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Abstract

Assessment of targeted radionuclide therapy (TRT) agent effectiveness based on its pharmacokinetic (PK)
properties could provide means to expedited agent development or its rejection. A broad PK model that predicts
the relative effectiveness of TRT agents based on the relationship between their normal body (k12, k21) and tumor
(k34, k43) PK parameters has been developed. A classic two-compartment open model decoupled from a tumor
was used to represent the body. Analytically solved differential equations were used to develop a relationship
that predicts TRT effectiveness. Various PK scenarios were created by pairing normal body PK parameters of 38
pharmaceuticals found in the literature with estimated tumor PK parameters. Each PK scenario resulted in a
maximum permissible injected activity that limited the whole-body dose to 2 Gy and yielded a maximum
delivered tumor dose. The model suggests that a k34:k43 ratio greater than 5 and a k12:k21 ratio less than 1 is
effective at delivering doses that ensure sufficient solid tumor control. It was also shown that there is no direct
relationship between tumor dose and acid dissociation constant (pKa), lipophilicity (log P), and fraction unbound
(fu), which are important physicochemical properties. This study suggests that although effective TRT may be
difficult to achieve for solid tumors, good TRT agents must have extremely desirable normal body PKs in
conjunction with very high tumor retention. The developed PK TRT model could serve as a tool to compare the
relative dosimetric effectiveness of existing TRT agents and novel TRT agents early in the developmental phase
to potentially reject those that possess unfavorable PKs.
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Introduction

Targeted radionuclide therapy (TRT) aims to deliver
therapeutic doses to a tumor while sparing normal tissues

by selective retention of a radionuclide in a tumor.1 Unlike
external radiotherapy, the dosimetric effectiveness of TRT is
dependent on a targeting moiety—the molecular constituent
that either binds onto or is sequestered by tumor cells.2–4 To be
an effective targeting agent, the moiety must have a propen-
sity for tumors over normal tissues, thus increasing its ther-
apeutic efficacy. The radiochemistry of the moiety determines
the therapeutic radionuclide that can be attached, whereas the
pharmacokinetics (PKs) within the body influence the dose to
critical organs.1 The PKs of a targeting agent includes not only
the biological path that the agent takes throughout the body

but also the uptake and clearance characteristics within the
tumor. Along with the physical characteristics of the chosen
radionuclide, physical half-life, and dose deposition, the
synergy between large body clearance and small tumor
clearance can effectively deliver tumor radiation doses while
preventing normal tissue complications.

TRT has been a mainstay in nuclear medicine departments
since the 1950s, with the use of 131I for ablation after thyroid
resection5 and treatment of differentiated thyroid cancer.6–10

131I has proven to be efficacious because of the physiological
propensity that the thyroid has for iodine. To target other
malignancies, biochemical differences between normal tis-
sues and tumors such as antigen expression have been
exploited. Aiming to treat hematological malignancies,
monoclonal antibodies (mAbs) have been radiolabeled. Two
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examples of radiolabeled anti-CD20 antibodies with FDA
approval that have shown remarkable efficacy in the treat-
ment of non-Hodgkin’s lymphoma are 90Y-ibritumomab
tiuxetan (Zevalin) and 131I-tositumomab (Bexxar).11–13 This
particular tumor type is very radiosensitive, responding to a
dose as low as 2 Gy.14 To target more radioresistant tumors,
analogs of biological molecules that the tumor could not
distinguish from biologically derived molecules have been
radiolabeled. Uptake of meta-iodobenzylguanidine (mIBG),
an arylalkylguanidine norepinephrine analog, has led to
successful therapy of neuroectodermally derived tumors in
adolescents with 131I-mIBG.15 Further, the overexpression of
somatostatin receptors in neuroendocrine tumors affords the
possibility of peptide receptor radionuclide therapy
(PRRT).12 90Y-DOTATOC and 90Y-lanreotide are examples
of somatostatin receptor analogs, which have shown success
in PRRT.12,16–18

The maximum radiation dose delivered to a tumor is
contingent upon limits of normal tissue toxicity. The bone
marrow is most often the dose-limiting organ for TRT and
restricting its absorbed dose to less than 2 Gy is often the
goal.7 However, the mode of excretion from the body is also
important for some TRT agents whose dose-limiting organ is
found within the excretion pathway. Normal tissue toxicity
dictates the maximum permissible activity administered to a
patient and is a motivation behind PK modeling. Most of the
examples of PK models for TRT agents in the literature are
for radiolabeled mAbs.19–23 For example, Odom-Maryon
et al. successfully used a three-compartment model to rep-
resent the concentration of radiolabeled chimeric anti-CEA
antibody within the blood and urine19 in hopes of avoiding
bladder and kidney radiation toxicity. Despite successfully
predicting radiation dose to the kidneys and bladder, the
model was unable to predict tumor radiation dose. A PK
model that is able to relate tumor and normal body PKs to
tumor radiation dose is warranted.

Assuming that all other parameters are equal, a simple
PK model for TRT could serve as a tool to compare the
relative dosimetric effectiveness of existing TRT agents.
Such a model would also help to predict the relative effec-
tiveness of potential TRT agents early in the developmental
phase and provide a reason to reject potential TRT agents
that possess unfavorable PKs. The aims of this study were
to develop a PK model for TRT that could be used to predict
relative effectiveness and to investigate or determine the
most relevant physicochemical properties related to tumor
dose.

Materials and Methods

A PK model for TRT

In this work, a classical two-compartment open model
assuming bolus intravenous administration and central
compartment elimination24,25 was used, as shown in Figure 1.
The tumor compartment within the linear system was as-
sumed not to perturb the two-compartment open model of
the body because of its negligible volume compared with the
other two body compartments. Therefore, the tumor com-
partment was decoupled from the normal body compart-
ments. The equations for the change in concentration of
radioactivity for both normal body and tumor are given as
follows:

dC1

dt
¼ k21C2� (k12þ kelþ k)C1

dC2

dt
¼ k12C1� (k21þ k)C2

dC4

dt
¼ k34Cp(t)� (k43þ k)C4

(1)

The unit of the intercompartmental rate constants,
k12, k21, k34, k43, kel, and physical decay constant, l, is hour�1.
The solution to each equation, solved via Laplace transforms,
represents the time–concentration curve of each compart-
ment that is used to determine radiation dosimetry. The
analytical solutions of radioactivity–concentration, C(t), are
converted to time–activity, A(t), by incorporating the volume
of each compartment and A0, the initial activity within
compartment 1. An analytical PK model was derived for
each compartment:

A1(t)¼V1 �
A0

V1

(f� a) exp (� at)� (f� b) exp (� bt)

(b� a)

� �

A2(t)¼V2 �
A0 � k12

V1

exp (� at)� exp (� bt)

(b� a)

� �

A4(t)¼V4 �
A0 � k34

V1

(f� r)

(a� r)(b� r)
exp (� rtÞ

�

þ (f� a)

(b� a)(r� a)
exp (� at)þ (f� b)

(r� b)(a� b)
exp (� btÞ

�
(2)

where A0¼ injected activity, z¼ k21þ l, s¼ k43þ l, g¼
k12þ kelþ l.

a¼ 1

2

"
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(cþ f)2� 4(cf� k21k12)

q #
,

b¼ 1

2

"
(cþ f)�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(cþ f)2� 4(cf� k21k12)

q # (3)

The analytical PK model was adapted into a TRT model
by relating whole-body dose threshold, Dthresh, to tumor
dose, Dtumor, via specific PK parameters of each compart-
ment. w1 and w2 are the proportion of the total body volume
of each body compartment, respectively.

FIG. 1. A pharmacokinetic model representing the classical
two-compartment model of the body, which is decoupled
from the tumor compartment. The plasma concentration, Cp,
becomes the forcing function for the tumor. The unit for the
transfer constants is hour�1. k, intercompartmental rate
constant; l, physical decay constant.
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The complete derivation of Eq. (4) is found in the Ap-
pendix. The present study model assumes bone marrow to
be the dose-limiting organ. Because whole-body dose is a
surrogate for bone marrow dose, the whole-body dose
threshold, Dthresh, is set according to a bone marrow limit of
2 Gy.7 The present study model also assumes homogeneous
uptake within each compartment, homogeneous dose de-
position, and homogeneous tissue within each compartment.
Lastly, each compartment only experiences self-dose, and
neighboring dose deposition is neglected.

Relative effectiveness of TRT

Eq. (4) was used to derive a landscape of different PK
scenarios that result in maximum doses delivered to a tumor.
The ratio of k34:k43 was held constant while the ratio k12:k21

was varied. The maximum delivered tumor dose is depen-
dent on both tumor and normal body PKs. The first two
k34:k43 ratios that were investigated were 0.3 and 2.45, which
are representative of two common chemotherapy agents,
Topotecan and Carboplatin, respectively. Other hypothetical
k34:k43 ratios were also investigated, which included 5, 10, 15,
and 20. For each PK scenario, the targeting agent was as-
sumed to be radiolabeled with a long-lived b-emitting ra-
dionuclide such as 131I (l¼ 0.00361 hour�1) or 90Y (l¼ 0.0108
hour�1). This physical decay is reflected by l in Eq. (1). Be-
cause the decay constant for most TRT radionuclides is very
small, the second part of the Eq. (4) is negligible and the
equation becomes

Dtumor¼Dthresh
k34

k43

1
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k21

� �
0
@
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A

2
4

3
5 (5)

w1 and w2 are the proportion of the normal body en-
compassed by each compartment, respectively. For the
analysis, w1¼ 0.2 and w2¼ 0.8 were assigned, which are
the assumed body fractions of highly and slowly perfused
tissues, respectively. The organs comprising the first
compartment—highly perfused tissues—were the heart,
lung, hepatoportal system, and endocrine glands. The organs
comprising the second compartment—slowly perfused
tissues—were the skin, fat, muscle, bone, and bone marrow.
The tumor is synonymous with Compartment 4.

PKs landscape of TRT

Data mining of the literature was performed to find
human-derived intercompartmental microrate constants (k12,
k21, kelimination) of 38 pharmaceuticals that are commonly used
for a wide variety of purposes. These pharmaceuticals are
summarized in Table 1. Figure 2A and B demonstrates the
magnitude of the k12 and k21 values used, as well as the ratio
between the two variables, respectively. These inter-
compartmental microrate constants were used to construct a
pharmaceutical landscape of possible PK parameters within

the normal body for theoretical TRT agents. To assess the
relative effectiveness of potential TRT agents, the microrate
constants (k34, k43) of the tumor were parameterized with
respect to each pharmaceutical’s respective k12 and k21 val-
ues. For example, k43 was varied over 1 order of magnitude,
whereas k34 was varied over 2 orders of magnitude.

To investigate the relationship between physicochemical
properties and tumor dose, the tumor PK parameters (k34, k43)
were held constant for interpharmaceutical comparison but the
normal body parameters (k21, k12) were set according to Table
1. Each pharmaceutical’s tumor parameters were fixed to those
of Carboplatin (k34¼ 1.62, k43¼ 0.66)26 because they are well-
documented experimental values. The physicochemical prop-
erties that were investigated were lipophilicity (log P), acid
dissociation constant (pKa), and fraction unbound (fu).

Results

Relative effectiveness of TRT

Figure 3 shows the results when the ratio of k34:k43 is held
constant and tumor dose is dependent on the k12:k21 ratio.
The first two k34:k43 ratios, 0.3 and 2.45, are representative of
two common chemotherapy agents, Topotecan and Carbo-
platin, respectively. As potential TRT agents, it is interesting
to notice that neither would be effective at delivering high
radiation dose. A TRT agent with a k34:k43 ratio of greater
than 5 and a k12:k21 ratio of less than 1 would be effective at
delivering high radiation doses to a solid tumor. About half
of the pharmaceuticals that were investigated possess a
k12:k21 ratio of less than 1, which means that favorable nor-
mal body PKs are achievable.

PKs landscape of TRT

A number of pharmaceuticals that adequately sampled the
k12:k21 possibilities of Figure 2B were selected. Examples of
tumor doses for varying k34:k43 ratios are shown in Figure 4.
The five representative pharmaceuticals that are shown were
chosen to show the range of variability within radiophar-
maceuticals. Most pharmaceuticals had k12:k21 ratios that
were between 0 and 4, which are represented by Cefazolin
with a k12:k21 ratio of 0.91 and by Diazepam with a k12:k21

ratio of 2.69. There were three pharmaceuticals between 4
and 6, which are represented by Sulpiride with a k12:k21 of
5.09. The final two k12:k21 values, 11.89 (Quinidine) and 17.59
(Doxorubicin), were selected to show extreme values of
k12:k21. The respective slope of each line indicates the sensi-
tivity of each pharmaceutical to a change in k34:k43.

Figure 5 illustrates the results of investigating the corre-
lation of physicochemical properties of a pharmaceutical and
tumor dose. Each panel also identifies the possible chemical
structures (acid, base, neutral, zwitterions) of a pharmaceu-
tical to assess the possible relationship between structure and
tumor dose.

Discussion

Based on curves of Figure 3, the k34:k43 ratio must be at
least 5 and the k12:k21 ratio needs to be less than 1 to deliver
tumor radiation doses (>50 Gy27 is required for local tumor
control based on fractionated external radiotherapy) that are
high enough to ensure sufficient solid tumor control. It is
possible to predict a relative tumor dose using Eq. (4) when
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Table 1. Pharmacokinetic Parameters

Name k12 k21 kel Log P pKa fu References

1. N-Acetylprocainamide 0.983 0.971 0.9 1.29 9.3 0.9 30,a–c

2. Ampicillin 0.4 0.73 1.71 0.4 2.6, 7.2 0.85 30,d–f

3. Benzylpenicillin 0.93 1.44 2.59 1.5 2.74 0.57 e,g,h

4. Carboplatin 0.011 0.018 0.015 �1.8 6.5 1 26, 30,i,j

5. Cefazolin 1.96 2.15 1.3 0.97 2.1 0.18 30,k–m

6. Cephalexin 1.27 2.68 1.62 0.6 4.5 0.85 30,e,k,n

7. Cephapirin 1.09 1.28 4.2 �0.61 2.15 0.55 30,d,e,o

8. Cephradine 2.39 1.73 2.12 �1.58 2.6, 7.4 0.95 30,k,l

9. Cyclophosamide 4.5 2.9 0.29 0.8 9.91 0.87 30,d,e,p

10. Cyclazocine 0.32 0.11 1.41 4.51 9.38 NF q–s

11. Cytosine arabinoside 5.58 4.5 19.8 �2.46 4.2 0.87 d,r,t,u

12. Diazepam 2.29 0.85 0.225 2.9 3.4 0.023 30,d,e

13. Dicloxacillin 2 2 2.1 3.7 2.6 0.033 30,e,v,w

14. Digoxin 0.85 0.144 0.145 2.2 13.5 0.7 30,d,e,x

15. Doxorubicin 5.1 0.29 0.48 �0.5 8.3 0.28 30,d,e,y

16. Erythromycin 0.52 0.64 0.71 3.06 8.88 0.1 30,e,z

17. 5-Fluorouracil 12 12 10.8 �0.8 8.02 0.64 30,d,e

18. Hydrochlorothiazide 0.184 0.218 0.214 �0.5 7.9, 9.2 NF e,t,aa

19. 6’-Hydroxycinchonine 8.04 2.22 7.98 2.73 NF NF bb,cc

20. Isosorbide dinitrate 4.2 7.2 3.6 0.87 NF 0.72 30,e,dd

21. Leuprolide 1.292 0.679 0.956 0.1 9.6 0.54 30,e,ee,ff

22. Lidocaine 2.46 1.74 1.32 2.1 8.01 0.33 30,e,gg

23. LSD 3.083 4.358 0.407 2.95 7.5 0.2 e,hh–jj

24. Methotrexate 0.0054 0.0448 0.33 �2.2 4.7 0.37 30,e,kk

25. Methyldopa 0.72 1.02 0.84 �1.7 2.2, 9.2, 10.6, 12 0.85 30,d,e,ll

26. Morphine 36 2.7 6 0.8 8.21 0.65 30,d,e

27. Naltrexone 0.0612 0.0996 0.6642 0.7 8.13 0.79 30,e,mm,nn

28. Oxacillin 2.22 3.6 3.42 2.4 2.72 0.07 30,d,e

29. Phosphonomycin 0.91 0.99 0.64 �1.6 8.3 1 30,e,oo,pp

30. Procainamide 3.252 1.398 0.972 1.3 9.32 0.84 30,e,qq

31. Propanolol 5.9 1.3 1.5 3 9 0.13 30,d,e,rr

32. Quinidine 13.56 1.14 12.42 2.6 8.56 0.26 30,e,bb

33. Sulfisoxazole 0.45 0.87 0.195 0.9 5 0.079 30,e,ss

34. Sulpiride 3.5 0.687 0.889 0.6 9.12 0.95 e,tt,uu

35. Theophylline 2.7 3.1 0.31 �0.8 8.81 0.61 30,d,e

36. Topotecan 0.01 0.025 0.022 0.8 7.2 0.65 26, 30,e,vv

37. Tubocurarine 2.34 2.76 1.02 3.12 8.1, 9.1 0.58 30,d,e,ww

38. Warfarin 1.61 1.52 0.033 3 5 0.015 30,d,e,xx

The intercompartmental microrate constants of various pharmaceuticals (unit: hour�1). These are used to simulate a wide range of
pharmacokinetic possibilities. The log P (lipophilicity), pKa (acid dissociation constant), and fu (fraction unbound) are also reported.

NF, not found.
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both the volumes of the compartments and the PKs of the
radiopharmaceutical are known. The difference between the
volume-weighted average of Compartment 1, w1, and
Compartment 2, w2, contributes to tumor dose because it
determines the degree of k12:k21 dependence. A large Com-
partment 2 compared with Compartment 1 amplifies a large
k12:k21, which effectively lowers tumor dose according to Eq.
(4). Conceptually, Compartment 2 has a greater contribution
to total-body dose compared with Compartment 1 because it

makes up a larger volume. The differences between w1 and
w2 within patients will greatly contribute to interpatient
variability of TRT. Anatomical imaging, such as afforded by
computed tomography (CT), makes it possible to accurately
measure a patient’s specific volume parameters.

Eq. (4) is used when the half-life of the radionuclide is on
the order of hours. When the half-life is on the order of days,
l is negligible, which negates the need for the second part of
Eq. (4), resulting in the use of Eq. (5). Most of the clinically
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useful b-emitting radionuclides such as 90Y and 131I possess
half-lives on the order of days.18,28 This lends itself to the
possibility of comparing relative tumor doses of radiophar-
maceuticals simply based on their ratios of tumor and nor-
mal body PK parameters. In the present study, although the
model assumes uniform dose distributions within the de-
coupled system, it demonstrates the feasibility of simplifying
the dosimetry process of TRT into an equation of experi-
mentally derived parameters.

Disregarding the spatial dependencies of the dose scaling
factor is a reasonable assumption in most cases because of
the limited nature by which one compartment affects an-
other. The only area where one compartment’s activity
would significantly affect an adjacent compartment is at the
border. Because the tumor is so small compared with Com-

partment 1, which completely encompasses it, its border
contribution is negligible compared with the average dose
found in Compartment 1. This is the same at the border
between Compartment 1 and Compartment 2, because the
actual area of the border is negligible compared with the
volume of each compartment. In addition, the dose imparted
by b-emitters falls off rapidly within the first several milli-
meters. 131I, for example, decreases by *3.5 orders of mag-
nitude within the first 0.5 cm.29

Qualitatively, as the ratio of k12:k21 increases, the required
k34:k43 ratio to reach relatively high tumor doses also in-
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FIG. 4. Normal body pharmacokinetic and dosimetric ef-
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The relatively low k12:k21 ratio of cefazonlin, 0.91, is most
sensitive to a change in k43:k34 compared with the other
pharmaceuticals of interest. Its normal body pharmacoki-
netics are more conducive to an efficacious targeted radio-
nuclide therapy.
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creases. This is an intuitive result because an increase in k12

transfers more radiopharmaceutical into Compartment 2,
which decreases the availability of the radiopharmaceutical
to the tumor because the tumor can only transfer from
Compartment 1. To counter this increase, there must be an
increase in k34 that competes with k21. Figure 4 is used to
predict the therapeutic efficacy of potential TRT agents with
known normal body PKs. Each line represents the PK land-
scape of a particular radiopharmaceutical and the tumor PKs
that are necessary for therapeutic efficacy. For normal body
PKs similar to Quinidine or Doxorubicin, efficacious TRT is
nearly impossible to achieve because of the unfavorable
k12:k21 ratios of each pharmaceutical, 11.89 and 17.59, re-
spectively. The relatively low k12:k21 ratio of Cefazonlin, 0.91,
is most sensitive to a change in k43:k34 compared with the
other pharmaceuticals of interest. Therefore, its normal body
PKs is more conducive to an efficacious TRT.

Figure 5A–C shows that tumor dose is not dependent on
any individual physicochemical property directly. Inter-
estingly, Obach30 also found no correlation between phys-
icochemical properties that were investigated in this study
and PK parameters. PK parameters such as k12, k21, and kel

are directly related to maximum tumor dose but have no
direct correlation to fu, pKa, or log P. It might be true that
fraction unbound, acid dissociation constant, and lipophi-
licity represent only part of the complex pool of variables
that affect PKs and thereby tumor dose. In addition, there is
no clear relationship between chemical structure and tumor
dose.

Scope and limitations

The simplicity of this model does not include the effect of
techniques and strategies capable of increasing therapeutic
efficacy. For example, there is evidence to suggest that ex-
ternal radiotherapy could influence the vascularity of tu-
mors, thus causing increases in uptake and therapeutic
efficacy.31 Therapeutic efficacy can also be increased by using
catalysts to facilitate tumor uptake32 and radiosensitizers to
increase the radiobiological effect of radiation.33 Myeloabla-
tion is often performed prior to TRT34 to increase the whole-
body dose beyond the 2 Gy limit. In the present study, the
model assumes bone marrow to be the dose-limiting organ
because it assumes total-body dose to be a surrogate for bone
marrow dose. This is similar to the myeloablative regimens

of 131I-tositumomab and 90Y-ibritumomab tiuxetan.11–13 In
contrast, PRRT and mAb therapy are often limited by renal
toxicity,12 which would preclude the use of this model.

Another limitation of this model is that it assumes all
tissues to be homogeneous media. Variations in atomic
number within the body may influence the distribution of
dose delivered by low-energy photons. For example, inter-
faces between soft tissues, air, and bone have the potential to
create inhomogeneous dose distributions. Further, by only
considering self-dose within a compartment, cross-dose
amongst compartments was neglected, which ultimately re-
duces the radiation dose absorbed by a compartment. Be-
cause of these limitations, the proposed model may not
ultimately be relevant for absolute quantification of TRT
radiation dosimetry. However, it might be better used as a
tool to compare and examine the relative effectiveness of
existing and potential TRT agents based on normal body and
tumor PKs.

This model suggests that it may be possible to compara-
tively predict which TRT agents might be better than others.
Early measurement of PK parameters of TRT agents may
help predict relative effectiveness, which provides means
to expedited agent development or rejection. For example,
124I-PET/CT is useful for deriving the microrate con-
stants necessary for predicting maximum tumor doses of
131I-radiolabeled TRT agents. Once a potential TRT agent
shows relative effectiveness via the model, three-dimensional
dosimetric simulations can be done to further evaluate the
effectiveness of the TRT agent. The use of the Zubal phan-
tom35 with dose deposition kernels29 will afford investiga-
tions of nonuniform uptake and dose deposition of potential
TRT agents. Such a priori information gained from such
simulations should provide early insight into the relative
effectiveness of TRT agents.

Conclusions

k12 and k21 are global PK parameters that represent the
summation of a radiopharmaceutical’s physicochemical
properties. The data suggest a clear relationship between the
ratio of k12 and k21 and tumor radiation dose. A favorable
k12:k21 ratio, indicated by a higher k21 in relation to k12, means
that there is more radioactivity available in Compartment 1
(Fig. 1), which is available to be transferred into the tumor,
determined by k34. In addition, k12 could transfer more
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activity into Compartment 2 offsetting k34. Therefore, it is the
k12:k21 ratio that ultimately contributes to tumor dose.
However, k43 transfers the radioactivity out of the tumor,
which acts to lower the tumor dose. A favorable k34:k43

ratio—the rate of radioactivity transferred into the tumor is
faster than the rate of radioactivity transferred out of the
tumor—can be ineffective if the k12:k21 ratio is unfavorable
because more radioactivity will be in Compartment 2, which
is inaccessible by the tumor.

This study suggests that an efficacious TRT for solid tu-
mors may be difficult to achieve. It is imperative that a good
TRT agent has extremely desirable normal body PKs in
conjunction with very high tumor retention to achieve the
high doses required for local control of solid tumors. Because
there are no PK models for TRT agents within the literature
that relate normal body and tumor PKs to tumor radiation
dose, the scope of this study was to introduce a simple yet
comprehensive PK model that would warrant the measure-
ment of compartmental microrate constants of existing and
developing TRT agents. By knowing the microrate constants
of existing TRT agents, more conclusions might be made
about the relationships between PKs and relative effective-
ness of TRT. In addition, these PK relationships could sug-
gest criteria for predicting the therapeutic efficacy of
potential TRT agents.
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Appendix

A1(t)¼V1 �
A0

V1

(f� a) exp (� at)� (f� b) exp (� bt)

(b� a)

� �

A2(t)¼V2 �
A0 � k12

V1

exp (� at)� exp (� bt)

(b� a)

� �

A4(t)¼V4 �
A0 � k34

V1

(f� r)

(a� r)(b� r)
exp (� rt)

�
(A1)

þ (f� a)

(b� a)(r� a)
exp (� at)þ (f� b)

(r� b)(a� b)
exp (� btÞ

�

where A0¼ injected activity, z¼ k21þ l, s¼ k43þ l,
g¼ k12þ kelþ l.

a¼ 1

2

"
(cþ f)þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(cþ f)2� 4(cf� k21k12)

q #
,

b¼ 1
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"
(cþ f)�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(cþ f)2� 4(cf� k21k12)

q #

A(t) was integrated over all time for each compartment,

~AAcomp¼
R1
0

Acomp(t)dt, to compute the residence time within

each compartment. The residence time equations of each
compartment were simplified into analytical solutions:

~AA1¼V1 �
A0

V1

(f� a)b� (f� b)a
ab(b� a)
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V1
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ab

� �
¼V1 �

A0
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ab
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ab
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�
þ (f� a)

(b� a)(r� a)a

þ (f� b)

(r� b)(a� b)b

�
(A2)
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V1

f
abr
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¼V4 �
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V1

(k21þ k)

ab(k43þ k)

� �

The average residence time within the normal body was
derived using volume-weighted averages according to the
two-body compartments:

~AABody¼
V1

VBody
(~AA1)þ V2

VBody
(~AA2), w1¼

V1

VBody
, w2¼

V2

VBody

(A3)

The average body dose is found by multiplying the body’s
average residence time by d, a dose scaling factor that relates
residence time to dose:

�DDBody¼ ~AABody � d (A4)

(A6)
To calculate the maximum permissible activity injected, a

whole-body dose threshold can be used, which is a surrogate
for bone marrow toxicity:

Amax inj¼
DBody thresh

�DDBody

(A5)

The maximum permissible activity, tumor residence time,
~AA4, and the linear dose scaling function, d, are used to create
an equation for average tumor dose. The average tumor
residence time per unit volume is used.

�DDTumor¼
~AA4

V4
� d � Amax inj¼

~AA4

V4
� d �

DBody thresh

�DDBody

(A6)

The expressions for average body dose, �DDBody, and tumor
residence time, ~AA4, are substituted from above to derive an
expression for average tumor dose, �DDTumor. The average
residence time per unit volume is used for each body com-
partment.

�DDTumor¼ d �DBody thresh �
~AA4

V4
� 1

d W1
~AA1

V1

� �
þW2

~AA2
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þ w2

V2
� V2

V1
� k12

h i (A7)

¼DBody thresh �
(k21þ k)k34

(k43þ k)(w1(k21þ k)þw2k12)

Notice how the volume dependence is cancelled. To in-
vestigate the influence of l on tumor dose, perturbation
theory via Taylor series expansion was implemented:

DTumor(k)¼ (k21þ k)k34

(k43þ k)(w1(k21þ k)þw2 � k12)

� DTumor(k¼ 0)þ k � qDTumor(k¼ 0)

qk

� �

DTumor(k¼ 0)¼DBody thresh
k21k34

k43(w1k21þw2 � k12)
þ 0

¼ k34

k43

1

w1þw2 � k12

k21

 !
(A8)

Through algebraic simplification, a relationship between
PK parameters and tumor dose was derived.

DTumor¼DBody thresh �
"

k21k34

k43(w1k21þw2 � k12)

þ k

k34 �
k21k34

k43

k43
� k21k34w1
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3
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(A9)

The above equation is further simplified in terms of PK
ratios:

DTumor¼DBody thresh �
k34

k43

1
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0
@
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