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ABSTRACT

Brachytherapy by embolization with radiotherapeutic microspheres
following intraarterial infusion of a radiosensitizer represents an attempt
to combine several selective modalities into a more potent, focused attack
on regionally confined tumors. In pursuit of this goal, we examined the
ability of foxhounds with surgically implanted hepatic arterial (HA)
delivery systems to tolerate a clinically relevant dosage of HA yttrium-
90 (Y-90) by microsphere administration either alone or preceded by a
28-day constant HA infusion of either 5-bromo-2'-deoxyuridine (BUDR)

or a control solution. Five dogs received BUDR (10 mg/kg/day) and five
a control buffer infusion for 28 days immediately prior to the administra
tion of Y-90-coated 15 inn resin microspheres (equivalent of 5000 rails
to the entire liver) to each dog on day 31. In all animals, blood counts,
bilirubin, amylase, appetite, weight, and behavior remained unchanged.
Dogs receiving the microspheres after buffer infusion alone exhibited no
hepatic enzyme alanine aminotransferase or alkaline phosphatase eleva
tion. Alanine aminotransferase and alkaline phosphatase levels both rose
during the third week of BUDR infusion, and while subsequent micro-
sphere administration further increased enzyme levels, these levels had
largely normalized by necropsy on day 82. At necropsy, the type and
degree of hepatic toxicity among the animals receiving radioactive micro-
spheres was comparable to that previously described in patients receiving
external beam hepatic irradiation at conventional doses (2000-3000
rads). Also noted was a radiation-induced cholecystitis (due in large part
to the gallbladder's total reliance on the hepatic artery for blood supply).

One resin microsphere dog exhibited a small quantity of microspheres in
the lungs causing focal radiation-induced granulomas suggesting the need
to assess shunting of microspheres through the liver in clinical studies.
Thus, HA Y-90 microspheres with BUDR can produce acceptable,
nonlethal, and tolerable toxicities in this dog model suggesting that
clinical studies of this combination are not likely to be contraindicated
by synergistic toxicity. Although HA BUDR did not contribute signifi
cantly to the toxicity of the Y-90 microspheres, HA BUDR by itself
administered uninterrupted for 4 weeks may, like HA FUDR (clinically),
cause chemical hepatitis/cholangitis. The unexpected fragmentation of
the resin spheres (albeit without myelosuppression) has led us to begin
studies with a recently developed nondisruptible glass microsphere
(TheraSphere) in which the Y-90 is part of the glass matrix and cannot
leach. In initial studies, the effects upon the liver after HA injection of
these microspheres to a whole organ dose of 15,000 rads were similar
clinically and pathologically to those described with the resin micro-
spheres. TheraSphere may be a more suitable radiotherapeutic vehicle
with which to pursue further preclinical investigations and clinical trials.

INTRODUCTION

Regionally confined tumors cause morbidity and mortality
primarily through uncontrolled local growth. Improvements in
local tumor destruction are required as an initial step in altering
the course of these malignancies. Increases in dosage of radia
tion or chemotherapy necessary to achieve greater cell kill for
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local control presently are often limited by toxicity to normal
tissues. Because the radiation treatments and chemotherapeutic
agents currently available destroy normal and malignant tissues
with insufficient discrimination, research efforts often have
focused on means of achieving some element of selectivity.
Attempts at increasing the effective tumor radiation dose have
been made using radiosensitizing agents (1) and dose rate-
dependent selectivity with radiation has been sought using the
lower dose rates intrinsic to brachytherapy (2).

Chemotherapeutic selectivity can be obtained by the direct
intraarterial administration of antineoplastic drugs possessing
appropriate pharmacokinetic properties (3, 4). Primary and
metastatic cancer within the liver is particularly susceptible to
this approach since tumors in that organ derive most of their
blood supply from the hepatic artery whereas liver parenchyma
can survive with the portal supply alone (5, 6). The Infusaid
implanted pump and catheter drug delivery system permits safe,
reliable, continuous intraarterial infusion of therapeutic agents
for long periods of time on an ambulatory basis and has been
widely applied to the treatment of hepatic malignancy (7, 8).
We have reported the development of a canine model for
protracted HA' chemotherapy using the implanted system and

its use to demonstrate the feasibility and tolerance to HA
infusion of the radiosensitizing agent BUDR (9). Recently, we
have initiated clinical studies using the Infusaid pump system
for infusion of BUDR in combination with external beam
radiotherapy for high grade gliomas.

In prior studies, we have demonstrated that chemoemboli-
zation, the concomitant administration of drug and biodegrad
able starch microspheres, can enhance regional selectivity fur
ther (10, 11). Additional laboratory and clinical studies suggest
that tumors are often hypervascular at the microcirculatory
level and may entrap three times more microspheres than
normal liver (12, 13). Regional microsphere therapies thus
represent a means of capitalizing on this relative tumor hyper-
vascularity by generating a prolonged exposure of drug or
radiation at the level of the arteriolar-capillary bed within the
tumor.

In this paper, we report the use of dogs with implanted HA
drug delivery systems to examine the feasibility of and tolerance
to radioembolization with Y-90 labeled resin microspheres
alone (with only a control buffer solution infused via the im
planted pump) and combined with prior continuous HA infu
sion of BUDR. As the resin spheres may be less than ideal for
clinical use due to unpredictable in vivo stability (fragmenta
tion), we also report the results of pilot studies using the same
delivery system, as well as angiographically positioned ballon
catheters, to examine the tolerance to both nonradioactive and
Y-90 containing forms of newly available nondisruptible glass
microspheres injected in the absence of prior HA infusion.
Regional drug administration, chemoembolization, the use of

'The abbreviations used are: HA. hepatic arterial; BUDR, 5-bromo-2'-deox-
yuridine: Y-90, yttrium-90; HAPS, hepatic arterial perfusion scintigraphy;
TcMAA, "Tc-macroaggregated albumin; ALT, alanine aminotransferase; AP,
alkaline phosphatase; FUDR, 5-fluoro-2'-deoxyuridine.
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radiosensitizing agents, and brachytherapy all have the poten
tial for significant contribution to improved local tumor control.
This preclinical study, therefore, represents an initial attempt
to examine the feasibility of uniting these elements by deter
mining normal tissue tolerance in dogs for a clinically relevant
hepatic arterial treatment regimen.

MATERIALS AND METHODS

Animals. Ten foxhounds with a mean weight of 32.5 kg (range, 25-
40 kg) were obtained from the Laboratory Animal Center of Ohio State
University. Columbus, Ohio. For the duration of the study, the animals
were fed Purina dog chow and water ad libitum and were quartered in
and maintained by the University of Michigan Unit for Laboratory
Animal Medicine according to governmental and institutional guide
lines.

Drug Delivery System. The implanted delivery system consisted of
the Infusaid Model 400 Infusion Pump (Intermedics-Infusaid, Nor
wood, MA) with a radioopaque, tapered, silicone rubber catheter (no.
36587, Intermedics-Infusaid). The operative technique for implanting
the pump in this animal model has been described (9). Prior to implan
tation, each pump was loaded with 50 ml of sterile saline containing
1000 units/ml of sodium heparin. Mean pump flow rates were calcu
lated at the time of pump rollii every 14 days by subtracting the residual
chamber volume from the initial 50-ml instilled volume and dividing
the remainder by 14. The mean flow rate of the pumps when infusing
control buffer was 2.8 ml/day (range, 2.3-3.2) while the mean flow rate
with BUDR solution was 0.9 ml/day (range, 0.7-1.1).

Flow Distribution. Liver spleen scans were obtained on all dogs using
4 mCi of ("Tcjsulfur colloid prior to pump implantation. HAPS was

performed by slowly injecting 4 mCi of TcMAA through the pump
sideport soon after implantation (14). The percentage of liver substance
perfused was estimated by visually comparing the anterior, posterior,
and lateral aspects of the liver-spleen scan with similar views obtained
with the HAPS. The dogs receiving the Y-90 labeled resin microspheres
were divided into two equivalent groups with regard to liver perfusion
patterns on HAPS (see Table 1).

Drug Solutions. BUDR (lot no. 416900) was obtained from P-L
Biochemicals, Inc., Milwaukee, WI. Purity was >98% by spectral
analysis and no contaminating substances were found by thin-layer
chromatography using two solvent systems. A solution containing 500
mg/ml of BUDR in a 0.1 M sodium bicarbonate/carbonate buffer (pH
9.8 Â±0.1)was prepared. Stability of this BUDR buffer solution at 37Â°C

was satisfactory with <5% decrease in BUDR concentration over 14
days (in glass or the pumps) by high-performance liquid Chromato
graphie analysis. This stock solution was then diluted further so that
BUDR at a dose of 10 mg/kg/day would be delivered over 14 days
through the pump to each of five dogs. The five resin microsphere
control animals received an infusion of the 0. l Mbuffer solution without
BUDR. Upon termination of BUDR infusion, control buffer solution
was instilled into the pumps of the BUDR-treated animals. Heparin at
a concentration of 1000 units/ml was added to all solutions.

Yttrium-90 Microspheres. The resin microspheres were prepared in
the Oak Ridge National Laboratories, Oak Ridge, TN, by adsorbing Y
90 onto Biorad microspheres (Aminex Q-150 S-8% cross-linked sty-
rene, divinyl benzene copolymer cation exchange resin, 27 Â±7 ^m
unfired) and then fired at 648'C for 3 h. The resulting carbonized

spheres were 15 Â±5 Â¿imin diameter and, on average, 9.8 million
spheres were administered (range, 5.4-12.8 million) to each of the 10
animals.

Dosimetry. The liver weight was estimated assuming canine liver to
be 4% of total body weight. The weight of liver perfused was determined
by multiplying the estimated liver weight by the percentage of perfusion
determined with HAPS. The amount of radioactivity administered in
the form of radioactive resin spheres ranged from 11 to 26 mCi resulting
in an average initial tissue concentration (Co) of 22.9 Â¿iCi/gof perfused
liver. Assuming the effective half-life (T,â€ž)to be equivalent to the
physical half-live (Tf) of 2.7 days, and with an average ÃŸray energy per
disintegration (EÂ¿)of 0.9314 Mev, the total absorbed ÃŸparticle dose
(/' . ) was calculated to be 4250 rads using (15, 16):

= 73.8Â£i,C0relr (A)

The dose rate (Ra) was calculated using the following equation where /
= time and t and 7"e(Tare in the same units (15, 16):

Re = 0.0355ElÃ¬C0e~0693'/T'' (B)

At /o, Râ€žwould be 0.76 rad/min; at fih, 0.75 rad/min; at /24h,0.58 rad/
min; at /Mh (one half-life), 0.38 rad/min.

Toxicity Measurements. Weights of the animals were monitored
monthly and their activity and appetite daily. Baseline laboratory
studies obtained before pump implantation consisted of ALT, AP, total
bilirubin, amylase, and hematological parameters. All laboratory studies
were repeated weekly during the time of drug infusion and twice weekly
after injection of the microspheres until necropsy at 82 days from the
start of infusion. Determinations of significance for laboratory value
changes were performed using the t test at the conclusion of the
experiment. On day 82 of the study, the dogs were sacrificed (i.v.
barbiturate overdose) and autopsied. Both macroscopic and microscopic
examinations were performed on tissues from the liver, gallbladder,
bone marrow, lung, stomach, duodenum, colon, and lymph nodes of
each dog by a certified veterinary pathologist (C. E. C.).

Pilot Glass Microsphere Studies. The glass microspheres (Thera-
Sphere; Theragenics Corp., Atlanta, GA) have yttrium-89 incorporated
into a glass matrix and have an average diameter of 22 ^m. The yttrium-
89 within them can be activated by neutron bombardment to yield Y-
90 prior to use. The radioactive and nonradioactive forms of Thera-
Sphere for these experiments were provided by the manufacturer.
Approximately 7.5 million spheres were administered to each animal,
the radioactive dose being determined by the specific activity.

Five hounds with a mean weight of 30.2 kg (range, 26-37 kg) were
obtained from the Laboratory Animal Center of Ohio State University
and from Laboratory Research Enterprises, Inc., Kalamazaoo, MI, and
were fed, quartered, and maintained as described above. Two animals
(dogs A and B) had undergone prior surgical implantation of the
Infusaid drug delivery system. Throughout the study, the patency of
these pump and catheter systems was maintained with a 0.9% saline
solution containing 1000 U/ml of sodium heparin. Since the animals
in this pilot study were to receive microspheres alone without any prior
drug infusion, the hepatic artery was accessed in the remaining three
animals (dogs C-E) by means of angiographically positioned balloon
occlusion catheters in the following manner.

Using a Seldinger technique, a 5.5 (O.D. = 1.83 mm) french Check-
Flo Sheath (Cook, Inc., Bloomington, IN) was placed into the common
femoral artery. Through the sheath, a 5.0 (O.D. = 1.67 mm) french
polyethylene cobra catheter (Cook) was advanced under fluoroscopic
guidance into the common hepatic artery and an arteriogram was
obtained to define the hepatic arterial anatomy. The catheter was
advanced into the gastroduodenal artery which was then occluded with
a 3-mm Gianturco coil (Cook) in an effort to eliminate flow to the
pancreas and duodenum. The catheter was then withdrawn into the
common hepatic artery and exchanged over a guidewire for a 5.0 french
balloon occlusion catheter (Medi-Tech, Watertown, MA) positioned in
the mid-common hepatic artery. Test injections of contrast were made
under fluoroscopy with the balloon inflated and deflated to confirm the
position of the balloon and the ability to prevent reflux of injected
material into the left gastric and splenic arteries. The catheter was then
sutured in place at the groin to prevent migration. Catheters were
removed immediately upon microsphere injection.

Liver spleen scans were obtained on all dogs using 4 mCi of ["Te]

sulfur colloid prior to pump implantation or catheter placement. HAPS
was performed by slowly injecting 4 mCi of TcMAA through the pump
sideport soon after implantation or through the catheter immediately
after angiographie positioning. For the radioactive TheraSphere, the
liver weight estimate was modified to 3% of total body weight based on
published data ( 17) and was not adjusted for percentage perfusion. The
administered doses ranged from 52.5 to 54.5 mCi yielding an average
initial tissue concentration of 78.9 Â¿iCi/gof liver. Using the equations
defined above, the total absorbed beta particle dose (/>..) was calculated
to be 14,643 rads and the dose rates (Ra) were: at f0, 2.61 rad/min; at
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f,h, 2.58 rad/min; at /24h,2.01 rad/min; and at iMh, 1.30 rad/min.
Body weight was monitored weekly, and the laboratory parameters

listed in the preceeding paragraphs were obtained daily for the first 3
days following TheraSphere injection and then twice weekly thereafter
until sacrifice 1 month after TheraSphere administration. Tissues were
processed and examined as described above.

RESULTS

Resin Microspheres. All of the implanted drug delivery sys
tems appeared to remain patent with stable and reliable function
for the entirety of the study. No local infections, sepsis, or
thrombotic complications were encountered. Throughout the
study, all of the dogs ate normally, maintained their weight,
and exhibited no behavioral abnormalities. In every animal
(including those receiving BUDR), the hematological parame
ters, total bilirubin, and amylase remained within the normal
ranges during the entire period of the study.

The dogs who received control buffer solution followed by
resin microspheres exhibited no significant changes in the he
patic enzymes monitored (ALT and AP). In contrast, the ALT
(Fig. 1) and AP (Fig. 2) both started to rise during the third
week of BUDR infusion and were elevated at the time of Y-90
microsphere administration. Microsphere injection led to fur
ther hepatic enzyme increases in these animals. These enzyme
levels, however, had returned to near normal by the time of

400 r
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Fig. 1. Mean ALT levels of two groups of five dogs before and after HA Y-90
resin microsphere administration. Â».values for dogs receiving continuous HA
infusion of BUDR at 10 mg/kg/day for 4 weeks preceding microsphere injection;
O, values for dogs receiving 4 weeks of continuous HA infusion of control buffer
solution prior to microsphere injection.
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Fig. 2. Mean AP levels of two groups of five dogs before and after HA Y-90
resin microsphere administration. â€¢.values for dogs receiving continuous HA
infusion of BUDR at 10 mg/kg/day for 4 weeks preceding microsphere injection;
O, values for dogs receiving 4 weeks of continuous HA infusion of control buffer
solution prior to microsphere injection.

necropsy on day 82 from the start of drug infusion (51 days
after microsphere administration).

Necropsies were performed on all dogs immediately after
euthanasia. All tissues were stained with hematoxylin and eosin
and, in addition, sections of liver were stained with Masson's

Trichrome. Only one animal exhibited any abnormalities on
gross examination of the liver. The liver of this dog (exposed
to both BUDR and radiation) was noticeably more firm than
normal and the lungs were found to contain multiple nodules.
No other dogs had gross or microscopic lung lesions. Micro
scopically, the excessive hepatic firmness appeared to represent
severe and extensive portal fibrosis, and the lung nodules proved
to be areas of necrosis and inflammation surrounding presumed
microsphere fragments. Microscopic examination of the livers
in the remaining animals revealed a disorganization of hepato-
cytes to a varying degree. Many of the central veins (zone 1)
were indistinct and others had multiple lumens where only one
is normally present (Fig. 3/Ã•).Several veins also had eccentric
thickening of the smooth muscle in their walls. Probable micro-

sphere fragments were found in Kupffer cells (Fig. 35) and
within what appears to be the endothelial cells lining the central
veins as well. Intact microspheres, however, were seldom ob
served. Mild to moderate portal fibrosis (zone 3) was seen in
dogs from both resin microsphere groups (Fig. 3C). The portal
fibrosis was restricted to those areas or lobes that were being
perfused as determined by TcMAA scintigraphy. The extent
and severity of the histolÃ³gica! abnormalities in the livers were
variable, and comparison of the two resin microsphere groups
in this regard revealed no significant differences (see Table 1).
Some degree of cholecystitis was encountered in virtually all of
the animals as were varying degrees of gastritis. Additionally,
one dog from each resin sphere group was found to have marked
pancreatic atrophy. No whole or fragmented microspheres or
pathological findings were observed in the bone marrow, duo
denum, colon, or lymph nodes of any animal.

TheraSphere. No local infections, sepsis, or thrombotic com
plications were encountered with either the surgically implanted
or the angiographically placed catheters. All of the dogs ate
normally, maintained their weight, and exhibited no behavioral
abnormalities with the exception of one animal (dog E) who
suffered gastric ulcÃ©rationfrom extrahepatic distribution of
radioactive TheraSphere. In every animal, the BUN, creatinine,
and total protein remained within normal ranges throughout
the study. Amylase values in the two dogs injected with nonra-
dioactive TheraSphere (dogs A and B) gradually rose reaching
peaks of 1.5 and 2.0 times the upper limit of normal at 3 weeks
postadministration with levels declining thereafter. In contrast,
amylase values in the dogs receiving the radioactive Thera
Sphere remained stable and within normal range throughout
the study period. Pathological lesions (described below) were
found in the pancreas in only one of the two dogs injected with
the cold TheraSphere and in none of the animals who received
the hot glass spheres. Platelet counts in all of the animals
remained stable and within normal range for the entirety of the
study. The red blood cell counts exhibited an initial fall with
subsequent normalization in those animals who underwent
percutaneous catheter placement. The red cell counts of all
other animals remained stable and within normal limits. The
white blood cell counts of all animals remained within normal
limits with the exception of dog E. This animal gradually
developed a leukocytosis, the peak of which coincided tempo
rally with the peak in its serum enzyme determinations and the
manifestation of symptomatic gastric ulcÃ©ration.None of the
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Table 1 Pathological findings in dogs receiving Y-90 resin microspheres preceded
by hepatic arterial infusion either of buffer solution alone or of BUDR"

% Liver Portal Pancreatic
Dog no. Rx perfusion fÃbrosis Gastritis Cholecystitis atrophy

12345678910BufferBufferBufferBufferBufferBUDRBUDRBUDRBUDRBUDR60+* +++50
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+++ -+70
-++++90

++ -+++40
++90

++++ ++NSC
NSrf NS* NS'_+++â€”â€”â€”â€”â€”+++â€”_NS"

" See text for details of treatment.
* Grading: â€”,absent; +, mild; ++, moderate; +++, marked; ++++, severe.
' Student's t test.
d Walsh test (29).

â€ž, ~ 300

Z *
oc tf>
LU l-

2 -
t- oco â€”

z <
< LU

200

100

14 21 28 35

DAYS
Fig. 4. Mean ALT levels (in Reitman-Frankel, or R-F, Units) of two dogs

after HA injection of nonradioactive TheraSphere (â€¢)and of three dogs (â€¢)after
HA injection of radioactive TheraSphere (mean dose 78.9 Â»iCi/gof liver).
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Fig. 5. Mean AP levels of two dogs after HA injection of nonradioactive
TheraSphere (â€¢)and of three dogs (â€¢)after HA injection of radioactive
TheraSphere (mean dose, 78.9 >iCi/g of liver).

\

animals had any white cell count below the lower limit of
normal at any time during the study.

The ALT (Fig. 4) and AP (Fig. 5) remained within normal
ranges in both dogs receiving the nonradioactive TheraSphere
although minor peaks in ALT appeared to occur 2 days and 2
weeks after microsphere administration. Among the dogs in-

Fig. 3. Photomicrographs of liver sections embedded in paraffin and stained
with hematoxylin and eosin 82 days after a 4-week continuous HA infusion of
BUDR at 10 mg/kg/day followed on day 31 by HA injection of Y-90-coated resin
microspheres (mean dose 22.9 jiCi/gram perfused liver). A, multiple lumens and
eccentric wall thickening of central veins (bar, 100 Â¿im),B, arrows, indicate
microsphere fragments which have been phagocytized by Kupffer cells (bar. SO
iim); C, portal fibrosis secondary to irradiation by Y-90 microspheres. Arrows,
remnants of bile ducts (bar, 101) */1n ).
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jected with radioactive TheraSphere, the ALT (Fig. 4) and AP
(Fig. 5) both peaked briefly 2 days postadministration. In one
animal (dog D), both enzymes then remained normal for dura
tion of the study. In a second (dog C), the AP remained within
normal range while the ALT slowly rose to reach a maximum
level between 2 and 3 weeks after injection and then declined.
The third dog (dog E) exhibited a gradual climb in both enzymes
with maximum values again reached between 2 and 3 weeks
after injection. While the enzyme values in the latter two dogs
were beginning to decline, they were still beyond normal limits
at the time of sacrifice 30 days after TheraSphere administra
tion.

On gross examination, the liver of one of the dogs injected
with cold TheraSphere (dog B) appeared congested; there were
otherwise no gross hepatic lesions. Microscopically, the hepa-
tocytes from the livers of these dogs were swollen, disorganized,
and frequently vacuolated, leaving no real impression of cords
or sinusoids. The centrolobular veins appeared to have multiple
lumens with some eccentric thickening of their walls. Portal
fibrosis was not seen in these animals. Microspheres were
detected within the blood vessels of the duodenum in the
absence of lesions and within the pancreas with one area of
microinfarction in dog B. The duodenum and pancreas of dog
A were free of lesions and microspheres. There were no micro-
spheres and no significant gross or microscopic lesions found
in the stomach, spleen, gallbladder, small bowel, colon, lungs,
or bone marrow of either animal.

In contrast, the livers of two out of the three dogs who were
injected with radioactive TheraSphere (dogs C and E) revealed
visible areas of infarction. Microscopically, the hepatocellular
and centrolobular changes described in the animals receiving
the cold spheres were uniformly present. Present in addition,
however, were portal changes including fibrosis, microinfarcts,
and areas of acute necrosis associated in all cases with the
presence of microspheres. The gallbladders in two of the ani
mals had gross and microscopic areas of infarction in which
microspheres were present. As mentioned previously, the stom
ach of one animal was found to have a large ulcÃ©rationnear the
gastroduodenal orifice. In this animal, lung lesions compatible
with infarcts were encountered, but no microspheres were seen
and radiation levels from the tissue were at background. There
were no microspheres and no gross or microscopic abnormali
ties of any consequence in the stomachs or lungs of the other
animals nor in the small bowel, colon, pancreas, spleen, or bone
marrow of any dog in this group.

DISCUSSION

Yttrium-90, a 2 Mev (peak) ÃŸemitter with a half-life of
approximately 3 days and a maximum tissue penetration of less
than 1 cm (18, 19), is a radioisotope well suited for the admin
istration of localized internal radiation therapy. The continuous
low dose rate provides the benefits of brachytherapy while the
dose is delivered over a relatively short period of time. The
major pathological findings in the livers of the dogs receiving
the Y-90-labeled resin microspheres consisted of vascular
changes in the centrolobular region (acinar zone 1) and fibrosis
in portal regions (acinar zone 3). Among the other toxic effects
noted was the distribution of a small quantity of radiotherapeu-
tic microspheres into the lungs of the one dog causing focal
radiation-induced granulomas. The extent and severity of he
patic fibrosis in this animal exceeded that seen in the other
animals of the series and also that seen in the dogs who received
the equivalent of 15,000 rads to the entire liver by means of the

glass microspheres, suggesting the possibility that some degree
of prior fibrosis existed in this particular animal leading to
shunting of blood through the liver carrying some of the micro-
spheres into the lungs. Although ideal perfusion scintigrams
would have no extrahepatic flow, a component of shunting to
the pulmonary circulation ranging from 5.8 to 26% and aver
aging 12.6 Â±6.0% has been demonstrated to occur in humans
(20). It would seem prudent, therefore, to limit this treatment
to patients with sufficiently low pulmonary shunt indices such
that radiation exposure to the lungs would be minimized. The
extent of pulmonary tolerance to radiation from Y-90 when
administered in this way in humans is not known, however,
prior studies administering Y-90 as an inhaled fused clay aer
osol (21) have demonstrated the ability of dogs to tolerate a
lung burden of as much as 5000 rads with only a transient,
subclinical functional impairment that either resolved or failed
to progress. Cholecystitis was encountered to some extent in
almost all of the animals who received radioactive micro-
spheres, both resin and glass, but was absent in the animals
infused with nonradioactive microspheres. This would not be
expected to pose a problem clinically in patients with Infusaid
pumps as cholecystectomy is performed routinely in most in
stitutions at the time of pump implantation. The gastritis and
pancreatic pathology observed derive from the difficulties in
achieving total isolation of hepatic flow in the dog model.

Our study also demonstrates that the Infusaid pump can
deliver a prolonged hepatic arterial infusion of BUDR. By virtue
of its high systemic clearance (median, 4 liters/min; range, 3-
6 liters/min) and hepatic extraction (about 87%), BUDR is
suitable on a pharmacokinetic basis for hepatic arterial infusion
to derive regional advantage (4, 22). Assuming a canine HA
blood flow of 0.1 liter/mm, a total body clearance of 3-6 liters/
min, and an extraction ratio of 0.8, we would estimate a 150-
300-fold advantage for HA BUDR administration over i.v.
infusion (22). It can be estimated from these values that the
dose rate administered to these dogs produced an HA drug
concentration of 77.25 fiM while generating a systemic venous
blood level of only 0.25 /tM. Kinsella et al. (23) in a clinical
trial of intermittent i.v. BUDR with conventional fractionated
radiation demonstrated myelosuppression to occur with plasma
BUDR concentrations of 2.1 /^Mbut not at 0.7 ^M. Thus, the
HA administration of BUDR as in this study would create HA
BUDR levels more than 30 times the maximally tolerated
systemic concentration in humans while producing systemic
levels 10 times less than the maximally tolerated concentration
and two thirds less than a known safe level in terms of myelo
suppression, the major dose limiting toxicity of continuous i.v.
administration. Relevant to the higher regional exposures,
based on the release of hepatic enzymes into the bloodstream
(Figs. 1 and 2), it appears that BUDR can cause a schedule-
dependent chemical hepatitis similar to that seen clinically with
FUDR (7-9) and studies examining this phenomenon have
been initiated.

Y-90-coated resin microspheres 55 ^m in diameter were
administered clinically at doses of approximately 5000 rads
(calculated as in this dog study) in the late 1960s and early
1970s to treat hepatic tumors (18, 19). In several patients who
died shortly after such treatment, treated tumors were found to
have 3-4-fold higher microsphere levels than normal liver (19).
However, due to leaching of the yttrium from the surface of the
resin microspheres and uptake of the free Y-90 by bone marrow,
several patients died of myelosuppression. The resin micro-
spheres initially utilized in our study are smaller and produced
by a different methodology, but remain less than satisfactory
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due to their apparent tendency to fragment as determined by
pathological tissue examination 82 days after administration.
Despite this apparent fragmentation, absolutely no myelo-
suppression was seen in any dog indicating that leaching of a
magnitude sufficient to create detectable bone marrow exposure
did not occur during the effective half-life of Y-90. The unex
pected disintegration encountered, however, suggests the poten
tial for wide, unpredictable variation both among and within
production batches and renders the resin sphere less than ideal
for human use. Lacking suitable cold resin spheres, it was not
possible for us to control for changes caused by the resin
microspheres alone and by radiation. For these reasons, prelim
inary studies were undertaken using a recently developed 22-
nm glass microsphere (TheraSphere) in which yttrium-89 oxide
is incorporated into a stable glass matrix and therefore cannot
leach. The yttrium-89 is activated by neutron bombardment
prior to use of these nondisruptible, and therefore infinitely
stable, microspheres as radiotherapeutic vehicles. The number
of cold TheraSphere administered in this pilot study was 1.5
times the maximum dose currently proposed for human trials
and some three times the anticipated human maximum on a
liver weight basis. While keeping the number of glass micro-
spheres administered unchanged, the dose of radioactivity de
livered with the hot TheraSphere was three times that given by
the resin spheres. Our preliminary studies with both "hot" and
"cold" glass microspheres of similar size demonstrate that both

the vascular changes in central veins and the swelling and
disorganization of hepatocytes are present after injection of
nonradioactive microspheres. Portal fibrosis, however, is seen
only after injection of radioactive microspheres. The contention
that radiation is the likely etiology of the histological findings
is supported by similar observations on pathological examina
tion of livers from dogs irradiated by other means (24, 25) and
on examination of livers from patients after external beam
therapy at doses of 2000-3000 rads (26-28).

In summary, it would appear that at clinically relevant dos
ages as ascertained in this dog model, the continuous HA
infusion of BUDR on an appropriate dose schedule may not
change significantly the tolerance to HA Y-90 microspheres.
The generally satisfactory tolerance seen in this study suggests
that a refined combination treatment ultimately will be feasible
for clinical trial. The potential therefore exists to combine
several different complimentary regional treatment modalities
into a synergistic, focused, selective attack on regionally con
fined tumors. The widespread application of the drug delivery
system used in this dog model to literally thousands of patients
for the administration of HA FUDR in the treatment of hepatic
cancers, the transient and incomplete nature of most responses
obtained with FUDR, and the extreme paucity of other agents
for use with this device underscore the need for and relevance
of approaches such as are being developed by the current
investigation.
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