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The treatment of hepatic tumors remains unsatisfactory. These
lesions receive most of their blood supply from the hepatic artery,
therefore the hepatic artery administration of beta-emitting par-
ticulate radiopharmaceuticals is an attractive approach to deliver
therapeutic irradiation to the liver and differentially to tumors
within the liver. Methods: A Phase | dose escalation study of the
hepatic tolerance to radiation delivered by 2°Y containing glass
microspheres was carried out in 24 patients with hepatic malig-
nancy. Doses of Y microspheres to achieve an estimated
whole-liver nominal absorbed radiation dose of 5000 cGy (two
patients), 7500 cGy (six patients), 10,000 cGy (seven patients),
12,500 cGy (six patients), and 15,000 cGy (three patients) were
administered via the hepatic artery. The administered nominal
absorbed radiation dose (NARD) was estimated based on liver
volume determined from CT scans and the assumption of uni-
form distribution of microspheres throughout the liver. Results:
No hematologic, hepatic or puimonary toxicity was encountered
in the dose range examined during a mean follow-up period of
up to 53 mo. Reversible gastritis or duodenitis was encountered
in four patients without imaging or biopsy evidence for extra-
hepatic deposition of microspheres. Response data, based on
CT scans obtained 16 wk after treatment, showed progressive
disease in eight patients, stable disease in seven patients, min-
imal response in four patients and partial response in five pa-
tients. Subsequent follow-up revealed three long-term survivors
at 204, 216 and 228 wk. Conclusions: These preliminary data
demonstrate that in the examined dose range, radiation may be
safely delivered to liver tumors by means of %Y glass micro-
spheres with encouraging response data.
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Tle relatively greater arteriolar density in hepatic tu-
mors, both primary and metastatic, compared to the sur-
rounding normal liver, makes the hepatic arterial adminis-
tration of microspheres labeled with an appropriate
radioisotope an attractive therapeutic option. The deposi-
tion of microspheres in proportion to arterial flow could
result in approximately a threefold or greater radiation
exposure in tumor nodules relative to normal liver, even in
tumors classified as hypovascular by angiography, such as
metastatic colorectal carcinoma (7).

Prior attempts at hepatic radioembolization therapy em-
ployed resin or ceramic microspheres labeled with yttri-
um-90 (*°Y) with promising initial results. Yttrium-90 is a
pure beta particle emitter with a physical half-life of 64 hr
and a mean energy per disintegration of 0.937 MeV. The
beta particles have a mean tissue penetrance of 2.5 mm,
with a maximum of about 10 mm. These physical charac-
teristics make *°Y an almost ideal isotope for localized
internal radiation therapy. Limitations in early studies in-
cluded an inability to accurately calculate the delivered
dose, and the inability to monitor regional perfusion, lead-
ing to excessive gastrointestinal toxicity. Also, leaching of
%Y from the spheres resulted in myelosuppression and
excessive shunting of particles through the liver caused
pulmonary fibrosis in several cases (2-4).

A new radiopharmaceutical (TheraSphere, Theragenics
Corp., Atlanta, GA) has recently entered clinical trials.
This agent consists of a 22-u glass sphere in which inert Y
is incorporated into the glass matrix. Prior to patient use,
neutron bombardment is employed which converts the in-
ert ®Y to radioactive Y. As it is part of the glass matrix,
the *°Y cannot leach under physiologic conditions (5). The
agent is supplied sterile and pyrogen-free in a lucite, vee-
bottom vial, with the dose calibrated for each patient.

The primary purpose of this Phase I dose escalation trial
is to evaluate the hepatic tolerance to radiation delivered
by *°Y microspheres up to a whole-liver nominal absorbed
radiation dose of 15,000 cGy, and to evaluate the ability,
using modern angiographic techniques and scintigraphic
monitoring, to safely deliver therapeutic radioactive micro-
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spheres to the liver without excessive shunting through the
liver to the lungs or delivery to the gut.

PATIENTS AND METHODS

The eligibility criteria, pertaining to our protocol and that
adopted by others, have been previously described (6, 7). Briefly,
patients with primary hepatobiliary tumors, or colorectal or neu-
roendocrine tumors metastatic to the liver were considered for
this study. Patients must have failed conventional therapy and
have satisfactory hematologic, hepatic and renal function as de-
fined by a total leukocyte count >4,000/mm>, a granulocyte count
>2,000/mm’, a platelet count >150,000/mm?, serum albumin >2.5
gny/dl, bilirubin <2 mg/dl, serum glutamate-oxalate transaminase
less than 6 times normal, prothrombin time within 3 sec of control
(or correctable with vitamin K), and a serum creatinine <2 mg/dl.
Patients who had received prior hepatic radiation therapy were
ineligible. Prior to entering the study all patients gave written
informed consent as approved by the institutional review board
for experimental studies in humans.

There were 15 males and 9 females, ages 22 to 79 yr in this
study. Seventeen patients had metastatic colorectal carcinoma,
six had metastatic neuroendocrine tumors and one had a primary
hepatocellular carcinoma. All patients had been heavily pre-
treated with either systemic 5 fluorouracil, hepatic arterial floxu-
ridine or a combination of these therapies, and had CT evidence
for progressive hepatic disease.

Pretreatment Investigations and Angilographic
Manipulations

Pretreatment evaluation consisted of a complete history and
physical examination, chest radiograph, sulfur colloid liver-spleen
scan and abdominal CT. Laboratory evaluation included a com-
plete blood count, BUN, creatinine, SGOT, SGPT, alkaline phos-
phatase, LDH, bilirubin, prothrombin time and tumor markers
(when indicated).

Angiography was performed 4-6 wk prior to *°Y therapy to
determine whether the hepatic arterial anatomy and the hemo-
dynamics of the hepatic circulation would allow for administration
of Y microspheres as required by the protocol. In those patients
where bascline vascular anatomy and flow were unsatisfactory
(i.e., not permitting microspheres to be confined to the liver),
aberrant hepatic arteries were occluded during this initial exami-
nation using stainless steel coils for hepatic arterial redistribution
(8)- In three patients, this baseline angiography demonstrated
such aberrant hepatic artery branches (replaced right hepatic ar-
tery, replaced left hepatic artery and accessory left hepatic artery
in one case each) which were then successfully occluded. Arte-
riograms performed immediately after the embolization demon-
strated complete reconstitution of the aberrant hepatic artery by
way of intrahepatic collaterals.

Dose Calculation

Hepatic volumes were calculated from 10-mm thick contiguous
CT slices by manually tracing the liver outline, and assuming the
total volume equalled the sum of the volumes of all slices. Care
was taken to obtain each CT slice in the same phase of respiration.
The patients were all cooperative and not acutely ill at the time of
CT. Each was carefully coached to hold their breath in the same
degree of comfortable full inspiration during scanning. The re-
quired activity of **Y necessary to achieve the desired nominal
liver radiation exposure was calculated with the following formula

©):
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Microsphere dose (MBq)
Radiation exposure (cGy) X Liver mass (kg)
= 3 ,
Microsphere dose (mCi)

_ Radiation exposure (rads) X Liver mass (kg)
= ™ .

This assumes uniform distribution of the microspheres throughout
the liver, and complete decay in situ of the **Y. The desired
nominal radiation dose was 5000 cGy (two patients), 7500 cGy (six
patients), 10,000 cGy (seven patients), 12,500 cGy (six patients)
and 15,000 cGy (three patients). The liver volume, administered
activity, calculated nominal radiation dose and desired nominal
radiation dose for each patient are summarized in Table 1.

Hepatic Radioembolization

All patients were housed in the Clinical Research Center where
specialized nursing care was available prior to and after hepatic
radioembolization.

The femoral approach was used for all percutaneous hepatic
artery catheterizations. In patients with normal hepatic arterial
hemodynamics (antegrade flow in the gastroduodenal and right
gastric arteries) a 6 French balloon occlusion catheter (Medi Tech,
Watertown, MA) was selectively placed in the distal common
hepatic artery and the balloon inflated (9). In each patient, hepatic
perfusion was examined with digital subtraction arteriograms
(DSA) at injection rates from 0.5 to 4 ml per second. It was
determined that an infusion rate of 1.0 ml per second resulted in
perfusion to the entire liver without reflux into the gastroduodenal
or right gastric arteries which would lead to extrahepatic deposi-
tion of microspheres (Fig. 1). This rate was used in all patients.
This approach is similar in concept to the optimization of infusion
rates for hepatic artery chemotherapy (10).

In patients without extrahepatic branches of the hepatic artery
(prior surgery), or in patients with celiac or common hepatic
artery stenosis (where reversed flow is already present in extra-
hepatic arterial branches) either a standard 5 French angiographic
catheter, or a 3 French teflon catheter used coaxially was em-
ployed.

After the catheter was in satisfactory position, it was fixed at
the puncture site and the patient was transported to the nuclear
medicine suite for microsphere administration. Catheter patency
was maintained with a constant infusion of normal saline with
heparin, 10 unit/ml, infused at 20 ml/hr.

Microsphere Administration

Prior to °°Y administration, the regional perfusion by the cath-
eter, and an estimate of the A-V shunting across the liver was
made with radionuclide angiography, as previously described
(11). Briefly, 6 mCi (222 MBq) of *™Tc-MAA was infused via the
arterial catheter at 1 ml/sec (the rate determined from DSA).
Anterior, posterior and both lateral views of the upper abdomen
were obtained, followed by SPECT imaging. The anterior and left
lateral views were repeated after the patient ingested CO,-produc-
ing granules (Easy-Gas) to distend the stomach and assist in the
detection of extrahepatic perfusion (12-14). The abdominal im-
ages were compared to the previously obtained *™Tc-sulfur co-
loid liver spleen scan and examined for the presence of extrahe-
patic perfusion, and extent of hepatic perfusion. The presence of
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TABLE 1

Therapy Data
Calculated Prescribed Ratio of
nominal nominal tumor-to-liver
absorbed absorbed distribution of
Patient dose Liver volume Administered radiation dose radiation dose OMTo-MAA
(cGy) (co) (mCi) (cGy)* (cGy)* (mean = s.d. ()
1 16086 47 5500 5000 3.71 £3213)
2 1552 47 5700 5000 1.77 £ 0.39 (4)
3 1490 59 7400 7500 257 £ 051 (3)
4 1968 92 8600 7500 251 +131(Q3)
5 2450 115 8700 7500 4.14 + 1.85 (3)
6 3441 150 8100 7500 1.77 + 0.58 (4)
7 3141 145 8500 7500 1.85 +0.38 (4)
8 3298 148 8300 7500 1.96 + 0.05 (2)
9 1709 117 12700 10000 3.77 + 2.48 (3)
10 1954 117 11100 10000 452 + 336 (4)
1 1494 1 13800 10000 1.72 + 0.58 (4)
12 2668 202 14000 10000 444 + 258 (4)
13 1928 107 10300 10000 LD*
14 1851 107 10700 10000 LD
15 1637 95 10700 10000 3.80 +2.13 (4)
16 2535 172 12500 12500 1.93 £ 064 (4)
17 3367 228 12500 12500 4.08 = 2.13 ()
18 2683 182 12500 12500 261 +135(9)
19 1488 110 13600 12500 245 +0.18(2
20 1372 106 14200 12500 185+ 033 (4)
21 1722 104 11100 12500 2,05 + 051 (4)
22 1388 113 15000 15000 262 =138 (5
23 1305 108 15300 15000 3.56 + 2.52 (3)
24 1833 136 13700 15000 320+094(2

*Nominal absorbed radiation doses assume uniform distribution of 2°Y.

LD is quantitative data lost due to computer malfunction but qualitatively good lesion-to-liver ratio.

any detectable extrahepatic perfusion, or perfusion of less than
90% of the liver made the patient ineligible for treatment.

Images of the abdomen and chest were also obtained quantita-
tively to allow calculation of the lung shunt, or the fraction of the
MAA which reached the lungs by way of A-V shunting through
the liver. It was assumed that MAA accurately predicts the dis-
tribution of *°Y microspheres. In the current protocol, if the lung
shunt fraction would result in >10 mCi (370 MBq) of *°Y reaching
the lungs the patient could not be treated.

The differential delivery of ®™Tc-MAA to tumors and adjacent
normal liver tissue was determined from profiles drawn through
representative lesions depicted by SPECT (2-5 lesions per pa-
tient) (12-14).

Using a medium- or high-energy collimator, and an energy
window setting of 240-440 keV, bremsstrahlung scans were ob-
tained in the same projections as the MAA perfusion scan to
document deposition of *°Y microspheres.

Post-Treatment Evaluation

Post-therapy follow-up consisted of physical examination and
laboratory studies (CBC and liver function tests) weekly for 8 wk,
then every 8 wk until disease progression. Response to therapy
was followed with abdominal computed tomography every 8 wk
until disease progression. A partial response, or progressive dis-
ease was defined using standard oncological criteria as a 50%
change in the product of the greatest diameters of a given lesion on
sequential scans. Chest radiographs were also obtained every 8
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wk until disease progression. Patients were removed from the
protocol at the time of disease progression and returned to their
referring physicians for subsequent care and follow-up. These
physicians communicated any development of respiratory disor-
ders, hepatic failure not due to metastatic progression and date of
death to the investigators. The referring physicians followed up
the patients with clinical examinations and abdominal computed
tomography as clinically indicated until death (up to 4 yr). The
time from °°Y microsphere therapy until progression and until
death were plotted as Kaplan-Meier curves (15).

RESULTS

Two patients had functioning surgically implanted he-
patic artery catheters which were used for microsphere
administration. The remaining 22 patients were treated us-
ing a balloon occlusion catheter in the common hepatic
artery (16 patients), a standard angiographic catheter
placed in the proper hepatic artery (3 patients), a 3 French
teflon catheter placed coaxially into the proper hepatic
artery (2 patients), or a tapered 2.2-3 French catheter
(Tracker 18, Target Therapeutics, San Jose, CA, one pa-
tient), placed coaxially into the proper hepatic artery. In
two patients where a balloon occlusion catheter was used,
extrahepatic branches (retroduodenal artery and an omen-
tal adhesion to the right lobe of the liver in one patient
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FIGURE 1.

indicating antegrade flow. The catheter is identified by open arrows. (B) Common hepatic

(A) Common hepatic arteriogram before balloon inflation. Note the common hepatic artery divides directly into the gastro-
duodenal (1), right (2), left hepatic (3), and left hepatic branch (4) arteries. The gastroduodenal and right gastric (arrow) arteries are opacified

after balloon inflation. Perfusion is now

limited to the liver due to reversal of flow in the gastroduodenal and right gastric arteries (note enlarged left lobe due to diffuse metastasis).

each) were opacified at an infusion rate of 1.0 ml/sec de-
spite the inflated balloon. In these two patients, a Tracker
18 catheter was advanced through the balloon catheter, the
extrahepatic branches selectively catheterized and oc-
cluded with platinum microcoils (Hilal Coils, Cook Inc.,
Bloomington, IN). This angiographic technique resulted in
complete hepatic perfusion without detectable extra-
hepatic perfusion in all cases. No angiographic complica-
tions were encountered.

Other than mild, transient elevations in the transaminase
levels, no hepatic or hematologic toxicity was encoun-
tered. Fever >101.5°F was noted in four patients within 24
hr after therapy. Fatigue was reported by 18 of 24 patients.
In four patients, grade 2 gastrointestinal toxicity (gastritis
responding to medical management) was noted. Two of
these patients had pre-existing underlying gastritis or duo-
denal ulcer disease diagnosed prior to *Y therapy. Endos-
copy and biopsy in these patients failed to demonstrate
microspheres reaching the stomach or duodenum. The en-
doscopic features of the gastritis were nonspecific and did
not show a geographic pattern to suggest microsphere em-
bolization. While only the mucosa was sampled at biopsy,
no microspheres could be identified on histological exam-
ination. The highly refractile microspheres are readily de-
tected and instantly recognizable on light microscopy.

The mean (+s.d.) ratio of ™Tc-MAA delivery to liver
tumors relative to normal liver tissue was 2.86 + 1.75
(mean + s.d.) (range 1.17-8.83) (See Table 1). It can be
inferred from these data that the actual radiation dose
delivered to the tumors was greater than the nominal ab-
sorbed radiation dose by approximately this factor.

The lung shut measured from 1.5% t0 5.5% (mean 3.6%).
Assuming the distribution of ®™Tc-MAA accurately pre-
dicts the behavior of the **Y microspheres, this resulted in
calculated pulmonary exposure of 166-1745 cGy (mean
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845 cGy). During a follow-up period of up to 53 mo, no
radiographic changes suggestive of pulmonary fibrosis
have been observed, and no patient has developed pulmo-
nary symptoms or signs (cough, dyspnea, dyspnea on ef-
fort, hemoptysis, sputum, pleuritic pain, cyanosis, club-
bing, rales or pleuritic rubs). In no instance did symptoms
or signs of pulmonary fibrosis occur during the subsequent
clinical course of any patient. All physicians participating
in the care of these patients were instructed to specifically
seek respiratory abnormalities.

Based on the CT scans obtained 16 wk after therapy, a
partial response was seen in five patients, minimal re-
sponse in four patients, stable disease in seven patients and
progressive disease in eight patients. Response data for the
17 patients with metastatic colorectal carcinoma were par-
tial response (five patients), minimal response (one pa-
tient), stable disease (four patients) and progressive disease
(seven patients). Of the patients with neuroendocrine tu-
mors there were three minimal responses and three with
stable disease. The patient with hepatoma had no response
to therapy. The sites of progression were in the lungs in
five patients, bone in two patients, lymph nodes in one
patient and liver in the remaining patients. Although the
median survival for such a heterogenous group of patients
is of limited significance, it is interesting to note that four of
the six patients with neuroendocrine tumors survived with
stable disease for a mean of 16 mo after therapy, and the
median survival for patients with metastatic colorectal car-
cinoma was approximately 60 wk. Although this was not a
study aimed at determining the therapeutic activity of the
agent, tumor shrinkage at the range of doses applied indi-
cates a degree of potential efficacy is likely to pertain.
These data suggest that even at doses well below dose-
limiting toxicity, some therapeutic effect was achieved.
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DISCUSSION

These data demonstrate that the hepatic tolerance to
radiation delivered by means of *°Y containing micro-
spheres is excellent at least to nominal absorbed radiation
doses of 15,000 cGy to the whole liver. This is in keeping
with the findings of others (16). This dosimetric approach
assumes uniform distribution of the microspheres through-
out the liver and was the one accepted by the FDA for the
purposes of dose escalation. This is consistent with our
preclinical studies, in which whole-liver radiation doses in
excess of 30,000 cGy were compatible with survival in dogs
(17). In order to optimize chances to demonstrate efficacy,
dose escalation in humans to the maximum tolerated dose
should be identified before full-scale phase II efficacy trials
are initiated. This dose for humans may be in excess of
20,000 cGy as no dose-related toxicity was observed up to
the 15,000 cGy level.

It is generally believed that the maximum dose which
may be delivered to the liver by external-beam radiother-
apy, without excessive risk of radiation hepatitis is be-
tween 3000 and 3500 cGy (18,19). The design of external-
beam radiotherapy fields has become highly sophisticated
and the radiation dosimetry can be calculated with consid-
erable accuracy.

In contrast, the accurate determination of absorbed ra-
diation doses from the internal administration of radiophar-
maceuticals remains a major problem in nuclear medicine
which at the current time is, at best, only subject to partial
solution (20,21). The dose calculation for the nominal ab-
sorbed radiation dose used in the current study on which
the dose escalation was based assumed the microspheres
to be evenly distributed throughout the entire liver. How-
ever, a basic assumption on which the intra-arterial ther-
apy of liver tumors rests is that arterial perfusion to tumors
is greater than to normal liver. Indeed arterial perfusion to
the liver tumors was demonstrated to be approximately
three times that of the surrounding normal liver which is in
keeping with previous experience (1). The goal of this
therapy is to deliver radiation to the liver without irradia-
tion of adjacent structures and to more selectively deliver
radiation to liver tumors by taking advantage of the differ-
ential arteriolar density. The nominal absorbed radiation
dose calculation clearly underestimates the true radiation
dose delivered to tumors and overestimates the true radi-
ation dose delivered to the normal liver.

While the nominal absorbed radiation dose (based on an
assumption of uniform *°Y distribution) represents a crude
first approximation to the true radiation dosimetry, a some-
what more accurate second order approximation may be
made using the mean tumor-to-normal liver perfusion ra-
tios derived from SPECT studies of *™Tc-MAA distribu-
tion. Thus the tumor radiation dose would be greater than
the nominal absorbed radiation dose by this ratio (valid if
tumor composes a relatively small fraction of the liver
volume). A yet more accurate third order approximation
would require knowledge of the total liver volume occu-
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pied by tumor and the perfusion ratio. Still greater accu-
racy could be achieved if the volume of each tumor deposit
was known and could be related to the perfusion ratio for
that tumor.

These approaches still fail to take into account the prob-
lems of microdosimetric inhomogeneity due to nonunifor-
mity of microsphere distribution at a microvascular level
(21,22). Despite these shortcomings, it is clear that the
selective hepatic artery delivery of Y glass microspheres
will permit the specific delivery of many thousands more of
cGy to the liver than is possible by external-beam radio-
therapy. Within the liver there is a clear differential deliv-
ery advantage to the tumor deposits relative to normal liver
which cannot be achieved by external-beam radiotherapy.
Furthermore, there is no significant radiation exposure to
the body wall, spinal cord, heart and pericardium, pleura,
gut or pancreas as may be the case with external-beam
radiotherapy.

The only organ other than the liver which is significantly
irradiated is the lung which is the site of deposition for the
small fraction of particles shunted through the liver. It is
encouraging that in a recent report it was demonstrated
that the tolerance of normal human liver to beta particle
radiation delivered by %Y is in excess of 8000 cGy, which
only leads to mild periportal and central venous fibrosis
(16). The delivery of radiation doses by internally admin-
istered radiopharmaceutical represents an extreme form of
continuous dose fractionation in which the biological effect
of a given radiation dose may differ greatly from that of an
equal radiation dose delivered by external-beam radiation
fractionated in the usual fashion (21).

Our initial experience is not dissimilar to the results
previously reported with this radiopharmaceutical in which
doses of microspheres achieving whole-liver doses up to
10,000 cGy were well tolerated, without evidence for sig-
nificant hepatic toxicity (6, 7,22). While CT demonstrated
irregular geographic low-attenuation areas in the hepatic
parenchyme of 12 of 23 patients which were most pro-
nounced 8 wk after radioembolic therapy, these had re-
solved by 16-24 wk without significant derangement in
hepatic function or long-term clinical sequelae (24). These
changes were thought to result from both microemboliza-
tion and irradiation of the hepatic parenchyme and further
support the concept that this tissue is highly tolerant to
such injury (24). In a recent report, partial responses were
seen in 9 of 53 patients, with a mean survival of 9.7 mo for
the patients with colorectal cancer (23). However, the an-
giographic technique employed in these series may limit
the efficacy of this therapy.

In one report, selective infusion of the right hepatic
artery was employed in five of six patients to avoid infusing
the right gastric artery, leaving the left lobe untreated (7).
In another report, the gastroduodenal artery was, if neces-
sary, embolized to exclude extrahepatic perfusion, but this
technique ignores small extrahepatic branches of the
proper hepatic artery which may not be seen angiographi-
cally, but which may result in extrahepatic deposition of
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microspheres. By examining the hemodynamics of the he-
patic arterial flow, and manipulating them with the balloon
catheter, we were able to treat the entire liver in all patients
without detectable extrahepatic perfusion.

Prior to the therapeutic administration of the °Y glass
microspheres ®™Tc-MAA was used to monitor the re-
gional perfusion of the arterial catheter and to calculate the
lung shunt. Like others (6, 7), we assumed that PmTc-MAA
accurately predicted the behavior of the *°Y microspheres.
However, the glass microspheres are rigid and dense (3.29
g/cc), as compared to the lighter malleable MAA particles.
Ideally a glass microsphere with the same physical charac-
teristics as the *°Y spheres, but labeled with a gamma-
emitting isotope more suitable for imaging, would be em-
ployed, but were not available at the time of this trial. The
use of a true tracer microsphere would also allow more
accurate dosimetry estimations to be made (25).

The use of #Y-labeled analogs of *Y therapeutic radiop-
harmaceuticals has been suggested as the positron emis-
sion of %Y would not only permit PET imaging but has the
potential for absolute quantification, an important consid-
eration in dosimetry (26). The relative tumor to liver dis-
position of microspheres could be determined, and if the
absolute liver and tumor volumes were known, the ab-
sorbed dose to normal liver and tumor could be calculated.
Nevertheless, despite the potential differences in distribu-
tion between ®™Tc-MAA and *°Y glass microspheres,
scintigraphy revealed at least qualitative similarity in bio-
distribution (Fig. 2). Thus larger areas of increased *™Tc-
MAA deposition could be shown to receive increased
quantities of **Y microspheres. The smaller areas of *™Tc-
MAA deposition could not, however, be examined due to
the lower resolution of the bremsstrahlung scans. A similar
approach to monitoring the in vivo biodistribution of *Y
glass microspheres has been employed by others (27).

While the perfusion ratio between tumor and normal
liver could be estimated for ™Tc-MAA from profiles
through tumors depicted by SPECT, this was not possible
for the Y bremsstrahlung studies. Nevertheless, the tu-
mor-to-normal liver ratio of 2.86 + 1.75 (range 1-17 to
8-83) is very similar to the mean ratio 3:1 (maximum 14:1)
obtained by Yan et al. (27) with hepatomas. The latter
were degraded by the broad energy spectrum of **Y
bremsstrahlung and the downscatter and septal penetration
by its high-energy components. The problems of imaging
the bremsstrahlung from high-energy beta emitters are well
recognized (28). In our patients, the problem was made
more difficult by the need to set the energy window above
that of ®™Tc due to the previously administered *™Tc-
MAA. The high energy, low abundance tail of the contin-
uous bremsstrahlung spectrum can significantly degrade
the quality of images by downscatter and septal penetra-
tion even when ““high energy”” '*'I collimators are used.
Indeed collimators optimized for energies of 500-600 keV
have been recommended (28).

Based on our preclinical investigation, we believed that
a pulmonary dose of 10 mCi (resulting in about 1800 cGy to
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FIGURE 2. Studies in a patient with metastatic gastrinoma.
(A—C) Technetium-99m-sulfur colloid liver scans (anterior, posterior
and right lateral projections). Note multiple photopenic areas corre-
sponding to multiple metastases. (D-F) Technetium-99m-MAA per-
fusion scans (anterior, posterior and right lateral projections). Note
multiple areas of increased tracer deposition relative to surrounding
liver (mean ratio 4 - 44) many of which correspond to photopenic
areas on the sulfur colloid scan. (G-1) Post-therapy °°Y Bremsstrah-
lung scans (anterior, posterior and right lateral projections). Note that
although the quality of the image is degraded by blurring there is
increased *°Y deposition in areas of the liver which correspond to
some of the foci of most prominent **™Tc-MAA deposition.

the lungs) or less, was unlikely to result in significant pul-
monary toxicity, which was confirmed by these current
clinical data. In the preclinical study, performed in mixed
breed hounds, an intravenous dose of microspheres to
achieve a whole-lung dose of 3000 cGy failed to result in
any clinical, radiographic or histologic changes in the
lungs, while doses of microspheres delivering 12,000-
16,800 cGy led to severe pulmonary fibrosis (unpublished
data).

An alternative radiopharmaceutical used for the hepatic
arterial treatment of hepatomas has been *'I-lipiodol (29).
Dosimetric calculations in this setting show a similar dif-
ferential delivery of radiation (liver metastases 6,240 *
5,400 cGy, range 1,000-26,000; normal liver 550 + 870
cGy, range 20-1,070; lung irradiation 290 + 220 cGy, range
20-1,070).

Although the primary goal of this study was not to ex-
amine the efficacy of treatment with Y microspheres, the
response data (partial responses in 5 of 24 patients, a mean
survival in the patients with colorectal cancer of 60 wk and
3 long-term survivors beyond 200 wk) for this group of
heavily pretreated patients indicates potential activity war-
ranting further evaluation of the modality (Fig. 3). It is
important to note that the median survival for untreated
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FIGURE 3. Kaplan-Meier curves show-
ing times from treatment to tumor progres-
sion (closed circles) and to death (open cir-
cles). Data available for all 24 patients.

hepatic metastases from colorectal cancer is 2-10 mo, that
of hepatoma 1-6 mo and that of metastatic carcinoids and
neuroendocrine tumors only slightly better (30-34).

Similar encouraging preliminary data from **Y glass mi-
crosphere radioembolization have been obtained by other
investigators. Herba et al. (6) describe symptomatic re-
sponses, CT changes suggestive of tumor response and
relief of inferior vena cava obstruction; Goldberg et al. (35)
describe all seven patients treated as “‘enjoying a period of
control of their liver secondaries;” and Yan et al. (27)
report 13 of 18 patients with hepatoma having greater than
50% reductions in tumor mass and alpha fetoprotein.

Future investigations with this agent will include escala-
tion of the dose to determine the maximum tolerated dose,
evaluation of therapeutic efficacy at or near maximum tol-
erated dose, the addition of pretreatment with radiosensi-
tizing drugs such as bromodeoxyuridine (36,37) and tumor
blood flow modulation with vasoactive drugs to further
improve the ratio of tumor-to-liver radiation delivery
(35,38,39) and better quantify the radiation dose distribu-
tion from the microspheres (21,22, 26, 28).
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EDITORIAL

Microdosimetric Considerations of Hepatic Radioembolization

r therapy is constrained by

the demand to limit damage to
normal tissue while arresting or at
least slowing the growth and spread of
the tumor. Chemotherapy and radio-
therapy from external sources are re-
stricted by the harm they may impose
on essential body function through
detriment to normal cells either near
or distant from the tumor. Localizing
the therapeutic intervention (be it
from a chemical or physical agent) pri-
marily to tumor cells without affecting
normal cells may be approached by at
least two avenues: first, by using spe-
cific cell-recognition systems for toxic
agents, either through receptors or
metabolic states of tumor cells that are
not shared by normal cells at the tu-
mor site when the agent is applied (1)
and, second, by transporting the bulk
of the toxic agent to the tumor, either
by implanting sources within, or deliv-
ering particle sources via the blood
circulation to the tumor. Both of these
avenues are within the domain of nu-
clear medicine; two outstanding ex-
amples are the therapeutic application
of monoclonal antibodies carrying a
suitable radionuclide for lethal irradi-
ation of receptor-specific tumor cells
and brachytherapy, and brachyradio-
therapy on the microscopic level. Ra-
dioembolization of tumor as described
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by Andrews et al. in this issue of the
Journal (2) is a fascinating example of
the latter.

Full clinical acceptance of the ap-
proach pioneered in a number of cen-
ters, especially by Andrews et al. (2),
requires attention to the behavior and
stability of microparticles in the blood
circulation, the radionuclide that is
bound to them, the mode of delivery
of the particles to the tumor with re-
gard to the eventual concomitant ex-
posure of normal tissue, and finally, to
the optimization of embolization of
the tumor vasculature. All efforts have
the common denominator of a most
favorable ratio of absorbed doses to
tumor cells and normal tissue. In view
of the technical difficulties and the
need to address them, Andrews et
al.’s paper is an exemplary, careful
and innovative approach to these
challenging problems.

By selecting glass microspheres
with a diameter of 22 um, which were
introduced in 1987 (3), difficulties that
arosc from the premature release of
the radionuclide due to the disintegra-
tion in vivo of organic polymer micro-
spheres were overcome (4). Andrews
et al. (2) solved the problem of opti-
mal delivery of the microspheres to
the site of attempted irradiation in the
case of liver tumors by assessing
blood flow by angiography and sulfur-
colloid scintigraphy, and by blocking
extrahepatic circulation from aberrant
hepatic arteries by angiographic ma-

nipulations. Further increases in the
ratio of microsphere deposition in tu-
mor versus normal liver tissue could
favor widespread clinical acceptance
of the **Y-microsphere brachytherapy
technique. Two principal kinds of mo-
dalities might be considered to en-
hance tumor perfusion: pharmacolog-
ical and physical. The first, as
mentioned by Andrews et al. (2), is
exemplified by vasoactive drugs such
as angiotensin II (5) and epinephrine
(6). The second could use pre-irradia-
tion of the tumor with 6-9 Gy from a
gamma source (7). Localized hyper-
thermia may be another valuable ad-
juvant to radioembolization of liver tu-
mors. A radiation sensitizer like
bromodeoxyuridine has also been
considered (4).

Having minimized the transport and
trapping of microspheres outside the
liver by obstructing passage into the
extrahepatic circulation (e.g., into the
lung) and optimizing the infusion rate,
the values of absorbed doses that are
eventually delivered to tumor and nor-
mal liver tissue from the *Y that was
engineered to be tightly bound within
the glass microspheres are of crucial
importance. The heterogeneous mi-
crodistribution of particles in the cir-
culation of the target tissue is a formi-
dable obstacle to modeling the
anticipated relation of the biological
effect of radiation on the average
physical absorbed dose to the tumor.

The conventional mode of express-

The Joumnal of Nuclear Medicine * Vol. 35 * No. 10 ® October 1994





