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Objective: The aim of this study was to calculate the
range of absorbed doses that could potentially be
delivered by a variety of radiopharmaceuticals and
typical fixed administered activities used for bone
pain palliation in a cohort of patients with metastatic
castration-resistant prostate cancer (MCRPC). The
methodology for the extrapolation of the biodistri-
bution, pharmacokinetics and absorbed doses from
a given to an alternative radiopharmaceutical is
presented.

Methods: Sequential single photon emission CT
images from 22 patients treated with 5 GBq of '®Re-
HEDP were used to extrapolate the time-activity
curves for various radiopharmaceuticals. Cumulated
activity distributions for the delivered and extrapo-
lated treatment plans were converted into absorbed
dose distributions using the convolution dosimetry
method. The lesion absorbed doses obtained for the
different treatments were compared using the patient
population distributions and cumulative dose-volume
histograms.

INTRODUCTION

Prostate cancer is the most common cancer in males in the
UK (2014), accounting for 26% of all new cancer diagnoses
in males." Androgen deprivation therapy is the primary
treatment for patients with metastatic prostate cancer,
although the disease eventually progresses to the castra-
tion-resistant stage. Effective treatment is primarily palli-
ative and disseminated bone metastases are often managed

Results: The median lesion absorbed doses across the
patient cohort ranged from 2.7 Gy (range: 0.6-11.8 Gy) for
1100 MBq of ®*Ho-DOTMP to 21.8 Gy (range: 4.5-117.6 Gy)
for 150 MBq of 89Sr-dichloride. 32P-NazPO,, >3Sm-EDTMP,
18610-DOTMP, 77Lu-EDTMP and '®8Re-HEDP would have
delivered 41, 32, 85, 20 and 64% lower absorbed doses, for
the typical administered activities as compared to '®®Re-
HEDP, respectively, whilst 8°Sr-dichloride would have
delivered 25% higher absorbed doses.

Conclusion: For the patient cohort studied, a wide range
of absorbed doses would have been delivered for typical
administration protocols in mMCRPC. The methodology
presented has potential use for emerging theragnostic
agents.

Advances in knowledge: The same patient cohort can
receive a range of lesion absorbed doses from typical
molecular radiotherapy treatments for patients with
metastatic prostate cancer, highlighting the need to
establish absorbed dose response relationships and to
treat patients according to absorbed dose instead of
using fixed administered activities.

with molecular radiotherapy (MRT) towards the latter
stages of the disease. A wide range of radiopharmaceuti-
cals are available for bone pain palliation in patients with
metastatic castration-resistant prostate cancer (mCRPC).
These include bone-seeking calcium-analogues such as
89Sr-dichloride and ***Ra-dichloride and phosphates such
as '’Sm-EDTMP, '*°Re-HEDP and '**Re-HEDP>* More
recently, newly emerging radiolabelled prostate-specific
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membrane antigen (PSMA)-binding radiopharmaceuticals show
promise in treating bone and soft-tissue metastases.*™®

The efficacy of MRT relies on the delivery of high absorbed doses to
the metastatic soft-tissue whilst minimizing the damage to healthy
tissues. The red marrow is the major organ at risk for bone treat-
ments and can, therefore limit the administered activity. Several
models are available for dosimetry calculations in the normal skel-
eton,” ™ whilst lesion dosimetry is performed using sphere models
or voxel dosimetry where the activity is assumed to be uniformly
distributed through the volume. Accurate lesion dosimetry calcu-
lations require the determination of the activity distribution using
sequential quantitative imaging. However, imaging of small bone
metastatic lesions remains a challenge due to the limited spatial
resolution of present clinical imaging systems and associated partial
volume effects. A wide range of tumour absorbed doses are reported
in the literature for MRT in mCRPC: 33 mGy MBq;'! 2.1 mGy
MBq 5! and 3.7 mGy MBq;*® for '**Re-HEDP; 3.8 Gy MBq ™
for "8 Re-HEDP;"* 37 mGy MBq™' for *Sr-dichloride;" in
excess of 62 mGy MBq! for *'I-MIP-1095 4.0 mGy MBq %'
and 4.4 mGy MBq ;"7 for '**Sm-EDTMP; 3.3 mGy MBq " for
7Lu-PSMA-DOTA-J591;” and 13.1 mGy MBq " for '"/Lu-DK-
FZ-PSMA-617."® These radiopharmaceuticals exhibit different
physiological effects and the absorbed doses reported have been
calculated using different methodologies. These make comparisons
within patients receiving the same treatment and between treat-
ments challenging.

The aim of this study was to demonstrate the wide range of
absorbed doses that can be delivered from typical administered
activities of various MRT treatments used to treat mCRPC and
to present the methodology to extrapolate the absorbed doses
delivered from any chosen radiopharmaceutical to those that
would be delivered if another radiopharmaceutical was adminis-
tered. Patient-specific imaging from a cohort of patients treated
with '8Re-HEDP were used to extrapolate the absorbed doses
that would have been delivered if the same patients were treated
with various treatments used for bone pain palliation.

METHODS AND MATERIALS

Clinical data

Available Phase II clinical trial data from a cohort of 22 patients
treated with a median 5020 MBq of '®*Re-HEDP and autolo-
gous peripheral blood stem cell transplantation were included.
Sequential single photon emission CT (SPECT) imaging with
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up to five scans of the thorax and pelvis were acquired at
approximately 1, 4, 24, 48 and 72 h following administration
of the radiopharmaceutical. SPECT images comprised 128 x
128 voxels with a 4.67 mm?® voxel size. Further details of the
patients and imaging acquisition and quantification can be
found in.'*!** All patients provided written consent to partic-
ipate in the study, which was approved by the Royal Marsden
NHS Foundation Trust and The Institute of Cancer Research
Ethics Committee.

Extrapolation of the time-activity curve

The '"®*Re-HEDP activity was quantified based on phantom
experiments as described previously."® Activities were extrapo-
lated for other MRT treatments of bone metastases from prostate
cancer, shown in Table 1: 450 MBq of **P-Na;PO, (sodium ortho-
phosphate),?"> #* 150 MBq of *Sr-dichloride,' ** 37 MBq kg™
of '*Sm-EDTMP (ethylenediamine tetramethylene phospho-
nate),?®> 1100 MBgq, of 16Ho-DOTMP (1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetramethylene-phosphonate),** 37
MBq kg™ of ’Lu-EDTMP*> % and 3300 MBq of '**Re-HEDP
(hydroxyethylidene diphosphonate).?”” 2® Information on the
biological half-lives of >Sm-EDTPM and '"/Lu-EDTMP in
bone lesions is not presently available. However, given that
the uptake mechanism of bisphosphonates is comparable, the
biological half-lives were assumed to be the same as that of
186Re-HEDP. A long biological half-life for **P-Na;PO, in bone
lesions was assumed.”? Effective half-lives for '®*Re-HEDP
(bone lesions) and '®*Ho-DOTMP (skeleton) were obtained
from the literature.'* ** Breen et al'® calculated a biological half-
life for ®°Sr in bone lesions of 50 days and assumed to be the
same for **Sr, whilst other sources suggest a value of 90 days. An
average of these two values has been used in this study for **Sr.
Differences in bone uptake as a percentage of the administered
activity for the different radiopharmaceuticals were also taken
into account.”? PSMA-targeting radiopharmaceuticals were not
considered in this study due to their different uptake mecha-
nism as compared to 185Re-HEDP.

For any two given radiopharmaceuticals, the activity at any given
time point ¢ is calculated as:

AP (1) = Aexp (—3Dyt) (1)

Table 1. List of radiopharmaceuticals, physical and effective half-lives, bone uptake and administered activity for typical molecular

radiotherapy treatments of mCRPC

Radiopharm. Physical half-life (d) | Effective half-life (d) Bone uptake (%IA) Administered activity (MBq)
32p-Na,PO, 14.268 13 20 450
83r-dichloride 50.563 29 65 150
153Sm-EDTMP 1.9379 1.6 70 37 (kg™
166Ho-DOTMP 1.1177 0.93 30 1100
7"Lu-EDTMP 6.647 3.9 60 37 (kg™
188Re-HEDP 0.78500 0.66 30 3300
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AE (1) = Afexp (—Afﬂt) (2)

where, in this study D and E refer to the delivered and extrapo-
lated treatment plans, respectively. The effective decay constants
(Agg) of the delivered and extrapolated treatment plans are
defined as the sum of their respective biological (Ay;,) and phys-
ical (Appys) decay constants.

From the ratio of Equations (1) and (2) and solving for AE(D), the
extrapolated activity at any given time point ¢ is given by:

AE (¢) = ::f)AD () exp [ (A= 25) ] 3)

Where AP(#) is the activity for the delivered radiopharmaceu-
tical obtained from the quantified SPECT images, and AOD and Ag
are the administered activities for the delivered and extrapolated
treatments plans respectively (Table 1). Equation 3 was used
to extrapolate time-activity curves using available data on the
biological retention and bone uptake for each radiopharmaceu-
tical from the quantified SPECT images of '**Re-HEDP.

Dosimetry
Following the Medical Internal Radiation Dosimetry pamphlet
No. 17,%° the convolution dosimetry method was used, whereby
the absorbed dose to any given target voxel (voxel,) is calculated
by:

N ~

Dyorel, = > Ayoxel, X S (voxels < voxels) (4)

s=1
where A, is the voxelized cumulated activity distribution
and S (voxelt — voxels) is the absorbed dose S-value voxel
kernel.

Voxelized cumulated activity distributions for '*Re-HEDP and
the extrapolated treatments were obtained from the integra-
tion of the corresponding time-activity curves. Integration was
performed between phases defined by the scan time points using
an exponential or a trapezoidal fitting method subject to whether
the activity between any two scan decreased or increased,
respectively.

Absorbed dose voxel kernels for 2P, #*Sr, 1*Sm, '%Ho, 7L,
186Re and '®*Re were generated using the EGS ++ class of the
general purpose Monte Carlo code EGSnrc v. 4. * These
were calculated in a voxelized geometry in a soft-tissue density
medium with dimensions of 21 x 21 x 21 voxels and the same
voxel size as the imaging data, 4.67 mm. The nuclear decay data
were obtained from the Medical Internal Radiation Dosim-
etry RADTABS program.” The developed software code has
been previously verified by comparison with available voxel
S-values.*®*

The individual bone lesions were outlined from the calculated
absorbed dose distributions on a HERMES workstation (Hermes
Medical Solutions, Stockholm, Sweden) as part of a previous
study'® and saved in eXtensible Markup Language format for
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Figure 1. Absorbed dose voxel kernels as a function of the
distance from the centre voxel for the radionuclides studied.
Note the logarithmic scale of the vertical axis.
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further analysis. The convolution dosimetry and post-processing
data analyses were carried out using MATLAB 2016b (The Math-
Works Inc., Natick, MA, US).

To reduce the effect of partial volume and the impact of the
different spatial resolutions associated with each radionuclide,
lesion peak absorbed doses were obtained by averaging the
maximum voxel absorbed dose with the first nearest neighbour
voxel values. Absorbed dose profiles were obtained for the deliv-
ered and extrapolated treatments, representing the distribution
of bone lesion absorbed doses for the patient population. These
were converted to cumulative dose volume histograms (cDVH)
to study the spatial distribution of irradiated lesions across the
patient cohort for each treatment. The patient population disease
volume was defined as the sum of the metastatic tumour burdens
for the 22 patients. The minimum absorbed dose to which 50% of
the total volume was irradiated was calculated (D50).

RESULTS

The dose voxel kernels for all the radionuclides studied are shown
in Figure 1, and the S-values for the self-irradiation and the first
nearest neighbour voxels are given in Table 2. The absorbed dose
per decay rapidly decreases with the distance from the centre
voxel, with a reduction of 89-99% in the first nearest voxel as
compared to the self-irradiation voxel S-value. At distant voxels,
higher S-values are observed for the radionuclides that also decay
via y-ray emission. The contribution to the lesion absorbed doses
is negligible, as their contribution is four orders of magnitude
lower.

A total of 379 bone lesions were identified in 22 patients. The
absorbed dose profiles fitted to log-normal distributions deliv-
ered by '®Re-HEDP and extrapolated for the MRT treatment
plans in Table 1 are shown in Figure 2a and Figure 2b-g,
respectively.

The median, minimum, maximum and D50-absorbed doses are
shown in Table 3. A range of absorbeddoses could be delivered
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Table 2. Voxel S-values for the self-irradiation and first nearest
voxels for the radionuclides studied, where the number in the
parentheses is the statistical uncertainty referred to the corre-
sponding last digits of the S-value

Radionuclide S-value (Gy MBg "h")
Self-irradiation | Nearest neighbour

32p 2.1437 (5) 0.218209 (3)
89gy 1.9573 (5) 0.1720 (2)
153§m 1.3444 (4) 0.03031 (7)
1660 2.1929 (8) 0.2092 (3)
Y 0.7782 (3) 0.01066 (3)
186Re 1.4561 (5) 0.0655 (1)
188Re 2.2032 (8) 0.2477 (3)

for typical empirically determined administered activities of
the different treatments studied. If the same patient population
was treated with ¥Sr-dichloride, a 25% higher median lesion
absorbed dose would have been delivered to the bone lesions.
The other extrapolated treatments would have delivered lower
lesion absorbed doses, ranging from —34% for '*>Sm-EDTMP to
~85% for '**Ho-DOTMP.

The absorbed dose profiles for the patient population calculated
for each individual treatment were converted into cumulative
dose-volume histograms, shown in Figure 3. The absorbed dose
that irradiates 50% of the patient population disease volume
ranged from 3.7 to 23.1 Gy for '**Ho-DOTMP and **Sr-dichlo-
ride, respectively.

DISCUSSION

This study presents the methodology to calculate the
absorbed dose that could be delivered for a given treatment using
patient-specific sequential imaging of a delivered radiopharma-
ceutical. Its application to a cohort of patients with bone metas-
tases showed that a wide range of absorbed doses can potentially
be delivered to the same patient cohort from typical empirically
determined activities prescribed in a range of MRT treatments in
patients with mCRPC.

Denis-Bacelar et a/

Radiopharmaceuticals targeting bone metastases are incorpo-
rated into bone by different mechanisms. **Sr or **’Ra belong
to the alkaline earth metals in the second group of the periodic
table and have similar chemical properties and interactions to
those of calcium and are, therefore, directly incorporated into
the bone matrix. Other radionuclides are chelated to phosphates,
such as "’Sm-EDTMP, '®"Ho-DOTMP, and '"Lu-EDTMP,
'86Re-HEDP and '8Re-HEDP which are incorporated into
the hydroxyapatite. These bone-seeking radiopharmaceuticals
can also be classified as volume-seekers, such as earth alkaline
radionuclides with long half-lives that are initially deposited in
the bone surface and slowly migrate through the bone mineral
by chemical exchanges, and surface-seekers such as the chelated
radionuclides. Radiolabelled PSMA-binding agents are a new
class of treatments for mCRPC that target PSMA-expression of
prostate cancer cells and, therefore, can deliver high radiation
doses to the primary tumour, lymph node and bone lesions. All
these radionuclides also emit y-rays or bremsstrahlung radia-
tion, which allows imaging of the biokinetics and uptake distri-
bution with a y-camera. Presently, dosimetry is not used to guide
therapy and the prescribed activity is either fixed or adjusted by
patient body weight.* This is likely due to the challenges asso-
ciated with skeletal dosimetry, such as the variability of intraos-
seous trabecular distributions, the dynamic behaviour of bone
marrow and the non-uniform distribution of uptake of bone-
seeking radionuclides. Therefore, absolute absorbed doses deliv-
ered to the bone lesions cannot be accurately calculated, mainly
due to the limited image resolution and the highly heterogeneous
uptake of the radiopharmaceutical. Nonetheless, relative dosim-
etry can still provide valuable information on treatment effi-
cacy when correlated with measures of treatment response and
patient outcome."?

This study highlighted the differences in lesion absorbed
doses that could be delivered to the same cohort of patients
with mCRPC, if they were treated with other typical MRT
administrations. Only *°Sr-dichloride would have deliv-
ered higher lesions (25%) doses than 186Re-HEDP. 32p-
Na;PO,, *Sm-EDTMP, **Ho-DOTMP, "’Lu-EDTMP and
!88Re-HEDP would have delivered 41, 32, 85, 20 and 64%
lower absorbed doses for the typical administered activities,
respectively.

Figure 2. Absorbed dose profiles delivered by '®®Re-HEDP (a) and and extrapolated for typical administered activities of
188Re-HEDP (b) "7Lu-EDTMP (c) *2P-NazPO, (d) °*Sm-EDTMP (e) '%6Ho-DOTMP (f) and 89Sr-dichloride (g) obtained from the 379
bone lesions in the 22 patients. Note the three different ranges for the vertical axes: (a); (b-d); (e-9).
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Table 3. Delivered (*®¢Re-HEDP) and extrapolated median, minimum and maximum absorbed doses for the patient population and
absorbed doses that cover 50% of the total disease volume of the population (D50)

Radiopharmaceutical Median [min-max] absorbed dose (Gy) Diff. from '**Re-HEDP (%) D50 (Gy)
32p_Na;PO, 10.4 [2.3-55.4] -41 11.5
89Gr-dichloride 21.8 [4.5-117.6] 25 23.1
153$m-EDTMP 12.2 [3.3-57.7] -32 13.0
166Ho-DOTMP 2.7 [0.6-11.8] -85 3.7
7 u-EDTMP 14.0 [3.7-72.0] -20 14.8
186Re-HEDP 17.7 [3.9-87.5] - 18.4
188Re-HEDP 6.3 [1.5-27.1] —64 7.6

This study has some limitations. An assumption of uniform
uptake distribution of the radiopharmaceuticals within the
bone lesions was made due to the limited spatial resolution of
present clinical imaging systems. This limitation on the spatial
resolution justifies the assumption of uniform uptake in the bone
lesion dosimetry studies performed to date.* > 113 18 28, 36-39
A previous study has shown that the uniformity assumption
can underestimate the absorbed dose delivered to bone metas-
tases by a factor of up to 1.85 for lesions with a higher density.*’
The implications of this study are, however, of limited use in
clinical practice, as it was based on simulations of absorbed
dose distributions in a small number of biopsies from patients
with mCRPC treated with '®Re-HEDP. Peak lesion absorbed
doses were calculated to reduce the impact of partial volume
effects due to the different spatial resolution of the various
radionuclides. The methodology could be extended to include
a point-spread function to correct the images to for the spatial
resolution of the chosen radionuclide. Data on biological half-
lives and bone uptake for the different radiopharmaceuticals
are presently limited and the methodology employed in their
calculation is often not reported in the literature. Further image
quantification studies with standardized protocols traceable
to primary standards of activity’! are needed to determine

Figure 3. Cumulative absorbed dose volume histograms for
the delivered and extrapolated treatment plans.
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the uptake and biological retention of radiopharmaceuticals.
This would in turn improve the accuracy of the extrapolations
presented in this study. The ultimate significance of the range
of absorbeddoses that the patient cohort studied would have
received cannot be established. The efficacy of these treat-
ments is likely dependant on the microscopic heterogeneous
absorbed dose delivered to the tumorous tissue of the different
radiopharmaceuticals and their associated toxicity profile.
Therefore, a treatment that delivers a lower macroscopic mean
lesion absorbed dose does not necessarily mean that it would
be a more successful treatment. Correlations with treatment
response and patient outcome are ultimately needed to under-

stand the targeting mechanisms of the different radiopharma-
ceuticals available.

The methodology presented here can be used to calculate
absorbed doses delivered to any target by extrapolation of the
corresponding time-activity curve and could potentially be used
for extrapolating bone marrow or whole body absorbed doses.
This would allow personalized treatment planning by maxi-
mizing the administered activity that would deliver an optimal
therapeutic absorbed dose whilst limiting toxicity to the bone
marrow. A range of MRT treatments could be planned using
diagnostic imaging for different therapeutic radiopharmaceuti-
cals and a range of scan times, administered activities, uptakes
and biological retentions functions. This would provide a range
of treatment options to establish the optimal treatment. This
methodology could be of particular importance for established
and newly emerging theragnostic radiopharmaceuticals® *> **
and for repeated treatments like *’Ra-dichloride, where biodis-

tribution and pharmacokinetics have been shown to be largely
consistent between administrations.**

CONCLUSION

The methodology to extrapolate the absorbed dose that would
be delivered by any radiopharmaceutical using patient-specific
imaging was presented and applied to a range of MRT treatments
in patients with mCRPC. For the same patient cohort, a range
of lesion absorbed doses was demonstrated for typical adminis-
trations protocols, whilst the impact of various assumptions was
shown. This method has the potential to be used for personal-

ized treatment planning, in particular for emerging theragnostic
radiopharmaceuticals.

5 of 7 birpublications.org/bjr

Br J Radiol;91:20170795


http://birpublications.org/bjr

BJR

ACKNOWLEDGEMENT

We acknowledge NHS funding to the NIHR Biomedical Research

Centre at RMH and ICR.

FUNDING

This work was supported by the UK government’s Department
for Business, Energy and Industrial Strategy and by Cancer

Denis-Bacelar et a/

Research UK (CRUK) and Engineering and Physical Sciences

Research Council (EPSRC) support to the Cancer Imaging

Centre at The Institute of Cancer Research (ICR) and the Royal
Marsden Hospital NHS Foundation Trust (RMH) in association
with Medical Research Council & Department of Health C1060/

A10334, C1060/A16464, and a grant from the National Cancer
Institute supported by NIH grant number CA86784-02.

REFERENCES

1.

Cancer Research UK. Prostate cancer
incidence statistics. 2017. Available from:
http://www.cancerresearchuk.org/health-
professional/cancer-statistics/statistics-by-
cancer-type/prostate-cancer [Accessed in
April 2017]

Tomblyn M. The role of bone-seeking
radionuclides in the palliative treatment

of patients with painful osteoblastic

skeletal metastases. Cancer Control 2012;

19: 137-44. doi: https://doi.org/10.1177/
107327481201900208

Parker C, Nilsson S, Heinrich D, Helle SI,
O’Sullivan JM, Fossa SD, et al. Alpha emitter
radium-223 and survival in metastatic
prostate cancer. N Engl ] Med 2013; 369:
213-23. doi: https://doi.org/10.1056/
NEJMoal213755

Zechmann CM, Afshar-Oromieh A, Armor
T, Stubbs JB, Mier W, Hadaschik B, et al.
Radiation dosimetry and first therapy results
with a 1291/ 13DL]abeled small molecule
(MIP-1095) targeting PSMA for prostate
cancer therapy. Eur ] Nucl Med Mol Imaging
2014; 41: 1280-92. doi: https://doi.org/10.
1007/500259-014-2713-y

Baum RP, Kulkarni HR, Schuchardt C,

Singh A, Wirtz M, Wiessalla S, et al. 77 a-
labeled prostate-specific membrane antigen
radioligand therapy of metastatic castration-
resistant prostate cancer: safety and efficacy.
Nucl Med 2016; 57: 1006-13. doi: https://doi.
0rg/10.2967/jnumed.115.168443

Kratochwil C, Bruchertseifer F, Rathke H,
Bronzel M, Apostolidis C, Weichert W, et al.
Targeted a-therapy of metastatic castration-
resistant prostate cancer with 25Ac-
PSMA-617: dosimetry estimate and empiric
dose finding. ] Nucl Med 2017; 58: 1624-31.
doi: https://doi.org/10.2967/jnumed.117.
191395

Eckerman KE, Stabin MG. Electron absorbed
fractions and dose conversion factors for
marrow and bone by skeletal regions. Health
Phys 2000; 78: 199-214. doi: https://doi.org/
10.1097/00004032-200002000-00009

Stabin MG, Eckerman KF, Bolch WE,
Bouchet LG, Patton PW. Evolution and status

10.

11.

12.

13.

14.

15.

16.

of bone and marrow dose models. Cancer
Biother Radiopharm 2002; 17: 427-33. doi:
https://doi.org/10.1089/108497802760363213
Bouchet LG, Bolch WE, Howell RW, Rao DV.
S values for radionuclides localized within
the skeleton. J Nucl Med 2000; 41: 189-212.
Hough M, Johnson P, Rajon D, Jokisch D,
Lee C, Bolch W. An image-based skeletal
dosimetry model for the ICRP reference
adult male--internal electron sources. Phys
Med Biol 2011; 56: 2309-46. doi: https://doi.
org/10.1088/0031-9155/56/8/001

Maxon HR, Schroder LE, Thomas SR,
Hertzberg VS, Deutsch EA, Scher HI, et al.
Re-186(Sn) HEDP for treatment of painful
osseous metastases: initial clinical experience
in 20 patients with hormone-resistant
prostate cancer. Radiology 1990; 176: 155-9.
doi: https://doi.org/10.1148/radiology.176.1.
1693784

Israel O, Keidar Z, Rubinov R, Iosilevski

G, Frenkel A, Kuten A, et al. Quantitative
bone single-photon emission computed
tomography for prediction of pain relief

in metastatic bone disease treated with
rhenium-186 etidronate. J Clin Oncol 2000;
18: 2747-54. doi: https://doi.org/10.1200/
JCO.2000.18.14.2747

Denis-Bacelar AM, Chittenden SJ, Dearnaley
DP, Divoli A, O’Sullivan JM, McCready

VR, et al. Phase I/1I trials of '*Re-HEDP

in metastatic castration-resistant prostate
cancer: post-hoc analysis of the impact of
administered activity and dosimetry on
survival. Eur ] Nucl Med Mol Imaging 2017;
44: 620-9. doi: https://doi.org/10.1007/
500259-016-3543-x

Liepe K, Kropp J, Runge R, Kotzerke J.
Therapeutic efficiency of rhenium-188-
HEDP in human prostate cancer skeletal
metastases. Br | Cancer 2003; 89: 625-9. doi:
https://doi.org/10.1038/s.bjc.6601158

Breen SL, Powe JE, Porter AT. Dose
estimation in strontium-89 radiotherapy of
metastatic prostatic carcinoma. ] Nucl Med
1992; 33: 1316-23.

Singh A, Holmes RA, Farhangi M, Volkert
WA, Williams A, Stringham LM, et al.

17.

18.

19.

20.

21.

22.

23.

24.

Human pharmacokinetics of samarium-153
EDTMP in metastatic cancer. ] Nucl Med
1989; 30: 1814-8.

Eary JE, Collins C, Stabin M, Vernon C,
Petersdorf S, Baker M, et al. Samarium-
153-EDTMP biodistribution and dosimetry
estimation. J Nucl Med 1993; 34: 1031-6.
Delker A, Fendler WP, Kratochwil C,
Brunegraf A, Gosewisch A, Gildehaus

FJ, et al. Dosimetry for (77)Lu-DKFZ-
PSMA-617: a new radiopharmaceutical for
the treatment of metastatic prostate cancer.
Eur ] Nucl Med Mol Imaging 2016; 43: 42-51.
doi: https://doi.org/10.1007/s00259-015-
3174-7

O’Sullivan JM, McCready VR, Flux G,
Norman AR, Buffa FM, Chittenden S, et al.
High activity Rhenium-186 HEDP with
autologous peripheral blood stem cell rescue:
a phase I study in progressive hormone
refractory prostate cancer metastatic to bone.
Br ] Cancer 2002; 86: 1715-20. doi: https://
doi.org/10.1038/sj.bjc.6600348

O’Sullivan JM, Norman AR, McCready
VR, Flux G, Buffa FM, Johnson B, et al. A
phase 2 study of high-activity '*Re-HEDP
with autologous peripheral blood stem
cell transplant in progressive hormone-
refractory prostate cancer metastatic to
bone. Eur ] Nucl Med Mol Imaging 2006;
33:1055-61. doi: https://doi.org/10.1007/
500259-005-0010-5

Lewington VJ. Bone-seeking radionuclides
for therapy. ] Nucl Med 2005; 46(Suppl 1):
385-47.

Limits for intakes of radionuclides by
workers. A report of committee 2 of the
international commission on radiological
protection. Ann ICRP 1980; 4: 1-71.

Bodei L, Lam M, Chiesa C, Flux G, Brans B,
Chiti A, et al. EANM procedure guideline
for treatment of refractory metastatic bone
pain. Eur ] Nucl Med Mol Imaging 2008;

35: 1934-40. doi: https://doi.org/10.1007/
s00259-008-0841-y

Breitz HB, Wendt RE, Stabin MS, Shen S,
Erwin WD, Rajendran JG, et al. '**Ho-
DOTMP radiation-absorbed dose estimation

6 of 7 birpublications.org/bjr

Br J Radiol;91:20170795


http://birpublications.org/bjr
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/prostate-cancer
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/prostate-cancer
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/prostate-cancer
https://doi.org/10.1177/107327481201900208
https://doi.org/10.1177/107327481201900208
https://doi.org/10.1056/NEJMoa1213755
https://doi.org/10.1056/NEJMoa1213755
https://doi.org/10.1007/s00259-014-2713-y
https://doi.org/10.1007/s00259-014-2713-y
https://doi.org/10.2967/jnumed.115.168443
https://doi.org/10.2967/jnumed.115.168443
https://doi.org/10.2967/jnumed.117.191395
https://doi.org/10.2967/jnumed.117.191395
https://doi.org/10.1097/00004032-200002000-00009
https://doi.org/10.1097/00004032-200002000-00009
https://doi.org/10.1089/108497802760363213
https://doi.org/10.1088/0031-9155/56/8/001
https://doi.org/10.1088/0031-9155/56/8/001
https://doi.org/10.1148/radiology.176.1.1693784
https://doi.org/10.1148/radiology.176.1.1693784
https://doi.org/10.1200/JCO.2000.18.14.2747
https://doi.org/10.1200/JCO.2000.18.14.2747
https://doi.org/10.1007/s00259-016-3543-x
https://doi.org/10.1007/s00259-016-3543-x
https://doi.org/10.1038/sj.bjc.6601158
https://doi.org/10.1007/s00259-015-3174-7
https://doi.org/10.1007/s00259-015-3174-7
https://doi.org/10.1038/sj.bjc.6600348
https://doi.org/10.1038/sj.bjc.6600348
https://doi.org/10.1007/s00259-005-0010-5
https://doi.org/10.1007/s00259-005-0010-5
https://doi.org/10.1007/s00259-008-0841-y
https://doi.org/10.1007/s00259-008-0841-y

Full paper: Extrapolation of absorbed doses in molecular radiotherapy

25.

26.

27.

28.

29.

30.

31.

for skeletal targeted radiotherapy. ] Nucl Med
2006; 47: 534-42.

Thapa P, Nikam D, Das T, Sonawane G,
Agarwal JP, Basu S. Clinical efficacy and
safety comparison of '’Lu-EDTMP with
153$m-EDTMP on an equidose basis in
patients with painful skeletal metastases. J
Nucl Med 2015; 56: 1513-9. doi: https://doi.
0rg/10.2967/jnumed.115.155762

Alavi M, Omidvari S, Mehdizadeh A,
Jalilian AR, Bahrami-Samani A. Metastatic
Bone Pain Palliation using 17”)Lu-
Ethylenediaminetetramethylene Phosphonic
Acid. World ] Nucl Med 2015; 14: 109-15.
doi: https://doi.org/10.4103/1450-1147.
157124

Palmedo H, Guhlke S, Bender H, Sartor J,
Schoeneich G, Risse J, et al. Dose escalation
study with rhenium-188 hydroxyethylidene
diphosphonate in prostate cancer patients
with osseous metastases. Eur | Nucl Med
2000; 27: 123-30. doi: https://doi.org/10.
1007/s002590050017

Liepe K, Hliscs R, Kropp J, Runge R, Knapp
FE, Franke WG. Dosimetry of '#®Re-
hydroxyethylidene diphosphonate in human
prostate cancer skeletal metastases. ] Nucl
Med 2003; 44: 953-60.

Bagheri R, Afarideh H, Maragheh

MG, Shirmardi SP, Samani AB. Study

of bone surface absorbed dose in

treatment of bone metastases via selected
radiopharmaceuticals: using MCNP4C code
and available experimental data. Cancer
Biother Radiopharm 2015; 30: 174-81. doi:
https://doi.org/10.1089/cbr.2014.1730

Bolch WE, Bouchet LG, Robertson JS,
Wessels BW, Siegel JA, Howell RW, et al.
MIRD pamphlet No. 17: the dosimetry

of nonuniform activity distributions--
radionuclide S values at the voxel level.
Medical internal radiation dose committee. J
Nucl Med 1999; 40: 11S-36.

Kawrakow I. Accurate condensed history
Monte Carlo simulation of electron

32.

33.

34.

36.

37.

38.

39.

transport. I. EGSnrc, the new EGS4 version.
Med Phys 2000; 27: 485-98. doi: https://doi.
org/10.1118/1.598917

Kawrakow I, Mainegra-Hing E, Tessier F and
Walters B R B. The EGSnrc C++ class library
Report No: NRC report PIRS-898 (rev A).

Ottawa, Canada. 2009. 40.

Eckerman KFE, Endo A. MIRD: radionuclide
data and decay schemes. Reston, VA: Society
of Nuclear Medicine; 2007. pp. 671.
Lanconelli N, Pacilio M, Lo Meo S, Botta F,
Di Dia A, Aroche AT, et al. A free database of

radionuclide voxel S values for the dosimetry 41.

of nonuniform activity distributions. Phys
Med Biol 2012; 57: 517-33. doi: https://doi.
org/10.1088/0031-9155/57/2/517

Rojas B, Hooker C, McGowan DR, Guy
M], Tipping J. Eight years of growth and
change in UK molecular radiotherapy
with implications for the future: internal

dosimetry users group survey results from 42.

2007 to 2015. Nucl Med Commun 2017; 38:
201-4. doi: https://doi.org/10.1097/MNM.
0000000000000642

Syed R, Bomanji ], Nagabhushan N, Kayani I,
Groves A, Waddington W, et al. ' Re-HEDP
in the treatment of patients with inoperable
osteosarcoma. J Nucl Med 2006; 47: 1927-35.

Feng G, Lixin C, Xiaowei L, Tsao SY, 43,

Weiguang Z, Wei E A pilot study on the
feasibility of real-time calculation of three-
dimensional dose distribution for '**Sm-
EDTMP radionuclide therapy based on the
voxel S-values. Cancer Biother Radiopharm
2010; 25: 345-52. doi: https://doi.org/10.
1089/cbr.2009.0678

Pacilio M, Ventroni G, De Vincentis G, 44,

Cassano B, Pellegrini R, Di Castro E, et al.
Dosimetry of bone metastases in targeted
radionuclide therapy with alpha-emitting
223Ra-dichloride. Eur ] Nucl Med Mol
Imaging 2016; 43: 21-33. doi: https://doi.org/
10.1007/500259-015-3150-2

Anderson PM, Wiseman GA, Dispenzieri

A, Arndt CA, Hartmann LC, Smithson WA,

BJR

et al. High-dose samarium-153 ethylene
diamine tetramethylene phosphonate: low
toxicity of skeletal irradiation in patients
with osteosarcoma and bone metastases. J
Clin Oncol 2002; 20: 189-96. doi: https://doi.
org/10.1200/JC0O.2002.20.1.189
Samaratunga RC, Thomas SR, Hinnefeld JD,
Von Kuster LC, Hyams DM, Moulton JS,

et al. A Monte Carlo simulation model for
radiation dose to metastatic skeletal tumor
from rhenium-186(Sn)-HEDP. ] Nucl Med
1995; 36: 336-50.

Fenwick AJ, Wevrett JL, Ferreira KM,
Denis-Bacelar AM, Robinson AP.
Quantitative imaging, dosimetry and
metrology; where do national metrology
institutes fit in? Applied Radiation and
Isotopes 2017; pii: S0969-8043: 30538-9. doi:
https://doi.org/10.1016/j.apradis0.2017.11.
014

Afshar-Oromieh A, Hetzheim H, Kratochwil
C, Benesova M, Eder M, Neels OC, et al.
The theranostic PSMA ligand PSMA-617

in the diagnosis of prostate cancer by PET/
CT: biodistribution in humans, radiation
dosimetry, and first evaluation of tumor
lesions. | Nucl Med 2015; 56: 1697-705. doi:
https://doi.org/10.2967/jnumed.115.161299
Murray I, Chittenden SJ, Denis-Bacelar AM,
Hindorf C, Parker CC, Chua S, et al. The
potential of **Ra and '8F-fluoride imaging
to predict bone lesion response to treatment
with ??’Ra-dichloride in castration-resistant
prostate cancer. Eur ] Nucl Med Mol Imaging
2017; 44: 1832-44. doi: https://doi.org/10.
1007/500259-017-3744-y

Chittenden SJ, Hindorf C, Parker CC,
Lewington V], Pratt BE, Johnson B,

etal. A phase 1, open-label study of the
biodistribution, pharmacokinetics, and
dosimetry of **Ra-dichloride in patients
with hormone-refractory prostate cancer
and skeletal metastases. ] Nucl Med 2015; 56:
1304-9. doi: https://doi.org/10.2967/jnumed.
115.157123

7 of 7 birpublications.org/bjr

Br J Radiol;91:20170795


http://birpublications.org/bjr
https://doi.org/10.2967/jnumed.115.155762
https://doi.org/10.2967/jnumed.115.155762
https://doi.org/10.4103/1450-1147.157124
https://doi.org/10.4103/1450-1147.157124
https://doi.org/10.1007/s002590050017
https://doi.org/10.1007/s002590050017
https://doi.org/10.1089/cbr.2014.1730
https://doi.org/10.1118/1.598917
https://doi.org/10.1118/1.598917
https://doi.org/10.1088/0031-9155/57/2/517
https://doi.org/10.1088/0031-9155/57/2/517
https://doi.org/10.1097/MNM.0000000000000642
https://doi.org/10.1097/MNM.0000000000000642
https://doi.org/10.1089/cbr.2009.0678
https://doi.org/10.1089/cbr.2009.0678
https://doi.org/10.1007/s00259-015-3150-2
https://doi.org/10.1007/s00259-015-3150-2
https://doi.org/10.1200/JCO.2002.20.1.189
https://doi.org/10.1200/JCO.2002.20.1.189
https://doi.org/10.1016/j.apradiso.2017.11.014
https://doi.org/10.1016/j.apradiso.2017.11.014
https://doi.org/10.2967/jnumed.115.161299
https://doi.org/10.1007/s00259-017-3744-y
https://doi.org/10.1007/s00259-017-3744-y
https://doi.org/10.2967/jnumed.115.157123
https://doi.org/10.2967/jnumed.115.157123

