
was observed for low-dose than for high-dose '”’Lu-DOTATATE, and higher
TBR values were observed during high-dose '""Lu-DOTATATE, suggesting
that the low-dose '"Lu-DOTATATE might not be used to represent high-dose
"TLu-DOTATATE. A comparison of net influx rate, K;, showed that the K;
from *®*Ga-DOTATATE (from 2T3Kky o) was lower than SIME and that '""Lu-
DOTATATE had higher K; than SIME, suggesting that the kinetics of ®*Ga
and low-dose '"’Lu-DOTATATE are dissimilar. However, for the early time
interval, with PVE correction in the Patlak analyses, a high correlation and
slope close to 1 was found for K; between ®*Ga-DOTATATE and low-dose
""Lu- DOTATATE. For the late time interval, a high correlation was also
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observed; however, the slope was low (0.18), which might explain the weak
correlation in K; between ®*Ga-DOTATATE and low-dose '""Lu-DOTA-
TATE. These results show that the ®*Ga-DOTATATE data by itself does not
contain enough information to fully predict '"’Lu-DOTATATE kinetics prob-
ably due to the loss of tracer at later time interval, which cannot be predicted
from the 45 min PET scanning. The simultaneous estimation fit model
(2T3kLoss - SIME) showed that it is possible to describe both *Ga-DOTA-
TATE and low-dose '""Lu-DOTATATE kinetics with the same parameters.
This was confirmed by the Patlak analysis in which the early behavior of ®*Ga-
DOTATATE and low-dose '"’Lu-DOTATATE appears to be identical after
PVE correction of the PET data. Notably, the late Patlak analysis of '""Lu-
DOTATATE shows an apparent nearly fivefold reduction in K, likely due to
loss of '""Lu from the tumor. As the reduction in K; at late time interval seems
to be rather consistent across tumors and patients, it may be possible to apply
this information in predicting '”’Lu-DOTATATE kinetics, which will be the
subject of further work.

A factor that could have affected the results in this paper is the absence of
phantom-based PVE correction of the ®*Ga-DOTATATE data compared with
the '""Lu-DOTATATE data. However, this effect was minimized by exclud-
ing tumors smaller than 2.2 cm in diameter from the PET data. Hence, the
absence of PVE correction was expected to be of minor consequence. Another
limitation was that the VOIs were defined separately in the ®*Ga-DOTATATE
and ""Lu-DOTATATE images, respectively, resulting in differences in VOI
size. The same threshold was however applied to minimize these differences.
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Concluding remarks

This work yielded the following main findings:

In Paper 1, a significant correlation was found between the tumor-absorbed
dose until best response and tumor response in PNETs. The therapy outcome
is better at higher absorbed doses in terms of tumor reduction. Hence, respond-
ing PNETs have higher absorbed doses than non-responding tumors.

In Paper 11, a high correlation and agreement were found between the VOI
and the two sets of parametric-based K; values, validating the use of K; at the
voxel level for both ®*Ga-DOTATOC and ®*Ga-DOTATATE. K;-value at the
voxel level is desired since it provides information on tumor heterogeneity
that is lost when average tumor Kjis measured. In addition, parametric images
resulted in better tumor-to-liver contrast than standard whole-body images.
Since most patients with NETs have metastases in the liver, the reduced back-
ground signal from the liver, facilitates tumor visualization.

In Paper 111, for both tracers, a linear relation was found between K; and
TBR with a significant difference in SUVgio0q between patients with high and
low Kj values, respectively. The difference in SUVgio0a €xplains the nonlinear
correlation between K; and SUV at higher K; values. The results from this
study can provide a therapy monitoring tool to use for early prediction of ther-
apy response which is essential to guide tumor therapy and avoid unnecessary
side effects and additional costs due to ineffective treatments.

In Paper IV, faster recycling of somatostatin receptors was found in tumors
than in healthy organs. This knowledge opens the possibility of protecting
normal tissue during PRRT with '’Lu-DOTATATE by administering a single
dose of cold peptide pre-PRRT. This may also improve the availability and
uptake of '”’Lu-DOTATATE in tumor tissue.

In Paper V, a linear relation with good agreement was found between **Ga-
and low-dose '""Lu-DOTATATE (tumor SUV and early K;) and between high
and low-dose '""Lu-DOTATATE (tumor SUV). However, the kinetics of
%%Ga-DOTATATE could not be used for predicting the kinetics of '”’Lu-DO-
TATATE during PRRT since the loss of tracer at later time points cannot
solely be predicted from the PET scan.
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Future perspectives

The future is bright for theranostics, where quantitative imaging with **Ga-
DOTATATE and ®®*Ga-DOTATOC-PET is used to optimize PRRT with
""Lu-DOTATATE. In Paper IV a faster recycling of somatostatin receptors
in tumors than in healthy organs was illustrated after pre-injection with a cold
somatostatin analog. This knowledge opens the possibility of protecting nor-
mal tissue and improve the availability and uptake of '""Lu-DOTATATE in
tumors; therefore, in future studies, cold peptide should be administered pre-
PPRT to test and verify this hypothesis. Given that the hypothesis holds true
in the therapy situation, this would increase the tumor-absorbed dose, hence
tumor response, and decrease the adverse effects from normal tissues.

The results of Paper V demonstrated an apparent near-fivefold reduction in
K at late time interval in comparison to early time interval. As the reduction
in Kj at late time interval seems to be rather consistent across tumors and pa-
tients, it may be possible to apply this information on the ®*Ga-DOTATATE-
PET data for predicting '"Lu-DOTATATE kinetics.

The results from Paper V also open the way for future studies with ®*Ga-
DOTATATE as a surrogate for '""Lu-DOTATATE, also comparing parame-
ters such as SUV, TBR and K; from ®®Ga-DOTATATE to tumor-absorbed
doses from PRRT with '""Lu-DOTATATE. Further, other tracers than **Ga-
DOTATATE with longer half-life, such as **Cu-DOTATATE or ®Ga-DOTA-
TATE, could be used as a surrogate marker for pre-therapy dosimetry during
PRRT with '""Lu-DOTATATE. The results obtained in the present work may
also be relevant to other theranostic combinations, such as with ®*Ga/!""Lu-
PSMA (prostate-specific membrane antigen) in the treatment of metastasized
prostate cancer and **Ga/'""Lu-FAPI (fibroblast-activation-protein inhibitors)
for various types of cancers.
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Popularvetenskaplig sammanfattning

Neuroendokrina tumdrer (NET) ar séllsynta och utgar fran celler i det diffusa
endokrina systemet fordelade i hela kroppen. NET uppstar oftast i mag-tarm-
kanalen, inklusive bukspottskorteln, samt i lunga och bronker. Den kliniska
bilden av NET varierar mycket beroende pa var den uppstar, p.g.a. olika lokala
symptom, och att patienterna bade kan ha och sakna symptomgivande hor-
monproduktion s& som diarré och virmevallningar. Patienter med NET dia-
gnostiseras ofta nir tumoren redan har metastaterats och da gar sjukdomen
inte ldnge kan bota med kirurgi. De allra flesta NET uttrycker somatostatinre-
ceptorer pa cellytan, vilket mdjliggdr anvindning av peptider (somatostati-
nanaloger) som binder till dessa receptorer som ar markta med en radioaktiv
isotop, for bade diagnostisering och intern stralbehandling. Standard avbild-
ningsmetod for att diagnostisera patienter med NET ar positronemissionsto-
mografi tillsammans med skiktrontgen (PET/CT), som ir en s.k. molekylér
avbildningsmetod. Patienten injiceras med en somatostatinanalog
(DOTATATE eller DOTATOC) som dr mérkt med den positronstralande ra-
dioaktiva isotopen gallium-68 (*Ga). ®*Ga-DOTATATE eller “*Ga-
DOTATOC soker sig till receptorerna som finns pd tumorcellerna, och nér
%8Ga sonderfaller via positronemission ger det upphov till emission av tva fo-
toner som registreras av PET-kameran och mgjliggér ddrmed avbildning av
tumorupptaget. [ PET-kameran kan man utféra bade statiska métningar for att
& helkroppsbilder och dynamiska métningar for att fa en bildserie dver tid.
Fran PET-bilderna kan man beréikna ett standardiserat upptagsvirde (SUV),
vilket ar en semikvantitativ parameter som ger en uppskattning av upptaget i
framfor allt tumérerna. Denna parameter brukar ofta anvéndas for att utvér-
dera tumdrrespons efter behandling. Fran de dynamiska bildserierna kan man
dessutom berdkna ett mer kvantitativt varde, Ki, som representerar bade den-
siteten av somatostatinreceptorer och somatostatinanalogens formaga att in-
ternaliseras i tumorcellerna. I tidigare studier dér man har jamfort SUV och K;
har man funnit ett avtagande samband mellan dessa for hoga Ki-vérden.
Tumorernas hoga uttryck av somatostatinreceptorer mdjliggdr behandling
med ménadsvisa injektioner av langverkande somatostatinanaloger som dam-
par de hormonrelaterade symtomen och himmar tumdértillvixten. Dessa in-
jektioner forlanger tiden till progress av sjukdomen, men leder séllan till tu-
morminskning. Sedan 2001 anvinds intern stralbehandling for patienter med
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NET, s.k. peptidreceptorradionuklidterapi (PRRT), dir DOTATATE miérks
med den radioaktiva isotopen Lutetium-177 ('’’Lu). Vanligtvis behandlas pa-
tienter med fyra injektioner (cykler) av '”’Lu-DOTATATE, men pa Akade-
miska sjukhuset i Uppsala har antalet behandlingar i stéllet baserats pa den
absorberade dosen till riskorganen (njurar och benmérg) som ir kénsliga for
stralning. Behandlingen bygger pa samma princip som vid PET-diagnostiken,
men i detta fall &r den radioaktiva isotopen en betastrélare, vilket ger en intern
stralbehandling till tumoren. Férutom betasonderfall sa sker &ven gammason-
derfall som ger upphov till emission av fotoner. Tack vare emissionen av dessa
fotoner kan tre-dimensionella gammakamera-bilder (SPECT) erhéllas som vi-
sar upptaget av ''Lu-DOTATATE i patienten efter behandling.

Syftet med avhandlingen var att undersoka sambandet mellan absorberad
tumordos och tumdrkrympningen hos patienter med NET i bukspottskorteln
efter PRRT med '"Lu-DOTATATE. Syftet var idven att utveckla nya metoder
for att anvinda **Ga-DOTATOC och ®*Ga-DOTATATE for att optimera
PRRT med '""Lu-DOTATATE. I det forsta delarbetet fann vi en direkt relat-
ion mellan graden av tumdrkrympningen och den absorberade dosen i tumo-
rerna. Detta visar att ju fler behandlingscykler patienten kan erhalla, desto
hogre straldos i tumorerna och desto effektivare tumorkrympning. [ det andra
och tredje delarbetet jimfordes tva olika metoder for att bestimma K; och
dessutom jaimfordes kontrasten mellan upptaget i tumdr och lever for de tva
olika metoderna, bade for ®*Ga-DOTATATE och ®*Ga-DOTATOC. Det avta-
gande sambandet mellan SUV och K, som tidigare studier visat for hoga K;
virden, undersoktes ocksa for att utviardera om SUV éar ett bra matt for att
utvirdera tumorrespons efter behandling. Vi fann att bdda metoderna gav lik-
nande K; viarden, men att ena metoden gav hogre kontrast mellan upptaget i
tumor och lever. Vidare bekriftade vi det avtagande sambandet mellan SUV
och K; vid hoga K; virden och att detta var pa grund av lag tillgédnglighet av
%Ga-DOTATATE och ®*Ga-DOTATOC i blodet. Nér tumdrupptaget norma-
liseras till upptaget i blod (TBR) fann vi emellertid ett linjéart samband mellan
TBR och K. Vér slutsats adr dérfor att K; eller TBR bor anvindas for att méta
tumorrespons efter behandling i stillet for SUV. Det fjdrde delarbetet utférdes
for att utvirdera huruvida kall peptid (octreotid), som inte méarkts med radio-
aktiva isotoper, injicerad innan patienten genomgar undersdkning med **Ga-
DOTATOC, har betydelse for tumdr-och normalvdvnadsupptaget. Vi fann att
for-injektion av octreotid sénkte upptaget i normalvidvnad, s& som lever, mjilte
och bukspottskortel, och att tumdrupptaget forst sdinktes men sedan aterupp-
rittades efter kort tid. Det Oppnar upp mdjligheten att vid PRRT skydda nor-
malvdvnaderna samt Oka tillgdngligheten av den radioaktivt mirkta soma-
tostatinanalogen till tumdrerna genom for-injektion av octreotid ndgra timmar
innan behandlingen. Det femte och sista delarbetet gick ut pa att jamfora ki-
netiken mellan ®*Ga-DOTATATE och '""Lu-DOTATATE i syfte att kunna
anvinda ®*Ga-DOTATATE-PET for dosimetri vid PRRT med '"Lu-
DOTATATE. Vi fann ett linjart samband med god Overensstimmelse i
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tumdrvivnad for SUV och K; (tidig kinetik) mellan ®*Ga-DOTATATE och
""Lu-DOTATATE, men kinetiken for ®*Ga-DOTATATE kunde inte anvén-
das for att forutsiga den sena kinetiken for '""Lu-DOTATATE. Sammanfatt-
ningsvis visar kvantitativ PET-avbildning med ®*Ga-DOTATATE och ®Ga-
DOTATOC en stor potential bade for utvirdering av terapisvar och for att
optimera behandlingen av NET-patienter som behandlats med '"Lu-
DOTATATE.
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