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Simple Summary: Radioembolization of hepatic tumors is performed by injecting Y or '®Ho
loaded spheres into the hepatic artery. A twofold tumor to normal liver absorbed dose ratio is com-
monly obtained. In order to improve tumoral cells killing while preserving lobule function, co-in-
jection of arterial vasoconstrictor has been proposed, but without success: the hepatic arterial buffer
response quickly inhibiting the arterioles vasoconstriction. The aim of the study is to investigate
whether it is possible to take benefit of this buffer response, by co-infusing a mesenteric arterial
vasodilator in order to dump the hepatic lobules arterial flow. Animal studies evidencing such
mechanism are reviewed. Some potential mesenteric vasodilators are identified and their safety
profile discussed. A four to sixfold improvement of the tumoral to normal tissue dose ratio is ex-
pected pushing the therapy towards a real curative intention, especially in HCC, more frequent in
obese subjects, and where ultra-selective spheres delivery is often not possible.

Abstract: Liver radioembolization is a treatment option for unresectable liver cancers, performed
by infusion of Y or ®*Ho loaded spheres in the hepatic artery. As tumoral cells are mainly perfused
via the liver artery unlike hepatic lobules, a twofold tumor to normal liver dose ratio is commonly
obtained. To improve tumoral cells killing while preserving lobules, co-infusion of arterial vasocon-
strictor has been proposed but with limited success: the hepatic arterial buffer response (HABR) and
hepatic vascular escape mechanism hamper the arterioles vasoconstriction. The proposed project
aims to take benefit of the HABR by co-infusing a mesenteric arterial vasodilator: the portal flow
enhancement inducing the vasoconstriction of the intra sinusoids arterioles barely impacting liver
tumors that are mainly fed by novel and anarchic external arterioles. Animal studies were reviewed
and dopexamine was identified as a promising safe candidate reducing by 4 the hepatic lobules
arterial flow. A clinical trial design is proposed. A four to sixfold improvement of the tumoral to
normal tissue dose ratio is expected, pushing the therapy towards a real curative intention, espe-
cially in HCC where ultra-selective spheres delivery is often not possible.

Keywords: liver radioembolization, cancer therapy, dose optimization, TARE, SIRT

1. Introduction

Liver radioembolization using Y or '®Ho loaded spheres injected via the hepatic
artery is a developing technique for primary and secondary liver tumors treatment [1].
Normal liver tissue is mainly fed by the portal vein. On the contrary, tumors, in order to
sustain their high metabolism, trigger arterial angiogenesis by releasing vascular endo-
thelial growth factor (VEGF). As a result, a tumor to normal tissue dose ratio (T/N) of
about 2.1+1.3 and 1.8+0.9 are commonly reached in hepatocellular carcinoma (HCC) and
in secondary colorectal cancer (CRC) tumors [2], respectively.

The maximal tumor dose reachable is thus limited by the need to preserve the re-
maining functional liver tissue. Contrary to EBRT where uniform dose deposition is
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feasible, the tumor absorbed doses in radioembolization are very heterogeneous due to
the random nature of sphere dynamic transport in the arterial tree [3]. As a result, doses
above 200 Gy are required in order to get significant patient outcome improvement [4].

Similarly, to other radionuclide therapies, after their release, the spheres cannot be
guided preferably to the tumors with certainty. Patients with a few solitary tumors can be
treated at a segmental level, permitting to achieve an ultra-selective sphere delivery by
successively setting the catheter tip in the segment regions containing the tumors. For
HCC, liver radioembolization is often performed for advanced stages with large and mul-
tifocal lesions and the sphere delivery must be delivered in a large part of the liver [5].

In order to increase T/N, continuous co-infusion of arterial vasoconstrictor via the
catheter line has been proposed but with limited effect [6-8]. Indeed, when the arterial
flow is too low, the induced shear stress releases nitric oxide which re-dilates the arteri-
oles, a mechanism named vascular escape [9]: the arterial vasoconstriction is hampered
and the nominal arterial flow is recovered within a few minutes despite the continuing
vasoconstrictor infusion.

Beside the vascular escape mechanism, the hepatic lobules are also able to reduce
their arterial flow when the portal flow increases in order to keep the total flow constant,
a mechanism named hepatic arterial buffer response (HABR) [10].

The goal of the present study is to investigate how benefit could be taken from the
HABR by co-infusing a mesenteric arterial vasodilator. Due to the resulting portal flow
increase, the functioning hepatic lobules will reduce their arteriole flow, reducing by the
way the number of spheres trapped in their triads. Literature was reviewed in order to
identify such safe mesenteric arterial vasodilator and its impact on triads spheres trap-
ping. Recent knowledges on HABR and HCC tumors angiogenesis are discussed in order
to predict the improvement on T/N. Intra-subject assessment of this improvement by dual
isotope SPECT/CT is proposed. Dopexamine was identified to be safe and to promise a
sixfold T/N improvement which should push the therapy to a real curative intent.

2. T/N improvement trials using arterial vasoconstrictor

van den Hoven et al. [11] performed a systematic review of T/N improvement trials
using vasoconstrictor. Six trials [12-17] investigating the utilization of angiotensin-II (AT-
II) in liver radioembolization with Y loaded spheres were found. These studies used a
hepatic arterial bolus of 20 or 50 pg AT-II about 30 seconds before the radioembolization.
None of these studies exhibited any efficacy.

Three other studies [6-8] using continuous 10 pg/min AT-II hepatic arterial infusion
reported potential T/N median improvement factor ranging from 1.8 to 3.1. However,
none of these studies was performed in realistic clinical therapy conditions, and no other
studies were found since this review.

Goldberg et al. [6,7] compared *mTc-MAA and *'I-MAA radioembolization in colo-
rectal metastases performed before and just after a 100 seconds AT-II infusion. The MAA
were injected in 10 seconds which is challenging to perform in therapy sessions, and im-
possible when several tip positions are used.

The study of Sasaki et al. [8] is very interesting regarding the impact of the radioem-
bolization duration. This study monitored the tumoral and non-tumoral arterial blood
flow using a gamma camera, by continuously infusing a 5% glucose solution loaded with
the short half-life 8'Kr isotope. Figure 1 shows the different parameters monitoring.
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Figure 1: Arterial blood flow, T/N improvement and peripheral blood pressure dur-
ing a continuous 10pg/min AT-II arterial infusion (reprinted from [8] with authorization
of Willey & Sons). Note the decrease of T/N improvement after 80 seconds despite the
continuing AT-II infusion.

Figure 1 shows that a T/N maximal improvement of 3 is obtained after about 80 sec-
onds explaining the T/N improvement observed by Goldberg et al. [6,7]. However, despite
the continuing AT-II infusion, the arterial flow re-start to increase: a mechanism named
hepatic vascular escape (see section 4.1.2). As a result, the T/N improvement decreases
and seems to vanishes about 7 minutes after starting the infusion.

3. Hepatic arterial flow reduction from HABR triggering

3.1. Physiological postprandial HABR

Unlike the AT-II vasoconstriction, hepatic lobule arterioles constriction is sustained
by the HABR as long as the portal flow is increased.

Figure 2 shows the power of the HABR mechanism in healthy subject during meal
digestion: while the portal flow is increased by a factor 1.6 to bring the nutrients, the left
and right hepatic arterial flows are reduced by a factor 1.15 and 2.5, respectively. Note
that there is a few minutes delay for the arterial flow stabilization which can be seen from
the continuous adaptation between 15 to 30 minutes although the portal flow is constant.
More importantly, the arterial flow reduction is sustained as long as the portal flow is
increased. Taking into account that the tumor flow will increase by a factor 1.5 due to the
arterial flow redirection (fig. 2A), the potential T/N could reach a factor 3 in the right liver.
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Figure 2: A: portal flow and B: arterial to portal blood velocity ratio, both monitored
by Doppler ultrasonography after ingestion of a standard liquid meal of 500 kcal. In B, full
and dashed curves correspond to left and right hepatic arteries, respectively. (reprinted
from [18] with authorization of Springer Nature).

3.2. HABR trigering with sodium acetate infusion

Carmichael et al. [19] studied the impact of intra-venous sodium acetate infusion on
the hepatic blood flow in rats. A cannula was inserted into the left ventricle under anes-
thesia. Two hours after waking up, radioactive 15um-diameter spheres were injected in
the left ventricle over a period of 20 seconds by use of an infusion pump. The spheres
injection was performed in control rats (n=18) and also 10 min after starting sodium ace-
tate infusion ranging from 7 to 250 pmol.kg'.min"! through the jugular vein. During the
whole experiment, the rectal temperature was maintained at 37 °C with heating lamps.
After spheres infusion, the rats were sacrificed and the organs counted, the liver counts
representing the hepatic arterial flow, while the portal flow was given by the sum of
spleen, stomach and bowel counts. Figure 3 shows the hepatic portal and arterial flow as
a function of the sodium acetate infusion rate. A twofold arterial flow reduction was ob-
served for a 120 pmol.kg'.min" infusion rate.
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Figure 3: Portal and arterial hepatic blood flow in conscious rats as a function of the
acetate infusion rate after 10 minutes of infusion (derived from [19]).

In the mesenteric system, only the intestines exhibited noticeable blood flow increase,
i.e. +190% for the small intestine and +50% for the large intestine, both at 120 pmol . kg'.min-
1. A small increase of about 18% of the coronary spheres trapping was observed. Based on
these observations and by repeating experiments with co-infusing different adenosine ag-
onists and blockers, the author concluded that the acetate metabolism by intestine tissue
locally produces adenosine in the interstitial space resulting in a vasodilatation of the pre-
portal system.

The portal flow stagnation, joined with an artery flow increase from 120 to 250
pumol.kgl.min' is compatible with about 5% of spheres passing throughout the intestine
capillaries due to their high dilatation: 3% of the spheres having a diameter close to 9 um.
Small increases of the hepatic arterial flow observed in other studies at high acetate rate
in rats [20] or in dogs using the same sphere diameter range [21] could result from this
intestine sphere leakage. The key point is that these two studies evidenced a large portal
flow increase.

Preclinical dose-toxicity studies are often performed in dogs. One sodium acetate
infusion study in dogs [22] reported no adverse side effect with 1000 pumol.kg-*.min-!
infusion rate during 10 minutes in 5 dogs.

Table shows acetate infusion rate and duration performed in human volunteers for
metabolism studies. No adversed side effect was reported.

ref. n age status rate duration total
(year) (umol.kg1.min-) (min) (umol.kg?)
[23] 6 21-30 healthy 20 180 3600
[24] 9 30«1 healthy 36 120 4320
[25] 7 54x4 coronary disease 60 20 1200
[26] 8 23+l healthy 52 60 3120
[27] 8 25+1 healthy 125 40 5000
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A 2 mmole/mL sodium acetate for intravenous injection after dilution is registered at
the FDA [28]. Contraindications are hypernatremia or fluid retention. The solution has to
be used with great care in patients with congestive heart failure, renal insufficiency, met-
abolic or respiratory alkalosis, and severe hepatic insufficiency. Acetate was used for a
long time as a buffer for metabolic acidosis and in haemodialysis baths [29].

Potential side effects of sodium load are overhydration, congested states or pulmo-
nary edema. Acetate could induce an asymptomatic and transient metabolic alkalosis dur-
ing an acute intravenous infusion. No other clinicals effects were demonstrated in normal
subjects and especially, no changes in cardiac pulses and blood pressure [30].

3.3. Arterial flow reduction using dopexamine

Several vasoactive agents have been shown to restore the portal flow in septic shock,
traumatic shock and cirrhosis [31-35].

Amongst them, dopexamine, a synthetic analogue of dopamine, has the advantage
to induce vasodilation through the (2 adrenoceptors and more specifically through the
dopamine DA1 receptors especially present in the renal, coronary and mesenteric arteries
[31].

Dopexamine infusion was showed to increase by an impressive factor 2 the portal
flow in twelve healthy volunteers during 3pg/kg/min infusion, but without significant
change in the hepatic arterial flow [35]. However, the low postprandial hepatic arterial
flow reduction observed in this study makes questionable accuracy of the arterial flow
monitoring performed by Doppler sonography.

In a more robust hepatic arterial flow assessment using radioactive microspheres as
described in previous section, an impressive fourfold hepatic arterial flow reduction was
observed during 3.6 pg/kg/min dopexamine infusion in six-dog cohorts [36], while in a
similar setup only a twofold reduction was observed using dopamine [37]. Table shows
that the pre-portal organ exhibiting the highest increase was the stomach. Like in acetate
studies, the re-increase of the liver uptake at high dose rate likely results from a spheres
leakage due to the high pre-portal capillaries vasodilation.

Table: organ blood flow in ml/min/g in dogs during different dopexamine infusion
rates extracted from [36].

Organ Control 1.1 pg/kg/min 3.6 ug/kg/min 11 pg/kg/min
Stomach 0.47 +0.14 1.03 +0.23 1.21 +0.15 1.82 +0.32
Spleen 1.19 £0.15 2.02+0.31 1.26 +0.12 1.06 +0.21
Small int. 1.55 +0.19 2.40 +0.38 1.80 +0.17 2.16 +0.18
Large int. 0.66 +0.08 0.77 +0.12 0.86 +0.16 1.31+0.31
Liver (artery)  0.08 +0.03 0.08 +0.02 0.02 +0.00 0.04 +0.01
Kidney 4.23 +0.46 5.68 +0.48 5.82 +0.35 5.89 +0.99

Intravenous dopexamine infusion is used in hospitals to treat heart failure, especially
following cardiac surgery [38]. Dopexamine is characterized by a rapid onset and a short
duration of action: on termination of infusion the plasma concentration decreases with a
half-life of 7 minutes. Dopexamine is well tolerated in infusion rate below 10 ug/kg/min
and during less than 72 hours. The most disturbing adverse effects during a catheteriza-
tion should be vomiting (3.7%) and tremor (2.5%). Other adverse effects are nausea (5.3%),
chest pain/angina pectoris (2.1%), ventricular extrasystoles (2.3%), hypotension (2.1%),
atrial fibrillation (1.4%) and hypertension (1.4%). All effects rapidly responded to rate re-
duction or infusion termination. Dopexamine is contraindicated in patients with throm-
bocytopenia, and caution is advised in case of hyperglycemia and of hypokalemia.

Since 2010, dopexamine in cardiac emergencies was progressively replaced by other
drugs more appropriate for this purpose, as such as epinephrine, dopamine, dobutamine,
norepinephrine, and levosimendan.
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4. Potential effect on T/N

4.1. Liver vascular flow regulation mehanisms

The liver plays a major role in the clearance of many drugs and hormones which is
hepatic blood flow dependent. To allow a fine control of blood levels by the endocrine
glands, the liver has multiples mechanisms acting on different time scales to maintain the
hepatic blood flow constant [10], we will focus on the two of interest in radioembolization.

4.1.1. HABR

The HABR is the principal flow regulation mechanism and is in charge to manage
the portal flow increases which occur during hourly periods several times per day, as a
result of the nutrients digestion.

The human liver is made of about 10¢ lobules independently working in parallel: each
lobule can be considered as a full miniature liver regulating by itself its behavior in func-
tion of its entering blood flow. The lobule is a hexagonal prism of 1 mm diameter by 1.5
mm length: at each corner of any lobule is located a triad containing an artery, a portal
vein and a bile duct. Arterial and portal blood are mixed in the space of Mall just before
entering the sinusoids in which the hepatic cells extracted and metabolize the nutrients,
some metabolites being eliminated via the bile duct. Afterwards the cleared blood is col-
lected in the central vein.

In the space of Mall (fig. 4), specialized cells continuously produce adenosine in an
oxygen independent way. A decrease in portal flow results in reduced adenosine wash-
out, leading to a vasodilatation of the triad artery which constitutes the HABR mechanism
[10].
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Figure 4: schematic representation of the intra lobule vascularization to the central

vein from 1 of the 6 triads (from Summer Ekelund
https://www.pinterest.com/pin/369928556896108717/).

4.1.2. Hepatic vascular escape

When the arterial flow is reduced by nervous system action or by a vasoconstrictor,
the adenosine washout in the space of Mall is also reduced and the increasing adenosine
concentration tends to re-dilate the triad artery, hampering by the way the vasoconstrictor
action. After a while, the shear stress induced by the vasoconstriction induces a nitric ox-
ide release which inhibits the vasoconstrictor action and results to a return to the nominal
arterial blood flow [9,10]. The combined effect of these two mechanisms is clearly illus-
trated in fig. 1: a maximal arterial flow reduction lower than that achieved using dopex-
amine infusion and a return to the nominal flow in a few minutes despite the continuous
AT-II infusion.

4.2. HABR in cirrhotic liver
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The key point to keep in mind for the current purpose of the HABR is that it is an
intra-lobule mechanism, and is thus likely available in any healthy hepatic lobule, even if
the whole cirrhotic liver could present an altered global HABR.

Amazingly, global HABR is often maintained in cirrhotic livers with or without por-
tal hypertension [39,40]. Roldan-Alzate et al. [41] performed a 4D flow MRI study on 6
volunteers and 12 patients with portal hypertension linked to cirrhosis. Fig. 5 shows the
portal flow (PV) and hepatic artery flow (HA) before and 20 minutes after a 700 kcal meal
ingestion. Although the postprandial portal flow increase is lower in the cirrhotic group,
these patients still exhibit a postprandial global hepatic arterial flow reduction. This sup-
ports that the HABR is preserved in the remaining healthy hepatic lobules.

No study investigating the impact of dopexamine on portal flow in cirrhosis was
found. However, other less mesenteric specific vasodilators have been shown to increase
the portal flow in cirrhosis model [42] and in cirrhotic patients as well [34, 43-46].
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Figure 5: Changes in portal flow (PV) and in hepatic artery flow (HA) post ingestion
of a 700 kcal meal in 6 healthy volunteers and 12 cirrhotic patients measured by 4D flow
MRI (reprinted from [41] with permission of Willey & Sons). Note that the data corre-
spond to the global arterial flow, healthy lobules likely underwent a higher arterial flow
reduction.

4.3. HCC vascularization

Secondary liver tumors do not derive from hepatic lobule, but from circulating pri-
mary cancer cells being trapped in the hepatic sinusoids, in which many are killed by the
natural killer (NK) and Kuppfer’s cells [47]. Some of them can escape by crossing the si-
nusoidal fenestration to form a micro-metastasis in between the hepatocytes. Promptly
these micro-metastases release VEGF to promote arterial angiogenesis in order to sustain
their high metabolism. The resulting anarchic and immature arterial vascularization does
not have any smooth muscle able to produce vasoconstriction as proved by the three AT-
IT studies [6-8], and thus will not response to portal flow increase.

This is also the case for advanced HCCs which constitutes the majority of radioem-
bolization cases and in which tumors are abundantly supplied by neo-arteries independ-
ent of triad flow as a result of sinusoidal capillarization [48-50].

The situation is more complex in early HCC stage where tumors of diameter less than
3 cm often receive preferential portal venous blood [50]. No study investigating whether
the arterial vasculature of these tumors respond to a portal flow increase was found.
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5. Animal models for T/N improvement assessment

5.1. Metastatic model

Ectopic spleen tissue masses are present in 16% of patients undergoing contrast-en-
hanced abdominal CT [51]. These tissues appear well-marginated and exhibit a clear re-
enhancement during the arterial phase mimicking tumors [52]. They belong to 2 different
groups [53].

Accessory spleens result from lobules fusion failure during the fetal development
which releases splenic cells in the circulation. After being trapped in capillaries, they con-
tinue the normal development during the fetal phase and end up in functional tissue, his-
tologically similar to that of the normal spleen.

Splenosis arises from traumatic splenic rupture or splenectomy. Splenosis are miss-
ing some splenic characteristics such as smooth muscle elements. Due to the trapping of
the released spleen cells by the pre-portal system capillaries, intrahepatic splenosis is rare.
Fig. 6 shows a contrast enhanced CT in a patient who underwent a splenectomy 5-years
before following a high-altitude accident. The CT showed an intrahepatic mass in the left
apex of the liver evidenced as splenic cells tissue after surgical resection [54].

Figure 6: contrast enhanced liver CT. a,b,c: arterial, portal and equilibrium phase,
respectively (reprinted from [54] under the license CC BY 4.0 ). Yellow arrow: left liver
apex mass which re-enhanced contrast during the arterial phase.

In animals, splenic cells obtained by biopsy could be re-injected via the hepatic artery
to produce intrahepatic splenosis mimicking liver metastasis. As being introduced via the
hepatic artery they will be independent of the portal flow, and thus independent of the
HABR mechanism as well, and similarly to tumor, will be insensitive to vasoactive agents.
Such animals would be helpful in drugs screening to determine the optimal one in meta-
static tumor radioembolization.

5.2. HCC model

These last decades several HCC models in animals have been developed in order to
improve our knowledges on HCC. Chemical induction, genetic engineering, xenograft
mouse model and patient derived xenografts are used [55]. Induced HCC in rats by im-
plementing rat hepatoma cell lines N151[56-58], McA-RH7777[59], CBRH-7919 [60] have
recently been used to investigate trans-arterial embolization.

These models are valuable to investigate TACE or TARE efficacy, especially in syn-
ergy with others drugs [57-60]. However, due to their very different development process
versus that of obesity related HCC in human, there is no assurance that they response to
portal flow increase would be similar to that of HCC in human.

6. Clinical trial for T/N improvement assessment
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The dopexamine efficiency to improve T/N in HCC can be assessed in patients during
the MAA radioembolization simulation performed before the therapeutic session using a
dual isotope SPECT/CT [6-7].

After the catheter tip being rightly positioned, the *"Tc-MAA will be infused in the
usual way, immediately followed by the continuous dopexamine infusion. When the con-
tinuous Doppler monitoring will show the end of the hepatic arterial blood velocity drop,
BI-MAA or "In-MAA will be infused and the dopexamine infusion stopped.

Triple isotope SPECT/CT using ¥ I-MAA, "In-MAA and *"Tc-colloidal sulfur which
is taken up only by healthy hepatic tissue [61], could be used in order to get an accurate
HCC tumors registration together with the regional MAA uptake change.

Maximal arterial flow reduction is obtained about 30 minutes post meal ingestion
(fig. 2), while a higher reduction was already observed 10 minutes post acetate infusion
starting (fig. 3). Unfortunately, the reduction as a function of time was not assessed for
acetate. However, regarding that dopexamine action is based on receptors activation, one
can likely expect a quicker arterial flow reduction than that for acetate which has to be
metabolized by the intestine tissue to locally produces adenosine.

Increasing dose cohorts starting from 3 up to 10 pg/kg/min infusion should be inves-
tigated. Escalation trial can be ended before the maximal rate, when no more additional
T/N improvement is observed.

Regarding ethical considerations, one has to note that the patients participating in
the trials could likely have their therapy improved versus current radioembolization state
of the art.

7. Dicussion

Clinical studies [10] showed that arterial flow reduction using intra-arterial vasocon-
strictor infusion was limited in intensity and in duration by the HABR and by the hepatic
vascular escape mechanism, resulting in a twofold hepatic arterial flow reduction during
only a few minutes (fig. 1). In contrary, HABR triggering exhibited higher hepatic arterial
flow reduction during a longer period which is more compatible with a therapeutic ses-
sion, especially regarding when tip re-positioning is required.

Table shows the pro and con of different agents. The expected T/N improvement
takes into account that, due to the blood redistribution resulting from the hepatic tissue
arterial flow reduction, the tumor blood flow could be increased by a factor of about 1.5
(fig. 1a).

Liquid meal has the benefit to have no adverse side effect, but the maximal arterial
flow timing about 30 minutes and the absence of duration control discard its use. Further-
more, a gastric reflux going back to the respiratory track could be unsafe. Sodium acetate
is contraindicated in patients with impaired liver function often present in advanced HCC
stages.

Dopexamine has the benefit to have no hepatic based contraindications, to have a
fourfold prompt arterial flow reduction which will be sustained during the whole infusion
duration. Dopexamine experience in cardiac failure management proved it is safe at dose
rate twofold higher than that producing the observed fourfold reduction and during in-
fusion time two orders of magnitude higher than that needed in liver radioembolization.

Table showing the pro and con of different agents.

agent T/N Pro Con
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AT-II x3 prompt limited duration
liquid meal x4 no adverse effect delay, duration
sodium acetate x4 prompt, duration  sodium load in cirrhosis
dopexamine %6 prompt, duration

Standard liver radioembolization in HCC provided a T/N of about 2.1 + 1.3 [2], mean-
ing that numerous patients have a T/N just a little bit higher than unity, strongly limiting
the dose deliverable to the tumors. More dramatic, a recent study [62] showed that about
60% of patients has a least one tumor exhibiting a T/N lower than unity, making impossi-
ble to cure these patients. The expected T/N improvement using dopexamine should clear
these limitations.

The actual dopexamine T/N improvement assessment can be performed during the
preliminary arteriography with MAA injection, always done a few weeks before each
therapeutic radioembolization in order to exclude extra-hepatic uptake, such as lung
shunt, and to plan the Y activity to be injected. Escalation cohorts can be performed start-
ing with the dose rate showing the fourfold reduction in animal studies, i.e. 4 pg/kg/min
infusion, up to the safe limit observed for very long infusions in human, i.e. 10 ug/kg/min
infusion. Obviously, dose rate escalation should be stopped when no more additional T/N
improvement is observed versus the previous cohort.

Regarding ethics issues, the additional act is limited to the injection of a safe and well-
known drug. The additional dose provided by the other radionuclide injections is about
4 orders of magnitude lower than the dose received during the therapy session. A positive
feature is that the patients enrolled in the trial will likely benefit of an improved therapy
versus the current state of the art one. Another important feature is that the trial objective
complies with the international committee on radiobiological protection (ICRP) recom-
mendations [63] and with the European council directive [64], i.e. to implement any meas-
ure allowing the reduction of the dose to the normal tissues while preserving the therapy
intent to the target tissues.
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