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Radiopharmaceutical therapies are gaining increasing promi-
nence as they improve survival in patients with common diseases
such as metastatic prostate cancer (/,2). However, whereas sodium
iodide ('3'I) therapy has been used for over 70 y in treating malig-
nant and benign thyroid diseases, we are still in a learning phase
in relation to understanding the toxicity from radiopharmaceutical
therapies (RPTs). Much of what is considered “known” regarding
radiopharmaceutical dose-toxicity relationships is the result of
questionable extrapolation from 100+ years of experience with
external-beam radiation therapy (EBRT). Although this may have
been a reasonable starting point, there are critical differences
between EBRT and RPTs.

With external-beam irradiation, dose—response relationships
have been informed by a set of measurements of the predicted and
actual absorbed dose delivered to normal tissues and tumors.
There have been great advancements in external-beam radiation
dose delivery, including intensity modulated radiation therapy, as
well as treatments in which tumor doses are intensified in specific
areas informed by imaging, so called biologically guided radiation
therapy (3,4). These advancements have increased control and
accuracy in dosing, leading to better patient outcomes.

Several things are clear regarding EBRT. First, external-beam
radiation dosimetry to tissues is well-developed and there have
been major efforts to standardize methods for absorbed dose mea-
surement among radiation therapy centers globally. It is thus
expected that absorbed dose estimates are likely within <10% of
one another among sites performing external-beam irradiation (3).
In addition, whereas there can be “dose painting” to specific areas
of tumor, it is typically the case that the absorbed dose from exter-
nal beam is quite uniformly delivered in a given volume of tissue
treated in a specific part of the body. It has also been clear since
early studies with EBRT that radiation delivery to part of an organ
is less likely to cause toxicity than radiation therapy of the entire
organ. Early reporting of external-beam radiation toxicity in, for
example, the liver or kidneys was influenced by the percentage of
the organs irradiated, with partial organ irradiation less toxic than
whole organ irradiation (i.e., one third of the liver could be irradi-
ated to a higher dose without toxicity than irradiation of the entire
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liver, and a part of the kidney could be irradiated to a higher level
than a whole [or both] kidneys without systemic toxicity) (6).

Recently, a new approach using personalized treatment planning
accounting for the biologic effect of a given radiation dose has
been considered (7,8). This approach calls for characterizing radia-
tion dose not only in physical terms of energy deposition
(absorbed dose, Gy) but also in terms of biologic effects on the
tumor and normal tissue (9,/0). All limitations of the knowledge
relevant to external radiation therapy are also of concern in RPT.

However, despite the long experience with EBRTs, there remain
unanswered questions regarding the effects of absorbed dose rate
(standard fractionation vs. hypofractionation), the use of radiotherapy
in pediatric patients versus adults, optimal delivery of brachytherapy,
optimal use cases for proton and particle therapy, patient-specific
biologic factors increasing or decreasing the risk of toxicity, and
potential interactions of external-beam radiation with other cancer
therapies that may affect the response to radiation.

Compared with external-beam radiation, assessing radiopharma-
ceutical toxicity is in its relative infancy, or at most early adoles-
cence. The biologic effect of a radiopharmaceutical agent is
fundamentally based on “radiation effect” and “energy deposition in
tissue,” similar to external-beam radiation effect. However, there are
at least 4 fundamental differences in normal-tissue response to radia-
tion from RPT versus external-beam radiation: 1. Spatial nonuni-
formity of energy deposition by RPT (spatial domain); 2. Absorbed
dose rate (temporal domain); 3. Importance of tissue microenviron-
ment and microscale dosimetry (scale domain); and 4. Time variation
and paramount importance of pharmacokinetics (systems domain).

There are some additional considerations for RPT versus EBRT,
including the knowledge that RPT is generally a systemic therapy
and therefore partial-organ irradiation is not typically performed.
Additionally, low-energy -particle, Auger electrons, or a-particles
are associated with considerable nonuniformity of absorbed dose.
The nonuniformity in absorbed dose is also tied to the spatial distri-
bution of the RPT. Nonuniformity in the spatial distribution may
arise due to expression of the molecular target in normal tissues
(e.g., prostate specific membrane antigen [PSMA] expression in the
salivary glands) or due to physiologic processing/transport of
the agent (e.g., retention of most low molecular weight agents in
the kidneys). Also related to these nonuniformities is the fact that
current 3-dimensional imaging modalities—SPECT and PET—
have the resolution and counting statistics needed to quantify mac-
roscale nonuniformities (e.g., kidney renal cortex vs. overall kidney
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volume) but not assess nonuniformities at the microscale (e.g.,
renal tubule vs. renal glomerulus) level. The latter require model-
based activity apportionment and microscale S values (11,12).
Thus, continued early studies examining normal organ dose
response are likely to depend strongly on the scale at which the
agent localizes nonuniformly and on its emission properties.

Elsewhere in this supplement (/3), early results are provided
from the Society of Nuclear Medicine and Molecular Imaging
(SNMMI) Dosimetry Task Force “challenge,” showing that even
when analyzing the same imaging data, varying laboratories can
have different estimates of radiation-absorbed dose to specific tis-
sues of relevance. These differences likely result from nonunified
approaches to curve fitting and volume of interest definition
among other factors. Indeed, other variables such as dose calibra-
tor performance/calibration, camera sensitivity and calibration, as
well as how attenuation, scatter, resolution, and partial-volume
factors are addressed, can cause significant variability in estimates
of radiation-absorbed dose to tumor and normal tissues. In general,
these effects are more impactful on smaller and deeper-situated
structures such as tumors, as the variability in dose estimates
appears to be less in larger organs (/4). That said, planar estimates
of lung absorbed dose are, in the authors’ opinion, highly variable
depending on the selection of the precise background region of
interest. Assessments of dose/response/toxicity are only as good as
the estimation of activity concentration in particular organ volume
(15). Similarly, estimates of radiation-absorbed dose to the bone
marrow can be more challenging if the bone marrow dosimetry is
estimated from planar imaging as opposed to SPECT.

Another consideration in linking radiation-absorbed dose in normal
tissues to organ toxicity is whether the dosimetry estimates are
obtained from the diagnostic companion to the therapeutic agent (as
in the case of some theranostic pairs) (/6) or from imaging the biodis-
tribution of the therapeutic radiopharmaceutical itself, such as in the
case of posttreatment imaging. In principle, the 2 should be highly
correlated with a well-selected theranostic pair, but it is likely that a
more “true” absorbed dose estimation may be obtained from post-
treatment imaging (“dose validation™). Imaging posttherapy activity
distributions can have problems as well, such as dead time issues in
some y-cameras with therapeutics with high photon flux, such as !,
which may degrade absorbed dose rate estimates from early-time-
point data, unless major corrections are implemented. Similarly, septal
penetration with high-energy -y-emitters such as '*'I can degrade
quantitation. With pure B-emitters and a-emitters, imageable photon
flux via Bremsstrahlung radiation is limited and difficult to use for
dosimetry. In these cases, paired theranostic imaging may yield equiv-
alent or improved organ-specific dose estimates in practice.

Variability in radiation-absorbed dose to normal tissues can
occur among patients receiving the same number of radioactive
molecules in their therapy. Larger patients will have the radiophar-
maceutical diluted into a larger volume, although many larger mol-
ecules such as radiolabeled antibodies (and many other
radiopharmaceuticals) do not substantially accumulate in fat. Thus,
dosing some radiopharmaceuticals based on body weight, or lean
body mass, can be an imperfect normalizing process. In addition,
there can be variable clearance rates of molecules from tissue to tis-
sue and patient to patient. Thus, consideration must be given
to recognize that there are population-based absorbed doses to
organs, and there are patient-specific absorbed doses, which can
substantially diverge from the population average. Notably, some
molecules such as radioantibodies, which cross react with normal
tissues, can have considerable variability in their clearance from
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patient to patient, and depending on the mass of molecules injected,
possibly due to cross-reactivity with normal tissues. Patients receiv-
ing murine monoclonal antibodies may have rapid clearance of the
radioantibody if there are human antimouse antibodies present or if
a low protein mass is given versus an unlabeled antibody predose
before the radioactivity. Similarly, patients lacking a spleen may
have much slower clearance of radioantibody from the blood, and
thus higher organ doses/administered activity than in patients with
an intact spleen, this having been seen with anti-CD20 antibodies
(16). Thus, one must distinguish between individual dosimetry and
average population dosimetry in absorbed dose/response/toxicity
estimates. As dosimetry methods are harmonized and clinically
implemented, we anticipate greater availability of patient-specific
dosimetry data that can be linked to organ toxicity.

These admitted uncertainties in radiopharmaceutical dosimetry
estimates lead to some variability in the dose-response relation-
ships that have been demonstrated for RPTs. As an example, esti-
mates of absorbed dose to the salivary glands from '3!'I therapies
are being improved by the availability of PET imaging with 2] as
compared with planar imaging. Until recently, it has been difficult
to perform treatment escalation studies based on organ-absorbed
dose because of the relatively cumbersome process of evaluating
dosimetry with a suitable theranostic pair. These studies need to
be done in greater numbers and are a major opportunity to better
refine our understanding of normal-tissue absorbed-dose response.

MECHANISM OF IRRADIATION FROM RPT

Radiation can damage both normal tissues and tumors in several
ways. Classically, radiation-induced damage to tissues occurs
when ionizing radiation, either as a direct event or through the
generation of oxygen- free radical, damages DNA. Although
single-stranded DNA breaks can be repaired effectively, breaks in
both strands of DNA can result in irreversible damage. A variety
of events can occur due to this including deletions of segments of
DNA or repair of DNA with less than perfect fidelity. Such a loss
of DNA integrity can lead to failed cell proliferation and cell
death. The cell membrane and mitochondria can also be damaged
by radiation, and such damage can induce apoptosis (17,18).

The multiple molecular mechanisms for radiation-induced cell
death are complex and beyond the scope of this review. In short,
they include downstream effects of mitotic catastrophe and mitotic
death, apoptosis, necrosis, senescence, autophagy, and possibly
other pathways including necroptosis and ferroptosis. It is also
increasingly appreciated that not just cell intrinsic factors are
involved, but also the microenvironment, including immunogenic
cell death enhanced by radiation (79).

Virtually all tissues are made of a variety of components. Blood
vessels supply nearly every tissue of relevance. Thus, in some
cases, the radiation tolerance of a specific tissue may be related to
the radiation tolerance of a component of a tissue. For example, in
the brain the astrocytes and glial cells proliferate slowly and may
themselves be less sensitive to radiation than the blood vessels or
supporting cells for the vessels.

In general, tissues that proliferate very slowly are less radiosen-
sitive and will demonstrate radiation induced damage much later
than more rapidly proliferating tissues (20). The rapidly proliferat-
ing cell populations within bone marrow, skin, testes, and gut are
particularly radiosensitive, but can recover very quickly from radi-
ation. These are sometimes called acute responding tissues. The
brain, kidneys, and bone are less immediately sensitive, but are
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slow to recover (if ever) from radiation-induced damage. The liver
is also slow to respond to radiation damage, but it can recover rea-
sonably quickly. Although it is generally the case that slowly pro-
liferating tissues are not radiosensitive, an exception are small
lymphocytes, which proliferate slowly but quickly undergo apo-
ptosis after exposure to relatively low doses of radiation.

Although (- and +v-radiation are viewed as having a relative
biologic efficiency (RBE) of 1.0, other emerging RPTs, particu-
larly those that use radionuclides that emit a-particles, carry much
a higher RBE (21). a-particles, which are helium nuclei with an
atomic mass of 4, carry much more energy per disintegration and
deposit it at a relatively short distance and thus are considered a
form of high-LET (linear energy transfer) radiation. Consequently,
a single a-particle traversal of a cell nucleus can cause multiple
double-strand breaks and likely lead to cell death (22). Although
DNA damage is not the only way tissues are injured by radiation,
it is one of the classical events described in radiobiology literature
as a major cause of cell death. It is commonly acknowledged that
a-particles have an RBE value 3-7 times higher that of
B-particles. Although most forms of radiation exert DNA effects
primarily through intermediary oxygen free radicals, a-particles
are more likely to interact directly with the DNA (23).

DOSE RATE, BIOLOGICALLY EFFECTIVE DOSE (BED), AND
MICRODISTRIBUTION OF DOSE

In general, the higher the absorbed dose rate, the more substantial
the normal tissue (and tumor) toxicity is per dose unit (J/kg, Gy).
This is in part because high dose rate radiation exposures do not
allow normal tissue or tumor to repair substantially. Conventional
standard-fraction external-beam radiotherapy is typically given in
1.8-2.0Gy/d fractions over 6 5-d weeks (~10Gy/wk). The
VISION trial delivered 7’Lu in sequential treatments, depositing
B-radiation dose to tumors over a total period of approximately 6
mo (7). Although the dose rate with RPT is usually thought of as
lower than that of external-beam radiation, there are some situa-
tions, such as with short-lived radioisotopes, where a single admin-
istered activity can deliver relatively high time-averaged absorbed
doses over a relatively short period of time. For example, *°Y-
microspheres can deliver a high absorbed dose in a relatively short
period of time (e.g., 10 d) from a single treatment. An additional
confounding factor when considering absorbed dose is the issue of
DNA repair kinetics relative to the rate of radiation-induced dam-
age. Two therapies with equivalent time-averaged dose delivery
may result in differing biologic effects due to differences in instan-
taneous dose rate (i.e., Gy/min from EBRT vs. cGy/min from RPT).

For therapies using radionuclides emitting particles with longer
range, such as high-energy B-emitters or emitters with a significant
fraction of vy-radiation, microscale dosimetry may be less relevant.
However, with shorter-pathlength B-emitters such as '7’Lu or with
a- or Auger-particle emitters, the particles travel only a relatively
short distance, so their microscale dosimetry in tissue is of much
greater importance. As an example, °°Y as a more energetic
B-particle emitter when attached to octreotate causes renal toxicity
in humans, whereas !”’Lu-DOTATATE is much less renal-toxic,
likely due to the differential microscale dosimetry in the kidneys,
as !”Lu is a lower energy B-emitter (24).

NORMAL-TISSUE DOSE LIMITS

A considerable effort has been undertaken to understand the
relationships of EBRT dose and normal-tissue toxicity. A seminal
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paper by Emami et al. (6) summarized normal-tissue tolerances to
external photon irradiation as they were known in 1991, and these
data have been gradually updated and expanded through other ini-
tiatives such as Quantitative Analysis of Normal Tissue Effects in
the Clinic (QUANTEC) and Hypofractionated Treatment Effects
in the Clinic (HyTEC) (25,26). These resources present normal-
tissue dose limits in terms of TD5/5 and TD50/5, the total doses
associated with a complication rate of 5% and 50% within 5 vy,
respectively, as introduced by Rubin and Cassarett in 1972 (27).
Dose limits recommended within these works were the product of
high-quality published data, expert opinion, and model-based
extrapolation when deviating from typical dose and fractionation
schedules (i.e., 2Gy per treatment fraction). These documents
have helped to shape current radiation therapy clinical practice
and as such they may act as a “road map” for establishing appro-
priate normal-tissue dose limits for RPTs.

Normal-tissue dose limits are a function of absorbed dose rate
(or dose fractionation schedule in the case of EBRT), radiation
quality (o vs. B7; microdistribution), tissue type, and time between
treatments. These concepts are detailed in other articles within this
journal supplement (28,29). Despite biologic sensitivity to various
factors, it is often practical to present dose limits or dose effects in
terms of absorbed dose for a particular radiopharmaceutical and
treatment pattern, while acknowledging that accurate comparison
between different radiopharmaceuticals or radiation modalities
requires careful modeling of radiobiologic effects. As such, in the
sections below we discuss normal-tissue toxicity from radiophar-
maceuticals in terms of absorbed dose from individual therapies.
A summary of normal tissues and associated dose limits is pro-
vided in Table 1, including tissues for which dose limits from
RPT are not currently known. Normal-tissue dose limits are partly
known for a handful of organs in the body for specific radiophar-
maceuticals; however, it is clear that less is known regarding RPT
normal-tissue dose limits in comparison to EBRT treatment tech-
niques. Careful evaluation of the intermodality differences among
organs that have been characterized for both RPT and EBRT may
inform methods for extrapolation to RPT limits in organ tissues
without published data. It is increasingly clear from clinical expe-
riences with RPT that the external-beam—derived organ dose limits
do not consistently predict toxicity from radiopharmaceuticals and
so these limits should not be strictly enforced and, instead,
radiopharmaceutical-specific dose limits are required. Dose escala-
tion studies driven by modern dosimetry are also important to con-
sider, pursuant to avoiding systematic underdosing of patients.

Bone Marrow

The ability to image and assess the biodistribution of the radio-
pharmaceutical in patients, before treatment, or after the first frac-
tion of a fractionated treatment regimen, make it possible to
identify potential dose-limiting tissues. That salivary gland or renal
toxicity may be of concern for PSMA-targeting small molecules
but not for PSMA-targeting antibodies is apparent to a nuclear
medicine physician by visual inspection of images corresponding
to each agent at an appropriately chosen time after administration.
Ideally, such imaging information, along with properties of the
radionuclide, would be used to estimate the absorbed dose and, at
minimum, distinguish between a range of administered activities
that will be safe versus a range that will lead to toxicity. Although,
there are many confounding factors (the unknowns), this process is
at the heart of what gives RPT an advantage over treatment modali-
ties that do not incorporate imaging and dosimetry.
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RPT agents are usually administered systemically (intrathecal,
intracavitary, and hepatic artery injections are some of the excep-
tions); the potential for hematologic toxicity will therefore depend
on a combination of inherent marrow radiosensitivity, prior patient
exposure to hematotoxic agents, and the absorbed dose to the mar-
row. A thorough, but now dated, review of marrow dosimetry
focused on radiolabeled antibodies was published in 2000 (30).
Best practice guidelines for assessing hematologic toxicity in RPT
have also been published (317).

Because the marrow is a distributed organ, direct image-based
quantification of the time-integrated activity (TTA) (28) in the mar-
row is certainly possible; it would require delineation of all
marrow-containing regions to identify all of the marrow-
containing voxels on PET/CT or SPECT/CT imaging. These could
be used to calculate the TIA and from this absorbed dose to the
entire marrow. In practice, this is not done—rather, “marrow-rich,
low background” regions (e.g., lumbar vertebrae L3 to L5) are
segmented and used to extract a TIA concentration that is then
used to estimate red marrow absorbed dose (32—34). Although a
blood-based approach has been described (35) and used to show
that red marrow absorbed dose better predicts hematologic toxicity
for antibody-based RPT (36), the imaging-based approach is pre-
ferred because it does not assume a red marrow—to—blood activity
concentration ratio that is constant over time (33,37) and that
applies only to antibodies (38). More significantly, image-based
red marrow dosimetry may also be applied when the RPT binds to
marrow, bone, or blood components or in situations where there is
the possibility of cancer cell infiltration of the marrow. This sce-
nario is common for many RPTs agents, and perhaps most promi-
nently for prostate cancer (39,40), where metastatic dissemination
is coincident with the marrow. In fact, the paper by Violet et al.
illustrates a technique by which dosimetry for a distributed tis-
sue—tumor metastases in this case—is achieved (39).

Compartmental modeling may also be used to estimate red mar-
row absorbed dose (4/—43). Whole-body absorbed dose has also
been used as a surrogate for marrow toxicity (44). For '3!I-anti-
CD20 antibodies, a whole-body absorbed dose of 75 cGy was
established as the maximum-tolerated dose (MTD) in patients with
non-Hodgkin lymphoma who had been heavily pretreated with
chemotherapy (16).

Red marrow dosimetry for a-particle emitter RPT (aRPT)
requires consideration of the microscale distribution of the TIA.
This is because the short, 50-80 wm range of a-particles can lead
to a highly nonuniform dose distribution to the degree that the
average absorbed dose over the marrow volume may not predict
biologic effects. Average marrow absorbed dose from antibody,
peptide, or small molecule-based aRPT is likely to predict hema-
tologic toxicity whereas bone targeting agents such as 2>*RaCl,
will overestimate the potential biologic impact of a calculated
average marrow absorbed dose (45). Red marrow dosimetry for
oRPT agents also must account for the biodistribution of free
daughters (46). The special considerations associated with aRPT
dosimetry have been previously reviewed (21,47).

With marrow absorbed dose estimates, it is relevant to consider
that the marrow is quickly damaged by radiation but can, within
limits, regenerate and be able to be treated again. This approach has
been taken with chemotherapy for many years, with multiple cycles
and intervening times without treatment for the marrow to reconsti-
tute. As an example, '3'I-tositumomab therapy was successfully
repeated at a 75 cGy total body dose level at months to years after
initial treatment, with no evidence of additive toxicity (48). This
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differs from what we expect to be the case for slower regenerating
tissues such as the liver or kidneys, where we view absorbed dose
levels as cumulative and additive toward an upper limit.

Although 2-3 Gy is considered the maximum-tolerated radia-
tion-absorbed dose to the marrow, based on perhaps limited dosi-
metric data, these limits are those present when the marrow is
expected to reconstitute on its own. When stem cell transplant is
considered and there is or is not tumor involvement in the marrow,
the dosimetric limit is much higher, likely reflecting the tolerance
of stem cells to re-engraft in the marrow, which has been ablated
by radiation. In studies using '3'I -anti-CD45 antibodies, a possible
marrow dose of up to 48 Gy has been considered acceptable. Early
analyses of the clinical data from 49 patients who received '3'I-
apamistimab show the absorbed dose delivered to marrow (median,
14.7 Gy; range, 4.6-32Gy) allowed for marrow re-engraftment,
thus suggesting the MTD to marrow (with reconstitution) exceeds
32 Gy and supports the protocol-defined 48 Gy MTD (49).

Liver

Therapies resulting in significant liver absorbed dose include
20Y-microspheres (although °°Y-microspheres are typically treated
as medical devices rather than radiopharmaceuticals under regula-
tory purview, they are included herein for completeness), for trans-
arterial radioembolization, radioimmunotherapeutics using a
radiometal label, somatostatin analogs, and '3'I-MIBG. Radiation-
induced liver toxicity typically presents within 4-8 wk of
irradiation; however, cases have been reported as early as 2 wk
after irradiation and as late as 7 mo afterbirradiation (50). Classic
presentation of radiation-induced liver disease (RILD) includes
fatigue, abdominal pain, hepatomegaly, and ascites, in conjunction
with jaundice and a rise in the level of alkaline phosphatase. These
clinical symptoms are thought to be the result of hepatic “veno-
occlusive disease,” whereby vascular congestion results in
decreased oxygen delivery to the liver. Nonclassical presentations
of radiation-induced liver disease are seen in patients with chronic
hepatic diseases, such as cirrhosis and viral hepatitis.

MTD to liver from radioimmunotherapy exceeds 28.5Gy in a
single dose with *°Y-anti-CD20 antibodies given systemically (51).
BBII_MIBG dosing has been, in part, driven by dosimetry. Mild
transient hepatic function abnormalities have been seen in patients
treated with MIBG. These data are complex, but doses up to 30 Gy
to the liver have resulted in less than 10% incidence of transient
reversible hepatoxicity (52,53). Clinical protocols have limited
dose escalation to 30 Gy to the liver, so liver MTD may be higher
than 30 Gy for systemic radiopharmaceuticals. It is believed that
radioantibodies and MIBG distribute uniformly through the hepatic
parenchyma, resulting in a relatively uniform absorbed dose.

Being the primary target and site of accumulation, clinical use
of *°Y-microspheres (both resin and glass) often results in whole
liver mean doses more than 30-32 Gy, which is thought to be
the TD5/5 in external-beam radiotherapy. Whole liver doses of
more than 42 Gy (EBRT TD50/5) are often encountered as well,
although somewhat less frequently with resin °°Y-microspheres.
Among bilobar treatments, liver toxicity modeling has indicated a
15% complication rate for mean liver doses of 35-70 Gy from
glass microspheres (54). Whole liver mean doses in excess of
70Gy from glass microspheres are known to result in >50%
chance of radiation-induced liver toxicity (54). Data from resin
microspheres indicate an approximately 50% rate of toxicity for
whole liver mean doses of 44-61 Gy (55). Of note is that the prod-
uct insert for °°Y glass microspheres (Theraspheres; Boston
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Scientific Corp.) describes delivering doses of in excess of 80 Gy
to the targeted lobe, with recommend doses of up to 150 Gy to the
treated lobe. Whole liver mean doses given during a single lobe or
segmental infusion may not be comparable to bilobar treatments,
which are more commonly seen with resin °°Y-microspheres. Rel-
evant data to this point are presented in the DOSISPHERE-01
study, which compared personalized dosimetry to escalate tumor
doses (mean normal liver dose of 119.7 Gy, with 1 patient receiv-
ing 150.3 Gy) with a nondosimetry group (mean liver dose of
79.2 Gy) (56). Although liver function alterations occurred, they
were viewed as manageable and there was only 1 case of hepatic
failure in the dosimetry group (1/28, 3.6%). The reason why toler-
able liver absorbed doses appear to be higher for microspheres in
comparison to external beam or other B-emitting therapies
(MIBG; radioimmunotherapies) is likely because of the microscale
dosing of *°Y-microspheres, which tends to be nonuniformly dis-
tributed throughout the hepatic arterial system/liver. This results in
many areas that receive lower absorbed doses (57). This is par-
ticularly true for °°Y-microsphere segmentectomies, in which
10%-30% of the liver often receives a mean dose in excess of
200—400 Gy. To better characterize these effects, dose—response
relationships for tumors and normal liver are being refined by
use of multicenter data and harmonized software/dosimetry
methods among sites (56).

Kidneys

Generally, renal toxicity is defined as an increase in the serum
creatinine levels, loss of creatinine clearance, or decrease in glo-
merular filtration rate (GFR), commonly based on the National
Cancer Institute’s iterations of Common Terminology Criteria for
Adverse Events (CTCAE). The kidneys may be the limiting factor
for the maximum cumulative activity of hydrophilic systemic RPT
such as radiolabeled peptides, small molecules, or antibody frag-
ments. The kidney tolerance of 23 Gy, originally derived for
external-beam radiotherapy, has been suggested for renal excreted
radiopharmaceuticals. However, fundamental radiobiologic differ-
ences of RPTs and the derived biologic effective dose need to be
considered, which may significantly vary depending on multiple
factors including the half-life of the radionuclide (59). The renal
dosimetry threshold has been used by studies to optimize treatment
schedules by modifying the administered activity per cycle or
number of cycles of '"”’Lu-DOTATATE (60,61). These studies
have demonstrated wide interpatient variability of renal absorbed
dose by a factor of 10, underscoring the importance of dosimetry.
The individualized dosimetry-based methodologies have led to
enhancing tumor absorbed dose with potential improvement in the
patient outcome while maintaining the acceptable safety profile of
the RPT.

Notably, to capture the true incidence of renal impairment after
RPT a sufficient follow-up time of at minimum 6-12 mo is
required (62). Therefore, the incidence and degree of renal impair-
ment after RPT need to be considered in the context of the life
expectancy of the patients. For instance, the relatively limited
median overall survival of patients with advanced metastatic
castrate-resistant prostate cancer (mCRPC) of 13—-16 mo may not
allow the occurrence of the full spectrum of renal impairment after
PSMA RPT. However, the possibility of the development of renal
impairment after PSMA RPT could be of more importance in ear-
lier stages of prostate cancer (/,63). Similarly, in the context of
neuroendocrine neoplasms (NENS), the implication of renal toxicity
may need to be considered in the context of tumor grade, especially
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as patients with grade 1 NENs may live a decade or longer com-
pared with much shorter survival of patients with grade 3 NENs.

The enhanced understanding of the mechanisms of renal accu-
mulation of radiolabeled peptides, small molecules, and antibody
fragments cannot be overemphasized as this would allow devising
the strategies to reduce renal toxicity. Hydrophilic radiolabeled
peptides such as '7’Lu-DOTATATE are mainly filtered by the glo-
meruli and partly reabsorbed by the proximal tubular cells (62).
Insight into the mechanisms of renal handling of DOTA peptides
led to the development of multiple strategies to reduce the renal
absorbed dose (62), of which competitive inhibition of proximal
tubular reabsorption by pretreatment with positively charged
amino acids (arginine and lysine) has achieved a renal dose reduc-
tion of approximately 50% and is widely adopted in clinical prac-
tice (64,65). In fact, with the adoption of amino acid pretreatment,
the incidence of serious toxicity has been low, =1.5% grade III or
IV CTCAE, regardless of the treatment schedule, the number of
cycles and administered activity per cycle or cumulatively (65,66).

Specific binding to PSMA of the proximal tubules appears to be
the most relevant mechanism of renal retention in PSMA RLT.
Using potential differential internalization rate of PSMA isoforms
in the renal tubules compared with prostate cancer cells, it has
been shown that small-molecule PSMA inhibitors such as 2-(phos-
phonomethyl) pentanedioic acid (PMPA) can displace noninternal-
ized PSMA ligand 16 h after PSMA RLT in preclinical models
(67). Although this appears to improve the therapeutic index of the
treatment without significant reduction in the tumor absorbed
dose, the translation of these findings in humans remains to be
determined. Nonetheless, currently, PSMA RLT is mainly used in
the advanced stage of mCRPC and the incidence of grade 3 or 4
renal toxicity remains low (1%-3.5%) (/,63). In a phase 2 study
of 28 patients who underwent >!Cr-EDTA GFR measurement
before and 3 mo after completion of 4 cycles of '”’Lu-PSMA, a
very modest decline of approximately 12 mL/min in GFR was
noted (39,68,69). The renal toxicity profile of PSMA RLT may be
of more clinical importance in the earlier stage of prostate cancer
disease continuum, higher administered activity per cycle, higher
cumulative activity or use of a-isotopes and requires further inves-
tigation. Therapeutic radioisotopes, particularly many a-emitters,
may have complicated decay schemes with daughter isotopes that
can accumulate in the kidneys. This needs to be carefully consid-
ered in evaluating the therapeutic ratios of RPTs.

We believe the 23 Gy tolerance guidance limit from external-
beam radiation may be lower than the true tolerance of the
kidneys, given the modest renal toxicity seen with modern radio-
peptide therapies. We believe absorbed dose escalation studies are
essential and should be strongly considered to determine whether
23 Gy represents the true limit for renal radiation-absorbed dose.
Adhering to the limit derived from EBRT may result in underdos-
ing of tumors in patients receiving RPT, compromising efficacy.

Salivary Glands

The salivary glands have long been an organ of interest related to
RPT toxicity due to their being organs of accumulation and excre-
tion of '3'I, which is used to treat both hyperthyroidism and thyroid
cancer. Salivary glands are highly radiosensitive, and radiation sia-
ladenitis and xerostomia have become the most frequent complica-
tion of high-activity ' therapies for thyroid cancer, occurring in
over 50% of cases (70). Typical thyroid therapy administered activi-
ties are in the range of 3.7-7.4 GBq, although cumulative activities
of >20 GBq are sometimes used (77). Planar dosimetry has shown
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differences in radiation-absorbed doses between the parotid and
submandibular glands, with median absorbed dose per administered
activity of each single parotid and submandibular gland to be about
0.15Gy/GBq (range, 0.1-0.3 Gy/GBq) and 0.48 Gy/GBq (range,
0.2-1.2Gy/GBq) (72). The dosimetry of salivary glands has been
investigated more intensively with the availability of 241 PET
imaging, which has shown a radiation-absorbed dose of 0.23 Gy/
GBq in patients who do not have thyroid stimulation with lemon
drops (72). Absorbed dose was noted to be increased by 28%
with stimulation of salivary flow. A 7.4 GBq administration of
1317 would therefore deliver 1.7 Gy, and 20 GBq would deliver
4.6 Gy. These absorbed doses are lower than the 26 Gy “safe”
absorbed dose to the salivary glands for external-beam radio-
therapy (73). Although there is variability in methods and results
for dosimetry by planar scintigraphy and PET methods, these
data suggest a difference between RPT and external beam in this
setting, possibly due to microdosimetry differences for !3!I,
which we do not yet fully understand (71).

The dosimetry studies of small molecules targeting PSMA such
as '24/B1-MIP-1095, or '"7Lu-PSMA-617 or '"Lu-PSMA 1&T
have shown salivary glands commonly receive the highest
radiation-absorbed dose among normal organs (69,74). The under-
lying mechanism of tracer accumulation is likely related to the
extensive expression of PSMA within the salivary glands,
although there can be both specific and nonspecific binding in the
salivary glands (75). Dosimetry using '2*I-MIP-1095 PET/CT to
predict *!I-MIP-1095 dosimetry have shown predicted absorbed
doses of 9.2-33.3 Gy from a single therapy administration (76).
With '*!I-MIP-1095 therapy given as a single treatment, 7 of 28
patients treated had mild and transient (3—4 wk duration) xerosto-
mia and 1 patient had transient mucositis. In the multicenter
177Lu-PSMA-617 VISION trial, symptoms of dry mouth occurred
in 38.8% of patients, but no grade 3 or greater dry mouth was
observed in the 529 patients receiving a mean 37.5 GBq over 6.9
mo (median 5 cycles of 7.4 GBg/cycle). Dosimetry estimates for
salivary gland radiation-absorbed dose from '”’Lu-PSMA PET
posttherapy imaging have been limited and have typically used
planar imaging. Delker et al. estimated a mean of 1.4 Gy/GBq to
the salivary glands from !7’Lu-PSMA-617 therapies (77). This
extrapolates to 52.5 Gy to the salivary glands (by extrapolation
from the VISION trial), resulting in very low toxicity, but caution
may be in order due to the uncertainties of planar imaging—derived
dosimetry of small structures (77). Peters et al. performed '"’Lu-
SPECT/CT dosimetry, including the salivary glands, with PSMA-
617 and estimated a mean absorbed dose of 0.38 Gy/GBq (78).
This dose extrapolated prescribing within the VISION trial would
indicate an average salivary gland absorbed dose of ~14.3 Gy.
Despite variability in the rate of xerostomia among studies, obser-
vations have typically been of low severity, usually grade 1
CTCAE (1,63). Some of the most direct evidence of the impor-
tance of radiation-absorbed dose and RBE have been in the con-
text of o-emitting isotope—labeled small molecules targeting
PSMA. Although the antitumor effects of these agents are impres-
sive, the incidence and severity of xerostomia appears higher and,
in some instances, the main reason for toxicity-related treatment
discontinuation, with over 25% of patients requesting therapy be
stopped due to salivary gland toxicities (79). Of note, however,
these patients had previously received '"’Lu-PSMA targeted ther-
apy, so the effects would need to be viewed as cumulative radia-
tion toxicity. However, when larger molecules targeting PSMA
such as antibodies are labeled to a-isotopes, xerostomia appears to

308

be of less concern due to low salivary gland uptake (80). Various
approaches have been attempted to mitigate salivary gland toxicity
including sialagogues, local cooling, local injections of botulinum
toxin, oral administration of monosodium glutamate, or PSMA
inhibitors such as PMPA, with generally limited success and the
unclear impact on tumoral uptake that require further investigation
(81,82). Because of the current limitations in a-particle dosimetry,
it is not possible to speculate on dose—response relationships, and
these will need to be developed empirically, most likely with
dosimetry obtained from diagnostic surrogates. Whole organ dose
estimates from diagnostic surrogates may also then need to be
informed by models of microscale a-dosimetry.

Lungs

The most extensive studies of radiation-absorbed dose to the
lungs from RPT have been undertaken in thyroid cancer. For sev-
eral decades, an “80 mCi” rule has been in place to guide high-
dose '3'1 therapies of thyroid cancer. If the whole body has 80 mCi
(2.96 GBq) or less, predicted to be present at 48 h after therapy,
pulmonary toxicity can be avoided if patients have lung metastases
from thyroid cancer. The complexity with these estimates is that
when one examines the 80 mCi rule, the predicted radiation-
absorbed dose to normal lungs ranged from 57 to 112 Gy; the
photon-only portion, which better reflects the dose to normal lung
parenchyma, ranged from 4.9 to 55 Gy. Thus, with '3 the hetero-
geneity of dose means much of the (3-dose substantially irradiates
the tumor while the y-dose irradiates more normal lung. In addi-
tion, the size of the lungs make a large difference (83). This area of
investigation is unsettled but it does illustrate that nonuniform dose
delivery can confound estimates of safe doses to organs. '>*I PET
imaging has been used to further inform lung radiation dosimetry
(84). These data suggest that in tumor-involved lungs, higher activ-
ities might be given more safely than the activities predicted by the
seminal Benua and Leeper method (85).

A dose escalation study using '3'I-anti-CD20 antibodies
and stem cell support showed that although normal lung absorbed
doses under 23.75 Gy were well tolerated (other than intended
myeloablative hematopoietic effects), in 2 patients who received
27.5 and 30.75 Gy to lungs—as estimated by planar imaging—sig-
nificant and severe, but reversible cardiopulmonary toxicity
occurred (86). These are among the few dose escalation studies
reaching an MTD with RPTs.

Limited data exist regarding lung dose—toxicity relationships for
20Y -microsphere shunting to lungs; however, it is generally
accepted that delivering over 30 Gy in a single treatment or over
50 Gy in sequential treatments is undesirable. These generally
accepted criteria are based on very few patients, and with some-
what outdated dosimetry methods (87).

Whole-Body Radiation

A single whole-body photon exposure of 3—5 Gy produces an
acute gastrointestinal syndrome and hematopoietic toxicity, which
can be fatal without major medical intervention (88). Acute
whole-body absorbed doses of 67 Gy are considered the human
LDs/60, that is, the lethal dose for 50% of the population in 60 d,
even with supportive treatment (typically antibiotic and transfu-
sion support) (89). Survivable whole-body doses in excess of 7-8
Gy can be reached by reducing the dose rate, or by administering
the radiation in smaller fractions over several days. Before hema-
topoietic stem cell transplant in patients being treated for hemato-
logic malignancies, common dose fractionation for myeloablation
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is 1.5 Gy to the whole body, twice per day, up to a total dose of
12.0-13.5 Gy (90). Whole-body dose from radiopharmaceuticals
is not often an endpoint of interest due to the nonuniform nature
of uptake and energy deposition; however, whole-body absorbed
dose has been used effectively as a surrogate for marrow dosime-
try in pediatric patients receiving '*'I-MIBG (often 3-4 Gy over 2
treatments) (91) and in patients receiving '3'I-tositumomab
(MTD =75 cGy, single administration in heavily pretreated
patients without major marrow involvement with tumor) (92,93).

SECONDARY MALIGNANCIES AND SIDE EFFECTS

It is known that children are more susceptible to radiation
effects than are adults. Indeed, the use of external-beam radiation
in children has been declining over the years as a greater under-
standing of second malignancies and late effects on growth and
development are identified along with increased efficacy of alter-
native cancer treatments. The use of PET imaging has allowed for
elimination of external-beam radiation in many cases of Hodgkin
disease, thus limiting toxicity (94) by more appropriately limiting
external-beam radiation to those with residual tumor by PET. At
present the main uses of RPTs in children include '*'T for thyroid
cancer and '*!'[-MIBG for neuroblastoma. More recently, somato-
statin receptor—targeting agents are being applied for RPTs of
neuroblastoma. There has been use of bone-targeting agents in
osteosarcoma and radiolabeled monoclonal antibodies, as
well (15,95).

A systematic review of the toxicities of ' therapy in patients
with thyroid cancer (96) evaluated 37 articles including adults and
children. Relatively early effects after treatment can include altera-
tions in salivary and lacrimal gland function. In this review,
post-131T therapy patients experienced significantly more salivary
gland dysfunction (prevalence range: 16%-54%), lacrimal gland
dysfunction (prevalence: 11%), transient male gonadal dysfunction
(prevalence: 35%—100%, high-level evidence), transient female
gonadal dysfunction (prevalence: 28%, low-level evidence), and
second primary malignancies (prevalence: 2.7%—8.7%, moderate-
level evidence) than unexposed patients. Breast and digestive tract
cancer were the most common reported secondary malignancies.
Except for the study performed by Lang et al. (97), all studies
reported an increased risk of the occurrence of both solid tumors
and leukemia after treatment with '3'I. '3!] therapy seems to have
no deleterious effects on female reproductive outcomes (very-low
level evidence). The prevalence and severity of adverse effects
were correlated to increasing cumulative '3'1 activity. Gonadal
radiation may cause transient or longer-duration azoospermia. As
RPTs are used more in younger patients, sperm banking has been
considered in patients receiving cumulative administrations in
excess of 14 GBq of 13'1 (98).

In a retrospective review of the Surveillance, Epidemiology,
and End Results Program (SEER) registry (n = 148,215), the risk
for hematologic malignancies after postsurgery radioiodine treat-
ment of well-differentiated thyroid cancer appears to be signifi-
cantly higher than patients managed with surgery alone (hazard
ratio, 1.43; 95% CI, 1.20 to 1.69; P < 0.001) (99); however, the
absolute risk appears quite low, approximately 0.54% within 10 y
of surgery plus radioiodine therapy. In this review, no data regard-
ing administered activities or dosimetry were available.

MIBG is increasingly a routine part of neuroblastoma therapy in
the United States and some European countries. In a review of
644 neuroblastoma patients treated with '3'I-MIBG (in addition to
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other cytotoxic therapies), the cumulative incidence of secondary
malignant neoplasm (SMN) was 7.6% and 14.3% at 5 and 10 y
from first 3'I-MIBG, respectively. No increase in SMN risk was
found with increased number of '3!'[-MIBG treatments or higher
cumulative activity per kilogram of '*![-MIBG received (P = 0.72
and P = 0.84, respectively). Thirteen of the 19 reported SMN
were hematologic. These authors concluded the cumulative risk of
SMN after '*'I-MIBG therapy for patients with relapsed or refrac-
tory neuroblastoma was similar to the greatest published incidence
for high-risk neuroblastoma after myeloablative therapy, with no
dose-dependent increase. However, there was no clear measure-
ment of marrow absorbed dose in this study. External-beam irradi-
ation of over 10 Gy can cause ovarian failure, which is also a
toxicity that has been identified in some female patients receiving
MIBG treatment (/00).

A reasonably large dataset exists for prospective '*!I-tositumo-
mab therapy of non-Hodgkin lymphoma (/07). SWOG S0016 was
a phase III randomized study that compared the safety and efficacy
of R-CHOP (rituximab plus cyclophosphamide, doxorubicin, vin-
cristine, and prednisone) with CHOP-RIT (CHOP followed by
consolidation with !3![-tositumomab radioimmunotherapy) for
previously untreated patients with follicular lymphoma. Five hun-
dred thirty-one previously untreated patients with follicular lym-
phoma were randomly assigned to receive either 6 cycles of
R-CHOP or 6 cycles of CHOP-RIT. Patients in the CHOP-RIT
arm had significantly better 10-y progression-free survival than
patients in the R-CHOP arm (56% vs. 42%; P = 0.01), but 10-y
overall survival was not different between the 2 arms (75% vs.
81%; P =0.13). There was no significant difference between the
CHOP-RIT and R-CHOP arms in regard to incidence of second
malignancies (15.1% vs. 16.1%; P =0.81) or myelodysplastic
syndrome or acute myeloid leukemia (4.9% vs. 1.8%; P = 0.058).
The estimated 10-y cumulative incidences of death resulting from
second malignancies were not different (7.1% vs. 3.2%; P = 0.16),
but cumulative incidence of death resulting from myelodysplastic
syndrome or acute myeloid leukemia was higher in the CHOP-
RIT arm than in the R-CHOP arm (4% vs. 0.9%; P = 0.02 (101)).
These data support a small but measurable increased incidence of
death from acute myeloid leukemia (AML) or myelodysplastic
syndrome in the patients who received '*'I-tostitumomab versus
those who did not.

Myelodysplastic syndromes (MDS) and AML can also occur
after peptide receptor radionuclide therapy for neuroendocrine
tumors. Thirty cases of 1,631 patients treated over a 2 decade
period were reported (/02). Bodei reported a 2.35% frequency of
MDS (103). Other studies have suggested a higher frequency of
MDS/AML in patients who have had more extensive chemother-
apy (104). It appears that the longer a patient population is
observed after RPT, the greater the chance of developing MDS,
possibly explaining differences among studies in the frequency of
MDS/AML. Overall, the rate of MDS/acute leukemia appears to
be similar to that seen from other cytotoxic systemic therapies.
Further understanding of risk factors, timelines, and additive or
synergistic risk from other treatments is necessary.

CONFOUNDING CLINICAL FACTORS

As RPT becomes more widely applied, there will be more clini-
cal questions to determine how to safely combine external-beam
radiation—absorbed doses with absorbed doses delivered by radio-
pharmaceuticals. Although this is an evolving area and thorough
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discussion is beyond the scope of the current review, concerns can
include tolerances in patients who have had spinal cord or brain
irradiation. Fortunately, it is rare for radiopharmaceuticals to local-
ize substantially to the normal brain or spinal cord. However,
lesions close to normal brain may present areas of risk. Similarly,
there are concerns with patients who have had a large area of mar-
row irradiated. Such patients may have a lower marrow reserve,
and increased toxicity, with external RPTs. Indeed, limitations of
bone marrow irradiation have been included as eligibility criteria
for Food and Drug Administration—approved radiopharmaceuticals
such as ibritumomab tiuxetan, where key clinical trials excluded
patients who had radiation of any type before radioimmunother-
apy. Examples of efforts to combine dose planning for RPT of
bone metastases with external beam radiation have been described
for '3Sm-EDTMP as an example (/05). Similar challenges will
likely arise with brachytherapy, especially given the importance of
this modality in prostate cancer therapy. It remains unclear how
much additional absorbed dose can be given depending on the
time interval after external beam radiation or RPT.

Tumor burden can also impact radiation tolerances. The clinical
trials leading to the approval of anti-CD20 radioimmunotherapies
intentionally excluded patients with bone marrow involvement
with tumor of >25% (92). This was arbitrary, and some trials
have allowed larger amounts of tumor involvement. The admixture
of tumor and normal tissue in the marrow, and elsewhere (such as
the lung) can make estimations of radiation-absorbed dose to
tumor and marrow challenging.

Prior and concurrent therapies can also impact radiation toleran-
ces. Chemotherapy, especially recent, can increase the sensitivity
of normal bone marrow to radiation-induced toxicities. In patients
with lymphoma receiving a relatively standard bone marrow
radiation-absorbed dose from radioimmunotherapy, the duration of
time postchemotherapy was the most strongly correlated factor
with the severity of myelosuppression (/06). Although single-
agent RPTs can be effective in diseases such as non-Hodgkin lym-
phoma, they are unlikely to provide durable disease remissions in
a range of cancers. Thus, combination therapies will increasingly
be tested and those studies will inform the interplay and optimal
timing of RPT and other therapies including cytotoxic treatments.

As we increasingly understand DNA damage and repair, there
is a growing appreciation for DNA damage from radiation. There
is little specific data regarding RPT and DNA repair mechanisms.
More is known regarding external-beam radiation, but at present,
some of the known inherited syndromes, such as ataxia telangiec-
tasia, ataxia-telangiectasia-like disorder, radiosensitive severe
combined immunodeficiency, Nijmegen breakage syndrome, and
LIG4 deficiency are associated with increased radiosensitivity
(96,107). This is an area where additional research is necessary.

SUMMARY AND FUTURE DIRECTIONS

The Latin phrase “Primum non nocere” means “First, do no
harm.” This approach is often applied to RPTs by regulators and
by practitioners. It can be interpreted as “do not exceed dose limits
established by external-beam radiation treatments, as harm could
be done to an individual patient.” However, like in chemotherapy,
sometimes some reversible or addressable harm may be acceptable
if there is a reasonable probability of a long-term benefit exceed-
ing the harm. It is very interesting that in radioembolization stud-
ies of hepatic malignancies, much higher radiation-absorbed doses
can be tolerated than expected from established external-beam
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radiation thresholds. This points to the need for dose escalation
studies to better understand organ tolerance for RPTs. Underdos-
ing patients is possible if an organ MTD is higher than expected
from external-beam data. Similarly, an average dose of a therapeu-
tic radiopharmaceutical that is safe for a population may result in
systematic underdosing of a significant fraction of the population,
denying individual patients an opportunity for benefit—a clear
harm. We must as a field move to individualized radiopharmaceu-
tical dosimetry-based dosing to provide better outcomes for popu-
lations who may be systematically underdosed.

Gaps in Our Current Understanding

Most currently available radiation biology data are empiric and
there are extensive gaps in knowledge of the effects of radiation at
the subcellular, cellular, and microenvironmental levels. The defi-
ciencies start with limited understanding of track structure patterns
of ionization and excitation resulting from various radiation types
and the secondary charged particles in complex biologic media,
particularly at the end of their range, where the energy transfer is
most pronounced (/08). It is not clear how the low and high linear
energy transfer (LET) radiation affects specific subcellular targets.
The most investigated is the radiation-induced damage to DNA
and the repair mechanisms, including cell cycle control. However,
the signals that initiate the checkpoint response, the need for cell
cycle progression checkpoints for effective DNA repair, and varia-
tions in radiosensitivity throughout the cell cycle are not well char-
acterized. Much less is known about how radiation damage to cell
membranes and cellular organelles leads to radiation cytotoxicity.
For instance, radiation effects on membranes may cause modifica-
tions of cell signaling pathways controlling cell response to stress,
including pro- and antiapoptotic signals (/09). Only recently, the
effect of absorbed dose on gene expression has been investigated
(110). Is remains to be studied how other radiation characteristics,
such as LET and dose rate, would affect signaling pathways and
gene expression. This kind of research might also provide means
to identify genetic factors determining individual radiation sensi-
tivity, which are currently unknown.

An innate characteristic of RPT is heterogeneity of dose distri-
bution. Therefore, to understand the effect of RPT on tissues, we
need to learn more about intracellular signaling and interactions
between the microenvironment and bystander effects and their role
in response to radiation. There is a growing interest in immuno-
modulatory effects of local radiotherapy on the tumor microenvi-
ronment (//7). There are only limited data on the possible
combination of RPT with immunotherapy. This is also the case for
the combination of RPT with other therapeutic modalities, includ-
ing external radiation therapy. Considering the number of
unknowns listed above for any type of radiation individually, the
major problem for combinations is the difficulty with assessment
of the effects of combinations of different types of radiation. The
same problem hinders combinations of different types of radionu-
clides, for example, a-and 3-emitters, to optimize RPT.

KEY RECOMMENDATIONS
The following are key recommendations:

1. Clinical adoption of dosimetry in instances in which there is
considerable patient-to-patient variation in absorbed dose to
organs for a given administered activity.

2. Clinical adoption of dosimetry in instances of limited organ
reserve.
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. Standardization and validation of radiopharmaceutical dosim-

etry approaches for organs and tumors with a goal of achiev-
ing not over 10% variability among sites—similar to what has
been achieved with external-beam radiotherapy.

. Establishment of a more nuanced balance assessment between

potential benefits and toxicities (i.e., some toxicity may be
necessary to achieve optimal therapeutic effect and improve
patient outcome). These decisions will best be made by con-
sidering factors such as aggressiveness of underlying malig-
nancy, life expectancy of patients, and the potential impact of
toxicity on the quality of life of the patients.

. High-quality dose escalation studies based on absorbed dose

to better inform the MTD, including MTD of nonhematologi-
cal organs; these data will help ensure that we do not system-
atically undertreat patients, thus failing to optimize antitumor
effects.

. Establishment of a registry of short- and long-term toxicities

of organs related to known absorbed dose.

. Examination of toxicities versus dose rate and radiation type

(i.e., a-emitters).

. More thoroughly linked radiation-induced toxicities versus

molecular profiles of tissues.

. Enhanced understanding of the mechanistic normal-tissue tox-

icity pertinent to each RPT to devise strategies to optimize
absorbed dose and rationally minimize toxicities.
Establishment of a systematic effort, akin to the QUANTEC
or HyTEC external-beam initiatives, to better understand and
catalog the dose response relationships for RPTs.
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