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Abstract Available literature on the differences in circula-
tion and microcirculation of normal liver and liver metasta-
ses as well as in rheology of the different radiolabelled
microspheres [**™Tc-labelled macroaggregates of albumin
(MAA), ?°Y-TheraSpheres and °°Y-SIR-spheres] used in
selective internal radiation therapy (SIRT) are reviewed
and implications thereof on the practice of SIRT discussed.
As a result of axial accumulation and skimming, large
microspheres are preferentially deposited in regions of high
flow, whereas smaller microspheres are preferentially
diverted to regions of low flow. As flow to normal liver
tissue is considerably variable between segments and also
within one segment, microspheres will be delivered
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heterogeneously within the microvasculature of normal liver
tissue. This non-uniformity in microsphere distribution in
normal liver tissue has a significant “liver-sparing” effect on
the dose distribution of *°Y-labelled microspheres. Arterial
flow to liver metastases is most pronounced in the hyper-
vascular rim of metastases, followed by the smaller metas-
tases and finally by the central hypoperfused region of the
larger metastases. Because of the wide variability in size of
labelled MA As and because of the skimming effect, existing
differences in flow between metastatic lesions of variable
size are likely exaggerated on **™Tc-MAA scintigraphy
when compared to *°Y-TheraSpheres and *°Y-SIR-spheres
(smaller variability in size and probably also in specific
activity). Ideally, labelled MA As would contain a size range
similar to that of *°Y-SIR-spheres or °°Y-TheraSpheres.
Furthermore, the optimal number of MAA particles to inject
for the pretreatment planning scintigraphy warrants further
exploration as it was shown that concentrated suspensions
of microspheres produce more optimal tumour to normal
liver distribution ratios. Finally, available data suggest that
the flow-based heterogeneous distribution of microspheres
to metastatic lesions of variable size might be optimized,
that is rendered more homogeneous, through the combined
use of angiotensin II and degradable starch microspheres.

Keywords Selective internal radiation therapy - Liver
metastases - Radiolabelled microspheres

Introduction

The liver is the most common site of visceral metastases for
a variety of human malignancies; up to 25 % of cancer
patients will develop hepatic metastases during the course
of their disease and the majority of patients dying from
cancers originating in structures whose venous drainage is
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through the portal circulation will show evidence of meta-
static liver disease at the time of death [1, 2]. Less than 25 %
of the patients presenting with liver metastases are amenable
to surgery [3]. In the remaining patients chemotherapy and
external beam radiotherapy will only provide palliation [4,
5]. In spite of the availability of various treatment options,
due to their late discovery, liver metastases prove difficult to
eradicate. Selective internal radiation therapy (SIRT) or
transarterial radioembolization using *°Y-labelled micro-
spheres is a promising treatment modality for the treatment
of metastatic liver cancer [6, 7]. The technique involves the
intra-arterial injection of commercially available *°Y-la-
belled microspheres via the hepatic artery or a side branch
thereof; liver metastases are primarily fed via the hepatic
artery, whereas normal liver tissue is fed primarily via the
portal vein and up to three times more hepatic arterial
vessels surround tumourous liver lesion when compared to
normal liver tissue [9, 10]. *°Y is a pure B emitter with
maximum {3 energy of 2.28 MeV and average 3 energy of
934 keV per disintegration. It has a half-life of 64.2 h and it
decays into the stable element *°Zr. The range of tissue
penetration of the emissions is 2.5-11 mm. Two types of
%%Y-labelled microspheres are commercially available: SIR-
spheres and TheraSpheres. SIR-spheres are non-
biodegradable *°Y-labelled resin microspheres with a diam-
eter of 2040 um [8, 9]. A typical administration involves
20—40 million microspheres each of which carries approxi-
mately 40-70 Bq of °°Y; maximal available activity is
3 GBq. TheraSpheres® (MDS Nordion, Ottawa, Canada)
are non-biodegradable glass microspheres with diameters
ranging between 20 and 30 pm. At the time of calibration,
each microsphere has an activity of 2,500 Bq. Six different
vials are available; maximal available activity is 20 GBq.
More recently, customized TheraSphere vials were also
made available. The difference in the vials is the number
of spheres, e.g. 1.2 million microspheres are present in a vial
with an activity of 3 GBq. Based on their size, both types of
microspheres are believed to gain entry into tumour nodules
but will not pass through the end capillary bed into the
venous circulation and thus will become trapped in the
tumour capillary bed, selectively delivering radiation to the
tumour tissue whilst relatively sparing normal tissue.

In order to confirm access to areas of the liver that need to
be treated with *°Y-labelled microspheres and in order to
isolate liver from other foregut structures, prior to SIRT, a
99MTe-macroaggregated albumin (MAA) scan is performed;
MAA particles are deemed to have a comparable size to *°Y-
labelled microspheres and their biodistribution is assumed to
be similar provided they are injected under comparable
conditions [10, 11]. Furthermore, as **™Tc-MAA particles
are believed to have a biodistribution comparable to *°Y-
labelled microspheres, *™Tc-MAA tumour to normal tissue
ratios might be predictive of therapy response; the selective

delivery of a high dose of radiation to malignant liver
lesions following infusion of *°Y-labelled microspheres
while sparing non-tumourous liver lesions depends on their
tumour to non-tumourous liver parenchyma uptake ratio. In
this regard, three recent publications showed that in SIRT of
hepatocellular carcinoma using °°Y-TheraSpheres, **™Tc-
MAA single photon emission computed tomography
(SPECT)/CT is accurately predictive of tumoural response
and even of survival in one paper. Similar results may be
expected for treatment of liver metastases as the therapeutic
effect comes from radiation, at least with °*Y-TheraSpheres;
90Y-SIR-spheres will also embolize the metastases given the
high number of microspheres injected [12—14].

In this paper, available literature on the differences in
circulation and microcirculation of normal liver and liver
metastases as well as in rheology of the different radiolabelled
microspheres used in SIRT are reviewed and implications
thereof on the practice of SIRT discussed. Additionally, po-
tential options for modulation of SIRT using angiotensin II
and degradable starch microspheres (DSM) are discussed.

Circulation and microcirculation of normal liver and liver
metastases

Circulation and microcirculation in the normal liver

The adult human liver weighs approximately 1,500 g and
obtains it blood via a dual supply; hepatic blood accounts
for 10-15 % of the total blood volume [15]. Approximately
60-80 % of hepatic blood is derived from the gastrointesti-
nal tract via the portal vein and 40-20 % from the systemic
circulation via the hepatic artery [16—-19]. Mean regional
arterial blood flow in the lateral, medial, anterior and pos-
terior liver segments approximates 37.6, 30.0, 28.2 and
31.6 ml/min per 100 g, respectively [20]. Mean regional
portal hepatic blood flow in the same segments approxi-
mates 29.8, 43.4, 50.0 and 40.9 ml/min per 100 g, respec-
tively [20]. Terminal branches of the hepatic portal vein and
hepatic artery with a diameter of 15-35 pwm and a length of
50-70 um empty together and mix as they enter the liver
sinusoids (average diameter 5 pum), distensible vascular
channels lined with highly fenestrated endothelial cells (si-
nusoidal endothelial fenestrae, SEFs) and bounded circum-
ferentially by hepatocytes, from which the blood is then
conveyed to the inferior vena cava by the hepatic veins. In
addition, hepatic arterioles wind themselves around the por-
tal venules sending short branches to the portal venules
(vasa vasorum) and to capillaries of the peribiliary plexus.
They further drain into sinusoids via arteriosinus twigs.
Finally, direct arterioportal anastomoses have been reported

The valveless portal vein is a low pressure (6—10 mmHg)/
low resistance system that largely depends on the degree of
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constriction or dilatation of the mesenteric and splanchnic
arterioles and to a lesser degree on atrial pressure [18].
Splanchnic resistance may increase linearly with increases
in portal pressure. In contrast, the hepatic artery supplies the
liver with arterial blood via a high pressure (mean pressure
similar to that of the aorta)/high resistance system that
depends on cardiac output and on the degree of arterial
inflow resistance to other vascular beds [19]. Based on
direct blood pressure measurements by micropuncture, the
blood pressure in the terminal hepatic arteriole is at least 22—
29 mmHg, which in the portal venule is 3.7 mmHg, while
the sinusoidal pressure is estimated to be as low as 0.7—
1.5 mmHg [20]. At the entry of the hepatic sinusoids two
sphincter-like structures, one located at the junction between
the terminal portal venule and the sinusoid characterized by
large endothelial cells surrounded with Ito cells (hepatic
stellate cells, HSCs) and one at the junction between the
terminal hepatic arteriole and the sinusoid corresponding to
the precapillary sphincter, help to regulate local control of
hepatic sinusoidal blood flow [21, 22]. It is essential for the
local control of hepatic sinusoidal blood flow that the dy-
namic contracting and relaxing changes not only in these
inlet sphincter-like structures but also in the SEFs corre-
spond with those of the HSCs, both of which are mediated
by the sinusoidal endothelium-derived vasoconstrictor
endothelins (ETs) and vasodilator nitric oxide (NO) [23].

Importantly, the hepatic arterial resistance may change so
as to buffer the effect of portal or arterial flow alterations on
total hepatic blood flow, a mechanism coined by Ezzat and
Lautt as the “hepatic arterial buffer response” that is be-
lieved to be mediated predominantly via adenosine washout
[15, 18, 24]. Adenosine is produced at a constant rate,
independent of oxygen supply or demand, and secreted into
a small fluid compartment, termed the space of Mall, that
surrounds the hepatic arterial resistance vessels. If portal
vein flow decreases, less adenosine is washed away into
the portal blood and the accumulated adenosine leads to
hepatic arterial dilation. Similarly, hepatic arterial autoregu-
lation operates by the same mechanism, whereby a decrease
in arterial pressure leads to a decrease in hepatic arterial
flow, thus resulting in less adenosine washout into the
hepatic artery blood. The accumulated adenosine leads to
hepatic artery dilation [25, 26]. These intrinsic regulatory
mechanisms tend to maintain total hepatic blood flow at a
constant level, thus stabilizing hepatic clearance of hor-
mones, venous return and cardiac output. The hepatic arte-
rial buffer response is capable of buffering a decrease in
portal flow of 25-60 %.

Circulation and microcirculation of liver metastases

Animal models Haemodynamics of liver metastases differ
significantly from that of normal liver tissue. Overall,
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available data suggest the lack of autoregulation at the level
of the liver sinusoids in liver metastases and activation of
the hepatic arterial buffer response.

Lack of autoregulation As early as 1969, Krylova demon-
strated that during tumour growth of liver metastases there is
no development of smooth muscles in the neoplastic walls
and that there is an absence of nervous elements and thus
also of autoregulation [27]. Likewise, Mattsson et al. and
Hafstrom et al. demonstrated the absence of adrenergic
innervation of blood vessels of experimental tumours by
means of histochemistry; quantitative estimations of nor-
adrenaline contents proved to be close to zero [28, 29].
Wickersham et al. noticed that topical administration of
adrenaline and noradrenaline caused a significant difference
between normal and tumour tissue with no response in
tumour vessels indicating a lack of smooth muscles and/or
receptors [30].

Activation of the hepatic arterial buffer response In a rat
model of occult colorectal liver metastases, a decrease in
hepatic arterial perfusion as well as in portal blood flow was
evidenced, accompanied by a simultaneous increase in mean
transit time suggesting a rise in intrahepatic resistance as
underlying cause [31]. Similar findings were observed in a
hypovascular HSN sarcoma liver metastases model [32].
Various factors may contribute to these findings [33, 34].
First, at the cellular level, tumour cell-driven activation of
Kupffer cells in the space of Disse was shown to result in
cytokine release and endothelial cell activation. Circulating
leucocytes were shown to bind to these endothelial activated
cells resulting in increased leucocyte rolling and flow stasis
with metastases development. Flow stasis occurred prior to
identification of visible tumours. Of interest, inhibition of
receptors expressed on activated endothelial surfaces abro-
gated metastases formation. Second, because of size restric-
tion, “microthrombotic” metastatic cells introduced via the
portal vein will be arrested at the inflow side of the micro-
vascular bed increasing intrahepatic pressure. Also, micro-
metastases may encircle portal venules and compress
sinusoidal capillaries leading to an increase of portal pres-
sure. Third, a circulating vasoactive agent inducing splanch-
nic vasoconstriction has been implicated; increased vascular
resistance developed in rats in which small bowel segments
were cross-perfused with arterial blood from rats bearing
liver metastases [35]. Finally, as metastases grow larger and
become macroscopic, portal hepatic blood flow further
decreases due to an increase in intratumoural pressure as
well as in the surrounding vasculature due to compression:
tumour nodules are surrounded by compressed sinusoidal
capillaries that resist portal flow [36-38]. Because of the
reduction in portal flow an adaptive increase of liver perfu-
sion via the hepatic artery is seen, resulting in an increase in
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the hepatic perfusion index. Importantly, arterial blood
appears to enter tumours via the portal venules suggesting
arterioportal communications play an important role in tu-
mour blood supply; interruption of either the hepatic artery
or the portal vein does not arrest blood circulation in liver
metastases. Of interest, while the hepatic perfusion index
increases, total hepatic blood flow is reduced.

Human data Up to the size of 200 um, liver metastases
receive their main blood supply via sinusoids. Beyond this
size neovascularization is induced by surrounding arterial
and portal vessels [39]. Macroscopic liver metastases exhib-
it an irregular tortuous vascular network bordered by a
vascular ring composed of compressed sinusoids. Similar
to preclinical models, arterial blood appears to enter the
metastases via the portal venules (through anastomoses)
and drains out into the hepatic venules through the micro-
vasculature [40—44]. Both the absolute and relative contri-
bution of hepatic arterial blood flow to total hepatic flow are
significantly increased in patients presenting with liver me-
tastases. Conversely, portal vein blood flow is significantly
reduced. While in non-malignant disease, arterial and hepat-
ic flow are reciprocal due to the buffer effect, such a
straightforward relationship is lacking in the presence of
liver metastases. In fact in a study by Miles et al., arterial
perfusion proved to be weakly, yet significantly correlated
to portal perfusion, a reversal of the normal situation imply-
ing that neovascularization in liver metastases is disordered
with admixture of arterial and portal blood in sinusoids no
longer being present [45]. The lower portal values when
compared to arterial values also imply that there is some
hepatic venous drainage, albeit reduced. As shown by
Haugeberg et al. following gelatin perfusion of the hepatic
vein on human cadaver livers with metastases, the hepatic
vein demonstrated venous drainage from peripheral areas of
tumour in less than 30 % of metastases and from central
tumour areas in only 9 % of liver metastases [39]. Larger
branches of the hepatic vein were not detected within me-
tastases. Of interest, in the same study, injection of the portal
vein showed that more than 50 % of liver metastases had a
distinct portal blood supply to the tumour periphery which
in approximately one third of cases extended centrally.
Likewise, using clearance and dynamic blood flow analysis
by means of gamma camera imaging following injection of
133X¢ into both hepatic arterial and portal venous catheters
in patients undergoing surgery for colorectal cancer, Taylor
et al. showed that while initial distribution images indicated
a predominant arterial perfusion to the metastases, after
manual hepatic artery ligation, portal vein perfusion to the
metastases was significantly increased [41]. Similar results
were obtained by Flowerdew et al. using dynamic first-pass
imaging of **™Tc-sulphur colloid through the liver of 44
patients presenting with liver tumours [46]. The latter

authors determined the relative arterial and portal compo-
nents of regional hepatic blood flow following arterial em-
bolization. Observations made were compared with those of
33 control subjects. Overall, these findings suggest the
existence of a pressure-dependent flow system for liver
metastasis. As arterial blood shunts into the portal venules
at the tumour border, the high arterial pressure created
within those vessels impedes the portal flow from entering
the tumour. As soon as the arterial flow is interrupted, the
high pressure is relieved and the portal flow increases to
supply the tumour.

On the rheology of MAA and microspheres

In the mid-1960s Ueda et al. and Taplin et al. developed
MAA spheres labelled with "', as markers for the multi-
organ distribution of cardiac output [47, 48]. Later, MAA
was labelled with *™Tc, in view of the advantages both in
terms of radiation dosimetry and of imaging properties [49,
50]. Shortly after the introduction of MAA, radiolabelled
microspheres were introduced by Rudolph and Heymann for
examining regional blood flow in sheep fetuses in utero
[51]. Some 10 years later, McDevitt and Nies demonstrated
the potential of radiolabelled microspheres for measuring
cardiac output in rodents and for estimating hepatic arterial
flow [52]. Several authors have studied the impact of size,
number and density on the distribution of radiolabelled
spheres.

Sphere size When flowing through arteries, radiolabelled
microspheres of 15-80 pm diameter will concentrate cen-
tripetally [53—55]. This centripetal tendency becomes more
pronounced as the ratio of microsphere diameter to vessel
diameter increases and is largely due to the wall exclusion
effect. Between a suspension that flows through a vessel,
e.g. blood and artery, there is a zone which is relatively
deficient in suspended material. This zone extends into the
suspension for a distance comparable with the dimensions
of the particles which it contains [56, 57]. The axial con-
centration of microspheres causes a skimming effect; the
concentration of microspheres entering a side branch will be
lower than that in the main channel [58]. Furthermore, as
smaller spheres will tend to flow more peripherally when
compared to larger ones, there will be a tendency for larger
microspheres to be separated from the smaller microspheres
by variations in arterial size and branching. At each branch
point, microspheres will tend to enter the branch with the
higher velocity and thus the fraction entering this branch
will be larger than the fraction of flow which enters. In dog
hearts, using microspheres of 15, 35 and 50 pum, the larger
microspheres were preferentially deposited in regions of
high flow [59, 60]. Similarly, the deposition of 35- and 50-
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pm microspheres in the outer renal cortex was greater than
that of 15-pum microspheres, and deposition in the juxtame-
dullary region was relatively less for the larger microspheres
when compared to small spheres [61]. Of interest, in the dog
heart model, it was also suggested that the form of vessel
branching had a negligible effect on microsphere distribu-
tion. The extent of embolization of differently sized radio-
active microspheres in experimental tumours and the
homogeneity of their distribution in normal liver was exam-
ined in 25 rats by Meade et al. [62]. The ratio of arterially
introduced microspheres lodging in tumour tissue compared
to the surrounding normal hepatic parenchyma was mea-
sured for 15-, 32.5- and 50-um diameter tracer micro-
spheres. The mean tumour to liver arterial perfusion ratio
(T/L) for 15- and 32.5-um spheres was approximately 3:1 in
both cases and there was no significant difference between
these values. However, 50-um microspheres did not prefer-
entially lodge in malignant tissue (mean T/L ratio 1:1). As
microsphere diameter increased from 15 to 50 pm, micro-
spheres lodged more evenly throughout the liver substance.
For 15-um microspheres the coefficient of variation was
55.548.3 % and 32.5-um microspheres distributed with a
coefficient of 35+16.8 %, while 50-um spheres distributed
most evenly with a coefficient of 19.7+6.8 %.

Radioactivity versus sphere size Whereas *°Y-TheraSpheres
and ?°Y-SIR-spheres have a relatively stable amount of
radioactivity/sphere, this is probably not the case for MAA
spheres when labelled with **™Tc. Provided that radiolabel-
ling of MAA spheres occurs through interaction with thio-
late groups and imidazole-containing groups on their
surface, doubling sphere size will increase the average ra-
dioactivity of a sphere by a factor of 4 given the surface area
of the sphere is directly proportional to the square of its
radius [50]. As such a sphere of 40-um diameter will con-
tain 16 times more radioactivity when compared to a sphere
with a diameter of 10 um. If on the other hand MAA spheres
are penetrable and **™Tc labelling can also occur on the
inner side of the spheres, the amount of activity per sphere
would be proportional to its radius to the third power.
Accordingly, the greater the variation in size of **™Tc-
labelled MAA, the less proportional the number of micro-
spheres trapped in a region will be to flow.

Sphere number Discrete tumours were induced by
Anderson et al. in rats through subcapsular hepatic inocu-
lations of HSN cells [63]. At 20 days, 12.5-, 25- or 40-pm
diameter, radiolabelled albumin microspheres were admin-
istered, in various concentrations, via the gastroduodenal
artery. Tumour to normal liver microsphere distribution
ratios were determined and median values ranged from 0.1
(0.2 mg/ml 12.5-pm microspheres) to 1.8 (20 mg/ml 40-pm
microspheres). Concentrated suspensions (20 mg/ml) of
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large microspheres (40 pm; ratio 1.8 versus 1.4 and 0.5
for 20 mg/ml of 25- and 12.5-pum microspheres, respective-
ly) produced the most favourable tumour to normal liver
distribution ratios. There were 2.7><106, 1.2x107 and
9.2x10" microspheres/ml in the 20 mg/ml suspensions
of the 40, 25 and 12.5 um diameter microspheres. With
regard to the T/N ratios for small dilute microspheres,
plasma skimming may have resulted in lower tumour
uptake. On the other hand, a flow dislocation effect
described previously for DSM may be responsible for
the higher T/N ratios found with increasing number of
microspheres injected. Following injection of 45-90x
10° of 40-um DSMs in a volume of 50 ml, flow
dislocation from areas with high resting flow to areas
with low resting flow was documented in liver tumours
by Civalleri et al. [64, 65]. Thus, concentrated micro-
spheres may lead to embolization following their injec-
tion which leads to distribution of the latter portion of
microspheres to relatively hypovascular areas. Also, mi-
crosphere chain formation, a phenomenon first identified
by Yipintsoi et al., may have contributed to the larger
T/N ratios identified with increasing concentration of
spheres injected [59]. Chain formation results from the
impact and protrusion of microspheres into an arterial
wall whose diameter is larger than the diameter of the
microsphere with the impacted microsphere not signifi-
cantly altering red blood cell flow in the vessel. Further
microsphere-rich blood flows into the arterial vessel and
these microspheres collect behind the impacted micro-
sphere forming a chain resulting in an non-uniform
distribution. As shown by Harell et al. chain formation
is directly related to the number of microspheres injected [66].
Of interest, in this series, a weak yet significant inverse
correlation was found between T/N ratios and tumour
weight. Higher T/N ratios are associated with smaller
tumours and larger tumours tend to become avascular in
their core. As in the latter study carbonized particles
were used (density 1.4 g/ml, major chemical compo-
nents: 67 % of carbon and 25 % of oxygen); these
findings warrant confirmation using resin and glass
microspheres.

Density In studies on myocardial blood flow, the use of
radioactive (density 1.3 g/ml) or non-radioactive micro-
spheres (density 1.02—1.05 g/ml) did not result in differ-
ences between endo/epicardial blood flow ratios suggesting
that buoyancy does not significantly influence the in vivo
behaviour of microspheres; average blood density is approx-
imately 1.06 g/ml [67]. Furthermore, in a study by Reed and
Wood, on the effect of body position on vertical distribution
of pulmonary flow in dogs, no differences in distribution of
microspheres were found between microspheres with densi-
ties of 0.2, 1.4 and 3.0 g/ml [68].
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Modulation of microsphere uptake by liver metastases
and of lung shunting

Various studies have shown that the amount of therapeutic
microspheres targeting liver metastases may be improved by
manipulating the tumour to normal liver blood flow.

Vasoactive drugs As described previously, the vasculature
of liver metastases is immature, possessing neither smooth
muscle cells nor an adrenergic nerve supply and is therefore
unable to respond to arterial constriction or dilation in the
same way as normal vasculature [28, 29]. Accordingly,
selective hepatic arterial injection of vasoconstricting
agents, by causing a temporary arterial constriction in nor-
mal blood vessels, may enhance the delivery of arterially
administered substances such as *°Y-labelled microspheres
to liver metastases. Inversely, following hepatic arterial in-
jection of vasodilating agents, a reduction of substance
delivery to liver metastases may be anticipated. In this
regard, Hafstrom et al. studied the effects of glucagon,
histamine, vasopressin, adrenaline and noradrenaline on
blood flow in anaesthetized rats with intrahepatic tumours
using microspheres labelled with **™Tc and >'Cr [29]. Rel-
ative tumour blood flow was defined as the ratio between
tumour flow and arterial hepatic flow. A relative decrease of
tumour blood flow in relation to surrounding liver tissue
blood flow was registered after infusion of vasopressin. No
effects were seen after glucagon, histamine or adrenaline
infusion. Contrariwise, in noradrenaline-infused rats an in-
crease in tumour to liver ratio was found indicating a pref-
erential blood flow to tumours induced by this drug. In
sheep squamous cell carcinoma transplanted to the liver,
intrahepatic arterial injection of angiotensin II produced a
significant increase in the embolization rate of arterially
introduced radioactive microspheres from 2.8 to 4.1 [69].
In a series of human hepatic cancer, using ®'™Kr, short
duration hepatic intra-arterial injection of angiotensin II (3—
4 min) resulted in a twofold increase in radioactivity in the
tumour and a reduction to about one half of the baseline
level in normal liver tissue [70]. Likewise, using angiotensin
II, Hemingway et al. were able to increase the delivery of
radiolabelled albumin microspheres in an experimental
model of liver tumours as well as in patients suffering from
colorectal cancer metastasized to the liver [71]. Using intra-
operative laser Doppler flowmetry the latter authors
assessed the impact of angiotensin II infusion on tumour
blood flow in ten patients with colorectal liver metastases.
Flow increased in eight of ten patients, but there were
striking qualitative and quantitative differences in blood
flow response between patients with isolated small metasta-
ses and those with large tumour deposits. In patients with
small metastases, perfusion increased to a peak of up to ten
times its baseline value over a period of 130-240 s from the

start of angiotensin II infusion retuning to baseline over a
similar period. The change in arterial pressure was paral-
lelled with that of flow over time, although the flow changes
proved to be several folds larger implying a significant
reduction in tumour vasculature. In contrast, of the four
patients with large tumours, two showed no blood flow
response to angiotensin II infusion, whereas two showed a
relatively low and short-lived peak which occurred only 30 s
after the start of the angiotensin II infusion. Of interest,
angiotensin II did not seem to impact baseline lung shunting
in patients suffering from colorectal liver metastases sug-
gesting a neoplastic nature of the blood vessels responsible
for the shunt; percentages of lung shunting of **™Tc-labelled
MAA ranging from 0.4 to 32 % have been reported in
patients suffering from metastatic colorectal cancer
(mCRC) [72]. Available data further suggest the degree of
lung shunting is directly related to the size of the liver
metastases and to their grade of vascularity [72]. Similar
results were reported by Ho et al. [73].

Degradable starch microspheres Starch microspheres have
a mean diameter of 40 um and consist of starch polymers
cross-linked with epichlorohydrin. They are degraded by
endogenous serum alpha-amylases and have a half-life in
human serum of 25 min at 37 °C in vivo. In a hypovascular
HSN liver tumour model, regional injection of 16.5 um
>7Co-microspheres resulted in a normal liver to tumour ratio
of 2.25/1 for **™Tc-methylene diphosphonate (MDP) reten-
tion [74]. Concomitant injection of 40 um DSM with >’Co-
microspheres reversed this ratio to 1:2 corresponding to a
fourfold increase in arterial blood flow, indicating that DSM
selectively enhanced retention of **™Tc-MDP not by caus-
ing intra-tumour stasis but by directing a greater arterial
flow to hypovascular areas. Similar findings were reported
in patients using high flow dynamic CT scanning. Using
9mTe-MAA, Ziessman et al. sought to determine the opti-
mal quantity of starch microspheres that would lead to a
hold-up of a drug solution in the microcirculation of liver
metastases in 20 patients suffering from mCRC [75]. The
authors showed that the amount of lung shunting was related
to the dose of starch microspheres injected; using a baseline
hepatic arterial scintigraphy (500 uCi of **™Tc-MAA) as a
reference and subsequent injections of 1.2 mCi/18x10°
DSM per min with a maximum of five subsequent doses
injected (total of 90x 10° DSM injected), mean percentage
lung shunting slightly decreased following the first injection
of 18x10° DSM and progressively increased thereafter to
26.8 % after five doses of 18x10° DSM. While this phe-
nomenon is as yet incompletely understood, various poten-
tial explanations for the increased arterial blood flow to liver
tumours following DSM injection have been put forward: a
DSM-induced arteriolar capillary blockade resulting in in-
creased arterial backflow with blood flow redistribution,
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opening of arteriovenous shunts hitherto temporarily closed
but opened following DSM embolization, a DSM-induced
hypoxia-driven blood shunting or a reduction in the local
washout of adenosine.

Temporary balloon occlusion 1f the degree of lung shunting
is too large (dose to the lungs exceeding 30 Gy), it may
preclude patients from being treated. In this setting, tempo-
rary balloon occlusion using compliant or non-compliant
balloons of the hepatic veins (right, middle or left hepatic
vein depending upon the relevant drainage territory) may
result in the reduction of pulmonary shunting to a level that
permits SIRT with *°Y-labelled microspheres. Of interest,
limited available data suggest that on repeated scans per-
formed to evaluate a second treatment course, pulmonary
shunting rests uninflated [76]. It is postulated that occlusion
of the hepatic veins while infusing **Y-microspheres results
from the pressure placed on the vascular bed by the sedi-
mentation of the microspheres during the implantation pro-
cedure which would endure beyond the immediacy of the
implantation.

Implications of the rheology of labelled microspheres
on the practice of SIRT and potential options for SIRT
modulation

Following their intra-arterial injection, microspheres accu-
mulate axially and show a disparate local flow as a result of
size-dependent skimming; the concentration of micro-
spheres entering a side branch will be lower than that in
the main vessel. Both axial accumulation and skimming are
believed to be largely due to the wall exclusion effect as
described by Bayliss, not to inertial or gravitational forces.
As a result of axial accumulation and skimming, large
microspheres will be preferentially deposited in regions of
high flow, whereas smaller microspheres will be preferen-
tially diverted to regions of low flow. Flow to normal liver
tissue is considerably variable between segments and also
within one segment. As a consequence, at the microscopic
level, in normal liver tissue, microspheres will be delivered
heterogeneously within the microvasculature. Due to the
broad range in size of radiolabelled **™Tc-MAA particles,
ranging from 10 to 120 wm, it may be anticipated that the
distribution heterogeneity within the normal microvascula-
ture of *’™Tc-MAA spheres will be more pronounced when
compared to that of *°Y-SIR-spheres (20-60 pm) and *°Y-
TheraSpheres (20-30 pum). Importantly, the non-uniformity
in microsphere distribution in normal liver tissue in general
has a significant “liver-sparing” effect on dose distribution
[77]. The dosimetry for normal liver tissue was determined
on autopsy material from a patient treated for a large hepatic
liver metastasis with **Y-SIR-spheres; two tissue samples of
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approximately 1 cm® were prelevated, away from major
blood vessels. In the normal liver sample, the average dose
was 8.9 Gy with a minimum dose of 5 Gy. Less than 1 % of
the normal tissue volume received a dose of 30 Gy, the level
above which complications have resulted for whole liver
exposure using external beam radiotherapy [78].

The fraction of arterial blood that flows to liver metasta-
ses differs between patients and also between different me-
tastases of the same patient. Up to the size of 200 pum,
metastases receive their blood supply via sinusoids. Beyond
the size of 200 um, peripheral neovascularization is in-
duced. As lesions grow beyond the size of 1-1.5 cm, they
outgrow their peripheral blood supply and the interior part
of the metastases become largely devoid of arterial blood
perfusion which may eventually result in central necrosis. In
about 40 % of macrometastases, micrometastases are pres-
ent in close proximity (1-1.5 cm), most likely resulting from
local hepatic retrograde tumour spread. Accordingly, in
decreasing order of magnitude, arterial flow to liver metas-
tases is most pronounced in the hypervascular rim of me-
tastases larger than 1.5 cm, followed by the smaller
metastases and finally by the central hypoperfused region
of the larger metastases. Arterioles feeding liver metastases
in humans are on average 30—40 pum in diameter and none of
the arterioles were shown to be larger than 100 um in
diameter. As such, on **™Tc-MAA scintigraphy, a propor-
tion of spheres (the largest ones) are likely to be trapped
outside, in front of the metastatic tissue. Furthermore, be-
cause of the wide variability in size of **™Tc-labelled MAA
spheres and the potential size-related difference in specific
activity (larger **™Tc-labelled MAA spheres are likely more
active than smaller ones) and because of the skimming
effect (larger spheres will follow the highest flow), existing
differences in flow between metastatic lesions of variable
size are likely to be exaggerated on *°™Tc-MAA scintigra-
phy when compared to TheraSpheres and SIR-spheres
(smaller variability in size and probably also in specific
activity). Ideally, MAA kits would contain spheres within
a size range similar to that of **Y-SIR-spheres or *°Y-Thera-
Spheres. Furthermore, the optimal number of MA A particles
to inject for the pretreatment planning scintigraphy warrants
further exploration as it was shown that concentrated sus-
pensions of microspheres produce more optimal tumour to
normal liver distribution ratios; for a typical **™Tc-MAA
pretreatment scintigraphy, on average 0.5x10° MAA
spheres are injected versus >2x10° *°Y-labelled micro-
spheres. Of interest, available data suggest that the flow-
based heterogeneous distribution of microspheres to meta-
static lesions of variable size might be optimized, that is
rendered more homogeneous, through the combined use of
angiotensin II and DSM. In small liver metastases in
humans, perfusion was shown to increase to a peak of up
to ten times its baseline value over a period of 130-240 s
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from the start of angiotensin II infusion in the hepatic artery,
returning to baseline over a similar period. In contrast, in
large metastases, no blood flow or either a relatively low and
short-lived peak response to angiotensin II infusion was
found. The latter finding might explain why the isolated
use of angiotensin II when using SIRT did not prove useful
in human trials performed in the early 1990s. On the other
hand, a number of studies have shown that injection of
concentrated DSMs directs a greater arterial flow to hypo-
vascular areas while at the same time increasing lung shunt-
ing (injection of more than 20x 10° DSMs). Based on these
data, a split-dose injection of *°Y-microspheres might be
considered: the slow injection (over 1 min) of half a dose
starting approximately 130 s after angiotensin II injection in
the hepatic artery or the clinically relevant side branch
thereof, followed by the injection of up to 40x10° DSM
subsequently followed by injection of the second half a dose
of *°Y-microspheres. The first half a dose, administered
following angiotensin II injection, will target the hypervas-
cular rim of larger lesions as well as significantly improve
the perfusion of the smaller lesion (up to 10 times). The
second half a dose, administered after DSM injection, will
mainly target the hypovascular areas of the larger lesions.
Adopting such a paradigm, temporary balloon occlusion of
the draining hepatic vein(s) might be necessary whilst
injecting DSMs and thereafter, in order to control the frac-
tion of **Y-microspheres shunted to the lungs. For direct
comparative as well as for dosimetric purposes, evaluation
of the lung shunt fraction and uptake by liver metastases of
9MTe-MAA adopting this paradigm should be evaluated
using the same split-dose and ballooning approach. A po-
tential drawback of the split-dose paradigm as suggested is a
dose reduction to the hypervascular rim of the larger lesions
which could theoretically compromise treatment outcome.
On the other hand, adopting the currently used routine
strategy for SIRT and considering the short range of the 3
emission of *°Y (mean tissue penetration of 2.5 mm, with a
maximum penetration of 10 mm), the hypoxic, underper-
fused areas of larger metastases are now most likely under-
treated. While the great majority of tumour cells suffer
adverse consequences under hypoxic conditions, a small
cell fraction is favoured through genomic changes and clon-
al selection [79, 80]. The aggressive phenotype of these
tumour cells that can be considered as a desperate attempt
of cancer cells to survive their hostile and nutrient-deprived
microenvironment will lead to faster tumour progression
that will further enhance hypoxia perpetuating a vicious
circle and ultimately determining the fate of the patient.
The split-dose paradigm as suggested will increase the de-
posit of **Y-microspheres to hypoxic areas in metastases
whilst at the same time provide oxygen to fix the
radiation-induced damage to the more aggressive tumour
cells induced by the p-rays emitted by *°Y. Future studies

will need to resolve which one of both strategies, either
conventional or split-dose, yields the best results in terms
of treatment outcome.

Conflicts of interest None.
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