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ABSTRACT

The aim of this work was to determine a minimal tumor perfusion and receptor density
for 17’Lu-DOTATATE therapy using physiologically based pharmacokinetic (PBPK)
modeling considering 1) a desired tumor control probability (TCP) of 99% and 2) a
maximal tolerated biologically effective dose (BEDmax) for organs at risk (OARs) in
the treatment of neuroendocrine tumors and meningioma. Methods: A recently
developed PBPK model was employed. Nine virtual patients (i.e. individualized PBPK
models) were used to perform simulations of pharmacokinetics for different
combinations of perfusion (0.001-0.1 mL/g/min) and receptor density (1-100 nmol/L).
The TCP for each combination was determined for three different treatment strategies:
1) for a standard treatment (4 cycles of 7.4 GBq and 105 nmol), 2) maximizing the
number of cycles based on BEDmax for red marrow and kidneys and 3) for 4 cycles with
optimized ligand amount and activity. The red marrow and the kidneys (BEDmax of 2
Gyisand 40 Gyz.s, respectively) were assumed to be OARs. Additionally, the influence
of varying glomerular filtration rates, kidney somatostatin receptor densities, tumor
volumes and release rates was investigated. Results: To achieve a TCP >99% in the
standard treatment, a minimal tumor perfusion of 0.036+0.023 mL/g/min and receptor
density of 34+20 nmol/L were determined for the nine virtual patients. With the
optimization of the number of cycles, the minimum values of perfusion and receptor
density were considerably lower with 0.022+0.012 mL/g/min and 21£11 nmol/L,
respectively. However, even better results (perfusion = 0.018+0.009 mL/g/min and

receptor density = 18+10 nmol/L) were obtained for strategy 3. The release rate of



TLu (or labelled metabolites) from tumor cells had the strongest effect on the minimal
perfusion and receptor density for standard and optimized treatments. Conclusion:
PBPK modeling and simulations represent an elegant approach to individually
determine the minimal tumor perfusion and minimal receptor density required to
achieve an adequate TCP. This computational method can be employed in the
radiopharmaceutical development process for ligand and target selection for specific
types of tumors. In addition, this method could be used to optimize clinical trials.

Keywords: Minimal tumor perfusion, minimal receptor density, PBPK modeling,

tumor control probability, '"’Lu-DOTATATE



INTRODUCTION

Tumor uptake of radioligands is determined by their affinity for their respective targets,
the expression level of the target as well as the perfusion. In molecular radiotherapy,
perfusion can become a limiting factor for tumor uptake and absorbed dose when using
ligands with small molecular size which are rapidly cleared from the circulation by the
kidneys (/,2). Due to the recent clinical success of molecular radiotherapy for
neuroendocrine tumors (NETs) and prostate cancer, there is an enormous interest in
identifying novel targets and radioligands to expand the use of molecular radiotherapy
to other malignancies (3,4). The selection of promising targets and ligands for further
testing is currently performed by qualitative (“semi-quantitative) assessment of the
target expression as well as with in-vitro studies of the ligand affinity. In-vivo tumor
uptake is then usually assessed in tumor bearing mice. However, these animal studies
may be misleading due to marked differences between mouse and human
cardiovascular physiology resulting in different blood clearance rates as well as
differences in perfusion between human tumors and subcutaneous xenografts (5). In
addition, target expression may differ significantly between xenografts and human
tumors. Therefore, a quantitative model to predict radioligand uptake in tumors based
on target expression levels and perfusion would be of great value for radioligand
development and for the optimization of the assessment process. Such a model could,
for example, estimate the minimal tumor perfusion and target expression levels
required to achieve a certain tumor control probability (TCP) while considering the

maximum tolerated biologically effective doses (BEDmax) for normal tissues.



To our knowledge, no systematic, quantitative analysis of the impact of receptor
density and perfusion on tumor uptake of radioligands has been conducted.
Furthermore, it has not been analyzed to which extent low BED due to poor perfusion
can be overcome by individualized treatment, e.g. adjusting the injected activity and
ligand amount or the number of treatment cycles (6,7). Whole body physiologically
based pharmacokinetic (PBPK) modeling allows addressing these questions (8-71).
With known ranges of perfusions and receptor densities in tumor and other
physiological parameters for normal tissues, simulations can 1) determine the
feasibility of using that target structure for therapy, and 2) optimize the administered
ligand amount and activity.

In this study, we performed this analysis for the treatment of NETs and
meningioma with '”’Lu-DOTATATE, a peptide with high affinity to the somatostatin
receptor type 2 (SSTR2) (6,7). Specifically, we determined the minimal tumor
perfusion and receptor density based on PBPK modeling considering 1) a desired TCP
of 99% and 2) the BEDmax for organs at risk (OARs). The TCP was calculated for
various combinations of tumor perfusion (0.001 - 0.1 mL/g/min) and receptor density
(1-100 nmol/L) in nine virtual patients (i.e. individualized PBPK models) with NETs
(n=15) or meningioma (n = 4). Kidneys (BEDmax 0of 40 Gy2.5) and red marrow (BEDmax
of 2 Gyis) were considered to be OARs. One tumor lesion per virtual patient was
investigated. The TCP was calculated for each virtual patient and combination of tumor
perfusion and receptor density for standard and optimized therapy. Additionally, we

determined the influence of the glomerular filtration rate (GFR), kidney SSTR2



density, release rate of !”’Lu/radiolabeled metabolites from tumor cell and tumor

volume.



METHODS

PBPK Model

The development of the PBPK model and the estimation of the individual model
parameters of the virtual patients are described elsewhere (6,7) and in the supplemental
material (supplemental A, Tables 1-3). In brief, all major physiological and physical
mechanisms, i.e. distribution via blood flow, binding to serum proteins, extravasation,
non-linear SSTR2 specific binding, internalization, degradation and release, excretion
and physical decay are included in the model (supplemental A, Figures 1-3). Kidney
uptake is assumed to be predominantly SSTR2-specific due to the high kidney SSTR2
expression, the high affinity of '"Lu-DOTATATE to the SSTR2 and the
administration of amino acids, which substantially decreases the non-specific uptake.
One tumor lesion per virtual patient was considered. The model was implemented in

Matlab/Simulink® R2017a (MathWorks, Natick, MA, USA).

Virtual Patients

In this work, a virtual patient is defined as a PBPK model with a set of
parameters determined by fitting the model to individual time activity data and directly
measured quantities. The model and individual model parameters were taken from
Jimenez et al. (7). Nine virtual patients were investigated, which differ regarding GFR,
SSTR2 expression in normal tissue, tumor volume, release rates from tumor and

normal tissue and other individualized parameters (supplemental A, Tables 2 and 3).



No changes in tumor perfusion and receptor expression between the cycles were

assumed as well as no tumor growth or shrinkage was considered.

Absorbed Dose, Biologically Effective Dose and Tumor Control Probability

The PBPK model structure was combined with a radiobiological model for
BED and TCP calculations (supplemental B). Absorbed doses, BEDs and TCP values
were calculated as described by Jimenez et al. (7) (supplement B). In short, absorbed
doses considering only self-irradiation were calculated for the kidneys while for the red
marrow both self- and cross-irradiation were considered (supplemental B, Table 1).
Tumor absorbed doses were calculated using a sphere model (/2) (supplemental B,
Table 2).

For the BED calculations, o/p ratios (the parameters of the linear-quadratic
model of cell survival) of 2.5 Gy, 15 Gy and 10 Gy were assumed for the kidneys, red
marrow and tumor lesions, respectively (7) (supplemental B). The cell repair rates used
for the BED calculations were In(2)/2.8 h! for the kidneys, In(2)/1.0 h'! for the red
marrow and In(2)/1.5 h! for the tumor lesions (13).

TCP values were determined assuming that the cell survival fraction was equal
for all the cycles and that there were no physiological or radiobiological changes in the
organ and tumor parameters throughout the cycles. Thus, Eq. (1) was used for the TCP

calculations for multiple cycles as follows (7) (supplemental B):

NC)

TCP = e Mo (SF (1)



where n, is the initial number of tumor clonogenic cells, SF, is the tumor survival
fraction for the first dose cycle and Nc is the number of cycles. The number of
clonogenic cells for each lesion was determined considering its mass and a clonogenic
cell density of 1.12 x 10° cells/g (14). Survival fractions were calculated from the BED
values assuming a radiosensitivity value a of 0.35 Gy™! for all tumor lesions (/4).
Simulations with Individual Virtual Patients

The TCP values were calculated for different combinations of tumor receptor
density (i.e. number of receptors per mass /R/«) and perfusion (i.e. blood flow per mass
fu). All other parameters of the virtual patients were unchanged. The tumor perfusion
and receptor density were varied from 0.001 to 0.1 mL/g/min (steps of 0.001 mL/g/min)
and from 1 to 100 nmol/L (steps of 1 nmol/L), respectively. The choices of the maximal

investigated tumor receptor density and perfusion values were based on the literature

(6,15).

Different Treatment Strategies

The TCP was investigated for all combinations of tumor receptor density and
perfusion for standard '""Lu-DOTATATE therapy (4 cycles of 7.4 GBq and 105 nmol)
(16) (strategy 1) and for individualized therapy based on dosimetry results (strategy 2)
and on the estimated optimal ligand amount and activity (strategy 3) (Table 1). For
strategies 1 and 2, a ligand amount of 105 nmol (~150 pg) is used to represent the
standard therapy, as the consensual ligand amount is between 100 pg (~70 nmol) and

200 pg (~139 nmol) (16). For strategies 2 and 3, the kidneys and the red marrow were



assumed to be the OARs with BEDmax of 40 Gy25 and 2 Gyis, respectively(7). For
strategy 3, the highest TCP without exceeding BEDmax for the kidneys and the red
marrow (7) was determined by simulations with different ligand amounts (25, 50, 75,
100, 125, 150, 175, 200, 250, 350 and 500 nmol) and pertaining maximal activities (7).

Additionally, the actual dose-limiting organ (kidneys or red marrow) was
identified for each combination of tumor perfusion and receptor density for all virtual

patients.

Simulations with Population Median Virtual Patient

To analyze the influence of other important parameters on the minimal tumor
receptor density and perfusion, simulations with two tumor-specific and two normal-
tissue-specific parameters were conducted for all strategies for a population virtual
patient with median parameters from the nine virtual patients: The effects of varying
the tumor volume (0.1, 1, 10 and100 mL), the release rate from the tumor (107, 10,
107 and 10 min™') (17), GFR (30, 60, 90 and 120 mL-min') and SSTR2 expression
in the kidneys (2.5, 5, 7.5 and 10 nmol-mL") (6,7) were investigated. These parameters
were selected as they vary considerably between the virtual patients: tumor volume (2-
2520 mL), release rate from the tumor (0-3-10* min!), GFR (28-133 mL/min) and

SSTR2 density in the kidneys (2.3-8.8 nmol/L).

Definition of the Minimal Tumor Perfusion and Receptor Density
As there is no unique combination of tumor perfusion and receptor density

leading to TCP >99% and to ease the comparison for the different simulations, the
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combination with the smallest standardized Euclidean distance (standardized by range)
to the origin (0 nmol/L, 0 mL/g/min) was selected to represent the minimum tumor

perfusion and receptor density.

11



RESULTS

Minimal Tumor Perfusion and Receptor Density

Figure 1 shows the simulation results for all combinations of tumor perfusion
and receptor density averaged over the virtual patients for the studied strategies. For a
standard treatment schedule of '""Lu-DOTATATE, a minimum SSTR2 density of 55
nmol/l and a minimum perfusion of 0.062 mL/g/min is necessary for a TCP >99%
(Figure 1A). For strategy 2, the minimum tumor perfusion and SSTR2 density are 0.031
mL/g/min and 31 nmol/l, respectively (Figure 1B). For strategy 3, the minimum values
are 0.026 mL/g/min and 27 nmol/l, respectively (Figure 1C). For a receptor density <
25 nmol/l, a TCP >99% could not be achieved for any of the evaluated perfusion values
and strategies. The minimal tumor perfusion and receptor density were considerably
lower on average for strategy 2 compared to strategy 1 (Figure 1B compared to 1A). A
further improvement was observed for strategy 3 (Figure 1D). Table 2 presents one
combination (defined by the smallest standardized Euclidian distance) of the minimal

tumor perfusion and receptor density for each strategy and each virtual patient to

achieve a TCP >99%.

Dose-limiting Organs

The defined BED limits for the OARs were not exceeded for any of the nine
virtual patients with strategy 1. For strategy 2, the BEDmax for the kidneys (n = 6) or
red marrow (n = 3) was reached after 4 to 9 cycles (median = 6). Figure 2 shows the

fraction among all virtual patients in which the kidneys were the dose-limiting organ

12



for strategy 3. For the remaining virtual patients, the red marrow was dose-limiting
(Figure 2 subtracted from 100%). For strategy 3, the likelihood that the kidneys are the
dose-limiting organ increases with increasing tumor perfusion and decreasing receptor
density (Figure 2) as lower ligand amounts are required for optimal TCP (Figure 3A).
On the other hand, for strategy 3, the higher the receptor density and the lower the
perfusion, the more likely is the red marrow dose-limiting (Figure 2) due to increasing

optimal ligand amounts (Figure 3A).

Optimal Amounts and Activities

Figure 3 depicts the optimal peptide amount (Figure 3A) and activity (Figure
3B) for all combinations averaged over all virtual patients. A red line encompassing
the consensual peptide amount range (70 nmol to 139 nmol) is shown in Figure 3A
(16). The average optimal activity was higher than the suggested maximum activity
(7.4 GBq) for all the explored combinations (Figure 3B) (/6). Figure 3A shows that for
higher perfusion (> 0.059 mL/g/min) and lower receptor density (< 11 nmol/L) the
optimal peptide amount is lower than the minimal consensual ligand amount (70 nmol).
Similarly, for low tumor perfusion (< 0.027 ml/g/min) and high receptor density (> 60
nmol/L), the optimal amount is higher than the maximal consensual ligand amount (139
nmol). However, the optimal amounts are within the consensus range for most of the

investigated combinations of tumor perfusion and receptor density.

Simulations with Population Median Virtual Patient

13



The results for the simulations with the population median virtual patient are
presented in Table 3. The tumor release rate is the most sensitive parameter in all
strategies. The effect of changes in the GFR is stronger for strategy 1, where for higher
GFR values, higher tumor perfusions and receptor densities are required to achieve
TCP >99%. The influence of variations in the GFR is considerably reduced by
optimizing cycles and/or ligand amount and activity. Variations in the tumor volume
produce a relatively small variation in the minimum tumor perfusion and receptor

density for all the evaluated strategies (Table 3).
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DISCUSSION

PBPK modeling is increasingly used in the development of drugs and for
therapy optimization (/8). Here we employed a mathematical model combining a
PBPK structure with BED and TCP calculations (6,7) to investigate the effect of the
tumor perfusion and SSTR2 receptor density on the effectiveness of '"'Lu-
DOTATATE therapy in patients with NETs and meningioma.

Our results indicate that for a standard treatment a minimum SSTR2 density of
55 nmol/l and a minimum perfusion of 0.062 mL/g/min are necessary for a TCP >99%
(Figure 1A). As this combination is presented for the standardized Euclidian distance
to the origin, receptor densities > 55 nmol/l may allow for TCP >99%, even at lower
tumor perfusions (Figure 1). Conversely, higher perfusion values could to some extent
compensate for a lower receptor density. Nevertheless, our simulations indicate that
well-defined limits exist for both tumor receptor density and perfusion that determine
the effectiveness of the !”’Lu-DOTATATE therapy.

A second important finding of our study is that individualized treatment
strategies considering BEDmax for the red marrow and the kidneys can substantially
reduce the limitations for tumor perfusion and receptor density (Figure 1B-1D). By
adjusting the peptide amount and injected activity, a TCP >99% was achieved for a 2-
fold lower receptor density and a 2.4-fold lower tumor perfusion compared to standard
treatment (Figure 1).

These findings have several implications for !”’Lu-DOTATATE therapy. First

of all, it is ensuring that for standard and optimized '"’Lu-DOTATATE therapy, the
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calculated individual minimal perfusions (~0.004-0.07 mL/g/min) are well below the
average tumor perfusion of NET primaries(/9), NET metastases(20) or meningiomas
(21) (all > 0.1 mL/g/min). Thus, tumor perfusion does not appear to be a limiting factor
for ""Lu-DOTATATE therapy for these diseases. However, the tumor SSTR2
expression found in these virtual patients (determined by fitting to time activity data in
Kletting et al.”) is about 1.9-fold lower on average than the herein identified minimal
receptor density for standard therapy, 1.2-fold lower for optimized cycles and similar
for optimized ligand amount and activity (Table 2). Thus, effectiveness can potentially
be improved by ligands with higher SSTR2 density and/or longer tumor retention such
as some SSTR2 antagonists that have recently entered clinical testing (22).

Second, our results strongly argue for performing dosimetry to improve the
success of '7’Lu-DOTATATE therapy. Peri-therapeutic measurements and absorbed
dose calculation help in deciding on whether to increase the number of cycles compared
to the standard treatment (median optimal number of cycles = 6). A further
improvement would be treatment planning, where ligand amount and activity are
individualized prior to the first cycle. Incorporating PET/MR or PET/CT measurements
in combination with additional prior knowledge (e.g. GFR measurements) and PBPK
modeling might allow to individually estimate perfusion and receptor density of the
clinically most relevant lesions prior to therapy. Thus, tailoring therapy might increase
the TCP for many NETs and meningioma substantially. However, to fully incorporate
such approaches into clinical decision making, these models need to be refined

regarding tumor changes after each cycles (8).
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The application of this PBPK model goes beyond optimizing '""Lu-
DOTATATE treatment of NETs and meningioma as SSTR2 is expressed by a variety
of other malignancies such as non-Hodgkin lymphomas, renal cell cancer and others
(3,4). Thus, PBPK modeling can be used to assess if molecular radiotherapy with '7"Lu-
DOTATATE or with other SSTR2 ligands are potentially effective therapies for these
tumor types or if the perfusion and/or the SSTR2 expression are too low to achieve the
expected therapeutic effect. Furthermore, PBPK modeling and the proposed method
can also be applied for novel targets as soon as the typical ranges for the number of
binding sites and for the perfusion of the targeted tumor type are known.

In general, the complexity of PBPK models (23) depends on the knowledge of
the biological systems and the scientific question to be answered. To demonstrate the
relationship of perfusion, receptor density, activity and ligand amount, in scenario 3 we
optimized the TCP for only one tumor lesion. Consequently, intra-individual variability
of the tumor characteristics was not considered, which could have influenced the TCP
calculations. For treatment planning, more lesions could be taken into account as
described by Jimenez et al. (7). For the actual treatment planning, including temporal
and spatial changes of the tumor SSTR2 expression, perfusion and radiosensitivity
might improve the predictions. Heterogeneity of the target expression, the perfusion
and radiosensitivities at the microscopic level may lead to an inhomogeneous absorbed
dose distribution. It is currently unknown how this heterogeneity will affect the TCP
in molecular radiotherapy, and the effect may vary for different radionuclides.

However, in principle, this heterogeneity could be included in the model once data on

17



the microscopic heterogeneity of the SSTR2 expression, perfusion and radiosensitivity

become available.

CONCLUSION

A method was developed based on PBPK and radiobiological modeling to
identify a minimal tumor perfusion and receptor density which allows a defined (here
>99%) tumor control probability after ”’Lu-DOTATATE therapy. The algorithm takes
into account previously determined expression levels in normal tissues and BED limits
for the kidneys and the red marrow. The method can be easily adapted to other
tumors/ligands and might be helpful in the development and validation of new ligands

and in the optimization of clinical trials.
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KEY POINTS

QUESTION: What is the minimal tumor perfusion and receptor density for a successful
treatment using a specific target (here SSTR2) and ligand in '7’Lu- DOTATATE
therapy?

PERTINENT FINDINGS: The minimal flow and receptor density for achieving a
tumor control probability >99% for a standard therapy were 0.036+0.023 mL/g/min
and 34+20 nmol/L. These parameter values were determined for nine virtual patients
using PBPK and radiobiological modeling. Individually optimizing the number of
cycles or the ligand and activity amount allows even considerably lower perfusion and
receptor densities.

IMPLICATIONS FOR PATIENT CARE: Individually optimized therapy with '”’Lu-
DOTATATE with respect to the number of cycles and/or the amounts of ligand and

activity may considerably improve therapy.
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Figure legends

FIGURE 1.
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Figure 1: Mean tumor control probability (TCP) of all virtual patients is shown for
different combinations of tumor perfusion and receptor density for different therapy
strategies. In panel A, a standard treatment (strategy 1) was simulated, in panel B the
number of cycles was optimized (strategy 2), and in panel C the ligand amount and
the activity were optimized (strategy 3). The green, blue and red iso-TCP lines
represent TCP values of 1%, 50% and 99%, respectively. The red stars show the
combination of tumor perfusion and receptor density yielding TCP >99% with the
smallest standardized Euclidean distance to the origin (0 nmol/L, 0 mL/g/min). Panel
D depicts the mean TCP difference between strategy 3 and strategy 1.



FIGURE 2.
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Figure 2 Fraction of virtual patients for which the kidneys are dose-limiting with
strategy 3 for each combination of tumor perfusion and receptor density. 100%
reflects that for these combinations the kidneys were dose-limiting in all patients. The
complementary graph (Figure 2 subtracted from 100%) indicates the fraction of
virtual patients for which the red marrow is dose-limiting for strategy 3.



FIGURE 3.
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Figure 3 Mean optimal amounts (A) and activities (B) for one cycle for each
combination of tumor perfusion and receptor density applying strategy 3. For the
optimal amount (A), the red line contours the mean optimal amounts between 70
nmol (~ 100 pg) and 139 nmol (~200 pg) which is the consensual range of ligand
amounts suggested by the EANM guidelines for therapy with peptides labeled with
7"Lu (16). The average optimal activity (B) was higher than the suggested maximum
activity (7.4 GBq) for '""Lu-DOTATATE treatment by the EANM guidelines for all
the explored combinations (/6).



Tables
TABLE 1: Investigated treatment strategies as determined by the number of

cycles, the used ligand amount and activity and the OAR boundary conditions.

Strategy Number of Ligand Activity Boundary condition OAR
cycles amount
1 4 105 nmol 7.4 GBq None"
D kidney BEDmax < 40 Gy2.s and
2 Maximized 105 nmol 7.4 GBq red marrow BEDmax < 2 Gy1s
3 4 Optimal® Optimal® kidney BEDmax <40 Gy2.5 and

red marrow BEDmax < 2 Gy15s

" not reached for all patients

"Maximized considering OAR BEDmax

$ Maximal activity to be administered is calculated for amounts of 25, 50, 75, 100, 125,
150, 175, 200, 250, 350 and 500 nmol. Combination of amount and maximal activity

resulting in highest TCP is selected.



TABLE 2: Individual minimal tumor perfusion and receptor density for each

virtual patient and evaluated strategy to achieve a TCP >99%.

Virtual Strategy 1 Strategy 2 Strategy 3 Actual values
atient ftu,min* [R] tu,minJr ftu,min* [R] tu,minJr ftu,min* [R] tu,minJr ftu$ [R]tu§
P mL/g/min  nmoL/L mL/g/min nmol/L mL/g/min nmol/L mL/g/min nmol/L
VP1 0.044 41 0.025 23 0.019 19 0.1 15
VP2 0.051 47 0.028 27 0.023 22 0.1 24
VP3 0.054 53 0.036 35 0.029 31 0,9 5
VP4 0.072 63 0.031 27 0.026 25 1 30
VP5 0.004 5 0.004 5 0.004 4 0,1 29
VP6 0.043 42 0.024 24 0.021 21 1 19
VP7 0.011 10 0.006 6 0.006 5 0.03 11
VP8 0.011 15 0.011 15 0.011 10 0.02 16
VP9 0.032 31 0.032 31 0.022 29 0.06 14
Mean 0.036 34.1 0.022 21.4 0.018 18.4 0.4 18
Std 0.023 20.2 0.012 10.6 0.009 10.0 0.4 8
Median 0.044 42 0.025 24 0.021 21 0.1 16
Min 0.004 5 0.004 5 0.004 4 0.02 5
Max 0.072 63 0.036 35 0.029 31 1 30

" ftu,min minimal tumor perfusion,  [R]w,min minimal tumor receptor density * fw fitted

tumor perfusion and * [R]w fitted tumor receptor density



TABLE 3: Influence of varying tumor and normal tissue parameters on the

minimal tumor perfusion and receptor density in the population median virtual

patient
Strategy 1 Strategy 2 Strategy 3
Parameter Pa‘l;:llllllee:er ftu,min* [R] tu,min% ftu,min* [R] tu,min% ftu,min* [R] tu,minJr
mL/g/min nmol/LL. mL/g/min nmol/L. mL/g/min nmol/L
107 0.100° 100° 0.065 62 0.055 54
Release 104 0.032 31 0.018 18 0.016 16
[lrnaitlf_sl] 10°3 0.017 16 0.010 9 0.009 8
10° 0.015 15 0.009 8 0.008 7
0.1 0.035 35 0.020 20 0.018 17
Tumor 1 0.041 41 0.024 23 0.021 20
VFIlIl‘f]'e 10 0.047 47 0.027 26 0.024 23
100 0.049 49 0.028 27 0.024 24
30 0.023 24 0.029 33 0.021 28
GFR 60 0.036 36 0.029 29 0.024 24
[mL/min] 90 0.048 48 0.027 27 0.024 23
120 0.06 59 0.026 26 0.024 23
Kidney 2.5 0.047 46 0.017 16 0.018 15
receptor 5 0.047 47 0.021 20 0.021 20
density 7.5 0.048 48 0.032 31 0.025 25
[nmol/L] 10 0.049 48 0.049 48 0.027 33

" fu,min minimal tumor perfusion, " [R]w,min minimal tumor receptor density

% Did not reach 99% TCP within the simulated ranges for tumor perfusion and

receptor density.



Supplemental A:  Equations, parameters and

compartments

PBPK Model equations

The following equations describe the transport of labeled (indexed with *) and unlabeled
peptide via blood flow, extravasation, binding, internalization, degradation and release,
excretion and radioactive decay. The peptide was injected as a 51+8 min infusion for pre-

therapeutic measurements. The variables are defined in Table A.

Bound and internalized peptide:

Liver, spleen, tumor, kidney, red marrow (RM), gastrointestinal track (GI), muscle,

prostate/uterus, adrenals and rest.

Constraint for total sst2 receptors Ro,i

R, =R +RP +RP; (1)
Internalized peptide

d .

. intcm'zﬂ“int"RP‘_i] e.i  Lint -+/1h.'Pintem[

dt i J i release,i intern ; ‘phy

! @
—P intern ; = Z’int,i . RP [ /lrelease,[ . P intern § — Z’phy . P intern §

dt

Bound p



eptide on cell surface

d R .
ERP[ = kon ’ P[,int ’ - - (koff +/11nt,i) RP[ + //lphy RP[

i,in 3
d * _ * Ri ﬂf * l % ( )
ERPi - kon 'Pi,int ) v - (koﬁ' + 1nt,i) ’ RPi ™ Moy 'RPi

i,int

Free peptide, vascular:

Transcapillary extravasation is described by the permeability surface area product (PSi) and
the vascular (Viyv) and interstitial volumes (Vi,int) of the pertaining tissue. Convection from
the vascular to the interstitial space is neglected as '”’Lu-DOTATATE represents a rather

small molecule.

All tissues except kidneys and lungs

P.. P. P. .
iP[v:PSi _ bt 7Ly +E~ h_i _,_/111 'P,-v
dt " v V. Vir V. et

i,int z,\; i,v (4)

. P. P I .
ipiv :PSi i,nt _ i,v +E PART Ty —2« " 'Piv
d[ ’ Vi,int I/i,v VART I/i,v o ’
For brain PS=0
Lungs

P, . P P, P .

iPLU L= PSLU LUjint  © LUy +F VEN _ ~ LUy +ﬂ~phy 'PLU ;
dt , VLU,im VLU,v VVEN VLU,V 7 (5)

. Puw  Pu P Pu, .
iPLU,v =PSLU LU, int _ LU,y +F VEN _ LU,y —/lphy 'PLU’V
V VVEN VLU,V

LU ,int VLU,V



Kidneys

d P, F :
_PK,v =——= ( +F )"’ K PART a— (
dt VK v ART intra,K
d * PK* v FK * 1::tra K
W K,v:__"(Fﬁl"'FK)"‘_'PART (F fil
dt VK Y ART intra,K
Veins
d F F F
—P, ==k, P+ P —-Mp __Gp
dt VEN Pr VEN Z V iV VM M, VGI GI,V
P =—ky Py + M p _“Gp
dt VEN pr L VEN z VM M,y VG] Gy T
Arteries
Z 'PLU,v + ﬂ’phy 'P:Rr
ART LUy
F .
Loy T ﬂ’phy 'PART
ART U,y

Free peptide, interstitial spaces:

F’ex)+2’phy P,

(6)

F;x) _Z’phy PK

F F .
i = P ﬂ‘phy .PVEN
L
(7)
F F .
i = P phy .PVEN
L

®)

Kidneys:
d RK PK v PK int *
d_ K,int — _kan 'PK,int ) +koff “RPy +Fﬁl - +ﬂ’phy 'PK,int

! K ,int K, K ,int
; »  p )
— Py =k, Py —E—tk,, RP +F,| XK _) P

K ,int on K ,int off K fil ‘phy K ,int

dt K ,int ( VK,V VK Lint



Skin, adipose tissue, heart, bone, lungs and brain (PS = 0):

d Pi,v Pi,int *
EPi,im = PSI S, +ﬂphy 'Pi,int
i,v i,int
d P, P (1o
_Pi*int :PSt - _Lm _/,i’phy.Pi*int
dt ’ I/i,v Vi,int ’
Liver, spleen, tumor, RM, GI, muscle, prostate/uterus, adrenals, rest:
d — Ri k Pi,v Pi,int ﬂ *
Epi,int__kan.Pi,int'V__—i_ of]RB—l—PSl V. __ + phy'Pi,int
d lR,mt ;1* l,ll’: (1 1)
* * i * iv i,int *
Epi’im = _kon 'Pi,int 'V_'i_koﬁr 'RPi +PSi{V___\]_ﬂ'phy 'Pi,int
i,int iv i,int
Further equations:
Peptide in kidney cells (unspecific)
d Pin Pin Ta, *
EPintra,K = v = (Fﬁ - Fex) — R (Fﬁl - Fex) + ﬂ'phy ) f)intra,K
int, K intra,K
* * 12
dp B (F, —F,)) P (F,-F,)-2,, P, "
inta,K 7, e T St — Yex) ™ Mpny " Lintrak
dt t I/int,K Vintra,K py "
Bound to protein
d *
EPPR =kpp - Ppn + ﬂphy - PPR
4 (13)

EPPR* =kpp - By — Ay - PPR



PBPK Model compartments
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Figure 1: Main model structure: All organs are represented by a rectangular
compartment and are connected via blood flow. Each organ within this model, except
arteries, veins, brain and protein serum, is divided into sub-compartments. The substance
is cleared via kidneys. The compartment “Peptide-Protein serum” contains peptide
bound to serum protein. As the fraction of bound peptide to proteins compared to the
total amount is small and to reduce the complexity, only the ,,veins* were connected to
this compartment. The corresponding fraction for each specific organ was considered in
the fitting process by assigning the data to the specific compartments.
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Figure 2a: Red marrow, GI, spleen, muscle, prostate (uterus), adrenals, rest and
tumor: The entire model consists of two systems, one for labeled (with *) and one for
unlabeled peptide. The systems are connected by the competition for free receptors (k

=k (R, -RR-RP*)/V.. )and by the physical decay (kphys). All physiological parameters
are assumed equal for the labeled and unlabeled substance. k . is the dissociation rate, the

transport of peptide via serum flow to organ is described by F./V , ... (where F. is serum flow

ART

and V, . is serum volume of the arteries). Fi/V. describes the transport of peptide via
i,v

serum flow out of organ. V. is the serum volume of the respective organ. RP, is sst2
specific bound peptide to the cell surface. P, and P,. are free peptide of the vascular (V, )

and interstitial space (Vi’im), respectively. PS. is the permeability surface area product.

177
A is the internalisation rate of bound peptide and A . the release rate of Lu (and

i, internal i, release

degraded peptide) from the cell.
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Figure 2b: Liver: For the liver, the model description of Figure 2a applies but the
plasma flow is composed of liver arterial, GI and spleen flow.
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Figure 2¢: Kidneys: The peptide is transported via serum flow to the vascular
compartment and then filtrated into the interstitial part. Due to the administration of
amino acids the largest fraction (f_ = 0.98, Table A) of peptide is excreted. All

unspecific uptake mechanisms are modelled with flow GFR -6 -(1-f, ) in and out of

kidney cells.
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Figure 3: sst2 negative tissue and brain: For adipose, bone (other than red marrow),
skin, heart (A) and lung (B), the model on the organ level simplifies to the transport of
peptide via serum flow and transcapillary extravasation. For brain (C) the model
reduces to serum flow.



TABLE 1 Parameter definition (1)

Variable Value Unit

Kon association rate koft / Kp I-nmol'-min-’!

Koff dissociation rate 0.04 min-’!

Kb dissociation constant 0.5 nmol-I"*

Aphy physical decay ""Lu 7.238 - 10 min"’*

BW body weight individually measured kg

H hematocrit individually measured unity

F flow total serum Vp -1.23/min® [-min-’!

Ve volume of total body serum gﬂglggg(—ﬂ)‘_‘?z’g A I

Tumor

V71U total total volume of tumor 1 and 2 measured |

V1, int interstitial space of tumor Viu,int © VTu total |

V1u, v vascular space of tumor Viuy - VTutotal (1-H) |

VTU,int interstitial space fraction of total tumor 0.3 for NET I unity

’ 0.23 for meningioma
VTUyv vascular fraction of total tumor 0.1 for NET o unity
' 0.11 for meningioma

Fru serum flow tumor fu' (1-H) - Viotal,Tu [-min-’!

fru serum flow density tumor/perfusion fitted/simulated ml-min-'-g™*

PStu permeability surface area product Kty * V1u, total ml-min-’!
permeability surface area product per .

ktu unit mass (scaled for molecule size of 8.§1anilnrirr]12ti?)?rt1?:|s ml-min-'-g-*
DOTATATE) )

[Rru,0] sst2 receptor density tumour fitted/simulated nmol-|!

R1u,0 sst2 receptor number tumour [R1U,0] VTu,total nmol

ATu,int 0.001 min-"!

)\TU,reIease fitted min™"!

Measured organs

VL total volume total liver individually measured |

Vs, total volume total spleen individually measured I

VK total volume total kidney individually measured I

vV Vascular (serum) volume organ liver, VooV |

iv spleen, kidney i,total" Vi,v

Vijint interstitial volume liver, spleen, kidneys | Vitotal* Viint |

VK, intra volume intracellular kidney (VK total - VK,int - Vkyv) -2/3° |

Vi vascular (serum) fraction liver 0.085 unity

Vs vascular (serum) fraction spleen 0.12 unity

VK vascular (serum) fraction kidneys 0.055 unity

VL,int interstitial fraction liver 0.2 unity

Vs,int interstitial fraction spleen 0.2 unity

VK,int interstitial fraction kidney 0.15 unity

Fr serum flow liver arterial 0.065-F [-min"*

Fs serum flow spleen 0.03-F [-min”!

Fk serum flow kidneys 0.19-F [-min"

[0) ratio of sieving coefficients OboTaTATE / Bcr-51-EDTA unity

Fii filtration GFRmeasured - @ ¢ |-min-!

Fex excretion Fiil - fex [-min"*

fex excretion/filtration 0.98 unity

ermeability surface area product per .
ke Enit mass fz)/r liver P P kmus-100 ml-min"!-g"
K permeability surface area product per ki (due to similar capillary I
s . ml-min-'-g

unit mass for spleen structure)

[Reo] receptor density liver fitted nmol-I"*
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[Rs,0] receptor density spleen fitted nmol-I"*
[Rk.0] receptor density kidneys fitted nmol-|"!
ALint internalization rate sst2 liver AK,int min™!
As,int internalization rate sst2 spleen AK,int min’
AK,int internalization rate sst2 kidneys Atu,int' 1.7¢ min-"!
)\L,release release rate liver )\NT,reIease min’
As,release release rate spleen ANT release min™’!
MK release release rate kidneys ANT release min"
Other organs
VPRO total volume total prostate 0.016-BW/71 |
VuT,total volume total uterus 0.080-BW/71
VLU total volume total lungs 1-BW/71 I
VAD,total volume total adrenals 0.014-BW/71 I
Vmus,total volume total muscles 30.078-BW/71 I
Valtotal volume total Gl + pancreas (0.385+0.548+0.104+0.15)-BW/71 | |
VKN, total volume total skin 3.408-BW/71 I
VADItotal volume total adipose tissue 13.465-BW/71 I
VRM,total volume total red marrow 1.1-BW/71 I
VBONE otal volume total bone without red marrow 10.165-BW/71 - VRM,total I
VHRT total volume total heart 0.341-BW/71 I
VBR total volume total brain 1.45-BW/71 I
Vew volume of total body based on BW im21g I
VREST total \éggjer;tetzggrst body i = all organs V- Z Vi |
&P;S,v vascular fraction prostate/uterus 88‘7" 8::; xzizgm |
Viuy vascular (serum) volume lungs 0.105 - Ve I
VaD,v vascular (serum) volume adrenals 0.03 - (1-H) - Vab,otal I
Vmus,v vascular (serum) volume muscles 0.14 - Ve I
Vel vascular (serum) volume Gl+ pancreas | 0.076 - Vp |
VsKIN,v vascular(serum) volume skin 0.03 - Ve I
Vabiy vascular(serum) volume adipose tissue | 0.05 - Vp I
VRM,v vascular(serum) volume red marrow 0.04 - Vp I
vascular volume bone without red
VBONEv marrow 0.07 - Ve - Vrm I
VHRT v vascular (serum) volume heart 0.01-Vp I
VBR,v vascular(serum) volume brain 0.012 - Ve I
serum volume rest i = all organs except
VRESTv tumor 9 P Ve, - Z Vi I
VarT ﬁ:::tial serum plus 2 serum content of 0.06 - Ve + 0.045 - Vp |
VVENES \r:enous serum plus %2 serum content of 0.18 - Vp + 0.045 - Vp |
eart
xzsz;m interstitial volume prostate/uterus 825 V\::’i)?;:ma' I
VLu,int interstitial volume lungs Viuy- aLy |
interstitial volume adrenals (the value
Vapint for salivary gland is used) ( 0.24 - Vi ota !
VMU, int interstitial volume muscles VMus,v * Omus I
Valjint interstitial volume Gl+ pancreas Vely * aal I
V/sKIN,int interstitial volume skin VsKiN, * OSKIN I
VADLint interstitial volume adipose tissue VaDIy - 0ADI I
VRM,int interstitial volume red marrow VRM,v - ORM |
VBONE int interstitial volume bone without red VEONE v - OBONE |
’ marrow '
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VHRT,int

interstitial volume heart

VHRT,v * OHRT

VREST,int volume of rest body VREST,v * OREST I

ratio of interstitial to vascular volume _ _ .
omuUs average man Vmus,int/Vmus,y = 5.9 unity

ratio of interstitial to vascular volume . _ .
aal average man Vaiint/ Vel = 8.8 unity

ratio of interstitial to vascular volume . _ .
QOISKIN average man Vskin,int/ Vskiny = 8.9 unity

ratio of interstitial to vascular volume ) _ .
OADI average man Vaol,int/ Vabiy = 15. 5 unity

ratio of interstitial to vascular volume ) _ .
ORM average man Vrwm,int/ VRmy = 3.7 unity

ratio of interstitial to vascular volume . _ .
OHRT average man VurT,int/ VHRTY = 3.7 unity

ratio of interstitial to vascular volume _ _ .
aLu average man Viuint/ Viuy =5.5 unity

ratio of interstitial to vascular volume _ _ .
OBONE average man VBonE,int/ VBONEY = 9.3 unity

ratio of interstitial to vascular volume ) _ .
OREST average man VresT,int/ VResty = 3.7 unity
frro 0.18 ml-min-'-g™*
fur 1 ml-min-'-g™*
faD 6 ml-min-'-g~*
Frro frro - (1-H) - VPRO,total e
Fur Total serum flow to prostate/uterus fur - (1-H) - VUT total ml-min
FLu Total serum flow lungs F ml-min-’
Fap Total serum flow to adrenals fap - (1-H) - Vaptotal ml-min-’!
Fmus Total serum flow to muscle 0.17-F ml-min-!
Fal Total serum flow to GI+ pancreas 0.16-F ml-min-’!
Fskin Total serum flow to skin 0.05-F ml-min-’
Fabi Total serum flow to adipose 0.05-F ml-min’
Frm Total serum flow to red marrow (RM) 0.03-F ml-min-’
Fsone Total serum flow to bone (without RM) 0.05-F ml-min-’!
FHRrT Total serum flow to heart 0.04-F ml-min-’!
Fer Total serum flow to brain 0.12-F ml-min-’
Frest i = all organs except tumor F —ZF,. ml-min-!
FrotaL F+Fp +Fryn + Fry s ml-min”’
PSi permeability surface area product ki - Vitotal ml-min-!
K permeability surface area product per 0.1
kPRO unit mass (scaled for molecule size of 0'2 ml-min-'-g-*
T DOTATATE) for prostate/uterus )

permeability surface area product per . I
kLu unit mass for lungs kmus -100 ml-min-'-g
K permeability surface area product per kmus -100(assumed to be very ml-min--g-1
AD unit mass for adrenals high as for salivary glands) 9
Kuus permeability surface area product per 0.02 ml-min-g"

unit mass for muscle
K permeability surface area product per 0.02 mi-min--g-1
el unit mass for Gl and pancreas (assumed to similar to muscle) 9
KsKkiN permeability surface area product per 0.02 ml-min-t-g”

unit mass for skin

(assumed to similar to muscle)
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K permeability surface area product per 0.02 mi-min-g-”
ADI unit mass for adipose (assumed to similar to muscle) 9
Krm permeability surface area product per kL(assumed to similar to liver) ml-min-'-g-*

unit mass for red marrow
K permeability surface area product per 0.02 ml-min-'-g-!
HRT unit mass for heart (assumed to similar to muscle) 9
K permeability surface area product per 0.02 ml-min-'-g-!
BONE unit mass for bone (assumed to similar to muscle) 9
K permeability surface area product per 0.02 mi-min--g-1
REST unit mass for rest (assumed to similar to muscle) 9
[Rero,0] receptor density prostate based on sst2 | [Rko] -0.26 amol-I-
[Rut,0] density ratios calculated from (21) [Rk,0] -0.092
receptor density adrenals based on . 1
[Ran.o] sst2 density ratios calculated from (21) [Rio] 1.65 nmol|
receptor density muscle based on sst2 . 11
[Ruus.o] density ratios calculated from (21) [Rko] 0.0056 nmol|
receptor density Gl + pancreas based
[Ral0] on sst2 density ratios calculated from [Rk,0]-0.16 nmol-I!
(21)
receptor density RM based on sst2 . 1
[Rew.o] density ratios calculated from (21) [Rro] -0.028 nmol-
receptor density rest based on sst2 ' 11
[Rresr.o] density ratios calculated from (21) fitted nmol|
At internalization rate for sst2 normal A min-"
NT,int tissue K,int
degradation and release from sst2 cells | .. -
)\NT,reIease normal tissue fitted min
R receptors free nmol
Ri,0 receptors total number of organ i [Ri,0]-Vijtotal nmol
[Ri,0] receptor density of organ i nmol-I"*
RPi peptide bound nmol
PPR peptide bound to serum protein nmol
ker binding rate peptide to serum fitted min"’
Pintern peptide internalized nmol
Piv peptide free vascular nmol
Pijint peptide free interstitial nmol
Pkintra peptide interacellular kidneys nmol

aln house Biacore measurements (23) of PSMA specific peptides yielded typical values of 0.04
1/min. Ferl et al report similar values [1].

bFor the average normal adult (blood) F = 6500 ml/min and V = 5300 ml. Therefore, a factor of 1.23
was assigned to account for the changes in total serum flow due to volume changes.

°It is assumed that 2/3 of the total intracellular volume of the kidney is represented by the proximal
tubular cells

4 Scaling of GFR due to different molecular sizes
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¢ The mean value of the kidney to tumor ratio for the actually measured internalization rates was
calculated. This average value of 1.7 was used as the ratio of kidney to the tumor internalization

rate. (1)

14



Individual parameters of patients

The individualized PBPK model is defined as virtual patient. The parameters were fitted to time activity data
as described in detail in Kletting et. al 2016 (1).

TABLE 2 Fitted parameters from Kletting et. al 2016 (1)

Patient [Rko] [Rso] [RLo] [Rrest0] [Rtu1,0] ANTrelease  ATutrelease VTUREtotal, fTu1 kpr
[nmol/L] [min'-104] [L] [ml min' g’ [min"-104]
P1 6.5 8.7 1.4 0.5 15 0.7 1.1 - 0.10 4.7
P2 57 7.8 1.0 04 24 1.1 1.7 - 0.10 4.3
P3 6.2 17 0.9 04 5.0 0.5 3.0 - 0.90 4.0
P4 8.8 12 1.1 0.9 30 1.7 2.1 - 1.00 2.1
P5 71 13 1.2 0.5 29 2.1 0.0 0 0.10 24
P6 75 - 1.5 0.5 19 1.2 2.0 0.1 1.0 17
P7 2.8 3.9 1.1 0.5 11 1.2 0.0 0.0 0.03 10
P8 2.3 47 0.6 0.5 16 0.6 0.0 0.2 0.02 10
P9 8.7 18 2.1 0.5 14 1.4 2.1 1.2 0.06 17
Mean 6.2 106 12 05 18.1 1.2 1.3 0.2 0.37 10.3
SD 21 46 04 041 7.8 0.5 1.0 0.4 0.42 6.7
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TABLE 3 Patient characteristics from Kletting et. al 2016 (1)

. . . BSAt GFRt Measured volumes [ml]
Patient Disease™ Sex Age [m2]T [Vmin] Spleen Liver Kidneys Tumor1
P1 men m 31 194 011 198 1811 193 87
P2 men m 31 199 012 178 1824 185 116
P3 men f 56 1.94 0.090 110 1500 125 2
P4 men m 70 2.05 0.13 243 1896 206 3
P5 net m 76 1.98 0.032 320 4876 147 25208
P6 net f 33 181 0.092 -l 1897 156 4
P7 net m 73 1.86 0.059 146 1804 157 111
P8 net f 83 1.57 0.028 128 1610 233 13
P9 net m 78 1.81 0.050 161 1900 156 3
Mean 52 1.89 0.1 180 2023 175 40
SD 22 012 042 61 910 29 44

“men = meningioma and net = neuroendocrine tumors  Body surface area ‘Measured glomerular filtration

rate (GFR) USing Slcr'EDTA §\/TU,total = VL,total - VL,total average HSpleneCtomy

References

1 Kletting P, Kull T, Maal} C, et al. Optimized Peptide Amount and Activity for 90Y-Labeled DOTATATE

Therapy. J Nucl Med. 2016;57:503-508.
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Supplemental B: Absorbed Dose, BED and TCP

1. Absorbed dose calculations

Absorbed doses were calculated as follows:
— . N ~ .
Dyp(T) = Ao+ Yys=18rs(T) S(rT<—rS) (B1)

where D, (T) is the absorbed dose in a target region at time T, T is the radiation exposure time, Ao is the
injected activity, rS the source region, N is the number of considered source regions, d,s(T) is the time-
integrated activity coefficient for a source region at time T, and S,7 ) is the dose factor (S value) from
a source region (rS) to a target region (rT). d,.s(T) values were calculated by integrating the normalized

(by Ao) time activity curves (TACs) of the source regions from time 0 to time T.. (1)

The following organs were considered as source regions (i.e. source organs): kidneys, liver, spleen, bone,
muscle, red marrow, brain, heart, lungs, gastrointestinal track, adrenal glands and remainder of body. The

kidneys and the red marrow were considered as target regions (i.e. target organs) for dose calculations.(1)

Due to the short mean penetration range of ”’Lu, only self-irradiation (i.e. Serersy = 0forrT #rSinEq.
(B1)) was considered in the absorbed dose calculations for the kidneys. As the red marrow (RM) is a
distributed organ with high radiosensitivity, both self- and cross-irradiation were considered for the RM

dose calculations.

The dose factors for ’Lu were extracted from OLINDA/EXM v1.0 and individually scaled based on the

target organ mass. The scaling factor (k,) for the dose factors was defined as:

MyT patient
MyT_phantom




where M1 patient is the target organ mass in the patient and Myt ppantom i the target organ mass used
in OLINDA/EXM v1.0. Dose factors for the RM were scaled using the ratio between the patient body mass
and the average body mass in OLINDA/EXM v1.0. Kidney volumes were individually measured and
converted into kidney masses assuming a density of 1 g/ml. The dose factors for Y’Lu retrieved from

OLINDA/EXM are presented in Table 1.

Table 1. Dose factors for ’’Lu from OLINDA/EXM.

Parameter Value Unit

Skek 4.82 x10° Gy'min-MBq’!
SRMERM 7.14 x 10”7 Gy-min-MBq™!
SrMEREM 4.83 x 10° Gy min!-MBq!
SRM<AD 4.11x10° Gy-min"-MBgq!
SrmeL 1.39 x 10° Gy 'min-MBq!
Srmes 1.40 x 10° Gy-min"-MBgq!
Srmeal® 2.92 x 10° Gy min!"-MBq!
Srm¢-MUS 1.52 x 10 Gy min'"-MBq!
Srm¢-LU 1.84 x 10 Gy min'"-MBq!
Srm¢k 2.84 x10° Gy min'"-MBq!
SrRm¢BR 1.65x 10° Gy min'"-MBq!
SRM¢-HRT 1.82 x 10 Gy min'"-MBq!
Srmes” 2.04 x107 Gy min"!-MBq!

Subscripts: K = Kidney; RM = Red marrow; REM = Remainder of body; AD = Adrenal glands; L = Liver; S = Spleen; Gl =

Gastrointestinal track; MUS = Muscle; LU = Lungs; BR = Brain; HRT = Heart; B = Bone.



@Dose factor for the small intestine.

b Dose factor for trabecular bone.

Tumor dose factors for 7Lu were determined by fitting a power function to published data(2), based on
the tumor lesion mass (assuming a tumor density of 1 g/ml). The data used for this fitting are presented

in Table 2.

Table 2. Reported dose factors for 7’Lu for tumor lesions based on tumor mass.(2)

Tumor mass Tumor dose factor
gl [Gy:min™-MBq™]
0.5 2.77 x 1073

1 1.40 x 1073
15 9.00 x 10*
2 7.02 x 10
3 4.50 x 10
4 3.52 x 10"
13 1.10 x 10*
17 8.30x 107
21 6.90 x 107
29 4.80 x 10
34 4.30x 10°
52 2.67 x 10°
54 2.65 x 10°

The fitted function for the tumor dose factors for ’’Lu is shown in Eq. (B3).

Sy = 14071073 - mpy~t — 3.724- 1075 - myy (H/3) + 1.403 - 1075 - my,(73)  (B3)



where Sy is the dose factor for a tumor lesion [Gy-min-MBqg*] and myy, is the mass of the tumor

lesion [g]. The adjusted R? value of the fitting was 0.9998.

2. Biological effective dose calculations

Biological effective doses (BEDs) were calculated according to:

BED; = D; (1 + -G -Di) (84)
a;i/B;

where a; and f5; are the linear and quadratic parameters of the linear-quadratic (LQ) model for each tissue

(a represents lethal DNA damage while 8 represents ‘multiple hit’ cell death resulting from the interaction

of damage from different radiation tracks) , D; is the absorbed dose in each tissue, and G; is the Lea-

Catcheside factor for each tissue, which accounts for sublethal damage repair during the radiation

exposure. a/p ratios of 2.5 Gy ,15 Gy and 10 Gy were assumed for the kidneys, the RM and tumor lesions,

respectively. The Lea-Catcheside factor at a time T (G;(T)) for each tissue is defined in Eq. (B5). (1)
G(T) = 25 [3 Di(0) - (J, Dy(w) - e Hrevi@ W) dw)-dt o
l Diz 0 l 0 l

where T is the radiation exposure time, t and w are integration time variables, and D;, D;(t) and Hrep i
are the absorbed dose, the dose rate at time t and the cell repair rate after irradiation for each tissue,
respectively. A Wep values of In(2)/2.8 h%, In(2)/1.0 h™* and In(2)/1.5 h™* were used for the kidneys(3), the

RM and the tumor lesions, respectively (1). The dose rate for each target tissue Di(t) is defined as:

Di(t) = Ao+ Ti=1 ax(t) " Sgici (B6)



where Ao is the injected activity, N is the number of considered source tissues, a,(t) is the fraction of
administered activity in the source tissue k at time t, and S(l\_k) is the dose factor from the source tissue
k to the target tissue i (Table 1 and Eq. (B3)). a,(t) is obtained from the pharmacokinetic simulations in

Matlab/Simulink®.

3. Tumor control probability calculations

Tumor control probability (TCP) considering one tumor lesion for a single PRRT cycle is defined as:

TCP = e "oSF (B7)

where n is the initial number of tumor clonogenic cells and SF is the survival fraction for a single PRRT
cycle. The number of initial clonogenic cells for each tumor lesion was determined from the measured
tumor mass and using a clonogenic cell density of 1.12 x 10° cells/g. The tumor survival fraction (SF)

depends on the tumor BED and is defined as:

SF = e @BED (88)

where a is the linear parameter (representing lethal DNA damage) of the LQ model (a = 0.35 Gy for all

tumor lesions’) and BED is the biological effective dose for the tumor lesion.

Assuming that there is no or negligible tumor repopulation between cycles, that the number of tumor
clonogenic cells is large, that cell survival is a rare occurrence, and that cell death is stochastically

independent of other cells; the TCP for multiple PRRT cycles for a single lesion can be defined as:

N
TCP = e M0Zc=15Fc (89)

where n, is the initial number of tumor clonogenic cells, N, is the number of cycles, and SF; is the

survival fraction for each of the PRRT cycle. Additionally, if the same SF is assumed for all the cycles,



which implies that the tumor physiological and pharmacokinetic characteristics do not change
throughout the cycles, the TCP for multiple PRRT cycles for a single lesion can be described as:
. Nc
TCP = e Mo (SF™°) (B10)

Calculations to determine TCP for multiple tumor lesions and multiple PRRT cycles can be found in

Jimenez et al.(1)
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