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Abstract Radioimmunotherapy has the potential to deli-

ver lethal radiation energy directly to malignant cells via

targeting of radioisotope-conjugated monoclonal antibod-

ies (MAbs) to specific antigens. Rituximab (RTX) is

specifically targeted against CD20, a surface antigen

expressed by B-lymphocytes. The use of 188Re from a
188W/188Re generator system represents an alternative

radionuclide for therapy. Rhenium has chemical properties

similar to technetium and both can be conjugated to anti-

bodies using similar chemistry methods. The objective of

this work is to prove the usefulness of this radiopharma-

ceutical based on dosimetric and pharmacokinetic studies

that are also required by the Brazilian Regulatory Agency.
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Introduction

Nuclear medicine continues to represent one of the

important modalities for cancer management. The demand

for therapeutic nuclear medicine is expected to exhibit

rapid growth owing to its effectiveness in treating the

malignancies as well as due to the development of a wide

array of new products [1].

The anti-CD20 (Rituximab) is a specific chimeric

monoclonal antibody directed against CD20 antigen sur-

face on B lymphocytes, used in the treatment of non-

Hodgkin lymphoma (NHL). The association with beta-

emitters radionuclides have shown greater therapeutic

efficacy [2–4].

Actually, two radiopharmaceuticals prepared with Anti-

CD20 FDA have approval for treatment of NHL: 131I-

AntiCD20 (Bexar�) and 90Y-AntiCD20 (Zevalin�) [5].

Techniques for radiolabeling anti-CD20 have been devel-

oped with 188Re [6, 7] to evaluate the clinical use of this

radionuclide in particular. The radionuclides with proper-

ties more suitable for RIT are 188Re, 90Y e 131I, while 177Lu

and 90Y are used in therapy with peptides receptor (PRRT).

The choice of radionuclides depends on its physical

characteristics as well as characteristics of the tumor, target

receptor and ligant [1]. The advantage of beta particle-

emitting radionuclides is the high tumor radiation dose,

while maintaining normal tissue toxicity within accept-

able limits [8]. Radionuclides that decays by b- emission

are the most used for therapeutic applications in clinical

practice, having an appropriate range in the tissue and low

linear energy transfer (LET). Radionuclides that emits

particles a have a limited range in tissue (50–80 lm) and a

high LET (100 keV/lm) [9]. The Auger electrons are

emitted during the process of electrons capture and internal

conversion, deposit large amounts of energy on subcellular

dimensions, resulting in destruction of tumor cells more

efficiently [10]. Radionuclides such as 90Y, 131I, 177Lu and
188Re are in varying extent of use for the treatment of

cancer and metastasis (Table 1) [11–14].

The use of 188Re, produced by the decay of 188W (t1/2 =

69 d), from a 188W/188Re generator system has represented

an alternative to RIT. In addition of b- emission for therapy,
188Re also decays by c emission (155 keV), important in the
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evaluation of biodistribution studies in vivo using gamma-

camaras [18, 19] and dosimetry before the treatment. In

terms of chemical properties, Re is located below technetium

in periodic table. Thus, both may be conjugated to antibodies

using similar chemical methods [20].

The present work aims to evaluate the effectiveness of
188Re-anti-CD20 in relation to its pharmacokinetic and

dosimetry, based specifically on biodistribution data

extracted from literature studies [5, 7, 21, 22]. No experi-

ments on animals were carried out in the present work. The

pharmacokinetic studies were performed using a compart-

mental model and the dosimetric studies were performed

from the study and development of animal models com-

bined with mathematical simulations.

The compartmental model used in this work describes

the metabolism of the radiopharmaceutical within the

body represented by a mamilar model that consists of a

central compartment, represented by blood and eleven

peripheral compartments (heart, lungs, thyroid, spleen,

liver, kidney, intestine, stomach, bladder, bone marrow

and tumor) [23–26].

For the analysis and simulation of data obtained from

biodistribution studies in literature review, the MONOLIX

software was employed, that consists in using nonlinear

mixed effect models with a reference platform for mod-

eling of new drugs. MONOLIX implements a stochastic

approach (SA) of expectation maximization (EM)

(=SAEM) of algorithm for nonlinear mixed effect models,

without approximations. The algorithm replaces the usual

EM by a stochastic process more efficient with more

convergence for maximum likelihood (ML) estimates.

SAEM run without any approximation of the statistical

model. Thus, the statistical properties ‘‘great’’ (consis-

tency and minimum variance of the estimate) are expec-

ted to SAEM. The implementation of the SAEM in

MONOLIX is optimized and Markov Chain Monte Carlo

(MCMC) are used to define the steps of the simulation

[27–31].

Experimental

188Re-anti-CD20 compartmental modeling

for pharmacokinetic

The pharmacokinetic study was performed with 188Re-anti-

CD20 radiopharmaceutical compared together with 131I-

anti-CD20 and 177Lu-anti-CD20. A study was conducted

with the a emitter 211At-anti-CD20 and with the gamma

emitter 99mTc-anti-CD20, where according to literature

biodistribution studies, have shown satisfactory results of

Anti-CD20 labeling. The evaluation of the pharmacoki-

netic of the radiopharmaceuticals was assessed by defining

a compartmental model for the antibody. All values pre-

sented in this work for biodistribution studies were

extracted from published studies [5, 7, 21, 22].

The software [27] allowed the evaluation of the phar-

macokinetic behavior in the mouse body for the 188Re-

antiCD20 in comparison to the others products labeled with

the same antibody such as 177Lu, 131I, 99mTc and 211At.

Mathematical model of a mouse for 188Re-anti-CD20

In the two methodologies proposed for calculating the

absorbed dose simulated in the organs and the mouse body,

a mathematical model of a mouse, was used in this work,

that consists of combination of simple geometric shapes for

construction of whole body, organs and tumor, where

through the defined geometry for each animal organ, one

can build it and use it in the necessary calculations. The

mathematical equations for each organ were based on the

specific dimensions of a tumor mouse about 25.0 g (nude

line), with defined mass and density of the main organs

values [32].

The tumor was positioned inside the mouse body, in a

fixed position, near the region on the flanks. The tumor

spherical shape was defined by the equation (x ? 0.5)2 ?

(y - 0.7)2 ? (z - 4.5)2 B 1. For both described methods,

Table 1 Nuclear characteristics from main b- radionuclides suitable for therapy [15–17]

Nuclear characteristics 90Y 131I 177Lu 188Re

Production route 90Sr/90Y generator 235U enriched 176Lu (n, c) 177Lu 188W/188Re generator

Decay process b- ? 90Zr b- ? 131Xe b- ? 177Hf b- ? 188Os

Half-life 2.67 days 8.02 days 6.65 days 17.0 h

Emáx b- (abundance) 2.28 MeV b- (100 %) 606 keV (90 %) 176 keV (12 %)

384 keV (9 %)

497 keV (79 %)

2.12 MeV (85 %)

Emission c (abundance) – 284 keV (6.1 %)

364 keV (81.2 %)

637 keV (7.3 %)

113 keV (12 %)

208 keV (11 %)

155 keV (15 %)
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simulations were performed where the font size (or tumor)

was varied, inside the mouse body. Its radius was varied

and the assessed values were 0.01–0.4 cm.

The density distribution for each organ and tumor was

also defined to be uniform and was set to 1.00 g cm-3,

except for the lungs and the spine, for which 0.3 and

1.4 g cm-3 were used, respectively.

Monte Carlo simulation and point source method

for 188Re-anti-CD20 dosimetry

The dosimetric evaluation was performed using the Monte

Carlo MCNP-4C package (Oak Ridge National

Laboratory), considering 188Re-anti-CD20 uniformly dis-

tributed in a spheroid as tumor mass. The simulations were

carried out during 1.8 9 104 s of CPU time. The consid-

ered energy range was 1–10 MeV. This ensures reasonable

uncertainties for dose distributions, generally below 1 %

for all regions. The code allows the users to write their own

simulation program, with arbitrary geometry and scoring.

The F8 tally gives the energy deposition in MeV at each

point of the tumor. A particle source is specified by

intensity, energy, direction, shape and temporal character-

istics; its needs to be positioned somewhere within the

phase space of the problem. The parameters used in the

computations were: radius of the tumor, point of interest

Fig. 1 Individual adjustment to the blood obtained after animal injection and biodistribution studies with 188Re-Anti-CD20 compared to the

labeling of the same antibody with the other radionuclides [5, 7, 21, 22]
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for dosimetry; desired dose; volume of the tumor; time

since the radionuclide production; initial activity; type of

the tumor; type of the radionuclide.

In order to generate the dose distribution plots in the

tumor volume and surroundings, the deposited energy

was integrated in spherical shell volume of constant

radius.

Two different approaches were employed: on the one

hand, the radionuclide was taken as uniformly distributed

along the tumor mass, affecting the surrounding tissues; on

the other hand, the drug intake was assumed to occur only

in the tumor spherical surface. The aim of the simulation

faced is to survey the real situation for the beta energies

involved in this method. The method it was used too in

order to evaluate the accuracy of the Loevinger formula

introduced in the next section.

The Loevinger formula was used in the method that is

useful for calculation of beta dose rates and different

applications according to the different source geometry

with b- emitting radionuclides. The calculations were

performed by Excel. A point source dose rate can be cal-

culated with the Loevinger formula [33, 34]:

_D0½Gy=h� ¼ kAint

ðlrÞ2
c 1 � lr

c

� �ð1�lr=cÞ
� ��

þ lreð1�lrÞ
�

ð1Þ

the normalization constant K it is given by:

k
Gy=h

Curie

� �
¼ 1:7 � 103q2l3Eav

½3c2 � eðc2 � 1Þ� ð2Þ

the accumulative activity Aint it is given by:

Aint ¼ A0 �
e�k�t0

k

� 	
� e�k�t

k

� 	� �
ð3Þ

and the l in air is given by:

l
cm2

g

� �
¼ 16ð2 � Eav=E

�
avÞ

½Emax � 0:036Þ1:4
ð4Þ

E�
av is called the hypothetical average beta energy per

disintegration for a hypothetical forbidden beta disinte-

gration having the same Emax as an allowed beta decay

transition in the same Z element.

We used a simple expression for beta dose rate calcu-

lation, analogy to gamma point source dosimetry, and the

equation used was:

Table 2 Distribution of the dose rates provided by 85 Bq of 188Re-anti-CD20 into a tumor of a tumor mouse body

Tumor radius (cm) Mass of the tumor (g) Energy deposition (MeV) Energy deposition per unit mass (MeV g-1) Dose rate (Gy h-1)

1 9 10-2 4 9 10-6 7 9 10-2 2 9 104 5 9 10-7

2 9 10-2 3 9 10-5 2 9 10-2 7 9 102 1 9 10-7

3 9 10-2 1 9 10-4 3 9 10-2 3 9 102 5 9 10-8

4 9 10-2 3 9 10-4 4 9 10-2 2 9 102 3 9 10-8

5 9 10-2 5 9 10-4 5 9 10-2 1 9 102 2 9 10-8

6 9 10-2 9 9 10-4 6 9 10-2 7 9 101 2 9 10-8

7 9 10-2 1 9 10-3 8 9 10-2 5 9 101 1 9 10-8

8 9 10-2 2 9 10-3 9 9 10-2 4 9 101 9 9 10-9

9 9 10-2 3 9 10-3 1 9 10-1 3 9 101 8 9 10-9

1 9 10-2 4 9 10-3 5 9 10-2 1 9 101 6 9 10-9

2 9 10-2 3 9 10-2 2 9 10-1 6 1 9 10-9

3 9 10-2 1 9 10-1 2 9 10-1 2 5 9 10-10

4 9 10-2 3 9 10-1 3 9 10-1 1 2 9 10-10

Fig. 2 Comparison of the dose rate results via analytically (by

Loevinger formula) and the Monte Carlo method for 188Re-Anti-

CD20 in different tumor sizes, with only b-particles taken into

account, into the mouse body. Maximal energy: 2.12 MeV; average

energy: 0.764 MeV
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_Db½Gy=h� ¼ 2:14 � 104 � q2 � l
q

� 	
� AintEmed

� e�
l
qð Þ�d�q

4 � p � d � qð Þ2
ð4Þ

the ratio (l/q) is given by:

l
q

� 	
cm2

g

� �
¼ 17ðEmaxÞ�1:14 ð5Þ

The above equations and the relation between the activity

and the decay time were used in our analytical calculations of

the dose rate at any desired size from the tumor in body

mouse. The amounts of the radiopharmaceutical necessary

for injections into mouse were so determined. The activity

considered was the same determined by MCNP (the activity

of the radiopharmaceutical, 85 Bq, was invariably). The

composition of the tumor is important. In this work, the

density of 1.00 g cm-3 (equal to the density of water) was

used for all inner volume of the tumor.

Results and discussion

Figure 1 shows individual adjustments obtained by

MONOLIX for the activity of labeled Anti-CD20 in blood,

labeled with different radionuclides from different labeling

methods extracted of literature: b- emitters: 188Re, 177Lu,
131I; c emitter: 99mTc; emitter a: 211At.

According to the results, the elimination rate constant k

obtained for all radiopharmaceuticals was 0.05 h-1 that

corresponds to a half-life of 14 h, inside the mouse body.

For this work, the product 188Re-anti-CD20 had the value

of k obtained is in agreement with the values obtained for

the other radionuclides. This shows its effectiveness on the

anti-CD20 label process published in literature

[5, 7, 21, 22].

Results of the Monte Carlo simulations and calculations

with the Loevinger formula for a tumor of different sizes of

radius were compared with each other. In Table 2, the

results of the Monte Carlo simulation are compared with

Table 3 Absorbed doses for

each organ and tumor after

simulations with anti-CD20

antibody labeled with 188Re,

compared with other

radionuclides simulated in the

same conditions such as 177Lu,
131I and 90Y with MCNP, to

tumors for r = 0.04 cm, with

the distribution of radiotracer in

45 % tumor; 15 % in the heart,

spleen, bladder and kidneys

10 %. Considered activity of the

radiopharmaceutical: 85 Bq [7]

Absorbed dose (Gy)

Organ 188Re-anti-CD20 177Lu-anti-CD20 131I-anti-CD20 90Y-anti-CD20

Thyroid 4 9 101 0 0 5 9 101

Heart 4 9 102 3 9 102 4 9 102 4 9 102

Liver 2 9 101 6 9 10-3 3 9 10-2 2 9 101

Kidneys 1 9 102 1 9 102 1 9 102 2 9 102

Spleen 4 9 102 3 9 102 3 9 102 4 9 102

Bladder 4 9 102 3 9 102 4 9 102 4 9 102

Testes 8 0 2 9 10-4 1 9 101

Lungs 1 9 102 4 8 1 9 102

Column 7 9 101 1 3 7 9 101

Tumor 1 9 103 8 9 102 10 9 102 1 9 103

Table 4 Absorbed doses in

tumors of different radial

dimensions, calculated by the

Loevinger formula

Tumor radius (cm) Absorbed dose (Gy)

188Re-anti-CD20 177Lu-anti-CD20 131I-anti-CD20 90Y-anti-CD20

1 9 10-2 9 9 107 6 9 107 7 9 107 10 9 107

2 9 10-2 2 9 107 1 9 107 1 9 107 2 9 107

3 9 10-2 8 9 106 3 9 106 4 9 106 10 9 106

4 9 10-2 4 9 106 1 9 106 2 9 106 5 9 106

5 9 10-2 2 9 106 5 9 105 8 9 105 3 9 106

6 9 10-2 2 9 106 2 9 105 4 9 105 1 9 106

7 9 10-2 1 9 106 1 9 105 2 9 105 1 9 106

8 9 10-2 8 9 105 6 9 104 1 9 105 9 9 105

9 9 10-2 6 9 105 3 9 104 8 9 104 7 9 105

1 9 10-2 4 9 105 2 9 104 4 9 104 5 9 105

2 9 10-2 5 9 104 1 9 102 5 9 102 7 9 104

3 9 10-2 1 9 104 1 1 9 101 1 9 104

4 9 10-2 3 9 103 1 9 10-2 3 9 10-1 4 9 103
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the results of calculations by the Loevinger formula under

the same conditions. The densities of the inner volume and

the tumor wall were the same (1.00 g cm-3). The results

obtained shows a good agreement: the relative discrepan-

cies were lower than 10 %.

The Fig. 2 shows simulations based on the main b--

spectrum (Emax = 2.18 MeV, 85 %) with the mean energy

0.764 MeV. According to the graph there is a correlation

with dose rates obtained for the two methods, with differ-

ences of 10 % between the values obtained for each

method studied for 188Re-anti-CD20 simulated into a

mouse body.

The Table 3 shows the absorbed doses obtained for each

organ and tumor with 188Re-anti-CD20 compared with the

radiopharmaceuticals 90Y-anti-CD20, 131I-anti-CD20 and
177Lu-anti-CD20, after simulations with biodistribution in

tumor and organs after an injection of the product in the

animal.

According to the results, it can be observed an uniform

dose to the tumor for each radiopharmaceutical, with

results in agreement with the input data which was ini-

tially entered to execute the code (MCNP), referring to

uptake values of the main organs which are subject to a

greater exposure dose (heart, spleen, bladder and the

tumor itself) in an approach to a real study of in vitro

biodistribution.

The Table 4 shows the absorbed dose in tumors of different

radial dimensions from the Loevinger formula for point source

for the radiopharmaceuticals: 188Re-anti-CD20, 177Lu-anti-

CD20, 131I-anti-CD20 and 90Y-anti-CD20, through the set of

mathematical equations used to construct the mouse body

structure. The considered activity of the radiopharmaceutical

was 85 GBq and the total time considered biodistribution was

5 h (the same activity and time performed for Monte Carlo

simulation).

The results show that the bigger the size of the tumor,

the lower the dose deposited and greater the chance to

reach the most critical organs (such as column, kidney,

liver and heart) for high energy b- emitter. The dose

behavior of radiopharmaceuticals against different tumor

sizes showed the expected result, as seen by Monte Carlo

simulation. Among the analyzed radiopharmaceuticals,
188Re-anti-CD20 and 90Y-anti-CD20 were more suit-

able for treating larger tumors, highlighting also the

advantage of 188Re have a c energy associated, which 90Y

does not have, as a pure b- emitter.

Conclusions

In The physical properties of 188Re for RIT are favorable

when directly labeling monoclonal antibodies. The maxi-

mum b- emission energy of 2.12 MeV is of the same

magnitude of 90Y (Emax = 2.27 MeV), both exhibiting a

similar penetrating tissue and cross-fire radiation in larger

tumors by tumor cells that are not linked to the radiolabeled

MAb.

The pharmacokinetic analysis performed showed that

the labeling method currently for 188Re-anti-CD20 is

favorable, with a concordance in the results compared to

other radionuclides with the same antibody.

The results obtained with the Loevinger analytical

expression agree well with the results of Monte Carlo

simulations with the MCNP-4C code. Effects of the half-

life and mean energy of the radionuclide on the activity

required for injection were studied, too. According the

results, 188Re-anti-CD20 was the better candidate in rela-

tion to 90Y-anti-CD20, 131I-anti-CD20 and 177Lu-anti-

CD20, for the radioimunotherapy of NHL tumors.
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