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Supplemental Calculations and Figures 

Dosimetry Calculation. 

The decay in activity (disintegrations per second) for a radionuclide is given by the 

following equation: 

𝐴(𝑡) = 𝐴0𝑒−𝜆t     (Eqn S1) 

where A is the activity at time t and A0 is the initial activity of the radionuclide. The 

decay constant λ of the radionuclide and is related to the radionuclide half-life (t1/2) by 

𝜆 =
0.693

t1/2
. The total number of disintegrations (N) over a time interval from 0 to T is given 

by integrating the activity: 

𝑁 = ∫ A(t)𝑑𝑡
T

0
= ∫ A0 e−λ𝑡𝑑𝑡

T

0
=  

𝐴0

𝜆
[1 − 𝑒−𝜆𝑇]    (Eqn S2) 

If the energy released per disintegration of the parent radionuclide is ε, the total energy 

(E) released in the duration T is given by 

𝐸 = 𝑁𝜀 =  
𝜀𝐴0

𝜆
[1 − 𝑒−𝜆𝑇]     (Eqn S3) 

If the weight of mouse is given by WM (kg) the absorbed dose (Gy) in the mouse from 

the radionuclide is given by 

𝐷 =  
𝐸

𝑊𝑀
=

𝜀𝐴0

𝑊𝑀𝜆
[1 − 𝑒−𝜆𝑇]      (Eqn S4) 

The average beta particle energy released from the decay of a single nucleus of 177Lu is 

ε = 133 keV or 2.13 x 10-14 J (1). The cumulative energy released from all alpha 

particles emitted from a single disintegration of 225Ac and their daughter nuclei was 

calculated as ε = 27.65 MeV or 4.42 x 10-12 J. The half-life of 177Lu is 6.7 days while the 

half-life of 225Ac is 10.0 days. Since the half-lives of the daughters of 225Ac are much 

shorter than 10.0 days they are ignored here for dosimetry purposes (2). 

The absorbed dose was calculated for each mouse separately to account for their 

varying end points (T), and is reported as an average value per group. The absorbed 
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doses for the following groups were calculated (177Lu A0: 1.85 MBq, 3.7 MBq, 7.4 MBq, 

and 11.1 MBq; 225Ac A0: 0.925 kBq, 1.85 kBq, 3.7 kBq, 11.1 kBq, and 22.2 kBq). The 

initial weight of each mouse was used for WM. Final average calculations for each group 

are shown in Table 1, for the 177Lu studies, and Table 2, for the 225Ac studies. 

Modeling Calculations. To model the effect of 177Lu or 225Ac in inhibiting myeloma 

growth, we used a mathematical model with the guiding principle that it should be 

simple, with few free parameters and be parsimonious with the data. The model 

includes the proliferation of the tumor cells, the action of the radioimmunotherapy 

radiation, and the clearance of cells due to radiation-induced death. The most essential 

aspect of the model is the effect of the radiation due to the177Lu or 225Ac radionuclide. 

We used the linear-quadratic (LQ) model for this purpose. The LQ is a standard model 

of tissue response to radiation, which relates the surviving fraction of cells,  𝑆 , to 

radiation dose and is given by: 

𝑆(𝐷) = 𝑒−𝛼𝐷− 𝛽𝐷2
     (Eqn S5) 

where D is the radiation dose in units Gy (J/kg) and 𝛼  Gy-1 and 𝛽  (Gy-2) are 

radiobiological constants corresponding to the linear and quadratic components of dose 

response respectively. To account for the decay rate of the radionuclide, we write the 

surviving fraction and dose as functions of time using a hazard ratio as: 

𝑑𝑆(𝐷(𝑡))

𝑑𝑡
=  −ℎ(𝑡)𝑆(𝐷(𝑡))    (Eqn S6) 

where 𝐷(𝑡) is the time-dependent dose to the tumor (3). The hazard function (ℎ(𝑡)) is a 

rate constant with units time-1 and is given by the Lea-Catcheside dose protraction 

factor: 

ℎ(𝑡) =  𝛼𝑅0𝑒−𝜆𝑝𝑡 +
2𝛽𝑅0

2

𝛾−𝜆𝑝
(𝑒−2𝜆𝑝𝑡 − 𝑒−(𝜆𝑝+𝛾)𝑡)   (Eqn S7) 

where R0 is the initial dose rate in units Gy/time, 𝜆𝑝is the decay constant (time-1) for the 

radionuclide and 𝛾 (time-1) is the cellular repair kinetics rate constant. The constants 𝛼 

and 𝛽 are the same as in the LQ model (Eqn S5). 
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To model the effect of a targeted radiation such as 177Lu- or 225Ac-DOTA-dara, we 

model two populations of tumor cells; unirradiated and irradiated (4,5). In this two 

compartment model, the first compartment (𝑉𝑇) represents tumor cells unexposed to 

radiation while the second compartment ( 𝑉𝑅 ) represents tumor cells exposed to 

radiation as follows:  

𝑑𝑉𝑇

𝑑𝑡
= 𝜌𝑉𝑇 − 𝑘𝑅𝑥𝑉𝑇      (Eqn S8) 

𝑘𝑅𝑥 =  𝛼𝑅0𝑒−𝜆𝑝𝑡 +
2𝛽𝑅0

2

𝛾−𝜆𝑝
(𝑒−2𝜆𝑝𝑡 − 𝑒−(𝜆𝑝+𝛾)𝑡)𝛾𝜆𝑝   (Eqn S9) 

𝑑𝑉𝑅

𝑑𝑡
=  𝑘𝑅𝑥𝑉𝑇 − 𝑘𝑐𝑙𝑉𝑅     (Eqn S10) 

Unirradiated tumor growth is assumed to be exponential with growth rate constant 𝜌. 

Tumor cells in compartment 𝑉𝑇  are irradiated and transferred to compartment 𝑉𝑅  with 

the rate constant 𝑘𝑅𝑥 given by the Lea-Catcheside equation (3). The irradiated tumor 

cells are cleared from the system at a rate 𝑘𝑐𝑙 (time-1) (Supplemental Fig. 5). The total 

tumor burden is given by the sum 𝑉 = 𝑉𝑇 + 𝑉𝑅. From equations S8-S10, the parameters 

𝜆𝑝, 𝛾, 𝑅0  are fixed constants or determined by the treatment and the parameters 

𝜌, 𝛼, 𝛽, 𝑘𝑐𝑙  are free parameters. The tumor proliferation rate 𝜌  is calculated by fitting 

exponential growth to the untreated control mice data. The mean proliferation rate from 

the controls was then used as a fixed parameter for the treated mice. The 

radiobiological parameters 𝛼, 𝛽  and the clearance rate constant 𝑘𝑐𝑙  are fit to the 

treatment data and used to quantify the effect of 177Lu and 225Ac therapy.  

The radionuclides 177Lu and 225Ac have inherently different radiobiological 

characteristics due different radiation damage mechanisms. 177Lu produces beta 

particle emission while 225Ac produces in alpha particle emission. There are three beta 

emissions from 177Lu nucleus that result in the majority of the dose delivered with an 

average energy of 133 keV with an average range of 0.23 mm in tissue, calculated 

using the continuous slowing down approximation model. The 5.8 MeV alpha particle 

emitted by 225Ac is has a range of only ~ 60 um, which is comparable to the diameter of 

a eukaryotic cell. The energy released from a cascade of alpha particles from decay of 
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225Ac and its daughters is 27.65 MeV. Due to the high energy transferred by an alpha 

particle over a short distance, alpha particles are classified as high Linear Energy 

Transfer (LET) radiation while beta particles are low LET. High LET alpha particle 

radiation has a larger relative biological effect as compared to a lower LET beta 

particles (6). 

For mice treated with low LET 177Lu-DOTA-Dara, the radiobiological parameter ratio 

𝛼/𝛽 was held constant at 10 Gy. For high LET 225Ac-DOTA-dara, the radiobiological 

parameter 𝛽  was set to zero. This results in the only free parameters in the 

mathematical model being 𝛼 and 𝑘𝑐𝑙 , which were calculated for each mouse. 

Parameters were optimized for 177Lu-DOTA-Dara and 225Ac-DOTA-dara cohorts 

separately by minimizing the least square residual for all dose levels simultaneously 

with lsqcurvefit in MATLAB (Mathworks, MA). The initial tumor burden at the start of 

therapy was taken as the initial condition for 𝑉𝑇 and the initial number of irradiated tumor 

cells (𝑉𝑅) at t=0 was zero. 

 

In the mathematical model, the initial dose rate 𝑅0 (Gy day-1) was determined by the 

injected radioactivity. Given the injected activity, measured in Bq (disintegrations per 

second) and the decay characteristics of a particular radionuclide, the rate of energy 

emitted disintegration can be calculated. Thus, it is possible to calculate the amount of 

energy deposited in the tumor and thus the initial dose rate (𝑅0) if the accumulated 

activity in the tumor and the mass of the tumor are known. An increase in the injected 

activity will result in a proportionate increase in the dose rate. However, since a 

measure of radioactivity in the tumor over time is unavailable, the initial dose rate and 

the injected activity (Ao) were related by a proportionality constant 𝜂  with units 

Gy/day/Bq as follows: 

 𝑅0 = 𝜂𝐴0       (Eqn S11) 

The parameter 𝜂 depends on the concentration of the radionuclide in the tumor. The 

constant 𝜂 was taken as a unique global parameter and its value was determined by 

optimization. 
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Calculation Parameters 

Proliferation rate ρ: The mean proliferation rate of control mice cohorts for each 

radionuclide was used as its proliferation rate. 

Radiosensitivity α: α was a free parameter optimized between literature-based limits 

(Table S1). 

Clearance rate kcl: kcl was free parameter optimized in the range 0 – 1 reflecting the 

limits of either having no clearance or 100% immediate clearance.  

Injected activity to initial dose rate conversion factor 𝜂: Mouse biodistribution studies 

indicated that the injected dose per gram varied between 3-60% ID/g (Data not shown) 

between mice. Assuming the injected activity is distributed uniformly within the mouse 

body, the following calculations were used to generate the limits for initial dose rates 

(𝑅0) and thus 𝜂, for the radionuclides in the mathematical model. The average mouse 

weight is approximate WM = 30 g. The average activity concentration in the body is 

therefore given by 𝐶𝑀 =
100 %𝐼𝐷

30 𝑔
= 3.3

%𝐼𝐷

𝑔
. The range of 64Cu-DOTA-Dara concentration 

in the tumor is estimated to be 3 – 60 %ID/g. Thus the ratio of tumor concentration to 

average body concentration ranges roughly from 1- 20. Assuming that the energy 

released due to a single decay of radionuclide to stable daughter is Ɛ (J), then the 

energy released per second due to A0 Becquerels of activity is A0 x Ɛ (J/s). If the activity 

is uniformly distributed in the mouse body, then the average dose rate in the mouse 

would be �̇�𝑎𝑣𝑔 =  
𝐴0𝜀

𝑊𝑀
. However, if the activity is more concentrated in a region by a 

factor of f, then the dose rate in that region would be given by 

�̇�𝑡𝑢𝑚𝑜𝑟 = 𝑓
𝐴0𝜀

𝑊𝑀
     (Eqn S12) 

If, for instance, the biodistribution is measured via positron emission tomography, the 

factor f is the Standardized Uptake Value (SUV) of the radiotracer. This factor is seen to 

range between 1 and 20 as mentioned above from per the biodistribution data. 

Comparison with equation S11 for initial dose rate yields 𝜂 =  
𝑓𝜀

𝑊𝑀
. The energy released 
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by beta particles from a single decay of 177Lu is 133 keV, and the energy released from 

a cascade of alpha particles from decay of 225Ac and its daughters is 27.65 MeV. 

Converting this energy released to Joules the value of 𝜂 calculated for 177Lu and 225Ac 

with f = 1 are 6.2x10-8 and 1.2x10-5 Gy/day/Bq. With f varying between 1 and 20, the 

limits for 𝜂 for 177Lu were taken to be 6x10-8 and 1.1x10-6 Gy/day/Bq, while the those for 

225Ac were taken to be 1.2x10-5 to 2.7x10-4 Gy/day/Bq. The decay schemes of 177Lu and 

225Ac are given by the Radioactive Decay Tables Handbook, U.S. Department of Energy 

November 1988. 

We performed a sensitivity study of the model parameters (Supplemental Table 1) to 

evaluate the impact of parameters on the simulated tumor burden. As an example, the 

177Lu data is used for this analysis. Each parameter is varied independently of the 

others to evaluate the effect of variations in that parameter on the predicted tumor 

burden (Supplemental Fig. 6). A smooth and continuous reduction in tumor burden 

with increased activity 𝑅0 , and radiosensitivity ( 𝛼 ) is observed. Varying the tumor 

proliferation rate affects the rebound growth rate once the radionuclide has decayed 

and is no longer effective in controlling the tumor growth. Slower clearance of tumor 

cells from the irradiated compartment (𝑉𝑅) is indicated by lower clearance rate values, 

which result in increased tumor burden in the later stages once treatment fails. 

Clearance rate impacts the dynamics observed in the intermediate stage (day 1 - 40) of 

tumor growth and response to therapy. The result of this analysis is that the 

radiosensitivity and clearance rate constants have the most impact in shaping the tumor 

growth and response curves. 

 

 

Supplemental Table 1: Radiobiological model parameters 

Parameter Symbol 

177Lu 225Ac References/ 

Comments 
Range 

Initial 

Value 
Range 

Initial 

Value 
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Tumor 

proliferation 

rate (days-1) 

ρ 

Constant 

(Control: 

0.13 – 

0.36) 

0.26 

Constant 

(Control: 

0.32 – 

0.42)  

0.36 

Range 

calculated for 
177Lu and 

225Ac groups 

separately 

and mean of 

each group 

used for 

further 

simulations 

Linear 

coefficient – 

radiosensitivity
& (Gy-1) 

α 0 - 0.4 0.05 0 - 5* 0.05 
van Leeuwen 

et al. 

Radiation 

Oncology 

(2018) 13:96 

(7)   

Radiosensitivity 

constants ratio 

(Gy) 

α/β Constant 10 Ɨ  Ɨ 

Clearance 

coefficient&   

(day-1) 

kcl 0 – 1   0 – 1 0.1   

Repair 

constant (day-1) 
γ Constant 16.6 - - 

Basic Clinical 

Radiobiology 

- Joiner (8) 

Decay constant 

(day-1) 
λp Constant 0.103 Constant 0.1   

Activity to dose 

conversion 

factor&    

(Gy.day-1.μCi-1) 

η 

Optimize

d in range 

0.006 – 

0.011 

0.057 

Optimize

d in 

range 1.2 

– 27 

9.43   

       

*α values for 225Ac are much higher than for 177Lu since the higher LET radiation has a 

higher relative biological effect (RBE). Typical values of RBE for alpha particles lie 
between 3 and 7.   

Ɨ The value of  is undefined.  

& Variables in italics are the parameters optimized in the simulations. 

 
 

Supplemental Figures 

Supplemental Figure 1. High dose 177Lu-DOTA-Dara (11.1 MBq) for treatment of 

disseminated MM. Panels are of individual mice within each treatment group. 
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Supplemental Figure 2. Dose response of 177Lu-DOTA-Dara (1.85, 3.7, and 7.4 

MBq) for treatment of disseminated MM model. Panels are of individual mice within 

each treatment group. 
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Supplemental Figure 3. High dose of 225Ac-DOTA-Dara (11.1 and 22.2 kBq) for 

treatment of disseminated MM. Panels are of individual mice within each treatment 

group. 
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Supplemental Figure 4. Dose response of 225Ac-DOTA-Dara (0.925, 1.85, and 3.7 

kBq) for treatment of disseminated MM. Panels are of individual mice within each 

treatment group. 
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Supplemental Figure 5: Two-compartment mathematical model of CD38 targeted 

radio-immunotherapy. Unirradiated myeloma tumor cells (𝑉𝑇) proliferate at a rate 𝜌, 

become irradiated (𝑉𝑅) at a rate 𝑘𝑅𝑥, and clear from the system at rate 𝑘𝑐𝑙.  
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Supplemental Figure 6: Sensitivity analysis. Impact of model parameters on 

predicted tumor burden for 225Ac-DOTA-Daratumumab therapy. Each parameter is 

varied independently while the rest of the parameters were kept constant as a baseline 

set of parameters. (A) Injected activity (A0). (B) Radiosensitivity (𝛼 Gy-1). (C) Tumor 

proliferation rate (𝜌). (D) Tumor cell clearance rate from the irradiated tumor cells 

compartment (𝑘𝑐𝑙). Baseline parameters used for the simulations: A0 = 3.7 kBq, 𝛼 = 2.4 

Gy-1, 𝜌 = 0.36 day-1, kcl = 0.03 day-1 

  



THE JOURNAL OF NUCLEAR MEDICINE • Vol. 62 • No. 6 • June 2021 Minnix et al. 
 

Supplemental References 

1. Kocher DC. Radioactive decay data tables : a handbook of decay data for application to radiation 
dosimetry and radiological assessments. [Oak Ridge, Tenn.]; Springfield, Va.: Technical Information 
Center, U.S. Dept. of Energy ; Available from National Technical Information Service, U.S. Dept. of 
Commerce; 1981. 

 
2. Scheinberg DA, McDevitt MR. Actinium-225 in targeted alpha-particle therapeutic applications. 
Current radiopharmaceuticals. 2011;4:306-320. 

 
3. Gong X. Maximal ϕ-inequalities for demimartingales. Journal of Inequalities and Applications. 
2011;2011:59. 

 
4. Sgouros G. α-Particle–Emitter Radiopharmaceutical Therapy: Resistance Is Futile. Cancer 
Research. 2019;79:5479-5481. 

 
5. O'Donoghue JA. The response of tumours with Gompertzian growth characteristics to 
fractionated radiotherapy. International Journal of Radiation Biology. 1997;72:325-339. 

 
6. Goodhead DT. Mechanisms for the Biological Effectiveness of High-LET Radiations. Journal of 
Radiation Research. 1999;40:S1-S13. 

 
7. van Leeuwen CM, Oei AL, Crezee J, et al. The alfa and beta of tumours: a review of parameters 
of the linear-quadratic model, derived from clinical radiotherapy studies. Radiat Oncol. 2018;13:96. 

 
8. Joiner M, Kogel, A. van der Basic Clinical Radiobiology. 4th ed: Hodder Arnold; 2009. 

 

 


