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ABSTRACT

Skeletal metastases are common in patients suffering from various primary cancers. Radiopharmaceu-
ticals are an effective option for bone pain palliation. In this work, the radiation absorbed dose of ’Lu-
EDTMP radiopharmaceutical was estimated for adult man based on biodistribution data in Wistar rats.
The MIRD dose calculation method and the Sparks and Aydogan methodology were applied. The results
shows that about 46% of injected activity is cumulated on the surface of the trabecular and cortical bones.
Radiation absorbed doses of red bone marrow and osteogenic cells were estimated to about 1.1 and 6.2
mGy/MBq, respectively. The maximum administrated activity was obtained 27 MBq/kg of body weight
with an effective dose of 0.23 mSv/MBq. The results were compared with other available data from
literature. This study indicated that 7’Lu-EDTMP provides therapeutic efficacy for achieving bone pain
palliation with low undesired dose to other normal organs.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Bone metastases occur in many patients with solid malignant
tumors and nearly half of them experience bone pain [1,2].
Currently, bone-avid beta emitting radiopharmaceuticals are used
for the selective delivery of radiation absorbed dose to tumor cells
and bone marrow for bone pain palliation and bone marrow abla-
tion [3,4].

Lutetium-177 with appropriate half-life of 6.73 day, three me-
dium energy beta particles (498.30 keV [78.6%], 385.35 keV [9.1%]
and 176.98 keV [12.2%]) and gamma rays for imaging studies
(208.37 keV [11%] and 112.95 keV [6.4%]) is an excellent radionu-
clide for delivering of interested dose for bone metastases [5]. The
comparatively longer half-life of lutetium-177, provides an
outstanding advantage in delivering the radiopharmaceutical to
locations far away from the reactors. In addition, lutetium-177 has
high thermal neutron capture cross section of about 2100 b through
176 y(n,y)’Lu interaction [5,6]. This radionuclide’s medium en-
ergy beta particles ensures minimum bone marrow suppression.
Previously sodium orthophosphate (3?P) and #°SrCl, radiophar-
maceuticals have been used for treatment of multiple osseous
metastases and for bone pain palliation, but their high energy beta
particles and half-lives in addition to their pure beta-decay

E-mail addresses: rzbagheri@aeoi.org.ir, reza_bagheri@aut.ac.ir.

https://doi.org/10.1016/j.net.2022.08.027

modalities without emission of any low energy gamma rays (in
order to follow up radiopharmaceutical in body) led to the devel-
opment of other suitable bone surface and volume-seeking beta
and alpha emitter radiopharmaceuticals such as *3Sm-EDTMP,
77Lu-EDTMP, '%6Ho-DOTMP, '86/188Re-HEDP, °CY-EDTMP and
223RaCly [7—-11].

Recently, alpha emitter radionuclides are shown to exhibit
acceptable results for treatment of bone metastases. Radium-223
dichloride is one of bone volume-seeking alpha emitters that
emits high energy alpha particles. Radium-223 dichloride radio-
pharmaceutical with trade name of “Xofigo” has successfully
passed through phase III clinical trial in treatment of bone metas-
tases [10,11]. However high price and difficult accessibility of
radiuom-226 radioisotope and the high cost of each injection dose
of Xofigo radiopharmaceutical, justifies the production and appli-
cation of radiolabeled phosphonates such as 7’Lu-EDTMP.

Various aminophosphonic acid conjugates of lutetium-177
radionuclide have been used in human and normal animal
studies for bone pain palliation including: 7’Lu-CTMP [12], 77"Lu-
TTHMP [13], 77Lu-PYP [14], 7Lu-MDP [15], ""’Lu-DOTA-ZOL [16],
177Lu-DOTMP [17—19], "’Lu-EDTMP [6,13,17,20—27], 17Lu-DOTA-
TATE [26,28], 77Lu-HEDP [29] and '7’Lu-DPD [29], which among
them 7’Lu-EDTMP is the only radiopharmaceutical of lutetium-177
radionuclide which has been clinically used as pone pain palliative
agent.

Although, the radiation absorbed dose of '’Lu-EDTMP
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radiopharmaceutical for human has been reported in some articles
[25,27,30], but they contain some defects and imperfections. Only a
few specific tissues were considered as source organs and less time
points were chosen for comparatively long life-time radionuclide of
lutetium-177.

The aim of this study is to estimate the radiation absorbed dose
of 7’Lu-EDTMP radiopharmaceutical for organs of an adult man
based on biodistribution data in Wistar type rats [17,31]. Although
the extrapolation between nonhuman primates (such as beagle,
baboon, mice and rat) and human data may lead to overestimation
or underestimation of absorbed dose, previously published
numerous studies in literature have justified the usefulness of these
models for initial absorbed dose evaluations [32,33]. Much more
time points (0.5, 3, 24, 48 and 168 h) and more tissues (about 12
tissues) were considered as the source organs. Wherever possible,
the result will be compared with other published data from
literature.

2. Materials and methods
2.1. Biodistribution studies of '"’Lu-EDTMP in wistar rats

Production and quality control of 7’Lu-EDTMP radiopharma-
ceutical have been fully-described by Chakraborty et al. [17,31].
Biodistribution of 7’Lu-EDTMP was studied in normal Wistar rats
injected with 0.1 mL (3—4 MBq of 7’Lu) of radioactive solution
through their tail vein. The animals were sacrificed by cardiac
puncture post-anesthesia at selected times after injection (30 min,
3h,1d,2dand 7 d). Five rats were killed in each time interval. After
drawing blood from the aorta, organs were weighed and counted in
a flat-type Nal(TI) scintillation counter. The tissues' radioactivities
were stated as percentage of injected activity per organ (%IA/
organ).

2.2. "’Lu-EDTMP's biodistribution in humans

The following methods are used to adapt biodistribution pattern
of ’Lu-EDTMP radiopharmaceutical between rats and humans;
the Medical Internal Radiation Dosimetry (MIRD) dose calculation
method [34] and the methodology for extrapolation of the percent
of injected activity (%IA) in human organ from the percent of
injected activity (%IA) in animal organ.

Several investigations have previously published to extrapolate
biokinetic and biodistribution data from animals to humans in cases
where there is no human data or is insufficient [35,36]. Regarding
the considerable difficulties to extrapolate biokinetic data from an-
imals to human, the methodology outlined by Sparks and Aydogan is
applied in this study in order to have a rough approximation of
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radiation absorbed dose in man from ’Lu-EDTMP [36]. Based on
this method, in relative organ mass scaling, the percent of injected
activity (%IA) in human organ is assumed to be equal to the ratio of
the fraction of the total body mass of the organ in human to the
fraction of the total body mass of the organ in animal multiplied by
the percent of injected activity (%IA) in animal organ:

Organ masSpuman
BOdy MasShuman (1 )
Organ masSanimai
Body massanima

%IA Human organ = %IA Animal organ x

The weight of selected organs of the adult man and normal
Wistar rats are given in Table 1 according to ICRP report [37] for
humans and Peters and Boyd [38] and Miller et al. [39] articles for
Wistar rats.

The activity of organs in any time interval after injection of Ag Bq
of 7Lu-EDTMP is calculated from the following equation and the
time-activity curves are produced for each source organs according
to this equation:

x Age ™ (2)

2.3. Dosimetric calculations

The radiation absorbed dose of interested target organs was
estimated using methods recommended by the Medical Internal
Radiation Dose (MIRD) Committee of the Society of Nuclear Med-
icine [34]. The calculations are based on the methodology described
below:

D(rr)="Y A(rs)S(rr — r5) (3)

where, D(r7) stated in (mGy) is the radiation absorbed dose to a
target organ, ry, from a source organs, rs. A(rs) is the cumulated
activity in the source organ, rs, which is calculated by the following
equation:

Ars) = jA(r& ) dt )
0

and, the S(rr « rs) expressed in [mGy/(MBq s~ 1)], is the specific
absorbed fraction of energy for the target organ, rp per unit
cumulated activity in source organ, rs. In this study the S-values of
adult man for lutetium-177 radionuclide are taken from the
OLINDA/EXM software [40].

Table 1

Weight of selected organs of the adult man and Wistar rat.
Organ Human (g) Organ Rat (g)
Total body 70000 Total body 190
Heart, without blood in chambers 330 Heart 0.7
Kidneys (both) 310 Kidneys (both) 1.5
Stomach 150 Wall; 250 contents Stomach 1.0 wall
Small intestine 640 Wall; 400 contents Small bowel 1.9 wall
Muscle, skeletal 28000 Muscle 73.7
Lungs, including blood 1000 Lungs 1.2
Liver 1800 Liver 8.1
Upper large intestine (ULI) 210 Wall; 220 contents Cecum 0.6 wall
Lower large intestine (LLI) 160 Wall; 135 contents Colon 1.0 wall
Spleen 180 Spleen 0.7
Cortical (compact) bone 4000 Bone 17.3
Trabecular (cancellous) bone 1000 Brain 1.8
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The cumulated activity of each source organ was calculated as
the integral of the time-activity curves up to 168 h (7 days) using
the trapezoidal method, plus the integral of the rest of the curve to
infinity using fit to exponential functions with effective half-life
constants of organs. The time-activity curves after 168 h were
assumed with a rational assumption that, organs' activities
decrease with an effective half-life of that organ (radioactive decay
and biological elimination of the radionuclide). The last three time
points (1, 2 and 3 days) on the activity-time curves of organs were
used for extraction of effective half-lives of those organs through
fitting monoexponential equation on curves.

Finally, the effective dose was calculated according to the latest
recommendations of the International Commission on Radiological
Protection (ICRP) publication 103 [41], and was calculated from the
following equation for both male and female, and then averaged:
)Male JrH(’,T)Female

2

(5)

E—= ZWT H(rT
T

where wr is the weighting factor for tissue or organ T and Hr, is the
equivalent dose in tissue T, given in Sv. Since the gamma rays and
beta particles are involved in this research, the equivalent dose of
tissues are directly calculated from the radiation absorbed dose of
tissues (the radiation weighting factor of gamma and beta radia-
tions is equal to 1).

3. Results and discussion

3.1. "7Lu-EDTMP's biodistribution in normal wistar rats and
humans

The biodistribution of 7’Lu-EDTMP in different organs of Wistar
rats up to 7d (168 h) after injection is given in Fig. 1.

As shown in Fig. 1, the major portion of injected activity is
washed out from the blood circulation after 3 h and is rapidly taken
up in bones after administration and is retained almost constant up
to7d.

The percentage of injected activities per organs of human (%IA/
organ) extrapolated from Wistar rats' biodistribution data, are
given in Fig. 2. As seen in Fig. 2, most of the activity is cumulated in
bone tissue. Radiolabeled phosphonates such as ’Lu-EDTMP,
primarily tend to be localized uniformly on bone surfaces [42,43].
In accordance with the recommendations of the ICRP, human bone
surface uptake was considered as the trabecular (cancellous) and
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the cortical (compact) bones' surface proportion at a ratio of 62%—
38% of the total skeletal surface [44].

Totally, more than 46% of injected activity is cumulated on the
surface of the trabecular and cortical bones. Because of the larger
surface area of trabecular bone against cortical one (10.5 m? vs.
6.5 m?), contribution of the trabecular bone from activity distri-
bution on bone is more than the cortical one [44]. In addition, about
1.5% of injected activity will be deposited in muscle organ in the
first time intervals post-injection due to the large weight fraction of
muscle in human body (about 40% of total body weight). The
percent of injected activity in the remaining source organs is less
than 0.5%.

The time-activity curves for source organs of human are given in
Fig. 3 a and b per injection of 1MBq of ""’Lu-EDTMP. Fig. 3 shows
that most of the activity is rapidly taken up in cortical (~0.18 MBq)
and trabecular (~0.28 MBq) bone surfaces. Approximately after 1
half-life of 7’Lu radionuclide (about 162 h), there are insignificant
activities in source organs except for bone tissues.

As shown in Fig. 3, more than half of the injected activity would
be excreted via the urinary tract, therefore absorbed dose of urinary
bladder wall and its content's delivered dose to other organs should
not be neglected. Unfortunately, chakraborty et al. [17,31] did not
directly measured the time-activity curve of urinary bladder tissue.
Instead, they calculated the excretion percent of injected radio-
pharmaceutical by subtracting the activity accounted in all the or-
gans/tissues from the total activity injected to the rats. In order to
make an approximate estimation for radiation absorbed dose of
urinary bladder wall, cumulative urinary excretion data of Bal et al.
work was employed [25]. Fractionated urine samples were
collected over the first 48 h post-injection of radiopharmaceutical
for human.

Since the frequency of urination and the activity of each uri-
nation should be known for the precise absorbed dose estimation
of urinary bladder wall, conservatively the 4, 8, 24 and 48 h time
points were considered as the number of bladder evacuations. It is
clear that the bladder activity will be considered zero after any
evacuation. The time-activity curve for urinary bladder content per
injection of 1 MBq of '7’Lu-EDTMP is given in Fig. 3b.

3.2. Radiation absorbed dose calculations

The cumulated activities (from injection time to infinity) in the
source organs of the adult man per injection of 1 MBq of the 7’Lu-
EDTMP radiopharmaceutical are given in Table 2. Extracted

50 -
45 - Wistar Rats
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o 35 - m05h
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£ 30 - mld
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Fig. 1. Percentage of the injected activity per organ (%IA/organ) of "7’Lu-EDTMP in normal Wistar rats [17,31].
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Fig. 2. Percentage of injected activity per organ (%IA/organ) of '7’Lu-EDTMP in the adult man organs.
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Fig. 3. Time-activity curves of ”’Lu-EDTMP for source organs of the adult man.

effective half-lives of organs through fitting monoexponential
equation on the activity-time curves are given in this table as well.
R-squared values were more than 95% during the fitting process.
As expected, the highest cumulated activity of "’Lu-EDTMP
radiopharmaceutical is observed in trabecular and cortical bones
surfaces. 7’Lu-EDTMP radiopharmaceutical is settled in bone tissue
and is approximately removed from this tissue with radiological
half-life (Tg = 161.5 h). In other word, biological elimination of this
radiopharmaceutical from bone tissue can be ignored due to the
strong adhesive property of phosphonate agent (EDTMP) at bone
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tissue. Due to fast renal excretion of 7’Lu-EDTMP, the urinary
bladder cumulated activity is the largest after the bone tissue.

Estimated radiation absorbed dose of the selected target organs
of the adult man along with the effective dose of 7/Lu-EDTMP
radiopharmaceutical are presented in Table 3 per injection of 1 MBq
activity. The effective dose can be considered as a rough estimate of
the comparable whole body irradiation. Sharma et al. [27] and Bal
et al. [25] results are given in Table 3 for comparison as the only
available radiation absorbed dose estimation of '’Lu-EDTMP
radiopharmaceutical in man.
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Table 2
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The cumulated activities (MBq s) in the source organs of the adult man per injection of 1 MBq of'”’Lu-EDTMP.

Source organ Cumulated activity

Effective half-life (h)

Source organ Cumulated activity  Effective half-life (h)

Heart 4 0.5 Lower large intestine (LLI) contents 341 38.5
Kidneys 977 99.0 Cortical bone surface 150154 161.5
Spleen 21 28.8 Trabecular bone surface 244988 161.5
Stomach contents 56 533 Muscle 525 4.7
Small intestine contents 1012 38.5 Lungs 62 9.5
Upper large intestine (ULI) contents 556 38.5 Liver 894 115.5
Urinary bladder content 3379 -

Table 3

The radiation absorbed dose (mGy/MBq) of the adult man target organs per injection of 1 MBq of'”’Lu-EDTMP radiopharmaceutical.
Target organs This work Ref. [27]. Ref. [25]. Target organs This work Ref. [27]. Ref. [25].
Adrenal 0.012 0.058 0.05 Ovaries 0.008 0.057 0.05
Brain 0.013 0.058 0.05 Pancreas 0.007 0.054 0.04
Breasts 0.004 0.064 0.04 Red marrow 1.067 0.833 0.80
Gallbladder wall 0.005 0.052 0.04 Osteogenic cells 6.162 5.255 5.41
Lower large intestine (LLI) wall 0.037 0.096 0.05 Skin 0.005 0.058 0.04
Small intestine 0.035 0.060 0.04 Spleen 0.008 0.062 0.04
Stomach wall 0.007 0.050 0.04 Testes 0.005 0.052 0.04
Upper large intestine (ULI) wall 0.035 0.053 0.04 Thymus 0.005 0.050 0.04
Heart wall 0.007 0.054 0.04 Thyroid 0.008 0.053 0.04
Kidneys 0.085 0.060 0.04 Urinary bladder wall 0.198 1.356 1.53
Liver 0.017 0.072 0.04 Uterus 0.007 0.059 0.05
Lungs 0.009 0.054 0.04 Total body 0.139 0.194 0.16
Muscle 0.009 0.066 0.04 Effective dose (mSv/MBq) 0.23 0.264 0.38

Although the extrapolation between nonhuman primates and
human data may lead to overestimation or underestimation of
absorbed dose, but as shown in Table 3, the calculated radiation
absorbed dose of tissues based on this method (especially for target
organs such as osteogenic cells and red marrow) are close to the
measured values through the imaging studies as a base for the
absorbed dose assessments in nuclear medicine.

The highest radiation absorbed dose of 7’Lu-EDTMP radio-
pharmaceutical was delivered to skeletal tissue (Osteogenic cells
and red bone marrow). Red bone marrow and osteogenic cells ra-
diation absorbed doses were estimated about 1.1 and 6.2 mGy/MBq,
respectively.

Bone and red bone marrow tissues receive radiation absorbed
doses of more than 100 times the doses delivered to the most of the
non-target organs. The urinary system is the next organ with the
highest radiation absorbed dose (about 0.20 mGy/MBq and 0.08
mGy/MBq for urinary bladder wall and kidneys, respectively),
demonstrating rapid clearance of radiopharmaceutical from the
blood circulation. Calculated radiation absorbed dose of urinary
bladder wall in our study is less than Sharma et al. [27] and Bal et al.
[25] results. They assumed the cumulative urinary excretion as a
urinary bladder content without considering the regular bladder
evacuations and directly inserted anterior and posterior whole
body images (including urinary bladder content) into the OLINDA

software. We conservatively supposed that the bladder is evacuated
at least two times in the first 8 h post-injection of
radiopharmaceutical.

Also, the results show that because of the medium energy beta
particles of lutetium-177 relative to high energy beta particles of
holmium-166 and low energy beta particles of samarium-153, the
effective dose of "/Lu-EDTMP radiopharmaceutical (0.23 mSv/
MBq) is lower than '®*Ho-EDTMP (0.29 mSv/MBq) and higher than
153§m-EDTMP (0.21 mSv/MBq) [33].

The maximum tolerated doses (MTD) of bone and bone marrow
are about 50—70 and 1—2 Gy, respectively [43]. Radiation absorbed
dose of 25 Gy to the red bone marrow can be considered as the
ablative therapeutic dose [45,46]. The minimum therapeutic ac-
tivity required to deliver a 25 Gy dose to the red bone marrow,
along with the activity corresponding to the maximum tolerated
dose (MTD) by bone and bone marrow tissues were given in Table 4
for various bone-avid radiopharmaceuticals. Assuming 2 Gy as the
maximum tolerated dose to the red bone marrow, maximum ac-
tivity to be administered to patients (in versus of MBq/kg of body
weight) is given in this table as well.

As seen in Table 4, generally EDTMP ligand conjugate demands
less activities than DOTMP and HEDP ligands to deliver required
dose for bone marrow ablation for a given radionuclide. This is due
to the relatively high bone uptake property of EDTMP ligand (up to

Table 4
The minimum activity of aminophosphonic acid radiopharmaceuticals required to deliver a therapeutic dose of 25 Gy to the red marrow.
Tissue 90Y-EDTMP '>*Sm-EDTMP '®Ho-DOTMP '®“Ho-EDTMP '®Re-HEDP '88Re-HEDP '”’Lu -EDTMP
Activity (GBq) corresponding to MTD of bone (70 Gy) 39 16.2 77.8 22.7 22.4 18.4 11.3
Activity (GBq) corresponding to MTD of bone marrow (2 Gy) 1.1 29 39 14 22 33 1.9
Min. activity (GBq) required for bone marrow ablation (25 Gy) 13.9 35.7 48.4 174 27.2 41.0 22.7
Max. administered activity (MBq/kg) 15.7 414 55.7 20.1 314 471 27.1
Bone surface absorbed dose (mGy/MBq) 18 43 0.9 3.1 3.1 3.8 6.2
Red marrow absorbed dose (mGy/MBq) 1.8 0.7 0.5 14 0.9 0.6 1.1
Reference [47]. [48] [46] [43] [49]. [50]. This work
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70%) relative to DOTMP and HEDP (up to 40%) ligands [42]. Only the
166Ho compounds ('*®Ho-EDTMP and '®®Ho-DOTMP) could result
in complete extirpation of bone marrow, while bone tissue dose
would not exceed the MTD limit. Other radiophosphonates’
required activities in order to complete red marrow ablation would
exceed the MTD limit of bone tissue. The results show that the
injected activity of '7/Lu-EDTMP radiopharmaceutical should not
exceed by 27 MBq/kg (0.73 mCi/kg) of body weight. This adminis-
trated activity will result in 11.7 Gy bone surface absorbed dose for
a 70 kg adult man (inverses of 1.9 GBq injected activity). In addition,
the results indicate that ’Lu-EDTMP delivers more radiation
absorbed dose to bone surface compared with other studied ra-
diopharmaceuticals except for *°Y-EDTMP.

4. Conclusion

Theoretical radiation absorbed dose, effective dose and effective
half-lives of tissues for 7/Lu-EDTMP radiopharmaceutical was
estimated in adult man based on biodistribution data in Wistar rats.
The results indicate that the osteogenic cells will receive about 6
times more radiation dose than red bone marrow per unit of
injected activity. The radiation absorbed dose of 7’Lu-EDTMP
radiopharmaceutical for urinary bladder wall, red bone marrow
and osteogenic cells were estimated about 0.2, 1.1 and 6.2 mGy/
MBq, respectively. The present study indicates that ’Lu-EDTMP
provides therapeutic efficacy for achieving bone pain palliation
with low undesired dose to other normal organs, but more clinical
trials needs to be established in a large number of cancer patients
prospectively.
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