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Dosimetry for yttrium-90 radioembolization continues to generate interest and controversy, as
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multiple approaches have been used effectively. Traditionally, simple formulas primarily based
on patients’ body weight or perfused liver volume were used. Over the past several years,
dosimetry refinements have led to marked improvements in this therapy from both a safety and
efficacy standpoint. Technetium-99m macroaggregated albumin single photon emission com-
puted tomography (SPECT) optimizes pretreatment dosimetry to ensure delivery of a therapeutic
radiation dose to the tumor while minimizing nontarget radiation to healthy hepatic tissue. Post-
treatment yttrium-90 PET utilizing the inherent internal pair production of yttrium-90 accurately
calculates the absorbed dose to tumors and to the normal hepatic parenchyma, which correlates
with patient outcomes. As dosimetric calculations become more complex, quantitative imaging
with Tc-99m SPECT and Y-90 PET may set the new standard for radioembolization dosimetry.
Semin Nucl Med 49:211-217 © 2019 Elsevier Inc. All rights reserved.
Introduction

Yttrium-90 (90Y) radioembolization is now a well-established
therapeutic approach to treating nonresectable primary and

metastatic liver cancers.1-4 The normal liver parenchyma receives
approximately 80% of its blood supply via the portal vein
whereas hepatic malignancies receive 80%-100% of their blood
supply from the arterial circulation via hepatic arteries.1,4 Thus,
intra-arterial injection of beta-emitting radionuclides formulated
into microspheres preferentially targets the microvasculature of
hepatic tumors. The antitumor effects of many radionuclides
(eg, phosphorus-32, rhenium-188, and holmium-166 (166Ho))
have been studied.5 This review will focus on dosimetry of 90Y
resin and 90Y glass microspheres using SPECT and PET.
Characteristics
90Y is a beta-emitting radionuclide with average and maxi-
mum beta energies of 0.93 and 2.26 MeV, respectively. The
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average absorbed dose is approximately 50 Gray (Gy) when
1 giga-becquerel (GBq) of 90Y is uniformly distributed across
1 kg of soft tissue.6 The mean and maximum tissue penetra-
tion of the emitted beta particles are 2.5 and 11 mm, respec-
tively.6,7 90Y has a physical half-life of 2.67 days (64.2 hours)
and thus, about 95% of the radiation dose is delivered within
11 days postadministration. Given its relatively short-half
life, limited tissue penetration, and high beta energy, 90Y is
an ideal radioembolization agent.1 Two 90Y formulations are
currently approved for clinical use by the United States Food
and Drug Administration: resin and glass-based micro-
spheres. SIR-Spheres (SIRTeX Inc) chelate 90Y on the surface
of resin microspheres whereas TheraSphere (BTG Interna-
tional Ltd.) incorporate 90Y into glass microspheres. The
integration of 90Y into glass microspheres yields a higher spe-
cific activity relative to resin microspheres (2500 Bq vs 50 Bq
per microsphere), which lowers the number of microspheres
required for treatment.7
Dosimetry
There is a strong correlation between the radiation dose
absorbed by the tumor (ie, target dose) and improvement in
progression-free and overall survival.8-11 On the other hand,
excessive radiation to healthy hepatic parenchyma or other
organs (ie, nontarget dose) may result in radioembolization-
induced liver disease or radiation-induced hepatic fibrosis as
211

http://crossmark.crossref.org/dialog/?doi=10.1053/j.semnuclmed.2019.01.005&domain=pdf
mailto:spadia@mednet.ucla.edu
https://dx.doi.org/10.1053/j.semnuclmed.2019.01.005


212 B.A. Tafti and S.A. Padia
well as other radiation-induced complications (eg, gastrointes-
tinal ulceration, radiation pneumonitis, radiation-induced
cholecystitis).12-14 Therefore, accurate prediction of target and
nontarget absorbed doses is critical for treatment planning
purposes. Empirical dose-response and toxicity studies
formed the basis of early dosimetry calculations. Due to the
limitations of such primitive methodologies (eg, lack of com-
parative data, estimating absorbed dose for an “average” indi-
vidual, etc.), as much as a 10-fold difference is acceptable,
radiation dose to the normal liver parenchyma was proposed
(ie, 30-390 Gy).15-17 This likely contributed to suboptimal
clinical response and/or significant toxicity observed in early
days of radioembolization. Through the use of imaging-guided
dosimetry, prediction of a patient-specific absorbed dose
has dramatically improved the clinician’s ability to maximize
therapeutic efficacy and minimize toxicity. The next sections
will review current 90Y dosimetry methods, limitations, meth-
odological developments, and future directions in the field.
Pretreatment Dosimetry
At the conclusion of the mapping angiogram, a diagnostic activ-
ity of technetium-99m macroaggregated albumin (99mTc-MAA)
is injected into the hepatic artery. This is soon followed by single
photon emission computed tomography/computed tomography
(SPECT/CT). This serves multiple purposes. The primary pur-
pose is to evaluate and quantify hepatopulmonary vascular
shunts.18-21 This methodology (ie, 99mTc-MAA scintigraphy)
represents a significant improvement in calculation of the lung
shunt fraction over planar imaging, which was highly operator-
dependent and could overestimate lung shunt fraction by up to
170% compared to SPECT/CT.21 Based on external-beam radia-
tion therapy data, the highest tolerable pulmonary�absorbed
dose has been set at 30 Gy following a single treatment and up
to 50 Gy after repeat treatments.21 The second purpose is to
identify potential extrahepatic deposition of radiation into the
gastrointestinal tract, which would preclude therapy.18-21 The
final objective of SPECT/CT is optimizing pretreatment dosime-
try to ensure delivery of a therapeutic radiation dose to the tumor
while minimizing nontarget radiation to healthy hepatic tis-
sue.9,22-24 This is primarily done by calculating the tumor to
nontumor absorbed dose ratio. The most commonly used meth-
ods for the latter indication are briefly discussed below.
Activity Planning: Body Surface Area Method
(90Y Resin Microspheres)
Based on the assumption that there is a fair correlation
between body surface area (BSA) and liver volume in most
individuals; BSA, tumor volume, and liver volume are used
in this approach to calculate a patient-specific dose of 90Y
resin microspheres2:

Prescribed activity GBqð Þ

¼ BSA�0:2ð Þ þ Tumor Volume = Liver Volumeð Þ
The calculated dose is reduced when extrahepatic shunt-
ing is present (ie, 20% or 40% dose reduction for 10%-15%
or 15%-20% shunt fractions, respectively). Treatment is not
indicated when the shunt fraction is more than 20%.2

This methodology assumes a positive correlation between
BSA and total liver volume, which may not hold true for
patients with hepatic malignancies. For example, patients
with metastatic neuroendocrine tumors will often have a
higher liver volume than predicted whereas patients with
cirrhosis-associated hepatocellular carcinoma (HCC) may
often have smaller liver volumes. This can potentially lead to
dose over- or under estimation,25,26 as demonstrated by Lam
et al who reported that BSA-based prescribed doses did not
correlate with whole-liver absorbed doses in 45 patients with
metastatic colorectal cancer.26 Furthermore, inaccurate doses
may be prescribed for hypo- or hypervascular tumors as the
BSA method does not correct for intrahepatic perfusion/
distribution differences (commonly calculated by the tumor-
to-nontumor ratio).2
Activity Planning: Medical Internal Radiation
Dose Method (90Y Glass Microspheres)
A simplified version of the Medical Internal Radiation Dose
(MIRD) equation determines the time-dependent localization
and activity of injected radiation-emitting agents. Presuming:
(1) liver to be the only organ absorbing the administered
dose and (2) homogeneous intrahepatic distribution of the
spheres; this method estimates the mean absorbed dose of
90Y glass microspheres in a targeted area of the liver.2,27

Hence:

Prescribed activity GBqð Þ

¼ Desired Dose Gyð Þ x Target VolumeMass½
Kgð Þ�=50 Gy=Kg=GBqð Þ

Assuming an average pulmonary mass of 1 Kg, this translates
to a maximum of 30 Gy allowable lung dose (or 50 Gy for
cumulative treatments), which equals an absolute lung shunt
of approximately 600 MBq.2 Based on this approach, doses
ranging from 80 to 150 Gy have been prescribed depending
on clinical judgment of the treating physician.2

Despite basing the dose on the exact volume of the tar-
geted liver parenchyma, limitations persist. First, the formula
assumes an evenly distributed absorbed dose in the perfused
tissue. Second, the crossfire phenomenon (ie, tumor irradia-
tion due to microspheres residing in the surrounding healthy
liver and vice versa) is not accounted for ref.22 Dose-point
kernel (which factors in the crossfire phenomenon) and
Monte-Carlo simulation (which incorporates both tissue het-
erogeneity and the random nature of particle interactions
into model development) methods were subsequently devel-
oped to ease some of these concerns. Nevertheless, tedious
nature of these methods (taking up to several days) and
demanding significant computing resources have hampered
their routine and widespread practice.22
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Activity Planning: Anatomic Partition Model
Initially developed for dosimetry of 90Y resin microspheres
and subsequently adopted for dosimetry of 90Y glass micro-
spheres, the anatomic partition model further expanded on
the MIRD method by considering the lungs, the tumor, and
the healthy liver tissue as separate compartments; and esti-
mating post-treatment activity in each compartment using
99mTc-MAA SPECT imaging.10,23,28 The ratio between activ-
ity observed in tumor and normal liver compartments (RT/N)
is calculated as:

RT=N ¼ Tumor Activity xNormal Liver Mass½ �
= Normal Liver Activity x Tumor Mass½ �

wherein activity and mass are expressed in GBq and Kg,
respectively. Maximum activity is then calculated as:

Prescribed activity

¼ Dx RT=Nx Tumor Mass
� � þ Normal Liver Mass
� �

= 50 x 1�LSFð Þ½ �
where LSF and D, respectively, represent lung shunt fraction
and maximum desired absorbed dose by healthy liver in Gy.
Activity and mass are again expressed in GBq and Kg.23,28,29

The anatomic partition model improves precision dosing
because patient-specific anatomical and physiological varia-
bles, as well as sequela of prior interventions (eg, surgical
resection), are incorporated into the model.25,28 In support
to the latter claim, a good correlation between prescribed
activities and tumor-to-normal liver (T/N) ratios or tumor
involvement percentage was observed using the partition
model, but not the BSA method, suggesting superiority of
the partition model in dose planning.30

The partition model, however, has remained mostly lim-
ited to well-defined tumors because accurate segmentation
and quantification of 99mTc-MAA is a challenging task in dis-
seminated, infiltrative, or poorly delineated malignancies.2

To overcome this challenge, one institution developed a
dual-tracer SPECT fusion imaging protocol.31 In the latter
approach, normal liver parenchyma is delineated by intrave-
nous injection of 99mTc-Sulfur Colloid and subtracted from
the conventional 99mTc-MAA images to outline areas of
tumor involvement.31
Absorbed Dose Thresholds
In the early stages of radioembolization therapy develop-
ment, the actual delivered doses required for effective tumor
treatment and avoiding complications were unknown. Ear-
lier retrospective analyses attempting to establish such dose-
response relationships suggested an absorbed tumor dose of
�120 Gy, nontumor whole liver dose of �50 Gy, and total
lung dose of �20 Gy as acceptable levels.23,32,33 Later stud-
ies, however, implied that an antitumor response was not
observed up to a tumor absorbed dose of 150 Gy11 while
absorbed doses of �205 Gy were predictive of tumor
response, disease-free survival, and overall survival in
patients with HCC.34 This was later validated in a larger
patient population and in patients with portal vein thrombo-
sis.10 In addition, toxicity was avoided when the absorbed
dose was below 120 Gy (healthy liver) and 30 Gy (lungs).35

In contrast, the mean TCP50 (tumor control probability
defined as 50% probability of lesion response) was estimated
to be 500 Gy in patients with unilobar HCC, although lesion
volume influenced treatment response.36 For example,
TCP50 for lesions <10 cm3 was 250 Gy compared to
1000 Gy for larger lesions. With respect to toxicity, the
authors reported a TD15/0.5 (defined as tumor dose resulting
in 15% risk of severe complications within 6 months) to be
75 Gy for Child-Pugh A patients without complete portal
vein obstruction.36
99mTc MAA SPECT/CT Dosimetry Pitfalls
Microsphere distribution maps, as predicted by scout 99mTc-
MAA SPECT/CT, have formed the basis for dosimetry. How-
ever, the accuracy and validity of 99mTc-MAA SPECT/CT
predictions have been questioned and the results should be
interpreted with caution.

The use of 99mTc-MAA to plan dosimetry assumes that
99mTc-MAA and 90Y microspheres follow a similar disposi-
tion pattern. However, more recent studies have reported dif-
ferential distribution patterns.7,37-45 For instance, a
retrospective analysis of 64 90Y PET/CT scans in patients
with advanced HCC reported a weak correlation (r = 0.27)
between the predicted and actual tumor dose.42 These obser-
vations were in concordance with an earlier study that
described >30% difference between the predicted and actual
tumor dose in a majority of cases.45 These discrepancies
were also in agreement with dose-response analyses demon-
strating a better correlation between tumor absorbed dose
and post-treatment dosimetry studies compared to pretreat-
ment dosimetry scans.5,9

The underlying reason(s) for the aforementioned mis-
predictions may be (1) physical differences (eg, differences in
the size, number, density, and morphology), (2) technique-
related differences (eg, catheter tip position, injections close to
bifurcations, injection speed), and (3) physiologic differences
(eg, changes in vascular muscle tone and injection time-frame:
during blood acceleration, peak or deceleration).40,43-45 Tumor
size and related volume averaging phenomenon can also impact
the quantification accuracy of 99mTc-MAA SPECT/CT and
underestimate the calculated absorbed dose. The partial volume
effect is more pronounced in lesions �3 cm, particularly when
tumors are �2 cm.22 Some authors have even cast doubt on
the accuracy and reproducibility of 99mTc-MAA as a biomarker
for the lung shunt fraction. For instance, biochemical impurity
from circulating free pertechnetate may overestimate the shunt
fraction.46 MAA particles also have highly variable size range
(eg, 90% of particles have a long axis between 10 and 90
microns), which can further contribute to different distribution
characteristics compared to 90Y microspheres.2,46 Conse-
quently, patients may receive a suboptimal dose.

There is ongoing research to address these limitations. For
example, 99mTc-labeled albumin spheres (diameter between 10
and 30 microns) have been evaluated.2 Other investigators are
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evaluating resin or albumin microspheres labeled with other
positron-emitting isotopes such as fluorine-18 (18F), gallium-68,
yttrium-86, and zirconium-89.47,48 Because such agents are
physically similar to therapeutic radioembolization microspheres,
their disposition is expected to be similar to 90Y microspheres.
This in turn, may improve pretreatment dosimetry. One new
agent, 166Ho-loaded poly L-lactic acid microspheres, is commer-
cially available in Europe.49 An additional advantage of using
166Ho-based agents is that they have paramagnetic properties,
allowing them to be visualized by magnetic resonance imaging.50
Post-Treatment Dosimetry
Preoperative 99mTc-MAA dosimetry predicts the distribution
of 90Y microspheres. In contrast, post-treatment imaging dem-
onstrates the actual biodistribution of 90Y microspheres39 and
therefore, can help with treatment planning optimization. For
example, post-treatment imaging can identify tumors that
have received suboptimal radiation exposure, which may indi-
cate a need for repeat super-selective radioembolization or
other adjuvant treatment.51,52 Alternatively, post-treatment
imaging may identify high-risk patients for repeat radioembo-
lization if radiation exposure from the initial treatment is con-
sidered excessive. Finally, quantitative post-treatment
dosimetry data are very important for establishing dose-effect
and dose-toxicity correlations. SPECT and PET are the most
commonly used imaging modalities for this purpose.
Post-Treatment Dosimetry Using 90Y
Scintigraphy
Despite its poor spatial resolution, Bremsstrahlung SPECT is
considered standard-of-care for assessing treatment success.
Quantifying Bremsstrahlung SPECT photons, however, has
proved challenging43,53,54 due to several factors including wide
energy range (0-2.3 MeV), absence of distinct photopeak(s),
and faulty image quality caused by penetration of high-energy
photons through the collimator septa preventing acquisition of
high-resolution images.53-55 Notwithstanding, elaborate recon-
struction algorithms have been developed recently to quantitate
90Y Bremsstrahlung photons with a 5% error margin.53,56

In one of the largest clinical studies evaluating 90Y SPECT
dose-response dosimetry in patients with HCC (n = 73),
complete or partial response was observed in 74% of patients
with an average absorbed tumor dose of 110 Gy,33 although
others have reported that an absorbed tumor dose of 150-
200 Gy may be required.11,34 One reason underlying these
different observations could be the use of various response
evaluation criteria (ie, European Association for the Study of
the Liver vs Response Evaluation Criteria in Solid Tumors).
Post-Treatment Dosimetry Using 90Y PET/CT
Imaging
In comparison to the more commonly used positron-
emitting radionuclides such as 18F, 90Y is a poor PET
radiotracer as only 32 positrons are emitted per million
decays. Thus, PET imaging following 90Y microsphere injec-
tion was initially limited as a result of low true-coincidence
count rate as well as excessive false-coincidences caused by
high-energy Bremsstrahlung X-rays.43 However, the develop-
ment of 3D PET/CT scanners equipped with time-of-flight
technology has made 90Y PET imaging feasible.52

90Y PET/CT has several advantages over pretreatment or
post-treatment SPECT-based methods including better spatial
resolution and higher precision in quantifying the deposited
dose, especially in smaller lesions.11,53,57-59 The latter charac-
teristics can improve radioembolization treatment planning
models by generating more pertinent dose�response and
dose-toxicity data. In addition, clinically validated correction
and reconstruction techniques developed for other agents (eg,
18F-fludeoxyglucose) can be applied to 90Y PET/CT to gener-
ate absorbed dose maps.52,53,58
Determining Dose-Response Curves and
Increasing Treatment Efficacy Using
Quantitative 90Y PET/CT Imaging
Postembolization 90Y PET/CT can expedite assessment of treat-
ment success and subsequent adjuvant therapy (if indicated) by
providing highly accurate information regarding 90Y distribu-
tion and tumor absorbed dose (Fig.). Several studies have incor-
porated 90Y PET/CT into treatment-planning algorithms.51,60

For example, in a patient with tumors involving both lobes of
the liver, tumor size in one lobe was used to adjust the injected
activity for tumor(s) in the contralateral lobe. The modified
dose increased tumor absorbed dose by 40 Gy and led to com-
plete resolution of disease in the treated area within 3 months.51

In addition, using retrospective analysis of post-treatment 90Y
PET data, other authors have shown that a tumor absorbed
dose of >200 Gy correlates with better treatment response and
prolonged progression-free survival in patients undergoing
radioembolization.11,43,61 The effective absorbed dose threshold
also appears to be cancer-type specific, as demonstrated by Kao
et al who reported respective D70 (minimum absorbed dose
delivered to 70% of tumor volume) thresholds of more than
100 and 90 Gy for complete responders in patients with HCC
and cholangiocarcinoma.62 Variations observed in minimum
absorbed dose thresholds are likely due to factors such as small
sample size, differences in activity calculation methods,
response assessment criteria, microsphere type, and study
design.

A recent prospective trial in patients with HCC demon-
strated a significantly higher median tumor absorbed dose
of 225 Gy compared to 83 Gy in nonresponders. In the lat-
ter study, a dose threshold of 200 Gy was 100% specific for
objective response and had a 100% positive predictive value
whereas all nonresponders received a dose <200 Gy.63 It
should be also noted that as a result of different specific
activity, resin and glass 90Y microspheres have disparate
dose-response curves. Therefore, clinicians should factor in
such differences when applying dose-response data to their
clinical practice.



Figure Comparison of Bremsstrahlung SPECT to time of flight PET imaging after radioembolization. After infusion of
Y90 microspheres into right hepatic lobe via the right hepatic artery, imaging with Bremsstrahlung SPECT (second
row), CT for localization (first row), PET (third row) and PET/CT (fourth row) was obtained. PET images demonstrate
a far more detailed map of microsphere deposition showing heterogenous uptake in the right hepatic lobe.
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Determining Dose-Toxicity Curves and
Improving Treatment Safety Profile Using
Quantitative 90Y PET/CT Imaging

Considering the “first, do no harm” notion, establishing the
dose-toxicity relationship is perhaps as important as determin-
ing the dose-response relationship. Data generated by anatomic
partitioning model suggested 70Gy (50 Gy in cirrhotic
patients) as the maximum acceptable nontumor liver absorbed
dose for 90Y resin microspheres2,23 and 120 Gy for glass micro-
spheres.10 However, the accuracy and reliability of early dose-
toxicity recommendations were equivocal because they were
mostly based on 99mTc-MAA pretreatment dosimetry models
or retrospective post-treatment Bremsstrahlung SPECT scans
which are subject to limitations discussed earlier. For example,
such models assumed homogenous distribution of micro-
spheres within the hepatic parenchyma which is most often
not true in clinical practice.
To address this knowledge gap, Chan et al conducted a
prospective clinical study to determine the acceptable non-
tumoral liver radiation dose threshold following 90Y radio-
embolization using PET/CT.64 The authors reported that
the likelihood of developing at least a grade 2 liver toxicity
exceeded 50% when the nontumoral liver parenchyma
absorbed dose surpassed 54 Gy. The results also indicated
that the actual nontumor-delivered dose and Child-Pugh
status of the patient are major predicting factors of grade 2
or higher toxicity above the 54 Gy threshold.64 The find-
ings of the latter investigation were in line with the D50

dose-toxicity level of 52 Gy suggested by earlier reports
using Bremsstrahlung SPECT imaging.33,64 Another impor-
tant implication of the study of Chan et al is that it might
be safe for patients who receive minimal nontumor liver
dose to undergo repeat radioembolization treatments,64

although more definitive data are needed to confirm this
hypothesis.
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Conclusion
Image-guided radioembolization is a rapidly expanding modal-
ity for treating primary and metastatic liver cancers. Accurate
dosimetry methods enabling physicians to maximize therapeu-
tic efficacy while minimizing toxicity are perhaps the greatest
challenge facing the field. Several technical and technological
advancements such as enhanced segmentation models and 90Y
PET/CT have provided invaluable insight regarding dose-
response and dose-toxicity following radioembolization. How-
ever, it is now evident that numerous radiobiological and
technical parameters (eg, flow dynamics, microsphere specific
activity, anatomic variations, tumor type, and disease burden)
can affect the outcome and clinicians are now facing more ques-
tions than when the field started almost two decades ago. In
addition, as innovations in equipment and technique expand
the boundaries of radioembolization, new challenges, and safety
considerations such as feasibility of repeat radioembolization
within the same arterial territory start to emerge. Closing these
knowledge gaps warrants further comprehensive prospective
clinical studies.
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