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Objective: In this study, the human absorbed dose of
holmium-166 (®®Ho)-pamidronate (PAM) as a potential
agent for the management of multiple myeloma was
estimated.

Methods: '®®*Ho-PAM complex was prepared at opti-
mized conditions and injected into the rats. The
equivalent and effective absorbed doses to human
organs after injection of the complex were estimated
by radiation-absorbed dose assessment resource and
methods proposed by Sparks et al based on rat data.
The red marrow to other organ absorbed dose ratios
were compared with these data for *®*Ho-DOTMP, as
the only clinically used '®®Ho bone marrow ablative
agent, and "®®Ho-TTHMP.

Results: The highest absorbed dose amounts are ob-
served in the bone surface and bone marrow with 1.11 and
0.903mGy MBq !, respectively. Most other organs would
receive approximately insignificant absorbed dose. While

INTRODUCTION

Nowadays, radiopharmaceuticals have widespread applica-
tions in the diagnosis and treatment of various diseases."”
The skeleton is one of the most common sites of metastases
in several tumours such as prostate (80%), breast and lung
carcinomas (50%).> On the other hand, multiple myeloma,
as a fatal illness arising from plasma cells in the bone
marrow, is an aggressive plasma cell malignancy that can
entail an occurrence of progressive pain.* Multiple myeloma
presents with symptoms related to anaemia, hypercalcemia,
fatigue, bone pain and renal dysfunction.’

For patients with mentioned morbidities, phosphonate ligands
labelled with beta-emitting particles have comprehensive usage
in nuclear medicine. (3-amino-1-hydroxypropane-1,1-di-yl)-
bis(phosphonate), pamidronate (PAM), a multidentate
polyaminopolyphosphonic acid ligand, can be consid-
ered as a possible carrier moiety for the development of

166Ho-PAM demonstrated a higher red marrow to total
body absorbed dose ratio than '®®Ho-1,4,7,10-tetraazacyclo
dodecane-1,4,7,10 tetra ethylene phosphonic acid (DOTMP)
and '®®Ho-triethylene tetramine hexa (methylene phos-
phonic acid) (TTHMP), the red marrow to most organ
absorbed dose ratios for "®®*Ho-TTHMP and ®®Ho-PAM are
much higher than the ratios for "®®Ho-DOTMP.
Conclusion: The result showed that ®*Ho-PAM has
significant characteristics than "®®Ho-DOTMP and there-
fore, this complex can be considered as a good agent for
bone marrow ablative therapy.

Advances in knowledge: In this work, two separate points
have been investigated: (1) human absorbed dose of
1664o-PAM, as a potential bone marrow ablative agent,
has been estimated; and (2) the complex has been
compared with '®*Ho-DOTMP, as the only clinically used
bone marrow ablative radiopharmaceutical, showing
significant characteristics.

beta emitter-based radiopharmaceuticals. PAM is used
to prevent osteoporosis and bone loss in certain cancers
including multiple myeloma in clinical trials. Also, the
existence of an amino group in this ligand could pos-
sibly increase the complex stability. Biological half-life
for PAM (28.7h) and holmium-166 ('®°Ho) physical
half-life (27h) demonstrate interesting compatible
radionuclide-ligand couple for developing a possible
radiopharmaceutical.®

Among different beta emitter radionuclides like 32p 89gy. 9%y,
>Sm and '"®Re proposed as alternative modalities for the
management of bone pain,” '®Ho, owing to its beta particle
energy (Egmax = 1.84MeV), has considerable potential for
delivering ablative radiation doses to the bone marrow in
multiple myeloma. Therefore, some phosphonate ligands
labelled with '®Ho such as '®*Ho-1,4,7,10-tetraazacyclo
dodecane-1,4,7,10 tetra ethylene phosphonic acid
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(DOTMP),%? '%*Ho-ethylenediaminetetramethylene phosphonic
acid (EDTMP)'®'"" and '®°Ho-N,N-dimethylenephosphonate-
1-hydroxy-3-aminopropylidenediphosphonate (APDDMP)'? are
developed and found to be suitable complexes for bone marrow
ablation.

One of the most important parameters in the administration of
radiopharmaceuticals is the absorbed dose, as the amount of
energy deposited in unit mass of any organ by ionizing radiation,
delivered to each organ. This concern is naturally heightened in
therapy applications, where a significant absorbed dose may be
received by other organs and in particular radiosensitive
organs.”” So, the knowledge of the radiation-absorbed doses to
various critical organs, especially the bone marrow, liver, kidney
and spleen, is important for considering the maximum of
injecting activity.'*

Estimation of the organ radiation exposure dose can be released
from biodistribution data in small animals, such as rats, to
humans and it is a prerequisite for the clinical application of a
new radiopharmaceutical.'® In fact, prior to moving forward with
human measurements from a small number of volunteers, con-
sistent with the recommendations of International Commission
on Radiological Protection 62, this estimation is a common step
for accelerating the development of radioactive compounds in
clinical applications. Absorbed dose estimates in small animals are
conventionally derived by sacrificing the animals at various times
points after tracer administration, harvesting and weighing their
organs and measuring their respective activities.'”'®

Four methods have been introduced by Spark et al for extrapolating
animal uptake data to equivalent uptake in humans.'® In the first
one, it is considered that the percentage of the injected activity at
any time in the human and animal organ is the same. In the relative
organ mass extrapolation and the physiological time extrapolation,
as in other methods, the mass and time coefficients are used to
convert the animal uptake data to human ones, respectively. In the
last proposed method, the relative organ mass and the physiological
time extrapolation techniques are combined.

Internal dose assessment depends on the use of mathematical
formulas for dose calculation and models of the human body
and its organs. The first values for dose factors were published
in medical internal radiation dosimetry (MIRD) Pamphlet
No. 11 in 1975 for dosimetric calculations in nuclear medi-
cine. Recently, new models have been employed by updating
dose factors for the bone and marrow, with suggested cor-
rections. Nowadays, the most commonly used procedure for
the calculation of the internal dose estimates is the radiation-
absorbed dose assessment resource (RADAR) method.?°

Owing to the special characteristics of '®*Ho and PAM, '**Ho-
PAM has been recently synthesized, showing good characteristics
such as significant accumulation in the bone tissue and in-
considerable uptake in other organs.® The utilization possibility
of "®*Ho-PAM as the new bone ablative agent is related to the
absorbed dose delivered to the bone marrow as the target organ
with regard to the other organ absorbed dose. In this study,
'%°Ho-PAM complex was prepared and injected into rats. The
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absorbed dose to human organs after injection of the complex
was estimated by RADAR method. The resulting data were
compared with '®®Ho-DOTMBP, as the only clinically used '**Ho
bone marrow ablative agent, and '°°Ho-triethylene tetramine
hexa (methylene phosphonic acid) (TTHMP).

METHODS AND MATERIALS

Production of '®®Ho was performed at a research reactor using
165Ho(n,}() 1o nuclear reaction. Natural holmium nitrate
with a purity of >99.99% was obtained from ISOTEC Inc. All
other chemical reagents were purchased from Sigma—Aldrich
Chemical Co. (UK). Whatman No. 1 paper was obtained from
Whatman (UK). Radiochromatography was performed by
Whatman paper using a thin-layer chromatography scanner
(Bioscan AR2000, Eckert & Ziegler Radiopharma Inc., Paris,
France). The activity of the samples was measured by a p-type
coaxial high-purity germanium (HPGe) detector (model: EGPC
80-200R) coupled with a multichannel analyzer system. Cal-
culations were based on the 80.6-keV peak for '**Ho. All values
were expressed as mean * standard deviation and the data were
compared using Student’s #-test. Animal studies were performed
in accordance with the United Kingdom Biological Council’s
Guidelines on the Use of Living Animals in Scientific Inves-
tigations (2nd edn, Institute of Biology, London, 1987).

Production and quality control of "®*¢HoCls solution
'°Ho was produced by neutron irradiation of 100 pg of
natural '®*Ho(NO;); (***Ho with a purity of 99.99% from
ISOTEC Inc.) in a research reactor with a thermal neutron
flux of 5X 10" Ncm™?s™'. Specific activity of the produced
"Ho was 7.5GBqmg ' after 2 days of irradiation. The
irradiated target was dissolved in 200l of 1.0 M HCI to
prepare '°°HoCl; and diluted to the appropriate volume
with ultrapure water to produce a stock solution. The mixture
was filtered through a 0.22-pm biological filter and sent
for use in the radiolabelling step. The radionuclidic purity
of the solution was tested for the presence of other radio-
nuclides using beta spectroscopy as well as HPGe spectros-
copy for the detection of various interfering beta- and
gamma-emitting radionuclides. The radiochemical purity of
the '®®HoCl; was checked by means of two solvent systems for
RTLC (A—10-mM DTPA with pH 4 and B—ammonium
acetate 10%: methanol (1:1)).

Preparation and quality control of ®®*Ho-PAM

The radiolabelling of PAM was performed according to the
previously reported procedure.® Briefly, a stock solution of
monosodium pamidronic acid salt (molecular weight 257) was
prepared by dissolution in double-distilled ultrapure water to
produce a solution of 50 mgmL~". 5mCi of the '®®HoCl; so-
lution was added to 0.3 ml of NaPAM solution. The complex
solutions were kept at room temperature for 60 min. The ra-
diochemical purity was determined using instant thin layer
chromatography (ITLC) and high performance liquid chro-
matography (HPLC) methods. The best ITLC mobile phase
was considered as NH,OH: MeOH:H,O (0.2:2:4) mixture.
The final solution was passed through a 0.22-pm membrane
filter and the pH was adjusted to 7.5 with 0.05-mol.L™"
phosphate buffer.
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Figure 1. Gamma spectrum of '®®HoCls solution used for
labelling.
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Biodistribution study of '®®Ho-PAM in rats

The distribution of radiolabelled complex (2, 4, 24 and 48h)
among tissues was determined in the rats. The total amount of
radioactivity injected into each animal was measured by
counting the syringe before and after injection in a dose cali-
brator with fixed geometry. The radioactivity was injected in-
travenously to the rats through their tail vein. The animals were
sacrificed using the animal care protocols at select times after
injection. The tissues were weighed and rinsed with normal
saline, and their activities were determined with a p-type coaxial
HPGe detector coupled with a multichannel analyzer according
to Equation (1):*
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A= N
sytsmkl k2k3k4k57

(1

where, ¢ is the efficiency at photopeak energy, vy is the emis-
sion probability of the gamma line corresponding to the peak
energy, t; is the live time of the sample spectrum collection in
seconds, m is the mass (in kilograms) of the measured sample
and k;, k,, ks, ks and ks are the correction factors for the
nuclide decay from the time the sample is collected to the start
of the measurement, the nuclide decay during counting pe-
riod, self-attenuation in the measured sample, pulse loss due
to random summing and the coincidence, respectively. N is
the corrected net peak area of the corresponding photopeak
given as:

t.
N=N,—~ Ny, (2)
tp

where Nj is the net peak area in the sample spectrum, Nj, is the
corresponding net peak area in the background spectrum and ¢,
is the live time of the background spectrum collection in
seconds.

The percentage of the injected dose per gram for different
organs was calculated by dividing the amount of activity
for each tissue (A) to the non-decay-corrected injected
activity and the mass of each organ. Four rats were sacrificed
for each interval. All values were expressed as mean =
standard deviation and the data were compared using
Student’s -test.

Figure 2. Non-decay-corrected clearance curves for rat organs after i.v. injection of '®*Ho-pamidronate. % ID/g, percentage of the

injected dose per gram.
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Calculation of accumulated activity in human organs
The accumulated source activity for animal organs was calcu-
lated by plotting the non-decay-corrected percentage-injected
dose vs time according to Equation (3):

A= /wA(t) dr, (3)

where A(f) is the activity of each organ at time ¢.

For this purpose, linear approximation was used between the
two experimental points of time. The curves were extrapolated
to infinity by fitting the tail of each curve to a monoexponential
curve with the exponential coefficient equal to the physical decay
constant of '®*Ho. The activity of blood at t = 0 was considered
as the total amount of the injected activity, and the activity of all
other organs was estimated to be zero at that time.

The accumulated activity for animal organs was then extrapo-
lated to the accumulated activity for human organs by the
proposed method of Sparks et al (Equation 4)."

Vaez-Tehrani et a/

Organ massy,;,..n / Body massy ;..

AHuman organ — AAnimal organ

Organ mass / Body mass

animal

(4)

animal

For this extrapolation, the standard mean weights of human
organs were used.”

Equivalent absorbed dose calculation
The absorbed dose in human organs was calculated by RADAR
formalism based on biodistribution data in the rats:'’

D=A X DF, (5)

where A is the accumulated activity for each human organ and
DF is:

kS nE b

DF=7Z’ iEi i (6)
m

In this equation, #; is the number of radiations with energy E

emitted per nuclear transition, E; is the energy per radiation

(in megaelectron volts), ¢; is the fraction of energy emitted

Table 1. Equivalent and effective absorbed doses delivered into human organs after injection of '®®*Ho-pamidronate

Target Equivalent absorbed dose in Tissue weighting Effective absorbed dose in
organs humans (mGy/MBq) factor (Wt”) humans (mSv/MBq)
Adrenals 0.003 0.12 0.0004
Brain 0.003 0.01 0.0000
Breasts 0.001 0.12 0.0001
GB wall 0.001 0.12 0.0001
LLI wall 0.208 0.12 0.0250
Small intestine 0.001 0.12 0.0001
Stomach wall 0.027 0.12 0.0032
ULI wall 0.001 0.12 0.0001
Heart wall 0.038 0.12 0.0046
Kidneys 0.157 0.12 0.0188
Liver 0.063 0.04 0.0025
Lungs 0.075 0.12 0.0090
Muscle 0.062 0.12 0.0074
Ovaries 0.002 0.08 0.0002
Pancreas 0.002 0.12 0.0002
Red Marrow 0.903 0.12 0.1110
Bone surf 1.11 0.01 0.0114
Spleen 0.068 0.12 0.0082
Testes 0.001 0.12 0.0001
Thymus 0.001 0.12 0.0001
Thyroid 0.002 0.04 0.0001
UB wall 0.001 0.04 0.0000
Total body 0.095 0.203

GB, gallbladder; LLI, lower large intestine; UB, urinary bladder; ULI, upper large intestine.
“Tissue-weighting factors according to International Commission on Radiological Protection 103 (2007).

4 of 7 birpublications.org/bjr

Br J Radiol;89:20160153


http://birpublications.org/bjr

Full paper: Human dosimetric estimation of '®®Ho-PAM

that is absorbed in the target, m is the mass of the target
region (in kilograms) and k is some proportionality constant
mGy kg
(MquMeV
of the radionuclide, the range of the emitted radiations and
the organ size and configuration,”* expressed in milligray per
megabecquerel seconds. In this research, DFs have been taken
from the amounts presented in OLINDA/EXM software.”’

). DF represents the physical decay characteristics

Since D in Equation (5) is the absorbed dose in the target organ
received from a source organ, the total absorbed dose for each
target organ was computed by the summation of the absorbed
dose delivered from each source organ.

Effective absorbed dose calculation
The effective absorbed dose was computed by the following
equation (Equation (7)):

E=) WrHr, (7)
T
where Hr is the equivalent absorbed dose for each organ and Wy

is the tissue-weighting factor which represents a subjective balance
between the different stochastic health risks.** The amounts of

BJR

Wr were obtained from the reported values in International
Commission on Radiological Protection 103.*

RESULTS AND DISCUSSION

Production and quality control of ®®HoCls solution
'%®Ho was prepared in a research reactor with a range of specific
activity of 3-5MBqmg~'. Two major photons (5.4% of
80.68keV and 0.9 % of 1379.94keV) were observed owing to
counting the samples on an HPGe detector for 5min. The
radionuclidic purity was calculated to be higher than 99%
(Figure 1). The radiochemical purity of the'®Ho solution
was checked by two solvents: 10-mmolL~' DTPA solution
(Solvent 1) and 10 % ammonium acetate: methanol mixture
(1:1) (Solvent 2), showing an amount of purity of >99%.

Preparation and quality control of ®®Ho-PAM
'*Ho-PAM was obtained at the optimized conditions with
a radiochemical purity of higher than 99%. '*®Ho>* would stay
approximately at the origin of the Whatman paper in NH,OH :
MeOH : H,O (0.2:2:4) solution as the best mobile phase, while
'%*Ho-PAM complex migrates to the higher retention factor.
Also, the HPLC chromatograms of '**Ho-PMD on a reversed
phase column using acetonitrile:water 40:60 proved the result
of ITLC.

Table 2. Bone marrow to non-target absorbed dose ratios for '*¢Ho-pamidronate (PAM), '*¢Ho-DOTMP? and ®®Ho-TTHMP?

Organs 1%Ho-PAM 1%Ho-DOTMP 1*Ho-TTHMP

Adrenals 308.3 36.9 379

Brain 308.3 36.9 337.7
Breasts 925 39.8 1241.2
GB wall 925 39.8 977.1
LLI wall 4.4 36.9 20.5
Small intestine 925 39.8 761.3
Stomach wall 34.3 39.8 85.1
ULI wall 925 39.8 886.5
Heart wall 24.3 39.8 63.9
Kidneys 5.9 11.5 7.3
Liver 14.7 39.8 46.9
Lungs 12.3 36.9 22.4
Muscle 14.9 39.8 56.2
Pancreas 462.5 39.8 647.5
Red marrow 1 1 1

Bone surf 0.8 0.6 0.8
Spleen 13.6 39.8 21.3
Testes 925 39.8 1268.1
Thymus 925 39.8 876.2
Thyroid 462.5 36.9 568.9
UB wall 925 1.8 1201.3
Total body 9.5 8.3 9.3

GB, gallbladder; LLI, lower large intestine; UB, urinary bladder; ULI, upper large intestine.
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Dosimetric studies

Owing to the strong affinity for binding of bisphosphonates to
hydroxyapatite as the main component of the inorganic matrix
of the bone,* this drug class in labelling with therapeutic
radionuclides can be considered as an effective agent for bone
pain palliation or bone marrow ablation. Besides, one of the
most important challenges in developing new agents for radia-
tion therapy is to deliver an adequate dose of ionizing radiation
to the target organ, while the absorbed dose of the non-target
organs should be kept as low as possible. Therefore, the
knowledge of the radiation dose received by different organs in
the body is essential for an evaluation of the risks and benefits of
any procedure."’

While radionuclides with a low beta particle energy are rec-
ommended for bone pain palliation as they have approximately
insignificant effects on the bone marrow,”’ those with higher
energies are appropriate for bone marrow ablation. '**Ho is one
of the suitable radionuclides that can be used for bone marrow
ablation owing to its high beta particle energy. On the other
hand, its physical half-life (26.8h) is short enough to permit
delivery of high-dose chemotherapy and reinfusion of cry-
opreserved peripheral blood stem cells within 6-10 days.’

In this study, dosimetric calculations of '®®Ho-PAM complex
were performed using the RADAR method based on the bio-
distribution data related to the rat organs. The non-decay-
corrected activity curves are demonstrated in Figure 2. Also, the
equivalent and effective absorbed doses in human organs
after i.v. injection of '®®Ho-PAM are presented in Table 1.
As expected, the highest absorbed dose amounts are
observed in the bone surface and bone marrow with 1.11 and
0.903 mGy MBq ™, respectively. Most other organs would
receive approximately insignificant absorbed dose.

The most important goal in developing therapeutic radio-
pharmaceuticals is to deliver the maximum possible dose to the
target organ and the minimum possible dose to the non-target
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organs. Therefore, the target to non-target absorbed dose ratios are
important parameters that should be considered. The bone marrow
to other organ absorbed dose ratios after injection of the
'®Ho-PAM are given in Table 2. For better comparison, these ratios
for the '**Ho-DOTMP complex, as the only clinically used '**Ho
bone marrow ablative agent, and '°“Ho-TTHMBP, as the other agent
introduced for this purpose, are presented in the table too.

While '**Ho-PAM demonstrated a higher red marrow to total
body absorbed dose ratio than '®“Ho-DOTMP and '®°Ho-
TTHMP, the red marrow to the most organ absorbed dose ratios
for '**Ho-TTHMP and '**Ho-PAM are much higher than the
ratios for '**Ho-DOTMP. This means that for a certain dose to
the red marrow as the target organ, the total body would receive
a lesser absorbed dose in the case of '®®Ho-PAM utilization. The
red marrow to kidney and lung (as two critical organs) absorbed
dose ratios are greater for '®*Ho-DOTMP than that for '**Ho-
TTHMP and '"®°*Ho-PAM. Therefore, for a given dose to the red
marrow, these organs would receive lesser absorbed dose in the
case of '®*Ho-DOTMP usage. Also, the absorbed dose ratio of
the red marrow to liver for '“*Ho-TTHMP is higher than the
ratios for the other two complexes.

CONCLUSION

In this study, '®*Ho-PAM complex was prepared in high
radiochemical purity (>99%, ITLC and HPLC). The final
preparation was administered to the rats and biodistribution
of the complex was checked 2-48h post-injection. The
absorbed dose of human organs was estimated according to
the RADAR and methods proposed by Spark et al. The results
showed that approximately all tissues would receive in-
significant absorbed dose in comparison with the bone tissue
(Table 2). The comparison of ***Ho-PAM with '**Ho-DOTMP
and '"®*Ho-TTHMP demonstrated that this complex has re-
markable characteristics than '°°Ho-DOTMP, as the only
clinically used bone marrow ablative radiopharmaceutical, and
therefore can be considered as a good agent for bone marrow
ablative therapy.
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