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Abstract

As a consequence of the high potency and short range of alpha-particles, radiopharmaceutical
therapy with alpha-particle emitting radionuclides is a promising treatment approach that is under
active pre-clinical and clinical investigation. To understand and predict the biological effects of
alpha-particle radiopharmaceuticals, dosimetry is required at the micro or multi-cellular scale
level. At such a scale, highly non-uniform irradiation of the target volume may be expected and
the utility of a single absorbed dose value to predict biological effects comes into question. It is
not currently possible to measure the pharmacokinetic input required for micro scale dosimetry in
humans. Accordingly, pre-clinical studies are required to provide the pharmacokinetic data for
dosimetry calculations. The translation of animal data to the human requires a pharmacokinetic
model that links macro- and micro-scale pharmacokinetics thereby enabling the extrapolation of
micro-scale kinetics from macroscopic measurements. These considerations along with a
discussion of the appropriate physical quantity and related units for alpha-particle
radiopharmaceutical therapy are examined in this review.
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INTRODUCTION

Dosimetry for alpha-particle emitting radiopharmaceuticals presents a number of challenges.
The fundamental dosimetry formalism, described in the Medical Internal Radiation Dose
(MIRD) Committee Pamphlet 21 [1] with the guidance provided in MIRD Pamphlet 22 [2]
can accommodate the majority of absorbed dose calculations for alphaparticle emitters.
These approaches are optimal for circumstances in which single dosimetric parameter values
(e.g., mean absorbed dose to a target volume) are expected to adequately reflect biological
effect. Even without invoking the stochastic effects of alpha-particles and the corresponding
need for microdosimetry [3], situations can arise in which the short range of alpha-particles
relative to the typical scale of human organ dimensions and associated critical or target cell
populations (i.e., target volumes) can lead to a highly non-uniform irradiation of the target
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volume. In these cases the distribution of the absorbed dose to the target volume is required
to predict the biological effects and of the microlevel distribution of alpha-emitters relative
to the range of the alpha-particles should be carefully considered [4]; traditional organ or
even voxel-based calculations will fail to provide dosimetry information relevant to
understanding or predicting the biological response. Furthermore, human imaging-based
pharmacokinetic information cannot be currently obtained at the needed (sub-mm)
resolution. Finally, there is no agreed-upon quantity and associated unit with which to
express the results of a correctly performed alpha-emitter absorbed dose calculation that is
weighted to reflect deterministic biological effects (tumor kill or toxicity). Although this
state of affairs may appear discouraging, substantial progress is being made towards solving
each of these problems. This chapter describes some of the progress being made in the
various areas highlighted above.

PHARMACOKINETIC INPUT

As noted above, human pharmacokinetic data at the resolution required for alpha-emitter
dosimetry cannot be obtained from patient imaging. MIRD Pamphlet 22 discusses the
essential role that pre-clinical studies must play in measuring the agent’s distribution at the
micro-scale level [2]. To satisfy this requirement, alpha-particle emitter specific micro-scale
imaging technology, applicable to pre-clinical studies has been recently described [5]. The
actual scale required will depend upon: the agent’s localization, the range of the alpha-
particles and the extent to which all alpha emissions may be assumed to occur at the targeted
site (i.e., extent to which alpha-emitting progeny decay away from the site of parent decay
[6,7]). The spatial relation between the source region and target volumes or cell populations
within individual organs will also impact the scale of the calculation. For example, in the
marrow the scale at which the calculation should be performed will depend upon whether
the radiopharmaceutical localizes to the bone surface (e.g, as in calcium analogs) or to the
active marrow volume (as in antibody-mediated delivery) or to target cells in the marrow
[8-10] (Fig. 1). The average absorbed dose over a marrow cavity volume would be adequate
if the relevant target cells were uniformly distributed within this volume (there is evidence,
however, that this is not the case [11,12]). On the other hand, if the dose distribution within
the cavity were truly uniform, target cell distribution would not impact biological response.
If the agent localizes to the bone surface, the scale of the calculation will depend upon the
range of the alpha-particles and an average over the marrow cavity volume would not be
appropriate. In the kidneys, the scale will depend upon whether the agent localizes in the
collecting ducts or the nephrons (Fig. 2). In alpha-emitter therapy, a comprehensive series of
studies have been performed to delineate the histopathology of alpha-particle induced
kidney damage and physiologic interventions to alleviate it [13—15]. Preclinical dose-
response studies have shown that the average alpha-particle absorbed dose to the cortex does
not predict toxicity [16]. This observation also highlights the importance of pre-clinical
dose-response studies in assessing the adequacy of a particular dosimetry methodology. In
the study cited above, mice with aggressive endogenous mammary carcinoma metastases to
the lungs survived for over a year following a single IV injection of 225Ac-antibody. At
necropsy, however, these otherwise symptom-free mice had shrunken kidneys reflecting
severe radiation damage at calculated mean whole-kidney absorbed dose of 2 Gy (nhot
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weighted for relative biological effectiveness (RBE)). Studies using a 211At-labeled F(ab’),
antibody fragment found reductions in glomerular filtration rate (a measure of renal toxicity)
and changes in histopathology after 10 Gy to the whole kidneys [17]. External beam and
radiopeptide experience has shown that 26 to 27 Gy (low linear energy transfer (LET)
radiation) is required for renal damage [18-22]. Renal toxicity in the 22°Ac-intact antibody
studies is likely due to the differential micro-scale localization of free 213Bi in the kidneys
[23]. The discrepancy observed amongst these studies highlights the need for micro-scale
dosimetry to better relate absorbed dose to biological effect.

MODELLING

In conjunction with measurements of the alpha-emitting radiopharmaceutical’s micro level
distribution, both anatomic and pharmacokinetic modelling is important. Pharmacokinetic
modelling, ideally based upon longitudinal autoradiography studies or a priori information
regarding the behaviour of the agent (and its decay products) in microscopically defined
compartments is needed to assess (a) the time-course of alpha-emitter activity concentration
in such compartments and, from this, (b) the spatial distribution of time-integrated activity
(i.e., cumulated activity) that can subsequently be used as input for Monte Carlo or point-
kernel calculations [24-29] to obtain the absorbed dose or specific energy distribution.
Anatomical modelling of the target volume is needed to facilitate the absorbed dose
calculation. This will involve an idealized representation of the anatomical region. The
modelled region may correspond to an organ sub-region (e.g, the kidney cortex or
glomerulus) [30-32], a cluster of cells [33-36], or a sub-cellular compartment [37-39].
Once anatomical models of the source and target regions are established, the calculational
methodology must be chosen. As reviewed in MIRD Pamphlet 22, microdosimetry
techniques are required when the number of alpha-particles emitted is so low or
(equivalently) when the target volume is so small that the energy deposition of a single
alpha-particle can significantly influence the absorbed dose to the target. Expressed more
formally, microdosimetry techniques are required when the relative deviation of the local
dose exceeds 20% [40]. Under such conditions a single dose value is unlikely to reflect the
biological outcome and the probability distribution of specific energy must be considered in
calculating biologic response (e.g., cell survival, organ toxicity). Microdosimetry methods
have been extensively reviewed [3]; additional details may be found in Pamphlet 22 and in
Chapter 9 of reference [41]. When microdosimetry techniques are not required, absorbed
dose calculations at these dimensions may be performed by previously calculated absorbed
fraction values for selected microscopically defined source-target volume combinations
[37]. If there is a high level of non-uniformity requiring a large number of voxelized
absorbed fractions it will be easier and more tractable to perform such calculations by Monte
Carlo or point-kernel convolution calculations. The method selected should provide a
histogram of the absorbed dose distribution in the target volume (providing the number of
times that a particular absorbed dose value occurs in a target volume -or, depending upon
the target dimensions and expected number of events, the microdosimetric specific energy).
This information can be used to determine if the mean absorbed dose (or single value
microdosimetric parameters [42]) over the target volume will be relevant in determining
likely biological effects.
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As noted above, the micro-scale measurements of activity distribution require pre-clinical
studies. Translation of pre-clinical results to the human requires that the studies be
performed in the context of pharmacokinetic modelling so that a pharmacokinetic model that
describes kinetics in macroscopic compartments such as the blood and the whole organ be
used to fit micro-scale kinetics. Such an approach establishes rate constants and kinetic
parameters that describe the relationship of the radiopharmaceutical at the micro-scale to
that at the macro-scale. This approach assumes that the macro to micro transfer of the
radiopharmaceutical in the pre-clinical model is the same as that in the human. Until it
becomes possible to make such micro-scale measurements, in vivo, caution and careful
consideration of the chosen pre-clinical model is required in applying this approach.

QUANTITIES AND RELATED UNITS

Dosimetry for internally distributed (unsealed) radionuclides was initially developed for
diagnostic imaging in nuclear medicine by the MIRD Committee [43,44] and for radiation
protection by the International Commission on Radiologic Protection (ICRP) [45]. The basic
equation and concepts were the same but the two organizations chose nomenclatures and
symbols tailored to their specific concerns. The MIRD Committee recently published a
dosimetry formalism that applies to both realms and that has been also adopted by the ICRP.
The dosimetry formalism includes quantities such as equivalent dose and effective dose [1].
Equivalent dose is the absorbed dose weighted by radiation weighting factors and is
intended to adjust the absorbed dose for the difference in stochastic risks (e.g., cancer
induction) of different particle types. A weighting factor of 20 was chosen by the ICRP for
alpha-particles, meaning that a given absorbed dose of alpha-particle radiation is 20 time
more likely to lead to cancer and other stochastic effects than the same absorbed dose of
electron or photon radiation [46]. The effective dose is a weighted average of individual
organ equivalent doses. The weighting factors applied for each organ were also selected by
the ICRP to reflect the relative overall detriment that a particular distribution of organ
absorbed doses will have to a reference individual, taken to represent an average member of
an exposed population. Both equivalent and effective dose values are associated with the
sievert (Sv).

None of the dosimetric quantities discussed thus far are relevant to radiopharmaceutical
therapy. Although both stochastic (cancer risk) and deterministic (toxicity, tumor kill)
effects occur at the administered activities and resulting absorbed doses associated with
radiopharmaceutical therapy, the relevant end-points for treatment evaluation (i.e., toxicity
and efficacy) are deterministic (the effect-as opposed to the probability that an effect will
occur-increases with increasing absorbed dose). For deterministic end-points alpha particle
radiation yields 3—7 times more toxicity or efficacy (represented by cell sterilization) per
unit absorbed dose than electrons or photons [2]. The factor used to weight the absorbed
dose for deterministic end-points is called the relative biological efficacy (RBE). It is
analogous to the radiation weighting factors described above except that it is a value
obtained by experimental measurements. As noted in MIRD Pamphlets 21 and 22 no
dosimetric quantity analogous to the equivalent dose has been defined for deterministic
effects. Furthermore, since a dosimetric quantity does not exist for deterministic effects
there is also no associated unit for a weighted absorbed dose value that reflects deterministic
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as opposed to stochastic effects. In short, there is no consensus on what to call an RBE-
weighted absorbed dose and also no consensus on what special named unit to assign to the
numerical value. These issues have been highlighted by the MIRD Committee and the
Committee is working closely with the relevant international regulatory and standards
organizations (the International Commission on Radiological Units (ICRU) and the
International Bureau of Weights and Measures (Bureau International des Poids et Mesures
(BIPM))) towards a resolution of these issues. Towards this objective the MIRD Committee
has proposed a special named unit, the barendsen (Bd) for the deterministic dose quantity
once it is defined [47]. This will avoid the confusion possible with units such as gray-
equivalents or cobalt-gray-equivalents that are in use or have been recommended previously.
Until these issues are resolved, absorbed doses for alpha-emitting radionuclides should
separately list the absorbed dose (in Gy) of electron+photon emissions (if these are non-
negligible) and of alpha-particle emissions [2].

CONCLUSIONS

Dosimetry for alpha-emitter therapy requires a consideration of the microscopic distribution
of emitters. As these are generally not measurable in individual patients, pre-clinical studies
that characterize the distribution and kinetics of the alpha-emitting radiopharmaceutical at
the microscopic level are essential to the dosimetry for these agents. The translation of
activity distributions obtained in pre-clinical studies to the human requires micro-scale
models of the source-target geometry at human dimensions. Dosimetry reporting for alpha
emitters should individually list the contributions of high (alpha-particles) vs. low (electron
and photon) LET emissions.
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Fig. (1).
Schematic of three potential alpha-emitter distributions (red dots). In (a), the distribution of

emitters is uniformly distributed in the trabecular marrow cavity. In panel (b), the agent
localizes to the bone surface and only irradiates a portion of the marrow. In (c), the emitters
are distributed around tumor cells in the marrow. Each of these configurations will have a
different impact on marrow toxicity. Case (a) can be accommodated by single value,
absorbed fraction-based calculations. The other two scenarios are best handled by Monte
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Carlo methods that yield dose-volume histograms to calculate radiobiological parameters
that can relate the dose-volume histogram to biological efficacy or toxicity.
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Fig. (2).
Schematic representation of the kidney (a) depiction of realistic anatomy (from http://

www.uic.edu/classes/bios/bios100/-lecturesfO4am/kidneyOla.jpg) and (b) idealized model of
a nephron that may be used in Monte Carlo calculations once the distribution of emissions is
localized to the different micro-scale kidney compartments.

Curr Radiopharm. Author manuscript; available in PMC 2015 February 18.


http://www.uic.edu/classes/bios/bios100/-lecturesf04am/kidney01a.jpg
http://www.uic.edu/classes/bios/bios100/-lecturesf04am/kidney01a.jpg

