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Chapter 1

Although there are many treatment options for colorectal cancer patients with 
liver metastases, colorectal cancer still remains the second most common type 
of cancer death worldwide (1).

There is a wide variety in colorectal cancer incidence rates: the disease can be 
considered a marker of socioeconomic development and is more prevalent 
in countries with a high human development index. In developing countries, 
such as Russia and China, there is an increase in both incidence and mortality. 
In long-term developed countries, such as the United Kingdom and Denmark, 
there is an increase in incidence but a decrease in mortality. In other countries, 
such as France and the United States, a decrease in both incidence and 
mortality is seen. The rises in incidence can be explained by a change in dietary 
patterns (processed meat and alcohol drinks) and lifestyle factors (a sedentary 
lifestyle), as well as a consequence of screening programs that lead to early 
detection. The decreases in mortality are due to improved treatment strategies 
in developed countries (1).

The incidence rate increases with age, with the median age worldwide being 
66 years. Although the incidence and mortality rates decline for almost all age 
groups, in high-income countries, they are increasing for individuals younger 
than 50 years. This is likely due to the change in diet and lifestyle over the past 
decades, which is first reflected in incidence rates in young age groups. In this 
patient group, most patients present with advanced-stage disease. For patients 
with distant-stage disease, the five-year survival rate is only 14% (2). The first 
site of metastasis is the liver and up to 30% of patients with colorectal cancer 
develops hepatic metastases (3). For these patients, improved treatment 
strategies are needed.

One of these improved treatment strategies is radioembolization. 
Radioembolization is a treatment option for patients with primary or secondary 
liver tumors. The treatment principle consists of the delivery of millions of 
tiny radioactive microspheres that are injected into the hepatic vasculature 
via a microcatheter. As hepatic malignancies are fed mainly by arterial blood, 
the microspheres lodge in small tumor arterioles and selectively irradiate the 
tumors, while relatively sparing the healthy liver tissue. Treatment is always 
preceded by a preparatory angiography to map the vascular anatomy and to 
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assess the distribution of the treatment particles by means of the injection of 
a scout dose. Yttrium-90 (90Y)-based microspheres are the most widely used 
particles in radioembolization, but in the UMC Utrecht, holmium-166 ( 166Ho)-
based microspheres were developed as an alternative. A detailed overview of 
radioembolization is provided in the next chapter of this thesis (Chapter 2).

Although radioembolization is a promising treatment strategy for colorectal 
cancer patients with liver metastases and does lead to improved survival 
rates (4), many patients still experience early progressive disease (5, 6). With a 
personalized treatment strategy, patient outcomes could be improved (7). The 
aim of this thesis was to investigate different aspects of 166Ho-radioembolization 
that can be used to develop a tailored treatment approach for individual 
patients.

An individualized treatment approach is based on two major principles: 
selection and planning. Selection comes down to using patient characteristics 
determining who is a good candidate for treatment with radioembolization. 
An example of patient characteristics that may be used for selection is the 
location of the primary tumor: patients with a right-sided primary tumor 
generally have a much worse prognosis than patients with a left-sided primary 
tumor, and poorly respond to treatment with cetuximab (8). Similar patient 
characteristics are important for radioembolization as well. In patients with 
unfavorable prognostic characteristics , treatment with radioembolization 
may do more harm than good. As trivial as this may seem, these prognostic 
characteristics are not always accounted for in routine clinical practice. For 
example, the distribution of the scout dose can be used for patient selection: in 
case of an unfavorable activity distribution with a high parenchymal-absorbed 
dose and a low tumor-absorbed dose, it may be better to withhold patients 
from radioembolization.

Besides selection, the distribution of the scout dose can also be used in a very 
important aspect of treatment planning. After the right patients are selected, 
treatment may be optimized for each individual patient, based on scout dose 
distribution as a simulation of the treatment itself. The most important factor 
in treatment planning is personalized activity calculation: this should be 
done based on known thresholds for safety and efficacy (i.e. the maximum 

1
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tolerable dose on the parenchyma and the minimum tumor-absorbed dose 
required for response). This is of vital importance to obtain the best possible 
response for each patient while maintaining safety. The first aspect of 166Ho-
radioembolization that can be used to develop a tailored treatment approach 
that was investigated in this thesis was the quality of life after radioembolization 
(Chapter 3). Quality of life is especially important in patients of advanced age, 
with a shortened life expectancy. Therefore, the impact of treatment strategies 
on quality of life should be known before making a treatment decision.

The second aspect comprised of the logistics of radioembolization: should 
the preparatory angiography and the treatment procedure be performed on 
a single day, which could be beneficial for patients with highly progressive 
disease, or is it better to separate the preparatory angiography from the 
treatment procedure (Chapter 4)?

Also, the outcome after radioembolization was assessed. If the type of 
progression is known, which can be either based on growth of existing intra- 
or extrahepatic lesions, or on new intra- or extrahepatic lesions, this could 
possibly be linked to prognostic characteristics and be used for patient 
selection (Chapter 5).

A key assumption for treatment planning is the existence of a dose-response 
relationship. This was investigated first in a mixed-tumor type cohort (Chapter 
6) and secondly in colorectal cancer patients only (Chapter 7). In this last group, 
the dose-toxicity relationship was also investigated. The results of these studies, 
specifically the obtained dose thresholds, will be used for future patients.

Finally, the impact of catheter-related techniques on treatment outcomes 
were assessed. First, the efficacy of coil-embolization to obtain intrahepatic 
redistribution was analyzed (Chapter 8). Secondly, the impact of an anti-reflux 
catheter on treatment outcomes was assessed in a prospective trial (Chapter 
9). The hypothesis of the use of an anti-reflux catheter was that this may lead to 
a higher tumor- to non-tumor activity concentration ratio: (partial) obstruction 
of the vascular lumen induces a decreased downstream pressure, possibly 
leading to a better tumor targeting (9-14).
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Altogether, these aspects could be used for a personalized treatment approach 
in radioembolization. In this respect, it is important to make a distinction 
between patient selection (selecting the right candidates for this type of 
treatment) and treatment planning (optimizing treatment outcomes for each 
individual patient).

1

Caren_Proefschrift.indd   11Caren_Proefschrift.indd   11 19/10/2020   10:27:2619/10/2020   10:27:26



12

Chapter 1

REFERENCES

1. Bray F, Ferlay J, Soerjomataram I, Siegel 
RL, Torre LA, Jemal A. Global cancer 
statistics 2018: GLOBOCAN estimates of 
incidence and mortality worldwide for 
36 cancers in 185 countries. CA Cancer 
J Clin. 2018;68(6):394-424.

2. Siegel RL, Miller KD, Goding Sauer A, 
Fedewa SA, Butterly LF, Anderson JC, et 
al. Colorectal cancer statistics, 2020. CA 
Cancer J Clin. 2020.

3. Engstrand J, Nilsson H, Stromberg C, 
Jonas E, Freedman J. Colorectal cancer 
liver metastases - a population-based 
study on incidence, management and 
survival. BMC Cancer. 2018;18(1):78.

4. Kennedy A, Cohn M, Coldwell DM, Drooz 
A, Ehrenwald E, Kaiser A, et al. Updated 
survival outcomes and analysis of long-
term survivors from the MORE study on 
safety and efficacy of radioembolization 
in patients with unresectable colorectal 
cancer liver metastases. J Gastrointest 
Oncol. 2017;8(4):614-24.

5. Martin LK, Cucci A, Wei L, Rose J, 
Blazer M, Schmidt C, et al. Yttrium-90 
radioembolization as salvage therapy for 
colorectal cancer with liver metastases. 
Clin Colorectal Cancer. 2012;11(3):195-9.

6. Bester L, Meteling B, Pocock N, 
Pavlakis N, Chua TC, Saxena A, et al. 
Radioembolization versus standard 
care of hepatic metastases: comparative 
retrospective cohort study of survival 
outcomes and adverse events in 
salvage patients. J Vasc Interv Radiol. 
2012;23(1):96-105.

7. Salem R, Padia SA, Lam M, Bell J, Chiesa 
C, Fowers K, et al. Clinical and dosimetric 
considerations for Y90: recommendations 
from an international multidisciplinary 
working group. Eur J Nucl Med Mol 
Imaging. 2019;46(8):1695-704.

8. Wang Z, Wang X, Zhang Z, Wang X, Chen 
M, Lu L, et al. Association between 
Primary Tumor Location and Prognostic 
Survival in Synchronous Colorectal Liver 
Metastases after Surgical Treatment: A 
Retrospective Analysis of SEER Data. J 
Cancer. 2019;10(7):1593-600.

9. van den Hoven AF, Lam MG, Jernigan 
S, van den Bosch MA, Buckner GD. 
Innovation in catheter design for intra-
arterial liver cancer treatments results in 
favorable particle-fluid dynamics. J Exp 
Clin Cancer Res. 2015;34:74.

10. van den Hoven AF, Prince JF, Samim M, 
Arepally A, Zonnenberg BA, Lam MG, 
et al. Posttreatment PET-CT-confirmed 
in t rahepat ic radioembol izat ion 
performed without coil embolization, 
by using the antireflux Surefire Infusion 
System. CardioVasc Interv Radiol. 
2014;37(2):523-8.

11. Rose SC, Kikolski SG, Chomas 
JE. Downstream hepatic ar terial 
blood pressure changes caused by 
deployment of the surefire antireflux 
expandable tip. CardioVasc Interv 
Radiol. 2013;36(5):1262-9.

Caren_Proefschrift.indd   12Caren_Proefschrift.indd   12 19/10/2020   10:27:2619/10/2020   10:27:26



13

Introduction and outline

12. Rose SC, Narsinh KH, Newton IG. 
Quantification of Blood Pressure 
Changes in the Vascular Compartment 
When Using an Anti-Reflux Catheter 
during Chemoembolization versus 
Radioembolization: A Retrospective 
Case Series. J Vasc Interv Radiol. 
2017;28(1):103-10.

13. Arepally A, Chomas J, Kraitchman D, 
Hong K. Quantification and reduction 
of reflux during embolotherapy using 
an antireflux catheter and tantalum 
microspheres: ex vivo analysis. J Vasc 
Interv Radiol. 2013;24(4):575-80.

14. Rose SC, Narsinh KH, Isaacson AJ, 
Fischman AM, Golzarian J. The Beauty 
and Bane of Pressure-Directed 
Embolotherapy: Hemodynamic Principles 
and Preliminary Clinical Evidence. Am J 
Rontg. 2019;212(3):686-95.

1

Caren_Proefschrift.indd   13Caren_Proefschrift.indd   13 19/10/2020   10:27:2619/10/2020   10:27:26



Caren_Proefschrift.indd   14Caren_Proefschrift.indd   14 19/10/2020   10:27:2619/10/2020   10:27:26



Radioembolization

Caren van Roekel, Arthur J.A.T. Braat, Maarten L.J. Smits, Rutger C.G. Bruijnen, 
Bart de Keizer, Marnix G.E.H. Lam

Clinical Nuclear Medicine 2020

Caren_Proefschrift.indd   15Caren_Proefschrift.indd   15 19/10/2020   10:27:2619/10/2020   10:27:26



16

Chapter 2

ABSTRACT

Radioembolization is a therapy during which radioactive microspheres are 
injected into the hepatic artery. A microcatheter is placed in the hepatic 
arterial vasculature and millions of microspheres are administered. Hepatic 
malignancies are fed mainly by arterial blood and because of preferential 
arterial flow, the microspheres lodge in small tumor arterioles. There, they 
emit high-energy β-radiation to induce cell death. This way, the hepatic tumors 
are selectively irradiated and the healthy liver tissue is relatively spared.

The essential steps for radioembolization include [1] visceral angiography to 
map tumor-perfusing vessels, embolize collateral vessels and assess portal vein 
patency, [2] assessment of pulmonary and gastrointestinal shunts by intra-
arterial administration of a scout dose, and [3] determination of the optimal 
therapeutic activity, e.g. dosimetry (1).

Key words: radioembolization, microspheres, hepatic tumors, yttrium-90, 
holmium-166, angiography, dosimetry
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1. BASIC PRINCIPLES AND INDICATIONS

1.1. Radioembolization

Also known as Selective Internal Radiation Therapy (SIRT), radioembolization is 
a therapy during which radioactive microspheres are injected into the hepatic 
artery. A microcatheter is placed in the hepatic arterial vasculature and millions 
of microspheres are administered. Hepatic malignancies are fed mainly by 
arterial blood and because of preferential arterial flow, the microspheres 
lodge in small tumor arterioles. There, they emit high-energy β-radiation to 
induce cell death. In this way, the hepatic tumors are selectively irradiated and 
the healthy liver tissue is relatively spared, which is a great advantage over 
conventional external beam radiation therapy (EBRT) (2). Radioembolization is 
a fast developing field of expertise and therefore, in this chapter, we will confine 
ourselves to the basics.

The essential steps for radioembolization include [1] visceral angiography to 
map tumor-feeding vessels, embolize collateral vessels and assess portal vein 
patency, [2] assessment of pulmonary and gastrointestinal shunts by intra-
arterial administration of a scout dose, and [3] determination of the optimal 
therapeutic activity, e.g. dosimetry (1).

1.2. Types of microspheres

Ideal properties of radiolabelled micro-particles for sufficient intra-arterial 
therapy are (3-5):

• The microspheres should be easily labelled and resistant to elution of 
the radioactive label, macrophage removal or radiolysis.

• Uniform microsphere size (i.e. greater than microcapillary diameter of 
around 8 micron and small enough to lodge as distal as possible) and 
density comparable to that of blood are necessary to prevent settling 
and ensure uniform distribution.

• For efficacy, the radionuclide label must be a high-energy β-emitter 
with sufficient range and an intermediate half-life of a few days.

• The microspheres should be visible by PET (positron emission), SPECT 
(γ-emission), CT (sufficient density), or MRI (paramagnetic properties), 
to assess distribution.

2

Caren_Proefschrift.indd   17Caren_Proefschrift.indd   17 19/10/2020   10:27:2619/10/2020   10:27:26



18

Chapter 2

• The microspheres can be based on polymers, polymeric resins, 
albumin or inorganic materials.

Currently, three different types of radioactive microspheres are commercially 
available. The type of microspheres can be divided based on the embedded 
radioactive isotope (yttrium-90 (90Y) or holmium-166 (166Ho)) or microsphere 
material (resin, glass or poly-L-lactic acid).

1.2.1. 90Y microspheres
90Y is a pure (99.99%) β--emitter that decays to stable zirconium-90 (90Zr) with an 
average β-energy of 0.9 MeV and a half-life of 64.2 hours (6, 7). 90Y can either be 
produced by neutron bombardment of stable yttrium-89 (89Y) in a commercial 
reactor or by chemical separation from the parent isotope strontium-90 (90Sr), 
a fission product of uranium (7). The mean tissue penetration is approximately 
2.5 mm and the maximum range in tissue is 1.1 cm (8, 9). Imaging of 90Y is 
possible by using either the bremsstrahlung for bremsstrahlung-single photon 
emission computed tomography/computed tomography (SPECT/CT) (10, 11) or 
the emitted positrons (32 positrons per 1 million decays) for positron emission 
tomography/computed tomography (PET/CT) imaging (6).

Two commercially available 90Y-labelled microspheres are currently on the 
market:

• Glass microspheres (TheraSphere®, BTG international Medicine)
• Resin microspheres (SIR-Spheres®, SIRTEX Medical Limited)

1.2.1.1. TheraSphere®
90Y is permanently embedded in the glass. Each glass sphere has a 
diameter of 20-30 µm. 89Y yttriumoxide is stable incorporated. For labelling, 
the microspheres are irradiated with neutrons in a nuclear reactor (12). 
TheraSphere® has a high specific gravity and density (3.3 g/cm3). A typical 
injected activity ranges from 3–5 million microspheres with a high specific 
activity of 2500 Bq/sphere. An extended shelf-life activity ranges from 5-10 
million microspheres with a high specific activity of approximately 1250 Bq/
sphere. The standard activity of TheraSphere® in water for injection is 5 GBq 
per patient; activities of 3 GBq up to 20 GBq are available.
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1.2.1.2. SIR-Spheres®
90Y is permanently embedded in an acrylic polymer resin (13). Each resin 
microsphere has a diameter of 20-60 µm. The microspheres are labelled with 
90Y via cation-exchange with sufficiently strong binding. 90Y is a decay product 
of 90Sr obtained from a generator. SIR-Spheres® have a low specific gravity and 
density (1.4 g/cm3) and a specific activity of 50 Bq/sphere. A typical injected 
activity ranges from 40–80 million microspheres. The standard activity of SIR-
Spheres® is 3 GBq per patient in 5 ml water for injection.

1.2.2. 166Ho microspheres (QuiremSpheres®)
166Ho is a high-energy beta-emitting isotope for therapeutic use and emits 
primary gamma photons. The maximum energy of the beta particles is 1.85 
MeV (50.0%) and 1.77 MeV (48.7%) with a half-life of 26.8 hours. The maximum 
range of emissions of the beta particles in tissue is 9 mm (mean 3.2 mm). They 
were developed by the University Medical Center Utrecht (the Netherlands) 
and are commercialized under the name QuiremSpheres® (Quirem Medical, 
Diepenveen, the Netherlands).

Just like 90Y microspheres, 166Ho emits an electron to reach a stable state (beta 
radiation). Furthermore, it emits gamma photons (81 keV, 6%), which are useful 
for SPECT/CT imaging (14). 166Ho is part of the metallic chemical elements known 
as lanthanides, which have paramagnetic properties, so magnetic resonance 
imaging (MRI) can also be used to image the distribution in the liver and quantify 
the dose in the tumors (15, 16).

166Ho microspheres decay is faster due to a shorter half-life (26.8 vs 64.2 hour), 
but deposit less energy than 90Y microspheres per decay (16 vs 49 J/GBq). This 
results in a higher administered activity to reach the same dose deposition. As 
a result, a higher dose rate is achieved.

Microspheres loaded with Ho are irradiated per patient-dose in one of the 
pre-determined neutron reactors with a suitable irradiation profile: the reactor 
must have a high neutron flux without being accompanied by extensive gamma 
heating, as this detriments the structural integrity of 166Ho microspheres (17). 
In the current commercially available product, the specific activity is 450 Bq/
sphere with a density of 1.4 g/mL.

2
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1.3. Patient selection

Currently, radioembolization is mainly indicated in a palliative setting for 
unresectable, chemorefractory primary and secondary hepatic malignancies 
(2). Several studies investigate(d) the role of radioembolization combined with 
systemic therapy in the first and second line treatment of colorectal cancer 
liver metastases (18) (19).

Work-up for radioembolization includes clinical status, hematologic and 
biochemical status, anatomic assessment with CT/MR imaging and, when 
appropriate, molecular imaging with SPECT/CT or PET/CT. Indications and 
contraindications for radioembolization are listed in Table 1, according to 
Braat et al. (2). Since a higher age has no influence on prognosis, age is not 
a contraindication (20). In patients with hepatocellular carcinoma (HCC), 
radioembolization is reserved for patients with intermediate and early 
advanced disease stages (with Barcelona Clinic Liver Cancer [BCLC] stage B-C, 
liver-dominant disease, Eastern Cooperative Oncology Group [ECOG] status 
1-2, and a portal vein tumor thrombus [PVT]). Patients with a Child-Pugh score 
>B7 and a main portal vein tumor thrombus tend to have a limited potential 
survival benefit after radioembolization, thus patient selection should be done 
carefully (2). It should be noted that, as clinical experience accumulates over 
the years, indications and contraindications may change over time.

2. WORKUP

2.1. Clinical investigations

During clinical investigation, a detailed medical history of the patient should 
be obtained. Previous treatments, current use of medication, chronic diseases, 
allergies and recent periods of acute illness should be recorded. Also, the 
performance status (as defined by the World Health Organization(WHO)/ECOG 
(21)) should be defined: 0 – asymptomatic, 1 – symptomatic but completely 
ambulatory, 2 – symptomatic and <50% of time in bed, 3 – symptomatic and 
>50% of time in bed but not bedbound, 4 – bedbound, 5 – dead. A performance 
status >2 is considered an exclusion criterion for radioembolization.
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TABLE 1. Common indications and relative and absolute contraindications for radioembolization

Indication Relative contraindication Absolute contraindication

Disease not amenable to surgical 
resection, liver transplantation, or 
curative ablative strategies

Portal vein thrombosis 
of main branch (no 
contraindication in HCC)

Extensive and untreated 
portal hypertension

Disease not amenable to or 
refractory to chemotherapeutic 
alternatives, or patient not willing 
to receive these alternatives

Abnormalities of bile ducts 
or stents; exceptions: 
papillotomy and 
cholecystectomy

Life expectancy < 3 months

Compensated or early 
decompensated liver cirrhosis 
(Child-Pugh ≤B7)

Serum bilirubin >34.2 
µmol/L (2 mg/dL)

Active hepatitis

Performance state (ECOG) ≤2 Leukocytes <2x109/L or 
platelet count <50x109/L

Liver-only or liver-dominant 
disease

Glomerular filtration rate 
<35 mL/min

Uncorrectable 
gastrointestinal 
microsphere deposition; 
expected lung dose >30 Gy 
(or 50 Gy cumulative)

Preoperative indications, such as 
downstaging before surgery or 
the inducement of contralateral 
hypertrophy before surgery

INR (internationalized 
normalized ratio) >1.5

Active use of antiangiogenic 
agents (bevacizumab, 
aflibercept)

Celiac axis and superior 
mesenteric artery occluded

Occluded intrahepatic 
arterial network

Interval since last dose of 
systemic therapy < 4 weeks

2.2. Laboratory investigations

The laboratory investigations are needed to assess hepatobiliary function 
(aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, 
gamma-glutamyl transferase, total bilirubin, lactate dehydrogenase and 
albumin), renal function (creatinine, estimated glomerular filtration ratio), 
hematological function (white cell count, hemoglobin and hematocrit) 
and coagulation status (internationalized normalized ratio, thrombin time, 
prothrombin time, activated partial thromboplastin time and platelet count).

2
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2.3 Imaging

Before treatment, it is essential to perform cross-sectional imaging of the 
patient, to identify all sites of (metastatic) disease and to assess the vascular 
anatomy. For this purpose, various imaging modalities can be used.

2.3.1. Liver CT/MRI and 18F-FDG-PET
In general, three-phase CT images are made: late arterial phase for the detection 
of hypervascular tumors, a portal venous phase for the detection of hypovascular 
tumors and a late venous phase for the detection of wash-out (22). An early arterial 
phase may be preferable for vascular evaluation in the work-up for radioembolization. 
Compared to the late arterial phase, the contrast-to-noise ratio of the hepatic artery 
relative to the portal vein is higher in this early arterial phase (23).

MRI is superior to CT in terms of soft tissue contrast, but inferior regarding 
the detection of small arteries, due to the higher resolution of CT. Dynamic 
contrast-enhanced sequences can be used to assess tumor hypervascularity 
and washout in a large number of phases. Diffusion weighted and T2-weighted 
imaging provide options for high sensitivity tumor detection.

The added value of 18F-FDG-PET-imaging in the workup for radioembolization is 
widely accepted. The most important benefit in the workup is the visualization 
of extrahepatic disease. The study of Rosenbaum et al. have found a change of 
management in 17% of patients with metastatic colorectal carcinoma, based on 
imaging with 18F-FDG-PET (24). Metastases from uveal melanoma, breast cancer, 
colorectal carcinoma are generally FDG-avid. HCC, however, accumulates FDG 
to varying degrees, limiting the sensitivity of PET for primary tumors (25). 
Despite this lower sensitivity, the studies of Nagaoka et al. and Cho et al. show 
that 18F-FDG-PET does have a role in initial staging of hepatocellular carcinoma 
(26, 27). Well-differentiated HCC lesions show very little uptake on 18F-FDG-PET 
imaging, whereas poorly differentiated HCCs show much more uptake. Park et 
al. have reported that patients with 18F-FDG-positive tumors have lower survival 
compared to patients with 18F-FDG-negative tumors (28). Thus, 18F-FDG-PET 
may be useful for characterization of cancer biology(29).

Over 90% of gastroenteropancreatic neuroendocrine tumors have high 
concentrations of somatostatin receptors. A 68-gallium-labelled somatostanin 
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receptor analog (i.e. DOTATATE/DOTATOC/DOTANOC) PET/CT is the most sensitive 
imaging modality to detect neuroendocrine tumors and metastases (30, 31).

2.3.2. Vascular anatomy
The functional anatomy of the liver is based on the branching pattern of the 
portal vein. According to the Couinaud model of segmental anatomy, eight 
liver segments can be distinguished with a distinct vascularization and biliary 
drainage (Figure 1).

FIGURE 1. Segmental hepatic anatomy according to Couinaud.

The standard arterial anatomy of the adult liver is described as a common 
hepatic artery (CHA) originating from a celiac trifurcation that gives off the 
gastroduodenal artery branch (GDA) and then continues as the proper hepatic 
artery (PHA). The PHA then splits into the left hepatic artery (LHA), vascularizing 
segment 2-4, and the right hepatic artery (RHA), vascularizing segment 5-8.

However, in as much as 21-45% of patients, there are anatomic variants of the hepatic 
arterial configuration (32-35). The vascularization of the caudate lobe (segment 1 
according to Couinaud) is particularly varied, with a range of 1-5 arteries supplying 
this lobe. Most often, this segment is supplied by two branches, originating from 
the RHA and LHA. Although resection of caudate lobe tumors is associated with 
high complication and mortality rates and techniques such as radiofrequency 

2
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ablation (RFA) are hindered by the nearby large vessels, radioembolization is a good 
alternative for treatment of caudate lobe tumors (36).

Van den Hoven et al. have described as many as sixteen different hepatic arterial 
segmental vascularization patterns, differing by the presence of accessory or 
replaced hepatic arteries, their respective vascular territory, and the origin of 
the artery vascularizing liver segment 4 (37). An accessory hepatic artery is an 
aberrant hepatic artery that vascularizes the left (segment 2) or right hemi-liver 
partially (any segments), existing in addition to a normally derived LHA and 
RHA. A replaced hepatic artery is an (aberrant) hepatic artery with a different 
origin (not the PHA) that vascularizes the left (segments 2-3 or segments 2-4) or 
right hemi-liver (segments 5-8). Timely assessment of the anatomy enables the 
establishment of a personalized treatment strategy ahead of time, including coil 
embolization of aberrant arteries, planning the number of injection positions and 
pretreatment activity calculation (37, 38). It is important to localize the segment 
4 artery: it can be decided to use the segment 4 artery as a separate site of 
administration, include it in a more proximal injection position or coil-embolize 
it to induce intrahepatic redistribution of blood flow (39, 40). Knowledge of 
the location of the segment 4 artery can also be used in pretreatment activity 
calculation and avoidance of over- or underdosing of segment 4 (23).

3. PREPARATORY ANGIOGRAPHY AND INTRAPROCEDURAL 
IMAGING

Before treatment, a preparatory angiography is performed for several 
reasons: [1] to map the arterial anatomy, [2] to assess the necessity of coil 
embolization of arterial branches, [3] to determine optimal catheter positioning 
and [4] to administer a simulation scout tracer. Traditionally, a transcutaneous 
transfemoral approach using the Seldinger technique was mostly used to gain 
intra-arterial access. Recently, there has been a rapid increase in the use of 
the radial artery as access site. Bishay et al. have found that the transradial 
approach is a safe and feasible access option for radioembolization and that it 
is associated with a low complication rate (41).

After securing the access site, a pre-shaped catheter is used to enter the source 
of the hepatic arterial vasculature (usually the celiac axis). A standard end-
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hole microcatheter is advanced over an atraumatic microguidewire for further 
selectively catheterization (Figure 2a,b).

FIGURE 2A AND B. Figure 2a shows a digital subtraction angiography with contrast 

injection in the common hepatic artery. Figure 2b shows the angiographic reference: 

1. Common hepatic artery; 2. Gastroduodenal artery; 3. Right gastric artery; 4. Left 

hepatic artery; 5. Right hepatic artery. Image reproduced from angiofellow.com, with 

permission from M. Smits.

3.1. Intraprocedural imaging

During angiography, digital subtraction angiography (DSA) is performed (Figure 
3). DSA provides two-dimensional images of the vasculature at a high spatial 
resolution. Moreover, it is possible to acquire cinematic DSA images during high 
rate contrast administration with a power injector. The study of Theysohn et al. 
shows that with DSA as much as 6.5% of extrahepatic shunt vessels is missed, 
leading to possible extrahepatic deposition of the microspheres. Therefore, other 
imaging modalities are needed in the work-up for radioembolization (42).

Cone beam computed tomography (CBCT) is a relatively new imaging modality 
that has been integrated into the angiography suite and that provides 3D images. 
CBCT is based on the rotational movement of a C-arm equipped with a flat panel 
detector around the patient (43). It can be used to acquire, reconstruct and 
display 3D images of selective contrast-enhanced vessels and the surrounding 
soft-tissue. During radioembolization, CBCT is used to map the hepatic arterial 
anatomy, to identify extrahepatic branches and to rule out extrahepatic shunting 

2
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or non-perfusion of a target volume (44). There are various CBCT protocols. 
The CBCT acquisitions in the liver are mostly obtained following intravascular 
contrast administration through a catheter that is placed in the vessel of interest. 
Several types of 3D images can be obtained: unenhanced, angiographic, and 
images of the liver parenchyma during arterial, portal venous and delayed 
phases(43). Van den Hoven et al. have developed an acquisition protocol for 
CBCT imaging that provides a combination of these images. In their study, a 
continuous infusion of contrast agent, a variable scan delay based on the time 
to parenchymal enhancement on DSA, and a 10-second high-dose scan setting 
resulted in images that contain both contrast enhancement of the arterial tree 
and liver parenchyma. They also show gastrointestinal shunting and provide 
sufficient contrast between perfused and non-perfused liver territories (44).

The study of Grözinger et al. has shown that the CBCT approach is superior to 
the angiographic determination of vascular supply of specific segments, mainly 
segments 1 and 4 (45).

The main limitation of CBCT is the limited field of view compared to conventional 
CT. Other limitations are the greater risk of motion artifacts and the increased 
procedural time (43).

FIGURE 3. Work-up procedure in the angiography suite. Image reproduced from 

angiofellow.com, with permission from M. Smits.
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3.2. Coil embolization of culprit vessels

Since extrahepatic deposition of radioactive microspheres may cause serious 
complications, it should be assessed whether arterial branches pose a risk. 
The 3 most common culprit vessels that cause extrahepatic deposition are the 
gastroduodenal artery, the cystic artery and the right gastric artery. Previously, it 
was advised to preventively coil-embolize these arteries. However, there are quite 
some disadvantages to coil-embolization: there is an increased radiation dose 
and an increase of procedure time and complexity, potential vessel damage and 
complications of coil deployment. Moreover, in the time between the preparatory 
angiography and treatment, new collateral vessels may develop. Nowadays, most 
centers try to avoid coil embolization unless extrahepatic deposition of activity 
is found on pretreatment simulation scout dose SPECT/CT. Sometimes, a more 
distal injection position or the use of an antireflux catheter can provide a safe 
treatment procedure without the need for coil embolization (2).

4. SCOUT DOSE IMAGING AND PRETREATMENT DOSIMETRY

4.1. 99mTc-MAA

Worldwide, pretreatment simulation of radioembolization with 90Y is currently 
based on 99mTc-MAA planar imaging and SPECT/CT for assessment of 
extrahepatic depositions and lung shunting.

MAA are biodegradable particles. Their size is not well-calibrated, estimated 
at between 10 and 150 µm, with 90% of the particles falling between 10 and 
40 µm, and 1 to 2% below 15 µm (46). Typically, between 150 and 250 MBq 
of 99mTc-MAA are injected into the hepatic artery for therapy simulation, with 
around 1.5x106 MAA particles (47). As a comparison, normally around 3-5x106 
spheres for 3 GBq of glass microspheres are injected, and around 40-80x106 
spheres for 1.5 GBq of resin microspheres.

The size, density and number of injected particles differs between 99mTc-MAA 
particles and glass/resin microspheres. Thus far, 99mTc-MAA particles are the 
only particles used for the pretreatment simulation of radioembolization with 
90Y, but there are controversies regarding the predictive value. Wondergem et 
al. have studied the relation between pre-treatment 99mTc-MAA distribution and 
post-treatment 90Y distribution. They found a difference of >10% in 68% of the 
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hepatic segments analysed(48). Haste et al. have evaluated the value of 99mTc-
MAA in predicting subsequent 90Y glass microspheres distribution in patients 
with hepatocellular carcinoma. 99mTc-MAA was found to be a poor surrogate to 
quantitatively predict the tumor absorbed dose of 90Y, but there was a correlation 
between 99mTc-MAA and 90Y in the distribution in normal liver tissue (49). Ilhan et 
al. have analyzed the predictive value of 99mTc-MAA SPECT for radioembolization 
with 90Y resin microspheres, by comparing uptake on pretherapeutic 99mTc-
MAA SPECT with uptake on posttherapeutic 90Y bremsstrahlung SPECT. They 
analyzed 502 patients who underwent radioembolization for primary and 
secondary liver tumors. They found a significant but quite low correlation 
between the 99mTc-MAA and 90Y-microsphere tumor-to-background ratio (50). 
Another study, however, evaluated the agreement between 99mTc-MAA SPECT/
CT-based predictive dosimetry and posttreatment 90Y PET/CT-based dosimetry 
in patients with hepatocellular carcinoma, treated with both glass and resin 
spheres. They found that predictive dosimetry based on 99mTc-MAA SPECT/CT 
provides good estimates of absorbed doses as calculated on posttreatment 
90Y PET/CT, for tumor and nontumor tissues (51). However, the majority of the 
treatments analysed (25/27) was selective, which may have led to more positive 
results and a better correlation between 99mTc-MAA and 90Y.

Not only the size, density and number of the injected particles play a role in the 
different distributions of 99mTc-MAA and 90Y –microspheres. Other confounding 
factors are tumor type, tumor vascularization, tumor size, prior therapy, 99mTc-
MAA injection parameters and angiographic considerations such as catheter 
position and vasoactive arterial status. There are large differences in 99mTc-
MAA uptake between hepatocellular carcinomas that are generally large and 
hypervascular and liver metastases such as colorectal cancer liver metastases, 
which are often smaller and hypovascular. Prior therapy can also have an 
influence, because it can induce arterial disorders and weaknesses. There is 
no established protocol for the injection of 99mTc-MAA, but guidelines indicate 
that the injection time should be 20-30 seconds. This is quite comparable to a 
bolus injection, which is significantly different from the pulsing method used 
during the actual administration of resin- and 166Ho-microspheres.

The most important factor is the injection position of the catheter during 
99mTc-MAA infusion and 90Y-microsphere infusion. This catheter position 
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should be exactly the same, with the same distance to bifurcations and the 
same orientation in the vascular lumen (48). Another important factor is 
the vasoactive status of the hepatic arteries at the time of injection, since 
vasospasm may occur during radioembolization procedures and they may 
impact the distribution of microspheres (46).

Because of the discrepancies between 99mTc-MAA and 90Y-microsphere 
distribution, several alternatives to 99mTc-MAA are currently under investigation 
(52).

4.2. 166Ho scout dose

When planning radioembolization with 166Ho, a small batch of 166Ho-microspheres 
with limited radioactivity (200-250 MBq) can be used as a scout dose, instead 
of 99mTc-MAA. This 166Ho scout dose is sufficient to be visualized and quantified 
on SPECT imaging, but limited enough not to cause tissue damage in case of 
shunting to the gastrointestinal organs or the lungs. To prevent embolization of 
the arteries before treatment, only 60 mg is administered, whereas a treatment 
dose consists of 540-600 mg of microspheres. Because the same particles are 
used, lung shunting can be estimated more accurately (53). The safety of the 
166Ho scout dose has been established recently by Braat et al (54). Figure 4 
shows a microscopic image of 99mTc-MAA particles and 166Ho-microspheres.

FIGURE 4. Figure 4a shows a microscopic image of 99mTc-MAA particles. Figure 4b shows 

a microscopic image of 166Ho-microspheres.

2
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4.3. Lung shunt calculation

Lung shunting is caused by arteriovenous anastomoses or shunts in the liver 
parenchyma or in a tumor. Excessive activity deposition in the lungs can result 
in radiation pneumonitis after radioembolization. Based on experience with 
external beam radiation therapy (EBRT), the highest tolerable lung shunt was 
defined as 30 Gy after a single treatment and a cumulative dose of 50 Gy after 
repeated treatments (2).

The lung shunt fraction (LSF) is defined as:

𝐿𝐿𝐿𝐿𝐿𝐿 =  √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

√𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) + √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

𝐵𝐵𝐿𝐿𝐵𝐵 = 0.2024 ∗ ℎ𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑚𝑚)0,725 ∗ 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑘𝑘𝑙𝑙)0,425 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐵𝐵𝐿𝐿𝐵𝐵 − 0,2) + 𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙
(𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙) 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

 

𝑇𝑇
𝑁𝑁 =

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝐺𝐺𝐵𝐵𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝐺𝐺𝑎𝑎𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))
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 (1, 46). Planar imaging can be used to calculate the lung shunt after 
administration of 99mTc-MAA (Figure 5). However, Elschot et al. and Yu et al. have 
demonstrated that the lung absorbed doses are significantly overestimated by 
pretreatment 99mTc-MAA imaging (53, 55).

FIGURE 5. Figure 5 shows a planar scan with lung and liver ROIs to calculate lung shunt. 

In this example, there was visually no lung shunt and calculation showed 9%.

Caren_Proefschrift.indd   30Caren_Proefschrift.indd   30 19/10/2020   10:27:3419/10/2020   10:27:34



31

Radioembolization 

There are several factors that may have an influence on LSF calculation. LSF 
estimation without attenuation correction gives a large overestimation with 
respect to attenuation-corrected evaluations. There is reduced photon 
attenuation in the lungs compared to the photon attenuation in the abdomen. 
Another factor is scatter correction, which should be applied in order to avoid 
overestimations of the LSF. Moreover, 99mTc-MAA degrades after several hours, 
which increases the LSF. Therefore, it is important to perform the image 
acquisition as soon as possible after administration of 99mTc-MAA (1, 46). The 
studies of Yu et al. and Kao et al. have proven that SPECT/CT leads to more 
accurate calculation of lung shunt absorbed dose than planar imaging (55, 56).

However, lung shunting differs significantly between different tumor types. 
Gaba et al. have published a study of 141 patients with primary and secondary 
hepatic malignancies who underwent radioembolization. The LSF was 
calculated for every patient and LSF>20% occurred much more often in HCC 
patients than in patients with other tumor types (14% versus 3%). In HCC 
patients, a high LSF was associated with infiltrative morphologic structure, 
tumor burden >50%, portal vein invasion and arterioportal shunting. In other 
tumor types, such as colorectal carcinoma metastases, neuroendocrine tumors 
and cholangiocarcinomas, a larger tumor size and greater tumor burden were 
associated with lung shunting (57). In patients with these factors, care should 
be taken to avoid deposition of radioactive microspheres in the lungs.

4.4. Extrahepatic activity and nontumor dose in the liver

Pretreatment simulation with 99mTc-MAA is not only useful to establish the LSF, 
but also to give an impression of the total absorbed radiation dose in the 
healthy liver parenchyma: the non-tumor dose. It is widely known that with an 
increasing non-tumor dose the risk of complications such as radioembolization-
induced liver disease (REILD) is higher, but the maximum tolerable non-tumor 
dose is not well established. It is dependent on the type of tumor, the condition 
of the liver, prior treatments (e.g. bevacizumab) and the distribution of radiation 
within the non-tumor volume. With radioembolization, the absorbed dose in the 
liver is never uniform, which makes higher average absorbed doses tolerable. 
A non-tumor dose limit of <70 Gy in normal liver tissue and a non-tumor dose 
limit of <50 Gy in cirrhotic livers is proposed, but this is highly dependent 
on microspheres used and the number of microspheres administered (2, 46). 

2

Caren_Proefschrift.indd   31Caren_Proefschrift.indd   31 19/10/2020   10:27:3419/10/2020   10:27:34



32

Chapter 2

Thresholds for an acceptable average normal liver absorbed dose have yet to 
be established.

4.5. Pretreatment dosimetry

Different methods for pretreatment activity calculations for the different types 
of microspheres have been proposed. The first method that was used was the 
so-called ‘empirical’ method, based on the tumor burden. The used activity 
ranged between 2 and 3 GBq. This method was abandoned because it was 
associated with unacceptable clinical toxicity (58).

For resin microspheres, the Body Surface Area (BSA) method is mostly used. 
This method adjusts the prescribed activity for the patient’s BSA and the 
fractional tumor burden. The formula for BSA in square meter is:
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𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

16 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ𝑦𝑦 𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎(𝑘𝑘𝑙𝑙))

49.67 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

(1, 2).

The prescribed activity is reduced in case of lung shunting, depending on the 
percentage of lung shunting: 20% activity reduction with 10-15% LSF, 40% 
activity reduction with 15-20% LSF and no treatment with >20% LSF (52). The 
BSA method assumes a correlation between BSA and liver weight. However, 
this is not necessarily true and may result in an undertreatment of small 
patients with large livers, and an overtreatment of large patients with small 
livers. Another limitation of this method is that it does not take into account 
the degree of tumor uptake (1, 2).

For glass microspheres, Salem et al. have developed the Medical Internal 
Radiation Dose (MIRD) method (59-61). With this method, the prescribed activity 
is determined by calculating the activity required to achieve a desired absorbed 
dose (between 80-150 Gy). The MIRD method assumes a homogenous 
intrahepatic microsphere distribution throughout the treated portion of the 
liver, and an assumed yield of 50 Gy per GBq 90Y per kilogram of liver tissue. 
This method also does not take into account the degree of tumor uptake, nor 
does it account for fractional or total tumor burden. The formula for the IA is:
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𝐿𝐿𝐿𝐿𝐿𝐿 =  √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

√𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) + √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

𝐵𝐵𝐿𝐿𝐵𝐵 = 0.2024 ∗ ℎ𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑚𝑚)0,725 ∗ 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑘𝑘𝑙𝑙)0,425 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐵𝐵𝐿𝐿𝐵𝐵 − 0,2) + 𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙
(𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙) 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

 

𝑇𝑇
𝑁𝑁 =

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝐺𝐺𝐵𝐵𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝐺𝐺𝑎𝑎𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

16 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ𝑦𝑦 𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎(𝑘𝑘𝑙𝑙))

49.67 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

where MTarget is the mass of the target volume. The MIRD method is especially 
useful for radiation segmentectomy, where a large absorbed dose (e.g. 200 Gy) 
is administered to a limited target volume in order to ablate both the tumorous 
and non-tumorous liver tissue within that target volume, while sparing the 
untreated part of the liver (52).

For 166Ho, a method comparable to the MIRD method for 90Y is currently used. 
Based on findings of the HEPAR I trial, a phase I dose escalation study, a 
maximum tolerable absorbed dose for the whole liver is set at 60 Gy (62). The 
absorbed dose in Gy delivered by 1 GBq in 1 kg tissue is 15.87 Gy for 166Ho, 
under the assumption of homogenous distribution in the target volume and 
absorption of all energy within that volume. The formula for the IA is:

𝐿𝐿𝐿𝐿𝐿𝐿 =  √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

√𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) + √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

𝐵𝐵𝐿𝐿𝐵𝐵 = 0.2024 ∗ ℎ𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑚𝑚)0,725 ∗ 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑘𝑘𝑙𝑙)0,425 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐵𝐵𝐿𝐿𝐵𝐵 − 0,2) + 𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙
(𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙) 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

 

𝑇𝑇
𝑁𝑁 =

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝐺𝐺𝐵𝐵𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝐺𝐺𝑎𝑎𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

16 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ𝑦𝑦 𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎(𝑘𝑘𝑙𝑙))

49.67 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

Another method, that can be used for pretreatment dosimetry for both resin 
and glass spheres, is the partition model. In general, the tumor and healthy 
liver tissue are delineated on anatomical imaging modalities. The anticipated 
activity in these delineated compartments is calculated on 99mTc-MAA SPECT/
CT. The tumor to nontumor (T/N) ratio on MAA is calculated as:

𝐿𝐿𝐿𝐿𝐿𝐿 =  √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

√𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) + √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

𝐵𝐵𝐿𝐿𝐵𝐵 = 0.2024 ∗ ℎ𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑚𝑚)0,725 ∗ 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑘𝑘𝑙𝑙)0,425 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐵𝐵𝐿𝐿𝐵𝐵 − 0,2) + 𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙
(𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙) 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

 

𝑇𝑇
𝑁𝑁 =

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝐺𝐺𝐵𝐵𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝐺𝐺𝑎𝑎𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

16 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ𝑦𝑦 𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎(𝑘𝑘𝑙𝑙))

49.67 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

The formula for the IA is:

𝐿𝐿𝐿𝐿𝐿𝐿 =  √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

√𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) + √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

𝐵𝐵𝐿𝐿𝐵𝐵 = 0.2024 ∗ ℎ𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑚𝑚)0,725 ∗ 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑘𝑘𝑙𝑙)0,425 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐵𝐵𝐿𝐿𝐵𝐵 − 0,2) + 𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙
(𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙) 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

 

𝑇𝑇
𝑁𝑁 =

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝐺𝐺𝐵𝐵𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝐺𝐺𝑎𝑎𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

16 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ𝑦𝑦 𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎(𝑘𝑘𝑙𝑙))

49.67 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

The partition method does correct for the difference in tumor and nontumor 
dose. Limitations of this model are that it is more time-consuming and that it 
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is problematic in patients with ill-defined tumors (2, 52). Furthermore, nor the 
acceptable absorbed dose in the healthy liver, neither the effective absorbed 
tumor-dose are defined yet.

Recently, Chiesa et al. have developed a method for activity calculation that 
does take non-uniformity of the absorbed dose into account. In a cohort of 
52 patients with HCC, treated with glass microspheres, they studied lesion 
and parenchyma absorbed dose at voxel level on 99mTc-MAA SPECT images. 
The biodistribution of the 99mTc-MAA and 90Y-microspheres was assumed to be 
identical. The degree of agreement between clinical observations of response 
and several dosimetric variables was compared. A dosimetric variable that 
accounts for both non-uniformity of absorbed dose deposition and the dose-
rate effect was found to be the best variable to predict response of a lesion. 
The 50% tumor control probability was different for small (<10 cc) and large 
(>10cc) lesions, with much higher absorbed doses needed for larger lesions, 
which weakens the predictive power of planning on lesions. There was a high 
tolerance of the healthy liver tissue to glass microspheres. The best prediction 
method was found to be the parenchyma mean dose, with a limit of 75 Gy at 
a 15% toxicity risk (63). Drawbacks of a voxel-based dosimetry approach can 
be divided in physical factors, such as attenuation, scatter, noise, and partial-
volume effects, and in clinical factors, such as respiration. Corrections for these 
factors should be implemented in the reconstruction protocol (64).

5. TREATMENT

5.1. Treatment angiography

Usually, within two weeks after the scout procedure, the treatment procedure 
takes place. Similar to the angiography procedure for the scout dose 
administration, intra-arterial access is obtained via the femoral artery. Before 
infusion of the microspheres, the vascular tree should be investigated carefully. 
The exact same injection position as during the scout procedure should be 
chosen to avoid a different intrahepatic distribution. Wondergem et al. have 
found a relative difference of >30% in absorbed activity per milliliter in as many 
as 24 of 68 analyzed segments, due to a difference in injection position of >5 mm 
(48). It is important to make sure that no new hepaticoenteric collaterals have 
been recruited in the time interval between the scout and therapy procedures. 
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In a study of 122 patients with primary and metastatic hepatic tumors, 
Abdelmaksoud et al. investigated the development of new hepatoenteric 
collaterals. These patients underwent a preparatory angiography before 
treatment with radioembolization, during which hepaticoenteric collaterals were 
embolized. At the time of radioembolization, new collaterals had developed in 
42 patients (34.4%), requiring adjunctive embolization. The mean time interval 
between the preparatory and treatment angiography in this subgroup was 
14.7 days (range 1-72) (40). In 2007, one of the official recommendations of 
the radioembolization brachytherapy oncology consortium was that ‘all 
extrahepatic vessels originating from the hepatic arteries that supply the 
gastrointestinal tract should, under most circumstances, be embolized to 
exclude extrahepatic deposition of the 90Y microspheres’ (65). However, the 
rapid development of new hepaticoenteric collaterals opposes this so-called 
skeletonization and brings it benefit into question. In a review, Borggreve et 
al. looked into the evidence supporting prophylactic embolization. They found 
that refraining from embolization of the GDA, right gastric artery (RGA) and the 
cystic artery (CA) is justified when the catheter tip can be placed distal to the 
origin of these arteries (66). It is recommended to use a more distal injection 
position, already during the scout procedure.

5.2. Medication

During treatment, it is common practice to monitor vital signs (blood 
pressure, pulse and saturation). Recently, a large study was published on 
adjuvant medications that improve survival after locoregional therapy, such 
as radioembolization. The medications were taken at the time of embolization. 
Beta-blockers and aspirin were associated with improved survival in HCC 
patients. These medications were not associated with improved survival 
when taken by patients with neuroendocrine tumors or colorectal cancer 
liver metastases (67). The authors provided the following hypotheses for the 
mechanisms behind this survival benefit: (1) aspirin inhibits hypoxia-induced 
angiogenesis, which might prevent radioembolization-induced ischemia from 
promoting angiogenesis and growth of the residual viable tumor. It also inhibits 
glycolysis, which may make tumor cells less likely to survive radioembolization-
induced ischemia. Furthermore, aspirin is a COX inhibitor and COX-2 inhibition 
promotes an antitumor immune response. (2) Beta-blockers decrease blood 
flow in the portal vein, which is associated with improved response after 
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radioembolization of colorectal cancer liver metastases. Moreover, beta-
blockers can reduce stress hormone-mediated invasion of tumor cells (67).

Besides beta-blockers and aspirin, proton-pump inhibitors are often given 
during the first week before and continued up to a month after treatment, as 
prophylaxis for gastrointestinal ulcer formation. Heparin, according to local 
guidelines in interventional radiology, is given for thrombosis prophylaxis during 
treatment. If a vasospasm occurs during the procedure, it is indicated to give 
a vasodilator intra-arterially.

Neuro-endocrine tumors can rapidly release a large amount of vasoactive 
substances after radioembolization. This may lead to a carcinoid crisis with 
flushing, hypertension and tachycardia, followed by hypotension and possibly 
death (68). To prevent a carcinoid crisis, somatostatin analog prophylaxis 
intravenously may be indicated.

When patients are in pain, intravenous analgesia should be considered during 
the procedure, according to local interventional radiology guidelines.

5.3. Dose administration

All three types of microspheres are provided in a vial. The administration 
systems are quite different from each other, but they all have two lines: one that 
connects the vial with the microcatheter, and one through which the nuclear 
physician can inject a diluting solution in the vial (i.e. saline, sterile water or 5% 
glucose) (9, 69, 70).

There are significant differences in administration techniques between 90Y resin 
microspheres, 90Y glass microspheres and 166Ho microspheres.

90Y resin microspheres should be administered very carefully with a flow rate 
of no more than 5 mL per minute, to allow for optimal distribution in the tumor 
microvasculature. The administration usually takes up to 20 minutes. While 
administrating, the interventional radiologist should check for slow flow or 
stasis, by administrating small aliquots of contrast fluid and microspheres 
alternately. When stasis occurs, the procedure should be terminated to 
prevent reflux (9). It was hypothesized that sterile water, which was injected 
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with the microspheres, caused a temporary change in the osmolality of the 
blood, leading to vascular endothelial injury and vasospasm, causing stasis. 
Two studies have been published regarding the replacement of sterile water 
with glucose 5% water (G5W). Ahmadzadehfar et al. report about 78 patients 
treated with resin microspheres. Fifty procedures were performed with sterile 
water and 54 procedures were performed with G5W. A significantly higher 
proportion of the calculated activity was administered with G5W (96.1% versus 
77.4%), there was a significantly lower incidence of stasis (28% versus 11%) 
and significantly less abdominal pain during the procedure (1.8% versus 44%) 
(70). The findings of Paprottka et al. confirm the positive effects of using G5W 
as a diluting solution, as they also showed a significantly reduced need for 
periprocedural analgesia (71). 90Y glass microspheres are less prone to stasis 
because the number of microspheres is much lower. Administration of 90Y glass 
microspheres is much faster, because they are injected in one bolus (69). To 
prevent high injection pressures, a small pressure relief valve is included in 
the administration set, limiting the injection pressure to 30 pound-force per 
square inch (PSI) (69).

166Ho microspheres are administered in the same way as 90Y resin microspheres: 
carefully with a low flow rate in a pulsatile manner, to avoid stasis and reflux (72). 
However, simultaneous injection with a diluted contrast agent is possible.

5.4. Possible side effects and adverse events

In the literature, controversy exists on the term ‘toxicity’ after radioembolization. 
It is graded in multiple ways on diverse time points after treatment. To compare 
data on toxicity, it is essential this is graded according to the same definition. 
Most often, side effects after treatment are scored according to the Common 
Terminology Criteria for Adverse Events (CTCAE) version 4.0. Adverse events 
(AEs) are defined as ‘any unfavorable and unintended sign, symptom, or disease 
temporally associated with the use of a medical treatment or procedure that 
may or may not be considered related to the medical treatment or procedure’. 
Five grades are used to classify the adverse events, referring to the severity 
of the AEs, with grade 1 being mild and grade 5 indicating death related to the 
AE (73).

2
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Hepatotoxicity is the most important adverse event after radioembolization, 
but a clear definition is often lacking. Braat et al have proposed the following 
grading for hepatotoxicity after radioembolization (74):

• Grade 0: no liver toxicity (i.e. no CTCAE toxicity grade changes over 
baseline)

• Grade 1: minor liver toxicity, limited to increased aspartate 
aminotransferase, alanine aminotransferase, alkaline phosphatase, 
and/or γ-glutamyl transpeptidase levels (all not exceedingly newly 
developed grade 1 CTCAE toxicity)

• Grade 2: moderate liver toxicity, with a self-limiting course. No medical 
intervention necessary.

• Grade 3: REILD, manageable with noninvasive treatments such as 
diuretics, ursodeoxycholic acid, and steroids

• Grade 4: REILD necessitating invasive medical treatment such as 
paracentesis, transfusions, hemodialysis or a transjugular intrahepatic 
portosystemic shunt

• Grade 5: fatal REILD

The most frequent side effect of radioembolization is the post-embolization 
syndrome, which consists of fatigue, nausea, vomiting, anorexia, fever and 
abdominal pain. These effects are usually mild and self-limiting within two 
weeks. The post-embolization syndrome occurs in up to 55% of patients (75). 
Another common side effect is a transient elevation of liver enzymes (75). 
In a retrospective analysis of 58 patients with diverse hepatic malignancies, 
Roberson et al. found that a decreased pretreatment albumin and an elevated 
pretreatment INR were associated with the development of severe liver 
toxicity after radioembolization (76). Gabrielson et al. evaluated toxicity after 
radioembolization in patients with hepatocellular carcinoma. They found that 
a pretreatment elevation of bilirubin and an elevation of the transaminases 
(ALT/AST) were associated with a higher risk of a decline in liver function after 
treatment (77).

Laboratory abnormalities usually go without associated clinical side effects (78). 
However, when laboratory toxicities are associated with ascites, this may be 
a sign of a much more serious complication: radioembolization- induced liver 
disease (REILD) (Figure 6).
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FIGURE 6. The upper row shows contrast-enhanced CT images of a 60-year-old woman 

with hepatic metastases of a neuro-endocrine carcinoma, before treatment with 

radioembolization. The lower row shows contrast-enhanced CT images after treatment 

with 166Ho-radioembolization, with the development of REILD (impaired hepatic function 

and ascites).

REILD is usually defined as : ‘a symptomatic post-radioembolization deterioration 
in the ability of the liver to maintain its (normal or preprocedural) synthetic, 
excretory and detoxifying functions. It is characterized by jaundice and the 
development of or increase in ascites, hyperbilirubinemia and hypoalbuminemia 
developing at least two weeks – four months after radioembolization, in the 
absence of tumor progression or biliary obstruction’ (74). Histopathologically, 
REILD is characterized by veno-occlusive disease with congestion of the central 
veins and sinusoids (78). The incidence of REILD is reported to be 0-5.4%. The 
natural course of REILD is highly variable: it can either result in fulminant hepatic 
failure and death, or it can be transient and self-limiting. Reported risk factors 
for REILD include previous liver-directed therapies, such as chemotherapy, 
external beam radiation therapy (EBRT), radioembolization and other intra-
arterial therapies. Furthermore, a high absorbed dose and single-session whole 
liver treatment also increase the risk of hepatotoxicity (74). Other risk factors 
are exposure to chemotherapy within 2 months after radioembolization, a liver 
volume <1.5 L, and increased baseline bilirubin and aspartate aminotransferase 
(79). Treatment options consist mainly of supportive measures, such as the 
reduction of ascites or pleural effusion and the avoidance of hepatotoxic drugs 
(74). To reduce the excessive extravascular volume, diuretics (spironolactone 
100 mg and/or furosemide 40 mg daily) can be tried. When liver function 
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starts to decline, 10 mg/day defibrotide intravenously or oral steroids can 
be considered. If medical treatment is ineffective, a transjugular intrahepatic 
portosystemic stent-shunt (TIPS) could be placed. Based on an expert panel and 
literature review, prevention of REILD can be pursued by excluding patients with 
poor liver functional reserve (such as total bilirubin >2 mg/dL or ascites) from 
radioembolization. Furthermore, it is recommended to adapt the calculated 
activity in patients with steatosis, steatohepatitis, hepatitis, cirrhosis, a liver 
volume <1.5 L and with multiple lines of prior chemotherapy. Also, sequential 
lobar treatment may improve liver tolerance to radioembolization (79). Since 
a high absorbed dose is an important cause of hepatotoxicity, a personalized 
dosimetric approach, as proposed by Chiesa et al., should be implemented in 
clinical practice, especially in patients with known risk factors. The most vital 
aspect in the prevention of REILD should be the healthy-liver tissue absorbed 
dose. Therefore, the parenchymal mean dose should be taken into account in 
treatment planning (63).

Another relatively uncommon complication of radioembolization is 
gastrointestinal ulceration, caused by non-target delivery of microspheres (75). 
Gastrointestinal ulceration usually presents 2-6 weeks after treatment with 
symptoms of acute epigastric pain, nausea, vomiting, dyspepsia and anorexia. 
The incidence is about 2-3%. Symptoms can last up to 10 months despite 
adequate treatment with proton pump inhibitors. Normally, full recovery 
occurs. Prevention of ulceration by using proton pump inhibitors around 
treatment is often advocated but lacks scientific evidence (79). Lam et al. have 
performed a root cause analysis to identify risk factors for the development of 
gastrointestinal ulceration. In their cohort of 278 treatments in 247 patients, 
the following risk factors were identified: stasis, proximal administration site, 
young age and distal origin of the GDA. To prevent gastrointestinal ulceration, 
it is advised to administer microspheres exclusively distally (80). Although 
much attention is paid to its prevention by calculating lung shunt, radiation 
pneumonitis is rarely seen. It is characterized by exertional dyspnea, dry cough, 
restrictive ventilator dysfunction and bilateral lung infiltrates. The lung shunt 
is estimated based on the fraction of 99mTc-MAA that is deposited in the lung 
vasculature after the pretreatment work-up. However, Elschot et al. have shown 
that 99mTc-MAA usually overestimates the lung shunt, with an absolute error 
range of 9.4-12.1 Gy (53). The manufacturer of resin microspheres recommends 
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dose reductions of 20%, 40% and 100% if the LSF exceeds 10%, 15% or 20% 
(79). A maximum tolerated dose of 30 Gy in one treatment or 50 Gy in sequential 
treatments to the lungs is widely used, but due to the very low incidence of 
radiation pneumonitis, it is difficult to establish an endorsed threshold. Sangro 
et al. propose to refrain from treatment with radioembolization if the LSF is 
≥15%, rather than adjusting the amount of injected activity. However, since 
lung shunt doses are often overestimated, this would result in withholding 
patients from what can be their last treatment option. Radiation pneumonitis 
is characterized by bilateral symmetric ill-defined patchy opacities and ground-
glass nodularities on CT (Figure 7a-d). Treatment consists of steroids and 
supportive measures (79).

FIGURE 7A-D. Figure 7a: cone-beam CT of 65-year old woman with HCC, with 

arteriovenous shunt (arrow). Figure 7b shows the lung shunt on 90Y-PET. Figure 7c-d 

show high-resolution CT images of the lungs with ground-glass nodularities and fibrosis.

Other complications that may arise are portal hypertension and biliary 
tree damage. Portal hypertension can develop months to years after 

2
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radioembolization. Symptoms consist of an increased spleen volume and 
possibly gastro-oesofageal varices. Bile duct necrosis and strictures are often 
asymptomatic and seen in about 2-4% of patients (79).

Furthermore, radiation cholecystitis is occasionally reported. The incidence 
ranges from 0-7%. It is characterized by upper right quadrant abdominal 
pain, nausea, vomiting, malaise and occasional fever (81). The diagnosis is 
confirmed by the presence of a thickened, hyperenhanced gallbladder wall 
with pericholecystic fluid, intramural gas or hydrops, seen on ultrasound, CT 
or MRI. The mainstay of treatment is analgetic treatment. However in severe 
cases, a cholecystectomy can be considered (79). Prince et al. propose the 
following strategies for gallbladder protection during radioembolization: if 
possible, placing the microcatheter distal to the cystic artery, or adjustment 
of the catheter position to alter the direction of blood flow. It is advised not to 
apply temporarily or permanently occluding of the cystic artery, since this can 
lead to ischemic cholecystitis (81).

In some patients, extrahepatic deposition is seen in the falciform ligament, 
due to a patent hepatic falciform artery (HFA). Theoretically, this could cause 
radiation dermatitis or abdominal pain. However, this is rarely seen and 
only a few cases have been described. In a review of 410 radioembolization 
treatments, Braat et al. have found only 16 cases of extrahepatic deposition 
in the falciform ligament. None of these patients experienced symptoms 
compatible with the extrahepatic deposition. These results show that there is 
no need for prophylactic measures or even exclusion from therapy of patients 
with a patent HFA (82).

5.5 Long-term hepatic changes

Su et al. have investigated the long-term hepatotoxicity after radioembolization 
in patients with NENs. The median follow-up time was 3.5 years. Twenty-six 
of 54 evaluated patients developed cirrhosis-like morphology after a median 
time of 1.8 years, but only 5 of them exhibited clinical symptoms that were 
attributable to radioembolization. Splenic volume increased by 64.7% in 
patients treated with whole-liver radioembolization and by 21.9% in patients 
treated with unilobar radioembolization. Findings of portal hypertension, such 
as ascites and varices, also developed more frequently in patients who received 
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a whole-liver treatment (83). This study shows that the long-term hepatotoxicity 
is mild. Long-term hepatotoxicity will become more and more important, since 
in the future, (combination) treatment with radioembolization may be applied 
in first- or second line settings.

6. POST-TREATMENT IMAGING AND DOSIMETRY

Post-treatment imaging

Currently, post-treatment imaging serves two purposes: the evaluation of 
technical success and the prediction of treatment efficacy. Technical success 
is evaluated by checking for extrahepatic deposition of microspheres and 
assessing the intrahepatic distribution.

The heterogeneity of microsphere distribution within a lesion and the absorbed 
radiation dose within a lesion can be obtained. By evaluating dose-response 
relationships, treatment efficacy can be predicted (84).

6.1. 90Y imaging
90Y decays without emission of gamma photons. Bremsstrahlung x-rays are 
emitted along a continuous decreasing energy spectrum ranging up to 2.3 MeV. 
Positron emission, which produces two annihilation gamma rays, happens only 
in 32 out of one million decays.

Thus, the quantitative imaging is limited to bremsstrahlung SPECT/CT and PET/
CT.

6.1.1. 90Y SPECT/CT
The emitted bremsstrahlung x-rays have energies that can range up to 2.3 MeV. 
The maximal energy usable by a gamma camera with a mechanical collimator 
is approximately 0.5 MeV. As a result, all acquisitions are corrupted by high 
energy x-rays scattering down into the acquisition window.

There are five different image-degrading effects: scattering inside the patient 
body, penetration through collimator septa, scattering from a collimator septa, 
the lead fluorescence Kα and Kβ emissions and the back-scattering from the 
photo multiplier tube, electronic boards and lead housing of the camera (85). 

2
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The shape and magnitude of these effects depend on photon energy, tissue 
composition, collimator and detector characteristics, the distance between 
the source and the collimator, and the energy window settings (86). Elschot 
et al. have developed a new method for 90Y SPECT reconstruction. This Monte 
Carlo-based reconstruction algorithm compensates for scatter and attenuation 
effects and improves the quantitative accuracy of bremsstrahlung SPECT 
images (86). Because of the wide range of photon energy, the energy window 
for bremsstrahlung SPECT/CT should be wide. However, because of the high 
focal uptake in the liver after radioembolization, a single-window approach is 
sufficient (87). Reported ranges in the literature are 105-195 keV and 50-250 keV 
(86-88). A high-energy collimator is proven to be better than a medium energy 
collimator by Elschot et al (14). The specifications of the SPECT/CT are defined by 
Elschot et al.: a radius of rotation of camera of 260 mm, 120 projections/360°, 
40-minute acquisition time, 256x256 matrix size and 1.6x1.6 mm2 pixel size 
(88, 89).

A largely neglected issue in clinical SPECT is respiratory motion. Bastiaannet 
et al. have shown that respiratory motion has a very large effect on dosimetry 
on the spatial scale of individual tumors, with an average decrease in activity 
recovery and tumor to non-tumor ratio from 90% to 66%. Thus, respiratory 
motion leads to an underestimation of tumor dose. This can partially be solved 
by using retrospective gating schemes (90).

6.1.2. 90Y PET/CT
Although annihilation photon pairs are produced about 700 times less often 
than bremsstrahlung photons, 90Y PET/CT was found to be superior over 
bremsstrahlung SPECT/CT for the assessment of the microsphere distribution 
after radioembolization (88, 91). One of the first post-infusion clinical 90Y PET/
CT scans was performed in 2009. Since then, many studies have described 
results from both patient and phantom imaging. There are two major issues 
in 90Y PET/CT imaging: the low true-coincidence rate and the high singles rate 
due to bremsstrahlung x-rays. The first issue may result in noisy images, long 
scan times and background noise from scintillator-decay. The singles-count 
rate from bremsstrahlung is much higher than the positron emission rate and 
may cause saturation of the detector, leading to a limited quantitative accuracy 
(84). However, this latter issue has not been found in recent investigations 
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(92). Regarding the first problem: the full-width at half maximum (FWHM) of 
90Y PET/CT is around 5 mm, and scan times of about 20 minutes are enough 
for dosimetry. The background noise is worse in organs were the 90Y activity 
concentration is lower (84).

Due to the higher intrinsic resolution of 90Y PET/CT compared to 90Y SPECT/CT, 
intrahepatic distribution is more accurately visualized by 90Y PET/CT imaging.

In the next generation PET/CT systems, the photomultiplier tubes are replaced 
with solid-state digital photon counting detectors. Wright et al have shown that 
detection of internal pair production is feasible with this digital photon counting 
(dPET) technology. dPET images provided increased contrast and allow for more 
precise localization of microsphere distribution (93). There is no guideline as to 
when patients should undergo 90Y PET/CT imaging. Due to the limited sensitivity, 
it is advised to perform these scans the day of treatment or one day later.

6.1.3. 90Y PET/MRI
The next development in 90Y imaging is PET/MRI. PET/MRI provides a better soft 
tissue contrast than PET/CT. The first clinical study of 90Y radioembolization with 
post-treatment PET/MRI imaging was conducted by Fowler et al. Twenty-four 
patients with tumors of diverse origin were treated with radioembolization 
with either glass or resin microspheres. Images were qualitatively assessed for 
microsphere distribution and the absorbed doses per lesion were calculated, 
as well as dose volume histograms, to measure the dose distribution within a 
tumor. The duration of PET/MR imaging ranged from 42-60 minutes. They found 
that the average dose per lesion, as well as the minimum dose to 70% of the 
lesion, were significant predictors of response (94).

Simultaneous PET/MRI offers the opportunity to directly image liver motion 
due to respiration during the PET acquisition and correct for it during the PET 
reconstruction. Eldib et al. have performed phantom experiments with PET/
MRI. They found that motion resulted in a large loss of contrast recovery, but 
this was successfully corrected by MR-based data correction (95).

2
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6.2. 166Ho imaging

Because 166Ho emits gamma photons, is paramagnetic and has a high 
attenuation coefficient, it can be detected during and after administration. 
While radioactive, the gamma photons emitted by 166Ho can be measured 
using single-photon emission computed tomography (SPECT) (Figure 8a-c). 
Independent of radioactivity, holmium is a lanthanide and with its paramagnetic 
properties allows visualization and quantification using MR imaging, while the 
high atom weight attenuates X-rays (15, 16).

FIGURE 8A-C. Figure a-c show extrahepatic deposition in the falciform ligament (arrows) 

in a 53-year old patient with hepatic metastases of a neuro-endocrine neoplasm who 

was treated with 166Ho-radioembolization. Figures 8a-c show the 166Ho SPECT/CT, the 

low dose CT and a planar image of the 166Ho SPECT/CT.

6.2.1. 166Ho SPECT/CT
Upon decay, 166Ho emits several gamma photons, most of which are 81 keV 
(abundance 6.7%), 1379 keV (0.9%) or 1581 keV (0.2%). To quantify 166Ho 
accurately, the SPECT detector has to be set to register photons with an 
energy window of 7.5% around the photon peak of 81 keV (14). However, the 
bremsstrahlung photons and other photons with high energies scatter and 
become part of the photo peak window, limiting accurate quantification. Also, the 
higher keV gamma photons from 166Ho decay interact with the patient and the 
detector. Both these effects are partially corrected for by a downscatter window 
of 118±6% keV, as well as the use of a medium energy collimator. Furthermore, 
attenuation of the patient’s body causes a decrease in the photons. A Monte 
Carlo simulation compensates for attenuation, scatter and collimator-detector 
response, and has been developed to improve quantification (86).

Acquisition of a 166Ho SPECT/CT takes about 30 minutes. When all 166Ho has 
decayed to erbium, there are no more gamma photons to image, so there is a 
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time constraint on the imaging procedure. Conversely, just after administration 
of 166Ho, the gamma photons are so abundant, that they invoke detector dead-
time; the recorded photon produces a pulse of a certain duration during which 
no second pulse can be detected. Detector dead-time is seen when the activity 
in the scanner is greater than 1420 MBq (14). In practice, patients undergo a 
SPECT when the activity of their 166Ho microspheres is between 250-500 MBq, 
between 3 and 6 days after treatment, depending on the infused activity.

6.2.2. 166Ho MRI
Quantification of 166Ho using MR techniques is possible because of the local 
field inhomogeneities it induces. It allows for imaging of higher resolution, is 
independent of radioactivity, and can be combined with anatomical scans of 
different kinds to show tumor boundaries and deposition of microspheres, but 
its application is limited to tissue without air (i.e., not in lungs and gastrointestinal 
organs) and metal (staples from prior hepatectomies).

In MR imaging, the nuclear magnetic moment of the nuclei of hydrogen 
atoms is aligned along a constantly applied magnetic field, after which a 
radiofrequency pulse disturbs its alignment. The resulting realignment of the 
nuclei after this pulse induces an electrical current in the receiver coil, which 
can be reconstructed to form an image. The realignment can be separated 
in a longitudinal (expressed in T1) and a transversal vector (T2). The T2 vector 
from tissue decays quickly (several milliseconds) which is accelerated by the 
presence of Ho, while its effect on the T1 is little to none. The decrease in T2* 
invokes a lower signal on gradient echo MR images; the microspheres show up 
as dark areas on these images. A linear relation has been shown between the 
disturbance in the T2 signal decay and the concentration of Ho present (16). 
This relationship, called the relaxivity (R2*), depends on the strength of the main 
magnetic field of the scanner and the Ho content.

A calibration phantom with known Ho microspheres concentrations enables the 
translation of the differences in R2* into units of microsphere concentrations, 
which convert into local activity using the activity per sphere.

As MR imaging of Ho is independent of radioactivity, it is possible during or 
immediately after infusion, but also after several months. The first enables 

2
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real-time estimation of damage to tumors or healthy liver, which could, in the 
future, lead to MR-guided radioembolization with simultaneous quantification 
for treatment optimization. The latter is useful for research into the dynamics 
and stability of implanted microspheres. The first human MR quantification was 
performed as part of the phase 1 HEPAR I trial (15). Of the injected mean total 
of 523 mg (range, 438-640 mg), MR quantification detected a mean of 431 mg 
(range, 236-666 mg) of microspheres in the liver, or 89±19%. As surgical clips 
distorted the quantification, the detection improved to 96±13% when these 
patients (5/14) were excluded. For this quantification, a map of T2* values of 
the liver was made before and after radioembolization. After subtraction (with 
inherent registration errors), the amount of microspheres was computed.

7. FOLLOW-UP IMAGING AND RESPONSE IDENTIFICATION

7.1. Imaging with CT and MRI

After radioembolization, follow-up imaging is usually performed at three-month 
intervals (1). It is important to consider the changes in tumor appearance that 
may be a consequence of radioembolization treatment itself. For example, 
the tumor may increase shortly after therapy, due to acute necrosis, edema 
and hemorrhage. Also, inflammation and fibrosis adjacent to the tumor may 
be falsely interpreted. These changes may lead to a rim enhancement around 
the tumor, which resembles vital tumor. Furthermore, the presence of tumor 
necrosis has to be taken into account when measuring tumor size.

Because of these typical radioembolization-induced changes, CT and MRI 
protocols should at least include contrast-enhanced imaging, using an arterial 
and portal-venous contrast delay. Unenhanced images can be helpful to 
distinguish between hemorrhage and vital tumor tissue.

With MRI, different sequences add to the diagnosis of a lesion. T1 sequences 
allow for the detection of fat and other substances with a high T1 signal, such 
as hemorrhage. T2 sequences are used to distinguish between solid and 
cystic lesions. Diffusion weighted imaging (DWI) evaluates the free motility of 
water molecules. The mobility is restricted by cell membranes and tissues 
with different cellularity have differences in water molecule movement. 
Malignancies are generally highly cellular and water molecule motility is 
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restricted, so malignancies appear hyperintense on DWI. DWI can be quantified 
by apparent diffusion coefficient (ADC). Changes of DWI under therapy are 
applied for response evaluation and can be used as a surrogate for the degree 
of tumor necrosis: necrotic tissue reveals an increased ADC because the free 
water mobility is increased. However, drawbacks of DWI sequences are a lack 
of reproducibility and no uniform DWI protocol (96).

DWI can also be used as a prognostic factor: Schmeel et al. have investigated 
the prognostic value of the pretreatment mean ADC in predicting treatment 
response, progression-free survival and overall survival in 46 patients who 
underwent radioembolization for unresectable colorectal cancer liver 
metastases. The mean post-treatment ADC values were increased by 23% 
on average. Patients with progressive disease had significantly lower tumor 
ADC values than patients with tumor response (p=0.04). A cut-off value for 
distinguishing long- and short-term survivors was estimated to be a tumor ADC 
value of 935. The difference in survival between patients below and above this 
threshold was significant (3 months versus 5 months) (97). These findings seem 
to be of great potential, but they have to be confirmed in larger prospective 
series. Due to the absence of uniform DWI protocols, these results cannot be 
translated to DWI assessments in other centers.

Recently, the use of perfusion imaging has emerged. This is based on the 
assumption that tumors with a higher arterial flow would receive a greater 
number of microspheres and respond better to treatment. CT perfusion 
parameters are well correlated with histopathologically determined tumor 
vascularity. Morsbach et al. have analyzed 40 patients who underwent 
radioembolization for hepatic metastases of various tumors. They found a 
significant difference between responders and non-responders in arterial 
perfusion, with the latter being much higher in responders (98).

Using dynamic contrast-enhanced (DCE) sequences, tumor perfusion can also 
be quantified on MRI images (96). In a multivariate analysis of prognostic factors 
in 45 patients with neuroendocrine neoplasms, Sommer et al. found that the 
vascularization of hepatic metastases is of great prognostic significance, with 
hypervascularized metastases showing a significantly longer progression-free 
survival (99).

2
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7.2. Functional imaging with 18FDG-PET CT and somatostatin 
receptor analogue

Functional imaging modalities may overcome the drawbacks of morphologic 
based treatment assessment. The backbone of oncologic imaging is 18F-FDG-
PET. Most malignancies have a high FDG uptake and this can be assessed both 
qualitatively and quantitatively during follow up.

However, not all tumors show a high FDG uptake. Neuro-endocrine neoplasms 
G1/2 (Ki67<20%) are not well visualized by 18F-FDG-PET imaging. These tumors 
express somatostatin receptors and this has led to the development of 
molecular imaging with radiolabelled somatostatin analogues. Gallium-68 is a 
positron-emitting isotope and a 68Ga-somatostatin analogue (68Ga-DOTATATE/-
TOC/-NOC) PET scan is proven to be superior to 18F-FDG-PET imaging in the 
detection and follow up of neuro-endocrine neoplasms (100, 101).

7.3. Response evaluation

There is a variety of established response criteria. Most are based on the change 
in size of lesions, but since the rise of functional imaging also quantitative 
response criteria have been determined. The most widely used criteria, the 
RECIST, mRECIST and PERCIST, will be briefly discussed.

7.3.1. RECIST 1.1.
The Response Evaluation Criteria In Solid Tumors (RECIST) have been developed 
in 2000 and were revised in 2009. The rationale behind these criteria is that 
objective response (shrinkage of the tumor) and time to progression are 
important endpoints in clinical trials. These endpoints are used to measure 
treatment effect, and tumor shrinkage is believed to positively influence overall 
survival.

At baseline, two target lesions per organ, with a maximum of five lesions in total, 
have to be chosen. The longest diameter of the lesions must be measured and 
the lesions should be at least 10 mm in size if the CT scan has a slice thickness 
≤5 mm. Usually, the biggest and most well-defined lesions are chosen as target 
lesions.
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The sum of diameters should be recorded and this parameter is used as a 
reference. At follow-up evaluation, the same target lesions must be evaluated. 
Complete response is defined as a disappearance of all target lesions. Partial 
response is classified as a ≥30% decrease in the sum of diameters of target 
lesions. Progressive disease is characterized by a ≥20% increase in the sum 
of diameters of target lesions. The sum must also demonstrate an absolute 
increase of ≥5 mm, and the appearance of a new lesion denotes progression 
as well. Stable disease, at last, is depicted by an increase in diameter of target 
lesions of <20% or a decrease of <30% (102).

Limitations of the RECIST criteria are that the thresholds for response and 
progression are arbitrarily chosen (sometimes a small change in size can already 
have quite some influence on overall survival) and that there is a large inter-
observer variability (103). Furthermore, necrosis (i.e. an effect that regularly 
occurs after loco-regional treatments) is included in the target lesion, leading 
to an overestimation of remaining tumor load (104).

7.3.2. mRECIST
The modified RECIST (mRECIST) criteria have been developed for the evaluation 
of hepatocellular carcinoma (HCC). They take into account the tumor necrosis 
induced by treatment. Viable tumor shows an uptake of contrast agent in the 
arterial phase on contrast-enhanced CT or MRI.

Just as the RECIST criteria, target lesions are defined at baseline. An HCC lesion 
should be ≥10 mm, measurable, well-defined, and should have intratumoral 
arterial enhancement on contrast-enhanced CT or MRI. Response categories 
are defined like the RECIST response categories with the alteration that only the 
viable, enhancing part of the lesions should be measured. Not all HCC lesions 
show arterial enhancement or are well-defined. For those lesions, conventional 
RECIST criteria must be used (103, 105). mRECIST could also be used for other 
hypervascular tumors, like neuro-endocrine neoplasms, however need to be 
validated in future studies.

7.3.3. PERCIST 1.0
Metabolic tumor response can be assessed using the Positron Emission 
Tomography (PET) Response Criteria in Solid Tumors (PERCIST 1.0) criteria. At 
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baseline, measurement of the ‘hottest’ single tumor and background area is 
required. The background data are needed to establish the right threshold 
for the standardized uptake value (SUV) of a lesion at baseline. The SUV is 
corrected for lean body mass and abbreviated as ‘SUL’. A single target lesion 
is chosen at each time point during follow-up, because the most metabolically 
active tumor focus corresponds to the most aggressive portion of the tumor. 
The tumor portion with the highest average SUL value, along with the activity 
in the surrounding 1 cm3, is recorded as SULpeak. PERCIST 1.1. categories 
for response are a bit more elaborate than the RECIST response categories. 
Complete response is the complete resolution of FDG uptake of the target 
lesion, with the uptake of all other lesions returning to background values as 
well. Partial metabolic response is a decrease of ≥30% and of ≥0.8 SUL units 
between the most intense lesion at follow-up and the most intense lesion at 
baseline. This is not necessarily the same lesion. Furthermore, there should be 
no new lesions compared to baseline and no increase of ≥30% in size of a non-
target lesion. Stable metabolic disease is defined as an increase or decrease in 
SULpeak of <30%. Progressive disease, finally, is characterized by an increase 
≥30% and of ≥0.8 SUL units in a target lesion, or by the development of a new 
lesion (106).

7.3.4. Comparison of RECIST and PERCIST criteria
In a recent review, Min et al. have analyzed six studies that compared RECIST 
and PERCIST response criteria. Overall, there was moderate agreement of tumor 
response between the two criteria (linear weighted kappa=0.59, 95%CI = 0.52-
0.66) and in almost 38% there was discordance in response category. Overall 
response rates were 35.1% by the RECIST and 54.1% by the PERCIST criteria. 
Thus, the PERCIST criteria significantly increased the overall tumor response 
rate. An example of a difference in response according to the RECIST and 
PERCIST criteria after radioembolization is depicted in Figure 9a-d. This figure 
shows images of an 80-year-old woman with metastases of an intrahepatic 
cholangiocarcinoma who was treated with radioembolization. According to 
the RECIST 1.1 criteria, the response to treatment would be characterized as 
SD (stable disease). According to the mRECIST and PERCIST criteria, however, 
the response to treatment would be characterized as CR (complete response) 
and CMR (complete metabolic response). Since functional imaging can detect 
metabolic changes when there are no morphological changes yet, response 
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evaluation using the PERCIST criteria may be a better mainstay for clinicians 
(107). However, PERCIST comes with several logistical challenges before allowing 
physicians to compare baseline and follow-up imaging (108).

FIGURE 9A-D. Figure a shows a contrast-enhanced CT image of a metastasis of an 

intrahepatic cholangiocarcinoma in a 80-year-old woman. Figure b shows a contrast-

enhanced CT image of the same metastasis 3 months later, after treatment with 

radioembolization (120 Gy Theraspheres). Figure c shows a baseline PET/CT image of 

the same metastases. Figure d shows a PET/CT image of the same metastasis 3 months 

after treatment.

8. RESPONSE

Hepatocellular carcinoma (HCC) is the fifth most common type of cancer and 
the third cancer-related cause of death worldwide. The incidence is highest 
in Asia and rising in the US. Risk factors of HCC are hepatitis C virus infection, 
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hepatitis B virus infection and alcohol abuse. These risk factors can cause 
chronic liver disease, possibly leading to the development of fibrosis and/or 
cirrhosis and HCC. (109)

Patients with HCC are classified according to the BCLC staging system. This 
system is divided in five categories: 0-D, based on performance status, liver 
function and tumor dimensions. Patients are treated according to the proposed 
treatment strategy for each BCLC stage (110). Although radioembolization is not 
incorporated in the treatment algorithm yet, several trials on radioembolization 
in HCC patients have been conducted. For selected patients, radioembolization 
could be positioned between TACE and sorafenib (Figure 10).

For patients with BCLC stage 0-A, ablation, resection or liver transplantation are 
the treatment options of choice. There is a possible role for radioembolization 
in these stages in the form of radiation segmentectomy. Padia et al. have 
described superselective radioembolization for patients with unresectable HCC, 
with a median dose to the treated segments of 254 Gy. Response rates were 
excellent, with 95% CR and 5% PR. There was no significant hepatoxicity (111). 
Recently, a retrospective analysis of Biederman et al. has been published. In a 
cohort of 121 patients with solitary HCC up to 3 cm, 41 patients were treated 
with radiation segmentectomy and 80 patients were treated with a combination 
of TACE and microwave ablation (MWA). Target lesion complete response was 
87.5% in both groups. Median time to progression was 11.6 months in the TACE 
MWA group and 11.1 months in the radiation segmentectomy group (p=0.83). 
Overall progression and overall survival rates were similar in both groups. 
These findings show that radiation segmentectomy is just as effective as the 
combination of TACE and MWA in BCLC stage A patients (112).

Radioembolization can be used for down-staging or as a bridge to 
transplantation. Many patients do not meet the Milan criteria for transplantation 
(≤5 cm for single lesion or no more than 3 lesions with the largest measuring 
≤ 3 cm) (113). Radioembolization can be used to induce a shrinkage of the 
lesions to render patients eligible for transplantation. Since waiting times for the 
transplantation list are long, many patients develop progressive disease and are 
no longer candidates for transplantation. To overcome this, radioembolization 
can be used to delay progression.
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Tohme et al. describe 20 patients with HCC who were treated with 
radioembolization as a bridge to transplantation. Radioembolization induced 
a complete or partial response in 9 of 16 evaluable patients. Histopathologic 
analysis of the explanted livers showed complete tumor necrosis in 5 cases, 
50-99% necrosis in 6 cases and <50% necrosis in 9 cases. Median survival was 
75.1 months and there were 4 patients with disease recurrence, of whom one 
had cancer in the new liver (113). Mohamed et al. have reported their center’s 
experience in using several therapeutic modalities before liver transplantation. 
In comparison with stereotactic radiotherapy, TACE and RFA, treatment with 
radioembolization yielded the highest radiologic complete response rate (33% 
versus 25% for TACE, 8.6% for stereotactic radiotherapy and 22% for RFA) and 
also the highest proportion of pathologic necrosis (75%, versus 41% for TACE, 
28.5% for stereotactic radiotherapy and 60% for RFA). There were 7 patients 
with disease recurrence after transplantation, but none of them was treated 
with radioembolization (114).

These findings show that radioembolization can enable patients to remain on 
the waiting list for transplantation by stabilizing or even down-staging their 
disease.

To date, several trials with radioembolization have been performed with BCLC 
stage B and C patients. Transarterial chemoembolization (TACE), the gold 
standard for BCLC stage B, is not always possible because of a large portal 
vein main branch tumor thrombus (BCLC stage C). However, this is not an 
absolute contra-indication for treatment with radioembolization. Furthermore, 
large tumor size (>10 cm) can be a contra-indication for TACE, whereas for 
radioembolization, it is not (2).

In a small randomized controlled trial, Kolligs et al. have compared the 
effectiveness of radioembolization versus TACE as first-line treatment. The 
disease control rates were slightly higher for radioembolization than for TACE: 
76.9% versus 73.3%. The impact on quality of life was comparable (115). The 
PREMIERE trial is a prospective randomized phase 2 study of TACE versus 
radioembolization in HCC. Forty-five patients with BCLC stage A/B were 
included and randomly assigned to TACE (n=21) or radioembolization (n=24). 
Clinical toxicities and objective response rates were similar in both patient 
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groups. Median time to progression was 6.4 months in the TACE group and not 
reached in the radioembolization group (p=0.002). However, this significantly 
longer time to progression did not translate into a significant difference in 
overall survival (116).

Katsanos et al. have compared the effectiveness of different transarterial 
embolization therapies, alone or in combination with local ablative or adjuvant 
systemic treatments, in patients with HCC. They compared studies investigating 
bland transarterial embolization (TAE), TACE, chemoembolization with drug-
eluting beads (DEB-TACE), TACE+radiotherapy, TACE+ablation, TACE+adjuvant, 
DEB-TACE+adjuvant and radioembolization with control series. TACE combined 
with external radiation therapy or percutaneous tumor ablation were found 
to be the most effective treatment strategies, in terms of overall survival. 
Radioembolization was proven to be the safest treatment modality with less 
adverse events and side effects than the other locoregional therapies. Median 
survival of patients treated with radioembolization was 24.3 months, compared 
to 13.9 months in the control series with best supportive treatment (117).

In BCLC stage C patients, a portal vein tumor thrombus (PVT) is present, 
which is a contraindication for surgery and chemoembolization, but not for 
radioembolization. In a retrospective cohort study of 41 patients, Garin et al. 
showed that good PVT targeting and a tumor dose ≥205 Gy are significantly 
correlated with overall survival. Using aimed absorbed dose intensification, a 
high response rate of 85% was obtained (118). Ali et al. have studied factors 
influencing survival in BCLC stage C patients treated with radioembolization. 
Three-hundred forty-five patients were included, of whom 223 had a 
performance status of 1 and 10 an ECOG performance score of 2. Ninety-six 
patients had a portal vein tumor thrombus (PVT) before therapy and 16 patients 
had extrahepatic metastases. The median OS was 10.7 months. Multivariate 
survival analysis showed that median OS was significantly longer for patients 
without PVT than for patients with PVT: 15.6 versus 7.3 months, p<0.0001. 
Extrahepatic disease at baseline also significantly influenced median OS: 7.4 
versus 12.6 months for patients with and without extrahepatic metastases (119). 
The presence of PVT as a prognostic factor is confirmed by Floridi et al. who 
studied radioembolization in patients with mainly BCLC stage B. These patients 
had a longer median OS of 22.7 months after radioembolization (120).

2
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Recently, two trials have compared radioembolization with sorafenib: the 
Study to Compare Selective Internal Radiation Therapy (SIRT) Versus Sorafenib 
in Locally Advanced Hepatocellular Carcinoma (SIRveNIB) and the SorAfenib 
Versus Radioembolization in Advanced Hepatocellular carcinoma (SARAH) 
trial (clinicaltrials.gov identifiers NCT01135056 and NCT01482442). The results 
of the SIRveNIB trial are not published yet, but they have been presented at 
an international congress. Both trials were developed to identify whether 
radioembolization improves OS compared to the standard treatment with 
sorafenib. The results from the SARAH trial showed no significant difference in 
OS (median OS 8.0 months for radioembolization and 9.9 months for sorafenib in 
the intention-to-treat groups, and median OS 9.9 months for radioembolization 
and 9.9 months for sorafenib in the per protocol analysis). Median progression-
free survival was a bit longer for the radioembolization group (4.1 versus 3.7 
months) but this was not significantly different. However, progression in the liver 
as first site was significantly lower in the radioembolization group (HR 0.72, 95% 
CI 0.56-0.93, p=0.01) and tumor response rate was significantly better (19% of 
evaluable patients in the radioembolization group achieved a complete or partial 
response, versus 12% of evaluable patients in the sorafenib group (p=0.04). Most 
important, the number of adverse events was lower with radioembolization and 
the quality of life over time was significantly better (Figure 11) (121).

FIGURE 11. Quality of life (as depicted by the mean global health status subscore from 

the EORTC QLQ-C30 questionnaire) over time of patients treated in the SARAH trial. 

Reprinted with permission from Elsevier.
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In the SIRveNIB trial, there was no significant difference in OS either. Median 
OS was 8.8 months for radioembolization and 10 months for sorafenib. Tumor-
response rate was much better for the radioembolization group: 16.5% versus 
1.7% (p<0.001) Like the SARAH trial, patients who received radioembolization 
had significantly fewer (serious) adverse events when compared with those 
treated with sorafenib (122).

Unfortunately, these trials are not without limitations. In both studies, a 
larger proportion of patients in radioembolization group did not receive the 
allocated intervention compared to the patients randomized to sorafenib 
(SARAH trial: 22.0% versus 4.6%; SIRveNIB trial: 28.6% versus 9.0%) (121, 
122). Furthermore, in both studies, the BSA method was used for activity 
calculation. This method often leads to over- or underdosing and does not 
differentiate between tumorous and non-tumorous tissue, which may have 
led to suboptimal treatment outcomes. Also, time to progression in the liver 
was significantly longer in the radioembolization groups, but progression at 
any site was comparable or shorter in the radioembolization group. This is not 
unexpected when comparing a regional versus a systemic therapy and one may 
advocate the addition of a systemic therapy to radioembolization.

8.1. Metastatic colorectal carcinoma

The majority of patients with hepatic metastases of colorectal carcinoma is 
not suitable for surgical therapy. Resection of hepatic metastases is the only 
possible curative treatment option. The 5-year survival is only 10% for patients 
with unresectable disease. Treatment with radioembolization is possible even 
after several lines of chemotherapy.

To date, two randomized controlled trials have investigated the value of 
radioembolization in the salvage setting.

The first trial was published in 2001. This study looked at the added value 
of radioembolization to hepatic artery chemotherapy with floxuridine versus 
chemotherapy with floxuridine alone. Tumor response rate and progression free 
survival was significantly better in the combination group. Moreover, although 
not significantly different , the five-year survival rates in the combination and 
chemotherapy group were 3.5% versus 0% (58).

2
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The second study was a phase III trial comparing intravenous fluorouracil 
infusion alone or with radioembolization in patients with liver-limited metastatic 
colorectal carcinoma (mCRC). Forty-four patients were treated and median 
time to liver progression was 2.1 months in the chemotherapy arm, versus 
5.5 months in the combination arm. Median OS rates in the treatment arms 
were 7.3 and 10.0 months, respectively, but this was not significantly different 
(123).

The MORE study was a large retrospective study of mCRC patients treated with 
radioembolization. The main findings of this study were that radioembolization 
offered favorable survival benefits for patients with unresectable mCRC, even 
after several lines of chemotherapy (124).

Prognostic factors for poorer survival after radioembolization in this salvage 
setting were ECOG performance status ≥1, baseline extrahepatic metastases, 
elevated levels of carcinoembryonic antigen (CEA), high tumor to non-tumor 
ratio, increased lines of chemotherapy, ascites, impaired liver function, 
lymphovascular invasion of the primary tumor and KRAS mutation (67, 125, 
126).

In the first-line setting, three trials investigating the role of radioembolization 
were performed. In the SIRFLOX, FOXFIRE and FOXFIRE-Global studies, the 
efficacy of combining first-line chemotherapy (FOLFOX with or without targeted 
therapy) with radioembolization was evaluated in a randomized setting. The 
studies were designed for combined analysis of overall survival. Five-hundred 
forty-nine patients were assigned to FOLFOX alone and 554 patients were 
assigned to the combination group. The patients that received the combination 
treatment had a significantly higher objective response (72% versus 63%, 
p=0.0012), however, this did not translate into a higher median OS. Median OS 
and overall progression-free survival were comparable between both groups. 
Therefore, early use of radioembolization in combination with chemotherapy in 
unselected patients with metastatic colorectal cancer cannot be recommended 
(127). However, a lot of factors contributing to the result of this combined 
analysis cannot be ignored, thus the result of these studies should interpreted 
with caution. The most important factor is the dosimetry. In their study, 
Wasan et al. have used the BSA method for activity calculation. However, this 
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method often leads to over- or underdosing. Furthermore, the BSA method 
does not differentiate between tumorous and non-tumorous tissue, leading to 
undetermined absorbed doses in these tissues. In the SIRFLOX-, FOXFIRE- and 
FOXFIRE-Global studies, the tumor-absorbed dose was not optimized, leading 
to an uncertainty about the true effect of radioembolization in the first-line 
setting (128).

8.2. Neuro-endocrine neoplasms

Neuro-endocrine neoplasms (NENs) metastasize to the liver in 50-95% of 
patients (83). Neuro-endocrine neoplasm metastases generally have a high 
arterial uptake and are therefore excellent candidates for radioembolization 
(99). To date, several studies about radioembolization for NEN metastases were 
published. A meta-analysis of 12 studies showed that median OS ranged from 
14-70 months, with a median of 28.5 months. The pooled disease control rate 
was 86%. The wide range in OS may be due to the inclusion of pancreatic 
NENs in the analysis, because pancreatic NENs generally have a lower survival 
than NENs from other primary sites (129)Jia et al. have analyzed the outcome 
of radioembolization in 36 patients with hepatic metastases of NENs. At 3 
months follow-up, overall disease control rate (CR, PR or SD) was 88.9%. There 
were 16 patients with carcinoid syndrome (flushing, diarrhea) and 15 of them 
experienced symptomatic improvement after treatment. Side effects were mild, 
with the exception of 2 patients who developed duodenal ulcers. Median OS 
was 41 months (130).

In a retrospective study, Chansanti et al. have analyzed the tumor-dose 
relationship in NENs. They included 15 patients with a total of 55 tumors. 
Primary tumors were located in the pancreas (n=8), the gastrointestinal tract 
(n=6) and in the lung (n=1). The majority of tumors were hypervascular (80%). 
Tumor-absorbed dose was estimated using the partition model, as predicted 
by uptake of 99mTc-MAA. Mean tumor-absorbed dose was 231.4 Gy and a cutoff 
value of ≥191 Gy predicted tumor response with 93% specificity. These results 
show that tumor-absorbed dose estimation based on 99mTc-MAA uptake is 
predictive of tumor response and that the partition model can be used for 
optimal treatment planning (131). Prognostic factors that may influence OS 
after radioembolization are ECOG score ≥1, higher tumor grade and tumor 
burden >50% (132).

2
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8.3. Other tumor types

Radioembolization is also increasingly used for hepatic metastases of other 
primary tumors, such as intrahepatic cholangiocarcinoma, breast carcinoma, 
pancreatic adenocarcinoma, renal cell carcinoma and uveal melanoma. In all 
these tumor types, radioembolization shows promising results with limited 
toxicity (133-137).

9. FUTURE DIRECTIONS

9.1. Retreatment

Radioembolization is usually performed as a mono-therapy (i.e. one shot), after 
failure of other therapeutic options. However, sometimes there is an indication 
for repeated radioembolization. Patients may have an impaired liver function 
after a previous radioembolization treatment, which raises questions regarding 
safety. Two studies have investigated the safety of repeated radioembolization. 
Lam et al. describe 8 patients that underwent repeated treatment, defined as 
multiple treatments to the same target volume. The second procedure was 
done with a reduced radioactivity dose. The interval between treatments was 
203-968 days. After the second treatment, 3 patients had stable disease, 4 
patients partial response and 1 patient complete response. After the second 
radioembolization procedure, two patients developed REILD and deceased 
shortly after treatment. The authors concluded that a higher administered 
activity per target volume increased the risk of REILD (138).

Zarva et al. analyzed repeated radioembolization in 21 patients with HCC or 
hepatic metastases from different primary tumors. Sixteen patients received 3 
lobar treatments, 4 patients received 4 lobar treatments and 1 patient received 
5 lobar treatments. The interval between sessions was 4-6 weeks. The most 
frequent adverse events were ascites, elevation of bilirubin or liver enzymes 
and decrease of serum albumin levels. There were no grade IV or V toxicities. 
Median time to progression after the first treatment session was 3 months and 
median OS was 18 months (139).

Despite the possible increased risk of REILD, repeated radioembolization may 
be a good option for patients with progressive disease after radioembolization. 
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Careful patient selection should be applied and doses should be calculated with 
taking into account the administered activity per target volume.

9.2. Advances in dosimetry

The need for optimized dosimetry is more and more emphasized. A huge step 
forward from the BSA and the MIRD method was made with the invention of 
the partition method for activity calculation. This method takes into account the 
mass of the tumors and the liver. However, it does not correct for the difference 
in tumor and non-tumor expected absorbed dose. Another limitation is that it is 
difficult to delineate ill-defined tumors. As stated above, a voxel-based method 
for activity calculation is proposed by Chiesa et al (63). This method uses the 
99mTc-MAA quantification as a surrogate of microsphere distribution and takes 
non-uniformity of the absorbed dose into account. However, limitations of 
this voxel-based approach are physical factors such as attenuation, scatter, 
noise and partial-volume effects, that should be corrected for (64). Garin et al. 
have developed a personalized dosimetry approach, with an aimed absorbed 
tumordose of ≥205 Gy. They evaluated the 99mTc-MAA volume of distribution in 
the injected liver and tumor and the total injected activity. The injected activities 
in the tumors and liver were calculated with the MIRD formula, with the end 
points of attaining a tumor-absorbed dose of ≥205 Gy, a healthy liver absorbed 
dose of <120 Gy and a lung absorbed dose of <30 Gy. Treatment intensification 
was performed when the estimated tumor dose would not reach 205 Gy as 
calculated with the MIRD method (118). In a study of 85 patients with HCC, 
this method was used for activity calculation. Response rate was 80.3% on 
lesion-based analysis and 77.5% on patient-based analysis. There was a clear 
dose-response relationship, with a response rate of 89.7% for tumors with an 
absorbed dose of ≥205 Gy versus a response rate of 9.1% in tumors with an 
absorbed dose <205 Gy. Tumor-absorbed dose was also significantly associated 
with overall survival (p=0.005 on multivariate analysis) (140).

A personalized dosimetric approach is advocated for the treatment of not only 
HCC patients but also for patients with hepatic metastases. Optimal tumor-
absorbed doses and maximum tolerable dose to the healthy liver have to be 
defined for multiple tumor types.

2

Caren_Proefschrift.indd   63Caren_Proefschrift.indd   63 19/10/2020   10:27:4419/10/2020   10:27:44



64

Chapter 2

9.3. Radioembolization as a bridge to surgery

Surgical resection of hepatic tumors offers the best chance of survival. 
Still, in many patients the future liver remnant (FLR) is deemed too small to 
preserve enough liver function, and often patients die because of liver failure. 
To overcome this hepatic failure, different strategies have been developed to 
increase the FLR, such as portal vein embolization (PVE). The FLR increases with 
44-69% already 6-8 weeks after PVE. However, there are reports of patients 
developing tumors in the embolized and non-embolized lobes, which makes 
them ineligible for surgery.

Radioembolization also induces hypertrophy of the untreated liver lobe, but this 
develops at a slower pace. This slower pace allows for the discovery of possible 
new lesions in the treated lobe and new lesions in the FLR (i.e. biological test of 
time). Furthermore, contrary to PVE, there is a tumoricidal effect in the treated 
lobe (141). Goebel et al. have found a mean increase of 36% in FLR volume in a 
series of 27 patients with HCC. A lower tumor burden, lower Child Pugh score 
and lower age were associated with a larger increase in FLR volume (142). An 
example of a patient who underwent radioembolization to induce hypertrophy 
of the FLR is shown in Figure 12a-d.
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FIGURE 12A-D. Figure a shows a contrast-enhanced CT image of a 60-year old 

man with an HCC (white arrow). Figure b shows the 90Y-PET CT after treatment with 

radioembolization of the right hemiliver (120 Gy, Theraspheres). Figure c shows 

a CT image of a hypertrophied left hemiliver (dotted white arrow), 3 months after 

radioembolization. Figure d shows a contrast-enhanced CT image of the left hemiliver 

(dotted white arrow) 4 months after right hemihepatectomy.

9.4. Single-day sessions

Currently, the standard radioembolization treatment algorithm is a work-up 
with 99mTc-MAA, followed by administration of the 90Y-microspheres about 2 
weeks later. This can be quite burdensome for patients, as they have to visit the 
hospital multiple times. Furthermore, it is expensive, since in most hospitals, 
radioembolization is not performed as an outpatient procedure so patients 
will have to stay the night after treatment.

Gates et al. described the outpatient single-session radioembolization with 
90Y-glass microspheres of 14 patients. Before the patients arrived, the hepatic 
volume and number of primary vessels supplying the treatment volume were 

2
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acquired using CT images. Activity vials were ordered assuming a 10% LSF 
for HCC and 5% LSF for metastatic disease. At the day of treatment, patients 
underwent the work-up angiographic procedure with administration of 
99mTc-MAA. Within 2 hours, planar scintigraphy was performed and LSF was 
calculated. Activity was calculated according to the MIRD method and this was 
done between the scan and the transfer back to the angiography suite, where 
patients received treatment. Cone-beam CT was used for the evaluation of 
possible enterohepatic vessels. The mean total procedure time was 2.7 hours. 
This study shows that single-day treatment is feasible (143). In a letter to the 
editor, Van den Hoven et al. even advocate to eliminate the LSF calculation in 
patients with colorectal carcinoma metastases, since these patients seldom 
have a high LSF (144). However, if one leaves out this work-up procedure, 
personalized dosimetry based on the distribution of 99mTc-MAA becomes 
impossible.

Radioembolization with 166Ho is always performed on a single day in the 
current clinical trials. Between the work-up procedure and the treatment 
procedure, the angiography suite is used for other treatments, to increase 
cost-effectiveness.

9.5. Technical advances

Another option to shorten treatment time is to use simultaneous x-ray and 
nuclear imaging. This would allow the intervention radiologist to directly identify 
possible extrahepatic deposition of the microspheres and render the possibility 
of e.g. adjusting the injection position. A prototype was built with a mobile 
C-arm and a gamma camera with a four-pinhole collimator (Figure 13). The x-ray 
detector, the x-ray tube and the gamma camera were all placed in one line to 
enable imaging of the same field-of-view. Measurements with this prototype 
have demonstrated the feasibility of simultaneous x-ray and nuclear imaging 
(145, 146).

Recently, much effort is being put into the development of different catheter 
types, such as anti-reflux catheters. Advantages of anti-reflux catheters, such 
as the Surefire catheters with an expandable tip or the Occlusafe catheters 
with an expandable balloon tip, are the anti-reflux capacities and the fixed 
catheter tip in the middle of the lumen(147, 148). The anti-reflux mechanism 
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may obliterate the need for coil-embolization of proximal branches, leading to a 
reduced procedure time, radiation dose and even costs (149, 150). Furthermore, 
by affecting the fluid-particle hemodynamics, the fixed catheter tip position 
may influence the distribution of the microspheres (151, 152).

FIGURE 13. This image shows a prototype of the hybrid fluoroscopic and nuclear 

imaging device. With courtesy to Van der Velden et al.

CONCLUSION

Radioembolization is a minimal invasive therapy during which radioactive 
microspheres are injected into the hepatic artery. A microcatheter is placed in 
the hepatic arterial vasculature and millions of microspheres are administered, 
that selectively irradiate the tumors and relatively spare the healthy liver tissue. 
The essential steps for radioembolization are a visceral angiography to map the 
vascular anatomy, followed by a SPECT/CT after administration of a scout dose 
to assess lung shunt, exclude extrahepatic depositions and assess intrahepatic 
particle distribution, after which the optimal therapeutic activity is calculated 
and administered during a second visceral angiography.

2
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Radioembolization is a safe and effective treatment and currently mainly 
indicated in a palliative setting for unresectable, chemorefractory primary and 
secondary hepatic malignancies.

Side effects of radioembolization are usually mild and self-limiting.

Within nuclear medicine and interventional oncology, radioembolization is a 
fast developing field of expertise.

ABBREVIATIONS

18F-FDG  fluor-18 fluorodeoxyglucose
68Ga  gallium-68
89Y  yttrium-89
90Y  yttrium-90
90Sr  strontium-90
90Zr  zirconium-90
 99mTc-MAA  99mTechnetium macro-accregated albumin
166Ho  holmium-166
ADC  apparent diffusion coefficient
AE  adverse event
BEDave  biologically effective dose averaged over voxel values
BCLC  Barcelona Clinic Liver Cancer
Bq  Becquerel
BSA  body surface area
CA  cystic artery
CBCT  C-arm cone beam CT
CEA  carcinoembryonic antigen
CHA  common hepatic artery
CMR  complete metabolic response
CT  computed tomography
D  mean absorbed dose
DEB-TACE  chemoembolization with drug-eluting beads
DCE  dynamic contrast-enhanced
dPET  digital photon counting PET
DSA  digital subtraction angiography
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DWI  diffusion weighted imaging
EBRT  external beam radiation therapy
ECOG performance status  Eastern Cooperative Oncology Group 

performance status
EUBED  equivalent uniform biologically effective dose
EUD  equivalent uniform dose
FLR  future liver remnant
FWHM  full-width at half maximum
G5W  glucose 5% water
GBq  Giga Becquerel
GDA  gastroduodenal artery
Gy  Gray
HCC  hepatocellular carcinoma
HFA  hepatic falciform artery
IA  injected activity
keV  kilo electron volt
LHA  left hepatic artery
LSF  lung shunt fraction
MBq  Mega Becquerel
mCRC  metastatic colorectal carcinoma
MeV  mega electron volt
MIRD  Medical Internal Radiation Dose
mRECIST  modified RECIST
MRI  magnetic resonance imaging
MWA  microwave ablation
NEN  neuro-endocrine neoplasm
OS  overall survival
PERCIST  Positron Emission Tomography Response Criteria in Solid 

Tumors
PET  positron emission tomography
PHA  proper hepatic artery
PSI  pound-force per square inch
PVE  portal vein embolization
PVT  portal vein thrombus
RECIST  Response Evaluation Criteria In Solid Tumors
REILD  radioembolization induced liver disease
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RGA  right gastric artery
RHA  right hepatic artery
SIRT  selective internal radiation therapy
SPECT  single photon emission computed tomography
SUL  SUV corrected for lean body mass
SUV  standardized uptake value
TACE  transarterial chemoembolization
TAE  transarterial embolization
T/N ratio  tumor to nontumor ratio
WHO  World Health Organization
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ABSTRACT

Background

Holmium-166 radioembolization is a palliative treatment option for patients 
with unresectable hepatic malignancies. Its influence on quality of life has not 
been evaluated yet. Since quality of life is very important in the final stages 
of disease, the aim of this study was to evaluate the effect of holmium-166 
radioembolization on quality of life.

Materials and Methods

Patients with hepatic malignancies were treated with holmium-166 
radioembolization in the HEPAR I and II studies. The European Organization for 
Research and Treatment of Cancer QLQ-C30 and LMC21 questionnaires were 
used to evaluate quality of life at baseline, 1 week, 6 weeks and at 6, 9 and 12 
months after treatment. The course of the global health status and symptom 
and functioning scales were analyzed using a linear mixed model.

Results

Quality of life was studied in a total of 53 patients with a compliance of 94%. 
Role functioning was the most affected functioning scale. Fatigue and pain 
were the most affected symptom scales. Changes in almost all categories were 
most notable at one week after treatment. A higher WHO performance score at 
baseline decreased global health status, physical functioning, role functioning 
and social functioning and it increased symptoms of fatigue, dyspnea and 
diarrhea.

Conclusion

Quality of life in salvage patients with liver metastases treated with holmium-166 
radioembolization was not significantly affected over time, although a striking 
decline was seen during the first week post-treatment. A WHO performance 
score >0 at baseline significantly influenced quality of life.

Key words: radioembolization, holmium-166, quality of life, hepatic 
metastases
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Quality of life in patients treated with 166Ho-radioembolization

BACKGROUND

Radioembolizaton (RE) is an intra-arterial therapeutic option for patients with 
unresectable hepatic malignancies. Tumors within the liver receive their blood 
supply almost entirely from the hepatic artery whereas the normal liver is supplied 
mainly from the portal vein. Therefore, infusion of radiolabeled microspheres 
into the arterial system results in delivery of effective doses of radiation 
to the tumor without causing intolerable toxicity to the normal liver (1).

Holmium-166-poly(L-lactic acid) (166Ho)-microspheres (QuiremSpheres®, Quirem 
Medical B.V., The Netherlands) have been developed as an alternative to yttrium-90 
(90Y) microspheres. The main advantage of 166Ho-microspheres is the ability to be 
visualized in-vivo by SPECT and MRI, which enables quantitative biodistribution 
imaging (2). 166Ho-microspheres have a mean diameter of 30 µm (range 15-60 µm). 
Overall, RE is safe and well tolerated, with primarily short-term toxicity. Mild clinical 
side effects of RE consist mainly of abdominal pain, nausea, vomiting, fatigue and 
fever and usually occur within 4-6 weeks after treatment (post-embolic syndrome) 
(3, 4). Palliative chemotherapy in the same setting, however, is known to be 
associated with substantial side effects (5). With the advances in cancer treatment 
and increased survival, quality of life (QoL) has become increasingly important 
(6). Tumor-specific therapy can potentially prolong life, but, due to its possible 
toxicity, may considerably reduce QoL (7). The majority of patients (82-95%) value 
the impact on QoL of the treatment at least as much as the survival benefit (8, 9). 
Factors known to influence QoL in cancer patients are, among others, age, gender, 
cancer type, performance status, and high symptom burden (10-13) In patients with 
hepatic malignancies, specifically, extrahepatic recurrence is of significant influence 
on QoL (14). To form an impression of the influence of RE on QoL, we performed 
a systematic review of the literature (See Figure S1 for the search strategies). The 
effect of Y90-RE on QoL was investigated in 14 studies (15-28). In most studies, 
QoL did not change significantly after Y90-RE (Table 1) (15, 17, 19-21, 23, 25, 27). 
In a minority, QoL either improved (16, 26) or worsened after 90Y-RE (18, 24). The 
purpose of the current study was to evaluate the effect of 166Ho-RE on QoL. Based 
on the literature, our hypothesis was that QoL would not be significantly affected 
by 166Ho-RE, similar to what is known for 90Y-RE. Furthermore, the hypothesis was 
that QoL may be impaired by the known short-term side-effects of 90Y-RE, i.e. the 
post-embolization syndrome.

3
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Quality of life in patients treated with 166Ho-radioembolization

MATERIALS AND METHODS

Patients and study design

QoL was evaluated in patients included in the HEPAR I and HEPAR II studies 
(clinicaltrials.gov identifier NCT01031784 and NCT01612325). The inclusion 
criteria for treatment were exactly the same and the patient population in both 
studies was comparable (Table S1). In these studies, patients with unresectable, 
chemorefractory liver metastases of any primary origin and cholangiocarcinoma 
were included. Patients were eligible if they were diagnosed with liver-dominant 
disease, had a life expectancy of >3 months, had measurable disease on CT, had 
adequate liver, renal and bone marrow function, and had a WHO performance 
score of ≤2. The institutional review board approved these studies and all 
patients provided written informed consent. The aim of the HEPAR I study was 
to assess the safety and the maximum tolerated radiation dose of 166Ho-RE. 
The maximum tolerated dose was found to be 60 Gy and its safety and efficacy 
was established in the HEPAR II study. A more detailed description of the study 
designs and the main study results have been published elsewhere (29-31).

Treatment

Patients received a work-up angiography approximately 1 week before 
treatment in which extra-hepatic vessels were coil-embolized, if necessary. A 
scout dose of 99mTc-MAA (150 MBq, Technescan LyoMAA®; Mallinckrodt Medical 
B.V., Petten, The Netherlands) was administered to assess the extrahepatic and 
intra-hepatic distribution. After a 1-2 week interval, patients were scheduled for 
a second and third angiography. The second angiography was planned in the 
morning, during which patients received a scout dose of 166Ho-microspheres, 
directly followed by SPECT and MRI. The treatment dose of 166Ho-microspheres 
was administered that same afternoon and was followed by SPECT and MR 
image acquisition 3-5 days later (30, 31).

Quality of life assessment

QoL in patients was assessed using the validated European Organization for 
Research and Treatment of Cancer (EORTC) QLQ-C30 version 3.0 and QLQ-
LMC21 questionnaires (32) (33). The EORTC QLQ-C30 contains 30 questions and 
the EORTC QLQ-LMC21 contains 21 items. They are composed of both multi-item 
scales and single-item measures: from the questionnaires, a Global Health Status/

3
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Quality of Life (GHS), 5 functioning scales and 22 symptom scores were derived. 
All but two items are scored on 4-point Likert scales (1: not at all, 2: a little, 3: quite 
a bit, 4: very much). The two other items are scored on a 7-point linear analogue 
scale. The raw subscale scores are transformed to a 0-100 scale, where a high 
score in a functioning scale represents unimpaired functioning and high score 
in a symptom scale represents a high level of symptomatology. The functioning 
scales are: physical functioning (PF), role functioning (RF), emotional functioning 
(EF), cognitive functioning (CF) and social functioning (SF). The symptom scales 
are: fatigue (FA), nausea and vomiting (NV), pain (PA), dyspnea (DY), insomnia (SL), 
appetite loss (AP), constipation (CO), diarrhea (DI), financial difficulties (FI)(QLQ-C30); 
and eating (LMNutri), fatigue (LMCFati), pain (LMCPA), emotional problems (LMCEp), 
weight loss (LMCWL), taste (LMCTA), dry mouth (LMCDM), sore mouth/tongue 
(LMCSM), peripheral neuropathy (LMCPN), jaundice (LMCJ), contact with friends 
(LMCFr), talking about feelings (LMCFeelings), and sex life (LMCSx) (QLQ-LMC21).

Patients received the questionnaires at baseline, 6 weeks and 3 months after 
treatment. Follow-up in the HEPAR II study was longer, so those patients also 
received the questionnaires at 6, 9 and 12 months after treatment. The last 
included 26 patients of the HEPAR II study received an extra questionnaire 1 
week after treatment to better reflect patients’ transient symptoms shortly 
after treatment (30, 31).

Response assessment

Response assessment was based on contrast-enhanced CT at 3 months post-
treatment, according to the Response Evaluation Criteria in Solid Tumours 
(RECIST) version 1.1 (34).

Scoring and statistical analysis

Scoring of the questionnaires was performed according to the scoring manual 
provided by the EORTC (EORTC scoring manual). Missing values were imputed 
using multiple imputation. Internal consistency of the multi-item scales was 
determined using Cronbach’s alpha.

Kolmogrov-Smirnov and Shapiro-Wilk tests were carried out for all categories 
at the different time points and showed that the data were not normally 
distributed (p≤0.001).
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Descriptive analyses were performed to summarize patient demographics and 
treatment characteristics. A linear mixed-effects regression model was fitted to 
evaluate the development of QoL, taking into account all available data (35). The 
influence of the following variables on QoL was tested, as these were believed 
to be of possible influence on QoL: gender (male versus female), previous 
treatments (systemic, locoregional, both or none), extrahepatic disease at 
baseline (yes/no), performance status at baseline (WHO score 0, 1 or 2), primary 
tumor type (colorectal carcinoma versus other), time and response category 
(complete response, partial response, stable disease or progressive disease). 
Random effects were tested based on Akaike’s information criterion and fixed 
effects were tested using a backward stepwise approach.

A relatively conservative P-value ≤0.001 (instead of ≤0.05) was considered 
statistically significant in order to reduce type I errors (36). Statistical analyses 
were performed using R (version 3.5.1).

RESULTS

QoL was studied in a total of 53 patients treated with 166Ho-RE between 
November 2009 and March 2015; 15 patients in the HEPAR I study and 38 
patients in the HEPAR II study (Flowchart for study inclusions: Figure S2). Patient 
characteristics are listed in Table 2.

TABLE 2. Baseline characteristics of treated patients in the HEPAR I and II studies

Characteristic Value

N

53

Age (years)

 Median (range) 66 (38-87)

Gender

 Male, % 31 (58%)

Primary tumour – no.

 Colorectal carcinoma 29

 Ocular melanoma 8

 Cholangiocarcinoma 6

 Breast carcinoma 5

3
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TABLE 2. Baseline characteristics of treated patients in the HEPAR I and II studies (continued)

Characteristic Value

 Neuroendocrine tumour 2

 Pancreatic cancer 1

 Gastric cancer 1

 Thymoma 1

Administered activity (MBq)

 Median (range) 6210 (1615-13187)

Aimed whole liver dose (Gray) – no.

 20 6

 40 3

 60 41

 80 3

Previous therapies

 Systemic treatment 43

 Locoregional treatment 10

Treatment procedure

 Whole liver 48

 Lobar 5

WHO performance status

 0 45

 1 7

 2 1

Extrahepatic metastases

 Bone 4

 Lung 9

 Lymph node 8

 None 33

Due to the dose-escalating nature of the HEPAR I study, 9 patients received 
an aimed whole liver dose <60 Gy (i.e. 20 Gy [n=6], 40 Gy [n=3]). The other 
44 patients received an aimed whole liver dose of ≥60 Gy. One patient was 
excluded from response analysis because this patient did not receive contrast 
at 3-month follow-up CT-scan. Based on 3-month follow-up CT (using the 
RECIST 1.1 evaluation), 8 patients had partial response and 14 patients had 
stable disease. The remaining 28 patients had progressive disease.
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Compliance

Fifty of 53 patients (94%) filled out the baseline questionnaire and at least 
1 follow-up questionnaire. Since patients were withdrawn from the HEPAR II 
study after diagnosis of progressive disease, there was quite some variability in 
follow-up time. Three patients failed to fill out the questionnaire at baseline and 
3 months after treatment and were therefore excluded from analysis. Three 
patients failed to fill out a follow-up questionnaire (1 patient at 6 weeks and 2 
patients at 6 months after treatment) and these questionnaires were pairwise 
excluded from analysis. Four patients left a question blank.

Development of QoL

Median and interquartile ranges of all categories at the different time points are 
listed in table S3 and graphically displayed in Figures 1 and 2 and supplemental 
figure S3a-d. Cronbach’s alpha was determined for the multi-item scales at 
baseline and at 3 months follow-up and varied from 0.52-0.95 (Table S2).

FIGURE 1. Median global health score over time with interquartile range (shaded area). 

A high score represents a good health score.

3
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From the figures it can be depicted that changes in almost all categories were 
most notable at one week after treatment. Role functioning was the most 
affected functioning scale. Fatigue and pain were the most affected symptom 
scales. Although there were very few patients that filled in the questionnaires 
beyond three months follow-up, all categories seemed to stabilize over time. At 
every time point, there was a lot of variation between patients in all categories 
except FI, LMCSM, LMCJ and LMCFeelings.

The development of QoL was best explained by a linear mixed-effects 
regression model using a random intercept per patient, to allow for different 
starting points at baseline.

For GHS, as a general measure of quality of life, an increase of on average 0.55 
points per time point was found. However, this was not significant (p=0.48) 
and there was quite some variation between patients, as can be seen in Figure 
1. Still, there was a steep decline in functioning scores and rise of symptoms 
from baseline to 1 week. Patients with a higher WHO performance score had 
on average 20 points lower GHS (p=0.0002, 95% CI [-32.3;-8.8]). No other 
variables were of significant influence on the development of GHS. Figure 3 
shows the development of GHS per patient for patients with WHO performance 
scores of 0 versus scores 1 or 2. Although there is a lot of variation between 
patients, patients with a lower WHO performance score have on average a 
higher QoL.

In functioning scales, PF, RF and SF were significantly influenced by WHO 
performance status, where a higher WHO performance status at baseline 
decreased functioning (p<0.001 in all categories).

In symptom scales, a higher WHO performance status increased mean symptom 
scores of FA, DY, DI, and LMCFati (p<0.001 in all categories). There were no other 
variables that had a significant influence on the various symptom scores. Both 
within and between patients, there was a lot of variation in scores.
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FIGURE 2. Median role functioning scores over time with interquartile ranges (shaded 

areas). BL = baseline, 1w = 1 week, 6w = 6 weeks, 3m = 3 months, 6m = 6 months, 

9m = 9 months, 12m = 12 months. A high score represents good functioning.

DISCUSSION

The purpose of the current study was to evaluate the effect of 166Ho-RE on 
QoL, which has never been studied before. The hypotheses were that there 
would be no significant change in QoL over time and that the post-embolization 
syndrome would have an impact on QoL. This study showed that the first 
hypothesis was correct: QoL was not significantly affected over time, although 
there was a lot of variation between and within patients. Regarding the second 
hypothesis; a decline in QoL and a rise of symptoms was seen at one week 
post-treatment, which is most likely due to the post-embolization syndrome, 
however, this was not statistically significantly different from the scores at 
baseline. In the linear mixed model analysis, it was shown that a higher WHO 
performance score significantly influenced PF, RF, SF, FA, DY, DI and LMCFati. 
This is not surprising, as patients with a higher WHO performance score are 
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known to be in a debilitating physical condition, which likely influences their 
QoL.

There were no other variables that had a significant influence on QoL.

FIGURE 3. Global health status in patients with different WHO performance scores. 

The black lines depict the development of GHS per patient. The blue lines with shaded 

area represent the geometric mean with standard deviation. BL = baseline, 1w = 1 week, 

6w = 6 weeks, 3m = 3 months, 6m = 6 months, 9m = 9 months, 12m = 12 months.

The GHS score was used as a general measure of QoL and is based on 2 
questions. The other 49 questions (i.e. functioning and symptom scores) 
provide further insights why GHS changed. In this study, role functioning and 
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social functioning were the most affected functioning scales. Role functioning is 
based on the patient’s ability to perform hobbies or other daily activities. Social 
functioning is measured to establish if one’s family life and social activities 
are influenced. Factors other than the treatment itself may influence these 
scores. Social functioning may for instance be affected by the instructions for 
radiation safety: all RE patients are instructed to keep a safe distance to family 
and relatives for the first days after treatment. In addition, participation in a 
clinical study with intensive monitoring and follow-up visits poses a significant 
time, psychological and physical burden, which may be reflected in decreased 
role- and social functioning. For the symptom scores, there was a rise in fatigue, 
pain, appetite loss, eating and contact with friends. The latter is coherent with 
social functioning. The prominent rise in the pain and fatigue symptom scores 
is in accordance with the well-known side effects of RE: clinical side effects 
usually occur within the first 4 to 6 weeks after treatment and may consist of 
abdominal pain, nausea, vomiting, fatigue and slight fever (3).

In a subset of 26 patients, QoL assessment was added at 1 week post-treatment 
because it was thought this would better reflect the short-term adverse effects 
of the treatment. The steep decline in functioning scores and the rise of 
symptoms from baseline to 1 week is striking. This may be explained by the so-
called post-embolization syndrome, which is known to occur after embolization 
therapies (3, 4, 37). Future interventional oncology studies are encouraged to 
evaluate QoL shortly after treatment (i.e. <2 weeks).

Due to a large number of differences between the available studies on QoL in 
patients treated with 90Y-RE and the HEPAR studies, such as the use of different 
questionnaires, different timing of the QoL evaluations and concomitant 
treatment with chemotherapy, it is impossible to make a fair comparison. Only 
3 studies studied QoL in patients treated with RE as a monotherapy, whereas 
the others studied RE in combination or in comparison with other therapies. 
Moreover, in the HEPAR studies, all patients received a whole-liver approach in 
a single session. This is a more aggressive treatment approach of RE and may 
have influenced QoL.

A higher number of 166Ho- and 90Y-resin microspheres (somewhere between 
30-50 million) are typically injected for treatment in comparison with glass 
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microspheres (typically several million). 166Ho- and 90Y-resin microspheres 
will therefore have a larger embolic effect and likely also more post-embolic 
symptoms such as pain, fever and loss of appetite. The study of Cosimelli et 
al. is most comparable to the HEPAR I and II studies. Cosimelli et al. reported 
that QoL was not adversely affected in their cohort of patients with metastatic 
colorectal carcinoma. However, QoL was not tested shortly after treatment, 
which is an important difference (15).

The changes in QoL after RE were also investigated in a first-line setting. In the 
SIRFLOX, FOXFIRE and FOXFIRE-Global studies, the possible role for RE as a 
first-line treatment was investigated. QoL was assessed in the patient group 
receiving systemic therapy alone and in the patient group receiving RE as an 
addition to systemic therapy. QoL was slightly worse in the combination group 
at 2-3 months follow-up, but this was not deemed clinically meaningful (24).

There are several limitations to this study. First, the total number of patients 
was limited. Second, there was a large loss to follow-up since patients were 
excluded from the HEPAR II study after diagnosis of progressive disease. This 
may also have led to a biased representation of the QoL of our study population 
and it may explain why response category did not significantly influence QoL 
in the analyses. Third, the QLQ-LMC21 questionnaire, created for patients 
with colorectal liver metastases, was used to complement the more general 
QLQ-C30 questionnaire, although colorectal cancer was not the only tumor 
type in this study. One of the strengths of this study is its prospective nature 
and the high compliance rate regarding the QoL questionnaires. QoL was 
frequently assessed and especially the 1-week post treatment questionnaire 
offered valuable insight in the short-term effects on QoL and patients’ transient 
symptoms. Another strength of this study is the use of a longitudinal approach 
for the data analysis. By using a mixed model with a random intercept per 
patient, the variation between patients and data clustering were taken into 
account.

More knowledge on the influence of 166Ho-RE on QoL is important for several 
reasons. Above all, this information is needed to better inform patients on 
treatment-related adverse effects and may help them to make a well-informed 
choice between all the available palliative treatment options. In selected 
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populations, such as older patients or patients with multiple comorbidities, QoL 
is largely maintained. This can be a reason to prefer RE over other treatment 
modalities (28). Furthermore, since RE is becoming more important in the first- 
and second-line settings, the impact of this therapy on QoL is also becoming 
more significant.

CONCLUSION

In conclusion, QoL in salvage patients with liver metastases treated with 166Ho-
RE was not significantly affected over time, apart from a decline during the 
first week after treatment. Changes in QoL were most notable during the first 
week post-treatment, probably due to the post-embolization syndrome. A WHO 
performance score >0 at baseline significantly influenced QoL. Knowledge of 
the influence on quality of life of 166Ho-RE is important for patients to make a 
deliberate choice between palliative treatment options.

LIST OF ABBREVIATIONS

90Y  yttrium-90
99mTc-MAA  technetium 99mTc macro-aggregated albumin
166Ho  holmium-166
AP  appetite loss
CF  cognitive functioning
CO  constipation
DI  diarrhoea
DY  dyspnoea
EF  emotional functioning
EORTC  European Organization for Research and Treatment of 

Cancer
FA  fatigue
FI  financial difficulties
GHS  global health status
HCC  hepatocellular carcinoma
LMCDM  dry mouth
LMCEp  emotional problems
LMCFati  fatigue
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LMCFeelings  talking about feelings
LMCFr  contact with friends
LMCJ  jaundice
LMCPA  pain
LMCPN  peripheral neuropathy
LMCSM  sore mouth/tongue
LMCSx  sex life
LMCTA  taste
LMCWL  weight loss
LMNutri  eating
MRI  magnetic resonance imaging
NV  nausea and vomiting
PA  pain
PF  physical functioning
QoL  quality of life
RE  radioembolization
RECIST 1.1  Response Evaluation Criteria In Solid Tumours
RF  role functioning
SF  social functioning
SL  insomnia
SPECT  single photon emission computed tomography
WHO  world health organization
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SUPPLEMENTAL FIGURES

FIGURE S1. Search strategy for literature review of quality of life studies in patients 

treated with RE.
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FIGURE S2. Flowchart of included patients in the HEPAR I and II studies.
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FIGURE S3A-D. Median symptom scores over time with interquartile ranges (shaded 

areas). BL = baseline, 1w = 1 week, 6w = 6 weeks, 3m = 3 months, 6m = 6 months, 9m = 9 

months, 12m = 12 months. A high score represents a high level of symptomatology.
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SUPPLEMENTAL TABLES

TABLE S1. Most important characteristics of the HEPAR I and HEPAR II patient population

Characteristic HEPAR I (n=15) HEPAR II (n=38)

Age (median, range) 55 (38-87) 66 (41-84)

Gender (n, %)

Male 9 (60%) 22 (58%)

Female 6 (40%) 16 (42%)

WHO performance status (n, %)

0 13 (87%) 32 (84%)

1 2 (13%) 5 (13%)

2 0 (0%) 1 (3%)

Primary malignancy (n, %)

Colorectal 6 (40%) 23 (61%)

Breast 1 (7%) 4 (11%)

Cholangiocarcinoma 2 (13%) 4 (11%)

Neuroendocrine tumor 0 (0%) 2 (5%)

Uveal melanoma 6 (40%) 2 (5%)

Pancreas carcinoma 0 (0%) 1 (3%)

Gastric cancer 0 (0%) 1 (3%)

Thymoma 0 (0%) 1 (3%)

Extrahepatic disease at baseline (n,%)

Yes 6 (40%) 10 (26%)

No 9 (60%) 28 (74%)
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TABLE S2. Internal consistency of the multi-item scales at baseline, 6 weeks and 3 months

Scale No. items α* baseline α* 6 weeks α* 3 months

EORTC QLQ-C30

Global health status/QoL 2 0.90 0.95 0.97

Physical functioning 5 0.88 0.88 0.89

Role functioning 2 0.87 0.95 0.95

Emotional functioning 4 0.86 0.85 0.88

Cognitive functioning 2 0.65 0.64 0.81

Social functioning 2 0.79 0.86 0.89

Fatigue 3 0.87 0.86 0.93

Nausea and vomiting 2 0.58 0.52 0.79

Pain 2 0.77 0.86 0.78

Dyspnea 1 N.A. N.A. N.A.

Insomnia 1 N.A. N.A. N.A.

Appetite 1 N.A. N.A. N.A.

Constipation 1 N.A. N.A. N.A.

Diarrhea 1 N.A. N.A. N.A.

Financial difficulties 1 N.A. N.A. N.A.

EORTC QLQ-LMC21

Emotional problems 4 0.87 0.69 0.82

Nutritional problems 2 0.79 0.74 0.89

Fatigue 3 0.91 0.90 0.91

Pain 3 0.74 0.75 0.74

Problems with taste 1 N.A. N.A. N.A.

Dry mouth 1 N.A. N.A. N.A.

Sore mouth/tongue 1 N.A. N.A. N.A.

Peripheral neurophathy 1 N.A. N.A. N.A.

Jaundice 1 N.A. N.A. N.A.

Contact with friends 1 N.A. N.A. N.A.

Talking about feelings 1 N.A. N.A. N.A.

Sex life 1 N.A. N.A. N.A.

* Cronbach’s alpha.
N.A.: not applicable since Cronbach’s alpha can only be determined for scales with multiple items.
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Chapter 4

ABSTRACT

Purpose

To evaluate the safety and feasibility of one-day treatment, including the 
simulation procedure for assessment of intra- and extrahepatic distribution 
of the microspheres, with holmium-166 (166Ho)-radioembolization.

Materials and methods

This was a secondary analysis of patients included in the four prospective 
studies (HEPAR I, II, PLuS and SIM studies) on 166Ho-radioembolization. Technical 
success rate of the one-day treatment protocol was measured, which was 
defined as the number of patients who completed one-day treatment. Total 
in-room time, duration of the scout procedure, time to imaging and duration 
of the treatment procedure were recorded. Reasons for discontinuation or 
adjustment of treatment were identified. Adverse events (CTCAE v5.0) that 
occurred during the treatment day were recorded.

Results

105 of 120 scheduled patients completed one-day treatment with 166Ho-
radioembolization(success rate 88%). After the simulation procedure, treatment 
was cancelled in fifteen patients because of extrahepatic deposition (n=8), 
suboptimal tumor targeting (n=1), unanticipated vascular anatomy (n=5) and 
dissection (n=1). In another 14 patients, the treatment plan was adjusted. The 
median total procedure time (i.e. simulation, imaging and treatment) was 6:39 
hours (range 3:58-9:17 hours). Back pain was a major same-day treatment 
related complaint (n=28).

Conclusion
166Ho-radioembolization as a one-day treatment procedure is feasible in the 
majority of selected patients, although treatment was adjusted in 12% of 
patients and cancelled in 12% of patients. This approach may be beneficial for 
a select patient population, i.e. patients needing a radiation segmentectomy.

Keywords

Radioembolization, holmium-166, hepatic tumors
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One-day treatment in 166Ho-radioembolization 

INTRODUCTION

Radioembolization is a minimally invasive treatment option for patients with 
primary or metastatic liver disease. Holmium-166 (166Ho)-microspheres were 
developed as an alternative for yttrium-90 (90Y)-microspheres because the 
same microspheres can be delivered both as a simulation dose (166Ho-scout; 
250 MBq) and as a treatment dose. This 166Ho-scout has proven to be a more 
accurate predictor of lung shunt and intrahepatic distribution than the widely 
used technetium-99m macro aggregated albumin (99mTc-MAA), and its safety 
has been established (1-3).

Recently, interest in performing radioembolization as a one-day treatment 
procedure is growing, with several studies describing the feasibility and logistics 
of one-day treatment in 90Y-radioembolization (4-6). A one-day procedure 
may be of clinical benefit for patients with rapidly progressive disease or 
symptomatic disease (e.g. in patients with neuro-endocrine tumors (NETs)), 
and it may be convenient for patients who need to travel long distances. 
Traditionally, treatment simulation is done 1-2 weeks before treatment, which 
provides the opportunity of personalized dosimetry.

The aim of the current study was to assess the safety, feasibility, and practicality 
of one-day treatment with 166Ho-radioembolization.

MATERIALS AND METHODS

Patients

This was a secondary analysis of the patients from all the prospective studies 
on 166Ho-radioembolization (i.e. the HEPAR I, HEPAR II, HEPAR PLuS and SIM 
studies), included between March 2012 and April 2019 (7-10). All patients in 
these studies were scheduled to undergo one-day 166Ho-radioembolization. 
In total, 105 patients were treated. Three patients underwent whole-liver 
treatment in two stages and were included twice. Patient characteristics are 
summarized in Table 1. Before study inclusion, all patients provided written 
informed consent. The institution’s Medical Ethics Committee approved all 
studies.

4
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TABLE 1. Baseline characteristics of patients who underwent same-day simulation and treatment 
with 166Ho-radioembolization

Characteristic Value

N patients 120

Age (y) (median, range) 62 (37-87)

Sex

 Male 76 (63%)

 Female 44 (37%)

Study

 HEPAR1 21

 HEPAR2 46

 HEPAR PLuS 29

 SIM 24

Primary tumor

 Colorectalcarcinoma 62 (52%)

 Neuroendocriene tumor 31 (26%)

 Ocular melanoma 11 (9%)

 Breast 6 (5%)

 Cholangiocarcinoma 5 (4%)

 Pancreatic cancer 2 (2%)

 Gastric cancer 1 (1%)

 Thymoma 1 (1%)

WHO performance status

 0 88 (73%)

 1 29 (24%)

 2 3 (3%)

Extrahepatic deposition

 No 99 (94%)

 Yes 6 (6%)

Type of treatment

 Whole liver, single session 82

 Whole liver, sequential 3

 Right lobe only 16

 Left lobe only 4

Activity 166Ho scout in MBq (median, range) 264 (81-338)

Activity treatment in MBq (median, range) 6706 (1580-13,725)

The parameters post-treatment lung shunt fraction, extrahepatic deposition, type of treatment, 
activity scout and activity treatment are only given for the 105 patients who underwent treatment.
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One-day treatment in 166Ho-radioembolization 

Study records were reviewed to assess clinical adverse events that occurred 
during the treatment day. Adverse events were scored according to the 
Common Terminology Criteria for Adverse Events (CTCAE) version 5.0 (11).

Technical success rate was defined as the number of patients scheduled to 
undergo one-day treatment with radioembolization who completed treatment. 
Findings that prevented continuation of treatment were identified.

In the HEPAR I and II studies, patients underwent a double work-up procedure 
with both administration of 99mTc-MAA and 166Ho-scout to confirm the accuracy 
and safety of 166Ho-scout (Figure 1). Findings encountered during or after the 
first simulation procedure using 99mTc-MAA were also regarded as prohibiting 
one-day treatment, because they were likely to have happened with 166Ho-
scout as well.

4
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One-day treatment in 166Ho-radioembolization 

Treatment work-up

Patients who were candidates for 166Ho-radioembolization underwent triphasic 
contrast-enhanced abdominal CT at baseline.

166Ho-scout activity was split according to the hepatic volume supplied by each 
injection position. Patients in the HEPAR I study received escalating doses of 20, 
40, 60 and 80 Gy (depending on the dose cohort). All other patients received 
activity matching an average whole liver absorbed dose of 60 Gy, according to 
the following formula:

𝐿𝐿𝐿𝐿𝐿𝐿 =  √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

√𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) + √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

𝐵𝐵𝐿𝐿𝐵𝐵 = 0.2024 ∗ ℎ𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑚𝑚)0,725 ∗ 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑘𝑘𝑙𝑙)0,425 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐵𝐵𝐿𝐿𝐵𝐵 − 0,2) + 𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙
(𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙) 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

 

𝑇𝑇
𝑁𝑁 =

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝐺𝐺𝐵𝐵𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝐺𝐺𝑎𝑎𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

16 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ𝑦𝑦 𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎(𝑘𝑘𝑙𝑙))

49.67 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

The scout activity was approximately 250 MBq.

On the 166Ho-radioembolization treatment day, patients underwent a 
preparatory simulation angiography with 166Ho-scout administration in the 
morning. No sedative medication was used during either angiography. In 72 
patients, cone-beam CT was used to provide better visualization of the arterial 
supply and to assess hepatic perfusion. Standard microcatheters were used 
in all cases (Terumo, Progreat 2.7F), except for SIM study participants in whom 
both standard microcatheters and antireflux catheters were used (Surefire 
infusion system)(10). After administration of 166Ho-scout, the catheters were 
removed while the vascular sheath remained in situ. The sheath was fixed to 
the skin with sterile adhesives and connected to a pressurized bag of saline for 
continuous flushing. Patients were transferred to the SPECT-scanner to undergo 
166Ho-SPECT/CT and were then transferred to the ward awaiting the treatment 
procedure. A nuclear medicine physician assessed the dose distribution and 
presence of extrahepatic activity. In case of relevant extrahepatic deposition 
(as determined in consensus between the nuclear medicine physician and the 
interventional radiologist), patients were excluded from treatment. Otherwise, 
they returned to the angio-suite in the afternoon to receive the treatment 
dose. Afterwards, patients had to lie supine for four hours to prevent groin 
bleeding. Patients received oral analgesics (paracetamol up to 4000 mg/24 
h) post-treatment and were discharged within 24-48 hours after treatment. 
Overnight hospital stay was part of the study protocols because it allows for 
close monitoring of the patients.

4
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RESULTS

Technical success rate

A total of 120 patients were scheduled to undergo treatment with 166Ho-
radioembolization. Sixty-seven patients were included in the HEPAR I and II studies 
and underwent both a preparatory simulation angiography with administration of 
99mTc-MAA and 166Ho-scout; the other 53 patients only received 166Ho-scout. The 
median interval between the first simulation procedure using 99mTc-MAA, and the 
second simulation procedure using 166Ho-scout was seven days (range 2-21 days). A 
total of 105 patients completed treatment on the same day (technical success rate 
88%). An example case of a successful one-day treatment is shown in Figure 2.

FIGURE 2. Example case. A 65-year-old male with neuroendocrine tumor metastases 

was treated with one-day 166Ho-radioembolization. Figure a shows the baseline contrast-

enhanced CT image with a large hypervascular metastasis in segment 6. Figure b shows 

the distribution of 166Ho-scout on SPECT/CT. Figure c shows the contrast-enhanced CT 

image 3 months after treatment, with evident shrinkage (see annotation) of the metastasis 

in segment 6. Figure d shows the distribution of the 166Ho-treatment dose on SPECT/CT.
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Radioembolization was cancelled in 15 patients due to various reasons: 
extrahepatic deposition (n=8), suboptimal tumor targeting (n=1), unanticipated 
vascular anatomy (n=5) and dissection (n=1) (Figure 3). Unanticipated vascular 
anatomy led to more injection positions needed than anticipated because 
of arterial branches that were either not identified on the baseline contrast-
enhanced CT or that could not be coil-embolized.

In 14 patients, the treatment plan was adjusted. Reasons for adjustment 
were extrahepatic deposition (n=4), suboptimal tumor targeting (n=9), and 
unanticipated vascular anatomy (n=1). In most cases, adjustment of the therapy 
plan meant a lobar treatment instead of a whole-liver approach and one of the 
two ordered vials was discarded. In one case with suboptimal tumor targeting, 
it was decided to only inject part of the ordered activity (which was done by 
splitting the activity in our radionuclide laboratory).

FIGURE 3. Flowchart of patients who were excluded from one-day 166Ho-

radioembolization and patients whose treatment plans were adjusted.

4
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Treatment characteristics

Coil-embolization of non-target vessels was performed in 62 patients. The 
median duration of the simulation angiography with administration of 166Ho-
scout was 1:43 hours (range 0:31-4:40 hours). Patients had a median wait time 
of 31 minutes (range 0:10-2:45 hours) before imaging with 166Ho-SPECT/CT was 
performed. After SPECT/CT imaging, median wait time was 2:28 hours (range 
0:17-4:30 hours). The median duration of the treatment procedure was 1:11 
hours (range 0:12-2:42 hours). The median total procedure time (i.e. simulation, 
imaging and treatment) was 6:39 hours (range 3:58-9:17 hours).

Extrahepatic deposition on SPECT/CT after treatment was seen in five patients 
(falciform ligament (n=3), the hepatoduodenal ligament (n=1) and a portocaval 
lymph node (n=1)), but did not have any clinical consequences during follow-
up.

Safety

Overall, the one-day treatment procedure was well tolerated. After 
administration of 166Ho-scout patients experienced back pain (19%), abdominal 
pain (5%), allergic contrast reaction (3%), nausea (1%), vomiting (1%), and 
dyspnea (1%). After administration of the therapeutic activity, patients 
experienced abdominal pain (51%), nausea (45%), vomiting (27%), back pain 
(27%), and chest pain (1%) (Table 2). Additional analgesics were administered in 
30 patients during or after treatment (specifically for back pain in 17 patients). 
The indwelling arterial sheath, that remained in situ for a median duration 
of 6:39h, did not cause any adverse events. After removal, a minor bleeding 
occurred in three patients, which resolved with manual compression.
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TABLE 2. CTCAE grading of reported adverse events during same-day treatment with 166Ho-
radioembolization

Adverse event CTCAE grade I CTCAE grade II CTCAE grade III

Adverse events between simulation procedure and treatment procedure

Back pain N=13 N=6 N=1

Abdominal pain N=4 N=1

Allergic reaction N=3

Nausea N=1

Vomiting N=1

Dyspnea N=1

Adverse events after treatment procedure on the treatment day

Abdominal pain N=14 N=26 N=12

Nausea N=13 N=29 N=5

Vomiting N=6 N=19 N=3

Back pain N=14 N=11 N=3

Chest pain N=1

DISCUSSION

As shown in this study, same-day simulation and treatment in 166Ho-
radioembolization is feasible in most cases: 105 of 120 scheduled patients were 
treated. The treatment plan was adjusted in 14 patients based on the findings 
of the simulation angiography. The clinical adverse events that occurred during 
the treatment day were similar to the known side-effects of radioembolization, 
apart from additional back pain, which was likely caused by the long duration 
of lying in a supine position.

Although not part of this study, savings in time and costs can be potential 
advantages of a one-day treatment protocol (5). Especially patients who have 
to travel a long distance or have progressive disease can benefit from a timely 
treatment. In addition, leaving a vascular sheath in the groin between the two 
angiographies avoids repeated groin punctures.

However, a 12% cancellation rate and an additional 12% modification rate, 
as found in this study, may hamper cost-effectiveness. The 166Ho-activity 

4
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was delivered in a predetermined number of vials and could not be changed 
after the simulation procedure. Unexpected findings in activity distribution 
and vascular anatomy led to exclusion from treatment or adjustment of the 
treatment plan.

Other disadvantages of a one-day treatment protocol include back pain. 
Fortunately, this pain resolved the next day in all cases and was probably caused 
by the long time that the patients had to lie supine, partly on uncomfortable 
angio- or SPECT-tables.

Gates et al. and Gabr et al. described the feasibility of single-session glass 

90Y-microspheres radioembolization. In their studies, a total of 78 patients were 
treated in one day. In all patients selected for this procedure, treatment was 
successful. The authors ordered multiple vials per patient without additional 
costs, allowing for some flexibility (5, 6).

Recently, Li et al. described a same-day treatment approach with resin 

90Y-microspheres radioembolization. Twenty-six patients were treated and all 
planned cases were technically successful. Based on pretreatment angiography, 
the planned resin 90Y-microspheres treatment activity was changed in only one 
case. This was feasible because with resin 90Y-microspheres, the patient-specific 
activity always needs to be drawn from a shipping vial containing approximately 
3.0 GBq (4). In these three studies on one-day 90Y-radioembolization, clinical 
adverse events during treatment day were not reported. Furthermore, most 
patients received either selective lobar treatment or superselective segmental 
treatment, lowering the chance of treatment adjustments (4, 5, 12). This is in 
contrast to our patient population who mostly received bilobar treatment from 
multiple injection sites.

A one-day treatment approach implies that only pretreatment dosimetric 
approaches, such as the body surface area (BSA) and MIRD method, are 
feasible (13). These predefined dosimetric approaches have many caveats 
and commonly lead to under- or overdosage (14-18). Compared with standard 
dosimetric approaches, a fully personalized treatment approach can lead to a 
better outcome, as was shown in a recent study in HCC patients (19).
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Limitations of this study included the heterogeneous disease cohort. 
Furthermore, this study suffers from a selection bias due to the portion of 
patients treated in the HEPAR I and II studies who received an additional 
simulation angiography with administration of 99mTc-MAA. To overcome this 
issue findings on 99mTc-MAA were also taken into consideration. Another 
limitation and confounding factor was the learning curve. Over time, practical 
skills and knowledge increased, and certain practices that were used in patients 
in the HEPAR I study are now no longer common practice (e.g. routine coiling 
of the gastroduodenal artery and proper hepatic artery injections). The large 
percentage (12%) of patients who were excluded from treatment is expected to 
be much lower in current clinical practice. This learning curve also applies to the 
interpretation of the scintigraphic images after administration of 99mTc-MAA.

Given the findings of the current study, the same-day treatment method will 
no longer be standard for treating patients with 166Ho-radioembolization at our 
center. Calculation and ordering of the prescribed activity limits the feasibility of 
same-day treatment. However, in those cases where exclusion or adjustment 
of treatment are unlikely (e.g. radiation segmentectomy) and prescribed activity 
can be pre-calculated, without the information from 166Ho-scout, same-day 
treatment may still be an option.

In conclusion, 166Ho-radioembolization as a one-day treatment procedure is 
feasible in the majority of selected patients, although treatment was adjusted 
in 12% of patients and cancelled in 12% of patients. This approach may be 
beneficial for a select patient population, however, personalized treatment 
planning based on 166Ho-scout distribution does not allow for same-day 
procedures.
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ABSTRACT

Background

Radioembolization is an established treatment modality in colorectal cancer 
patients with liver-dominant disease in a salvage setting. Selection of patients 
who will benefit most is of vital importance. The aim of this study was to assess 
response (and mode of progression) at three months after radioembolization 
and the impact of baseline characteristics.

Methods

Three months after radioembolization with either yttrium-90 resin/glass or 
holmium-166, anatomic response, according to RECIST 1.1, was evaluated in 
90 patients. Correlations between baseline characteristics and efficacy were 
evaluated. For more detailed analysis of progressive disease as a dismal clinical 
entity, distinction was made between intra- and extrahepatic progression, and 
between progression of existing metastases and new metastases.

Results

Forty-two patients (47%) had extrahepatic disease (up to five ≥1 cm lung nodules, 
and ≤2 cm lymph nodes) at baseline. No patients showed complete response, 
5 (5.5%) patients had partial response, 16 (17.8%) stable disease and 69 (76.7%) 
progressive disease. Most progressive patients (67/69; 97%) had new metastases 
(intra-hepatic N=11, extrahepatic N=32; or both N=24). Significantly fewer patients 
had progressive disease in the group of patients presenting without extrahepatic 
metastases at baseline (63% versus 93%; p=0.0016). Median overall survival in 
patients with extrahepatic disease was 6.5 months, versus 10 months in patients 
without extrahepatic disease at baseline (hazard ratio 1.79, 95%CI 1.24-2.57.

Conclusions

Response at three-month follow-up and survival were heavily influenced by 
new metastases. Patients with extrahepatic disease at baseline had a worse 
outcome compared to patients without.

Keywords

Metastatic Colorectal Cancer, Radioembolization, Progression, RECIST, 
Extrahepatic Metastases
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BACKGROUND

Approximately 45% of colorectal cancer patients develop metastases (1, 2). 
Without treatment, the median overall survival for colorectal cancer patients 
with hepatic metastases (mCRC) is only 4.5 months (3). The liver is the most 
common site of metastasis: up to 30% of mCRC patients develop hepatic 
metastases (4, 5). Radioembolization is a loco-regional treatment option for 
unresectable, systemic therapy-refractory patients with liver-only or liver-
dominant disease (6, 7). Intra-arterial administration of radioactive microspheres 
is proven to be safe and effective (8). Microspheres (approximately 30 um) are 
loaded with the radioactive isotope yttrium-90 (90Y) or holmium-166 (166Ho) and 
injected through a microcatheter in the hepatic artery (9). For the treatment of 
metastatic colorectal cancer, 90Y-resin microspheres (SIR-Spheres®, Sirtex) are 
FDA- and CE-approved. 90Y -glass microspheres (TheraSphere®, BTG / Boston 
Scientific) and 166Ho microspheres (QuiremSpheres®, Quirem) are CE-approved 
for this indication, not FDA-approved. The injected microspheres embolize the 
microvasculature surrounding the tumor and emit high-energy beta-radiation. 
The normal liver parenchyma is largely spared since healthy liver tissue is mainly 
supplied by the portal vein (10-12).

Although assessment of metabolic response has proven added benefit 
over anatomic response, not being hampered by i.e. the presence of intra-
tumoral necrosis and cystic changes after treatment (13, 14), response of 
radioembolization in mCRC patients is still mostly evaluated by the Response 
Evaluation Criteria in Solid Tumors (RECIST) (15-17). When using these criteria, 
the results of most clinical studies in metastatic (liver) disease are modest, 
with many patients experiencing early progressive disease (18-21). Optimized 
treatment planning could improve response rates (22, 23), but selecting 
patients who will benefit most is another vital aspect. An important criterion 
in patient selection is the definition of liver-dominant disease. The extent of 
extrahepatic disease we are willing to accept is under constant debate at tumor 
board meetings in our center, but clear guidance is currently missing, due to 
the lack of data on this matter. Other prognostic factors that are known to 
influence response after treatment with radioembolization are (among others) 
KRAS status, primary tumor location, percentage tumor involvement and pre-

5

Caren_Proefschrift.indd   137Caren_Proefschrift.indd   137 19/10/2020   10:28:1419/10/2020   10:28:14



138

Chapter 5

treatment CEA level (19, 24, 25). These factors could possibly be used in patient 
selection as well.

The aim of this study was to assess the impact of baseline characteristics 
on changes in intra- and extrahepatic mCRC disease from baseline to three 
months after radioembolization, across all currently available radioembolization 
treatment modalities.

METHODS

Patient selection and study design

A total of 129 chemorefractory, unresectable mCRC patients were treated with 
radioembolization at our institution between August 2009 and January 2017, 
predominantly as part of the HEPAR-2 (Holmium Embolization Particles for 
Arterial Radiotherapy II) (26), or RADAR trial (RADioembolization: Angiogenic 
factors and Response) (22). The studies were conducted in accordance with 
the institutions’ Medical Ethical Committee and informed consent was obtained 
from the patients treated in the HEPAR-2 and RADAR studies before inclusion. 
For the other patients that were treated in routine clinical practice and also 
included in the current retrospective analysis, the need for informed consent was 
waived. Inclusion criteria for all patients regarding the presence of extrahepatic 
metastases or the primary tumor were similar: liver-dominant disease with a 
maximum of five lung nodules <1 cm and lymph nodes <2 cm. The presence 
of the primary tumor was not a contra-indication to treatment. Patients were 
included for response analysis in case CT and/or MRI scans were available at 
baseline and at (around) three-months follow-up; all patients were included for 
survival analysis. Patients were treated with 166Ho-microspheres (n=24)(all as part 
of the HEPAR 2 study), glass 90Y-microspheres (n=20), or resin 90Y-microspheres 
(n=46). Imaging was performed three months after treatment (i.e. whole-liver 
or lobar treatment in one session). In case of sequential lobar treatment, 
imaging was performed three months after the last lobar treatment.

The electronic medical records were reviewed to obtain patient characteristics. 
The following established independent prognostic factors in patients with 
mCRC were compared: age, number of previous chemotherapy lines, type of 
microspheres, presence of extrahepatic disease at baseline, primary tumor in 
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situ, time since diagnosis of metastases, WHO performance status, KRAS wild 
type versus KRAS mutation, pre-treatment CEA level, primary tumor location 
(categorized as left sided (splenic flexure to rectum) or right sided (proximal to 
the splenic flexure)) and tumor load (percentage liver involvement, categorized 
as <25%, 25-50%, >50%) (21, 25, 27-33).

Radioembolization

The prescribed activity for the patients that were treated with glass 
90Y-microspheres was calculated according to the Medical Internal Radiation 
Dose (MIRD) method, with a desired absorbed dose of 80-120 Gy, according to 
the instructions for use (34-36). Visual and quantitative assessment of 99mTc-
MAA distribution is weighted in this decision, also considering whole liver 
treatment in one session or sequentially. For the patients that were treated 
with resin 90Y-microspheres, the body surface area (BSA) method was used. 
The injected activity for 166Ho-microspheres was calculated based on the MIRD 
method with an aimed whole-liver absorbed dose of 60 Gy (37).

Response assessments

Two blinded readers independently performed measurements for tumor 
diameter on abdominal contrast-enhanced CT or MRI at baseline and three-
months follow-up, using the same modality at both time points, according to 
RECIST version 1.1 (17). In case no consensus was reached, a third reader gave the 
final call. Finally, inter-observer variability between the two raters was assessed.

Response at three months was dichotomized as disease control (i.e. complete 
or partial response (CR or PR) and stable disease (SD)) or progressive disease 
(PD). For a more detailed assessment of mode of progressive disease a further 
subdivision was made in four categories: growth of intrahepatic metastases, 
growth of extrahepatic metastases, new intrahepatic metastases, and new 
extrahepatic metastases. All extrahepatic metastases were taken into account, 
regardless of their size.

Statistical analyses

Standard descriptive statistics were used to display patient demographics 
and summarize response measures. Cohen’s kappa was used to determine 
agreement. Chi-Square was used to test for differences in whole body response 

5
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classification. Firth’s logistic regression was used to explore associations 
between baseline characteristics and mode of progression. This type of 
analysis was chosen to correct for small-sample bias (38). The analysis for the 
association between extrahepatic disease at baseline and disease progression 
was adjusted for the following possible confounders: time from diagnosis of 
metastases to treatment, primary tumor in situ, KRAS mutation vs wild type, 
number of lines of previous systemic treatment (one versus two or more). The 
analysis for the association between type of microsphere used and disease 
progression was adjusted for the following possible confounders: age, time from 
diagnosis of metastases to treatment, primary tumor in situ, KRAS mutation vs 
wild type, number of lines of previous systemic treatment (one versus two or 
more) and presence of extrahepatic disease. Univariable survival analysis by 
the Kaplan-Meier method was used to estimate median overall survival (OS) in 
all treated patients. A Cox proportional hazards model with Firth’s correction 
was used to test for differences in survival between patients with and without 
extrahepatic disease at baseline. All analyses were performed using R version 
3.6.2 for Windows. We report effect estimates with associated 95%CIs and 
corresponding two-sided p-values.

RESULTS

Patient demographics

Of the total cohort of 129 treated patients in our institution, 39 patients (30%) 
did not have three-month follow-up imaging available because of the following 
reasons: follow-up imaging in other hospital (n=5), only follow-up imaging at 
one month post-treatment (n=21), only response evaluation using 18F-FDG PET 
(with no accompanying contrast-enhanced CT) (n=5), clinical progression (n=5), 
no follow-up imaging available (n=2) and RFA artefacts (n=1). The remaining 
90 patients had either CT (n=67, 74%) or MRI (n=23, 26%) images available at 
baseline and three-months follow-up. Median interval between baseline imaging 
and radioembolization was 18 days (range 1 – 46), between radioembolization 
and follow-up 91 days (range 62 – 165). Baseline- and treatment characteristics 
are summarized in Table 1. 166Ho-microspheres, glass 90Y-microspheres, and 
resin 90Y-microspheres were used in 24 (27%), 20 (22%), and 46 patients (51%) 
respectively. None of the patients received systemic treatment before (<4 
weeks), during or after (<3 months) radioembolization.
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Inter-observer variability

Discordant conclusions were drawn in five patients, for whom the third rater 
gave the final call. The level of agreement in RECIST categories was adequate 
with a Cohen’s kappa of 0.895 (95% CI 0.805-0.985), p<0.001.

Response according to RECIST 1.1

At baseline, 42/90 (47%) patients had extrahepatic metastases, which increased 
to 67/90 (74%) patients at three-months follow-up (Figure 1).

FIGURE 1. Site of extrahepatic metastases at baseline and at 3-months follow-up. 

(a) Type and number of affected organs in patients with extrahepatic metastases at 

baseline. Bars depict absolute number of patients. In total 50 affected organs in 42 

patients. (b) As in (a), for three-months follow-up. In total 119 affected organs in 67 

patients. Lymph nodes and lung are most affected at baseline and three-months follow-

up.
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Of the 90 patients, no patients showed CR, 5 (5.5%) patients had PR, 16 (17.8%) 
had SD and 69 (76.7%) had PD. According to RECIST, progressive disease can 
be based on growth of intrahepatic metastases, growth of extrahepatic 
metastases or new metastases (either intra- or extrahepatic). Growth of 
intrahepatic metastases was observed in 20 patients (29%), new intrahepatic 
metastases in 35 patients (51%), growth of extrahepatic metastases in 37 
patients (54%), and 56 patients (81%) were diagnosed with new extrahepatic 
metastases. Most, 67/69 of the progressive patients (97%), had new (intra-
hepatic N=11, extrahepatic N=32; or both N=24) metastases. Progression was 
most often seen on multiple levels (N=42, 61%) and was only based on growth 
of existing metastases in 5 patients (7%, intra-hepatic N=2, extrahepatic N=3) 
and on only new lesions in 23 patients (69%) (Figure 2a). In the subgroup of 
progressive patients with extrahepatic disease at baseline, new extrahepatic 
metastases were most common, in 28/42 (67%) patients (Figure 2b).

There was no significant difference in response between the three types of 
microspheres used: compared to 90Y resin microspheres, the odds ratios for 
progressive disease with 90Y glass and 166Ho were 1.11 (95%CI 0.32-4.53) and 
0.67 (95%CI 0.22-2.14), respectively (Table 2).

5
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Correlations between baseline characteristics and response

The association between several baseline characteristics and response was 
assessed (Table 2). Presence of extrahepatic disease was the most significant 
risk factor for progressive disease, with an OR of 7.8 (95% CI 2.37-35.53) 
for patients with extrahepatic disease at baseline versus patients without 
extrahepatic disease at baseline (Figure 3). Extrahepatic metastases at baseline 
increased the risk of progressive disease for all modes of progression, mainly 
for new extrahepatic metastases (OR=3.06, 95% CI 1.28-7.72). Time since 
diagnosis of metastases was a significant risk factor for progressive disease 
as well, with an OR of 1.06 for every month increase in time (95%CI 1.01-1.11). 
Primary tumor location showed a strong trend, with an OR of 3.88 (95%CI 
1.00-25.75) for patients with right-sided primary tumors versus patients with 
left-sided primary tumors. There was no significant difference between type 
of microspheres used.

FIGURE 3. Forest plot of the influence of baseline characteristics on response 

(progression versus no progression according to RECIST 1.1), based on univariable 

analyses.
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The difference in response evaluation was compared for patients with or without 
extrahepatic metastases at baseline. Of the group (n=42, 47%) presenting with 
extrahepatic metastases at baseline, 93% was diagnosed with PD at three-
months follow-up. Significantly fewer patients (63%) were diagnosed with 
progressive disease in the group of patients (n=48, 53%) presenting without 
extrahepatic metastases at baseline (p=0.0017) (Table 3).

TABLE 3. RECIST 1.1 response classification at 3-months post-treatment

Total No extrahepatic metastases at baseline 48(53%)

Complete response 0 (0%)

Partial response 5 (10%)

Stable disease 13 (27%)

Progressive disease 30 (63%)

Extrahepatic metastases at baseline 42 (47%)

Complete response 0 (0%)

Partial response 0 (0%)

Stable disease 3 (7%)

Progressive disease 39 (93%)*

Yttrium-90 Resin No extrahepatic metastases at baseline 28(61%)

Complete response 0 (0%)

Partial response 1 (4%)

Stable disease 7 (25%)

Progressive disease 20 (71%)

Extrahepatic metastases at baseline 18 (39%)

Complete response 0 (0%)

Partial response 0 (0%)

Stable disease 2 (11%)

Progressive disease 16 (89%)

Yttrium-90 Glass No extrahepatic metastases at baseline 9 (45%)

Complete response 0 (0%)

Partial response 2 (22%)

Stable disease 2 (22%)

Progressive disease 5 (56%)

Extrahepatic metastases at baseline 11 (55%)

Complete response 0 (0%)

Partial response 0 (0%)

5
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TABLE 3. RECIST 1.1 response classification at 3-months post-treatment (continued)

Stable disease 0 (0%)

Progressive disease 11 (100%)

Holmium-166 No extrahepatic metastases at baseline 11 (46%)

Complete response 0 (0%)

Partial response 2 (18%)

Stable disease 4 (36%)

Progressive disease 5 (46%)

Extrahepatic metastases at baseline 13 (54%)

Complete response 0 (0%)

Partial response 0 (0%)

Stable disease 1 (8%)

Progressive disease 12 (92%) *

This table shows a comparison of RECIST 1.1 response classification at three-months post-
treatment for patients with or without extrahepatic metastases at baseline. Numbers represent 
number of patients (% of total/subcategory). * marks significant difference between groups; p<0.05

Prognostic value of extrahepatic disease at baseline based on 
overall survival (OS)

Median OS for the 90 included patients was 10 months (95% CI 9-14 months). 
Presence of extrahepatic metastases at baseline showed a difference in median 
OS estimates with ten months (95% CI: 7-14) for patients with-, and 12 months 
(95% CI: 9-19) for patients without extrahepatic metastases at baseline (hazard 
ratio (HR) 1.68, 95%CI (1.09-2.59), p=0.019) (Figure 4).
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FIGURE 4. Kaplan-Meier survival curve stratified for extrahepatic metastases at 

baseline.

DISCUSSION

This study shows that a large proportion of end-stage mCRC patients have 
progressive disease after radioembolization due to the development of new 
metastases, and to a lesser extent on the growth of existing metastases. The 
presence of extrahepatic disease at baseline significantly increases the chance 
of early progressive disease at three months, especially the development of 
new metastases. Moreover, patients with extrahepatic metastases at baseline 
had a significantly worse overall survival.

At baseline, 48% of our study population was diagnosed with extrahepatic 
metastases. This is in line with other studies in which 35-77% of the included 
patients had extrahepatic metastases at baseline (18-20, 39-44). We found 
a difference in median OS with- and without the presence of extrahepatic 
metastases at baseline, respectively 7 versus 10 months (p=0.0018). Several 

5
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other studies with a comparable patient population also found that extrahepatic 
disease was a predictor of survival after radioembolization (24, 45-49). Other 
known prognostic factors are tumor load, baseline CEA level and location (left- 
versus right-sidedness) of the primary tumor (24, 49, 50). In our study, only 
location of the primary tumor showed a clear trend for significance, with the 
odds ratio for progressive disease being 3.88 (95%CI: 1.00-25.75) for patients 
with a right-sided primary tumor versus patients with a left-sided primary 
tumor.

Genetics and biomarkers are more and more recognized as prognostic factors. 
We investigated the possible role of CEA, since this was associated with poorer 
survival after radioembolization in multiple studies (19, 24, 51). However, just as 
in the study of Sofocleus et al., in our study no significant correlation between 
pre-treatment CEA level and disease progression was found (19). Patients with 
KRAS mutation generally have a worse prognosis after radioembolization than 
patients with KRAS wild type status (19, 24, 25, 52). In our study, although not 
significant, the odds ratios for all types of progressive disease showed a clear 
trend for a worse prognosis for patients with KRAS mutation versus patients 
with KRAS wild type (Table 2).

In The Netherlands, indications for radioembolization include liver-dominant, 
irresectable, systemic therapy-refractory disease. Patients with significant 
extrahepatic metastases are not considered eligible, but patients with stable, 
limited extrahepatic disease (defined by the Dutch National Healthcare Institute 
as a maximum of 5 lung nodules <1 cm and lymph nodes <2 cm) are eligible 
(53). This criterion was also used in the patients in this study. The SIRFLOX, 
FOXFIRE and FOXFIRE-Global (studying the added value of radioembolization 
to chemotherapy in first-line mCRC patients) used similar inclusion criteria with 
respect to extrahepatic disease (54). In these studies, no difference in OS or 
overall progression-free survival (PFS) was observed (55). One may argue that 
the large percentage of patients with extrahepatic disease in these studies 
(i.e. 36%) clouded the potential clinical benefit of radioembolization in a more 
stringent selected subset. In a subgroup of patients with right-sided primary 
tumors, the presence of extrahepatic metastases at baseline indeed proved 
to be a negative prognostic factor for OS, with a HR of 1.351 (95%CI 0.96-1.91) 
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(50). Importantly, these studies were performed in first line refractory disease. 
This limits comparison with our study in a more advanced-stage population.

Objective response (CR or PR) at three months after treatment was obtained 
in only 6% of our patients. This is in line with other studies in salvage mCRC 
patients, with reported response ranges of 6%-24% (24, 56, 57). Median OS 
in our study was ten months, which is also in line with other studies in a 
comparable patient population (22, 24, 58).

A reason for the modest treatment results in our study might be the dosimetric 
models that were used: the BSA and MIRD methods. These methods can lead 
to underdosing (59, 60). A personalized treatment approach, as was used in the 
DOSISPHERE study in HCC patients, could have led to a much higher response 
rate (61). The results of earlier studies on the dose-response relations in mCRC 
patients treated with 90Y-resin or 166Ho prove this point: a significant dose-
response relationship was found in both studies (22, 62). Implementing the 
results of these studies in future patients, using an individualized treatment 
approach, likely will lead to a higher treatment accuracy.

In our study, response was evaluated using the anatomic criteria as defined 
by the RECIST guidelines. However, this can be hampered by the presence of 
necrosis, hemorrhage and cystic changes (63). Response assessment based on 
changes in functional metrics as determined on [18F]-FDG PET/CT would be a 
better evaluation method, especially since several studies found that these are 
related with overall survival (13, 22, 64, 65). Unfortunately, not all patients in our 
study underwent baseline and post-treatment imaging by [18F]-FDG PET/CT.

The added value of the present study to the existing knowledge on 
radioembolization in mCRC patients is the fact that the development of new 
metastases is the primary cause for progressive disease after treatment. 
Furthermore, the study shows that the development of new lesions, as well as 
progressive disease in general, is more common in patients with extrahepatic 
disease at baseline.

The current study also has several limitations. First of all, the sample size was 
small. Secondly, the retrospective setting was prone to selection bias. Since 

5
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radioembolization was used in a salvage setting, outcome was likely muddled 
by the effect of other, previous therapies (Table 1). However, since patients 
were selected for radioembolization based on their chemo-resistant tumors, 
the contribution of this variation in our patient population on the outcome 
of our study was considered minimal. Third, all patients were discussed in a 
multidisciplinary tumor board before treatment. Based on available imaging, 
the primary tumor was assessed for stability and the extrahepatic disease 
load was assessed for extent, however, not for stability. Also, although 
radioembolization is nowadays often performed in a lobar approach, a large 
fraction of patients that we studied received whole-liver treatment. Whole-liver 
treatment was in large part dictated by study protocols. Furthermore, three 
types of microspheres were used in our dataset. The differences with regard to 
the embolic nature of the treatment, the specific activity of the microspheres, 
the administered activities, and the absorbed doses may have influenced 
the incidence of early progressive disease, and potentially also the mode 
of progression, although our analyses did not show a significant difference 
between microsphere types. Last, KRAS status was unknown in 42% of the 
patients, making the number of patients for the subgroup analyses for KRAS 
rather small.

Proper selection of patients seems fundamental for the cost-effectiveness 
of radioembolization treatment. Future prospective studies in the salvage 
setting should therefore be conservative with regard to the acceptance of 
extrahepatic disease. Accurate baseline imaging, including FDG-PET, may aid 
patient selection (66). This will avoid futile treatments and unnecessary toxicity. 
However, the effect of radioembolization in patients with extrahepatic disease 
should be evaluated in prospective studies comparing radioembolization 
with best supportive care, before a firm statement can be made about 
the exclusion of patients with extrahepatic disease from treatment. Also, 
considering the development of new lesions as the major cause of progressive 
disease, a study in the third line, comparing TAS-102 or regorafenib with and 
without radioembolization would be interesting. The study of Hendlisz et al. 
showed that radioembolization combined with chemotherapy was safe and 
effective (58). Based on the results of this study, chemotherapy in addition to 
radioembolization was therefore recommended in the refractory setting.
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Proper selection and individualized dosimetry-based treatment planning 
should ultimately lead to improved treatment accuracy in mCRC patients.

CONCLUSIONS

In conclusion, response at three-month follow-up and survival were 
heavily influenced by new intra- and extrahepatic metastases. Patients 
with extrahepatic disease at baseline had a worse outcome compared to 
patients without extrahepatic disease at baseline. Based on the results of this 
observational, retrospective study, extrahepatic disease may be considered a 
contraindication for treatment with radioembolization.

LIST OF ABBREVIATIONS

90Y  yttrium-90
166Ho  holmium-166
BSA  body surface area
CR  complete response
CRC  colorectal cancer
mCRC  colorectal cancer metastases
MIRD  medical internal adiation dose
OS  overall survival
HCC  hepatocellular carcinoma
HEPAR-2  Holmium Embolization Particles for Arterial Radiotherapy II
HR  hazard ratio
PD  progressive disease
PFS  progression-free survival
PR  partial response
RADAR  RADioembolization: Angiogenic factors and Response
RECIST  response evaluation criteria in solid tumors
SD  stable disease
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ABSTRACT

Introduction

Holmium-166 (166Ho)-microspheres have recently been approved for clinical 
use for hepatic radioembolization in the EU. The aim of this study was to 
investigate the absorbed dose-response relationship and its association with 
overall survival for 166Ho-radioembolization in patients with liver metastases.

Methods

Patients who were treated in the HEPAR I and II studies and who underwent 
an FDG-PET/CT scan at baseline, a post-treatment 166Ho-SPECT/CT scan and 
another FDG-PET/CT scan at three months follow-up, were included for analysis. 
The post-treatment 166Ho-microspheres activity distributions were estimated 
with quantitative SPECT/CT reconstructions using a quantitative Monte Carlo-
based reconstructor. Response of each individual tumor was based on the 
change in total lesion glycolysis (TLG) between baseline and follow-up and 
categorized in one of four categories, according to the PERCIST criteria, ranging 
from complete response to progressive disease. Patient level response was 
grouped according to the average change in TLG per patient. The absorbed 
dose-response relationship was assessed using a linear mixed-model to 
account for correlation of tumors within patients. Median overall survival was 
compared between patients with and without a metabolic liver response, using 
a log-rank test.

Results

In total 36 patients with a total of 98 tumors were included. The relation 
between tumor absorbed dose and both tumor level and patient level response 
was explored. At a tumor level, a significant difference in geometric mean 
absorbed dose was found between response categories complete response 
(232 Gy (95%-confidence interval (CI) 178-303 Gy); n=32) and stable disease 
(147 Gy (95% CI 113-191 Gy); n= 28), p=0.01. and between complete response 
and progressive disease (117 Gy (95% CI 87-159 Gy); n=21), p=0.0008). This 
constitutes a robust absorbed dose-response relationship. At a patient level, 
a significant difference was found between patients with complete or partial 
response (210 Gy (95% CI: 161-274 Gy); n=13) and patients with progressive 
disease (116 Gy (95% CI: 81-165 Gy); n=9), p=0.01. Patients were subsequently 
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grouped according to their average change in TLG. Patients with objective 
response (complete or partial response) exhibited a significantly higher overall 
survival than non-responding patients (stable or progressive disease) (median 
19 months versus 7.5 months; Log-rank; p=0.01).

Conclusion

These results confirm a significant absorbed dose-response relationship in 
166Ho-radioembolization. Treatment response is associated with a higher overall 
survival.

Key words: Radioembolization; holmium; dose-response; dosimetry; dose 
personalization
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INTRODUCTION

Radioembolization with yttrium-90 (90Y) or holmium-166 (166Ho) microspheres is 
increasingly used in the treatment of primary and secondary liver cancers (1). 
It is an intra-arterial therapeutic procedure in which radioactive microspheres 
are delivered to hepatic tumors via their nutrient arteries (2). The goal of 
radioembolization is to deliver a tumoricidal absorbed dose to tumors while 
sparing the healthy liver tissue. Although it has been shown in multiple studies 
that the likelihood for tumor response critically depends on tumor absorbed 
dose, the dosing methods that are predominantly used in clinical practice do not 
incorporate the patient-specific biodistribution (i.e. locally absorbed doses) (1,3).

Treatment with 166Ho-radioembolization can be preceded by a scout dose 
consisting of a small batch (i.e. 250 MBq) of rheologically identical 166Ho-
microspheres. Official approval (CE-mark) was recently obtained in the EU 
(QuiremScout® and QuiremSpheres®; Quirem Medical B.V., Deventer, The 
Netherlands). It was demonstrated that this scout dose predicts the absorbed 
dose to the lungs more accurately than technetium-99m-macroaggregated 
albumin (99mTc-MAA) (4). And more recently, the scout dose was shown to 
have a superior predictive value for the intrahepatic therapy absorbed dose 
distribution (5). These findings support the use of a scout dose to better 
personalize dose planning (i.e. dosimetry) and patient selection. However, the 
relationship between tumor absorbed dose and response likelihood, needed 
for such a treatment personalization, has not yet been established.

The aim of this exploratory study was to analyze the relationship between 
tumor absorbed dose, treatment response and survival in patients treated 
with 166Ho-radioembolization.

MATERIALS AND METHODS

Patient Selection

Candidates for this study were patients who were treated in the Holmium 
Embolization Particles for Arterial Radiotherapy I and II (HEPAR I and II; 
NCT01031784 (6) and NCT01612325 (7)) studies, which were conducted 
between 2009 and 2015. These studies were conducted in accordance with 
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the Declaration of Helsinki and were approved by the local research ethics 
committee. Before study entry, all patients provided written informed consent 
(6).

In HEPAR I and II, multimodality imaging with 18F-fluorodeoxyglucose (FDG)-
PET/CT and multiphasic liver CT were acquired during work-up. A preparatory 
angiography was performed several days before treatment in which extra-
hepatic vessels were coil-embolized if necessary, and a scout dose of 99mTc-
MAA (150 MBq, Technescan LyoMAA®; Mallinckrodt Medical B.V., Petten, 
The Netherlands) was administered to assess the safety and intra-hepatic 
distribution of subsequent administrations. On the day of treatment, 166Ho-
microspheres were administered as a second scout dose (i.e. 250 MBq) in the 
morning and as a treatment dose in the afternoon, with 166Ho-SPECT/CT and MR 
acquisition after both injections. The total amount of administered activity was 
adjusted to the targeted liver volume, as measured on CT. In HEPAR II, the aimed 
absorbed dose was 60 Gy for the treated volume (MIRD mono-compartment 
method) (7). HEPAR I was a dose-escalation study, in which the aimed absorbed 
dose was varied between 20 and 80 Gy. Treatment was followed by a post-
treatment 166Ho-SPECT/CT and an FDG-PET/CT at three months follow-up. None 
of the included patients received concomitant anti-cancer therapies.

Included patients for the current study were those who underwent an FDG-
PET/CT scan at our hospital at baseline and at three months follow-up, as well 
as a post-treatment 166Ho-SPECT/CT as part of the HEPAR I or II studies.

Absorbed Dose-Response Evaluation

Absorbed dose-response evaluation was performed similarly to what 
was reported earlier by Van den Hoven et al. (8). The tumor outlines were 
automatically defined by setting a patient-relative threshold for activity 
concentration on the baseline FDG-PET/CT scan using the ROVER (ABX GmBH, 
Radeberg, Germany) software package (9). The threshold was based on the 
aortic blood pool activity and defined as 2x mean SUV corrected for lean body 
mass (SULmean) (10). Additionally, a volume restriction of 5 mL or more was 
used. SULmean and tumor volume were recorded. Total lesion glycolysis (TLG) 
was calculated by taking the product of SULmean and tumor volume. The liver 
was manually delineated on the accompanying low-dose CT, using ROVER.

6
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The 166Ho-microspheres activity distribution following treatment was estimated 
with quantitative SPECT/CT reconstructions using a quantitative fast Monte Carlo-
based reconstructor (UMCS), which has been previously validated for 166Ho (11).

The PET-based tumor and liver outlines were transferred to the corresponding 
166Ho-SPECT reconstructions, using a rigid registration of the CT scans of the 
PET and SPECT acquisitions (12). The liver contours served as a mask to focus 
the registration on the liver region only. The liver and tumor outlines were 
subsequently dilated with 1 cm, to minimize difference due to resolution, 
(respiratory) motion and local registration errors.

The tumor doses were estimated using the activity in these dilated masks and 
the mass of the original contour. The parenchymal dose was calculated in the 
same fashion, after subtracting the dilated tumor masks from the liver mask. 
The dose was assumed to be fully absorbed within each volume of origin (local 
deposition model) (13).

For the three-month follow-up scans, the tumors were automatically defined 
in ROVER, using the method described above. The change in TLG was used to 
determine the metabolic tumor response. The baseline and follow-up images were 
assessed side by side to ensure the same tumors were identified. Merged tumors 
on follow-up imaging were regarded as one tumor at baseline. In those cases, a 
weighted average of the absorbed dose was calculated, correcting for tumor volume.

Metabolic tumor response was grouped in categories according to the PERCIST 
criteria (10). Complete metabolic response (CR) was achieved if there was a 100% 
reduction in TLG, partial metabolic response (PR) when there was a decrease of at 
least 45%, progressive metabolic response (PD) was characterized by an increase 
of at least 75%, stable disease (STBD) was defined as an increase of less than 75% 
and a decrease of less than 45%. Furthermore, these categories were grouped 
according to objective response (CR + PR) and non-response (STBD + PD).

Statistical Analysis

The relation between tumor absorbed dose and response were assessed 
both at the level of individual tumors (local response) as well as at the patient 
level, in which case the patients were grouped according to PERCIST based 
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on the average change in TLG of all hepatic tumors. Patient-level analysis was 
performed both including and excluding tumors that formed after baseline 
(which were labeled as progressive disease). All other analyses ignored the 
formation of new lesions at follow-up, as they were not targeted by the 
treatment. Linear mixed-effect models were used to assess the relation 
between tumor absorbed dose and response and to account for correlation 
of tumors within patients. Dose was used as dependent variable and log-
transformed to fulfill model assumptions. Nested models were compared using 
Akaike’s Information Criterion. The dose-effect relationship was best explained 
using a random intercept per patient without random slopes. A geometric 
mean of the tumor absorbed dose per response category was estimated. On 
a patient level, response categories CR and PR were merged in the analysis due 
to otherwise too limited numbers per category. To test the hypothesis of an 
ordered relationship across response categories, a trend test was performed 
with response as a continuous variable in the model.

Overall survival was defined as the interval between treatment and death from 
any cause, with censoring of patients who were still alive at their last known 
follow-up date. The survival curve was estimated by the Kaplan-Meier method. 
A log-rank test was used to compare median overall survival between patients 
with and without a metabolic liver response. Baseline characteristics of these 
groups, consisting of primary tumor type, gender, age, previous treatments, 
WHO performance score, presence of extra hepatic disease, number of tumors 
and tumor load, were scrutinized for differences that could have biased the 
survival analysis. Analyses were performed using R statistical software, version 
3.4.0. A two-sided p-value <0.05 was considered statistically significant.

RESULTS

Thirty-six patients with a total of 98 tumors were included in this study. Baseline 
characteristics are listed in Table 1. Eleven patients of the HEPAR I study were 
excluded because of absence of post-treatment 166Ho-SPECT/CT (n=4) or due 
to unavailability of the corresponding low-dose CT with the 166Ho-SPECT (n=7). 
Five patients of the HEPAR II study were excluded because of absence of post-
treatment 166Ho-SPECT/CT (n=2), absence of baseline FDG PET/CT (n=1), absence 
of follow-up FDG PET/CT (n=1) and no FDG-uptake in the tumor (n=1).

6
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TABLE 1. Baseline characteristics (n=36 patients).

Characteristic N or median (range)

All patients Responders Non-responders

Gender

Male 17 6 11

Female 19 6 13

Age (y) at therapy 64 (40-84) 67.5 (44-84) 63 (40-74)

Primary tumor type

Colorectal carcinoma 21 8 13

Breast carcinoma 4 1 3

Cholangiocarcinoma 4 0 4

Uveal melanoma 4 1 3

Neuro-endocrine 
neoplasm

1 1 0

Pancreas carcinoma 1 0 1

Thymoma 1 1 0

Liver volume (mL) 1,938 (1,155 – 3,842)

Metabolic tumor volume (mL) 171 (5 -1,993)

Administered activity (MBq) 6705 (3676 – 12,897) 7632 (3763 – 10,217) 6705 (3676 – 12,897)

Previous treatment

Locoregional (liver) 8 3 5

Systemic 34 11 23

None 2 1 1

WHO status

0 29 9 20

1 5 2 3

Unknown 2 1 1

Extrahepatic disease at baseline

No 26 8 18

Yes 10 4 6

Three patients from the HEPAR I study were administered an activity 
corresponding to a uniform absorbed dose of 80 Gy to the target volume, all 
other patients were administered an activity that corresponded to 60 Gy. Median 
administered activity was 6705 MBq, with a range of 3676-12897 MBq. Thirty-five 
patients received whole liver treatment and one patient received lobar treatment.
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Local Response

In total, 98 tumors were delineated. The median number of tumors per patient 
was 2 (range 1-9). Median tumor absorbed dose was 162.1 Gy (range 16.4 – 
715.7 Gy). Median absorbed dose in the healthy liver tissue was 39.9 Gy (range 
7.2 – 66.4 Gy).

Metabolic tumor response at three months follow-up was: CR in 32 tumors, 
PR in 17 tumors, STBD in 28 tumors and PD in 21 tumors. The local metabolic 
response versus absorbed dose is plotted graphically in Figure 1.

FIGURE 1. Graphical representation of the metabolic response (i.e. change in total 

lesion glycolysis (TLG)) versus absorbed dose of each individual tumor. A decrease in 

TLG is associated with a higher tumor absorbed dose. Vertical dashed line indicates the 

cut-off value for TLG change, below which a complete (CR) or partial (PR) response was 

observed, and above which response is defined as either stable (STBD) or progressive 

(PD) disease. Shaded area indicates 95% CI of the regression line.

Geometric mean tumor absorbed doses in the response categories at a tumor 
level were as follows: CR 232 Gy (95%-confidence interval (CI): 178-303 Gy), PR 

6
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168 Gy (95%CI 122-232 Gy), STBD 147 Gy (95% CI: 113-191 Gy) and PD 117 Gy 
(95% CI: 87-159 Gy). Significant differences between response categories CR 
and STBD (p=0.01) and CR and PD (p=0.0008) were found. The p-value for 
trend was 0.0005.

An example of a patient exhibiting CR in several tumors with a good preferential 
microsphere accumulation in and around the tumors is shown in Figure 2.

FIGURE 2. Exemplar case in which good spatial correspondence between pretreatment 

tumor metabolism (A and D) and absorbed dose (Davg 120 Gy) (B and E) led to a complete 

response (C and F). Tumor outlines are transferred from the pretreatment FDG-PET/CT 

to the Absorbed dose maps through rigid registration of the appurtenant CTs of the 

SPECT/CT and FDG-PET/CTs. In many cases, this registration is imperfect, resulting in 

slight registration errors, such as evident in panel B.

Patient-Level Response

There were 2 patients with complete metabolic liver response, 11 patients with 
PR, 14 patients with STBD, and 9 patients with PD. Geometric mean tumor 
absorbed doses in the response categories at a patient-level were as follows: 
complete or partial response (CRPR) 210 Gy (95% CI: 161-274 Gy), STBD 152 Gy 
(95% CI: 117-198 Gy) and PD 116 Gy (95% CI: 81-165 Gy). The p-value for trend 
was 0.005.
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There was a significant difference in tumor absorbed dose between patients that 
showed no response (PD or STBD) and patients from the CRPR group (p=0.008). 
Metabolic response at a whole liver level, considering the development of new 
tumors as well, was as follows: there were 2 patients with CR, 10 patients 
with PR, 7 patients with STBD and 17 patients with PD. There were 3 patients 
with new intrahepatic tumors, 2 patients with new extrahepatic tumors and 5 
patients with both new extra- and intrahepatic tumors.

Survival

Median overall survival was 13.5 months (range 2-31 months; 95% confidence 
interval 10-16 months). Median survival was significantly longer in responders 
(CRPR patients) (19 months, range 8-31 months) compared with non-responders 
(7,5 months, range 2-27 months) (Log-rank; p=0.01) (Figure 1). Baseline 
characteristics of both groups were explored, but no clearly distinguishable 
differences were evident (Table 1).

FIGURE 3. (A) Median overall survival for entire study population was 13.5 months 

(range 2-31; 95% confidence interval 10-16 months). (B) Median survival in responders 

was significantly longer (19 months, range 8-31 months) than in non-responders (7.5 

months, range 2-27 months) (Log-rank; p=0.01).

6
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DISCUSSION

This prospective exploratory study is the first to show clinical evidence of 
an absorbed dose-response relationship in patients treated with 166Ho-
radioembolization. Specifically, a high tumor absorbed dose was associated 
with individual tumor and per-patient response and the occurrence of patient-
level objective response was associated with a significantly increased overall 
survival.

The efficacy of radioembolization with 166Ho-microspheres for inducing 
anatomical response according to RECIST 1.1 has previously been demonstrated 
by Prince et al. (7). For this study, metabolic metrics were used to measure 
response. These metrics are more sensitive, often have an earlier onset and 
can be more predictive of overall survival (14). This was indeed reflected in the 
higher fraction of patients who were classified as responders at three months 
follow-up in the present study (12/36; 33%) versus in the study by Prince and 
colleagues (5/37; 14%). Furthermore, grouping according to metabolic response 
resulted in significant differences in overall survival between these groups. This 
metabolic response was associated with a higher tumor absorbed dose.

Van der Hoven, et al. conducted a study similar to this one, but with 90Y 
resin microspheres in mCRC patients (8). Van der Hoven and colleagues 
conservatively estimated that a dose of 40-60 Gy would be needed to achieve 
a significant tumor response. Willowson et al. found ~50 Gy to be sufficient for 
a metabolic response (15) and Levillain and colleagues found that an average 
absorbed dose on all tumors higher than 39 Gy was a good predictor of both 
metabolic response as well as overall survival (16). Flamen et al. found a median 
of 46 Gy for the metabolic response group (17,18). All these studies used resin 
microspheres in mCRC patients. In the current study, the estimated dose 
needed for a local response was higher (geometric absorbed tumor dose was 
232 Gy for CR and 168 Gy for PR). This likely reflects differences between the 
used microspheres and potentially also between the methods used for the 
actual dose estimation. Furthermore, a direct quantitative comparison with 
the present study is hampered by the heterogeneity in primary tumor types of 
included patient cohort. For a valid pair wise comparison, a more homogenous 
patient group is needed.
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The semi-automatic method of thresholding the FDG scans to define tumor 
volumes, as used in the study, decreased the variance typically induced with 
manual delineation. By subsequently applying these masks to the corresponding 
166Ho dose maps using an automatic registration routine, the current method 
offered a non-subjective measure for both dose and response, maximizing 
reproducibility.

The current study was performed with a limited sample size of patients 
with hepatic metastases of different origins. Consequently, there was not 
enough statistical power to model the differences in FDG avidity, tumor 
biology and radio-sensitivity that might exist between the different tumor 
types. Furthermore, differences in patient positioning and breath-hold policy 
between PET and SPECT scans, combined with the relatively low resolution and 
contrast of the low-dose CT of the SPECT/CT increased the likelihood of (local) 
misregistrations. These effects increased the error in dose estimates of each 
response group, contributing to a larger spread in each response category, 
decreasing separability between response groups.

It has been argued that the different radioembolization devices (e.g. resin or 
glass) result in differences in micro-distribution and consequently the absorbed 
dose needed for tumor response and toxicity (3). 166Ho-microspheres are 
positioned between resin and glass microspheres with respect to the number 
of injected particles and particle size (19). Based on these data, we expect the 
‘apparent’ radio-sensitivity of 166Ho-microspheres to lie in between as well. 
However, this will need to be confirmed in a future study in which only patients 
with the same tumor type are included.

The administered activity in the HEPAR I and II studies was based on the MIRD 
mono-compartment method. In this method, the activity calculation was 
based on the intended mean absorbed dose to the target liver mass. This 
method disregards the actual tumor load and the preferential uptake of the 
microspheres in the tumors, assuming a uniform microsphere distribution in 
the target volume. This can lead to a wide range in actual absorbed tumor 
doses. However, the treatment with 166Ho-radioembolization is usually preceded 
by the administration of a smaller amount of the same microspheres. This scout 
dose has been shown, relative to 99mTc-MAA, to enable: i) a more accurate lung 
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shunt fraction estimation (4), ii) a safe and improved detection of extrahepatic 
depositions (20,21), and iii) a more accurate pretreatment prediction of the 
intrahepatic distribution (5). These predictive properties may be used for an 
improved patient selection and a more personalized activity prescription. This 
can be achieved by using the pretreatment biodistribution of the scout dose 
as input to a multi-compartment model (e.g. the partition model) (22). The 
prescribed treatment activity can then be maximized such that the absorbed 
dose in the parenchymal tissue remains below a certain toxicity threshold, 
whilst maximizing the tumor absorbed dose (23). Subsequent assessment 
of predicted tumor absorbed doses can guide patient selection by excluding 
patients for whom no tumor response is to be expected.

To that end, 166Ho absorbed dose thresholds for specific tumor types need 
to be established. Future studies will need to focus on a single tumor type, 
increasing statistical power and enabling the identification of this tumoricidal 
dose threshold. Similarly, a larger study cohort is needed to establish safe 
absorbed dose thresholds for the parenchyma. The absorbed dose-response 
relationship demonstrated in this study shows the feasibility of such an effort 
and is the first step towards a more individualized treatment planning for 166Ho-
radioembolization.

CONCLUSION

In this study, an association of tumor absorbed dose with (local) response was 
found. Moreover, a patient-level metabolic response was associated with a 
significant increase in overall survival. Personalized dosimetry has the potential 
for improved outcome in radioembolization, as has been well-established for 
external beam radiotherapy.
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ABSTRACT

Introduction

Radioembolization is a treatment option for colorectal cancer (CRC) patients 
with inoperable, chemorefractory hepatic metastases. Personalized treatment 
requires established dose thresholds. Hence, the aim of this study was to 
explore the relation between dose and effect (i.e. response and toxicity) in 
CRC patients treated with holmium-166 (166Ho) radioembolization.

Materials and methods

CRC patients treated in the HEPAR II and SIM studies were analyzed. Absorbed 
doses were estimated using the activity distribution on post-treatment 166Ho-
SPECT/CT. Metabolic response was assessed using the change in total lesion 
glycolysis on 18FDG-PET/CT between baseline and three-months follow-up. 
Toxicity between treatment and three months was evaluated according to the 
Common Terminology Criteria for Adverse Events (CTCAE) version 5, and its 
relation with parenchymal-absorbed dose was assessed using linear models. 
The relation between tumor-absorbed dose and patient- and tumor-level 
response was analyzed using linear mixed-models. Using a threshold of 100% 
sensitivity for response, the threshold for a minimal mean tumor-absorbed 
dose was determined and its impact on survival was assessed.

Results

Forty patients were included. The median parenchymal-absorbed dose was 
37 Gy (range 12-55 Gy). New CTCAE grade ≥3 clinical and laboratory toxicity 
were present in eight and seven patients, respectively. For any clinical toxicity 
(highest grade per patient), the mean difference in parenchymal dose (Gy) per 
step increase in CTCAE grade category was 5.75 (95% confidence interval (CI) 
1.18-10.32). On a patient level, metabolic response was: complete response 
(CR) n=1, partial response (PR) n=11, stable disease (StD) n=17 and progressive 
disease (PD) n=8. The mean tumor-absorbed dose was 84% higher in patients 
with CR/PR than in patients with PD (95%CI: 20-180%). Survival for patients 
with a mean tumor-absorbed dose >90 Gy was significantly better than for 
patients with a mean tumor-absorbed dose <90 Gy (hazard ratio=0.16, 95%CI 
0.06-0.511).
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Conclusion

A significant dose-response relationship in CRC patients treated with 166Ho-
radioembolization was established and a positive association between toxicity 
and parenchymal dose was found. For future patients, it is advocated to 
use 166Ho-scout to select patients and personalize the administered activity 
targeting a mean tumor-absorbed dose of >90 Gy and a parenchymal dose 
<55 Gy.

Key words: radioembolization, holmium, dosimetry
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INTRODUCTION

Colorectal cancer (CRC) is one of the most common types of cancer worldwide 
(1). The liver is the first site of hematogenous spread and 70-80% of patients with 
hepatic metastases are deemed unresectable because of tumor size, location, 
multifocality, or inadequate hepatic reserve (2). Hence, the majority of patients 
with metastatic CRC cannot be cured. Palliative treatment generally consists 
of several lines of systemic chemotherapy. If the available chemotherapeutic 
options fail, treatment with radioembolization should be considered for patients 
with liver-only or liver-dominant disease (3).

During radioembolization, radioactive microspheres are delivered intra-
arterially to hepatic tumors. The rationale of this treatment is to administer a 
high local radiation dose to the tumors, while relatively sparing the healthy liver 
parenchyma by using the predominant arterial blood flow to tumors. Currently, 
three types of microspheres are available: yttrium-90 (90Y) resin (SIRspheres®, 
Sirtex), 90Y glass (TheraSphere®, BTG/Boston Scientific) and holmium-166 (166Ho) 
microspheres (Quiremspheres®, Quirem Medical).

One advantage of 166Ho-radioembolization is that treatment can be preceded 
by a scout dose of the same microspheres, using only limited activity (250 MBq). 
This 166Ho-scout has proven to be a more accurate predictor of the distribution 
of the treatment dose (4). Another advantage is that 166Ho-microspheres can 
be visualized by both MRI and SPECT/CT (5). The safety and efficacy of 166Ho-
radioembolization was determined in the HEPAR and SIM studies (6-9). In 
these studies, activity calculation was based on a whole-liver absorbed dose 
of 60 Gy. To allow for personalized, or optimized treatment, reference levels 
for efficacy and toxicity are needed (10). Hence, the aims of this study were to 
determine the relationship between dose and toxicity and to determine the 
relation between dose and metabolic response, in CRC patients who were 
treated with 166Ho-radioembolization.
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MATERIALS AND METHODS

Patients

This was a retrospective analysis of CRC patients who were treated with 166Ho-
radioembolization in the HEPAR II (NCT01612325 (6)) and the SIM (NCT02208804 
(8)). Before study inclusion, all patients provided written informed consent. The 
institution’s Medical Ethics Committee approved both studies. The CRC patients 
of the HEPAR II study were already part of a preliminary mixed tumor-type 
cohort analysis and were also included in this CRC-only analysis (11).

Treatment Procedures

During work-up, laboratory and clinical examinations were performed and 
patients underwent multiphasic liver CT and 18FDG-PET/CT at a median of 16 
days before treatment (range 6-42). Pre-treatment activity calculation was 
performed using a method similar to the medical internal radiation dosimetry 
(MIRD) method (12). The injected activity (IA) to reach an average absorbed 
dose of 60 Gy in the target volume was calculated as (7):

𝐿𝐿𝐿𝐿𝐿𝐿 =  √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

√𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) + √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

𝐵𝐵𝐿𝐿𝐵𝐵 = 0.2024 ∗ ℎ𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑚𝑚)0,725 ∗ 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑘𝑘𝑙𝑙)0,425 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐵𝐵𝐿𝐿𝐵𝐵 − 0,2) + 𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙
(𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙) 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

 

𝑇𝑇
𝑁𝑁 =

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝐺𝐺𝐵𝐵𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝐺𝐺𝑎𝑎𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

16 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ𝑦𝑦 𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎(𝑘𝑘𝑙𝑙))

49.67 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

The IA was not adjusted for lung shunt fraction, in line with the instructions 
for use for Quiremspheres. Since the abundance of gamma photons invokes 
detector dead-time, patients underwent a quantitative 166Ho-SPECT/CT to 
assess the therapeutic dose distribution three to five days after treatment. 
The threshold used for tumor delineation was defined per patient, based on 
twice the mean aortic blood pool SUV corrected for lean body mass. Using 
this patient-relative threshold and the volume restriction of 5 mL, tumors were 
automatically defined. This way, only regions with metabolic activity, significantly 
exceeding the background activity of the liver, were defined. The threshold 
used to delineate tumors at follow-up was defined again on the 3-month 18FDG 
PET/CT.

A rigid registration (using Elastix software (13)) of the CT scans of the PET 
and SPECT acquisitions was used to transfer the PET-based tumor- and liver 
contours to the corresponding 166Ho-SPECT reconstructions. The previously 
manually contoured livers acted as a mask to focus registration on this region 

7
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exclusively. All registration results were checked visually (RB). Minor manual 
adjustments were allowed, but only based on CT and never on nuclear 
imaging. A 1 cm dilation of the tumor and liver contours was used, to account 
for breathing movement, errors in registration and resolution differences. 
The counts in the dilated contours were used for activity calculation, but the 
volume of the non-dilated VOIs was used for absorbed dose calculation. The 
quantitative Monte Carlo-based SPECT reconstruction used in this study yields 
voxels that contain absolute activity (in units of MBq). The absorbed dose (Gy) in 
each voxel was subsequently calculated using the local deposition model, which 
posits that -at the resolution of SPECT- all dose is deposited within the voxel 
of origin. The average doses in parenchymal tissue and tumors was calculated 
using the transferred delineations, as described previously (Figure 1).

FIGURE 1. Example of tumor delineation and absorbed-dose estimation. Using the 

liver contour, the low-dose CT of the PET was matched to the low-dose CT of the 

SPECT (A). The tumors were automatically defined using a threshold. Liver- and tumor 

contours were transferred from the PET/CT to the SPECT/CT and absorbed doses were 

calculated (B).
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In case of fused lesions at follow-up, a volume-weighted average of the 
absorbed dose of the different components at baseline was calculated. Also, 
a weighted average, correcting for tumor volume, was calculated to obtain 
the mean tumor-absorbed dose per patient. The parenchymal-absorbed dose 
was determined using the activity in the entire (dilated) liver contour, with the 
activity in the (dilated) tumor regions subtracted.

Toxicity Evaluation

The emergence of clinical toxicity between treatment and three months post-
treatment was recorded, with exception of clinical adverse events during 
the first week after treatment, to allow for distinction between adverse 
events due to embolization and adverse events due to radiation. Laboratory 
toxicity between treatment and three months post-treatment was evaluated 
using the following parameters: albumin, alkaline phosphatase (AP), alanine 
aminotransferase (ALAT), aspartate aminotransferase (ASAT), bilirubin and 
gamma-glutamyltransferase (GGT). Common terminology criteria for adverse 
events (CTCAE) version 5.0 was used for grading (14). Since version 5.0 allows 
for higher values of laboratory parameters when these were already abnormal 
at baseline, relative change in laboratory values between baseline and three 
months follow-up was calculated as well. Furthermore, presence of ascites and 
encephalopathy (as part of radioembolization-induced liver disease (REILD)) 
was determined at three-months follow-up.

Efficacy Evaluation

Metabolic response to treatment was evaluated on 18FDG PET/CT at three-
month follow-up.

Tumors were automatically defined based on standardized uptake value (SUV) 
and lesion total lesion glycolysis (TLG) was obtained. To avoid misidentification, 
baseline and follow-up images were evaluated in parallel. Metabolic response of 
hepatic lesions was defined based on the change in TLG between baseline and 
follow-up, according to the PERCIST criteria (15). Hepatic tumor response was 
also assessed according to the Response evaluation criteria in solid tumours 
(RECIST) version 1.1 (16).

7
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Statistical Analyses

Patient demographics and treatment characteristics were summarized using 
descriptive analyses. The strength of association between CTCAE toxicity 
grade and parenchymal-absorbed dose was assessed using linear regression 
models with CTCAE grade in categories as the dependent continuous variable 
and parenchymal absorbed dose as the independent continuous variable. For 
clinical significance, CTCAE grading of any clinical and laboratory toxicity was 
also dichotomized in the following categories: grade 0/I/II versus grade III/IV/V 
and analyzed using logistic regression with Firth’s correction for small sample 
bias (17). The association between relative change in laboratory parameters 
(represented as Δ laboratory parameter) and healthy liver tissue dose was 
analyzed using simple linear regression models with percentage change as 
the dependent continuous variable and parenchymal absorbed dose as the 
independent continuous variable, after log-transformation of the dependent 
variable to fulfill model assumptions. All toxicity analyses were also adjusted 
for response to therapy (binary coded as response/non-response), previous 
treatment (defined as number of prior systemic treatment lines, categorical 
variable) and tumor load (defined as percentage involvement of the liver by 
tumors, continuous variable) as possible confounders, which were identified 
by making directed acyclic graphs.

The relationship between tumor-absorbed dose and response was analyzed 
using a linear mixed-effects regression model with tumor-absorbed dose 
as the dependent variable. This type of analysis was chosen to account for 
correlation of tumors within patients. To fulfill model assumptions, dose was 
log-transformed. Nested models were compared using Akaike’s Information 
Criterion (AIC). The dose-effect relationship was best explained using a random 
intercept per patient without random slopes. A geometric mean of the tumor-
absorbed dose per patient per response category was estimated because the 
anti-log of the arithmetic mean of log-transformed values is the geometric 
mean. A trend test was also done with response as a continuous variable in 
the model, to test the presence of an ordered relationship across response 
categories. By including them as co-variables, analyses were adjusted for the 
following possible confounders: previous treatment (coded as factor with the 
following categories: yes/no previous treatment with anti-VEGF medication) 
and tumor load (continuous). An ROC analysis, according for clustered data, 
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was done to determine the discriminatory power of tumor dose in response 
estimation (18). The 95% confidence interval of the area under the curve shows 
the boundaries of the likely discriminative ability of tumor dose for response 
in this cohort. Using a threshold of 100% sensitivity for response (CR/PR), the 
threshold for a minimal mean tumor-absorbed dose was determined and used 
in the survival analyses. The same threshold of 100% sensitivity for response 
was used to determine the threshold for a minimal tumor-absorbed dose 
(lesion-level).

The agreement between response according to PERCIST and according to 
RECIST was analyzed using Cohen’s kappa, with disagreements weighted 
according to their squared distance from perfect agreement.

Overall survival was defined as the interval between treatment and death from 
any cause. Cox regression models were made using Firth’s correction for small 
sample bias (17). Analyses were adjusted for the following possible confounders: 
tumor load, parenchymal dose and the presence of extrahepatic disease at 
baseline. Inspection of Schoenfeld residuals showed that the proportionality 
of the hazard assumption was not violated. Analyses were performed using R 
statistical software, version 3.6.2 for Windows. The following R libraries were 
used: readxl version 1.3.1, dplyr version 0.8.3, data.table version 1.12.8, lme4 
version 1.1-21, nlme version 3.1-143, ggplot2 version 3.2.1, gdata version 2.18.0, 
gmodels version 2.18.1, ggpubr version 0.2.4, Hmisc version 4.3-0, lmerTest 
version 3.1.0, foreign version 0.8-72, ggfortify version 0.4.8, logistf version 
1.23, grid version 3.6.2, car version 3.0-5, pROC version 1.15.3, ggeffects 
version 0.14.0, splines version 3.6.2, sjmisc version 2.8.3, rel version 1.4.1 and 
rcompanion version 2.3.21. We report effect estimates with associated 95%CIs 
and corresponding two-sided p-values.

RESULTS

Forty patients were included, with a total of 133 hepatic lesions. Three patients 
did not have follow-up imaging for tumor-response assessment and were 
only included in the survival- and toxicity analyses. Patient- and treatment 
characteristics are summarized in Table 1.

7
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TABLE 1. Baseline patient and treatment characteristics

Characteristic N (%) or median + range

Gender

 Male 25 (62.5)

 Female 15 (37.5)

Age (y) 64 (37-84)

WHO performance score

 0 28 (70)

 1 11 (27.5)

 2 1 (2.5)

Previous therapy*

 Locoregional (liver)

 EBRT 2 (5)

 Metastasectomy 5 (12.5)

 Radiofrequency ablation 3 (7.5)

Lines of prior systemic treatment

 1 8 (20)

 2 20 (50)

 3 7 (17.5)

 4 5 (12.5)

Extrahepatic disease before treatment

 Lymph node 10 (25)

 Lung 10 (25)

 No 23 (57.5)

Liver volume (mL) 1987 (1272-3167)

Metabolic tumor volume (mL) 320 (26-1446)

Fractional tumorload 0.15 (0.01-0.49)

Radioembolization treatment

 Whole-liver 39 (97.5)

 Lobar (right lobe only) 1 (2.5)

Administered activity (MBq) 6387 (3822-12386)

*No patient received synchronous systemic treatment.
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Toxicity

The median parenchymal-absorbed dose was 37 Gy (range 12-55 Gy). Toxicity 
incidence during three months post-treatment and CTCAE grades are 
summarized in Table 2. New grade ≥3 clinical toxicity was present in eight 
patients (20%) and new grade ≥3 laboratory toxicity was present in seven 
patients (17.5%). There was one patient (2.5%) who developed REILD, evidenced 
by hyperbilirubinemia, hypoalbuminemia and ascites, without evidence of 
progression or biliary obstruction. The mean parenchymal-absorbed dose of 
this patient was 34 Gy.

The results of the linear clinical toxicity regression analyses suggested a positive 
association between higher parenchymal dose and increase in CTCAE grade 
clinical toxicity (Table S1). The mean difference in parenchymal dose for patients 
with CTCAE grade 0/1/2 any clinical toxicity versus CTCAE grade 3/4/5 was 11.6 
Gy (95%CI 3.4-19.7, p=0.0070). The odds ratio for CTCAE grade 3/4/5 any clinical 
toxicity versus CTCAE grade 0/1/2 per 10 Gy increase in parenchymal dose was 
7.62 (95%CI 1.95-249.03, p=0.0063) (Table S2).

For laboratory toxicity, the results of the linear regression analyses for both the 
CTCAE grades and the relative change in laboratory parameters showed that 
a higher parenchymal-absorbed dose is related with an increase in laboratory 
toxicity (Table S3a-b and Figures 2a-f).

7
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TABLE 2. CTCAE grading of new clinical toxicity per patient during three months after treatment

Toxicity CTCAE 
grade I

CTCAE 
grade II

CTCAE 
grade III

CTCAE 
grade IV

CTCAE 
grade V

Abdominal pain 16 10 4

Nausea 15 9 2

Fatigue 21 10 2

Anorexia 10 5

Dyspnea 4 1

Fever 7 1 1

Ascites 1 2

Flu like symptoms 2 1

Malaise 4 1

Hepatic failure 1 1*

Weight loss 2

Chest pain 1 2

Vomiting 9 5

Dyspepsia 1 1

Metal taste 3

Contrast allergy 1 2

Hematoma 1

Diarrhea 1

Constipation 4

Upper GI tract bleeding 1

Limb edema 2

Dizziness 1

Chills 2

Any clinical toxicity 13 19 7 1

Lowered albumin 9 4

Elevated ALAT 24 1 1

Elevated AP 4 14 2

Elevated ASAT 28 2

Elevated bilirubin 2 1 2

Elevated GGT 5 15 5

Any laboratory toxicity 7 23 5 2

CTCAE scores of new toxicity (highest CTCAE grades per clinical symptom or laboratory value are 
represented). *Radioembolization-induced liver disease.
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FIGURE 2A-F. Association between change in laboratory parameters and parenchymal 

absorbed dose. The red lines are the regression lines, with the 95%CIs indicated as the 

surrounding grey areas.

Efficacy

Solely based on the metabolic response of measurable hepatic metastases 
at baseline, there was one patient with CR, PR was reached in 11 patients, 17 
patients had StD and PD was found in eight patients at three-months follow-up. 
On a lesion level, CR occurred in 23 lesions, PR in 20 lesions, StD in 49 lesions 
and 23 lesions were progressive. A significant dose-response relation was found 
on patient- and tumor-level. The mean tumor-absorbed dose was 77% higher 
in patients with CR/PR than in patients with PD (95%CI: 18-164%, p=0.011) and 
the mean absorbed dose was 95% higher in lesions with CR than in lesions 
with PD (34-188%, p=0.00065) (Table 3). Mean absorbed doses per response 
category are visualized in Figure 3.

7
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TABLE 3. Percentage change in mean absorbed dose (Gy) per response category (95%CI)

Progressive 
disease

Stable disease Partial response Complete 
response*

Patient-level n=8 n=17 n=11 n=1

Unadjusted reference 53.8 (5.6 - 24.2) 74.6 (18.6 - 57.6) - Ptrend=0.012

Adjusted† reference 62.0(10.4 - 136.0) 77.3 (18.3 - 163.6) - Ptrend=0.019

Patient-level‡ n=23 n=6 n=7 n=1

Unadjusted reference 29.8 (-15.1 - 98.6) 44.4 (1.4 - 106.0) - Ptrend=0.041

Adjusted† reference 18.7 (-24.3 - 85.4) 38.1 (-5.8 - 101.9) - Ptrend=0.12

Tumor-level n=23 n=49 n=20 n=23

Unadjusted reference 31.1 (-3.2 - 78.8) 71.5 (17.1 - 150.4) 95.2 (34.7 - 
183.6)

Ptrend=0.00030

Adjusted reference 35.2 (0.2 - 87.5) 72.2 (16.6 - 151.3) 94.8 (33.9 - 
188.4)

Ptrend=0.00068

Interpretation at tumor level: the average dose is 95.23% higher in CR than PD (95%CI 4.69-
183.62%). *as there was only one patient with complete metabolic response, the categories 
complete response and partial response were taken together at a patient level. † The analyses 
were adjusted for previous treatment and tumorload or tumor volume (tumor-level analyses). 
‡including the development of new lesions, in which case patients were categorized as having 
progressive disease.
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FIGURE 3. Relationship between mean tumor-absorbed dose per patient and metabolic 

response to treatment at three-months follow-up. The bullets show the mean tumor-

absorbed dose per patient. Black vertical lines are the 95%CIs of the mean doses 

per response category, with the white dot in the middle indicating the mean tumor-

absorbed dose per response category. This figure is based on the unadjusted linear 

mixed-effects regression model as described in Table 3.

Based on ROC analysis, the ability of tumor-absorbed dose to discriminate 
between patients with and without metabolic response was 0.671 (95%CI: 0.54-
0.80) and the ability of mean tumor-absorbed dose per patient to differentiate 
between responders and non-responders was 0.698 (95%CI: 0.45-0.95) (Figure 
4a,b). At a mean tumor-absorbed dose threshold with 100% sensitivity (95%CI: 
48-100%) for CR/PR at a patient level (90 Gy), specificity was 38% (95%CI: 21-
56%). At a tumor-level, without accounting for clustered data, sensitivity was 
100% using a tumor-absorbed dose threshold of 80 Gy (95%CI: 74-100%) and 
specificity was 41% (95%CI: 31-51%). Agreement between PERCIST and RECIST 
was minimal, with κ=0.345 (95%CI 0.14-0.55). Anatomic response was lower than 
metabolic response in 15 cases (40.5%) and higher in seven cases (18.9%).

7
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FIGURE 4A,B*. ROC-curve showing the discriminative value of tumor-absorbed dose 

for response (a) and ROC-curve showing the ability of mean tumor-absorbed dose per 

patient to discriminate between patients with CR/PR versus StD/PD (b). *The AUCs are 

based on a clustered data analysis, however, the ROC-curves are not.

Survival

Median overall survival was 10.7 months (95% CI: 7.2 – 13.4). Survival was 
significantly different in patients without a metabolic response (including the 
development of new intra- or extrahepatic lesions) versus patients with a 
metabolic response (HR=2.34, 95% CI 1.09 - 5.69, p=0.029). After adjusting for 
tumor load, extrahepatic disease at baseline and parenchymal dose, the HR for 
non-responders was 2.54 (95% CI: 1.13 - 6.52, p=0.023). Median overall survival 
in responders was 14.8 months (95% CI 14.2 - ∞, n=8) versus 8.6 months (95% 
CI 6.4 – 13.4 months, n=29) in non-responders (Figure 5a-b). Furthermore, 
there was a significant difference in overall survival between patients with a 
mean tumor-absorbed dose >90 Gy versus a mean tumor-absorbed dose <90 
Gy (HR=0.16, 95%CI 0.06-0.511), p=0.0031), Figure 6.
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FIGURES 5A,B. Overall survival curve (a). Survival curves for patients with and without 

a metabolic response (including the development of new lesions) at three months (b).

FIGURE 6. Survival curves for patients with a higher (>90 Gy) or lower (<90 Gy) mean 

tumor-absorbed dose.

7
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DISCUSSION

Building on the establishment of a dose-response relationship in patients 
treated with 166Ho-radioembolization by Bastiaannet et al. (11), this study 
explored the dose-response relationship in a homogenous population of 
patients with CRC only. Furthermore, dose-toxicity relationships were studied. 
Our results suggest a positive association between a higher parenchymal-
absorbed dose and increase in CTCAE grade toxicity, both for clinical and 
laboratory toxicity. Furthermore, our data unveils, both at a lesion- and at a 
patient-level, a significant dose-response relationship. Also, a mean tumor-
absorbed dose >90 Gy – the minimal mean tumor-absorbed dose in the group 
of patients with CR/PR - was associated with a significantly longer survival.

In this study, treatment with radioembolization was well tolerated. The most 
frequent clinical adverse events were CTCAE grade 1-2 abdominal pain, nausea 
and fatigue. These adverse events are well-known side effects of treatment with 
radioembolization (19). One patient of our study died of hepatic failure. This 
safety profile is compliant with the results of the MORE study, which showed 
that treatment with 90Y-resin radioembolization is safe in a patient population 
highly comparable to ours, namely CRC patients who received several lines of 
prior chemotherapy (20). A study on the safety of 90Y-glass radioembolization in 
CRC patients showed similar results, with the most frequent side effects being 
fatigue, abdominal pain and nausea (21). The incidence of grade ≥3 laboratory 
toxicity is also comparable between the three types of microspheres (20, 21).

Regarding efficacy, the metabolic response rate (CR/PR) at a tumor level was 
36%, comparable to previous dose-response data on resin microspheres in a 
similar patient cohort, treated in the same hospital (22). In other studies, higher 
tumor-response rates up to 75% were found, with dose thresholds of 46 and 60 
Gy (23, 24). However, it is difficult to compare these studies with our study, as 
those patients were less heavily pretreated or received concomitant systemic 
therapy (23, 24). Also, their thresholds cannot be compared to our data, as 
there are major differences between microsphere types in specific activity, 
size, number of particles and half-life. There was only minimal agreement in 
response between the PERCIST and the RECIST assessments. In 15 patients of 
our study, RECIST underestimated response according to PERCIST. This finding is 

Caren_Proefschrift.indd   198Caren_Proefschrift.indd   198 19/10/2020   10:28:3019/10/2020   10:28:30



199

Dose-effect relationships of holmium-166 radioembolization in colorectal cancer

in accordance with other studies comparing these response assessments after 
radioembolization (25, 26). Metabolic response assessment is not hampered 
by the presence of necrosis, cystic changes and hemorrhage, as can be the 
case with size evaluation on transaxial images (27). Moreover, several studies 
found that changes in functional metrics, such as TLG, were related with overall 
survival and were more accurate predictors than anatomic changes (22, 27, 
28).

Although the majority of our patients underwent ≥2 prior lines of systemic 
treatment, the response rate seems suboptimal. Before treatment, patients with 
CRC are currently selected based on clinical criteria, such as WHO performance 
status and progressive disease after several lines of chemotherapy (29). In 
case patients are deemed eligible for treatment with radioembolization, a 
second selection criterion should be the activity distribution based on either 
99mTc-MAA or 166Ho-scout. Based on the results of this study, we would argue 
that patients should only be selected for treatment if there is a favorable 
activity distribution with a sufficient mean tumor-absorbed dose >90 Gy and a 
parenchymal-absorbed dose of <55 Gy. Although a causal relationship cannot 
be claimed solely based on these observational data, the findings of this study 
suggest that below a mean tumor-absorbed dose of 90 Gy, metabolic response 
seems unlikely. However, since the discriminatory power of absorbed dose for 
response is limited, this number should be used with caution.

The need for personalized dosimetry is widely accepted, with several studies 
showing a dose-response relationship in CRC patients treated with 90Y-resin 
radioembolization (22-24, 28). There also is growing evidence for the possibility 
of improving treatment outcomes by using personalized treatment planning 
in radioembolization (10, 11). However, thus far, the DOSISPHERE study was 
the only study implementing personalized radioembolization planning in a 
prospective clinical study, investigating the tumor-absorbed dose and response 
rate in HCC patients using a standard versus a personalized dosimetric 
approach with 90Y glass microspheres. Preliminary results showed that both 
the response rates and tumor-absorbed doses were significantly higher in the 
personalized dosimetry arm (30).

7
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Strengths of this study are the homogenous patient population, the 
standardized methods for tumor delineation, the use of a mixed-effects 
regression model accounting for clustered data, and the analyses of both 
safety and efficacy. This study also has several limitations. First, it is a single-
center retrospective evaluation and there is a level of subjectivity in identifying 
the response of existing lesions, possibly leading to inter-operator variations 
in estimated doses. Second, the sample size was limited and due to the low 
incidence of toxicity, there was not enough data to draw a strong conclusion 
on the maximum tolerable parenchymal dose. Furthermore, the discriminatory 
value of absorbed dose for response estimation is limited and a causal dose-
response relationship cannot be claimed based on these observational data. 
Hence, the reference values obtained should be interpreted with uttermost 
caution and only be used as a direction. The rigid co-registrations used in this 
study are likely affected by differences in patient positioning, differences in 
breath-hold policy and the relatively low resolution of the low-dose CT of the 
SPECT/CT. The resulting (local) errors are likely to propagate as underestimated 
tumor doses and (slightly) overestimated parenchymal doses, which contributes 
to the error in each response category, decreasing statistical power.

In future studies on radioembolization in CRC patients, personalized dosimetry 
should be used. By using dosimetry-based optimized treatment planning, 
treatment doses can be tailored to the individual patient to acquire a maximum 
response while minimizing the chance of toxicity. As the incidence of toxicity 
was low, it is difficult to establish an absolute threshold for a maximum 
parenchymal dose. At the same time, it is likely that the parenchymal-
absorbed dose threshold is different for each individual patient, dependent 
on many clinical characteristics. We therefore advise a pragmatic and clinically 
feasible approach, with activity calculation in order to obtain a sufficient 
tumor-absorbed dose and a parenchymal-absorbed dose of up to 55 Gy, 
dependent on individual patient characteristics. With a median parenchymal-
absorbed dose of 37 Gy and a maximum of 55 Gy, this was proven to be a safe 
approach, with only one case of REILD. Furthermore, those patients for whom 
no meaningful mean tumor-absorbed dose (>90 Gy) can be reached at an 
acceptable parenchymal-absorbed dose threshold should be excluded from 
radioembolization treatment. On a tumor-level, based on our results, treatment 
strategy should be adjusted to guarantee a tumor-absorbed dose of at least 
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80 Gy for every tumor. Partition-modeling and multiple injection positions can 
be used to reach that objective. In other words, planning should be primarily 
based on applying a safe parenchymal-absorbed dose threshold, and selection 
of patients on a sufficient tumor-absorbed dose.

CONCLUSION

In CRC patients treated with 166Ho-radioembolization, a positive association 
between tumor-absorbed dose and metabolic response was established. 
Survival for patients with a mean tumor-absorbed dose >90 Gy was significantly 
better than for patients with a mean tumor-absorbed dose <90 Gy. There also 
was a positive association between parenchymal-absorbed dose and both 
laboratory and clinical toxicity. A treatment approach with selection of patients 
based on the activity distribution of the 166Ho-scout and personalized treatment 
activity calculation is advocated.

7
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SUPPLEMENTAL TABLES

TABLE S1. Relation between parenchymal dose (Gy) and clinical toxicity based on linear regression 
analyses with parenchymal dose as the dependent variable

Independent 
variable

Number 
of 
patients 
with 
toxicity

CTCAE grade 0 -V

Mean change in parenchymal dose (Gy) per step increase in 
CTCAE grade category (95% CI); p-value

Unadjusted Adjusted (for tumor dose, 
previous treatment and response)

Any variable, 
highest grade

40 3.43 (-0.23 – 7.10); 0.065 6.56 (1.96 – 11.16); 0.0067

Abdominal pain 30 0.26 (-3.24 – 3.77); 0.88 0.99 (-3.06 – 5.04); 0.62

Nausea 26 3.09 (-0.46 – 6.65); 0.086 2.62 (-0.99 – 6.22); 0.15

Vomiting 14 1.70 (-2.87 – 6.26); 0.46 2.33 (-2.27 – 6.93); 0.31

Fatigue 33 3.78 (-0.25 – 7.81); 0.065 3.66 (-0.60 – 7.91); 0.090

Fever 9 3.61 (-1.32 – 8.55); 0.15 4.85 (-2.44 – 12.13); 0.18

Anorexia 15 1.13 (-3.46 – 5.71); 0.62 0.47 (-4.42 – 5.37); 0.85

Ascites 3 2.92 (-1.86 – 7.70); 0.22 6.86 (0.53 – 13.19); 0.035

The mean change indicates the average increase or decrease in parenchymal dose per step 
increase in CTCAE grade toxicity. For example, for any clinical toxicity: a unit increase in toxicity 
results in an increase in average parenchymal dose of 3.4 Gy (unadjusted analysis).

TABLE S2. Relation between parenchymal dose (Gy) and cumulative toxicity over three months, 
based on logistic regression analyses using Firth’s correction with parenchymal dose (per 10 Gy) 
as the independent variable

Dependent variable CTCAE grade 0-II vs III-V

Odds ratio for toxicity parameter per 10 Gy increase in 
parenchymal dose (95% CI); p-value

Unadjusted model Adjusted model (for tumor 
dose, previous treatment 
and response)

Any variable laboratory toxicity, 
highest grade (n=33 vs n=7)

1.05 (0.46 – 2.48); 0.91 1.08 (0.39 – 3.12); 0.88

Any variable clinical toxicity, 
highest grade (n=32 vs n=8)

3.61 (1.37 – 13.10); 0.022 9.68 (2.18 – 124.20); 0.019

The odds ratio represents the odds for a CTCAE grade III-V toxicity for every 10 Gy increase in 
parenchymal absorbed dose.
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TABLE S3A. Relation between parenchymal dose (Gy) and cumulative laboratory toxicity over 
three months, based on linear regression analyses with parenchymal dose as the dependent 
variable

Independent 
variable

Number of 
patients 
with 
toxicity

CTCAE grade 0-V

Mean change (95% CI); p-value

Unadjusted Adjusted for tumor dose, 
previous treatment and response

Any variable, 
highest grade

37 2.51 (-1.05 – 6.07); 0.16 3.47 (-0.82 – 7.75); 0.11

GGT 25 2.06 (-0.87 – 4.98); 0.16 2.07 (-1.19 – 5.33); 0.20

AP 20 3.64 (0.65 – 6.63); 0.018 3.34 (-0.09 – 6.78); 0.057

Albumin 13 2.75 (-2.07 – 7.56); 0.26 3.20 (-2.26 – 8.66); 0.24

Bilirubin 5 1.98 (-1.71 – 5.66); 0.29 4.98 (0.02 – 9.93); 0.049

ALAT 26 0.48 (-4.44 – 5.41); 0.84 0.84 (-5.58 – 7.27); 0.79

ASAT 30 3.30 (-2.22 – 8.81); 0.23 4.49 (-1.98 – 10.96); 0.17

The mean change indicates the average increase or decrease in parenchymal dose per unit 
increase in CTCAE grade toxicity. For example, for GGT: a unit increase in toxicity results in an 
increase in average parenchymal dose of 2.06 Gy (unadjusted analysis).

TABLE S3B. Relation between parenchymal dose (Gy) and change in laboratory parameters over 
three months, based on linear regression analyses with parenchymal dose (per 10 Gy) as the 
independent variable

Dependent 
variable

Mean percent change (95% CI); p-value

Unadjusted Adjusted for tumor dose, previous 
treatment and response

ΔGGT 19.6% (-9.1 – 57.3); 0.17 34.1.2% (0.5 – 79.7), 0.043

ΔAP 34.5% (8.5 – 66.7); 0.0063 33.3% (6.5 – 66.6), 0.011

ΔAlbumin -4.1% (-9.7 – 1.8); 0.28 -3.1% (-9.1 – 1.8), 0.71

ΔASAT 18.9% (-4.9 – 48.5); 0.11 14.5% (-9.1 – 44.1), 0.21

ΔALAT 17.3% (-12.7 – 57.7); 0.25 13.3% (-16.5 – 53.6), 0.37

ΔBilirubin 35.1% (-4.5 – 90.7); 0.077 46.6% (3.4 – 107.7), 0.029

The mean change indicates the increase or decrease in average toxicity per 10 Gy increase in 
parenchymal dose. For example, for GGT: for every 10 Gy increase in parenchymal dose, there is 
a 19.6% increase in GGT (unadjusted analysis).
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Dose-effect relationships of holmium-166 radioembolization in colorectal cancer
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ABSTRACT

Purpose

To evaluate the efficacy of coil-embolization to obtain intrahepatic redistribution 
in patients undergoing radioembolization.

Materials and methods

All patients treated with radioembolization at our institute were retrospectively 
analyzed, and all cases in which a tumor-feeding vessel was coil-embolized 
were selected. Two nuclear medicine physicians visually assessed the effect of 
redistribution. Furthermore, the redistribution of microspheres was measured 
by quantifying the activity distributed to the coil-embolized (dependent) 
segment relative to the other (non-dependent) segments, and to the tumor(s) 
in that segment. Quantitative analysis was performed on post-treatment 
90Y-PET and 166Ho-SPECT using Simplicit90Y (Mirada Medical Ltd, Oxford, UK) 
software.

Results

Out of 37 cases, 32 were suitable for quantitative analysis and 37 for qualitative 
analysis. In the qualitative analysis, redistribution was deemed successful 
in 69% of cases. The quantitative analysis showed that the median ratio of 
the activity to the dependent embolized segments and the non-dependent 
segments was 0.88 (range 0.26 – 2.05), and 0.80 (range 0.19 – 1.62) for tumors 
in dependent segments compared with tumors in non-dependent segments. 
Using a cutoff ratio of 0.7 (30% lower activity concentration in comparison with 
the rest of the liver), 57% of cases were successful.

Conclusion

Coil-embolization of hepatic arteries to induce redistribution of microspheres 
has a limited success rate. Redistribution tends to be overrated in visual 
assessment.
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INTRODUCTION

Radioembolization is increasingly used for the treatment of primary and 
secondary liver tumors. The treatment consists of an intra-arterial injection 
of microspheres loaded with yttrium-90 (90Y) or holmium-166 (166Ho). The 
microspheres are commonly injected in a lobar or segmental fashion (1). 
Injection can be challenged by the presence of early bifurcations, replaced or 
accessory hepatic arteries, and ‘parasitized’ arteries (i.e. non-hepatic arteries 
contributing to the vascular supply of the liver tumors), or by the proximity to 
non-target vessels. Therefore, multiple injection positions may be required.

Each injection position requires a change of the vial, microcatheter, and 
tubing, and the injected activity needs to be adjusted to the target volume. 
Consequently, radioembolization procedures requiring multiple injection 
positions are more prone to catheter-related complications and dosing errors. 
Multiple injection positions are also costly due to the higher material costs and 
prolonged procedure time.

FIGURE 1. The principle of redistribution. A typical situation with a middle hepatic artery 

(or segment IV artery) that would require three separate injections in case of whole-

liver treatment (right hepatic artery, middle hepatic artery, and left hepatic artery). 

Coil-embolization of the middle hepatic artery can be performed to reduce the number 

of injection positions and rely on redistribution of microspheres through intrahepatic 

collaterals.

8
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To overcome these problems, techniques are used to reduce the number of 
injection positions. One of these techniques is embolizing one of the tumor-
feeding arteries, leading to redistribution of blood flow through collateral 
pathways from adjacent hepatic arteries (Figure 1+2) (2,3). Various publications 
have reported on the success of redistribution in radioembolization(4–8). 
However, mixed results were reported in our practice.

The aim of this study was to evaluate and quantify the effect of coil-embolization 
of tumor-feeding vessels on the redistribution of blood flow and to study patient 
and treatment factors that affect redistribution.

FIGURE 2. Intrahepatic collateral pathways on DSA. A. Celiac trunk overview shows the 

native left hepatic artery (short arrow) and accessory left hepatic artery arising from the 

left gastric artery (long arrow). B. Selective angiography from the accessory left hepatic 

artery shows filling of the native left hepatic artery, demonstrating a patent connection 

(arrowhead) even without coil-embolization.

METHODS

Patient selection and data collection

All patients scheduled to undergo radioembolization at our institute for 
primary or metastatic hepatic cancer between June 2011 and October 2017 
were evaluated for inclusion. Radioembolization treatments were performed 
with both glass (Therasphere®, Biocompatibles UK Ltd.) and resin 90Y 
microspheres (SIR-Spheres®, Sirtex medical Ltd.), as well as 166Ho microspheres 
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(QuiremSpheres®, Quirem Medical B.V.). Patients were included if they had 
undergone embolization of at least one tumor-feeding arterial branch. Patients 
were excluded when post-treatment imaging was not available.

Both angiography images and cone-beam CT images, acquired during the 
work-up procedure of the included patients, were reviewed to identify the coil-
embolized artery and the liver volume that was vascularized by it (i.e. dependent 
liver volume). Baseline characteristics were obtained, including type of primary 
tumor, gender, age, injection sites, and interval between coil-embolization and 
radioembolization.

Our institute’s medical ethics committee waived the need for informed consent 
for this retrospective study.

Qualitative analysis

Distribution was analyzed qualitatively by visual assessment performed by two 
nuclear medicine physicians with >5 years of experience with radioembolization. 
Data on gender, age, embolized artery, dependent embolized segment, 
intended target volume, and relevant information regarding patients’ medical 
history (e.g. history of hepatic surgery, radio frequency ablation) was provided. 
Relevant digital subtraction angiography images and cone-beam CT images 
were also available. All other data was blinded. The redistribution was visually 
rated in a nominal scale: 1) no redistribution, 2) dubious redistribution, and 
3) successful redistribution. Rating was performed independently, and any 
disagreement was resolved by consensus.

Quantitative analysis

The distribution of microspheres was also analyzed quantitatively by measuring 
the average activity concentration in the dependent segments (i.e. segments 
that rely on a coil-embolized artery for blood supply), using post-treatment 
imaging. These activity concentrations were compared to the activity 
concentrations measured in non-dependent segments (i.e. all liver segments 
that did not rely on the coil-embolized artery). The activity concentration in 
dependent tumors was also compared to the activity concentration in non-
dependent tumors.

8
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Quantitative analysis was performed using Simplict90Y (Mirada Medical Ltd, 
Oxford, United Kingdom) software. Activity calculations were performed using 
volumes drawn on contrast-enhanced CT (CECT) images that were registered 
to low-dose CT images of nuclear imaging datasets. In this process, only rigid 
transformations were used.

Volumes of interest (VOI) were delineated using the axial reconstruction of 
a portal venous phase CECT. VOIs of the perfused volume of all injection 
locations, all measurable tumors (defined as having a diameter ≥ 20mm), and 
the dependent segment were drawn. The dependent segment VOIs were 
preferably drawn using cone-beam CT imaging, otherwise segmentation was 
performed based on the Couinaud classification of segmental hepatic anatomy. 
The non-dependent segment VOI was created by subtracting the dependent 
segment from the whole liver VOI. The activity concentrations were calculated 
using the net administered activity (i.e. corrected for residual activity). Activity 
concentrations in patients treated with holmium were also calculated using 
Simplicit90Y software. As part of this study, activity measurements obtained 
in Simplicit90Y were compared with measurements made using in-house 
developed dosimetry software in order to validate the use of Simplicit90Y for 
166Ho-microspheres.(9) The differences were found to be negligible.

Patients in whom not all above mentioned VOIs could be delineated were 
excluded from this analysis, as well as cases where accurate registration of 
CECT to post-treatment imaging was impossible.

Sequential lobar therapy cases

Patients receiving sequential lobar therapy underwent post-treatment imaging 
twice (i.e. once for every radioembolization procedure) but were counted as 
one case. In the visual analysis, both post-treatment scans (i.e. the left and right 
hemi-liver scans) were assessed separately and the results were subsequently 
merged, counting the highest score. In the quantitative analysis, the activity 
concentrations of all VOIs were calculated on both scans and the results were 
averaged.
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Time interval

To investigate the effects of the time interval between coil-embolization 
and administration of the microspheres on redistribution, the patients were 
dichotomized using a threshold of 24 hours. This threshold was chosen as 
almost half of the patients included in this analysis received treatment within 
the same day of coil-embolization. Segment activity ratios and tumor activity 
ratios were then compared. Patients receiving sequential lobar treatment were 
excluded from this subgroup analysis.

Statistical analysis

Descriptive statistics were used as proportions and medians with ranges. 
Ratios of activity concentrations were calculated between dependent and 
non-dependent segments (the segment ratio) and dependent and non-
dependent tumors (the tumor ratio). Since there is no definition of successful 
redistribution, the success rates for a 10%, 20% and 30% difference in activity 
concentration between the dependent and non-dependent volumes were 
calculated, corresponding to dose ratios of 0.9, 0.8, and 0.7, respectively. Ratios 
in the time interval analysis were compared with an independent samples t-test. 
Inter-rater reliability was evaluated by means of a weighted Cohen’s kappa. 
All statistical analyses were performed with IBM SPSS Statistics for Windows, 
version 22 (IBM Corp., Armonk, N.Y., USA).

RESULTS

Within the studied timeframe, a total of 517 radioembolization procedures were 
performed at our institute, of which 37 patients were selected for this study 
(Figure 3). In most cases (n=36) microcoils were used as embolization agent, 
and in one case cyanoacryl glue (Histoacryl®, B. Braun Surgical S.A.) was used. 
The baseline characteristics are shown in Table 1. Cone-beam CT images were 
available in 27 of 37 cases. In 10 cases, cone-beam CT series were acquired 
after selective injection of contrast-agent in the artery that was to be coiled 
and were helpful in delineating the dependent volume.

8
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FIGURE 3. Flow chart of study patients. a significant hypertrophy of the contralateral 

lobe occurred in patients that were treated sequentially, making rigid registration with 

pre-treatment CT imaging impossible.

TABLE 1. Baseline characteristics

Baseline/Treatment characteristics Value

Mean age in years ± SD 61 ± 9

Gender

Male 20 (54%)

Female 17 (46%)

Primary Neoplasm

Colorectal carcinoma 17 (46%)

Neuroendocrine tumor 11 (30%)

Cholangiocarcinoma 3 (8%)

Breast carcinoma 2 (5%)

Hepatocellular carcinoma 1 (3%)

Other 3 (8%)
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TABLE 1. Baseline characteristics (continued)

Baseline/Treatment characteristics Value

Embolized artery

MHA/Segment IV artery 23 (62%)

aLHA 9 (24%)

rLHA 1 (3%)

Parasitized arterya 4 (11%)

Embolization method

Microcoil 36 (97%)

Cyanoacryl glue 1 (3%)

Segments involved per case

IV 25 (68%)

II 4 (11%)

II and III 2 (5%)

II, III and IV 2 (5%)

I 1 (3%)

I and VIII 1 (3%)

II and IV
VII

1 (3%)
1 (3%)

Type of microsphere

Yttrium-90 21 (57%)

Resin 14 (38%)

Glass 7 (19%)

Holmium-166 16 (43%)

Treatment

Whole liver 23 (62%)

Sequential lobarb 5 (14%)

Right lobe onlyc 6 (16%)

Left lobe onlyd 3 (8%)

Age displayed in mean with standard deviation.
a Right inferior phrenic artery (n = 3), Right internal mammary artery (n = 1).
b Median interval between sequential treatments was 53.5 days.
c After right hemi-hepatectomy (n = 1).
d After left hemi-hepatectomy (n = 1).
MHA = Middle hepatic artery, aLHA = accessory left hepatic artery, rLHA = replaced left hepatic 
artery.

8
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Qualitative analysis

Redistribution was rated as successful in 26/37 (70%) cases, dubious in 5/37 
(14%) cases, and no redistribution was found in 6/37 (16%) cases. Inter-rater 
agreement was considered high (κ = 0.82).

Quantitative analyses

Five patients were excluded from the quantitative analyses. One patient had 
an additional parasitized artery that could not be coil-embolized, one had a 
superselective injection of microspheres, in which the healthy liver VOI could 
not be determined, one had corrupted post-treatment imaging files, and 
two were treated sequentially and had a large volume increase in one liver 
lobe making accurate image registration impossible. The median ratio of the 
dependent to non-dependent segment activity concentration was 0.88 (range 
0.26 – 2.05). This means that the activity concentration in the coiled segments 
amounted to 88% of the activity concentration to the rest of the treated volume. 
For tumors the median ratio was 0.80 (range 0.19 – 1.62). Success-rates for 
redistribution based on activity concentration (using cut-off ratios of 0.9, 0.8, 
and 0.7) were 29%, 43% and 57%, respectively (Table 2 and figure 4a).

Influencing factors

Redistribution of segment IV arteries showed the highest rate of successful 
redistribution to the tumors (31%, 46% and 69%, using cut-off ratios of 0.9, 0.8, 
and 0.7 respectively) and parasitized arteries the lowest (0%, 33% and 33%). 
There was no notable difference in success rates between the microspheres 
used (90Y glass, 90Y resin, or 166Ho microspheres). Comparison between the 
two largest tumor categories, colorectal carcinoma (CRC) and neuroendocrine 
tumor (NET), showed markedly lower success rates in NET patients (27%, 55%, 
72% vs 0%, 0%, 0%).

In parasitized arteries, 0/4 were deemed successful on the visual assessment, 
1/4 (25%) was dubious and 3/4 (75%) were unsuccessful. In the quantitative 
analysis the success-rate was 0%, 33%, 33%, using cut-off ratios of 0.9, 0.8, 
and 0.7 respectively.
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Time Interval

A total of 28 patients were included in the time interval subgroup analysis. 
Fourteen of which had coil-embolization performed on the same day as the 
treatment procedure, while the comparison group had a median time interval 
of 10 days (2-32 days). Mean activity ratios in patients treated on the same day 
were higher than those in the comparison group. Respectively, 0.94 vs 0.80 in 
segment ratios and 0.72 vs 0.69 in tumor ratios, however the differences were 
not statistically significant (figure 4b).

DISCUSSION

This study aimed to evaluate the use of coil-embolization for inducing 
redistribution of hepatic blood flow in radioembolization, by qualitatively and 
quantitatively analyzing the post-treatment distribution of microspheres. 
Visual assessment of post-treatment imaging found that 70% of redistribution 
cases had a similar distribution of microspheres in the dependent and non-
dependent segments. However, quantitative assessment demonstrated 
notably lower absorbed doses in both dependent tumors and segments, 71% 
of dependent tumors had an activity concentration that was ≥ 10% lower than 
their non-dependent counterparts.

Several studies have previously reported on the redistribution method(4–8). 
Three studies visually assessed blood flow redistribution. Lauenstein et al. 
and Spreafico et al. examined the appearance of collaterals on DSA after coil-
embolization, as well as the visual presence of 99mTc-MAA or 90Y-microspheres in 
the dependent segments (5,7). Redistribution of flow was found in 89% (24/27) 
and in 100% (n=17) of cases, respectively. Bilbao et al. assessed and scored 
the accumulation of 99mTc-MAA in the dependent tumors (8). 99mTc-MAA activity 
was visually present in 95% (23/24) of the dependent tumors. In 66% (16/24) 
of patients the distribution of 99mTc-MAA in dependent tumors was considered 
similar to the non-dependent segments, which was in concordance with the 
findings of our visual assessment.

Caren_Proefschrift.indd   220Caren_Proefschrift.indd   220 19/10/2020   10:28:3219/10/2020   10:28:32



221

The efficacy of coil-embolization in radioembolization

FIGURE 4. A. Visual representation of the proportion of successful redistribution cases 

in both the quantitative and the visual analysis. In the quantitative analysis, success rate 

was determined based on cut-off values representing activity concentration differences 

of 10%, 20%, and 30%. B. Bar chart of the averages in tumor and segment activity-ratios 

for patients treated on the same day after coil-embolization versus patients treated 

after a >24 hour interval.

8
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Other studies evaluated the efficacy of redistribution by assessment of the 
treatment response, and found favorable response rates in the dependent 
tumors (4,6–8). Spreafico et al. found an overall response rate of 100% (3 CR, 8 
PR, and 6 SD, according to mRECIST) in dependent tumors at three months after 
treatment (7). Abdelmaksoud et al. compared tumor response in dependent 
tumors to their non-dependent counterparts and found inferior response in 
only one case out of twenty two (4.5%) (6). While it does support the efficacy 
of radioembolization treatment in tumors with redistributed blood flow, the 
endpoint of tumor response does not provide insight into the differences in 
activity distribution.

Subgroup analysis showed that middle hepatic artery / segment IV artery 
redistribution was most successful, which may be attributable to the central 
location in the liver and the potential intrahepatic collaterals that can reroute 
blood flow from both the right and the left hepatic artery (Figure 5). Success 
rates for obtaining redistribution were lowest when parasitized arteries were 
embolized (Figure 6). This is possibly explained by the fact that these arteries 
were newly recruited by the tumorous process and did not (yet) have adequate 
collateral connections with the adjacent hepatic arteries. Furthermore, 
the distance between parasitized arteries and hepatic arteries may be an 
exacerbating factor, as parasitized arteries often vascularize peripheral parts 
of the liver.

In our comparison between primary tumor types we found substantially better 
redistribution rates in CRC compared to NET metastases. This difference was 
most pronounced in the tumor analysis, in which all NET patients had an 
absorbed dose difference of ≥ 30%. This was expected to some extent, as 
hypervascular tumors are more likely to recruit parasitized arteries. However, 
this could not account for the entire difference, as only one NET case involved 
a parasitized artery. Perhaps also the hypervascular nature of the tumors make 
these tumors more prone for under-dosing after redistribution. Other primary 
tumor types could not be compared due to the small sample size.
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FIGURE 5. Example of successful redistribution in a patient with cholangiocarcinoma. 

A. DSA showing the liver vasculature including the left hepatic artery origin of the 

segment-IV branch (white arrow). B. Coil-embolization of the segment IV branch. C 

Volumes of interest drawn using Simplicit90Y™ software, the dependent segment (IV) 

was drawn based on Couinaud’s classification of segmental anatomy. D. 90Y-PET/CT 

after treatment demonstrates a high concentration of microspheres throughout the 

liver, especially in segment IV.

8
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FIGURE 6. Example of poor redistribution. A. DSA showing parasitized blood supply 

to several liver tumors (arrow heads) from the right inferior phrenic artery (arrow). B. 

Coil-embolization of the phrenic artery. C. Cone-beam CT of the right phrenic artery 

shows enhancement of tumors in segment VII (prior to coil-embolization). D. Volumes 

of interest drawn in Simplicit90Y software, the liver volume supplied by the phrenic 

artery segment was delineated using Cone-beam CT data. E. 90Y-PET/CT after injection 

of 90Y-microspheres in the right hepatic artery shows no redistribution to segment VII.

In some of the cases, coil-embolization and the injection of microspheres 
took place on the same day. All other patients had a time interval between 
coil-embolization and treatment of up to four weeks. In contrast to what we 
expected, a longer interval between coil-embolization and treatment did not 
result in a higher success rate. In fact, patients who were embolized and treated 
on the same day had higher activity ratios, although not statistically significant. 
It is important to note that all ‘same day patients’ received treatment with 
166Ho microspheres. However, this higher success rate was not found when 
comparing 166Ho to 90Y microspheres.
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What this study adds to the existing literature is the quantitative analysis to 
evaluate the actual microsphere distribution post-treatment, and the use 
of 90Y-PET/CT instead of 90Y-Bremsstrahlung-SPECT as it offers better spatial 
resolution and contrast for optimized quantification of 90Y-activity (11,12).

The study had several limitations that were mainly related to the quantitative 
analyses. Registration errors occurred when fusing the CECT and the 
post-treatment images, especially in patients with multiple small bilobar 
tumors. Furthermore, errors were introduced due to manual segmentation, 
heterogeneity due to the use of multiple microsphere types, and the use of two 
different post-treatment imaging modalities (i.e. 90Y-PET/CT and 166Ho-SPECT/
CT). Lastly, the study was limited by its retrospective nature as well as small 
sample size.

Based on the results of this study we recommend using the redistribution 
technique only when deemed absolutely necessary. The best results are 
achieved in coil-embolization of the segment IV artery. Coil-embolization of 
parasitized arteries showed the least favorable redistribution of microspheres, 
caution is therefore advised in the treatment of hypervascular tumors.

In conclusion, visual evaluation of post-treatment imaging tends to overestimate 
the effect of redistribution. Quantitative analysis demonstrated significantly 
lower absorbed doses in redistributed dependent parts of the liver.

8
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ABSTRACT

Purpose The objective of this study was to investigate whether the use of an 
anti-reflux catheter improves tumor targeting for colorectal cancer patients 
with unresectable, chemorefractory liver metastases (mCRC) treated with 
holmium-166 (166Ho)-radioembolization.

Materials and Methods In this prospective, within-patient randomized study, 
left and right hepatic perfusion territories were randomized between infusion 
with a Surefire® anti-reflux catheter or a standard microcatheter. The primary 
outcome was the difference in tumor to non-tumor (T/N) activity distribution. 
Secondary outcomes included the difference in infusion efficiency, absorbed 
doses, predictive value of 166Ho-scout, dose-response relation, and survival.

Results Twenty-one patients were treated in this study (the intended number 
of patients was 25). The median T/N activity concentration ratio with the use 
of the anti-reflux catheter was 3.2 (range 0.9-8.7) versus 3.6 (range 0.8-13.3) 
with a standard microcatheter. There was no difference in infusion efficiency 
(0.04% vs. 0.03% residual activity for the standard microcatheter and anti-
reflux catheter, respectively) (95%CI -0.05 – 0.03). No influence of the anti-reflux 
catheter on the dose-response rate was found. Median overall survival was 7.8 
months (95%CI 6-13).

Conclusion Using a Surefire® anti-reflux catheter did not result in a 
higher T/N activity concentration ratio in mCRC patients treated with 166Ho-
radioembolization, nor did it result in improved secondary outcomes 
measures.

Trial registration: clinicaltrials.gov identifier NCT02208804, registered August 
5th 2014.

Keywords: radioembolization, holmium-166, colorectal cancer, anti-reflux 
catheter, Surefire
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Use of an anti-reflux catheter in 166Ho-radioembolization

INTRODUCTION

Radioembolization is an established treatment option for colorectal cancer 
patients with liver-dominant, chemorefractory, unresectable metastases 
(mCRC) (1, 2).

Unfortunately, mCRC patients generally have relatively hypovascular, disseminated 
liver metastases, often leading to a suboptimal activity distribution (3, 4). It has 
been hypothesized that the use of an anti-reflux catheter may improve treatment 
outcomes in two ways. First, (partial) obstruction of the vascular lumen induces 
a decreased downstream pressure, possibly leading to a better tumor targeting 
(5-10). Also, the anti-reflux catheter causes a turbulent flow allowing particles to 
cross the laminar blood flow, leading to a more homogenous distribution (5). In 
a small pilot study of nine patients with various tumor types, the use of an anti-
reflux catheter led to a significant decrease in hepatic non-target embolization 
and a significant increase in activity deposition in the tumors (11).

Holmium-166 (166Ho)-microspheres (QuiremSpheres®, Quirem Medical, The 
Netherlands) were developed as an alternative to yttrium-90 (90Y)-microspheres. 
Instead of using 99mTc-MAA as a predictor of activity distribution, 166Ho-scout 
(QuiremScout®, Quirem Medical, The Netherlands), a small batch of identical 166Ho-
microspheres, can be used. This 166Ho-scout has proven to be a more accurate 
predictor of the distribution of the treatment dose (12). 166Ho can be visualized in-
vivo by SPECT and MRI to assess activity distribution (13). Precise quantification of 
166Ho is possible using Monte Carlo simulation that simultaneously compensates 
for scatter, attenuation and collimator-detector response (14).

The aim of this study was to investigate whether the use of an anti-reflux 
catheter increases tumor targeting in comparison with a standard microcatheter 
in mCRC patients treated with 166Ho-radioembolization (15).

MATERIALS AND METHODS

Patients

The SIM study (‘Surefire Infusion system® versus standard Microcatheter 
use during holmium-166 radioembolization’) was a single-center, within-

9
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patient, randomized controlled study (Clinicaltrials.gov: NCT02208804) (see 
also the Consort reporting checklist in the supplemental files). Patients with 
unresectable, chemorefractory, liver-dominant mCRC were eligible for this study 
if they had: a pathologically confirmed diagnosis of CRC, hepatic metastases (≥1 
cm and measurable on CT) in both the right and left hepatic arterial perfusion 
territory, a suitable arterial anatomy (not too tortuous vessels, with a large 
enough diameter to be accessible with the anti-reflux catheter), progressive 
disease after at least second-line systemic treatment, adequate liver-, renal- and 
bone marrow function, and a life expectancy of >3 months (see study protocol 
(15)). All patients provided written informed consent for participation in this 
study. The institutional review board provided ethical approval and the study 
was undertaken in accordance with the Declaration of Helsinki. An independent 
monitor verified all data.

Procedures

Before treatment, patients underwent 18F-FDG PET/CT and a dual-phase 
contrast-enhanced CT. The hepatic arterial anatomy was assessed on the 
contrast-enhanced CT images and the perfusion territories of the left and right 
hepatic arteries (or their variants in case of aberrant vascular anatomy) were 
estimated. Metabolic hepatic tumor burden was assessed on the PET/CT images 
using ROVER software (ABX, Germany). Pre-treatment activity calculation was 
done using the standard formula for 166Ho-microspheres to reach an absorbed 
dose of 60 Gy in the target volume (in this study the whole liver) (16) :

𝐿𝐿𝐿𝐿𝐿𝐿 =  √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

√𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) + √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

𝐵𝐵𝐿𝐿𝐵𝐵 = 0.2024 ∗ ℎ𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑚𝑚)0,725 ∗ 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑘𝑘𝑙𝑙)0,425 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐵𝐵𝐿𝐿𝐵𝐵 − 0,2) + 𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙
(𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙) 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

 

𝑇𝑇
𝑁𝑁 =

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝐺𝐺𝐵𝐵𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝐺𝐺𝑎𝑎𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

16 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ𝑦𝑦 𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎(𝑘𝑘𝑙𝑙))

49.67 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

In which IA is the injected activity and 3780 is the constant specific for 166Ho. 
The prescribed activity was split according to the perfusion volume of the left 
and right hepatic arteries as estimated on pre-treatment contrast-enhanced 
CT. Before treatment, patients’ perfusion territories were randomized by the 
investigator between injection with a standard microcatheter and an anti-
reflux catheter, using a computer-generated stratified block randomization 
with difference in tumor burden (above or below 10%) as a stratification factor. 
The result of randomization was applied for both the 166Ho-scout and the 
therapeutic activity (Figure 1).
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FIGURE 1. Schematic representation of within-patient randomized treatment with a 

standard microcatheter in the right hepatic artery and an anti-reflux catheter in the 

left hepatic artery. First-generation anti-reflux systems were used until August 2017 

and were then replaced by the second-generation anti-reflux systems.

On the day of treatment, randomization was disclosed to the interventional 
radiologist. Two types of anti-reflux catheters were used during the study 
period. The first version of the Surefire® anti-reflux catheter (TriSalus Life 
Sciences, Westminster, CO, USA) was initially used, but this catheter became 
unavailable during the course of the study. Since January 2018, the updated 
Surefire® Precision infusion system was used. The standard microcatheter was 
a Progreat 2.4F or 2.7F microcatheter (Terumo Europe NV, Leuven, Belgium). 

9
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The price of the anti-reflux catheter was €1500 excluding VAT and the prices 
of the standard microcatheters were €275-€295 excluding VAT. Patients 
received 166Ho-scout in the morning, followed by 166Ho-SPECT/CT imaging. 
In the absence of relevant extrahepatic deposition, patients received the 
therapeutic activity in the afternoon as part of a one-day protocol. Three to 
five days later, another 166Ho-SPECT/CT was acquired to assess the therapeutic 
absorbed dose distribution. SPECT-imaging cannot be performed directly after 
administration, since the abundance of gamma photons invokes detector dead-
time: the recorded photon produces a pulse of a certain duration during which 
no second pulse can be detected (17). The distribution on the post-treatment 
166Ho-SPECT/CT was the basis for the primary endpoint.

SPECT/CT imaging after 166Ho-scout and after 166Ho-treatment was performed 
on a Symbia T16 system (Siemens Health Care) with a medium-energy collimator. 
Images were acquired on a 128x128 matrix 120 angles over a 360° non-circular 
orbit (30 sec/projection) with an energy window of 81 keV. Afterwards, a low-
dose CT scan was fused with the SPECT images. The reconstruction of the data 
was done using the Utrecht Monte Carlo System software (18).

After treatment, toxicity was assessed during a telephone consultation at two 
weeks after treatment and by physical and laboratory examination at one 
and three months after treatment. Adverse events were graded according 
to the Common Terminology Criteria for Adverse Events (CTCAE) version 5.0. 
The maximum severity of each adverse event was reported. Response to 
treatment was assessed on PET/CT and contrast-enhanced CT three months 
after treatment, blinded for catheter allocation. Response analyses were 
based on metabolic response to treatment, based on a change in total lesion 
glycolysis between baseline and three months post-treatment, according to the 
PERCIST guidelines (19). The primary outcome of this study was the difference 
in tumor to non-tumor (T/N) activity concentration ratio between the right 
and left liver lobes, randomized between administration with an anti-reflux 
and a standard microcatheter. Secondary outcomes included the difference 
in infusion efficiency (the percentage of activity administered), absorbed 
doses, the predictive value of the 166Ho-scout, the dose-response relation and 
survival. For the analyses, the contours of the tumors and the parenchyma 
were used, that were identified on the baseline [18F]-FDG PET/CT. The left/right 
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lobe delineation was done on the accompanying low-dose CTs of the baseline 
[18F]-FDG PET/CT using the cone-beam CT images on the side as a reference. 
The tumor contours were obtained using a threshold-based approach, based 
on the PERCIST guidelines. The resulting volumes of interest were transferred 
from the [18F]-FDG PET/CT to the 166Ho-SPECT/CT using a rigid coregistration of 
the accompanying low-dose CTs, as described before (20) (Figure 2).

Statistical analyses

The sample size calculation, based on a difference of 0.4 in mean tumor to 
non-tumor (T/N) activity ratio between the catheters, showed that at least 23 
patients needed to be treated (15). The intent was to treat 25 patients (15). The 
differences in mean post-treatment T/N activity ratio and mean tumor- and 
healthy liver-absorbed dose on SPECT/CT between administration with an anti-
reflux catheter and a standard microcatheter were assessed using a paired 
t-test. The infusion efficiency was calculated as percentage residual activity and 
compared using a McNemar’s test for paired data. The predictive value of the 
166Ho-scout was assessed using Bland-Altman analysis. The relation between 
tumor-absorbed dose and response was best explained using a linear mixed-
effects regression model, using a random intercept per patient, to account for 
correlation of tumors within patients. The influence of the anti-reflux catheter 
on tumor response was analyzed with logistic regression. Analyses were 
primarily performed according to the intention-to-treat (ITT) principle. Per-
protocol analyses were also performed. A subgroup analysis was performed 
in patients in whom the anti-reflux catheter was deployed in the right hepatic 
artery, under the hypothesis that its effect on hemodynamics and dose 
distribution would be most notable in wide vessels. Furthermore, a subgroup 
analysis was performed in liver lobes treated with the anti-reflux catheter only, 
to evaluate the influence of spasm (as evident during angiography) on T/N 
activity concentration ratio. Overall survival was defined as the interval between 
treatment and death from any cause. Cox regression models were made using 
Firth’s correction for small sample bias (21). Analyses were performed using R 
statistical software for Windows, version 3.6.2. We report effect estimates with 
associated 95% confidence intervals and corresponding two-sided p-values.

9
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FIGURE 2. Stepwise process of absorbed-dose estimation after treatment. First, left- and 

right perfusion territories were manually delineated on the low-dose CT from the baseline 

[18F]-FDG PET/CT, based on the cone-beam CTs (if available) or the baseline contrast-enhanced 

CTs. Afterwards, tumors were automatically defined on the baseline [18F]-FDG PET/CT using a 

threshold-based approach. Then, the low-dose CTs of the baseline [18F]-FDG PET/CT and the 

post-treatment 166Ho-SPECT/CT were coregistered. Using a rigid transformation, the volumes 

of interest of the tumors and the healthy liver tissue (the left and right perfusion territories) 

were transferred to the 166Ho-SPECT/CT and absorbed doses were obtained.

RESULTS

This study was discontinued prematurely because of slow recruitment and a high 
drop-out rate. In total, 28 patients were included in this study between June 2014 
and April 2019. Two patients were diagnosed with rapid progressive disease and 
no longer meeting the inclusion criteria and excluded before administration of 
166Ho-scout and/or 166Ho-radioembolization. In five patients (18%) an anti-reflux 
catheter could not be used because of unsuitable vascularity, meaning that 
because of vessel size, tortuosity or the occurrence of vasospasm, an adequate 
injection position with the anti-reflux catheter could not be obtained. Twenty-one 
patients received 166Ho-radioembolization using the anti-reflux catheter(Table 
1, Figure 3). Median time from pre-treatment imaging using [18F]-FDG PET/CT to 
treatment was 14 days (range 6-42 days) and median time from pre-treatment 
imaging to post-treatment 166Ho-SPECT/CT was 17 days (range 9-46 days). 
Administration characteristics are listed in Table 2. In two of these patients, 
catheter allocation was switched during treatment because of vessel size and 
tortuosity. In one patient, due to a vial deficiency, only a small part (15% in one 
lobe) of the activity was injected in the liver. Furthermore, follow-up imaging 
was not (fully) available in two patients and a post-therapy 166Ho-SPECT/CT was 
not acquired in one patient (Figure 1). Sixteen patients were treated with the 
first version of the Surefire® anti-reflux catheter and five patients were treated 
with the updated second version: the Surefire Precision infusion system®. In 
six of 21 treated patients (29%), vasospasm occurred during the use of the anti-
reflux catheter, both with the initial version (5/16 patients) and with the newer 
Surefire Precision system® (1/5 patients). Nitroglycerin was administered in 18/21 
Surefire® injections during vasospasm or as prophylaxis to prevent vasospasm. 
Adverse device effects are listed in Table 3.

9
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TABLE 1. Patient and treatment characteristics

Characteristic n or median + range

All included patients(n=28) Treated population (n=21)

Gender

 Male 17 13

 Female 11 8

Age (y) 60 (37-83) 63 (45-83)

WHO performance score

 0 18 16

 1 9 5

 2 1 0

Primary tumor location

 Left 21 14

 Right 7 7

Previous therapy

 Locoregional (liver) 3 3

 Metastasectomy 3 3

 Systemic 28 21

 5-FU 9 6

 Bevacizumab 24 18

 Capecitabine 24 19

 Cetuximab 2 2

 Folinic acid 9 6

 Irinotecan 19 14

 Oxaliplatin 26 19

 Panitumumab 9 7

 Regorafenib 1 1

 TAS-102 3 1

 Trifluridine+tipiracil 1 0

Extrahepatic disease before treatment

 Lymph node 12 9

 Lung 9 7

 Ovaries 1 0

 Peritoneum 1 0

 No 11 9
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TABLE 1. Patient and treatment characteristics (continued)

Characteristic n or median + range

All included patients(n=28) Treated population (n=21)

Liver volume (mL) 1968 (1560-3134) 1923 (1428-2952)

Metabolic tumor volume (mL) 271 (88-769) 311 (70-769)

Tumor load (%) 15 (5-35) 16 (5-26)

Total prescribed activity (MBq) 7607 (4850-12782) 7862 (4325-12782)

Total residual activity (MBq) 346 (98-4107) 495 (98-4107)

Administered therapeutic activity (MBq) 7119 (3142-12386) 7099 (3142-12386)

Administered 166Ho scout activity (MBq) 246 (163-156) 238 (163-356)

TABLE 2. Administration characteristics of 21 treated patients

Characteristic n or median + range

Standard 
microcatheter

Anti-reflux 
catheter

Anti-reflux 
catheter – Surefire 
Infusion System 
(1st generation)

Anti-reflux catheter 
– Surefire Precision 
Infusion System (2nd 
generation)

Perfusion territory 
volume (mL)

711 (157-1901) 1104 (462-1685) 938 (462-1685) 711 (704-1271)

Tumor volume 101 (14-417) 175 (43-379) 175 (43-379) 178 (86-256)

Tumor burden (%) 15 (2-46) 16 (6-72) 17 (6-72) 13 (8-20)

Anatomy

Standard 13 16 12 4

Replaced main 
perfusion 
territory artery

6 4 3 1

 Early branching 
pattern

2 1 1 0

Coil-
embolization*

1 0 0 0

Total administered 
activity (MBq)

2206 (671-
5867)

3525 (680-
5995)

4443 (1777-5525) 4075 (680-5995)

*Coil-embolization of a main perfusion territory artery

9
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TABLE 3. Adverse device effects in 21 included patients

Standard 
microcatheter

Anti-
reflux 
catheter

Anti-reflux 
catheter 
– Surefire 
Infusion System 
(1st generation)

Anti-reflux 
catheter – 
Surefire Precision 
Infusion System 
(2nd generation)

Spasm 1/21 5/21 5/16 1/5

Stasis 3/21 3/21

Unstable injection 
position

0/21 3/21 3/16 0/5

Inability to reach desired 
injection position

0/21 5/21 (LHA 
n=4)

5/16 0/5

Inadvertent vessel 
occlusion

0/21 1/21 0/16 1/5

FIGURE 3. Flowchart of study procedures in included patients.
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Treatment

The ITT analyses were performed on 19/21 evaluable patients, including the 
two patients in whom catheter allocation was switched (i.e. the volume that 
was intended to be treated with the anti-reflux catheter was counted as volume 
treated with the anti-reflux catheter and vice versa). In one patient, 166Ho-scout 
was not available due to a production failure and treatment simulation was 
performed using 99mTc-MAA, but this patient was still evaluable for the primary 
endpoint. The patient with incomplete activity administration due to vial leakage 
(in one lobe, only 15% of calculated activity was administered) and the patient 
without a post-therapy 166Ho-SPECT/CT were excluded from these analyses. The 
median T/N activity concentration ratio with the use of the anti-reflux catheter 
was 3.2 (range 0.9-8.7) versus 3.6 with a standard microcatheter (range 0.8-13.3) 
(difference in median -0.4, 95%CI -1.22 – 1.29, p=0.92) (Figure 4a). The median 
T/N activity concentration ratio with the anti-reflux catheter in the presence of 
spasm was 3.5 (range 2.4-4.7) versus 3.7 (range 0.9-8.7) without the occurrence 
of spasm (p=0.31, 95%CI -3.95 – 1.55). Both the median tumor-absorbed dose 
and the parenchymal-absorbed dose were (not-significantly) higher with the 
use of the anti-reflux catheter (difference in median tumor-absorbed dose +25 
Gy, 95%CI -27 – 62, p=0.54 and difference in median parenchymal-absorbed 
dose +8 Gy, 95%CI -0.2 – 15.2, p=0.06) (Figure 4b,c). There was no difference in 
infusion efficiency between the use of the anti-reflux catheter (median residual 
activity 0.03%, range 0.001-0.37) and the standard microcatheter (median 
residual activity 0.04%, range 0.006-0.17) (difference in median -0.01%, 95%CI 
-0.05 – 0.03, p=0.93) (Figure 4d).

9
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FIGURE 4A-D. Intention-to-treat analyses of effect of anti-reflux catheter on T/N activity 

concentration ratio (a), mean tumor-absorbed dose (b), mean parenchymal-absorbed 

dose (c) and infusion efficiency (d).

The per-protocol analyses were performed in 17 patients. Median T/N activity 
concentration ratio with the antireflux catheter was 3.2 (range 0.9-8.7); with the 
standard microcatheter 3.6 (range 0.8-13.3) (p=0.82, 95%CI -1.19 - 1.24). Median 
tumor-absorbed dose was 129 Gy (range 55-302) with the anti-reflux catheter 
versus 107 Gy (range 17-363) with the standard microcatheter (p=0.61, 95%CI 
-33 - 49). Median parenchymal-absorbed dose was 38 Gy (range 15-67) with the 
anti-reflux catheter and 30 Gy (range 20-57) with the standard microcatheter 
(p=0.13, 95%CI -3-14). Infusion efficiency with the anti-reflux catheter was 
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0.03 (range 0.0012-0.37) versus 0.04 (range 0.006-0.17) with the standard 
microcatheter (p=0.53, 95%CI -0.06-0.17) (Figure S1a-d).

At a tumor-level, a significant dose-response relationship was established. 
The mean tumor-absorbed dose in tumors with complete metabolic response 
was on average 138% higher than in progressive tumors (222 Gy vs. 103Gy, 
respectively; 95%CI 8-243%). The mean tumor-absorbed dose was 3.8% higher 
with the use of the anti-reflux catheter than with the standard microcatheter 
(170 Gy vs. 145 Gy, respectively; 95%CI -37-71%, p=0.89). The odds ratio for 
metabolic response (complete or partial response) with the use of the anti-
reflux catheter was 0.75 (95%CI 0.25-2.25). Tumor- and patient-level metabolic 
response is summarized in Table S1 and Figure 5.

FIGURE 5. Relationship between mean tumor-absorbed dose per patient and metabolic 

response to treatment at three-months follow-up. The bullets show the mean tumor-

absorbed dose per patient. Black vertical lines are the 95%CIs of the mean doses 

per response category, with the white dot in the middle indicating the mean tumor-

absorbed dose per response category. This figure is based on the linear mixed-effects 

regression model as described in Table S1.

9
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Exploratory sub-analysis of impact of anti-reflux catheter in 
right hepatic artery only

The anti-reflux catheter was deployed in the right hepatic artery in twelve 
patients (per protocol analysis). The median T/N activity concentration ratio 
with the anti-reflux catheter was 4.0 (range 0.9-8.7) versus 3.8 with the standard 
microcatheter (range 0.8-9.0) (difference in median +0.2, 95%CI -1.11 – 2.32, 
p=0.42).

Safety

Grade ≥3 laboratory toxicity was present in three patients (14%), and four 
patients (19%) experienced grade ≥3 clinical toxicity. Two deaths occurred within 
three months after treatment: one patient died of disease progression (5%), the 
other of radioembolization-induced liver disease (5%) (Table S2. Median overall 
survival was 7.8 months (95%CI 6.4-12.9).

Agreement between 166Ho-scout and 166Ho-therapy

The agreement between the dose distribution on 166Ho-scout and 166Ho-therapy 
was calculated for 17 patients. Four patients were excluded from the analysis, 
for the following reasons: treatment simulation by 99mTc-MAA (n=1; 166Ho-scout 
was not available due to a production failure and treatment simulation was 
performed using 99mTc-MAA), no post-treatment 166Ho-SPECT/CT performed 
(n=1), stasis during treatment (defined as retrograde flow into adjacent 
arteries) (n=1), and 166Ho-scout activity for the left hepatic territory abusively 
administered in the right hepatic artery (n=1). Using the anti-reflux catheter 
led to a substantially worse agreement for estimating the tumor-absorbed 
dose with 166Ho-scout (95% limits of agreement -58 Gy and +49 Gy) than when 
using the standard microcatheter (95% limits of agreement -27 Gy and +29 Gy) 
(Figure S2a,b). The agreement for estimating the parenchymal dose was similar 
between both catheter types (95% limits of agreement -3 Gy and +2 Gy for 
the anti-reflux catheter and -3 Gy and +3 Gy for the standard microcatheter) 
(Figure S2c,d).

DISCUSSION

Colorectal cancer liver metastases are challenging to treat with 
radioembolization. These tumors are often diffusely metastasized throughout 
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the liver, and are hypovascular compared to other tumor types (3, 4). As a 
consequence, tumor targeting is often poor and response rates after 
radioembolization in mCRC patients are modest (22, 23). The hypothesis was 
tested that the use of an anti-reflux catheter improves tumor targeting during 
radioembolization. However, in this within-patient RCT, the use of the anti-reflux 
catheter did not lead to significant differences in T/N activity concentration ratio, 
tumor- and parenchymal-absorbed dose or infusion efficiency.

To our knowledge, this is the first prospective study in humans investigating 
the supposed improved tumor targeting when using the Surefire® anti-
reflux catheter for radioembolization. In the first study investigating this anti-
reflux catheter, renal artery embolization with tantalum beads in a porcine 
model was performed with a standard microcatheter (n=3) versus an anti-
reflux catheter (n=3). Embolization efficiency was 99.9%±1 with the anti-reflux 
catheter, versus 72%±13 with a standard microcatheter (9). Early studies found 
that infusion efficiency with the anti-reflux catheter was significantly improved 
due to a decrease in blood pressure in the downstream vascular territory (7, 
8). Mean blood pressure with the tip closed was 79 mm Hg versus 58 mm 
Hg with the tip expanded (7). Besides a higher infusion efficiency, the use of 
anti-reflux catheters was found to lead to a higher tumor-absorbed dose in a 
mixed tumor-type cohort of nine patients who received pre-treatment infusion 
with 99mTc-MAA twice, using both the anti-reflux catheter and a standard 
microcatheter. Relative increase in tumor deposition ranged from 33%-90% 
(11). Most studies were performed with the first version of the Surefire® anti-
reflux catheter. A new version, the Surefire Precision Infusion System®, was 
introduced in January 2018 and is expected to have similar effects, although it 
has a different deployment mechanism: the anti-reflux umbrella is no longer 
situated at the tip of the catheter but is positioned slightly more proximal. Also, 
the catheter-shaft of the later version is less rigid. In contrast to the studies 
described before, we did not find significant differences between the anti-reflux 
catheter and the standard microcatheter. Possible reasons for this are the 
differences in patient population (only mCRC versus mixed tumor-type cohorts 
/ even porcine models), embolic device (166Ho versus 90Y, 99mTc-MAA, tantalum 
beads or chemoembolization particles) and treatment approach (lobar versus 
segmental). In addition, the manufacturer of the anti-reflux was in no way 
involved in this investigator-initiated study.

9
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We met several challenges while conducting this innovatively-designed trial. 
Ultimately, this study was stopped prematurely due to slow accrual and a 
high drop-out rate. During weekly tumor boards, possible candidates were 
screened for eligibility. Based on contrast-enhanced CT, many patients were 
already deemed unsuitable because of their vascular anatomy (mostly because 
of arteries that were deemed too small or too tortuous for the relatively 
rigid anti-reflux catheter). Nevertheless, despite careful pre-selection and 
studying of anatomy before treatment, five included patients (18%) were still 
excluded during angiography because the desired injection position could not 
be obtained with the anti-reflux catheter. Positioning was challenging as the 
catheter sometimes moved forward with the deployment of the anti-reflux 
system, rendering it difficult to reach a stable injection position. Furthermore, 
with the use of the anti-reflux catheter, vasospasm occurred very frequently (in 
24% of cases), which required the administration of intra-arterial nitroglycerin in 
most cases. The effect of nitroglycerin on the T/N ratio is unknown. Vasospasms 
occurred probably because of the relatively rigid catheter shaft and due to 
contact between the deployed anti-reflux system and the vessel wall. These 
technical difficulties were most pronounced with the first version of the anti-
reflux catheter, as the shaft of the second generation catheter was more flexible 
and the anti-reflux system could be more easily deployed while maintaining a 
stable injection position.

Strengths of this study were the within-patient randomized study design and 
the homogenous patient population. The main limitation of this study was 
the small number of patients, which may have caused potential differences 
in primary or secondary outcomes to remain undetected. However, in our 
study, no effect (even a small negative effect) of the anti-reflux catheter on the 
primary and secondary outcomes was found. Based on our results, it is unlikely 
that with enough power, a large positive effect of the anti-reflux catheter will 
be seen. Also, the frequent occurrence of technical adverse events with the 
anti-reflux catheter likely contributed to the lack of a positive influence on 
treatment outcomes. The occurrence of vasospasm, for example, probably had 
an influence on activity distribution. Another limitation is the time between 
pre-treatment imaging with [18F]-FDG PET/CT and post-treatment 166Ho-SPECT/
CT. Although much effort was done to limit time between baseline imaging and 
treatment, an increase of tumor and/or hepatic volume may have occurred, 
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leading to imperfections in segmentation. Furthermore, in this study, the 
perfusion volumes of the left and right hepatic arteries were estimated on 
pretreatment CT. The more accurate method of using perprocedural C-arm CT 
with contrast injection via a microcatheter in the left and right hepatic arteries 
was logistically not possible since patients underwent the work-up angiography 
on the same day as the treatment angiography and 166Ho-microspheres need 
to be ordered 7 days in advance.

This study had a within-subjects design, which has several advantages. First, 
patients serve as their own control, limiting possible confounding by extraneous 
patient variables (24) and requiring less subjects to detect meaningful effects. 
However, a within-patient design is only applicable, when the treatment of 
one body part (in our case functional liver half) is unlikely to affect the other 
body part for the outcome under study. While designing this study, we judged 
that the technical nature of the relationship between catheter design and 
particle distribution was suitable for this study design, because we assumed 
that this interplay is limited to local fluid-dynamics and that systemic carry-
across effects are unlikely (25). If, however, systemic effects (e.g. the activation 
of vasogenic factors during the occurrence of near-stasis) do play a role, they 
may have negated potential differences in preferential tumor targeting between 
the anti-reflux and standard microcatheter. In our patient population, some 
tumors were located close to the so-called watershed areas and may actually 
have received blood supply from both perfusion territories (although this was 
not observed on cone-beam CT). Another disadvantage of our design was 
that although patient-level characteristics are accounted for, there are still 
within-patient characteristics that may cause random error. The anti-reflux 
catheter was, for example, much easier deployed in the right hepatic artery, 
as this often was a much larger, less tortuous vessel. The new version of the 
anti-reflux catheter was (due to randomization, not deliberately) only used 
in right hepatic arteries, which may explain the difference in occurrence of 
vasospasm between the two anti-reflux catheter versions. In our experience, 
the standard microcatheter used in this study had a much more flexible shaft 
and was therefore superior in tracking the guidewire and navigating the liver 
vasculature, when compared to both versions of the anti-reflux catheter. Also, 
although accounted for in the randomization, the tumor burden was not always 
equal between perfusion territories.

9

Caren_Proefschrift.indd   247Caren_Proefschrift.indd   247 19/10/2020   10:28:4119/10/2020   10:28:41



248

Chapter 9

The agreement between the 166Ho-scout and 166Ho-therapy dose distribution in 
our study was high and in line with a previous study (26). These results support 
the use of 166Ho-scout for treatment planning. Surprisingly, the agreement 
with the anti-reflux catheter at a tumor level, was worse compared with a 
standard microcatheter. The mechanical pressure of the anti-reflux catheter 
on the vascular wall may have caused a larger variation in flow between the 
administration of 166Ho-scout and 166Ho-therapy.

CONCLUSION

In this study, no differences in post-treatment T/N activity concentration ratio, 
tumor- and parenchymal-absorbed dose and infusion efficiency were found 
between the use of an anti-reflux catheter and a standard microcatheter in 
mCRC patients treated with 166Ho-radioembolization.
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SUPPLEMENTAL TABLES AND FIGURES

TABLE S1. Percentage change in mean absorbed dose (Gy) per response category (95%CI)

Progressive 
disease

Stable 
disease

Partial 
response

Complete 
response

Patient-level n=2 n=11 n=4 n=0

Mean dose (Gy) 61 (29;129) 128 (100;164) 150 (102;219) -

Unadjusted reference 110 0.1;344) 146 (-14;433) - Ptrend=0.094

Tumor-level n=14 n=25 n=8 n=5

Mean dose (Gy) 103 (72;146) 121 (94;156) 163 (109;243) 222 (118;418)

Unadjusted reference 18 (-19;173) 58 (-4;161) 116 (8;330) Ptrend=0.023

Adjusted§ reference 21 (-16;80) 68 (-1;178) 136 (18;372) Ptrend=0.015

The dose-response relation was analyzed in seventeen patients that were treated and had 
availability of both the post-treatment 166Ho-SPECT/CT and the three-month follow-up [18F]-FDG 
PET/CT. Interpretation at tumor level: the average dose is 138% higher in CR than PD (95%CI 
8;423) (unadjusted analysis).
§Analysis at a tumor-level was adjusted for catheter type (yes/no anti-reflux catheter)

TABLE S2. CTCAE grading of new toxicity per patient during three months from baseline*

Toxicity Grade 1 Grade 2 Grade 3 Grade 4 Grade 5

Laboratory toxicity

Hypoalbuminemia 2 1

Elevated ALT 9 1 1

Elevated alkaline phosphatase 2 7 1

Elevated AST 12 2

Elevated bilirubin 1 1

Elevated γ-glutamyltransferase 2 8 3

Any laboratory toxicity 10 9 3 1

Clinical toxicity

Abdominal pain 6 9 3

Nausea 14 4

Fatigue 10 8 1

Anorexia 4 1

Dyspnea 1

Fever 4 1 1

Chest pain 1 1

Vomiting 5 2

9
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TABLE S2. CTCAE grading of new toxicity per patient during three months from baseline* 
(continued)

Toxicity Grade 1 Grade 2 Grade 3 Grade 4 Grade 5

Back pain 3 1

Bloating 1 1

Joint pain 4

Nocturnal transpiration 1

Diarrhea 1

Constipation 2

Cough 1

Hypotensia 1

Chills 2

Ascites 1 2

Malaise 3 1

Hepatic failure 1**

Weight loss 5

Any clinical toxicity 6 12 4 1

CTCAE scores of new laboratory and toxicity during three months after treatment (highest CTCAE 
grades per laboratory value are represented). *Represented for the 21 patients who underwent 
treatment. **Radioembolization-induced liver disease.
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FIGURE S1A-D. Per protocol analysis of effect of anti-reflux catheter on T/N activity 

concentration ratio (a), mean tumor-absorbed dose (b), mean parenchymal-absorbed 

dose (c) and infusion efficiency (d).

9
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FIGURE S2A-D. Bland-Altman plot for the agreement between estimated absorbed 

doses based on 166Ho-scout and the actual absorbed doses with 166Ho-therapy. Tumor-

absorbed doses with the anti-reflux catheter and the standard microcatheter are 

visualized in A,B. Figures C and D show the estimated parenchymal-absorbed doses 

for the two catheter types.

9
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What are the treatment options for patients with colorectal 
cancer liver metastases and when comes radioembolization into 
play?

Without treatment, the median overall survival for patients with colorectal liver 
metastases upon diagnosis is only 4.5 months (1). As a disease-free status offers 
the best chance on long-term survival, theoretically, the most logical order of 
treatment options would be surgery, followed by local-regional therapies such 
as radiofrequency ablation (RFA). In the case of disease confined to the liver, but 
not amenable to surgery or ablation strategies, radioembolization, as another 
local-regional strategy, could theoretically be treatment of choice, giving local 
control and/or a bridge to surgery with limited impact on quality of life. If 
local-regional treatment options fail, systemic treatment would be indicated. 
However, this ‘local-followed-by-systemic’ approach is not (yet) according to the 
guidelines and current clinical practice, as radioembolization is only indicated 
in unresectable, systemic therapy-refractory patients (2, 3). An explanation of 
the reason why radioembolization is not given prior to systemic treatment will 
be given below, after a summary on the treatment options for colorectal liver 
metastases.

The treatment of choice for patients with liver-limited disease remains surgical 
resection. Surgical resection offers the best chance on long-term survival or 
even cure, with five-year survival rates of up to 60% (4, 5). Surgery is indicated 
when a radical excision (R0 resection) is possible, with a future liver remnant 
of ≥20% (3). Unfortunately, up to 80% of patients with hepatic metastases 
is deemed unresectable because of multifocality, tumor size or inadequate 
hepatic reserve (6). Furthermore, patient factors such as age and comorbidities 
may preclude surgery. However, patients may become amenable for surgery 
after neoadjuvant chemotherapy. Ten to twenty percent of patients with initially 
unresectable, liver-isolated disease fall into this category after treatment with 
neoadjuvant chemotherapy (7). After surgery of hepatic metastases, disease 
recurrence occurs in up to 45% of patients, and over 50% occurs in the liver (8). 
Repeated hepatic surgery is possible in some patients and if so, it was found 
to be associated with improved survival (9). Otherwise, patients will be treated 
with systemic therapy and have a five-year survival of less than 10% (10).
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Besides surgery, other therapeutic options for colorectal cancer liver metastases 
are ablation (e.g. radiofrequency ablation, microwave ablation, cryoablation, 
irreversible electroporation), either solely or in combination with resection. 
There is growing evidence on these techniques, with studies showing similar 
overall survival rates with these ablative strategies compared with resection 
(11, 12). Ablative strategies can also be combined with systemic therapy: in 
the CLOCC trial, patients with unresectable colorectal cancer liver metastases 
were assigned to systemic treatment alone or systemic treatment plus local 
treatment by radiofrequency ablation with or without resection. Overall survival 
was significantly longer in the patients that received combination treatment: 
median 45.6 months versus 40.5 months in the systemic therapy-alone group 
(hazard ratio 0.58, 95%CI 0.38-0.88). Progression-free survival was significantly 
prolonged by almost 7 months in the combined treatment arm (hazard ratio 
0.57, 95%CI 0.38-0.85) (13). These findings show that in carefully selected 
patients, ablative strategies can be a substitute for resection.

In the ongoing COLLISION trial, CRC patients with at least one resectable and 
ablatable hepatic metastasis (up to 3 cm) are randomized between ablation 
(either radiofrequency ablation or microwave ablation) and resection (14). 
If ablation proves to be non-inferior compared to resection, this study will 
change management for many patients. As ablation is associated with less 
post-procedure morbidity and mortality and a shorter hospital stay, this will 
have an impact on both patients and clinical costs.

For patients with truly unresectable disease, chemotherapy is indicated. 
Median overall survival for patients treated with chemotherapy is improving, 
with median survival rates of more than 20 months (15, 16). Most survival 
gain is caused by improvements in first-line therapies (17). Currently, there 
are at least nine different types of systemic treatment options for metastatic 
colorectal cancer (18):

• Fluoropyrimidines (including fluorouracil, leucovorin and capecitabine) 
(by conversion to fluorodeoxyuridine monophosphate, the enzyme 
thymidylate synthase is inhibited. This leads to inhibition of RNA 
synthesis and DNA strand breaks, inhibiting cell growth (19))

10
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• Irinotecan (a camptothecin analog that stabilizes the topisomerase 
I complex, resulting in single-strand DNA breaks and ultimately cell 
death (20))

• Oxaliplatin (an alkylating agent, which binds to DNA, inhibiting DNA 
replication and transcription, resulting in cell death)

• Cetuximab and panitumumab (monoclonal antibodies, directed 
against the epidermal growth factor receptor)

• Bevacizumab (monoclonal antibody, directed against the vascular 
endothelial growth factor receptor (VEGF))

• Aflibercept (a recombinant fusion protein that prevents intra- and 
extravascular receptor binding of VEGF-A, VEGF-B and placenta 
growth factor)

• Regorafenib (an inhibitor of angiogenic tyrosine kinases)
• Trifluridine-tipiracil (TAS-102) (this consists of the nucleoside analog 

trifuridine that causes DNA strand breaks, inhibiting proliferation of 
tumor cells, and of tipiracil that prevents breakdown of trifuridine, 
enabling its function)

• Nivolumab, pembrolizumab (immune checkpoint inhibitors targeting 
the programmed death receptor PD-1)

There are inconsistencies in the literature as to whether patients should be 
treated with sequential single agents or with initial combination chemotherapy. 
The use of sequential single agents could reduce overall toxicity. Two randomized 
trials, the FOCUS and CAIRO trials, found a similar median overall survival 
for sequential versus initial combination therapy. However, progression-free 
survival was better with combination therapy (median progression-free survival 
6 versus 8 months) (21, 22). According to the Dutch guidelines, for patients in 
a good clinical condition, first-line treatment consists of a fluoropyrimidine 
combined with bevacizumab, or fluoropyrimidine only. Patients in a poor clinical 
condition are to receive a combination of a fluoropyrimidine with oxaliplatin or 
irinotecan. Further treatment lines may consist of a combination of irinotecan, 
oxaliplatin, a monoclonal antibody, with or without bevacizumab (23). For 
patients who are chemotherapy-refractory after all common treatment options, 
a longer overall survival (median 1.8 months) may be obtained after treatment 
with TAS-102 (24).
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The choice of chemotherapy regimens is dependent on many factors, 
such as RAS/BRAF mutation status, clinical performance status, presence 
of comorbidities and location of the primary tumor. RAS mutant status 
is associated with a higher risk of extrahepatic disease, poor response to 
cetuximab, panitumumab, irinotecan and oxaliplatin and patients with this 
mutation are less likely to have resectable hepatic metastases (25-27). BRAF 
mutant status is associated with higher stage disease, higher incidence of 
extrahepatic metastases and a worse survival after surgery (28). The location 
of the primary tumor can be divided into right (caecum, ascending colon, 
hepatic flexure and transverse colon) and left (splenic flexure, descending colon, 
sigmoid and rectum). In general, patients with right-sided primary tumors have 
a worse prognosis (29).

The most common adverse events include hypersensitivity reactions, cardiac 
ischemia, thrombosis, hand-foot skin reaction, diarrhea, nausea, vomiting, 
sensory neuropathy and hematological adverse events such as anemia and 
neutropenia (21). The use of chemotherapy can also induce liver injury: the 
so-called chemotherapy-associated liver injury syndrome, with three stages: 
steatosis, steatohepatitis and sinusoidal obstruction syndrome. Liver injury is 
mostly associated with the use of oxaliplatin and irinotecan (30, 31). Colorectal 
cancer mainly occurs in elderly people; the median age at diagnosis is 68 years 
for men, and 72 years for women (32). Due to age-related function decline and 
medical comorbidities, patients of older age may experience more adverse 
events of systemic therapy (33).

According to the European Society for Medical Oncology, radioembolization 
is indicated for ‘patients with liver-limited disease failing the available 
chemotherapeutic options’. In these patients, ‘radioembolization with 
yttrium-90 (90Y) microspheres should be considered’ (2). The guidelines 
from the National Comprehensive Cancer Network adhere to the same 
indication: radioembolization is indicated in the salvage setting for patients 
with liver-dominant metastases (34). In The Netherlands, treatment with 
radioembolization (with either 90Y or holmium-166 (166Ho) microspheres is 
reimbursed for patients with unresectable liver metastases with chemo-
refractory disease or with unacceptable toxicity after systemic treatment (3).

10
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Theoretically, the combination of systemic treatment and a local therapy may be 
beneficial. The possible benefit of radioembolization as an addition to systemic 
therapy in the first line was investigated in the SIRFLOX, FOXFIRE and FOXFIRE-
Global studies. Patients with unresectable disease who did not receive prior 
systemic therapy were randomized to FOLFOX (5-Fluorouracil combined with 
oxaliplatin) alone or FOLFOX plus radioembolization. In total, 1103 patients 
were included. Overall progression-free survival (11.0 versus 10.3 months) 
and overall survival (22.6 versus 23.3 months) were not significantly different 
between the combination group versus the FOLFOX alone group. There was a 
statistically significant difference in cumulative incidence of first progression in 
the liver (22% in the FOLFOX plus radioembolization group versus 39% in the 
FOLFOX alone group) (35). Based on the results of these studies, treatment with 
radioembolization in a first-line setting cannot be recommended. However, the 
results of these trials should be interpreted with caution, as there were flaws in 
the study design with regard to the dosimetry used and patient selection. The 
body surface area (BSA) method (see below) was used for activity calculation. 
This method often leads to under- or overdosing (36). In the FOLFOX study, 
underdosing was most often the case, since activity was reduced based 
on tumor involvement and lung shunt fraction (35). Furthermore, a large 
percentage of included patients had extrahepatic disease at baseline, which is 
a known dismal prognostic factor, also for treatment with radioembolization (37, 
38). Radioembolization in the first-line setting may still be of value, for example 
in frail, elderly patients. In this patient population, first-line systemic treatment 
generally consists of capecitabine with bevacizumab. However, the risk of 
adverse events is higher in elderly patients. In a comparative study on patients 
treated with capecitabine, the incidence of grade 3 or 4 adverse events was 
higher in patients ≥80 years compared with the overall population (60% versus 
40%) (39). The addition of bevacizumab to capecitabine is associated with a 
longer progression-free survival (9 months versus 5 months for monotherapy), 
but also with more side effects, especially hemorrhage (25% versus 7%) and 
venous thromboembolic events (12% versus 5%), as shown in the AVEX trial in 
chemotherapy-naïve, elderly patients (40). Radioembolization is as efficient in 
younger patients as it is in the elderly and the side effects are usually mild (41, 
42). Therefore, it would be interesting to study radioembolization as a substitute 
for systemic treatment in the first line in a select group of patients.
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In the second line, there may also be a place for radioembolization, possibly 
combined with a radiosensitizer such as irinotecan. There are a few studies 
reporting on overall survival in patients treated with radioembolization in 
the second line, with median overall survival ranging from 12.0-14.7 months 
(43-45). The combination of treatment with irinotecan and radioembolization 
was analyzed in 25 patients. A favorable response rate of 48% was found, 
while the incidence of toxicity was comparable to treatment with irinotecan 
alone (46). Another study compared the combination of various systemic 
treatment options with radioembolization versus radioembolization alone and 
found an improved response rate (45% versus 27%) as well, with acceptable 
toxicity (47). These results support the possibility of radioembolization as a 
second-line treatment. In the EPOCH trial, the safety and efficacy of second-
line chemotherapy alone versus radioembolization combined with second-
line chemotherapy in mCRC patients are investigated. Patient enrollment has 
finished, but the results are still awaited (48). These results are expected to 
be of great importance in the role of radioembolization in the second line, 
especially since this study accounts for prognostic patient-factors such as 
tumor load, KRAS status and prior first-line chemotherapy. The study will also 
shed a light on the tolerability of radioembolization combined with second-
line chemotherapy, which will likely have important consequences for clinical 
decision making.

In the third line, patients are often treated with TAS-102. However, an early 
study showed only a marginal benefit of treatment with TAS102 versus placebo, 
with a median survival gain of only 1.8 months (median overall survival 7.1 
months versus 5.3 months) (49). A more recent study compared the use of 
TAS102 combined with bevacizumab versus TAS102 alone in the third line. 
The addition of bevacizumab increased median overall survival by 2.7 months 
(median overall survival 9.4 months versus 6.7 months) (50). So even with the 
addition of bevacizumab, overall survival after treatment with TAS102 is limited. 
Moreover, the incidence of grade 3 or higher adverse events was high: 69% 
with combined therapy and 30% with monotherapy (49, 50). These data raise 
questions on the benefit/harm ratio of this treatment. As stated before, toxicity 
after radioembolization is usually mild and median overall survival rates after 
two lines of chemotherapy are comparable (44, 45, 51). Therefore, there may 
be a role for radioembolization in the third line.

10
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Currently, radioembolization is indicated in the salvage setting. Studies on 
radioembolization in this stage of disease found median overall survival 
rates ranging from 5.7-12.8 months, with a median overall survival of 10 
months (44, 52, 53). As median overall survival in chemotherapy-refractory, 
unresectable patients was reported to be around 6 months, radioembolization 
seems to offer a meaningful survival benefit (53). The most common toxicity 
after radioembolization is the so-called post-embolization syndrome, which 
consists of nausea, fatigue, abdominal pain and fever and occurs within 4-6 
weeks after treatment, but is usually mild (51, 54). The most severe, possibly 
lethal complication is radioembolization-induced liver disease (REILD). REILD 
occurs in <5% of patients and is characterized by hyperbilirubinemia, ascites, 
hypoalbuminemia and liver failure (55). Other complications may result from 
extrahepatic activity deposition, such as radiation cholecystitis or radiation 
pneumonitis. In the MORE study, the safety and overall survival associated 
with 90Y-radioembolization (resin microspheres) was assessed in colorectal 
cancer patients with liver-dominant, unresectable metastases who were 
chemorefractory or not suitable for systemic therapy (56). A total of 606 
patients were included. The most common CTCAE grade 3 or higher adverse 
events were abdominal pain (6.1%), fatigue (5.5%), hyperbilirubinemia (5.4%) 
and there were five patients (0.8%) with hepatic failure. Overall survival was 
10 months (95%CI 9.2-11.8 months). Prognostic factors for survival included 
performance status, a large tumor burden, liver function, presence of anemia 
at baseline, lung shunt fraction and number of previous chemotherapy lines 
(45, 56). This study showed that even after disease progression after several 
lines of systemic therapy, 90Y-radioembolization can offer a survival benefit 
(compared to patients treated with systemic therapy or best supportive care 
in similar settings), with limited side effects.

Outside the palliative setting, radioembolization is more and more used 
as a bridge to surgery. In patients with unilobar hepatic metastases, 
hemihepatectomy can be performed. However, in many cases, the function 
of the future liver remnant is not good enough to allow for surgery. Currently, 
portal vein embolization is often performed to induce hypertrophy of the 
future liver remnant. However, radioembolization of one liver lobe can also 
induce sufficient hypertrophy of the untreated lobe, albeit not as fast as portal 
vein embolization (PVE). An advantage of using radioembolization is that it not 
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only induces hypertrophy, but that it also offers tumor control, in contrast 
with PVE. Also, it provides a test-of-time: because of the prolonged interval 
between radioembolization and surgery, subclinical, previously undetected 
metastases may become detectable (57). Moreover, radioembolization can be 
used to improve the secondary resectability rate: in a substudy on patients of 
the SIRFLOX trial, the resectability rates after treatment with chemotherapy 
versus treatment with chemotherapy combined with radioembolization were 
assessed. Thirty-eight percent of patients who were treated in the combination 
arm became resectable, which was significantly more than the 29% in the 
chemotherapy-only group (58).

What patients are good candidates for treatment with radioem-
bolization?

Currently, radioembolization is reimbursed in The Netherlands for patients 
with unresectable, liver-dominant, chemotherapy-refractory disease. They have 
to be in relatively good clinical condition (performance status 0-2) with a life 
expectancy of at least three months and adequate hepatic function (albumin 
>30g/L and bilirubin ≤1.5*upper limit of normal). Liver-dominant disease is 
defined as a maximum of 5 lung nodules <1 cm and lymph nodes <2 cm (3).

The question is whether one should accept extrahepatic metastases at all? 
Several studies indicate that the presence of extrahepatic disease at baseline 
is a poor prognostic factor (35, 37, 38, 59). Our own study confirms this finding: 
patients with extrahepatic metastases had a significantly worse median overall 
survival (6.5 months versus 10 months in patients without extrahepatic disease 
at baseline). Also, treatment response was worse: 93% was diagnosed with 
progressive disease at three months after treatment, versus 63% of patients 
without extrahepatic disease at baseline. Although this was a retrospective, 
observational study, its results and the results of other studies indicate that it 
may be better to exclude patients with extrahepatic disease from treatment 
with radioembolization. However, although the benefit of radioembolization 
seems minimal in patients with extrahepatic disease, to verify its true potential, 
it should be compared with best supportive care only (e.g. in a randomized 
clinical trial).

10
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Other important factors in the selection process of patients are age, location 
of the primary tumor, mutation status and liver function. Age is no contra-
indication for treatment with radioembolization. A sub-analysis in patients 
<70 and ≥70 years treated in the MORE study showed no difference in overall 
survival (9.7 months versus 9.3 months) or incidence of grade ≥3 adverse events 
(18.8% versus 16.9%) (41). Most co-morbidities, except for renal insufficiency, 
do not affect outcome after radioembolization (42).

On the other hand, the location of the primary tumor may play a role in the 
selection process. In general, patients with right-sided primary tumors have a 
worse prognosis than patients with a left-sided primary tumor. This was reported 
for systemic treatment, but also for local treatment of hepatic metastases: 
patients with a right-sided primary tumor had a significantly decreased survival 
(hazard ratio 1.60, 95%CI 1.30-1.98) and recurrence free-survival (hazard ratio 
1.35, 95%CI 1.04-1.77) compared to patients with left-sided primary tumors 
(60). This could potentially make patients with right-sided primary tumors less 
favorable candidates for treatment with radioembolization, as they will likely 
benefit less than patients with left-sided primaries (61). However, before using 
this as an exclusion criterion, a randomized study in patients with right-sided 
primary tumors should be performed, comparing best supportive care with 
radioembolization. Furthermore, the impact of radioembolization in patients 
with a right-sided primary tumor may be different in the first-line setting. A 
post-hoc analysis of the SIRFLOX, FOXFIRE and FOXFIRE-Global studies showed 
that the addition of radioembolization to systemic therapy in the first-line led 
to a significant survival benefit of almost 5 months (hazard ratio 0.64, 95%CI 
0.46-0.89) in patients with right-sided primaries. In patients with a left-sided 
primary tumor, no significant difference in survival was found (62). The first-line 
treatment generally has the most impact on prognosis. In patients with a right-
sided primary tumor, who have a poor prognosis after standard treatment, an 
early aggressive approach may be warranted. This could potentially include the 
addition of radioembolization in the first line (63).

Mutation status matters too: patients with KRAS wild type have a longer median 
overall survival compared with patients with KRAS mutation (9.5 months versus 
4.8 months) and also a longer progression-free survival (166 days versus 91 
days) after treatment with radioembolization (64, 65).
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Which imaging work-up procedures need to be performed before 
treatment with radioembolization?

Before treatment with radioembolization, the first step in the selection process 
of a patient is imaging with 18FDG-PET/CT. This is performed to assess the 
extent of a patient’s disease, especially to rule out the presence of significant 
extrahepatic disease. It was shown that 18FDG-PET/CT showed significantly 
more extrahepatic disease than conventional CT, often leading to a change 
of management in patients who are candidates for radioembolization (66).

Secondly, patients’ anatomy should be carefully evaluated on contrast-enhanced 
CT, using an early arterial phase. Van den Hoven et al. described that there are 
as many as sixteen different hepatic arterial segmental vascularization patterns 
(67). A timely assessment of the hepatic vascularity allows for personalized 
treatment planning with the definition of the number of injection positions, 
target volumes and activity calculation (67, 68).

Depending on the primary tumor (in case of hepatocellular carcinoma (HCC), 
MRI is the imaging modality of choice), the contrast-enhanced CT or –MRI can 
be used for segmentation of the tumors and the healthy liver tissue. The (target) 
volumes obtained are used for activity calculation.

To ensure patients’ safety, which is especially important in patients with 
HCC, who often have a cirrhotic liver, the distribution of the liver function 
can be determined using hepatobiliary scintigraphy. Currently, hepatobiliary 
scintigraphy is mostly used to assess the future liver remnant in patients 
scheduled for hepatic surgery. However, it can also be used in the work-up 
for radioembolization. Treatment may be adapted based on liver function 
distribution, e.g. choosing sequential lobar treatment instead of a whole-liver 
approach (57).

Why is treatment with radioembolization preceded by a scout 
dose?

Before treatment with radioembolization, a preparatory angiography with 
administration of a scout dose of either 99mTc-MAA or 166Ho-scout is performed. 
This is done for several reasons: to map the arterial anatomy, to assess the 
necessity of coil-embolization of arterial branches, to determine the optimal 

10
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catheter position and to assess the activity distribution. The latter is necessary 
to rule out extrahepatic deposition, determine the lung shunt fraction and 
determine treatment volumes for ordering activity.

Usually, the preparatory angiography and scout dose administration precede 
treatment by 1-2 weeks. However, the question was raised if this can be done 
in a single day. Possible advantages include time- and cost savings: it saves time 
for patients, which is especially favorable in patients with rapidly progressive 
disease or in patients with highly symptomatic disease, for example in patients 
with hepatic metastases from an insulinoma. A one-day treatment approach can 
save costs for both patients and hospitals: patients don’t have to travel twice 
(which is especially convenient for patients who have to travel a long distance) 
and hospitals have less admission costs. Studies in the three available types 
of microspheres showed that radioembolization as a single-day procedure is 
feasible and safe (69-71). In our study on one-day treatment, a disadvantage 
of this approach was the increased incidence of back pain. As patients have 
to lie down for many hours (in our study, a median of more than 10 hours), 
back pain easily occurs. The most important disadvantage however, is that 
a single-day procedure implies that only predefined dosimetric approaches, 
such as the body surface area (BSA) and MIRD method, can be used, because 
activity needs to be pre-ordered and can therefore not be adjusted based on 
scout dose distribution (72). With the increasing use of personalized treatment 
strategies, based on the results of the preparatory angiography and scout dose 
distribution, a one-day treatment strategy may not be preferred to allow for 
careful treatment planning.

Which types of microspheres are available for radioemboliza-
tion?

Currently, three different types of radioactive microspheres are commercially 
available: 90Y resin (SIR-Spheres®, SIRTeX Medical Ltd., Australia), 90Y glass 
(TheraSphere®, Boston Scientific, US) and holmium-166 (166Ho) microspheres 
(Quiremspheres®, Quirem Medical, The Netherlands).

The characteristics of these three types of microspheres are listed in Table 1.
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TABLE 1.

Characteristic 90Y resin 90Y glass 166Ho

Half-life (h) 64.1 64.1 26.8

Type of radiation β β β, γ

Decay product Zirconium-90 Zirconium-90 Erbium-166

Diameter (µm) 32.5±2.5 25±10 30±15

Density (g/mL) 1.6 3.3 1.4

Activity/microsphere (Bq) 40-70 2400-2700 300-330

Number per dose 50,000,000 4,000,000 33,000,000

The most apparent differences between the three types of microspheres are 
the type of radiation they emit and their specific activity. 166Ho emits γ-radiation, 
which allows it to be visualized by SPECT/CT. It is also paramagnetic, so it can 
be visualized by MRI as well. On the contrary, imaging of 90Y is possible by using 
either bremsstrahlung-SPECT/CT (73, 74) or PET/CT (75).

The differences in specific activity are large: the amount of energy released per 
microsphere is smallest for 90Y resin and greatest for 90Y glass, with 166Ho having 
a specific activity somewhere in between. This has many consequences: first, the 
difference in specific activity is translated into the number of particles injected, 
leading to a much larger embolic effect (and risk of stasis) for 90Y resin and 166Ho 
than for 90Y glass. Also, the tolerability of the liver is different for the three types 
of microspheres, leading to a difference in safety thresholds. A higher number 
of microspheres leads to a higher number of targeted liver clusters (i.e. healthy 
liver parenchyma) and a more homogeneous distribution in the liver (76). With 
90Y glass microspheres, there generally is a more heterogeneous distribution 
of the microspheres, leading to a higher tolerability. This explains why the 
thresholds for safety are different for the three types of microspheres. Likewise, 
a more homogeneous distribution, as obtained with 90Y resin and 166Ho, most 
likely also requires lower tumor-absorbed doses to be effective. This is indeed 
reflected in the thresholds found in the literature, further described below. 
However, one should take into account that this also depends on the tumor 
type. Hepatocellular carcinomas are generally hypervascular, and will receive a 
high tumor-absorbed dose even with a small number of 90Y glass microspheres, 
whereas colorectal carcinoma metastases are generally hypovascular, possibly 
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resulting in more homogeneous distribution of the microspheres in the tumors 
and healthy liver tissue, regardless of the number of microspheres infused.

With 90Y glass microspheres, it is possible to increase or decrease the number of 
microspheres per dose, by varying the specific activity: the twelve-day shelf-life 
post-calibration allows for a wide range. At 16 days post-calibration, the activity 
per microsphere is only 70 Bq, whereas at four days post-calibration, the activity 
per sphere is 1532 Bq (76). In a preclinical study, the risk of complications to the 
healthy liver tissue was low up to eight days post-calibration (76).

There are no guidelines on when to use which type of microsphere. For so-
called radiation segmentectomy (i.e. a high radiation dose to one or two 
segments), the risk of stasis should be kept in mind, which is higher with a 
high number of microspheres injected in a limited target volume. Therefore, 
90Y glass microspheres are the type of choice, which was proven to be safe and 
effective for this purpose (77). Since conclusive comparative data is lacking, no 
other recommendations can be provided.

Which treatment planning methods are currently used?

For resin microspheres, the so-called body surface area (BSA) method is mostly 
used. This method adjusts the prescribed activity for the patient’s BSA and the 
fractional tumor burden. The formula for the injected activity (IA) is:

𝐿𝐿𝐿𝐿𝐿𝐿 =  √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

√𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) + √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

𝐵𝐵𝐿𝐿𝐵𝐵 = 0.2024 ∗ ℎ𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑚𝑚)0,725 ∗ 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑘𝑘𝑙𝑙)0,425 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐵𝐵𝐿𝐿𝐵𝐵 − 0,2) + 𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙
(𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙) 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

 

𝑇𝑇
𝑁𝑁 =

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝐺𝐺𝐵𝐵𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝐺𝐺𝑎𝑎𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

16 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ𝑦𝑦 𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎(𝑘𝑘𝑙𝑙))

49.67 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

(54, 78).

The prescribed activity is reduced in case of lung shunting (79). The BSA method 
assumes a correlation between BSA and liver weight. However, this is not necessarily 
true and may result in an undertreatment of small patients with large livers, and an 
overtreatment of large patients with small livers. Another limitation of this method 
is that it does not take the degree of tumor uptake into account (54, 78).

For glass microspheres, the Medical Internal Radiation Dose (MIRD) method was 
developed (72). The prescribed activity is determined by calculating the activity 
required to achieve a desired average absorbed dose in the perfused or target 
volume (i.e. between 80-150 Gy). The MIRD method assumes a homogenous 
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intrahepatic microsphere distribution throughout the treated portion of the 
liver, and an assumed yield of 50 Gy per GBq 90Y per kilogram of liver tissue. 
This method also does not take into account the degree of tumor uptake, nor 
does it account for fractional or total tumor burden. The formula for the IA is:

𝐿𝐿𝐿𝐿𝐿𝐿 =  √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

√𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) + √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

𝐵𝐵𝐿𝐿𝐵𝐵 = 0.2024 ∗ ℎ𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑚𝑚)0,725 ∗ 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑘𝑘𝑙𝑙)0,425 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐵𝐵𝐿𝐿𝐵𝐵 − 0,2) + 𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙
(𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙) 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

 

𝑇𝑇
𝑁𝑁 =

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝐺𝐺𝐵𝐵𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝐺𝐺𝑎𝑎𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

16 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ𝑦𝑦 𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎(𝑘𝑘𝑙𝑙))

49.67 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

where MTarget is the mass of the target volume.

For 166Ho, a method comparable to the MIRD method for 90Y is currently used. 
Based on findings of the HEPAR I trial, a maximum tolerable absorbed dose for 
the whole liver was set at 60 Gy (80). The absorbed dose in Gy delivered by 1 
GBq in 1 kg tissue is 15.87 Gy for 166Ho, under the assumption of homogenous 
distribution in the target volume and absorption of all energy within that 
volume. The formula for the IA is:

𝐿𝐿𝐿𝐿𝐿𝐿 =  √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

√𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) + √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

𝐵𝐵𝐿𝐿𝐵𝐵 = 0.2024 ∗ ℎ𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑚𝑚)0,725 ∗ 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑘𝑘𝑙𝑙)0,425 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐵𝐵𝐿𝐿𝐵𝐵 − 0,2) + 𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙
(𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙) 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

 

𝑇𝑇
𝑁𝑁 =

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝐺𝐺𝐵𝐵𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝐺𝐺𝑎𝑎𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

16 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ𝑦𝑦 𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎(𝑘𝑘𝑙𝑙))

49.67 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

Another method that can be used for personalized dosimetry is the partition 
model. In general, the tumor and healthy liver tissue are delineated on 
anatomical imaging modalities. The anticipated activity in these delineated 
compartments is calculated on pre-treatment 99mTc-MAA SPECT/CT (or 166Ho-
SPECT/CT). The tumor to non-tumor (T/N) ratio based on 99mTc-MAA or 166Ho-
scout is calculated as:

𝐿𝐿𝐿𝐿𝐿𝐿 =  √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

√𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) + √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

𝐵𝐵𝐿𝐿𝐵𝐵 = 0.2024 ∗ ℎ𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑚𝑚)0,725 ∗ 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑘𝑘𝑙𝑙)0,425 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐵𝐵𝐿𝐿𝐵𝐵 − 0,2) + 𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙
(𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙) 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

 

𝑇𝑇
𝑁𝑁 =

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝐺𝐺𝐵𝐵𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝐺𝐺𝑎𝑎𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

16 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ𝑦𝑦 𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎(𝑘𝑘𝑙𝑙))

49.67 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

The formula for the injected activity (IA) is:

𝐿𝐿𝐿𝐿𝐿𝐿 =  √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

√𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) + √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

𝐵𝐵𝐿𝐿𝐵𝐵 = 0.2024 ∗ ℎ𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑚𝑚)0,725 ∗ 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑘𝑘𝑙𝑙)0,425 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐵𝐵𝐿𝐿𝐵𝐵 − 0,2) + 𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙
(𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙) 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

 

𝑇𝑇
𝑁𝑁 =

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝐺𝐺𝐵𝐵𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝐺𝐺𝑎𝑎𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

16 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ𝑦𝑦 𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎(𝑘𝑘𝑙𝑙))

49.67 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

10
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In this formula Dose (in Gy) is defined as the planned dose in healthy liver tissue 
and mass (in kg) is the delineated volume (in ml) multiplied by the conversion 
factor for soft tissue (1.06 g/cm3). The 90Y conversion factor of 49.67 is based 
on previous work by Ho et al., stating that 1 µCurie in 1 gram soft tissue results 
in an absorbed dose of 183.78 cGy. In other words, 1 GBq of 90Y in 1 kg soft 
tissue results in 49.67 Gy absorbed dose(81). For 166Ho, the conversion factor 
in the formula for injected activity is 15.87 (82).

The lung shunt fraction (LSF) is defined as (78, 83):

𝐿𝐿𝐿𝐿𝐿𝐿 =  √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

√𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) + √𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

𝐵𝐵𝐿𝐿𝐵𝐵 = 0.2024 ∗ ℎ𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑚𝑚)0,725 ∗ 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡(𝑘𝑘𝑙𝑙)0,425 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) = (𝐵𝐵𝐿𝐿𝐵𝐵 − 0,2) + 𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙
(𝑡𝑡𝑙𝑙𝑚𝑚𝑡𝑡𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙) 

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

 

𝑇𝑇
𝑁𝑁 =

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝐺𝐺𝐵𝐵𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

𝐵𝐵𝐴𝐴𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝐺𝐺𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝐺𝐺𝑎𝑎𝐺𝐺)
𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)

⁄  

 

𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

49,670 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

 

𝐼𝐼𝐵𝐵(𝑀𝑀𝐺𝐺𝐺𝐺) = 𝑡𝑡𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 (𝑘𝑘𝑙𝑙) ∗ 3780 (𝑀𝑀𝐵𝐵𝐺𝐺
𝑘𝑘𝑙𝑙 ) 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

50 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐺𝐺𝐺𝐺) =
(𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐷𝐷 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙𝑎𝑎𝑙𝑙𝐷𝐷 𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ 𝑀𝑀𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙))

16 ( 𝐽𝐽
𝐺𝐺𝐵𝐵𝐺𝐺)

 

𝐼𝐼𝐵𝐵(𝐺𝐺𝐵𝐵𝐺𝐺) =
𝐷𝐷𝑡𝑡𝑙𝑙𝑙𝑙 (𝐺𝐺𝐺𝐺) ∗ ([𝑇𝑇

𝑁𝑁 ∗ 𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎(𝑘𝑘𝑙𝑙)] +  𝑀𝑀𝑎𝑎𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎ℎ𝑦𝑦 𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑡𝑡𝑎𝑎(𝑘𝑘𝑙𝑙))

49.67 ∗ (1 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑡𝑡 𝑓𝑓𝑙𝑙𝑎𝑎𝐴𝐴𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)  

The main benefit of the partition method over single compartment models 
is the separation between tumor and non-tumor tissue in the calculation of 
their respective absorbed dose. The previously described formula allows the 
physician to describe a certain absorbed dose to the healthy tissue (Dose (Gy)). 
Subsequently, as an indication of expected mean tumor-absorbed dose, the 
physician can multiply the described healthy tissue dose with the T/N ratio. 
Thus, based on the maximum acceptable healthy liver tissue dose, a physician 
can assess whether or not an efficacy threshold (minimal tumor-absorbed dose) 
will be reached.

Limitations of the partition model is its assumption of a homogenous 
distribution of microspheres within the compartments, it is more time-
consuming than single compartment models and tumor and healthy liver 
tissue delineation can be quite challenging on anatomical imaging, especially 
in patients with ill-defined tumors (54, 79). The partition method does correct 
for the difference in tumor and non-tumor absorbed dose.

Most methods use a (variant of a) ‘one size fits all’ approach. Unfortunately, 
this has led to failure of studies, for example the large SIRFLOX, FOXFIRE and 
FOXFIRE-Global studies. In these studies, the BSA method was used for activity 
calculation, but as stated before, this method does not differentiate between 
tumor and the healthy liver tissue activity distribution and often leads to 
under- or overdosing (84). As the treatment activity was reduced in case of 
lung shunting or on the basis of the tumor burden, under-dosing is likely what 
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happened in these studies. The low incidence of serious radioembolization-
related adverse effects (hepatic failure, portal vein thrombosis, radiation 
hepatitis; occurring in only four patients (0.8%)) contributes to this assumption 
(35).

A different treatment planning approach was chosen in the DOSISPHERE 
study. In this study, 56 patients with hepatocellular carcinoma were randomly 
assigned to treatment with radioembolization using standard dosimetry or to 
treatment with radioembolization using personalized dosimetry with the goal 
to deliver at least 205 Gy to the tumor. For safety reasons, in the personalized 
dosimetry group, the maximum tolerable dose on the healthy liver tissue 
was set at 120 Gy in case of lobar treatment. With segmental treatment, the 
parenchymal-absorbed dose could be higher than 120 Gy, provided that there 
was a hepatic reserve >30%. Thus, some flexibility in activity prescription was 
possible, allowing for high enough tumor-absorbed doses. Dosimetry was 
based on the distribution of 99mTc-MAA and response was evaluated after three 
months. In the standard dosimetry arm, the response rate was 36%, versus 71% 
in the personalized dosimetry arm. A significant dose-response relationship was 
established and mean tumor-absorbed doses were significantly higher in the 
personalized dosimetry group (324 Gy versus 221 Gy) (85). Although this study 
was done in patients with hepatocellular carcinoma, it is a very important study 
for mCRC patients as well, as it is the first study to show that a personalized 
treatment planning leads to higher response rates.

Although several studies showed a dose-response relation in mCRC patients 
treated with radioembolization (86-88), a prospective study to validate the 
thresholds was not performed yet. For 90Y-resin, the tumor-absorbed dose 
thresholds needed for response vary from 40-60 Gy (86-90) (Table 1). For 
90Y-glass, dose-response studies in mCRC patients are still awaited but in HCC 
patients, the tumor-absorbed dose needed for response is set around 200 
Gy (85), although higher thresholds (up to 500 Gy) were reported in earlier 
studies (91). The safety and efficacy thresholds are different mainly because 
of differences in specific activity.

In mCRC patients treated with 166Ho-radioembolization, an evident dose-
response relationship was found, both at a patient- and at a tumor-level. An 

10
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attempt was made to find thresholds for both safety and efficacy. A patient-based 
threshold for efficacy was established at 90 Gy. However, not only the tumor-
absorbed dose is important for personalized dosimetry: to avoid treatment-
related complications, the parenchymal-absorbed dose should be taken into 
account as well. In our study, the incidence of toxicity was low, rendering it 
difficult to draw a strong conclusion on the maximum tolerable parenchymal-
absorbed dose. There was only one patient with radioembolization-induced 
liver disease who had received 34 Gy to the parenchyma, while patients with 
much higher parenchymal-absorbed doses did not have much toxicity. Hence, 
it was concluded that a parenchymal-absorbed dose up to 55 Gy (the highest 
observed parenchymal-absorbed dose in our cohort) has an acceptable 
safety profile, depending on individual patient characteristics. For future 
mCRC patients who are planned for treatment with 166Ho-radioembolization, 
it is advised to use a flexible parenchymal-absorbed dose threshold, with a 
maximum of 55 Gy. Depending an the physicians preference, one can either 
opt for maximizing tumor-absorbed dose (>90 Gy mean tumor-absorbed dose) 
by maximizing the parenchymal-absorbed dose up to the safety threshold (=55 
Gy) or limiting healthy tissue irradiation (<55 Gy) while maintaining the minimal 
efficacy threshold for tumor tissue (≥90 Gy). In case the minimal efficacy 
threshold for tumor tissue is not reached (<90 Gy), while maximizing the healthy 
tissue absorbed dose (=55 Gy), that particular patient should not be eligible for 
a radioembolization treatment. In future studies, this personalized treatment 
approach should be used.

How can radioembolization be further improved and why is this 
needed?

Patients with CRC generally have relatively hypovascular hepatic metastases 
and a suboptimal activity distribution (51, 92). Response rates after 
radioembolization are modest: in our dose-response study in mCRC patients 
treated with 166Ho-radioembolization, response rate was only 30%. In patients 
treated with 90Y-radioembolization, comparable results are obtained, with a 
response rate of 37% (87). These numbers illustrate the need for treatment 
optimization. As mentioned earlier in this discussion, patient selection 
and personalized dosimetry are the most important factors to improve 
radioembolization, but there are other factors that can influence treatment 
outcome.

Caren_Proefschrift.indd   274Caren_Proefschrift.indd   274 19/10/2020   10:28:4819/10/2020   10:28:48



275

Discussion

It was hypothesized that the use of an anti-reflux catheter could lead to higher 
response rates by improving the T/N ratio. An improved T/N ratio means that the 
ratio between absorbed-dose in the tumors versus the parenchyma is favorable, 
with a high tumor-absorbed dose and a low parenchymal-absorbed dose. The 
manufacturer of the Surefire® (TriSalus Life Sciences, Westminster, CO, USA) 
anti-reflux catheter claims that this catheter can effectuate an improved T/N 
ratio by inducing a more homogeneous distribution of the microspheres. Due 
to the expandable tip, the laminar flow columns are disrupted and a turbulent 
particle flow pattern is induced (93). Also, due to the expandable tip, a decrease 
in blood pressure in the downstream vascular territory can be observed, 
which would lead to a higher infusion efficiency with higher tumor deposition 
compared with surrounding healthy liver tissue (94, 95).

In a retrospective study of 88 hepatocellular carcinoma patients, the use of 
a standard end-hole catheter versus an anti-reflux catheter in transarterial 
chemoembolization was investigated. Explant analysis showed a higher T/N 
ratio with the use of an anti-reflux catheter (89% versus 55% intra-tumoral 
microsphere deposition) and a higher percentage tumor necrosis in the anti-
reflux catheter group (89.0% versus 56.1%) (96). In our study, the SIM study, we 
did not find a significant difference in tumor to non-tumor activity concentration 
ratio. Moreover, these innovative catheters were not easy to use, since they 
often induced vasospasm. Hence, we cannot recommend the use of this type 
of anti-reflux catheters to increase T/N ratios. It may be different however, for 
balloon-catheters such as the Occlusafe® (Terumo). This type of catheter fully 
occludes the vascular lumen, possibly leading to a reversal of flow towards the 
tumors in the peripheral vasculature due to the downstream hypotension.

Besides anti-reflux catheters, T/N ratios may also be improved pharmacologically, 
for instance by using angiotensin II. Tumor vessels are not well developed, with 
an immature smooth muscle compartment of the vessel wall and immature 
neurovascular innervation. Therefore, they do not respond to the infusion of a 
vasoconstrictive agent, whereas the vasculature of the healthy liver tissue does. 
This leads to an increase in preferential blood flow to the tumors, increasing 
the T/N ratio (97).

10
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How should response to treatment be evaluated?

First of all, there is a difference in response evaluation between medical 
products (i.e. pharmaceuticals) and medical devices. In patients with liver-
dominant disease with a few enlarged lymph nodes, chemotherapy will have 
an effect on both the liver and on the lymph nodes. On the contrary, a medical 
device such as radioactive microspheres, is implanted in an organ and only has 
a local effect. In the case of radioembolization, this effect is on the liver lesions 
only. In the case of response evaluation on a whole-body level, patients who 
have complete response in the liver but growth of extrahepatic metastases 
may still be categorized as having progressive disease (98). In such cases, it 
may seem that treatment with radioembolization is ineffective, while it actually 
worked very well.

Secondly, the efficacy of treatment can be measured in many ways: not only 
as local response, but also as progression-free survival (PFS) or overall survival 
(OS). In the case of patients with colorectal cancer metastases who are treated 
in the first line, PFS is a better endpoint than OS since patients often receive 
multiple subsequent lines of treatment. OS can still be used, but in that case, 
the efficacy of the combination of treatments that patients receive should be 
evaluated.

There are several measures for response evaluation as a surrogate endpoint. 
The two most commonly used response metrics in the field of radioembolization 
are the Response Evaluation Criteria In Solid Tumors (RECIST) version 1.1 (98), 
and the Positron Emission Tomography Response Criteria In Solid Tumors 
(PERCIST) (99). RECIST is based on anatomical response, whereas PERCIST 
is based on metabolic response. In both metrics, response is categorized in 
complete response (CR), partial response (PR), stable disease (SD) or progressive 
disease (PD). A drawback of both methods, however, is that the definition of 
stable disease allows for a minor shrinkage or a minor growth of tumors, which 
may oversimplify the process (100). Another drawback of these methods is that 
target lesions (one per organ for PERCIST, a maximum of two per organ for 
RECIST 1.1) need to be defined. This is not always easy, because patients can 
have disseminated disease with confluent tumors. In the case of PET, if there 
is only one connecting voxel between two lesions, they may appear as one 
confluent lesion, rendering separate evaluation difficult. Furthermore, target 
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lesions may be fused at follow-up evaluation. Both anatomical and metabolic 
response-rates have been related to OS. Yet, agreement between both 
methods is often lacking, with metabolic response generally overestimating 
anatomic response (101), as was also seen in our dose-response study. For 
radioembolization, metabolic response is believed to be the best assessment 
method, as this is not hampered by the presence of necrosis, cystic changes 
and hemorrhage, which can be the case with size evaluation (102).

An alternative, more individualized approach to response evaluation is depth 
of response (DpR). This indicates the maximum tumor shrinkage observed in 
a patient, compared with baseline. The extent of tumor response is quantified 
and it is a continuous measure that can also become negative (in case of 
tumor growth). It can be based on tumor volume or size (100). In retrospective 
and prospective studies on systemic therapy for mCRC patients, DpR was 
significantly associated with post-progression survival (PPS) and OS (100, 
103, 104). In theory, DpR could also be used for response evaluation after 
radioembolization. However, the largest reduction in tumor size or volume is 
generally observed after first-line treatment. Therefore, its use may be optimal 
when radioembolization is performed in a first-line setting.

Although response to treatment obviously is of paramount importance, so is 
the development of quality of life. As patients receiving radioembolization are 
generally in a palliative stage, quality of life is extremely important. Treatment 
selection should be based on expected gain in survival AND adverse event 
profile. In our review on studies reporting quality of life after treatment with 
radioembolization, most included studies reported no significant change in 
quality of life (105). Our own study results are compliant with this finding: 
although there was a decline in quality of life after one week, overall, quality 
of life was not significantly affected over time (105). Based on these findings in 
palliative patients, the impact of radioembolization on quality of life is limited. 
The impact of radioembolization in addition to chemotherapy was investigated 
in the first line setting as well. In the SIRFLOX, FOXFIRE and FOXFIRE-Global 
studies, quality of life was assessed at baseline, three months, six months, 
12 months and 24 months. In the patient group that was treated with both 
radioembolization and chemotherapy, quality of life was significantly lower 
compared with the chemotherapy group at three months post-treatment. After 
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three months, there were no significant differences. Between baseline and 
three months post-treatment, patients in the combination group experienced 
more symptoms of fatigue and appetite loss, but fewer symptoms of sore 
mouth/tongue and diarrhea. Therefore, the worse quality of life scores were 
not deemed clinically relevant (106).

In conclusion, radioembolization for the treatment of colorectal liver metastases 
is safe, with limited side effects, usually of short duration, and it is effective, 
with improved overall survival rates shown in multiple studies. However, its true 
potential can only be shown in properly selected patients, using a personalized 
treatment approach. In the future, robust selection criteria and personalized 
activity planning should be implemented.
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Chapter 11

This thesis describes the application of holmium-166 (166Ho) radioembolization 
for patients with hepatic metastases of colorectal carcinoma (mCRC patients). 
The chapters describe different treatment-related aspects that can be used 
for individualized treatment. Chapter 3 describes the quality of life, which is 
especially important in elderly people in a salvage setting. Chapter 4 describes 
the benefits and drawbacks of a one-day treatment strategy, that could be 
beneficial for selected patients. Chapter 5 describes the types of response 
and the influence of several baseline characteristics on response. This could 
be used for patient selection. Chapters 6 and 7 describe the dose-response 
relation, which is of vital importance in individualized treatment planning and 
activity calculation. Chapters 8 and 9, finally, describe the effect of procedure-
related interventions: the use of coil-embolization and the use of an anti-reflux 
catheter.
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FIGURE 1. Work-up procedure for radioembolization in the angiography suite.

In chapter 2, the basic aspects of radioembolization are covered: the indications, 
the different types of microspheres that can be used, the methods for activity 
calculation, the work-up procedure, the common adverse events and response 
after treatment. 11
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FIGURE 2. Quality of life in patients treated with 166Ho-radioembolization. GHS – Global 

Health Status (a score of 100 indicates excellent quality of life)

Chapter 3 describes the quality of life in 50 patients treated with 166Ho-
radioembolization. Two questionnaires, the EORTC QLQ-C30 and the QLQ-
LMC21 were used to evaluate quality of life at baseline, 1 week, 6 weeks and 
at 6, 9 and 12 months after treatment. The questionnaires comprised of many 
different aspects, such as symptoms (e.g. pain, nausea, fatigue) and functioning 
scales (e.g. physical functioning, social functioning). The global health status 
was a general indicator of the quality of life. Quality of life was not significantly 
affected over time. However, in almost all scales, a decline in quality of life 
and a rise of symptomatology was seen at one week after treatment. This 
is most likely due to the post-embolization syndrome, which occurs shortly 
after treatment and is self-limiting (which explains the normalization after one 
month).
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FIGURE 3. Timeline. Fifty-two patients of this study underwent two simulation 

procedures, one with administration of 99mTc-MAA and one with 166Ho-scout, as per 

protocol of the HEPAR I and HEPAR II studies. Fifty-three patients underwent one 

simulation procedure with administration of 166Ho-scout. After administration of 166Ho-

scout and the 166Ho-treatment dose, 166Ho-SPECT/CT images were made to assess the 

absorbed dose distribution.

In chapter 4, the safety and feasibility of a one-day treatment protocol for 
166Ho-radioembolization was evaluated. It was shown that a large percentage of 
patients (12%) was excluded from treatment based on findings of the simulation 
procedures. In another 12% of patients, treatment had to be adjusted. The 
main reasons for this were extrahepatic deposition of activity, vascular anatomy 
and suboptimal targeting (the activity distribution within the liver: in the 
tumors versus the healthy liver parenchyma). Another drawback of this one-
day procedure was that many patients (27%) complained of back pain, which 
was likely due to the long duration of laying supine, inherent to the one-day 
protocol. Based on these results, a one-day treatment approach should only 
be considered in a select patient population.

11
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FIGURE 4. Mode of progression of the entire cohort (90 patients) (a) and specific for 

patients with extrahepatic disease at baseline (42 patients) (b).

In chapter 5, the mode of progression at three months after treatment 
with 166Ho or 90Y-radioembolization was assessed according to RECIST 1.1. A 
distinction was made between progression based on growth of existing intra- 
or extrahepatic metastases and the development of new intra- or extrahepatic 
metastases. In 90 included patients, 69 (77%) had progressive disease, of which 
97% had new metastases. Patients with extrahepatic disease at baseline had 
a worse prognosis than patients without extrahepatic disease; with an odds 
ratio of 7.8 for progressive disease and a median 3.5 months shorter overall 
survival.
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FIGURE 5. Graphical representation of the metabolic response versus absorbed dose 

of each individual tumor. A decrease in TLG is associated with a higher dose. The vertical 

dashed line indicates the cut-off value for TLG change, below which metabolic response 

is defined is complete response or partial response and above which response is 

defined as either stable disease or progressive disease. Shaded area indicates 95% CI 

of the regression line.

Chapter 6 is the first of two dose-response studies in 166Ho-radioembolization. 
In a cohort of patients with various primary tumors, the relation between dose 
and response was assessed. In 36 patients, metabolic response (based on 
changes in total lesion glycolysis (TLG) on baseline and follow-up [18F]-FDG 
PET/CT) was determined and categorized into complete response (CR), partial 
response (PR), stable disease (STBD) or progressive disease (PD). The absorbed 
doses in the tumors were determined on the post-treatment 166Ho-SPECT/
CT. In the analyses, it was taken into account that the majority of patients had 
multiple lesions. Analyses were done at both patient- and tumor-level. At both 
levels, a significant dose-response relationship was established. Also, patients 
with response (CR or PR) had a significantly longer overall survival than patients 
without response (median 19 months versus 7.5 months).

11
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FIGURE 6. Relationship between mean tumor-absorbed dose per patient and metabolic 

response to treatment at three-months follow-up. The bullets show the mean tumor-

absorbed dose per patient. Black vertical lines are the 95%CIs of the mean doses per 

response category (complete- or partial response CRPR, stable disease SD, progressive 

disease PD), with the white dot in the middle indicating the mean tumor-absorbed dose 

per response category.

In chapter 7, the dose-response relation in 166Ho-radioembolization was further 
analyzed in a homogeneous cohort of 40 mCRC patients. Also, the dose-toxicity 
relation was explored using the parenchymal-absorbed dose and clinical and 
laboratory toxicity based on the CTCAE grading system. Again, a significant 
dose-response relationship was established at both patient- and tumor-level. 
Using a threshold of 100% sensitivity (meaning that below this dose, no patient 
had response), a mean tumor-absorbed dose of 90 Gy was identified. This 
could be used for future treatment planning. Also, a dose-toxicity relation was 
found: patients with a higher parenchymal-absorbed dose had more toxicity 
(Figure 7).
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FIGURE 7. Association between change in laboratory parameters and parenchymal 

absorbed dose. The red lines are the regression lines, with the 95%CIs indicated as 

the surrounding grey areas. 11

Caren_Proefschrift.indd   299Caren_Proefschrift.indd   299 19/10/2020   10:28:5619/10/2020   10:28:56



300

Chapter 11

FIGURE 8. Visual representation of the proportion of successful redistribution cases in 

both the quantitative and the visual analysis. A. In the quantitative analysis, success rate 

was determined based on cutoff values representing activity concentration differences 

of 10%, 20%, and 30%. B. Bar chart of the averages in tumor and segment activity ratios 

for patients treated on the same day after coil embolization versus patients treated 

after a >24-h interval.
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In chapter 8, the effect of coil-embolization of tumor-feeding arteries to 
obtain intrahepatic redistribution was assessed in 37 patients. This was done 
both qualitatively and quantitatively, using a visual scale and using the ratio 
of the activity distribution in the coil-embolized segments/tumors versus 
the other segments/tumors. In the qualitative analysis, redistribution was 
deemed successful in 69% of cases. The median activity concentration ratio 
was 0.88 (range 0.26-2.05) for segments and 0.80 (range 0.19-162) for tumors. 
Different cutoff values (see figure 8A) were used to determine the percentage 
of successful cases. For example, using a cutoff value of 0.8 (20% lower activity 
concentration in the coil-embolized segments than in the other segments), the 
success rate was 43%. Based on these results, it is recommended to use the 
redistribution technique only when deemed absolutely necessary.

11
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FIGURE 9. Intention-to-treat analyses of effect of anti-reflux catheter on T/N activity 

concentration ratio (a), mean tumor-absorbed dose (b), mean parenchymal-absorbed 

dose (c) and infusion efficiency (d).

Chapter 9 describes the results of the SIM study, in which the effect of an anti-
reflux catheter on tumor- to non-tumor activity concentration ratio, tumor-
absorbed dose, parenchymal-absorbed dose and infusion efficiency was 
investigated. Twenty-one mCRC patients were treated in this study. The use 
of the Surefire anti-reflux catheter did not lead to improved tumor targeting 
(median tumor to non-tumor activity concentration ratio 3.2 versus 3.6 with 
a standard microcatheter), nor did it lead to improved infusion efficiency 
(0.04% vs. 0.03% residual activity for the standard microcatheter and anti-
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reflux catheter, respectively). Therefore, we do not recommend the use of 
the Surefire anti-reflux catheter to improve tumor targeting in patients with 
colorectal metastases.

11
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Chapter 12

Dit proefschrift beschrijft de behandeling van patiënten met hepatogeen 
gemetastaseerd colorectaalcarcinoom met holmium-166 (166Ho) 
radioembolisatie. De hoofdstukken behandelen verschillende aspecten 
van deze therapie, die gebruikt kunnen worden voor een gepersonaliseerd 
behandelplan. Hoofdstuk 3 beschrijft de kwaliteit van leven; dit is met name 
belangrijk bij oudere patiënten in een palliatief stadium. Hoofdstuk 4 behandelt 
de voor- en nadelen van behandeling met radioembolisatie op 1 dag. Hoofdstuk 
5 gaat over de verschillende soorten respons na radioembolisatie die op 
kunnen treden en over welke factoren hierop van invloed zijn. Hoofdstukken 
6 en 7 beschrijven de relatie tussen dosis en respons: dit is met name belangrijk 
bij het opstellen van een behandelplan, waarbij de benodigde hoeveelheid 
radioactiviteit berekend wordt. Hoofdstukken 8 en 9 gaan over twee 
behandelprocedure-gerelateerde aspecten: het gebruik van coil-embolisatie 
en het gebruik van een anti-reflux katheter.
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FIGUUR 1. Voorbereidingsprocedure in de angiokamer voorafgaand aan behandeling 

met radioembolisatie.

Hoofdstuk 2 is een uitgebreide samenvatting van de belangrijkste aspecten 
van radioembolisatie: de indicaties voor behandeling, de verschillende typen 
microsferen die gebruikt kunnen worden, de methoden om de radioactiviteit te 
berekenen, de voorbereidingsprocedure, de meest voorkomende bijwerkingen 
van de behandeling en de respons na behandeling. 12
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FIGUUR 2. Kwaliteit van leven van patiënten die behandeld zijn met 166Ho-

radioembolisatie. GHS – Global Health Status; globale indicatie van de gezondheid 

(een score van 100 betekent een uitstekende kwaliteit van leven).

Hoofdstuk 3 beschrijft de kwaliteit van leven van 50 patiënten die behandeld zijn 
met 166Ho-radioembolisatie. De kwaliteit van leven werd geëvalueerd middels twee 
vragenlijsten: de EORTC QLQ-C30 en de QLQ-LMC21. Deze werden afgenomen bij 
baseline en vervolgens 1 week, 6 weken, 3, 6, 9 en 12 maanden na behandeling. De 
vragenlijsten bestaan uit verschillende aspecten, zoals symptomen (bijvoorbeeld 
pijn, misselijkheid, moeheid) en functioneren (bijvoorbeeld fysiek en sociaal 
functioneren). De global health status (GHS) was een globale indicatie van de 
gezondheid en daarmee de kwaliteit van leven. Uit de evaluatie van de vragenlijsten 
bleek dat de kwaliteit van leven van deze 50 patiënten niet significant veranderde 
na behandeling met radioembolisatie. Echter, 1 week na behandeling werd een 
toename in symptomen en een afname van de kwaliteit van leven gezien, wat daarna 
weer normaliseerde. Dit berust waarschijnlijk op het post-embolisatiesyndroom, 
dat kort na behandeling ontstaat en vanzelf weer overgaat.
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FIGUUR 3. Tijdlijn. Tweeënvijftig patiënten van deze studie ondergingen twee 

voorbereidingsprocedures; bij de een werd 99mTc-MAA toegediend en bij de ander 
166Ho-scout, volgens het protocol van de HEPAR I en II studies. Drieënvijftig patiënten 

ondergingen alleen een voorbereidingsprocedure met toediening van 166Ho-scout. 

Na toediening van 166Ho-scout en de therapeutische dosis 166Ho, werd beeldvorming 

gedaan middels 166Ho-SPECT/CT om de verdeling van de activiteit te onderzoeken.

In hoofdstuk 4 worden de veiligheid en haalbaarheid van een eendaags 
behandelprotocol voor 166Ho-radioembolisatie onderzocht. Twaalf procent 
van de patiënten werd uitgesloten van behandeling op basis van bevindingen 
van de voorbereidingsprocedure. Bij nog eens 12% van de patiënten 
werd het behandelplan aangepast op basis van de bevindingen van de 
voorbereidingsprocedure. De belangrijkste redenen voor exclusie of aanpassing 
waren extrahepatische depositie van activiteit, de vasculaire anatomie en een 
suboptimale verdeling van de activiteit (de verdeling van de activiteit binnen 
de lever, in de tumoren versus het gezonde leverweefsel). Een groot deel van 
de patiënten (27%) had last van rugpijn na het eendaagse behandelprotocol; 
waarschijnlijk door de lange liggingsduur. Op basis van deze resultaten wordt 
behandeling met 166Ho-radioembolisatie op 1 dag alleen aangeraden voor een 
selecte groep patiënten.

12
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FIGUUR 4. Type progressie van het hele studiecohort (90 patiënten) (a) en specifiek 

voor patiënten met extrahepatische ziekte bij baseline (b).

In hoofdstuk 5 werd het type progressie 3 maanden na behandeling met 
radioembolisatie (met 166Ho of 90Y) bepaald volgens RECIST 1.1. Er werd 
onderscheid gemaakt tussen progressie op basis van groei van bestaande intra- 
of extrahepatische metastasen en progressie op basis van nieuw ontstane 
intra- of extrahepatische metastasen. Van de 90 patiënten uit het studiecohort 
hadden 69 patiënten (77%) progressieve ziekte 3 maanden na behandeling. 
De overgrote meerderheid (97%) van hen had nieuwe metastasen. Patiënten 
met extrahepatische ziekte bij baseline hadden een slechtere prognose dan 
patiënten zonder extrahepatische ziekte: de mediane overleving was 3.5 
maanden korter en de kans op progressieve ziekte was bijna 8 keer hoger.
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FIGUUR 5. Weergave van de relatie tussen dosis en metabole respons op tumorniveau. 

Een afname in total lesion glycolysis (TLG) is geassocieerd met een hogere tumordosis. 

De verticale stippellijn geeft de afkapwaarde voor verandering in TLG weer: links van 

deze lijn is er sprake van metabole respons (complete of partiele respons) en rechts 

van deze lijn is er progressie (stabiele ziekte of progressieve ziekte). Het grijze gebied 

rondom de regressielijn geeft het 95% betrouwbaarheidsinterval weer.

Hoofdstuk 6 is de eerste van twee dosis-respons studies bij 166Ho-
radioembolisatie. De relatie tussen dosis en metabole respons werd 
onderzocht bij 36 patiënten met levermetastasen van verschillende primaire 
tumoren. Op basis van de verandering in total lesion glycolysis (TLG, een maat 
voor de activiteit en het volume van een tumor) op [18F]-FDG PET/CT voor 
en na behandeling werd de metabole respons beoordeeld. De respons werd 
onderverdeeld in 4 categorieën: complete respons, partiele respons, stabiele 
ziekte of progressieve ziekte. De dosis werd bepaald op basis van de verdeling 
van de activiteit op de 166Ho-SPECT/CT na behandeling. Zowel op patiënt- als op 
tumorniveau werd een significante relatie tussen dosis en respons gevonden. 
Daarnaast hadden patiënten met complete of partiele respons een significant 
langere overleving dan patiënten zonder respons (mediane overleving 19 
maanden versus 7.5 maanden).

12
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FIGUUR 6. Relatie tussen de metabole respons 3 maanden na behandeling en de 

gemiddelde tumordosis per patiënt. De rode bollen tonen de gemiddelde tumordosis 

per patiënt. De zwarte verticale lijnen met de witte stip in het midden tonen de 

gemiddelde dosis (met 95% betrouwbaarheidsinterval) per responscategorie, met de 

volgende categorieën: PD=progressieve ziekte, SD=stabiele ziekte en CRPR = complete 

respons of partiele respons.

In hoofdstuk 7 wordt verder ingegaan op de dosis-respons relatie bij 166Ho-
radioembolisatie, specifiek bij patiënten (n=40) met levermetastasen van 
colorectaalcarcinoom. Daarnaast werd gekeken naar de relatie tussen de dosis 
op het gezonde leverweefsel en de toxiciteit (zowel aan de hand van verandering 
in labwaarden als klinische toxiciteit op basis van symptomen). Opnieuw werd 
een significante dosis-respons relatie vastgesteld. Een drempelwaarde van 
90 Gy als gemiddelde tumordosis werd vastgesteld. Dit kan gebruikt worden 
als richtlijn bij het maken van een behandelplan voor toekomstige patiënten. 
Daarnaast werd een relatie gevonden tussen de dosis op het gezonde 
leverweefsel en de toxiciteit: patiënten met een hogere leverdosis hadden meer 
toxiciteit (zie ook figuur 7).
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FIGUUR 7. Associatie tussen de verandering in labwaarden en de dosis op het 

gezonde leverweefsel. De rode lijnen zijn de regressielijnen, met de bijbehorende 95% 

betrouwbaarheidsintervallen getoond in grijs eromheen.

12
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FIGUUR 8. Visuele weergave van het percentage succesvolle redistributie casus; 

zowel in de kwantitatieve (op tumor- en segmentniveau) als de kwalitatieve analyses. 

A. In de kwantitatieve analyses werd het succespercentage beoordeeld op basis van 

verschillende afkapwaarden voor succes: een verschil in activiteit van 10%, 20% of 30% 

tussen de gebieden die wel/niet afhankelijk waren van redistributie. B. Staafdiagram 

van de gemiddelde activiteitsratio op tumor- en segmentniveau, weergegeven voor 

patiënten die op dezelfde dag werden behandeld en voor patiënten waarbij er >24u 

tijdsverschil was tussen coil-embolisatie en behandeling.
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Hoofdstuk 8 beschrijft het effect van coil-embolisatie van tumorvoedende 
arteriën met als doel intrahepatische redistributie te bewerkstelligen. Dit 
is zowel kwalitatief als kwantitatief onderzocht in 37 patienten: hierbij werd 
zowel een visuele schaal gebruikt als de activiteitsratio tussen de segmenten 
en tumoren die afhankelijk waren van redistributie na coil-embolisatie en de 
segmenten en tumoren die dat niet waren. In de kwalitatieve analyses werd 
redistributie in 70% van de casus succesvol geacht. De mediane activiteitsratio 
was 0.88 voor segmenten en 0.80 voor tumoren. Verschillende afkwapwaarden 
werden gebruikt om het percentage succesvolle casus te berekenen (zie figuur 
8). Bijvoorbeeld bij een afkapwaarde van 0.8 (dus 20% minder activiteit in het 
leverweefsel dat afhankelijk was van redistributie) was het succespercentage 
43%. Op basis van deze resultaten wordt aangeraden om het gebruik van coil-
embolisatie om redistributie te bewerkstelligen alleen te gebruiken indien 
noodzakelijk.

12
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FIGUUR 9. Analyses van het effect van de anti-reflux katheter op de ratio in 

activiteitsconcentratie tussen tumor- en niet-tumorweefsel (a), de gemiddelde 

tumordosis (b), de gemiddelde parenchymdosis (c) en de infusie efficiëntie.

Hoofdstuk 9 beschrijf de resultaten van de SIM studie. In de SIM studie werd 
het effect van een anti-reflux katheter op de verdeling van activiteit in de lever 
onderzocht. In deze studie werden 21 patiënten met levermetastasen van 
colorectaalcarcinoom behandeld. Het gebruik van de anti-reflux katheter leidde 
niet tot een betere tumor targeting (hogere dosis in de tumoren versus het 
gezonde leverweefsel) of tot een betere infusie van activiteit. Vanwege deze 
bevindingen wordt het gebruik van een Surefire anti-reflux katheter met als 
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doel het verbeteren van de tumor targeting bij patiënten met levermetastasen 
van colorectaalcarcinoom afgeraden.

12
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DANKWOORD 

Allereerst wil ik graag alle proefpersonen en hun familieleden bedanken 
voor het vertrouwen in ons team. Zonder u was dit onderzoek niet mogelijk 
geweest.

Prof. dr. Lam, beste Marnix, ontzettend bedankt voor je steun en vertrouwen 
de afgelopen jaren! Als ik mijn promotie weleens somber in zag, wist je me 
altijd op te beuren met je immer positieve blik. Je was laagdrempelig bereikbaar 
voor werk-gerelateerde vragen. Wat ik ook enorm waardeer is hoe positief je 
reageerde op mijn zwangerschap en dat je zei dat een gezin zo belangrijk is! 
Ik weet ook nog goed dat je zei dat het wel 6 maanden duurt voordat je weer 
helemaal ‘normaal’ functioneert na het krijgen van een kindje. Voor de bevalling 
dacht ik: welnee, dat doe ik even, hup, ik ben er zo weer. Maar je had gelijk ;-) 
Heel erg bedankt voor de fijne samenwerking!

Prof. dr. van den Bosch, dank dat u direct uw vertrouwen in mijn kunnen uitsprak 
door mij na mijn coschap Radiologie aan te nemen voor deze onderzoekspositie. 
U vertrouwde erop dat ik ook na een aantal jaar onderzoek de radiologie nog 
leuk zou vinden, wat gelukkig ook zeker zo is!

Dr. Smits, beste Maarten, dankjewel voor je altijd zeer snelle, grondige en 
waardevolle feedback! Zo fijn dat je de tijd nam om samen stukken door te 
nemen. Ik bewonder je gedrevenheid en inzet enorm en ik heb heel veel van 
je geleerd! Leuk dat we elkaar nu weer zien op de werkvloer. Ik waardeer heel 
erg hoe je me (ook nu nog) begeleidt.

Dr. Braat, beste Arthur, wat fijn dat je er altijd was om ons te helpen en op te 
beuren. Met al onze vragen konden we bij je terecht. Je doorzettingsvermogen 
en altijd goede humeur zijn een voorbeeld!

Lieve Margot, wat heb ik ervan genoten om met je samen te werken! We 
gingen steeds samen op, deelden al veel ervaringen op werk en na onze 
zwangerschappen deelden we ook veel baby-vreugde  Ik heb heel veel van 
je geleerd, qua werk maar ook van hoe je in het leven staat. Ik ben heel blij dat 
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we elkaar hebben leren kennen en hoop je nog veel te blijven zien. Je bent een 
heel lieve vriendin! Ontzettend bedankt voor alles!

Ha Frans! Wat was het gezellig met jou op de kamer! Je was altijd de rustig 
aanwezige, stabiele factor, en vaak ook de redder in nood met altijd goede tips 
qua statistiek. Heel veel succes bij de neurologie, ik ben ervan overtuigd dat je 
een even goede neuroloog zult worden als dat je onderzoeker was!

Remco Bastiaannet, we hebben veel samengewerkt, jouw technische kennis 
en mijn klinische blik vulden elkaar mooi aan. Bedankt voor al je hulp bij onze 
projecten! En ik hoop dat je een heel goede tijd zult hebben in de VS.

Collega’s van het trialbureau, Saskia, Tjitske, Shanta, Ramona en Cees: waar 
was ik geweest zonder jullie. Saskia, al snel nadat ik begonnen was, kwam er 
monitorvisite van de SIM studie. Ik had geen idee wat te doen, zonder jou was 
het nooit goed gekomen. Allen heel erg bedankt voor al jullie hulp de afgelopen 
jaren!

Radioembolisatie team: Rutger Bruijnen, Bart de Keizer, verpleegkundigen, 
laboranten: bedankt voor jullie hulp bij de SIM studie! Heel fijn dat jullie altijd 
zo jullie best deden voor zowel de patiënten als de studie. En het was altijd 
gezellig om op de angiokamer te zijn!

Christiaan van Kesteren, ontzettend bedankt voor al je hulp met het maken 
van figuren! Je hebt veel mooie figuren gemaakt, fijn dat je ook vaak op korte 
termijn wilde helpen.

Dr. Elias, beste Sjoerd, zo fijn hoe je me geholpen hebt met mijn projecten en 
de epidemiologie master! Ondanks je enorm drukke bestaan heb je steeds tijd 
voor me gemaakt en gaf je altijd nuttige tips en feedback. Het was fijn om met 
je samen te werken, ik vond het ook leuk om je te spreken!

Dr. Lock, met u en dr. Viddeleer is het onderzoek doen ooit allemaal begonnen! 
Dank voor uw wijze lessen, leuke verhalen en hulp! En voor uw nimmer aflatende 
aanmoedigingen en vertrouwen.
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Beste collega’s van het stafsecretariaat: jullie ook heel erg bedankt voor jullie 
hulp de afgelopen jaren, vooral aan het begin met alles wat geregeld moest 
worden in mijn opstartfase als zeker ook nu, Carin, met alle afrondende 
zaken!

Lieve (ex-) collega’s: Annemarie, Wieke, Josanne, Suzanne, Bianca, Wouter, Jonas, 
Ahmed, Esmee, Justine, Liselore, Sander, Ludwike, Marilot, Mimount, Carlo, 
Floor, Marcia, Sarah, Martina en Nienke: bedankt voor de gezelligheid van de 
afgelopen jaren, de gezamenlijke etentjes, lunchwandelingen, hulp, adviezen 
en spontane gezelligheid op onze kamer (met dank aan de snoeppot ;-)): ik zal 
jullie missen!

Lieve huidige collega’s, bedankt dat jullie me zo fijn opgenomen hebben in 
jullie groep. Ik voelde me meteen welkom en waardeer het dat ik altijd met mijn 
vragen bij jullie terecht kan.

Leden van de beoordelingscommissie, prof. dr. Borel Rinkes, prof. dr. Van 
Delden, prof. dr. Goldschmeding, prof. dr. Kranenburg en prof. dr. De Jong, ik ben 
u dankbaar dat u de tijd heeft genomen om mijn proefschrift te beoordelen.

Lieve vriendinnen: Alida, Corine, Doena, Eline, Hanneke, Helma, Jola, Jolien, 
Josine, Martina, Mieke, Rieneke en Theodora, dank voor jullie gezelschap de 
afgelopen jaren! En voor jullie begrip als ik weinig tijd had. Ik ben heel blij met 
onze vriendschap en ik hoop dat we elkaar nog veel zullen blijven zien, ook nu 
we allemaal steeds meer ons eigen leven (soms heel ver van elkaar) leiden!

Hannah, lief zusje, ik ben zo blij dat we het zo leuk hebben samen! Het is altijd 
fijn om bij je te zijn en je bent zo lief en leuk! Ik ben heel trots op je!

Lieve papa en mama, ik ben zo dankbaar voor jullie. Jullie staan altijd voor ons 
klaar en helpen ons zoveel! Mama, het is zo fijn dat ik altijd bij je terecht kan, met 
alle grote en kleine zorgen. Bedankt ook dat je steeds zoveel oppast, Juliette 
en jij zijn dol op elkaar; het is heel fijn om haar bij jou achter te kunnen laten! 
Ik ben heel blij met ons gezin en ik ben heel trots op jullie! Ook op jullie Rens 
en Derk, beste broeders :-)
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Jan Willem, liefste man. Bedankt voor al je geduld en hulp in de afgelopen jaren. 
Ik ben heel gelukkig met je! En ik vind dat je een fantastische vader bent voor 
onze prachtige dochter Juliette. Samen zijn we zo’n fijn gezin, ik hoop dat we 
dat in de komende jaren, met alle veranderingen door de opleiding etc., zullen 
blijven! En ik zie uit naar de komst van ons tweede kindje!

Bovenal dank aan God, Schepper en Onderhouder van het leven.
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Addenda

BIOGRAPHY 

Caren van Roekel was born in 
Tiel on October 21st, 1990. After 
graduating from Van Lodenstein 
Col lege (Amers foor t ,  The 
Netherlands), she studied French 
languages and culture for one year.

Afterwards, she studied Medicine 
at Utrecht University. In October 
2016, she started her PhD with the 
subject of radioembolization with 
holmium microspheres for patients 
with colorectal cancer metastases 
under the supervision of prof. dr. Marnix Lam and dr. Maarten Smits. She also 
finished her post-graduate master Epidemiology. In April 2020, she started as 
a resident in Radiology at the University Medical Center Utrecht.
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