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Down and Dirty
With Dosimetry

A practical understanding and approach to radioembolization.

BY DAVID M. LIU, MD, FRCPC, FSIR; MARK WESTCOTT, MD; RICARDO GARCIA-MONACO, MD,
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he majority of hepatic arterial therapies that

utilize carrier-based delivery mechanisms (eg,

chemoembolization and drug-eluting beads)

rely on the embolic phenomena to contribute
to radiographic and clinical response.'? Transarterial
radioembolization (TARE) operates on a completely
different basis due to the fact that the primary mecha-
nism of action is the radiation source, not the physical
microsphere. The radioactive microsphere is substan-
tially smaller (20-60 pm) than bland and drug-eluting
microspheres (60-700 pm)>* and does not illicit an
ischemic or anoxic event. Thus, in the case of TARE,
the primary mechanism of action is the cumulative
damage through the generation of oxygen free radi-
cals derived from radioactive decay. As a result of this
mechanism, TARE is driven by the amount and distri-
bution of radioactivity deposited within the tumor,
liver, and extrahepatic anatomy (secondary to shunt-
ing), which is a function of the number of particles
and amount of radioactivity loaded on each particle.
General recommendations with respect to clinical
activity determination methods have been established
by the Radioembolization Brachytherapy Oncology
Consortium (REBOC).’

WHAT IS ACTIVITY, AND HOW DOES IT DIFFER
FROM DOSE?

Before delving into the activity determination
methods, a simple review of the definition of terms is
required. The concepts and terminology can sometimes
be confusing to the user because although there is a
relationship between the activity and dose, it is not
completely linear. Dosimetry is defined as the amount of
absorbed dose delivered by ionizing radiation. Absorbed
dose is the fundamental quantity defined as the mean
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energy imparted by the radiation per unit mass. The
common Sl unit for radioactivity is the becquerel (Bq),
which is commonly measured in gigabequerel (GBq) in
TARE, but also referenced as millicurie (mCi). The activ-
ity (GBq or mCi) when deposited into a specific volume
of specific tissue results in a distribution of energy,
referred to as dose (Gy).

Confusion also exists with respect to the compartmen-
talization of radiation when discussing TARE. Ultimately,

Activity

Distribution |

Figure 1. The relationship between dose and activity, vol-
ume, distribution, and tissue. Dose (measured in Gy) is depen-
dent on overall activity (mCi or GBq), volume (mL), radiation
weighting factor of tissue (WR), and distribution of radiation
sources (number of overall particles and the relative homoge-
neity of the distribution).
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TABLE 1. FACTORS THAT AFFECT DOSE/ACTIVITY

Method BSA Amount of | Liver Tissue | Tumor Overall Target Dose | T/N Ratio
Liver Volume Fraction Volume Dose | Tumor

BSA v v v

MIRD v v

Partition v v v v

Abbreviations: BSA, body surface area; MIRD, medical internal radiation dose; T/N, tumor to normal.

in the setting of TARE, the absorbed dose with any unit
of tissue will depend upon (1) the number of particles
that distribute within the tissue, (2) the specific activity
of the particles within the tissue, and (3) the susceptibility
of the tissue to the radiation exposure and the volume of
the target (Figure 1). Therefore, the activity administered
to a theoretical volume of the entire liver may (and ide-
ally should) distribute in a disproportionate amount to
the tumor as opposed to the liver.

Of note, the determination of activity in all current
“dosimetry calculators” implemented for TARE does
not reflect real-world tumor dose or liver parenchymal
dose and represent gross oversimplifications of tumor
architecture and radiobiology. With this in mind, a brief
description of the currently applied activity models is
outlined in the following section.

Clinical Methods of Activity Determination
Currently, there are only two commercially available
yttrium-90 (Y-90) radioembolic microsphere platforms
approved for clinical use. There are significant differ-
ences in design and technical specifications between
glass radioactive microspheres (TheraSphere, BTG
International) and resin microspheres (SIR-Spheres,
Sirtex Medical Inc.) with respect to production, delivery,

and logistical implementation that are beyond the
scope of this article. However, it is important to note
that the primary difference between the two physi-
cal particles relates to the estimated specific activity
per particle (ie, Bq per sphere), or in other terms, the
number of particles per unit of activity. This has sig-
nificant implications to the statistical distribution of
particles (and thus energy) and may also significantly
affect the dosimetry of the target tumor, as well as the
liver. Current basic methods of activity determination
include the body surface area (BSA), medical internal
radiation dose (MIRD), and partition models (Table 1).

BSA method. The BSA method is the most common
method used for determining resin microsphere activ-
ity. Taking into account the theoretical normal liver
volume relative to BSA with compensation/increase in
activity for increasing tumor burden, the equation as
described in the United States instructions for use (IFU)
for resin microspheres is shown in Table 2.

As noted in the equation, overall activity in dosimetry
loosely correlates with the degree of tumor infiltration
within a target volume. The BSA equation does not
take into account the actual activity (or its distribu-
tion) deposited into the liver and tumor. Despite this

TABLE 2. BASIC METHODS OF ACTIVITY DETERMINATION FORMULAS

Method Formula Notes

BSA Activity (GBg) = (BSA — 02) + (% tumor involvement = 100) | BSA is measured in m?/kg

MIRD Activity (GBq) = ([desired dose] x [liver mass]) + 50 Desired dose is measured in Gy; liver mass is
measured in kg

Partition Activity = (target dose to tumor - MT - [VT - T/N + VL] x 100) | Lung shunt is measured in %; MT, mass of

(49.7 - VT - T/N - [100 — lung shunt]) tumor (kg); VT, volume of tumor (L); VL,

volume of normal liver parenchyma (L); T/N,
tumor to normal ratio
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Figure 2. lllustration of the relationship

between methods of calculation providing a
more global perspective of the relationship
of dose and activity of each compartment
as a function of the amount of tumor in the
target compartment. The relationship arith-
metically changes with each of the variables
along the right column and thus is different
for every patient. Note: Graphs were plot-
ted and created utilizing a dosimetry and
activity visualization calculator (DAVYR), a
free iPhone and iPad app developed by one
of the authors (Dr. Liu), and is available at

the Apple App Store or at https://appsto.
re/us/vz539.i. With the variables entered

along the right column, panel A illustrates

the total amount of activity to be injected
with each calculation method (BSA, MIRD,
and partition) under the row labeled “total.”
The individual compartments (liver, tumor,
and lung) are then determined, along with
the estimated dose (not taking into account
distribution within each compartment). A
wide variation in activity is seen. Panels B
and C show the liver dose relationship to
tumor volume, in which the y-axis denotes
dose to the tumor (solid lines) (B) and
tumor (hashed lines) (C) as a function of
the percentage of tumor within the target
treatment volume, and the x-axis represents
the continuous function of the percentage
of tumor infiltration in the area targeted

in the liver. The overlap of dose relating

to tumor compartment occurs when 27%
tumor infiltration occurs (yellow arrow).
Panel C demonstrates a safety margin of
liver parenchyma dose using BSA and parti-
tion models through all degrees of tumor
infiltration and safety utilizing MIRD when
> 40% tumor burden is present (red arrow).
Deviations of parenchymal and tumor dose
are significant when using MIRD and BSA
and become more pronounced as tumor
burden/fraction increases (in illustrated

case, panel B > 40%).
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limitation, the BSA method has been effectively utilized
for resin microspheres in several randomized controlled
trials.%” This method generally results in the lowest
overall amount of calculated activity in most clinical
scenarios. Theoretically, the larger number of particles
(ie, the lower specific activity) may result in more uni-
form distribution of radiation (and a more uniform
dose) within the liver and the tumor; however, the clin-
ical consequences of this phenomenon are unknown.

MIRD method. The MIRD methodology is utilized
primarily for glass microsphere administration. The
equation, as described in the United States IFU for glass
microspheres with a recommended dose to the liver
between 80 to 150 Gy is shown in Table 2. The liver
volume (and corresponding liver mass) may be deter-
mined using CT, MR, or ultrasound scans.

The compartmentalization and preferential uptake of
particles into the hepatic arterial supply are not taken
into account utilizing this methodology.® As such, this
method of activity determination may result in high
variations of dose reaching the liver parenchyma (eg,
cases of low tumor burden or hypovascular lesions)
and potentially even higher activity within the tumor
itself (eg, small- to medium-sized hypervascular lesions).
Nonetheless, safety data relating to hepatocellular car-
cinoma and colorectal carcinoma have suggested that
acceptable toxicities are achieved when this method is
applied to glass microsphere administration.>

Partition model. The partition model, originally
developed in the early 1990s, represented the first (and
theoretically the most accurate) method of estimating
theoretical activity/dose partitioned into the liver, lung,
and tumor compartment.'*' By incorporating the
relevant variables of tumor volume, liver volume, shunt
fraction, tumor to normal (T/N) ratio uptake, and vas-
cular anatomy, compartmental dose and activity can be
determined based on the formula shown in Table 2.

A fundamental false assumption is that all compart-
ments receive their respective activity in a uniform
and homogenous manner and have uniform dose
throughout their distributions. Limitations include the
potential for labor-intensive determination of liver and
tumor volumes (although software is available to assist
in these calculations), difficulty in measuring volumes in
biliary disease presentation, and the potential inability
to determine the true T/N ratio.

WE DON'T KNOW WHAT WE DON'T KNOW
The oversimplification of the concepts surrounding
dose have resulted in both confusion and ambiguity,
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not only when comparing the two commercially
available products, but also with respect to what
constitutes a safe dose to the liver and an effective
target dose to the tumor. In the case of TARE, dose
is key to understanding both tumor response as well
as mitigation of complications arising from exces-
sive radiation exposure to the liver parenchyma. The
objective is not to maximize radiation, but rather

to optimize it in a fashion such that the dose to the
tumor is tumoricidal, while minimizing exposure to
otherwise functional liver parenchyma.

Lewandowski et al demonstrated the feasibility of
delivering prolonged-decay glass microspheres, result-
ing in a larger number of particles delivered per unit
of radioactivity up to 14 days from calibration.” With
a 64.2-hour half-life, extension to 14 days after cali-
bration leads to a 40-fold increase in the number of
particles, within the range of particles utilized in resin
microsphere administration.® In the earlier literature,
an increased incidence of stasis was reported with resin
microspheres utilizing BSA models. Since these initial
reports, both animal study and clinical outcomes have
demonstrated that the stasis phenomenon was primarily
due to the use of sterile water as a suspension agent
during administration (which is vasospasmotic and a
sclerosant), and the issue has largely been addressed
with a conversion to the use of 5% dextrose in water as
the infusate.™

In the literature that evaluates glass microspheres,
when the partition model is retrospectively applied to
patients with hepatocellular carcinoma who responded
to therapy (200-500 Gy),"'® the wide variation in the
number of particles (ie, the distribution of particles)
relative to a given activity may account for the wide
range of optimal tumor target dose. Thus, tumoral
coverage may factor into the response. This may also
explain the relatively stable target tumor dose range of
100 to 120 Gy, as described in the resin microsphere
literature, which is generally not modulated in the
clinical setting. %"

As such, the discussion of dose in its current mani-
festation is restricted to a mathematical compartmen-
talization of radiation exposure and assumes uniform
exposure of a fixed compartment with a fixed amount
of radiation, which by the nature of tumoral and hepat-
ic architecture, is fundamentally incorrect.?

Thus, as per the commentary provided by Spreafico
et al, a deeper understanding of the modulation and
efficacy of response should include a function related
to the number of particles and the specific radioactivity
distributed in these particles. This would allow a better
context to discuss the nuance of dosimetry within an
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individual compartment as a reflection of particulate
(and activity) distribution.?" The so-called EX protocol

with glass microspheres has established a larger number

of particles (termed “embolic load”) to be a safe and
potentially effective method in increasing the number

of glass microspheres per administered activity in order

to improve distribution of radioactivity. Controversy
regarding how to optimize the method of delivery and
activity calculation methods will remain until these
issues are addressed through more advanced tech-
niques, such as robust implementation of the partition
model and advanced predictive dose planning incor-

porating concepts such as biologic equivalent dose and

dose volume histograms.?

A PRACTICAL APPROACH TO DOSIMETRY
With an understanding of the basic principles of

activity and their relationship to compartmental dose, it
becomes evident that there are three main objectives to
optimizing activity: (1) ensure that the nontargeted dose

to the lungs is within a safe margin, generally accepted
as < 25 Gy in a single administration and < 50 Gy life-

time exposure; (2) minimize the dose to the nontumor
compartment (utilizing the partition model equations),

accepted as < 70 Gy to the noncompromised liver and
< 40 Gy to the compromised liver; and (3) optimize
(not maximize) the dose to the tumor based on the
principles of partition dosimetry, such that in the case
of glass microspheres, the targeted dose is in the range
of 200 to 500 Gy, and for resin microspheres, the dose
is in the range of 100 to 120 Gy.

Although the MIRD, partition, and BSA models
calculate activity through different variables, a loose
relationship (and concordance) can be observed in
many clinical scenarios (Figure 2). Thus, based on our

general experience, we adhere to the REBOC consensus

statement to determine which method to apply (ie,

use MIRD for glass and BSA for resin microspheres) and
confirm that this falls within the range of compartmen-
tal dose utilizing the partition model as previously out-

lined when the T/N ratio and compartmental volumes
can be determined. Activity modulation (increased

or decreased overall activity administered) can be
performed based on the limits of the partition model.

Although this method can be time intensive and labori-

ous, free calculators have become available to provide
fast and efficient modeling (Figure 2).

There are several other factors that may affect target

dose (primarily relating to compromised liver function
leading to liver failure), including the following:
- Previous or current systemic chemotherapy.
Patients being treated with radiosensitizing agents
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(ie, gemcitabine) need to be treated with caution
with either dose reduction or temporary cessation
of chemotherapy for several weeks before and after
TARE to preclude overdose and radioembolization-
induced liver disease (REILD). Antiangiogenic
agents (ie, bevacizumab, ziv-aflibercept) should be
held for approximately 4 weeks prior to angiogra-
phy given their propensity to induce vasospasm
and dissection and, ultimately, the inability to satis-
factorily deliver the intended dose.

- Previous hepatic treatment with external beam
radiation/stereotactic ablative radiotherapy/
proton beam. The most accurate method of
determining the dose to the liver and safety of
delivery of radioembolic is to evaluate the dose-
volume histograms from the prior radiotherapy. It
is crucial that one does not surpass the maximum
liver dose to minimize the risk of hepatic failure.

- Previous radioembolization. Use caution in
patients being retreated with TARE, as they are at
increased risk of REILD. A small retrospective study
by Lam et al demonstrated that repeat TARE was
an independent risk factor for REILD in a multivari-
ate analysis, with two of eight patients (25%) dying
from this complication.’ Both patients with a fatal
outcome had a history of hepatic resection and
were heavily treated with systemic chemotherapy
both before the first TARE procedure and between
the first and second TARE procedures. Of note,
patients retreated with Y-90 did demonstrate
objective tumor responses. Refinements in person-
alized dosimetry may increase the safety margin
while maintaining therapeutic response.’

SUMMARY

Despite the challenges relating to dosimetry, TARE
has been demonstrated to be a safe and effective
liver-directed therapy utilizing current technology and
techniques. Phase 3 clinical trials, both already con-
ducted and under enrollment, utilize these methods
(predominantly BSA-derived strategies for resin-based
microspheres and MIRD-based strategies for glass-
based microspheres). With refinement in the tech-
niques and potential evolution in the technology, the
hope is that through a deeper understanding of TARE,
we can develop even safer and more effective iterations,
both in modeling and technology. ®
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