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A B S T R A C T

Radioembolization gains continuous traction as a primarily palliative radiation treatment for hepatic tumours. A
form of nuclear medicine therapy, Yttrium-90 containing microspheres are catheter guided and injected into the
right, left, or a specifically selected hepatic artery. A multitude of comprehensive planning steps exist to ensure a
thorough and successful treatment. Clear clinical and physiological guidelines have been established and nuclear
imaging is used to plan and verify dose distributions. Radioembolization’s treatment rationale is based on tu-
mour and blood vessel dynamics that allow a targeted treatment approach. However, radioembolization’s do-
simetry is grossly oversimplified. In fact, the currently utilized clinical dosimetric standards (e.g. partition
method) have persisted since the 1990s. Moreover, the multitude of radioembolization’s intertwining compo-
nents lies disjointed within the literature. Particularly relevant to new readers, this review provides a methodical
guide that presents the treatment rationale behind every clinical step. The emerging dosimetry methods and its
factors are further discussed to provide a comprehensive review on an essential research direction.

1. Introduction

Radioembolization, selective internal radiation therapy (SIRT),
intra-arterial radiation therapy, or trans-arterial radioembolization
(TARE) are all various names for the same clinical procedure.
Radioembolization is a specific type of nuclear medicine therapy used
to treat primary or metastasized hepatic tumours. It is administered
when other minimally invasive treatments have failed and is primarily
palliative. During treatment, a catheter is used to guide and inject
Yttrium-90 (90Y) containing microspheres into the right, left, or a spe-
cifically selected hepatic artery. Due to unique hepatic blood flow, the
microspheres are distributed preferentially to the tumour arteries,
where they are permanently deposited. The tumour is then irradiated
by the particles emitted by 90Y.

90Y is a pure beta-emitter with a half-life of 64.04 hours that dis-
integrates into stable zirconium-90 (90Zr) by emitting beta particles
with a maximum energy of 2.27 MeV and an average energy of
0.937 MeV. Within soft tissue, the released beta energy has a maximum
penetration range of 11 mm with an average range of 2.5 mm. Since 90Y
deposits most of its energy within the first few millimeters, its ther-
apeutic dose is concentrated at the microspheres location [1]. Cur-
rently, there are two commercially available 90Y microsphere products,

the glass (Therasphere; BTG plc, UK) and resin microspheres (SIR-
spheres; Sirtex Medical Limited, North Sydney, Australia). Both of these
spheres are biocompatible, but not biodegradable. Theraspheres have
average diameters of 20–30 µm with a standard activity that may range
from 3 GBq to 20 GBq per vial. Within a vial of 3 GBq, there are around
22,000 to 72,000 microspheres per milligram, resulting to an average
activity of 2500 Bq per microsphere [2,3]. In contrast, the diameters of
SIR-spheres range from 20 to 60 µm with an average activity of 50 Bq
per microsphere. Normally, each resin vial has a standard activity of
3 GBq and a range of 30–50 million microspheres [2,4]. Highlights
between the two differing microsphere products can be seen in the
European Association of Nuclear medicine (EANM) guidelines [5].
Contained within pre-packaged vials, both types of 90Y microspheres
are delivered, then their activity is measured right before treatment.

Radioembolization involves multiple clinical steps spanning over
numerous multidisciplinary fields. There exists a plethora of articles on
this treatment modality, yet there is a lack of a study that compre-
hensively describes the rationale behind the entire radioembolization
process. Overall, this review has two objectives. The first aim is to
provide a full scope of radioembolization that ties together the rationale
and background behind every treatment step. Building on the discussed
background, the second aim is to provide a comprehensive review by
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presenting the most relevant literature related to patient specific
radioembolization treatments and its newly emerging dosimetry.

2. Methods

As a multi-disciplinary and multi-step treatment, the topics of em-
phasis were purposefully constrained to patient-based studies and
image-based dosimetry; therefore, only 97 of around 130 original
sources were listed to provide a comprehensive and succinct discussion
on radioembolization. To provide the understanding and rationale be-
hind each treatment process, background articles on liver vasculature,
related nuclear imaging modalities, current clinical dosimetry methods,
novel clinical studies, and review articles were included. Search words
such as “patient based radioembolization”, “imaged based radio-
embolization”, “post-image dosimetry” “radioembolization”, “PET/
CT”, “SPECT/CT”, “angiography”, and “primary radioembolization
treatments” were inputted into specific databases. The most common
databases used were Pubmed and WorldCat.

3. Results and discussion

A relatively complete picture of radioembolization can be obtained
by reading from the list of suggested articles within Appendix A
Table 1. It is important to note that each of the suggested articles as-
sumes a certain level of familiarity and only provides insight into se-
lective segments of this treatment. In other words, none of the pre-
sented studies provide a comprehensive overview of every treatment
step. Furthermore, dose response effect studies based on clinical dosi-
metric methods are not included in this review due to the rationale that
emerging image based dosimetry methods are more dosimetrically re-
presentative. However, a previous review has amassed such results [6].

3.1. Treatment overview

Radioembolization requires planning that involves patient evalua-
tion and pre-treatment imaging, the treatment itself, and finally, shortly
after the treatment is completed, post-treatment verification. The
multiple clinical steps are listed in Fig. 1. To start, patients are clinically
examined for relative and absolute contraindications such as in-
sufficient liver function or extensive and untreated portal hypertension
[5]. After a clinical evaluation, patients undergo further preliminary

steps that include imaging with a triple phase computed tomography
(CT) and/or magnetic resonance imaging (MRI) to assess the liver for
liver patency, extrahepatic disease, and tumoural and non-tumoural
volumes [6]. Since radioembolization is artery based, pre-treatment
workups include an angiography as well as planar scintigraphy imaging
(planar imaging) and single photon emission computed tomography
(SPECT) co-registered with CT (SPECT/CT) for injected 99mTechnetium-
magroaggregated albumin (Tc-MAA). Tc-MAA images are used to verify
vessel mapping and to visualize any additional arteries that may lead to
extrahepatic microsphere distribution. Tc-MAA distribution is also used
to calculate what is called the lung shunting percentage or lung
shunting fraction (LSF). The LSF estimates the total 90Y microsphere
deposition within the lungs and quantifies the risk of developing ra-
diation pneumonitis, a serious side effect. Consequently, radio-
embolization has lung safety thresholds; if the LSF is too high, patients
are deemed ineligible for treatment.

During the treatment itself, an interventional radiologist places a
catheter percutaneously via a patient’s femoral artery and guides it to
the correct hepatic artery under x-ray fluoroscopy. Connected to the
catheter, a vial containing 90Y microspheres is infused into the body.
Differences exist in the administration of the two different microsphere
products. Due to their higher embolic tendency (See 3.8 Treatment),
90Y resin microspheres are successively infused with saline and 5%
dextrose whereas glass microspheres are infused by saline alone [7–10].
Recently, an alternate transradial approach has been deemed feasible.
This approach involves a catheter placement via a patient’s radial artery
and demonstrates advantages such as patient preferability and lower
cost, albeit with greater technical challenges [11]. Directly after treat-
ment, the patient has follow-up imaging with SPECT/CT or PET/CT
scans to check for the microsphere distribution and to verify the dose.
The review of the different treatment steps will be discussed in detail in
the coming subsections.

3.2. Patient eligibility

Prior to radioembolization, patients must be deemed suitable for
treatment. Radioembolization is used as a primarily palliative treat-
ment, i.e. to preserve the functional capacity of the hepatic tissue [12].
Eligibility stems from the existing functionality and the potential ra-
diation tolerance of a patient’s hepatic parenchyma. Such predictions
are divided into three sections indicating when a patient should have
treatment, when patient treatment is possible, or when a patient is in-
eligible for treatment. These indications are respectively labeled in-
dications, relative contraindications, and absolute contraindications.
Patient eligibility can be particular to different steps of the treatment
plan. In many cases a patient may be eligible under the initial clinical
evaluation, but later become ineligible during the pre-treatment ima-
ging workup step of radioembolization [7].

In general, most articles refer to the Radioembolization
Brachytherapy Oncology Consortium (REBOC) guidelines and manu-
facturing recommendations when discussing radioembolization patient
selections [3,4,13]. The EANM has also complied patient selection
guidelines for the treatment of liver cancer and metastases [5]. The
important patient indications include an unequivocal and measurable
liver tumour based on CT/MRI scans, a liver-dominant tumour burden,
and a life expectancy of at least 3 months [7,13].

Radiation dose to organs at risk is assessed through pre-treatment
imaging with an angiography and Tc-MAA to avoid severe side effects
such as radiation pneumonitis, gastrointestinal ulceration, and/or gas-
trointestinal bleeding due to extrahepatic microsphere deposition [14].
Patients are further ineligible for treatment if they have factors such as
a compromised portal vein, are pregnant, or have liver failure [7,13].
The treatment eligibility has relative contraindications as well, which
are based on a case-by-case basis and left to the discretion of the phy-
sician. Some factors include patients with a limited hepatic reserve,
poor kidney function, or an Eastern Cooperation Oncology Group
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1. Clinical Evaluation Determines Patient 
Eligibility

2. CT/MRI Scans Assess Tumour 
characteristics

3. Angiography Maps out the hepatic 
arteries

4. Tc-MAA Imaging
Predicts microsphere 

distribution and aids in 
dosimetric planning

5. 90Yttrium Treatment
An angiograph-like 

procedure where 90Y
microspheres are injected 

6. Post-Image Verification Verification of distribution 
and absorbed dose

Fig. 1. Clinical steps involved in the 90Y radioembolization process.
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(ECOG) performance status of 2–4 [7,13,15]. Grading levels of the
ECOG status are explained in Table 1. However, age and prior surgical
resection are not considered to be contraindications, making radio-
embolization appealing for palliative therapy [16].

With restricting clinical factors well set for radioembolization, there
are ideal patients who are predicted to have a good tolerance to the
treatment. These patients normally show an ECOG status of less than 2,
normal bilirubin levels, normal liver synthetic function (albumin
greater than 3 mg/dL), a lack of ascites, and less than 50% tumour
burden [7]. It has been shown that ECOG status rather than a tumour’s
clinical stage is the more reliable factor in a patient’s treatment toler-
ance [15]. For metastatic tumours, lower bilirubin levels were also
found to be reliable indicators for radioembolization tolerance [15,16].
Overall criteria and specificities of eligibility are presented in Table 2.
For 90Y treatment, it should be stated that the institutional and corre-
sponding product eligibilities should always be consulted [3,4].

3.3. Standard liver vasculature

As the name implies, radioembolization is built around the hepatic
vasculature where the injected radioactive microspheres travel and
permanently localize within the hepatic arteries. Macroscopically, he-
patic vascularization is comprised of a dual blood supply where the
portal vein provides 75–80% of the hepatic blood supply and the he-
patic arteries provide 20–25% of the blood [17,18]. The portal vein
provides partly deoxygenated but nutrient rich blood to the liver from

the gastrointestinal tract while the hepatic arteries provide the oxyge-
nated blood [17]. Branches of the portal vein further divide and pass
between hepatic lobules and eventually end up as sinusoids. Lobules are
hexagonally functional units of the liver, otherwise known as hepatic
parenchyma, and contain hepatocytes, bile of canaliculi, sinusoids, and
a central vein. Hepatic tumours almost exclusively derive their blood
supply from the hepatic arteries while the normal parenchyma is per-
fused through the portal veins. For a more thorough physiological in-
vestigation on hepatic perfusions, reviewing Van de Wiele (2012) is
suggested [19]. With preferential hepatic perfusion being the basis for
radioembolization, select hepatic artery catherization provides a way
for the microspheres to target malignant hepatic tumours while sparing
the normal tissue [18]. Therefore, a background on the most common
hepatic vasculature is given.

The standard hepatic vasculature scheme starts with the celiac axis
[20]. The first major branch off the aorta, the celiac artery then tri-
furcates into the left gastric artery (LGA), splenic artery, and the
common hepatic artery (CHA). From there, the CHA continues to bi-
furcate into the proper hepatic artery (PHA) and the gastroduodenal
artery (GDA) and more distally the PHA divides into the right and left
hepatic arteries at the hilar plate. Moreover, both hepatic arteries
continually branch and decrease in size to perfuse the hepatic par-
enchyma and eventually make up the microvasculature of the hepato-
cytes, which is later discussed in 3.11 Liver Microcirculation & Dis-
tribution. Fig. 2 illustrates an example of a patient’s hepatic
vasculature.

Table 1
ECOG performance ranking description.

Grade ECOG Performance Status

0 Fully active, able to carry on all pre-disease performance without restriction
1 Restricted in physically strenuous activity but ambulatory and able to carry out work of a light or sedentary nature, e.g., light house work, office work
2 Ambulatory and capable of all self-care but unable to carry out any work activities; up and about more than 50% of waking hours
3 Capable of only limited self-care; confined to bed or chair more than 50% of waking hours
4 Completely disabled; cannot carry on any self-care; totally confined to bed or chair
5 Dead

Table 2
Patient Eligibility Specifications.

Ideal Patient
1. ECOG < 2
2. No ascites
3. Less than 50% tumour burden
4. Albumin > 3 mg/dl
5. Bilirubin < 2 mg/dl
Indications
1. CT/MRI established Tumour
2. Liver Dominant Tumour
3. Life Expectancy > 12 weeks
Relative Contraindications
1. Excessive tumour burden without hepatic reserve
2. Compromised Portal Vein when super-selective catherization cannot be performed
3. Prior radiotherapy
4. ECOG 2–4
5. Creatine > 2.5 mg/dl
6. Abnormal bone marrow function
7. Bilirubin levels (> 2 mg/dl) with no reversible cause
Absolute Contraindications*
Clinical Evaluation
1. Ascites and/or other symptoms of liver failure
2. Pregnant
3. Capecitabine last 2 months or planned to be administered in the future
Tc-MAA Imaging
1. > 30 Gy predicted to lungs or > 20% LSF**
2. Any extrahepatic deposition within the gastrointestinal tract
3. Extensively compromised Portal Vein

4. For repeated treatments, a 50 Gy cumulative lung dose should not be surpassed**

* Steps are based on Fig. 1.
** See 3.9 Current Clinical Dosimetric Methods for Gy value explanations.

Fig. 2. A digital subtraction angiography is shown for a patient being planned
for right lobe radioembolization. The different parts of the hepatic vessels are
labeled: 1. Catheter in the celiac trunk, 2. Micro-catheter that is extended to 3.
The common hepatic artery, 4. A gastroduodenal artery that is coil embolized,
5. Proper hepatic artery, 6. Left hepatic artery, 7. Right hepatic artery.
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3.4. Angiography

In an ideal scenario, radioembolization microspheres will localize
solely within the hepatic tumour’s vasculature. In reality, radio-
embolization microspheres localize within both the healthy and tumour
liver tissue. Many variations exist within the overall hepatic vasculature
that may lead to additional complications. In fact, hepatic vessel var-
iations are quite common and can be expected in 45% of patients [21].
If such vessel variations do exist, the variable hepatic vasculature may
cause extrahepatic deposition, which results in the irradiation of non-
hepatic healthy tissue.

Due to such variations in vasculature, an angiography is used to
map patient-specific arteries [20,22]. The goal of an angiographic
evaluation is three fold: it is to guide the delivery catheter positioning,
evaluate pre-treatment blood flow, and to determine the variant ar-
teries that may lead to extrahepatic microsphere deposition [8,13]. Van
den Hoven et al. (2014) found that only 49% of patients had their
aberrant hepatic arteries correctly identified from a standard CT scan
and only 86% during angiography [20]. Thus, several modifications
were recommended to the standard process including, but not limited
to the use of a multiphase liver CT before an angiography, the use of C-
arm cone beam CT, catheter-directed CT angiography (CTA), and an
evaluation of SPECT/CT co-registered images from Tc-MAA [20,23].

Once an angiography has been performed and possible variant
vessels identified, coil embolization (also called coil occlusion or ske-
letonization) is recommended [8,13,15,23]. Coil embolization involves
a catheter and a metal cable that has attached collagen fibres. The metal
cable is pre-formed as a spiral that is set straight. When released from a
catheter, the pre-straightened coil spirals into its natural form that
occludes most of the aberrant vessel. The attached collagen fibres then
induce thrombosis, which blocks the rest of the vessel and prevents
unwanted microsphere deposition. Coil embolization in turn directs
microsphere flow to the targeted region. Depending on the variant ar-
teries, the size of the arteries, and possible angiographic preferences,
coil embolization is a calculated choice. On one hand, prophylactic
embolization is seen as the safer option as the dangers of grave clinical
complications such as gastrointestinal ulceration and bleeding out-
weigh the dangers of coil embolization [15]. On the other, coil embo-
lization is avoided in the most experienced centers due to complications
and limited benefits of an embolized treatment [24]. At our institution,
coil embolization is administered when necessary such as when shunts
to the gastrointestinal track are visible. Fig. 2 further demonstrates an
angiogram and the relevant vessels for a patient being treated for
radioembolization.

Coil embolization’s effectiveness depends on the patient’s coagula-
tion speed and the effectiveness of the actual embolization. In some
patients, their de-coagulation speed may be faster than others when the
induced thrombosis is cleared up and blood flow is resumed (re-
canalization). In others, the initial coils may not have been packed tight
enough to induce thrombosis in the first place. This problem is easily
remedied through additional packing of coils. Moreover, some patients
may have new vessels (collaterals) develop leading to resumed blood
flow back to the targeted organ. Whatever the case, the best preparation
method must be determined and evaluated for a patient undergoing
radioembolization treatment.

3.5. Tc-MAA pre-treatment imaging

After an angiography, Tc-MAA is used to predict the potential dis-
tribution of 90Y microspheres. Tc-MAA is normally provided in a vial of
10 ml solution containing 4.8 x106 aggregated albumin particles where
90% or more are between 10 and 90 µm in diameter. The particles may
measure outside such parameters, but still have a maximum range from
0 to 150 µm [8]. With a short physical half-life of 6 hours and a con-
tinual bio-degradation of 99mTc from MAA, it is recommended that the
Tc-MAA imaging to be done at least within 60 minutes of

administration. An adult activity consists of 185 MBq Tc-MAA sus-
pended in normal saline. If the whole liver is treated, the right and left
hemilivers will be injected with 111 MBq and 74 MBq, respectively
[23].

After injection, a gamma detection system produces a whole-body
image. Planar imaging may be used to assess Tc-MAA depositions, but
studies suggest a tomographic imaging modality such as a SPECT scan
or a combination of SPECT and CT to provide a more accurate check of
the Tc-MAA bio-distribution [13]. It was found that planar imaging
might not provide adequate detection, especially when extrahepatic
sites or a non-homogenous Tc-MAA distribution is present. However,
planar imaging is still clinically adopted although SPECT/CT has been
proven to be more accurate for determining the distribution of Tc-MAA
and the quantification of its LSF [25–27].

The Tc-MAA image is then compared to the previously assessed
angiograph where the injected particle distribution is compared to the
pre-planned vasculature. Ideally, the Tc-MAA microspheres are all
contained within the imaged angiographic vasculature; however, the
Tc-MAA microsphere distribution and the angiographically predicted
distribution can differ [23]. There are multiple causes for this dis-
crepancy. A catheter may have been misplaced distally or past the
branching point that excludes the part of the liver to be treated. New
parasite vessels may have sprouted between the time the angiography
was performed and the time Tc-MAA was injected. A hepatic artery may
have been missed during the angiographic treatment. If any of the
above scenarios are illustrated, a second angiography and a subsequent
Tc-MAA injection is recommended to confirm the new vascularization
[28]. Additionally, extrahepatic activity may be seen from Tc-MAA. To
combat unwanted extrahepatic activity, solutions such as additional
coiling, more distal placement of the catheter, and/or super selective
catherization (radiation segmentectomy) during treatment are further
suggested. Coiling would physically block the 90Y microspheres from
passing through a specific vessel. More distal catheter placement pre-
vents less reflux of microspheres, if any, due to the catheter physically
being farther from any arterial branching. Similarly, super-selective
catherization keeps microsphere localization within specifically per-
fused segments within the liver (for further detail see 3.8 Treatment).

On top of overall vessel discrepancies, the distribution within the
same vasculature may have unusual Tc-MAA accumulations in both
extrahepatic and intrahepatic sites [23]. To plan a safe treatment,
awareness of this heterogeneous distribution is needed to attribute a
specific distribution to a cause. A variety of factors such as presence of
necrotic lesions, prior trans-arterial chemoembolization (TACE) treat-
ments, invasion of tumour within hepatic arteries, aggregation of Tc-
MAA particles, or variable flow dynamics within the liver may result in
heterogeneous distribution. Proficient knowledge on the causes of dis-
crepant Tc-MAA distributions and the necessary steps to combat them is
required for an accurate radioembolization treatment plan and later, if
calculated, for its dosimetry.

3.6. The lung shunt fraction (LSF)

Theoretically, the 90Y microspheres should embolize within the
tumour’s hepatic terminal arteries (See 3.11 Liver Microcirculation &
Distribution). However, arteriovenous blood vessel shunts may provide
90Y microspheres a direct vascular path to the lungs, which may then
cause lung irradiation [13]. To predict this, Tc-MAA distribution is used
to calculate the LSF. Estimated by the ratio of counts in the lungs to the
summed counts in the lungs and liver, the LSF uses planar imaging or
SPECT/CT count data for its calculations. In other words, the LSF is the
fraction of Tc-MAA particles that made its way into the lungs due to
arteriovenous shunts. It is worth noting that there are variations in size,
density, and number between Tc-MAA particles and 90Y microspheres;
however, Tc-MAA particles are still used to predict the undesirable 90Y
microsphere deposition within the lungs. [23].

Depending on the imaging modality used, there exist limitations
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that can affect the calculation of the LSF [29]. Planar imaging has
limitations that include uncorrected attenuation effects between the
liver and lungs, lack of anatomical references for contouring, and a
single standard lung mass value of 1 kg. These limitations combine to
negatively affect the LSF calculations. In regards to SPECT/CT, a mis-
registration between the SPECT and CT data or truncated lungs due to a
limited SPECT/CT field of view (FOV) will produce inaccurate LSF
calculations.

3.7. Liver segmentation schemes

The Brisbane nomenclature is considered the standard liver seg-
mentation scheme. Introduced and accepted by the International
Hepato-Pancreato-Biliary Association (IHPBA), this standard was cre-
ated to resolve the ambiguities presented by Couinard and Healey [30].
According to the Brisbane nomenclature, there are three orders of di-
vision based on the liver’s internal anatomy: two hemilivers, sections or
sectors, and segments [30]. The first-order division divides the left and
right hemiliver by a plane called the midplane of the liver, commonly
known as Cantlie’s line. The second-order divisions divide the liver into
smaller sections or sectors and have two distinct anatomical methods of
dividing the liver. The liver sections are divided based on Healey’s di-
visions, which are dependent on hepatic arteries and bile ducts. The
liver sectors are based on Couinard’s divisions, which are dependent on
the portal veins. Both are considered correct divisions, but sections and
sectors are not synonymous to each other and are considered distinct
second-order divisions. In contrast, both third-order divisions are called
segments based on Couinard’s eight segments. Each of Couinard’s seg-
ments is functionally independent and has its own vascular flow and
biliary drainage [31].

In regards to radioembolization, Couinard’s divisions are primarily
used. The Couinard liver segmentation includes ‘lobes’, ‘livers’, ‘sec-
tors’, and ‘segments’ [31]. In essence, the Couinard classifications are
identical to Brisbane’s standard, with the term ‘livers’ instead of
‘hemilivers’. Furthermore, the surface anatomical method may be used
to separate the liver into two lobes. The lobes are divided into the right
and left lobes and are separated by the falciform ligament. The right
lobe consists of segments 4–8 while the left lobe consists of segments 2
and 3. To note, most radioembolization literature references the dif-
fering treatment based on Couinard’s “lobular” anatomy even though
the Brisbane standard discourages its use [32–34].

3.8. Treatment

Radioembolization treatments are dependent on the tumour’s lo-
cation, number of tumours, arterial perfusion, and the liver’s functional
capacity. If a tumour is localized within a single liver segment and
supplied by one main artery or arterial branch, super selective cathe-
rization or radiation segmentectomy is suggested. Radiation segmen-
tectomy is when 90Y based microspheres are infused within two or less
hepatic segments [35]. This treatment administers high doses of ra-
diation to the tumour and reduces the dose coverage to non-tumoural
hepatic tissue. A less precise option, radiation lobectomy is an approach
that treats either an entire right or left hepatic lobe. When surgical
resection is not amenable or if the future liver remnant is deemed in-
sufficient to sustain adequate hepatic function, radiation lobectomy is
recommended. The effects of radiation lobectomy are two-fold; it aids
in tumour control and produces contralateral lobe hypertrophy [32,34].
Contralateral lobe hypertrophy is an interesting result of radio-
embolization where the non-irradiated hepatic lobe increases in hepatic
parenchyma size. Vouche et al. (2013) have postulated that radiation
induced parenchymal lesions and a decreased blood supply shrinks the
irradiated lobe and induces the portal flow to redirect towards the
contralateral lobe [32]. This portal flow redirection induces the con-
tralateral lobe to increase in size and, correspondingly, increase its
functionality. Additionally, radiation lobectomy provides tumour

control during the regenerative phase after treatment, providing a lo-
gical step before surgical resection [34].

The last radioembolization option is whole liver treatment and is
required when many diffuse tumours are localized within both of the
lobes. There are two methods of administering the same dose to the
whole liver: sequentially through bi-lobar treatment or singularly
through simultaneous treatment of both lobes. If treated sequentially,
one lobe is treated first and after at least 30 days with sufficient liver
regeneration the second lobe is treated [15]. When comparing the two,
sequential radioembolization has resulted in fewer adverse side effects
such as lower overall bilirubin levels and lower risks of developing
radioembolization induced liver disease (REILD) [33]. Therefore, se-
quential liver treatment has become the more standard recommenda-
tion.

If feasible, more segmented therapy might be performed. If a sin-
gular artery branch is identified to perfuse the targeted tumour(s) then
a more selective treatment can be used to infuse the microspheres. This
serves to avoid extrahepatic deposition as well as to make treatment
more spatially localized, providing higher dosages to the tumour and
less intrahepatic radiation to the normal tissue. However, radio-
embolization is currently used as a primarily palliative treatment
making more segmented treatments less likely and procedures such as
sequential liver treatment the norm. Regardless, every 90Y treatment
should be delivered as selectively as possible to reduce irradiation of
the normal liver parenchyma [5].

Further considerations are necessary to ensure an optimal or accu-
rate radioembolization treatment. Lau et al. (2012) have provided 90Y
activity recommendations depending on the number of tumours, pa-
tient specifications, and type of treatment [12]. The same authors have
also recommended threshold values to prevent REILD. Other con-
siderations include similar catheter placement during 90Y microsphere
treatment as during Tc-MAA injections, otherwise up to 30% of dif-
fering activity may be measured and the resulting microsphere dis-
tribution may differ [37]. For SIR-spheres, a higher number of micro-
spheres is injected to reach the same prescribed activity as each
microsphere has less activity (50 Bq) compared to each Therasphere
(2500 Bq) [2,5]. The greater number of SIR-spheres may cause an em-
bolic effect called flow stasis, at which point microsphere administra-
tion should stop regardless of an incomplete administration of the total
prescribed activity [8]. Since the initial prescribed calculations are
based on the volume of the target, accurate volume measurements are
necessary. Hepatic volume measurements should only include the tu-
mour volume perfused by the targeted arteries [5,15]. The treatment
itself should completely administer the dose throughout the whole tu-
mour, which is achieved by injecting microspheres into all the arteries
that perfuse the different parts of the tumours.

3.9. Current clinical dosimetric methods

When it comes to radioembolization’s current clinical dosimetry,
the 90Y microspheres are calibrated, measured, and administered in
activity (GBq). However, radiation therapy doses are normally planned
in Gy (J/kg) to quantify absorbed dose from a radiation source in tissue.
Likewise, radioembolization plans the prescribed doses to the patient in
Gy, but converts it into prescribed activity before treatment.

The prescribed activity may not always be the activity that was
administered. Differences between the prescribed and administered
activity may exist due to an incomplete treatment. Aforementioned,
SIR-spheres are known to have embolic tendencies that call for a halt in
microsphere administration and may also have residual activity left
after a complete treatment. Theraspheres may have approximately up
to 5% of its residual activity left within the microsphere vial after every
treatment [5,8]. The calculation of the administered activity is simply
the residual activity or the activity left in the microsphere vial after
treatment subtracted from the prescribed activity. The theoretical range
of the residual activity is between zero and the prescribed activity.
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More importantly, the absorbed dose should be corrected for the ac-
tivity that was actually administered to the patent.

For absorbed dose calculations, radioembolization applies the MIRD
formalism and directly translates activity in Bq to absorbed dose in Gy.
For instance, the MIRD formula presented in Eq. (1) presents the sim-
plest case where all the activity localizes within the volume of the
perfused liver. Eq. (1) converts administered activity to absorbed dose
by assuming that 1 GBq of administered activity per kg of tissue (liver)
mass provides an absorbed dose of 49.38 ± 0.5 Gy, typically rounded
up to 50 Gy. This is based on the assumption that 90Y distributes uni-
formly within the tumourous tissue and healthy hepatic parenchyma to
provide an evenly distributed absorbed dose.

= × A GBq
m kg

D[Gy] 50[J/GBq] [ ]
[ ] (1)

=D[Gy] Dose to Specified Liver Volume

In Eq. (1), A[GBq] represents the activity of 90Y administered into
the perfused liver while m[kg] represents the mass of the perfused liver.
The derivation of this equation may be seen elsewhere [8,37]. A CT
scan measures the liver volume that is then used to find its corre-
sponding mass, which is achieved by multiplying the liver’s density in
g/cm3 by its volume in cm3 [37]. As discussed before (See 3.6 Lung
Shunt Fraction), the administered activity may directly shunt to the
lungs. This causes extrahepatic deposition and changes the absorbed
dose distributed to the liver. If there is any lung shunting, the dose to
the lung or liver may be calculated if the total activity is partitioned
between the liver and lung volumes as seen in Eq. (3). Eq. (2), derived
from Eq. (1), calculates the absorbed dose to the lungs and requires the
tissue mass and partitioned activity of the lungs. Accordingly, the ab-
sorbed dose to the perfused liver is calculated given the mass and
partitioned activity of the perfused liver. Illustrated later, this equation
is seen in Eq. (14) and is also called the mono-compartmental method.
Importantly, both dose estimations rely on the lung volume and the
LSF, which is presented in Table 3.

= × ×A GBq
m kg

LSFD [Gy] 50 [J/GBq] [ ]
[ ]

total

lung
lung

(2)

=D Dose to Lunglung

The corresponding activities in question may be calculated as seen
in Eqs. (3)–(5). Aliver represents the partitioned activity within the
perfused liver while Alung represents the activity within the lungs.

= +A [GBq] A Atotal liver lung (3)

= ×A A (1 LSF)liver total (4)

= ×A A LSFlung total (5)

=A [GBq] Total Administered Activitiestotal

Table 3 presents the manufacturer’s recommended lung shunt

thresholds. Depicted in percentages or fractions, the recommendations
provide no direct information on the threshold absorbed-doses to the
lungs. However, both SIR-sphere and Therasphere threshold values are
based on a maximum dose of 30 Gy for a lung mass of 1.0 kg [8]. These
values were established because patients who received an estimated
singular lung dose greater than 30 Gy and/or had a cumulative dose
greater than 50 Gy for repeated treatments developed radiation pneu-
monitis [38,39]. It should be emphasized that these absorbed dose
values were calculated from the LSF using planar imaging and the MIRD
method of Eq. (2) [40]. Thus, patient eligibility was set at an upper
threshold of 30 Gy under these specific conditions.

As previously discussed, the LSF may further be calculated by
SPECT/CT images. Recently, Allred et al. (2018) demonstrated that
planar imaging overestimated the LSF by up to 44% while SPECT/CT
images showed a maximum deviation of 13% [27]. A poor correlation
was further shown between LSFs calculated from planar and SPECT/CT
imaging of Tc-MAA. Due to such poor correlations, the authors postu-
lated that the previous thresholds of LSF, which were based on planar
imaging, should be adjusted for those calculated by SPECT/CT
[27,38,39]. Currently, all of the dosimetric equations use LSF in their
calculations obtained through either planar or SPECT/CT imaging, but
clinically planar imaging is more readily adopted.

In clinical practice, radioembolization dosimetry is calculated from
different dosimetric equations to set the treatment prescribed dose as a
prescribed activity. There are currently four different clinical dosi-
metric methods that are dependent on the type of microsphere. Three
dosimetric methods are available if resin or SIR-microspheres are used.
The first dosimetric method is the empiric method that bases its re-
commended activity on the percent tumour involvement on the whole
liver. This method relies solely on CT or MRI images to determine the
liver size and tumour burden percentage, but is now abandoned due to
its low safety margins regarding radiation-induced side effects
[12,13,41]. The empiric method shown in Table 4 prescribes an activity
based on the tumour burden. When used in the past, the activity was
reduced based on the LSF.

Formulated after the empiric formula, the body surface area (BSA) is
the most commonly used method due to its simplicity and ease of use.
This method assumes that the size of the patient’s whole liver correlates
with the patient’s BSA [42]. Thus, a prescribed activity could appro-
priately be adjusted to a patient’s malignant liver volume without the
need for liver volumetry on cross-sectional imaging [41]. Similarly to
the empiric method, the BSA could also take into account the LSF to
reduce unwanted radiation within the lungs (Table 4). The activity
prescribed is calculated as described in Eqs. (6) and (7):

= +
+

tumour volume
tumour volume liver volume

A[GBq] (BSA 0.2)
(6)

= × ×BSA 0.20247 height[m] weight[kg]0.725 0.425 (7)

In Eq. (6), A[GBq] stands for prescribed activity and the tumour and
liver volumes may be analyzed from the patient’s CT or MRI scans. With

Table 3
Description for Calculation of LSF.

LSF Calculation LSF =
+

countslung
countslung countsliver

× 100 for lung shunt percentage

SIR-Sphere (Resin) [4] LSF Activity Given
> 20% No Activity
15%–20% Reduce by 40%
10%–15% Reduce by 20%
< 10% Give full amount of activity

TheraSphere (Glass) [3] Upper Lung Shunt Activity Limit: LSF [%] × A[GBq] = 0.61 GBq
A[GBq] = Activity prescribed during pre-treatment dosimetry

These calculations are recommended based on planar scintigraphic imaging, but SPECT/CT derived data is much more
reliable.
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no explicit method given, the absorbed dose calculations should use the
MIRD equations (Eqs. (1), (2), (14)). It is important to note, however,
that the BSA prescribed activity and the absorbed dose to the whole
liver were found to be poorly correlated to one another and had a 2.5
fold difference [43,44]. It was found that larger livers were relatively
underdosed while smaller livers were overdosed with the BSA method.
Other limitations to the BSA equation include a disregard to the tu-
mour-to-normal liver ratio (T/N) and establishment of an artificial limit
to the injected 90Y activity from 1 to 3 GBq [45]. To clarify, the T/N
ratio is a compartmental or tumour-specific ratio that measures the
relative difference of microsphere deposition between the tumourous
and non-tumourous tissue per unit mass. This ratio is estimated from
the Tc-MAA image as the activity of the tumour (Atumour) and normal
liver (Anormal liver) in counts are divided by the mass of the tumour
(mtumour) and normal liver (mnormal liver) in kg. The T/N ratio ends up
unitless and is demonstrated in Eq. (8):

= A m
A m

T/N Ratio from Tc MAA Image /
/

tumour tumour

normal liver normal liver (8)

The most accurate of these three SIR-sphere dosimetric equations is
called the partition method or model and is the only SIR dosimetric
equation formulated directly from the MIRD methodology. In essence,
the partition method partitions the previously described perfused liver
into tumourous and non-tumourous (normal liver) volumes and in-
cludes the lungs, resulting in three separate compartments for dosi-
metry [38,46]. Taking into account the T/N ratio, the LSF, and the
masses of the normal liver (mnormal) and tumours (mtumour), the parti-
tion method is the most patient-specific method of the three SIR-sphere
equations [47]. With CT/MRI partitioned masses, the partition method
preserves the dosimetric viability that may have been lost due to any
volumetric liver changes caused by previous treatments (e.g. surgery).
The lung partition is normally determined through the calculation of
the LSF (Table 3) with Tc-MAA planar imaging or SPECT/CT. LSF in-
clusion provides a more representative proportion of administered ac-
tivity that the total perfused liver may receive. The Tc-MAA image is
additionally used to calculate the T/N ratio (Eq. (8)). This ratio allows
the partition method to prescribe an activity that is limited by the
maximum dose acceptable to the normal liver and is seen below:

=
× ×

×
( )D Gy m + m kg

J GBq LSF
A[GBq]

[ ] [kg] [ ]

50 [ / ] (1 )

T
N tumour normal

(9)

=D[Gy] Maximum Dose for Perfused Normal Liver

=A[GBq] Total Prescribed Activity

Depending on whether or not SIR-spheres have been administered,
the absorbed dose to the different partitioned volumes may be calcu-
lated from the prescribed or administrated activity. Stemming directly
from the MIRD method, the absorbed dose to the normal liver (Dnormal)
and tumour (Dtumour), takes the MIRD formula (Eq. (1)), and accounts
for the liver partitions to produce Eqs. (10) and (11) [8]. Anormal,
Atumour, and Alung represents the respectively partitioned activities
within the normal liver, tumourous liver, and lungs. The absorbed dose
to the lung is calculated in the same way as in Eq. (2) while the Alung is
calculated as in Eq. (5). To find the Anormal and Atumour, the Tc-MAA

counts within the tumour and normal liver regions of interest (ROIs) are
divided to find a counts ratio. Counts are assumed to be proportional to
activity, hence the count ratio is equivalent to the activity ratio. Not to
be confused with the T/N ratio, this activity ratio along with a calcu-
lated Alung is input into Eq. (12) to find the resulting Anormal and Atumour

activities.

= ×
+
A GBq LSF

m T N m
D [Gy] 50 [J/GBq] ( )[ ](1 )

[kg] / ( )[kg]
total

normal tumour
normal

(10)

= ×D [Gy] T/ N Dtumour normal (11)

= + +A A A Atotal normal tumour lung (12)

=A Total Administered Activitytotal

While the partition method is the most accurate among the current
clinical dosimetric methods, this method still has many limitations.
Logistics of the partition model may require a strong working re-
lationship between the nuclear medicine physician and the interven-
tional radiologist; otherwise, the nuclear medicine physician may not
be properly informed about the heterogeneities within the vasculature
and the appropriate delineations of the ROIs [45]. Furthermore, the
partition method is based on the assumption that correct ROIs were
drawn on the image. Depending on the institution, physician, tumour
characteristics, and the resolution of the image, the ROIs may vary or be
inaccurate. The ROIs considered are the partitioned volumes: tumour
within the liver, normal liver, and lung. Tumours that are well defined
and large such as hepatocellular carcinomas (HCC) are commonly
prescribed doses with the partition method because of their clear ROIs.
However, if ROIs cannot be well defined and partitioned, then the
partition method cannot be accurately used. In addition, the T/N ratio
lacks a standardized methodology, which leads to further variability in
dosimetric reports [48].

Compared to SIR-microspheres, the glass microspheres or
Theraspheres have only one dosimetric method known as the mono-
compartmental method [3,37]. When calculating the prescribed ac-
tivity (Eq. (13)), the assumption that 1 GBq of administered activity per
kg of tissue mass equates to 50 Gy is inherently factored in. In contrast
to the partition method, the mono-compartmental method only takes
into account the total perfused liver volume without partitioning the
liver into more discrete and separate units (Eqs. (9)–(12)). This sim-
plification makes the absorbed dose calculations less spatially precise
and accurate. When activity is converted to absorbed dose, LSF is taken
into account as to not over-estimate the resulting absorbed dose. In
other words, the prescribed absorbed dose solely considers the ad-
ministered activity localized within the liver as a whole.

= ×
×
m

LSF
A[GBq] D[Gy] [kg]

50[J/GBq] (1 )
liver

(13)

=D[Gy] Prescribed Dose for Perfused Liver

Described previously, the Therasphere absorbed dose is derived
from MIRD and is calculated by partitioning the liver and the lungs (Eq.
(2)–(5)). In parallel with SIR-spheres, this method takes into account
either the prescribed or administered activity and is seen here:

Table 4
Prescribed Dose Based on Tumour Load.

Resin Reduced Load for Resin based on Lung Shunt

Lung Shunt Percentage Activity of Spheres

Empiric Method > 50% Tumour Load = 3 GBq
25–50% Tumour Load = 2.5 GBq
< 25% Tumour Load = 2 GBq

< 10% Full prescribed activity
10–15% Reduce activity by 20%
15–20% Reduce activity by 40%
> 20% Do not give SIR-Spheres
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= × ×A GBq of Administered Activity LSF
m

D[Gy] 50 [J/GBq] [ ] (1 )
[kg]liver

(14)

=D[Gy] Administered Dose to Perfused Liver

It is worth noting that both SIR-spheres and Theraspheres have
clinical dosimetric methods that are derived from the same MIRD
formalisms (Eq. (1)). In this regard, radioembolization treatments with
SIR-sphere may apply the mono-compartmental method. More notably,
Therasphere treatments may apply the SIR-sphere partition method for
more accurate clinical dosimetry.

3.10. Shared limitations in the current clinical dosimetric methods

There are a few shared limitations within all the current clinical
dosimetric methods. Mainly, the microspheres are not uniformly dis-
tributed within the treated liver. As will be subsequently discussed, the
microsphere distribution is highly heterogeneous within both tumour
and non-tumourous hepatic tissue. Consequently, radioembolization
dosimetry is best modelled as heterogeneous clusters of point-sources
that emit beta irradiation [45]. With current methods, the spatial dis-
tribution of a microsphere’s absorbed dose is ignored [12]. Rather, an
absorbed dose is attributed to an entire region. For instance, the par-
tition method accounts for the T/N ratio, which calculates the ratio of
microsphere distribution between the tumourous and non-tumourous
ROIs. Assume a simple scenario where one tumour exists and the par-
titioned absorbed dose to that tumourous region is calculated to be
120 Gy. In this case, the tumour ROI is said to receive a uniform dose of
120 Gy, but due to a heterogeneous microsphere distribution that de-
pends on the micro-vasculature, the real dose distribution will be
variable throughout. Only specific portions of the ROI may actually
receive 120 Gy. Thus, a microsphere’s micro-distribution will greatly
affect where the dose is deposited.

Additionally, the long beta particle range for 90Y microspheres is
neglected within these methods. This limitation becomes the most ap-
parent with the partition method when the liver is divided among the
tumourous and non-tumourous regions and is in close proximity to each
other. Here, the 90Y beta particles are arbitrarily delimited within a
specific region (e.g. tumourous) and it is assumed that the entire dose is
deposited within. However, the beta particles emitted from 90Y may
cross into and deposit their dose in the non-tumourous region. This
phenomenon, when a non-targeted region obtains a dose of radiation
from a neighbouring targeted region is called the “crossfire” effect. The
partition method was determined as inaccurate due to the exclusion of
the crossfire effect within a MIRD-5 human phantom [49]. This in-
accuracy was illustrated more remarkably between the tumourous and
non-tumourous region when the T/N ratio and tumour involvement
was high while the LSF was less than 10%. Furthermore, the dose to the
liver may be underestimated within the lung boundaries due to the long
range of beta particles emitted from 90Y. This concept may be applied to
the rest of the current clinical dosimetry methods when 90Y micro-
spheres are located at the edge of the delimited regions of the lung or
liver. As a result, the beta particles emitted from 90Y decay may escape
and provide a lower absorbed dose than prescribed in the specific ROI.

3.11. Liver microcirculation & distribution

Although the knowledge of the macroscopic hepatic vasculature is
enough for radioembolization treatment, dosimetry depends on the
microspheres’ physical distribution within the hepatic microcirculation.
Starting from the left or right hepatic arteries, hepatic microcirculation
starts when these arteries divide into smaller arterioles (diameter
50–100 µm), terminal arterioles (diameters 15–50 µm), and reach the
true capillary network (diameters 5–10 µm) otherwise called the sinu-
soids within the liver [17,50]. With diameters of SIR-spheres or

Theraspheres spanning only 20–30 or 20–60 µm, respectively, the mi-
crospheres should localize uniformly within the terminal arterioles of
both the normal and tumour tissue. As was described earlier, many dose
calculation formalisms base their methods after a uniform microsphere
distribution within the liver. But in fact, multiple studies illustrate
heterogeneous microsphere deposition. Fox et al. (1991) first described
the inhomogeneity with SIR-spheres by taking two tissue samples of
approximately 1 cm3 from a representative area of normal liver tissue
that had been treated [51]. The authors showed that compared to the
assumed uniform distribution, 86.2% of the normal tissue received less
than the expected dose from a uniform distribution and up to 33.7% of
the same tissue received less than one-third of this lower than expected
dose. In another study, by sectioning a 10 mm piece of a resected lobe
that was treated with 6x107 spheres (3.2 GBq), Campbell et al. (2000)
similarly showed that normal tissue had a non-uniform distribution of
microspheres [52]. Hence, the absorbed dose in normal tissues was
heterogeneous rather than homogenous. Within tumour tissue, the
same authors illustrated that the microspheres deposited predominantly
on the periphery of the tumour and clustered together. The micro-
spheres were likely (90%) to cluster in groups of up to 65 microspheres
with cluster sizes varying from 20 to 1500 µm in diameter. Based on
Campbell’s data and a basic dosimetric model, it was found that an
average of > 200 Gy was deposited within 6 mm of the tumour and
2 mm into the normal tissue when measured from the tumour-normal
tissue boundary [53]. Clustering of the microspheres caused an ab-
sorbed dose above average within the clusters while the absorbed dose
decreased with distance from the cluster. With most of the 90Y micro-
sphere absorbed dose deposited near its source, it was shown that less
than 1% of normal tissue received greater than 30 Gy. For large tu-
mours, only the periphery would obtain a large absorbed dose.

Although these previous studies discussed SIR-spheres, it was de-
monstrated through four whole explanted livers that both SIR- and
Theraspheres dispersed similarly within the edge of the tumour nodules
[2]. With the exception of one patient, microspheres were deposited
preferentially with a ratio from 2:1 to 16:1 within the tumour periphery
compared to the non-neoplastic tissue. Additionally, the authors found
most of the microspheres in groups of 1 to 4, where nearly all micro-
spheres were found lodged in the periphery of the triad units within the
small and terminal arterioles (12–30 µm). Dosimetrically, the cluster
had an absorbed dose cloud of 300 Gy and rapidly fell in absorbed dose
to 100 Gy within 4 mm.

More recently, a statistical study showed that within one patient’s
normal liver parenchyma the coefficient of variation (CV) of the activity
concentration distribution in biopsies decreased with an increasing
biopsy volume size, illustrating that the heterogeneity of microsphere
deposition wasn’t limited microscopically, but also relevant macro-
scopically to the whole liver [54]. Through the same patient’s dis-
tribution analysis of 250 sections, the same authors elaborated on the
cause of whole liver non-uniformity [55]. The authors found a linear
increase in mean number of spheres per section with cluster size.
Clusters of microspheres were aggregated within small arteries where
small arteries were upstream of normal and terminal arterioles. As
microspheres clustered within small arteries, systematic structural non-
uniformity developed due to these clusters inhibiting the flow of mi-
crospheres into the smaller arterioles. Accordingly, the authors con-
cluded that a larger number of spheres injected would result in larger
dose inhomogeneity.

With these studies, modified recommendations may arise in regards
to the current methodologies of clinical practice. Repeated radio-
embolization treatments could become standard procedure to fully treat
larger tumours. Higher threshold for administered dose based on cur-
rent clinical dosimetric methods could be set. This higher threshold
administration may promote a more effective treatment due to a higher
absorbed dose while minimally irradiating the normal hepatic par-
enchyma, which receives a fraction of the dose due to non-homogenous
microsphere distributions [5,51,52,55–57]. Dosimetry implications
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arise as well. Radiobiological and dosimetrical effects would need to
consider the effects of microsphere heterogeneous deposition. Dosi-
metry would further be affected by the microanatomy of a patient’s
liver, crossfire effects at the cellular level, microsphere bifurcation ef-
fects within hepatic arteries, and the differences in therapeutic effect
when different microsphere numbers and sizes are injected within a
patient. These issues are explored elsewhere [58–61].

3.12. Post-treatment imaging and its applications

Radioembolization post-imaging provides a means to document the
true microsphere distribution, estimate activity in the tissue, validate pre-
dictive doses of microsphere radiation, and visualize their final bio-dis-
tribution. With the advent of quantitative SPECT (QSPECT) and PET scans,
90Y has had two principle modalities of acquiring quantitative images. It is
more common for patients to be imaged by SPECT than PET; however,
SPECT has more limitations. 90Y is a pure beta-emitter that produces
mostly bremsstrahlung photons with an energy spectrum up to the max-
imum energy of the beta particles, i.e. 2.27 MeV. The energy spectrum of
photons emerging from the patient and measured by a photon detector has
no photopeak, hence, it is difficult to select a proper energy window.
Photons will also attenuate while interacting with the patient’s tissue and
may undergo the photoelectric effect, coherent scattering, and Compton
scattering that cause photons to lose their original direction. In addition,
the detectors used in SPECT are designed to detect photons emitted by the
conventional diagnostic radionuclides, which have lower energies. The
photons belonging to the highest energy region of the 90Y bremsstrahlung
photons may pass through the collimator septa or scatter in, lowering the
image quality [62]. In fact, all raw SPECT images intrinsically contain such
limitations; however, corrections can be applied during the reconstruction
process. Depending on a reconstruction algorithm’s corrections, SPECT
images may be considered quantitative to a varying degree [63]. Presently,
a number of specific modeling techniques and corrections have been de-
veloped to improve the image quality of SPECT and produce good image
quantification. Without these corrections, for instance for scattered pho-
tons, the resulting image would lose image contrast and present poor
quantification [63]. Co-registered CT data with SPECT allows some at-
tenuation and scatter corrections. A proper energy window optimizes the
signal to noise ratio (SNR) for photons [64,65]. More advanced algorithms
can help with the image formation process that improves on attenuation,
scatter and the use of a proper collimator may help with reduced photon
penetration [63,66–69]. Unfortunately, QSPECT algorithms are neither
readily available nor normally implemented clinically. Fig. 3 demonstrates
an example of a post-treatment SPECT/CT image set. Hereafter, all refer-
ences to SPECT/CT within this manuscript may be assumed to be quanti-
tative (QSPECT/CT) in nature.

In contrast, PET has always been known as a quantitative imaging
modality that provides higher quantification due to its superior spatial
resolution and sensitivity. The decay of 90Y has a minor branch to the
0+ excited state, creating a positron and electron pair every 32 in one
million decays. The annihilation of this positron is used in PET imaging
for radioembolization quantification [70]. It has been shown that time-
of-flight (TOF) PET and standard PET scans can both illustrate the lo-
calization and bio-distribution of 90Y. TOF PET provides further ad-
vantages over standard PET by providing a gain in image SNR, im-
proved lesion detectability, and uptake measurements [66,71]. PET
with a co-registered CT (PET/CT) additionally provides attenuation
corrections [66]. Furthermore, image reconstruction algorithms and
optimized PET/CT settings have allowed for accurate 90Y-based radio-
embolization quantifications. A multi-center study has provided a
comparison between the different vendor PET/CT detectors and their
quantitative results of 90Y imaging [72].

With two imaging modalities for 90Y-based radioembolization, the
quantitative comparisons between SPECT/CT and PET/CT have been in-
vestigated with 90Y microspheres. Yue et al. (2016) compared the activity
differences between SPECT with a multiple energy range (MER)

reconstruction technique and non-TOF PET without random correction
based on prompt coincidences [73]. The MER reconstruction technique
included Monte Carlo (MC) simulations that accounted for geometric
sensitivities, collimator-detector responses, and scatter kernels. The authors
reported great agreement between the two imaging modalities with overall
liver activities within 11% for 12 of 15 patients. At a voxel level, excellent
quantitative agreement between PET and SPECT images were illustrated.
However, the reconstructed voxels between SPECT and PET with low or no
activities had a significant difference. More specifically, it was observed
that PET overestimated the 90Y in low or no activity regions. Nevertheless,
the authors concluded that SPECT and non-TOF PET images were in good
agreement because most general deviations could be attributed to image
noise. Elschot et al. (2013) compared the latest TOF PET/CT with SPECT/
CT images and showed that with equal noise TOF PET/CT had a higher
contrast recovery coefficient than SPECT/CT [74]. The authors showed
consistent data demonstrating that SPECT/CT and PET/CT were both able
to visualize extra- and intra-hepatic microsphere depositions [74]. They
went further to state that PET scans were able to uniquely detect smaller
accumulations of activity than SPECT. Similarly, another TOF PET and
SPECT comparison was performed. Here, the authors illustrated TOF PET’s
superiority and concluded that PET/CT outperformed SPECT/CT in re-
solution, detection in non-target activity, and provided better information
of 90Y activity within regions of targeted tumour vascular thrombosis [75].
However, this imaging modality study was more qualitative than quanti-
tative in nature.

Depending on the reconstruction algorithms, SPECT and PET scans
may produce similar or differing reconstructed images. For example,
Elschot et al. (2013) had all the PET algorithms corrected for scatter,
attenuation, random coincidences, point spread function (PSF), and had
TOF information while the SPECT reconstruction algorithms only cor-
rected for attenuation and PSF (collimator-detection) [74]. Likewise,
Kao et al. (2013) compared TOF PET/CT, which had a 3D-iterative
ordered subset expectation maximum (OSEM) algorithm correcting for
attenuation, scatter, random coincidence, dead time, and normal-
ization, with SPECT/CT reconstructed with a 3D-OSEM algorithm that
corrected for attenuation [75]. Therefore, these studies may have
biased TOF PET performance based on image reconstruction algorithms
alone. In contrast, Yue et al. (2016) corrected for photon scatter, at-
tenuation, and collimator detection in both imaging modalities and
were able to show a more comparable analysis to non-TOF PET and

Fig. 3. This figure represents a post-treatment SPECT/CT image for a radio-
embolization patient. Part A illustrates a standard reconstructed CT image while
Part B illustrates a reconstructed SPECT intensity image. A fused image can be seen
in Part C where the activity distribution of SPECT is anatomically localized in the
liver CT. Part D is the same Part A image shown in a coronal slice. Furthermore,
Part E is same fused image of Part C shown in the coronal slice.
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SPECT scans [73]. Nevertheless, TOF PET scans seems to predominate
in quantitative analysis by providing a more precise and accurate de-
tection through a higher SNR and providing an intrinsic correction
factor for count attenuation and intensity [63,74,75].

3.13. Image based dosimetry and its limitations

Image based dosimetry uses SPECT/CT and PET/CT images to cal-
culate a more accurate dose based on pre-treatment or post-treatment
images. A review has summarized (3D) image based dosimetry into the
general methodologies that constitutes local deposition methods, dose-
kernel convolutions, and MC simulations [76]. Dezarn et al. (2011)
further recommend how to proceed on calculating doses at the voxel-
level [8]. While consistently investigated, image based dosimetry re-
commendations have yet to solidify a standardized consensus on the
methodology of calculating image-based doses.

Compared to the current clinical dosimetric methods (See 3.9 Current
Clinical Dosimetric Methods), image based dosimetry relies more directly
on SPECT/CT or PET/CT images obtained from the pre-treatment or post-
treatment imaging steps. Independent of tumour burden, tumour segmen-
tation, or tumour uptake fractions, image based dosimetry estimations rely
mainly on image quality such as image resolution and reconstruction
parameters [77]. Moreover, image based dosimetry makes fewer assump-
tions than the current clinical dosimetric methods. In the case of direct-
transport MC simulations, factors such as tissue heterogeneity, crossfire
effects, and non-uniform distributions can all be accounted for. Depending
on the implementation, individual particles are simulated based on verified
cross-sectional probabilities. Any significant particle interaction is then
explored within a user-defined world and permits accurate dose calcula-
tions to the size of any given image voxel. To note, tumour and organ
contouring are still necessary, but are not a requisite for voxelized dose
calculations. For instance, the voxel doses based on post-treatment PET/CT
voxel-based dosimetry would stay constant while the reported absorbed
doses within a ROI contour may change depending on the physician’s
contour drawing methodology, subsequently, making image-based dosi-
metry a great utility for retrospective analysis.

Nevertheless, image-based methods should not be construed as without
dosimetric limitations. Currently, the spatial resolution of our imaging
systems cannot resolve the microsphere microscopic spatial distribution.
For radioembolization, a microsphere may range from 20 to 60 µm in
diameter. A CT voxel may be sub-millimeter in the x and y dimensions, but
PET and to a larger regard SPECT voxels both fall closer to the multi-
millimeter than sub-millimeter range. Resolution of a SPECT or PET voxel,
which contains the microsphere’s spatial locations, is poor when compared
to a single microsphere’s diameter. This will spatially limit accurate ab-
sorbed dose calculation methods such as the MC method. The problem is
due to the fact that objects approximately three times less than the imaging
modality’s full width half max (FWHM) lead to loss of information and an
underestimation of count data [63]. Poor resolution may also affect image
based dosimetry methods differently. Indeed, high correlations were illu-
strated when absorbed dose in tumours and normal liver was compared
between the partition method and dose-kernel convolution method [78].
Poor resolution may have clustered the microsphere’s activities and re-
sulted in seemingly uniform absorbed dose similar to those of the partition
method. However, a MC comparison study showed much lower correlation
within tumour voxels, while significant differences were observed between
absorbed dose claculated with MC and current clinical dosimetric methods
[48]. This result may indicate that poor imaging resolution has less of an
effect on MC dosimetry due to more accurate simulatation of radiation
interaction with matter. It could be argued that heterogeneous tissues may
have played a role in the MC simulations; however, dose-kernel convolu-
tions were based off S values that accounted for soft tissues similar to that
of the MC simulations, which makes tissue heterogeneity a less likely do-
simetric factor [48,79]. Most importantly, image-based dosimetry relies on
the data of a reconstructed image, which is reliant on the accuracy of the
image reconstruction method used. An entire field in itself, it is essential to

briefly note that the accuracy and precision of an image reconstruction
method becomes the core limitations to all image-based dosimetric ana-
lyses. In other words, the myriad of physics and hardware limitations that
are relevant to a reconstruction process are relevant to the image-based
dosimetry process as well: energy window choice, collimator choice, de-
tector specifications, and reconstruction algorithms. A dosimetric method is
only as accurate as the factors that helped reconstruct the image. Despite
these limitations, however, image based dosimetry is already an improve-
ment to the current quality of dosimetry methods. An emerging dosimetric
methodology, image based dosimetry will likely improve over time.

3.14. Tc-MAA dosimetry

Tc-MAA injection, imaging, and results have an important diagnostic
role within the radioembolization treatment. The recommendation of using
Tc-MAA SPECT/CT imaging for patient based dosimetry has paved the way
for investigating more accurate predictive dosimetry and the evaluation of
dose to tumour responses [25,80]. Still, the efficacy of predictive dosimetry
of Tc-MAA and its dose to tumour responses are debated. To start, Tc-MAA
compared to 90Y microspheres are inherently different in size, radioactivity,
number, and density [19]. Based on what is called the skimming effect and
axial accumulation, large Tc-MAA particles could preferentially deposit in
vessels of high flow while smaller particles are diverted to vessels with
lower flow [19]. In other words, the larger variability in Tc-MAA’s size
would result in a higher heterogeneity of Tc-MAA distribution compared to
those of the 90Y microspheres. In addition, Wondergem et al. (2013)
showed that Tc-MAA poorly predicts intrahepatic distribution of 90Y SIR-
spheres by studying 225 volumes of interest (VOIs) delineated from Tc-
MAA SPECT/CT and 90Y PET/CT images of 31 patients [36]. Comparing
SPECT/CT to PET/CT images, a difference of > 10%, 20%, and 30% were
seen for 68%, 43%, and 32% of the 225 VOIs segments within a 95%
confidence interval, respectively. The authors also found that compared to
an optional catheter tip position, a suboptimal tip position could attribute
to a higher percentage of differences between the Tc-MAA SPECT/CT
images and the 90Y PET/CT images. Interestingly, Kao (2013) in a letter to
the editor explained that the 95% agreement was too stringent a threshold
for clinical implications [81]. Kao suggested that one standard deviation or
a 68% agreement would suffice. In their reply to Kao, Lam et al. (2013)
agreed albeit with qualifications [82]. First, they agreed that Tc-MAA
should still be clinically utilized as long as Tc-MAA and 90Y distribution
differences would improve over time, but qualified that the Tc-MAA pre-
dictive distribution should be used cautiously until then. In another study,
Ulrich et al. (2013) evaluated treatment response and lesion size from Tc-
MAA uptake and catheter placement in 435 colorectal metastasized tu-
mours from 66 patients [83]. Tc-MAA uptake, catheter placement, nor their
interaction effects were deemed significant to treatment response based on
response evaluation criteria in solid tumours (RECIST) criteria. RECIST
provides a standardized set of response on tumour shrinkage based on MRI
or CT images. The criterion divides tumour shrinkage into four sections:
complete and partial shrinkage, stable disease, or progressive disease [84].
However, the results from Ulrich et al. (2013) were critiqued for their poor
methodology where subjective image-based Tc-MAA uptake was used to
quantify dosage without any dosimetry calculations [83,85,86].

Other studies have contradicted the poor predictive results of Tc-MAA.
In one study, Tc-MAA predictive dosimetry was demonstrated to strongly
correlate with patient responses [87]. Here, a more optimistic progression-
free survival (PFS) and overall survival (OS) within the European asso-
ciation for study of the liver (EASL) criteria was correlated for absorbed
doses to tumours > 205 Gy while absorbed doses less than 205 Gy was
correlated to a worse prognosis. In fact, the authors increased the pre-
scribed activity among four patients to obtain an absorbed dose above
205 Gy that resulted in three patients responding to treatment. To note, the
EASL criteria provides clinical practice guidelines and standards to diag-
nose, treat, and prevent liver diseases such as for HCC tumours. A more
recent study had a uniform and repeatable radioembolization treatment
[88]. Using the same staff, which led to homogeneity of patient
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preparation, activity administration, imaging procedure, and data analysis,
the authors compared both SIR-spheres and Theraspheres to Tc-MAA pre-
dictive dosimetry and illustrated that Tc-MAA and SIR-sphere dosimetry
agreed overall. When comparing tumour mean doses between pre-treat-
ment and post-treatment results Tc-MAA doses were more comparable to
SIR-spheres (lin concordance, r = 0.69), than to Theraspheres (r = 0.44).
Exploring the Tc-MAA predictive compatibilities with SIR-spheres, authors
found that tumours > 150 ml were more comparable (r = 0.93 for
Dmean). Within non-tumour liver tissue, both SIR-spheres (r = 0.93) and
TheraSpheres (r = 0.99) had much better mean dose correlations to Tc-
MAA. Thus, non-tumour liver tissue had a lower variability between pre-
dictive and post-treatment dosimetry leading to the conclusion that over-
dosing to normal liver parenchyma can be avoided with pre-treatment Tc-
MAA injections. Similarly, Song et al. (2015) illustrated an overall and
significant correlation between Tc-MAA SPECT/CT pre-treatment and 90Y
PET/CT treatment dosimetry [89]. However, the individual differences
between LSF, absorbed dose to the tumour, and absorbed dose to the lungs
were also deemed significant. Tc-MAA pre-treatment dosimetry led to an
over-estimated LSF and an underestimated absorbed dose to the tumour
and non-tumour liver tissues. Additionally, significant correlation was seen
between post-treatment PET/CT dosimetry and PFS when the tumour ab-
sorbed over 200 Gy. However, for these patients the statistical analysis of
the pre-treatment Tc-MAA was unavailable to make a dose to tumour
comparison. Nevertheless, the authors deemed Tc-MAA a useful clinical
tool for conservative dosimetric estimates for radioembolization.

3.15. Post-treatment image based dosimetry

After 90Y treatment, post-treatment image based dosimetry may be
used to retrospectively quantify the absorbed dose of an administered
treatment. Studies focusing on post-treatment image based dosimetry are
listed in Table 5. Using PET/CT, D’Arienzo et al. (2012) conducted a voxel-

based dosimetry study based on convolved S values, MC simulations, and a
MATLAB software [90]. After verifying the software with phantom mea-
surements, a subsequent and retrospective study was performed on one
patient with metastatic colorectal cancer treated with 90Y-based radio-
embolization [91]. The authors divided the tumour ROIs into two tu-
mourous regions, tumours with a necrotic core and those without. Calcu-
lating the dose volume histograms in both regions, the authors found that
necrotic core tumours received an average dose of 71.6 Gy that was cor-
related with progressive disease. Within the other treated tumourous area,
a complete response was documented with an average of 286.9 Gy esti-
mated over the whole region. Within 23 patients, Kao et al. (2013) utilized
a simplified dosimetric approach by calculating voxel mean and self-de-
fined radioconcentrations rather than implementing an image-based
methodology on post-treatment radioembolization PET/CT images [92].
Only 8 patients were further studied due to strict tumour criteria and of
those chosen, their tumour responses were reported using the mRECIST
criteria. These patients had varying tumours that included HCC, cho-
langiocarcinoma, and adrenal metastatic gastrointestinal stromal tumours.
To clarify, the mRECIST criterion is a modified RECIST criterion that is
specific to HCC tumours and only takes into account the viable portions of
lesions to assess treatment efficacies [84]. Defining D70 as the minimum
dose received by 70% of the tumour and V100 defined as the percent of the
target volume receiving 100% of the prescribed dose, the authors found
that tumours receiving D70 over 100 Gy had a complete response while
tumour receiving D70 under 100 Gy had an incomplete response. In another
study, a modified local deposition model was applied to a cohort of 56 HCC
patients representing 98 tumours [93]. A delivered dose ranging between 0
and 570 Gy with a mean absorbed dose of 169 Gy was observed. The au-
thors came to the conclusion that the prescribed dose should be > 100 Gy
and observed that the majority of tumours receiving such an absorbed dose
were less than 100 ml in volume. The authors then assessed 48 acceptable
tumours and compared them through the mRECIST criteria. There was no

Table 5
90Y Post-treatment Image Based Dosimetry Studies.

Study Imaging
Modalities

Dosimetry Calculation Method Tumour Response Criteria/
Microsphere Type(s)

Tumour Response by Dose (Gy)

[94] SPECT/CT MC voxel dose-kernel based on water RECIST and EASL
SIR-spheres

73 Patients
EASL

• Davg 120 Gy, Dmed 111 for CR
RECIST

• Davg 122 Gy, Dmed 99 for CR
[90,91]* PET/CT MCNPX based voxel dose-kernel

convolution method with S values
18-FDG PET/CT and CT follow up at
6 months
SIR-spheres

One Patient

• Tumour Progression at avg. 71.6 Gy

• Complete Remission at avg. 286.9 Gy
[92] TOF PET/CT Voxel mean radioconcentrations mRECIST

SIR-spheres
23 Patients

• D70 > 100 complete response

• D70 less than 100 Partial response or no response

• Smaller tumour reached D70 > 100 easier
[93] PET/CT MIM software and modified local

deposition model
mRECISTTherasphere 98 Tumours, 56 Patients

• Not significant data

• Theorize > 150 Gy for SD and > 200 for a response
[95] PET/CT Dose-Volume Kernel Method mRECIST

Therasphere
27 Patients and 38 Tumours**

• D70 Responders = 140 Gy (28–450 Gy) vs. D70

Non-Responders = 24 Gy (10–133 Gy)

• Responders Median = 225 Gy (51–631) vs. Non-Responders
Median = 82.7 (48–199)

[96] SPECT/CT 90Y SurePlan; local-deposition method mRECIST
(^RECIST WHO)
Therasphere

34 Patients with 53 tumours (max 3 per patient)

• ^WHO and RECIST showed no significance for voxel-dose and
BED values***

• Dmean for mRECIST criteria was 263 Gy for responders and
147 Gy for non-responders

• mRECIST Criteria at D50% showed a mean of 160 Gy and 95%
CI between 123 and 196 Gy.

• No significant correlation between Dmean or V30Gy (Volume
that receives at least 30 Gy) with toxicities

* Focuses on the dosimetry of the 2013 study, but methodology is located within the 2012 study.
** Values are of Tumour dose.
*** Bed Values are not reported because they were not explained within the review.
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statistical significance between absorbed dose and tumour response and
therefore only a suggestive trend of tumour response to high-absorbed dose
could be concluded. However, the authors noted that the absorbed doses in
normal liver gave a significant correlation between the absorbed dose and
two or more severe liver complications. The authors concluded that with
every 10 Gy increase in the normal liver parenchyma, an estimated 61%
increase in the odds of liver complications would ensue. Strigari et al.
(2010) further calculated the absorbed dose through SPET/CT with dose-
kernel calculations based on MC simulations in water [94]. Reporting a
mean dose of 110 Gy to the target volume for 73 patients with HCC, the
authors illustrated a complete or partial response for 74% of the tumours
using the EASL criteria and a complete or partial response for 55% of the
tumours using the RECIST criteria. With normal liver tissue, a median of
36 Gy was seen to cause grade 2 to 4 toxicities in a portion of the treated
patients. Other authors have analyzed 27 patients and performed a per
lesion analysis on 38 HCC tumours [95]. Characterizing patient responses
based on the mRECIST criteria, two patient groups were analyzed including
a responder (Complete and Partial Response) and non-responder group
(Stable Disease and Progressive Disease). The authors demonstrated that
the non-responders had an absorbed dose median of 83 Gy while the re-
sponders had an absorbed dose median of 225 Gy and further reported that
an absorbed tumour dose threshold of 200 Gy could predict a HCC response
with 66% sensitivity. In another dosimetric study, the 90Y SurePlan com-
mercial software by MIM [96] was used to perform post-treatment dosi-
metry on 34 patients with HCC. A total of 53 tumours were analysed with
no more greater than three tumours taken from each patient. Utilizing the
mRECIST criteria in this study, the logistical regression analysis demon-
strated that the D50% (Dx as defined by the authors is the absorbed dose that
would demonstrate a x% probability in a tumour-response) was 160 Gy.
The authors additionally remarked that the Dmean, and D20 to D80 values
were able to predict an mRECIST response with significant correlation. For
the normal liver, the authors found no significant correlations between the
normal liver Dmean to the toxicities associated with bilirubin, albumin or
ascites.

4. Conclusion

Radioembolization is a multi-faceted and multi-disciplinary treatment.
With many clinical steps, the treatment process itself is highly personalized
and theoretically compelling. However, the full effectiveness of the clinical
plan has not yet been realized. One of the main drawbacks with this
treatment is the basic and simplified dosimetry that is clinically practiced.
The literature is further riddled with varying methods for dosimetric ad-
vances. Due to a myriad of inhomogeneous methodologies and dosimetric
methods, patient responses based on quantified doses becomes challenging
to interpret and compare. Therefore, proper standardized dosimetry be-
comes a necessary first step towards a sense of congruence and compar-
ability. Primarily palliative, more first-line treatments must be conducted to
truly test its effectiveness. Artery specific, thus tumour specific, effectiveness
of a personalized treatment cannot be evaluated if the therapeutic goal is
diffuse tumour ablations rather than tumour-targeted and curative plans.
Fortunately, the continuing advancements of imaging modalities and the
increasing power of computer technology permits faster and more accurate
absorbed dose calculations. Higher resolution images and image based do-
simetry methods (e.g. MC method) that take into account the patient's
anatomy, tissue heterogeneities, proper detector calibrations, and accurate
reconstruction techniques will eventually provide a complete and accurate
dosimetry toolkit.
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Appendix A

Table 1
Recommended Radioembolization Studies.

Study* Nature of Topic Highlighted Content

[15] Technical: Not Necessarily Review, but a Comprehensive Study Covers Entire Procedure in Technical Detail

• Has insight at every section
[13] Recommendations by REBOC Covers Entire Procedure

• Read recommendations in Table 1
[8] Recommendations and Overview of RE Covers Entire Procedure in Technical Detail

• Dosimetry Equations

• 90Y Calibration

• Radiation Safety for patients, staff, and rooms
[5] EANM Guidelines for 90Yttrium Treatment Covers Entire Treatment Procedure

• Patient Indications

• Administration

• Dosimetry Equations

• Comparisons between SIR- and Thera-Spheres
[6] Review of Radiobiological and Dosimetric Methods Covers Most Treatment Aspects of Radioembolization

• Overall Microscopic Distribution

• Radiobiological Modeling (EBRT vs. RE)

• Radioembolization Side Effects (RILD vs. REILD, Thera vs. SIR-spheres, lungs)

• Dose-response reports organized between Thera or SIR microsphere treatments
[12] Recommendations on Safety and Activity Thresholds Covers Entire Procedure

• Treatment Planning Guide

• Patient Activity Thresholds

(continued on next page)
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Study* Nature of Topic Highlighted Content

[76] Review of 3D Dosimetric Methods and Limitations for RE Review Paper focusing on Dosimetry related Technicalities
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• Image Based Dosimetry Methods (Monte Carlo, Dose Kernel Convolution, and Local Deposition)

• Emerging Directions (PET scans, PET isotopes, other treatment isotopes)
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• Tumour Response based primarily on clinical studies

* These papers include reviews, personal detailed accounts of the therapy, and recommendations for future radioembolization treatments.
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