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Abstract

Background High dose unilobar radioembolization (also termed radiation lobectomy’)—the transarterial unilobar
infusion of radioactive microspheres as a means of controlling tumour growth while concomitantly inducing future
liver remnant hypertrophy—nhas recently gained interest as induction strategy for surgical resection. Prospective stud-
ies on the safety and efficacy of the unilobar radioembolization-surgery treatment algorithm are lacking. The RALLY
study aims to assess the safety and toxicity profile of holmium-166 unilobar radioembolization in patients with hepa-
tocellular carcinoma ineligible for surgery due to insufficiency of the future liver remnant.

Methods The RALLY study is a multicenter, interventional, non-randomized, open-label, non-comparative safety
study. Patients with hepatocellular carcinoma who are considered ineligible for surgery due to insufficiency

of the future liver remnant (< 2.7%/min/m? on hepatobiliary iminodiacetic acid scan will be included. A classical 3+3
dose escalation model will be used, enrolling three to six patients in each cohort. The primary objective is to deter-
mine the maximum tolerated treated non-tumourous liver-absorbed dose (cohorts of 50, 60, 70 and 80 Gy). Second-
ary objectives are to evaluate dose-response relationships, to establish the safety and feasibility of surgical resection
following unilobar radioembolization, to assess quality of life, and to generate a biobank.

Discussion This will be the first clinical study to assess the unilobar radioembolization-surgery treatment algorithm
and may serve as a stepping stone towards its implementation in routine clinical practice.

Trial registration Netherlands Trial Register NL8902, registered on 2020-09-15.
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Background

Hepatocellular carcinoma (HCC) is a frequent cause
of cancer death with limited treatment options [1].
Although surgical resection is the most important cura-
tive treatment for patients with HCC, it is feasible in only
a minority of cases, even when the disease is confined to
the liver [1, 2]. Resection is frequently precluded due to
insufficiency of the ‘future liver remnant’ (FLR), the part
that is to remain after resection. To increase the safety
of surgical resection, a common strategy is to preopera-
tively embolize the ipsilateral portal vein [3]. Contralat-
eral shunting of portal blood induces hypertrophy of the
FLR that allows safer partial hepatectomy [3]. However,
hypertrophy induction may fail especially in patients
with low FLR function [4]. In addition, portal vein embo-
lization does not confer tumour control, which is espe-
cially disadvantageous in patients with HCC given the
lack of effective neoadjuvant therapy. A number of stud-
ies have demonstrated accelerated progression of existing
tumours after portal vein embolization [5-10]. Therefore,
techniques to induce FLR growth that simultaneously
confer ipsilateral tumour control may benefit patients.

Radioembolization, an intrahepatic radiation treatment
for liver tumours, is a promising candidate technique.
Radioembolization involves intra-arterial infusion of
yttrium-90 (°°Y) (SIR-Spheres®, Sirtex or TheraSphere'",
Boston Scientific) or holmium-166 (***Ho) (Quirem-
Spheres®, Quirem Medical) loaded microspheres to
the liver. Patients who received unilobar treatment (i.e.,
to the right or left hepatic artery) were found to have
marked atrophy of the treated lobe and hypertrophy
of the non-irradiated lobe [11]. This response to radi-
oembolization has therefore also been coined ‘radiation
lobectomy, but we will use the term ‘unilobar radioem-
bolization’ throughout this paper.

It has been demonstrated that unilobar radioemboli-
zation (i) induces slower, but eventually similar or even
more pronounced FLR hypertrophy than portal vein
embolization; (ii) is safe; and (iii) allows for subsequent
resection [11-20]. Resection specimens obtained after
radioembolization reveal significant necrosis with com-
plete obliteration of the tumour in 30% of resected speci-
mens [13]. As such, unilobar radioembolization may
increase the likelihood of tumour-free resection margins,
especially in the case of tumours close to major bilio-
vascular structures. Unilobar radioembolization can be
used as a ‘test-of-time”: if new lesions are discovered dur-
ing the FLR hypertrophy phase—for example due to the
outgrowth of already existing micro metastases—this
prevents unnecessary surgery. Although all phases of the
unilobar radioembolization-surgery treatment modality
have been studied retrospectively, prospective studies are
still lacking.
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Currently available microspheres include *°Y and
186Ho-based microspheres. The characteristics of the
radionuclide *°Y limit its use as a scout dose to simulate
treatment, as it cannot be accurately visualized at low
activity. Therefore, the safety scout dose must consist of
surrogate particles (namely Technetium (99mTc) albumin
aggregated (*™Tc-MAA) that differ substantially from
%Y microspheres in size, number and shape, lowering
their validity as a predictor for microsphere distribution
[21]. The newly developed '**Ho microspheres have dis-
tinctive advantages over the existing *°Y microspheres
in terms of quantitative nuclear imaging. '®Ho can be
visualised on both SPECT/CT and MRI, which improves
estimation of lung shunting, intrahepatic distribution,
and assessment of therapeutic activity [22, 23]. As the
treated non-tumourous liver-absorbed dose seems to be
of importance in driving FLR response, accurate dosim-
etry is assumed to be a prerequisite for optimal safety and
efficacy in the unilobar radioembolization setting [18].

We previously showed that ®®Ho radioembolization,
with a projected average absorbed dose of up to 60 Gy
to the whole liver, was safe for patients with liver metas-
tases [24], and hepatocellular carcinoma [25]. However,
the optimal safety dose to the non-tumourous liver tissue
of the treated lobe for patients designated for unilobar
radioembolization has not been established. Such data
is especially important for patients with HCC, who often
have vulnerable livers due to chronic liver disease [1, 2].
In this dose escalation study, the safety and efficacy of
18Ho unilobar radioembolization will be investigated in
patients with hepatocellular carcinoma that are irresect-
able due to insufficiency of the FLR.

Methods/design

Aims and outcomes

The primary objective of this study is to establish the
maximum tolerated non-tumourous liver-absorbed dose
of %Ho microspheres in patients with HCC who receive
unilobar radioembolization as a bridge to resection. The
maximum tolerated dose is assessed in terms of the rate
of unacceptable dose-limiting toxicities (see paragraph
on Design). All grade 3 or higher toxicities (according to
the CTCAE version 5.0 criteria) that are possibly, prob-
ably or definitively related to unilobar radioembolization
are considered a dose-limiting toxicity. Exceptions to this
are expected adverse events: grade 3 or higher lympho-
penia and liver enzymes (AST/SGOT, ALT/SGPT, GGT,
ALP), as well as post-embolization syndrome. Toxici-
ties after unilobar radioembolization will be recorded at
6 weeks, 3, 4.5, 6 and 9 months, or up to three months
after surgery. Administration technique related adverse
events will not be regarded as dose-limiting toxicity.
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Secondary aims include establishing a dose—response
relationship between (i) the perfused/treated normal
liver-absorbed dose and the FLR response and (ii) the
tumour-absorbed dose and the tumour response, to map
the safety and feasibility of surgical resection of con-
verted patients, and to assess quality of life during the
study procedures. FLR response will be quantified using
MRI (volume of the FLR) and hepatobiliary iminodi-
acetic acid (HIDA) scan (function of the FLR). Tumour
response will be assessed using the mRECIST criteria
[26]. Dose-response relationships will be measured at
baseline and at every post-unilobar radioembolization
follow-up. The safety and feasibility of surgical resection
will be monitored through the Clavien-Dindo grading
system during the post-operative stay and at the follow-
up visit three months after surgery [27]. Quality of life of
patients will be assessed at every visit through question-
naires in the patient’s native language. EORTC QLQ C30,
EORTC QLQ HCC and BPI-SF questionnaires and man-
ual will be used for assessment and analysis respectively
[28-30].

As a last secondary aim, a biobank will be generated
of resected liver specimens and blood samples for future
analyses of therapy surviving cancer cells.

Design

The RALLY study is a multicenter, interventional, non-
randomized, open-label and non-comparative study. A
classical 3+3 dose escalation model with four cohorts
will be used, enrolling three patients in each cohort
(Fig. 1). The first cohort of patients will receive an amount
of radioactivity corresponding to a projected average
absorbed dose of 50 Gy to the treated non-tumourous
liver parenchyma. The non-tumourous liver-absorbed
dose is estimated by means of a '**Ho-microsphere scout

80 Gy
70 Gy

60 Gy

Dose cohort

50 Gy
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dose [31]. If none of the patients in the first cohort expe-
rience a dose-limiting toxicity, the non-tumourous liver
dose will be escalated to 60 Gy in a cohort of three new
patients. If one patient in a cohort experiences a dose-
limiting toxicity, the cohort is increased to six patients. If
two or more patients in a cohort develop a dose-limiting
toxicity, the maximal tolerable dose is reached and fur-
ther dose escalation will be ceased. Escalation will cease
if no dose-limiting toxicity is found in the 80 Gy cohort.
As such, a maximum of four cohorts will be recruited.
The last cohort will always consist of six patients to con-
firm safety.

Inclusion of patients in the next cohort will be per-
formed if (i) all patients have received the treatment dose
at least six weeks prior and (ii) the Data and Safety Moni-
toring Board (see Monitoring) has scrutinized the toxic-
ity data and gave permission to proceed.

Study population

All patients with HCC in whom upfront surgery is pre-
cluded because of insufficient function of the FLR will
be included. These are patients with HCC and preserved
liver function who have nodules larger than 2 segments,
and are not suitable candidates for radiofrequency abla-
tion or liver transplantation (for example in the case of
cirrhosis). Insufficient FLR function is defined as a HIDA
scan clearance of 1.5—2.7%/min/m? [32]. The complete
list of inclusion and exclusion criteria are detailed in Sup-
plementary Table S1. Patients will be identified in the
respective tumour boards and subsequently discussed
in an expert panel prior to inclusion. Informed consent
will be taken by trained personnel with a ‘good clinical
practice’ certification who have no treatment relationship
with the patient. Patients will be included in the Uni-
versity Medical Center Utrecht, Amsterdam University

N o0e
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Fig. 1 Dose escalation example. Green circles represent patients that did not experience a dose-limiting toxicity at a given dose. Red circles
represent patients that did experience a dose-limiting toxicity. The y-axis represents the dose to the non-tumourous liver tissue. In this example, two
patients in the 80 Gy cohort experienced a dose-limiting toxicity, meaning the maximal tolerable dose is found and set to 70 Gy (with 18 patients
included). The escalation will halt if no maximal tolerable dose is found after 80 Gy. Note that the last safe cohort will always include six patients
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Medical Center, Erasmus Medical Center (all in the
Netherlands) and Regina Elena National Cancer Institute

(Italy).

Intervention, study procedures and timeline

The medical device under investigation contains the radi-
onuclide holmium-166, marketed as QuiremSpheres®
and QuiremScout®. In contrast to *°Y, 'Ho emits both
gamma-radiation (81 keV) and high-energy (1.81 MeV)
beta-particles. The beta-particles are responsible for the
therapeutic effect of the device; the gamma-radiation
may be used for nuclear imaging purposes (i.e., SPECT/
CT). Patients will receive treatment to just one liver lobe
(i.e., the left or right branch of the hepatic artery, + the
segment IV artery).

The study exists of a screening visit, a scout dose, the
actual therapeutic dose, the post-unilobar radioemboli-
zation follow-up visits, the surgical resection (if patients
can proceed to surgery) and the post-surgery follow-up

Screen for
inclusion

l <4 weeks

Testdose
l +1-2 weeks

Treatment

l < 4 days

Post-
treatment
SPECT/CT

.

Follow-up
every
6 weeks*

FLR function
< 2.7 %/min/m?

Ineligible —
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visit. The participant’s timeline is summarized in Fig. 2.
Table 1 details the study procedures per visit.

Screening visit

After obtaining informed consent, a screening visit will
take place at the outpatient clinic. The study physician
checks in- and exclusion criteria and performs a physical
examination. Laboratory tests are taken (haematology,
coagulation profile and electrolytes, see Table 2). If not
already done so, baseline MRI and CT of the liver as well
as HIDA scans are performed and assessed for mRECIST
criteria and baseline FLR function respectively [26]. All
patients are asked to fill out quality of live questionnaires
at this and subsequent visits.

Scout and treatment procedures

Patients who fulfill the selection criteria at the screen-
ing visit will first receive a preparatory angiography and
scout dose within four weeks. During angiography, the

Exclusion

FLR function
> 2.7 %/min/m?

Hepatectomy

Evaluation
resectability

3 months

Last follow-up

Fig. 2 Study flowchart. Eligibility is assessed during the screening visit (patient and tumor characteristics) as well as the scout dose (lung shunting,
extrahepatic depositions, etc.). Patients will be considered included once they received the actual treatment dose. The post-treatment follow-up
visits serve to map toxicities, as well as to evaluate eligibility for resection. *The exact interval will be at 1.5, 3, 4.5, 6 and 9 months. The last follow-up
will be at 9 months following treatment (if not converted) or 3 months after hepatectomy
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Table 1 Study procedures

Procedures Screen Scout Treatment SPECT/CT Follow-up? S Post-S visit?
Informed consent E

In-/exclusion E E

Demographic data X

Physical exam, vital signs and clinical X E X X X X
performance status (ECOG)

EORTC QLQ C30, E E E E E E
HCC 18, BPI-SF

MRI/ CT liver X X© X¢ X¢
CT thorax

HBS X

Angiography E E¢

Scout dose E

Therapeutic dose E

SPECT/CT + contrast CT E E€

Laboratory examination X E X X X X
Monitoring of (S)AE's + E X X X X
concomitant med

Pregnancy test X

E=extra activity in study context, X =standard care, W =week, M=month, S=Surgery

@ Exact interval is at 1.5, 3, 4.5, 6 and 9 months. However, post-radioembolization follow up will be discontinued as soon as patients are eligible to undergo surgical
resection. °Three months following surgery. “MRI is standard. CT is performed if MRI is contraindicated. “Venogram when standard therapy (PVE) is performed. *Three

to four days after the therapeutic treatment, at separate visit in outpatient clinic

Table 2 Laboratory examination

Category Parameter

Haematology Leukocytes, erythrocytes, haemoglobin (Hb),
haematocrit (HCT), mean corpuscular volume
(MCV), mean corpuscular haemoglobin (MCH),
mean corpuscular haemoglobin concentration

(MCHCQ), and platelet count
INR, PT, APTT

Sodium, potassium, phosphate, creatinine, total
bilirubin, alkaline phosphatase, SGPT/ALT, SGOT/
AST, GGT, glucose, albumin, CRP, LDH, alpha-
fetoprotein

Coagulation profile
Serum chemistry

Total: max 10 ml

hepatic arterial vasculature is carefully assessed with
digital subtraction angiography and C-arm CT. One or
multiple injection positions are chosen that will cover
the intended liver volume whilst minimizing the chance
of activity deposition in non-target organs (e.g., intes-
tines, pancreas). In the unlikely event that a vessel poses
a threat to possible extrahepatic deposition of micro-
spheres, it will be coil-embolized.

Then, a scout dose of '*Ho-microspheres (i.e,. approxi-
mately three million microspheres; 250 MBq) will be
administered during the same procedure [30]. Because
the gamma-radiation of 1°*Ho is visible even at such

low activities, '®Ho-scout can be used to predict the
intrahepatic distribution of a therapeutic dose of '®*Ho-
microspheres. It can thus be used to estimate the activity
needed during the actual treatment to obtain the neces-
sary dose for the specific dose cohort the patient is in
(i.e. treated non-tumorous liver-absorbed dose).

After administration of the scout dose, the patient will
be transferred to the SPECT/CT and will be subjected
to scintigraphy to assess intrahepatic and extrahepatic
activity. Both planar imaging of the thorax and abdomen
will be performed, as well as SPECT/CT of the abdomen.
Images will be evaluated qualitatively and quantitatively.
The angiography, scout dose administration and SPECT/
CT are performed during a one-day visit.

The following formulas are used to calculate the activ-
ity needed during the actual treatment [33]:

(TNR * Mt) + MNTT

A=D
NTT ¥ ™15 9% (1 — LSF)

where A is the activity in GBq; Dnrr the desired dose to
the ipsilateral non-tumourous liver tissue (NTT) (i.e.,
50 Gy, 60 Gy, etc.); TNR the tumour-to-non tumour liver
tissue ratio; M1 and My7r the mass of the tumour (7))
and ipsilateral non-tumourous liver tissue (N7T) in kg;
and LSF the lung shunt fraction. The lung shunt fraction
is calculated as:
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Clungs

LSF= ——M—
Clungs + Cliver

where C indicates the total counts calculated on post-
scout SPECT/CT in the lungs and the perfused liver.

Lastly, the tumour-to-non tumour liver tissue liver tis-
sue ratio (TNR) can be inferred from the scout distribu-
tion using:

Ar x M7!

TNR = =
ANTT * MNTT

where A1 and Anrr is the total activity to the tumour (T)
and non-tumourous tissue (N77T) measured on the post-
scout SPECT/CT.

Besides predicting the distribution within the perfuse
lobe, the scout dose serves to exclude any extrahepatic
deposition during the actual treatment. It is as such a
safety procedure. Notably, estimated lung shunting of
more than 30 Gy based on the post-scout SPECT/CT is
a contraindication for treatment dose. Activity in the fal-
ciform ligament, portal lymph nodes and gallbladder is
accepted.

If the scout dose does not reveal any contraindications,
patients will undergo ®*Ho unilobar radioembolization
treatment within 2 weeks. Treatment will be performed
in a similar fashion as the preparatory angiography, with
identical injection positions. SPECT/CT will follow in a
separate visit three-to-four days after the intervention to
quantify dosimetry.

Post-treatment follow-up

After treatment, patients will be tentatively scheduled for
follow-up visits after 1.5, 3, 4.5, 6 and 9 months. The main
goal of these follow-up visits is to evaluate the eligibility
of the patient to proceed to surgical resection and to map
the toxicity and response following ®°Ho-radioembo-
lization. The study participation for a patient will end if
the patient is unable to undergo surgical resection within
9 months. During each visit, laboratory (Table 2) and
clinical toxicities will be monitored. Tumour response
is assessed using MRI (or CT if contra-indicated) with
mRECIST [26]. FLR response is assessed using HIDA and
MRIL

Hepatectomy and post-surgery follow-up

If tumour burden, performance status and FLR (>2.7%/
min/m?) allows for resection, the patient will be operated
on as soon as possible. Eligibility for resection will be dis-
cussed in a multidisciplinary tumour board. The patient
undergoes general anesthesia and the abdomen will be
explored to rule out extrahepatic disease. The extent of
the hepatectomy will be determined intraoperatively
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with the aim of achieving RO resection. Directly following
resection, surgical specimens of both tumour- and non-
tumour tissue will be processed for routine histological
evaluation as well as inclusion in the RALLY biobank (see
heading ‘Biobank’). After resection, patients will receive
a last follow-up visit three months after resection during
which toxicities, surgical complications (using Clavien-
Dindo) and tumour burden will be assessed [27].

Biobank

Resection specimens will be fresh-frozen and formalin-
fixed paraffin embedded for future molecular analyses. A
blood sample (20 mL maximum) will be drawn from the
venous line during the surgical procedure. This will be
used as a genome reference. The processed body mate-
rial is stored in the designated RALLY biobank under the
management of the UMC Utrecht (in -80° C freezers or in
nitrogen vessels for fresh frozen material). For participat-
ing sites, the material is first temporarily stored accord-
ing to the guidelines of the respective center’s biobank.
Afterwards, the specimens will be transported to the
UMC Utrecht and stored in the RALLY biobank.

Statistics and data management

Statistical analysis

Descriptive statistics (n, mean, standard deviation, 95-CI,
median, minimum and maximum) will be calculated for
each quantitative variable; frequency counts by category
will be made for each qualitative variable. Two sets of
study data will be evaluated: the primary endpoint will be
evaluated in the Full Analysis Set. The Full Analysis Set
is defined as the set of data generated from the included
patients who received at least the treatment dose. The
secondary endpoints will be evaluated in both Full
Analysis Set and Per Protocol Set. The Per Protocol Set
is defined as the set of data generated from the included
patients who complied with the protocol. A linear mixed
effects regression model will be used to evaluate the rela-
tionship between absorbed dose- and studied effect. An
analysis of variance method with a Chi-square test will
be used to compare nested models and generate p-values
for the fixed effects. The explained variance by the model,
with and without random intercept, will be assessed with
R? for mixed effects models.

Sample size

This study is designed with four dose cohorts, start-
ing at 50 Gy and going up to 80 Gy. The last cohort
will consist of at least six patients. This means that the
maximum number of patients (i.e., if in each cohort one
dose-limiting toxicity occurs, see Design for details) will
be (3+3)x4=24 patients. The minimum number of
patients will be two, which is when two patients in the
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first (50 Gy) cohort experience a dose-limiting toxic-
ity. If during the entire study no patient experiences a
dose-limiting toxicity, the number of patients will be
3x4+3=15.

Data management

Data is collected using the secure online Electronic Data
Capture application Castor (Castor EDC). The source
data is found in the Electronic Health Record of each
respective center. Names of patients and their patient
number will be replaced by a computer-generated study
code for all study related procedures. A separate file with
patient number and specific code will be produced for
the biobank. Outcome variables will be analyzed by phy-
sicians within the Sponsor’s institute who are not directly
involved in the conduct of the study.

Monitoring

The External Data and Safety Management Board
(EDSMB) safeguards the interests of the trial partici-
pants, assesses the safety and efficacy of the interven-
tions during the study, and monitors the overall conduct.
The EDSMB will evaluate the toxicity data every three
patients. All collected data is monitored by an independ-
ent, external data monitor. Severe adverse (device) events
will be reported to the Medical Ethical Committee of the
University Medical Center Utrecht and the EDSMB.

Discussion

HCC requires a multidisciplinary approach involving
specialists in hepatology, oncology, interventional radi-
ology, nuclear medicine, pathology and surgery. The
RALLY study aims to assess the safety of unilobar **Ho

BSA or MIRD mono-compartment

Tumour

Healthy (non-tumorous)
liver tissue

Future liver
remnant
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unilobar radioembolization as a means of converting
patients with insufficient FLR to resectability.

To date, numerous studies investigated the outcomes
of unilobar radioembolization [11-20]. Albeit retrospec-
tively, these studies reveal the safety and efficacy of uni-
lobar radioembolization in achieving ipsilateral tumour
control and contralateral hypertrophy and indicate that
surgical resection of radiated liver lobes is safe and tech-
nically feasible. Sufficient FLR response can be expected
three to five months following unilobar radioemboliza-
tion. Virtually all studies base FLR sufficiency on its vol-
ume relative to total liver volume. However, assessing
FLR function may better predict the risk of post-hepa-
tectomy liver failure [34]. We recently reported favorable
surgical outcomes in a set of patients where HIDA scan
was routinely used to assess FLR sufficiency [19]. The
RALLY study will therefore determine the sufficiency of
the FLR with a HIDA scan, using a cutoff of 2.7%/min/
m? [32].

Current activity planning methods are either based on
the body surface area (BSA) model or the Medical Inter-
nal Radiation Dose (MIRD) mono-compartment model
(Fig. 3 left panel) [33, 35]. In the BSA model, the pre-
scribed activity is calculated using the total body surface
area and the fractional liver involvement. In the MIRD
mono-compartment model, the activity is based solely
on the target liver mass. Both methods assume a homo-
geneous distribution of microspheres between tumour-
ous and non-tumourous liver tissue and thus ignore the
actual spatial microsphere distribution. This may lead
to over- or under dosing [35-37]. A scientifically more
sound method is the so-called multi-compartment model
(Fig. 3 right panel). This model factors in the microsphere

Multi-compartment

Fig. 3 Activity planning models. While the BSA and mono-compartment models assume homogenous distribution within the perfused part

of the liver (indicated in the picture with equal distribution of blue microspheres in tumour and non-tumourous liver tissue) the multi-compartment
model postulates three compartments with different activity uptakes: tumour, non-tumourous liver tissue and lung tissue (not depicted).

The multi-compartment model permits the selection of a prescribed dose that optimizes the dose to one of the compartments — in the case

of the RALLY study this is the non-tumorous liver tissue. The expected activities in each compartment will be based on the distribution of the 'Ho
scout dose. Non-tumourous liver-absorbed dose is an important factor for safety (primary objective of the RALLY study) as well as FLR response
(secondary objective) and tumour-absorbed dose determines tumour response (secondary objective). As such the multi-compartment model
increases safety and efficacy. Notice that in the RALLY study, microspheres are administered to one lobe and not to the whole liver
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distribution between three compartments -i.e., tumour-,
non-tumourous liver- and lung tissue- by obtaining
activity output from post-scout SPECT/CT and planar
scintigraphy images. This personalized model more accu-
rately predicts absorbed doses [38].

Using '®*Ho, multi-compartment dosimetry plan-
ning can be optimized further. A small number of '**Ho
microspheres can be used during the scout dose instead
of surrogate *™Tc-MAA particles used prior to *°Y
treatment. *"Tc-MAA particles have different physi-
cal properties than °°Y microspheres and may nega-
tively influence predictive power of the scout [21, 38, 39].
Indeed, it was shown that the holmium scout is superior
in predicting lung shunt as well as intrahepatic dose dis-
tribution [22, 23]. Because destruction of functional non-
tumourous liver tissue drives FLR response, accurate
dosimetry of non-tumourous liver-absorbed dose is per-
tinent in the unilobar radioembolization setting [18].

In conclusion, this is the first prospective clinical study
to assess the unilobar radioembolization-surgery treat-
ment as a whole. The results will likely impact the clinical
management of potentially curative HCC patients.

Abbreviations

BSA Body surface area

EDSMB External Data and Safety Management Board
FLR Future liver remnant

HCC Hepatocellular carcinoma

HIDA Hepatobiliary iminodiacetic acid

LSF Lung shunt fraction

1860 Holmium-166

MIRT Medical Internal Radiation Dose

PMTC-MAA Technetium (99mTc) albumin aggregated
Dy Yttrium-90

Acknowledgements

The authors thank Ramona Bailey-Gerritsen, Rosalie van den Boogaard, Tjitske
Kent-Bosma and Shanta Kalaykhan-Sewradj (clinical research coordinators,
University Medical Centre Utrecht) for their contribution to the study design
and coordination of the study.

Protocol version
Version number: 3.0, date: 13.07.21.

Authors’ contributions

DA coordinates the study and wrote the manuscript, MGEHL and IHMBR
(principal investigator) conceived and supervise the study. JNMI, MWN, JIE and
RS are local principal investigators of Erasmus University Medical Center, Uni-
versity Medical Center Groningen, Amsterdam University Medical Center and
Regina Elena National Cancer Institute, respectively. All authors are involved in
study activities and were involved in the design of the study. All authors read,
reviewed and approved the final manuscript.

Funding

This study is funded by Terumo Corporation (I0-057-QS). The funding body
had no role in the design of the study nor the writing of this manuscript and
will have no role in the collection, analysis and interpretation of the data.

Availability of data and materials
Not applicable.

Page 8 of 9

Declarations

Ethics approval and consent to participate

The study shall be conducted according to the principles of the Declaration
of Helsinki (version 10.2013) and in accordance with the Medical Research
Involving Human Patients Act (WMO), the requirements of International
Conference on Harmonization—Good Clinical Practice. The study protocol
has been approved by the Medical Ethics Committee Utrecht (METC Utrecht)
and the institutional Radiation Protection Committee of the University Medi-
cal Center Utrecht (NL75713.041.21, METC 21-053 and METC 21/633 for the
biobank) as well as the Central Ethics Committee of R.C.CSS, Lazio (1696/22).
Written informed consent is obtained from all participants.

Consent for publication
Not applicable.

Competing interests

The department of Radiology and Nuclear Medicine of the University Medical
Centre Utrecht receives royalties for '®*Ho microspheres. MGEHL is a consult-
ant for and receives research support from Terumo and Boston Scientific.
AJATB is a consultant for Terumo and Boston Scientific. MLJS is a consultant for
Terumo, Philips and Swedish Orphan Biovitrum. All other authors declared no
conflicts of interest.

Author details

'Department of Surgical Oncology, University Medical Center Utrecht, Cancer
Center, PO BOX 85500, 3508 GA Utrecht, The Netherlands. 2Departmem

of Radiology and Nuclear Medicine, University Medical Center Utrecht, Cancer
Center, Utrecht, The Netherlands. 3Department Gastroenterology and Hepa-
tology, University Medical Center Utrecht, Utrecht, the Netherlands. “Depart-
ment of Radiology and Nuclear Medicine, Erasmus MC University Medical
Center, Rotterdam, The Netherlands. *Department of HPB & Liver Transplan-
tation, University Medical Center Groningen, Groningen, The Netherlands.
Department of Nuclear Medicine and Molecular Imaging, University Medical
Center Groningen, Groningen, The Netherlands. ”Hepatopancreatobiliary
Surgery, IRCCS - Regina Elena National Cancer Institute, Rome, Italy. éInterven-
tional Radiology, IRCCS - Regina Elena National Cancer Institute, Rome, Italy.
°Department of Radiology and Nuclear Medicine, Cancer Center, Amsterdam
UMC, Location University of Amsterdam, Amsterdam, The Netherlands.
19Department of Surgery, Erasmus MC University Medical Center, Rotterdam,
The Netherlands. HDepartmen‘[ of Surgery, Cancer Center, Amsterdam UMC,
Location Vrije Universiteit Amsterdam, Amsterdam, The Netherlands. '?Nuclear
Medicine, IRCCS - Regina Elena National Cancer Institute, Rome, Italy.

Received: 26 October 2022 Accepted: 8 August 2023
Published online: 18 August 2023

References

1. McGlynn KA, Petrick JL, El-Serag HB. Epidemiology of Hepatocellular
Carcinoma. Hepatology. 2021;73(51):4-13.

2. Tsim NC. Surgical treatment for liver cancer. World J Gastroenterol.
2010;16(8):927.

3. Madoff DC, Gaba RC, Weber CN, Clark TWI, Saad WE. Portal Venous Inter-

ventions: State of the Art. Radiology. 2016;278(2):333-53.

Cieslak KP, Huisman F, Bais T, Bennink RJ, van Lienden KP, Verheij J, et al.

Future remnant liver function as predictive factor for the hypertrophy

response after portal vein embolization. Surgery. 2017;162(1):37-47.

Kokudo N, Tada K, Seki M, Ohta H. Proliferative activity of intrahepatic

colorectal metastases after preoperative hemihepatic portal vein emboli-

zation. Hepatology. 2001;34(2):267-72.

6. Elias D, de Baere T, Roche A, Ducreux M, Leclere J, Lasser P. During liver
regeneration following right portal embolization the growth rate of liver
metastases is more rapid than that of the liver parenchyma. Br J Surg.
2002;86(6):784-8.

7. Hayashi S, Baba Y, Ueno K, Nakajo M, Kubo F, Ueno S, et al. Acceleration
of primary liver tumor growth rate in embolized hepatic lobe after portal
vein embolization. Acta radiol. 2007:48(7):721-7.

>



Andel et al. BMC Cancer (2023) 23:771

20.

21.

22.

23.

24.

25.

26.

PamechaV, Levene A, Grillo F, Woodward N, Dhillon A, Davidson BR. Effect
of portal vein embolisation on the growth rate of colorectal liver metasta-
ses. BrJ Cancer. 2009;100(4):617-22.

Simoneau E, Aljiffry M, Salman A, Abualhassan N, Cabrera T, Valenti D,

et al. Portal vein embolization stimulates tumour growth in patients with
colorectal cancer liver metastases. HPB. 2012;14(7):461-8.

Hoekstra LT, van Lienden KP, Doets A, Busch ORC, Gouma DJ, van Gulik
TM. Tumor Progression After Preoperative Portal Vein Embolization. Ann
Surg. 2012;256(5):812-8.

. Gaba RC, Lewandowski RJ, Kulik LM, Riaz A, Ibrahim SM, Mulcahy MF,

et al. Radiation lobectomy: Preliminary findings of hepatic volumet-

ric response to lobar yttrium-90 radioembolization. Ann Surg Oncol.
2009;16(6):1587-96.

Theysohn JM, Ertle J, Miller S, Schlaak JF, Nensa F, Sipilae S, et al. Hepatic
volume changes after lobar selective internal radiation therapy (SIRT) of
hepatocellular carcinoma. Clin Radiol. 2014;69(2):172-8.

Lewandowski RJ, Donahue L, Chokechanachaisakul A, Kulik L, Mouli S,
Caicedo J, et al. 90Y radiation lobectomy: Outcomes following surgical
resection in patients with hepatic tumors and small future liver remnant
volumes. J Surg Oncol. 2016;114(1):99-105.

Shah JL, Zendejas-Ruiz IR, Thornton LM, Geller BS, Grajo JR, Collinsworth
A, et al. Neoadjuvant transarterial radiation lobectomy for colorectal
hepatic metastases: A small cohort analysis on safety, efficacy, and radio-
pathologic correlation. J Gastrointest Oncol. 2017;8(3):E43-E51.

Goebel J, Sulke M, Lazik-Palm A, Goebel T, Dechéne A, Bellendorf A,

et al. Factors associated with contralateral liver hypertrophy after
unilateral radioembolization for hepatocellular carcinoma. PLoS One.
2017;12(7):e0181488.

Teo JY, Allen JC, Ng DCE, Abdul Latiff JB, Choo SP, Tai DWM, et al.
Prospective study to determine early hypertrophy of the contra-lateral
liver lobe after unilobar, Yttrium-90, selective internal radiation therapy
in patients with hepatocellular carcinoma. Surgery (United States).
2018;163(5):1008-13.

Orcutt ST, Abuodeh Y, Naghavi A, Frakes J, Hoffe S, Kis B, et al. Kinetic anal-
ysis of contralateral liver hypertrophy after radioembolization of primary
and metastatic liver tumors. Surgery (United States). 2018;163(5):1020-7.

. Palard X, Edeline J, Rolland Y, le Sourd S, Pracht M, Laffont S, et al.

Dosimetric parameters predicting contralateral liver hypertrophy after
unilobar radioembolization of hepatocellular carcinoma. Eur J Nucl Med
Mol Imaging. 2018;45(3):392-401.

. Andel D, Dassen MG, Reinders-Hut MTM, Peters NA, Kranenburg OW, Lam

MGEH, et al. Surgical outcomes of major hepatectomy following “radia-
tion lobectomy”for hepatic malignancies and insufficiently functional
future liver remnant: initial experience. Br J Surg. 2020;107(12):e609-10.
Bekki Y, Marti J, Toshima T, Lewis S, Kamath A, Argiriadi P, et al. A compara-
tive study of portal vein embolization versus radiation lobectomy with
Yttrium-90 micropheres in preparation for liver resection for initially
unresectable hepatocellular carcinoma. Surgery. 2021;169(5):1044-51.
Ilhan H, Goritschan A, Paprottka P, Jakobs TF, Fendler WP, Todica A, et al.
Predictive value of 99mTc-MAA SPECT for 90Y-labeled resin microsphere
distribution in radioembolization of primary and secondary hepatic
tumors. J Nucl Med. 2015;56(11):1654-60.

Elschot M, Nijsen JFW, Lam MGEH, Smits MLJ, Prince JF, Viergever MA,

et al. 99mTc-MAA overestimates the absorbed dose to the lungs in
radioembolization: a quantitative evaluation in patients treated with
166Ho-microspheres. Eur J Nucl Med Mol Imaging. 2014;41(10):1965-75.
Smits MLJ, Dassen MG, Prince JF, Braat AJAT, Beijst C, Bruijnen RCG, et al.
The superior predictive value of 166Ho-scout compared with 99mTc-
macroaggregated albumin prior to 166Ho-microspheres radioembo-
lization in patients with liver metastases. Eur J Nucl Med Mol Imaging.
2019;47(4):798-806.

Smits MLJ, Nijsen JFW, van den Bosch MAAJ, Lam MGEH, Vente MAD,
Mali WPTM, et al. Holmium-166 radioembolisation in patients with
unresectable, chemorefractory liver metastases (HEPAR trial): A phase 1,
dose-escalation study. Lancet Oncol. 2012;13(10):1025-34.

Reinders MTM, van Erpecum KJ, Smits MLJ, Braat AJAT, de Bruijne J,
Bruijnen RCG, et al. Safety and efficacy of holmium-166 radioemboliza-
tion in hepatocellular carcinoma - the HEPAR Primary study. J Nucl Med.
2022;63(12):1891-8.

Lencioni R, Llovet J. Modified RECIST (mRECIST) Assessment for Hepato-
cellular Carcinoma. Semin Liver Dis. 2010;30(01):052-60.

Page 9 of 9

27. Dindo D, Demartines N, Clavien PA. Classification of Surgical Complica-
tions. Ann Surg. 2004,240(2):205-13.

28. Kaasa S, Bjordal K, Aaronson N, Moum T, Wist E, Hagen S, et al. The EORTC
Core Quality of Life questionnaire (QLQ-C30): validity and reliability when
analysed with patients treated with palliative radiotherapy. Eur J Cancer.
1995;31(13-14):2260-3.

29. Blazeby JM, Currie E, Zee BCY, Chie WC, Poon RT, Garden OJ. Develop-
ment of a questionnaire module to supplement the EORTC QLQ-C30 to
assess quality of life in patients with hepatocellular carcinoma, the EORTC
QLQ-HCC18. Eur J Cancer. 2004;40(16):2439-44.

30. Cleeland CS, Ryan KM. Pain assessment: global use of the Brief Pain Inven-
tory. Ann Acad Med Singap. 1994;23(2):129-38.

31. Braat AJAT, Prince JF, van Rooij R, Bruijnen RCG, van den Bosch MAAJ,
Lam MGEH. Safety analysis of holmium-166 microsphere scout dose
imaging during radioembolisation work-up: A cohort study. Eur Radiol.
2018;28(3):920-8.

32. de Graaf W, van Lienden KP, Dinant S, Roelofs JJTH, Busch ORC, Gouma
DJ, et al. Assessment of future remnant liver function using hepatobiliary
scintigraphy in patients undergoing major liver resection. J Gastrointest
Surg. 2010;14(2):369-78.

33. Bastiaannet R, Kappadath SC, Kunnen B, Braat AJAT, Lam MGEH, de Jong
HWAM. The physics of radioembolization. EINMMI Phys. 2018;5(1):22.

34. Chapelle T, op de Beeck B, Huyghe |, Francque S, Driessen A, Roeyen
G, et al. Future remnant liver function estimated by combining liver
volumetry on magnetic resonance imaging with total liver function on
99mTc-mebrofenin hepatobiliary scintigraphy: Can this tool predict post-
hepatectomy liver failure? HPB. 2016;18(6):494-503.

35. Kao YH, Tan EH, Ng CE, Goh SW. Clinical implications of the body surface
area method versus partition model dosimetry for yttrium-90 radioem-
bolization using resin microspheres: a technical review. Ann Nucl Med.
2011;25(7):455-61.

36. Lam MGEH, Louie JD, Abdelmaksoud MHK, Fisher GA, Cho-Phan CD, Sze
DY. Limitations of Body Surface Area-Based Activity Calculation for Radi-
oembolization of Hepatic Metastases in Colorectal Cancer. J Vasc Interv
Radiol. 2014,25(7):1085-93.

37. Bernardini M, Smadja C, Faraggi M, Orio S, Petitguillaume A, Desbrée A,
et al. Liver Selective Internal Radiation Therapy with 90Y resin micro-
spheres: Comparison between pre-treatment activity calculation meth-
ods. Physica Med. 2014;30(7):752-64.

38. Gnesin S, Canetti L, Adib S, Cherbuin N, Silva Monteiro M, Bize P, et al.
Partition Model-Based 99mTc-MAA SPECT/CT predictive dosimetry com-
pared with 90Y TOF PET/CT posttreatment dosimetry in radioemboliza-
tion of hepatocellular carcinoma: a quantitative agreement comparison. J
Nucl Med. 2016;57(11):1672-8.

39. Wondergem M, Smits MLJ, Elschot M, de Jong HWAM, Verkooijen HM,
van den Bosch MAAJ, et al. 99mTc-macroaggregated albumin poorly
predicts the intrahepatic distribution of 90Y resin microspheres in hepatic
radioembolization. J Nucl Med. 2013;54(8):1294-301.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Dose finding study for unilobar radioembolization using holmium-166 microspheres to improve resectability in patients with HCC: the RALLY protocol
	Abstract 
	Background 
	Methods 
	Discussion 
	Trial registration 

	Background
	Methodsdesign
	Aims and outcomes
	Design
	Study population
	Intervention, study procedures and timeline
	Screening visit
	Scout and treatment procedures
	Post-treatment follow-up
	Hepatectomy and post-surgery follow-up
	Biobank
	Statistics and data management
	Statistical analysis
	Sample size
	Data management
	Monitoring


	Discussion
	Acknowledgements
	References


