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• Direct comparisons of theoretical modeling with actual drug delivery can lead to improved brain tumor 
therapy. In this study, normal and brain tumor-bearing rabbits received infusions of BCNU, or carmustine 
(1,3-bis [2-chlorethyl]-l-nitrosourea), with ethanol or hyperoxygenated perfluorocarbons as B C N U 
diluent. When ethanol was used as a diluent, right (infused) hemisphere deft (noninfused) hemisphere 
ratios of B C N U concentrations in both rabbit groups were markedly lower than had been predicted with 
theoretical pharmacokinetic modeling. W h e n perfluorocarbons were used as a diluent, ratios of B C N U 
were significantly improved. These laboratory studies were directly translated into a two-phase protocol 
for human brain tumor patients. This combined research program demonstrates the successful integration 
of laboratory and clinical programs. 
• INDEX TERMS: BRAIN NEOPLASMS; CARMUSTINE • CLEVE CLIN J MED 1990; 57:513-520 

THE OBJECTIVE of any laboratory research, 
especially in neuro-oncology, is improved 
clinical therapies. Unfortunately, it is often 
difficult to translate even extensive laboratory 

studies to significant clinical neuro-oncology programs. 
The aim of the neuro-oncology research program at the 
Cleveland Clinic, and the purpose of this report, is to 
demonstrate the correlation between animal research 
(both theoretical predictions and actual measurements) 
and improved human clinical protocols. 

The incidence of human brain tumor is high,1 and 
despite aggressive therapy involving surgery, radio-
therapy, and intravenous (IV) chemotherapy, the me-
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dian survival rate is only 51 weeks.2 Intra-arterial (IA) 
chemotherapy infusions are among the promising new 
therapies because, in theory, they increase the con-
centration gradient of the drug from the vascular space 
to the tumor tissue compartment.3 

Pharmacokinetic models have been developed to 
predict and quantify the increased delivery of chemo-
therapeutic agents to the brain with IA infusions com-
pared to IV infusions.3,4 These models predict an IA/IV 
delivery ratio called the IA advantage (Rd), which repre-
sents the summation of IA/IV ratios at all time points 
from the start of the infusion to infinity. The Rd is 
comparable to the ratio of total drug delivery to infused 
and noninfused hemispheres after intracarotid infusions. 

Few studies have measured drug concentrations in 
normal or neoplastic brain tissue, and even fewer, if 
any—whether laboratory or clinical studies—have 
directly compared pharmacokinetic model predictions 
with actual experimental drug concentrations. One 
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human study measured (by positron emission tomog-
raphy) the pharmacokinetics of the internal carotid 
artery infusion of BCNU, or carmustine ( 1 , 3 - b i s [2-
chlorethyl]-l-nitrosourea). Its results suggested that "C-
BCNU can accumulate to higher concentrations in 
tumor areas of blood-brain barrier breakdown than in 
normal brain.5,6 Direct comparisons to theoretical 
predictions, however, were not possible in that study. 

Chemotherapy in the 1950s and 1960s was delivered by 
the intracarotid route. Although many drugs were studied, 
the patient numbers were small and the results incon-
clusive. Since 1979, many clinical studies have shown im-
proved response rates with IA therapy (especially BCNU) 
in brain tumor patients.7"11 Other reports, however, have 
suggested a lack of clinically beneficial results,12,13 and even 
significant toxicity.7,14,15 

Reported complications of IA chemotherapy with 
BCNU for brain tumors include acute ocular and 
neurologic toxicity16,17 and "leukoencephalopathy" 
(patchy areas of destruction in the white matter of the 
cerebral hemispheres).10,18 When studied in autopsy 
specimens, these leukoencephalopathic changes consist 
of perivascular hemorrhage, endothelial atypia, and 
fibrinoid vascular necrosis; they strongly suggest a vas-
culopathy as the primary event.7,15 

ANIMAL STUDIES: EXPERIMENTAL DESIGN 

Theoretical modeling predictions 
To provide data for theoretical modeling predictions, 

bilateral carotid blood flows (using ultrasonic flow 
meters) and BCNU systemic clearances were measured 
in normal rabbits. Seven normal rabbits were studied to 
determine values for BCNU systemic clearance. After 
BCNU was given (300 mg/m2 as an IV bolus), blood 
samples were collected over 60 minutes and assayed by a 
BCNU colorimetric method. A systemic clearance for 
each rabbit was calculated by dividing the delivered 
dose (mg/m2) by the mean blood concentration curve's 
area-under-curve (AUC). Using the carotid flow rates 
and systemic clearance values, a theoretical intra-
arterial advantage, or Rd, was calculated using the fol-
lowing equation: 

1 + systemic clearance 
carotid flow rate 

where any clearance of the drug by the target organ 
(the brain in this case) is assumed to be negligible.4 

Rabbit brain concentrations of BCNU 
For the laboratory (preclinical) studies, brain con-

centrations of BCNU during intra-arterial, or carotid, 
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infusions were determined in three phases. In Phase 1,35 
normal (non-tumor-bearing) rabbits received BCNU 
infusions using the conventional ethanol diluejit 
(BCNU-ethanol) to dissolve the BCNU powder. In 
Phase II, 25 brain tumor-bearing (VX-2 carcinoma) rab-
bits received BCNU-ethanol infusions. In Phase III, 8 
normal rabbits received infusions using hyper-
oxygenated perfluorocarbons (BCNU-perfluorocarbon) 
to dissolve the powder. 

Rabbits were sacrificed by pentobarbital overdose at 
5,10, and 15 minutes during the constant infusions, and 
brains were studied for actual BCNU concentrations at 
various sites in anterior right and left hemispheres. The 
data were analyzed as actual concentrations and as 
matched mirror-image biopsies in the right and left 
hemispheres. The matched biopsy data were converted 
into rightdeft hemisphere concentration ratios. Ratios 
in the IA-infused rabbits were calculated to provide 
comparisons of the IA-infused right hemisphere with 
the noninfused left hemisphere. 

Concentrations in the left hemisphere came only 
from drug passing through the right hemisphere, mixing 
with the systemic blood in the heart, and then return-
ing to the left hemisphere via the left carotid artery. 
The left hemisphere concentrations, therefore, repre-
sented the equivalent of an IV infusion. The rightrleft 
ratio thus was comparable to an IA:IV infusion ratio or 
an experimental IA advantage at each time point. 

The actual concentrations and concentration ratios 
were then compared with the theoretical predictions 
and with the other treatment groups. 

ANIMAL STUDIES: DESCRIPTION OF TECHNIQUES 

All animal experiments were performed on outbred 
adult New Zealand White rabbits weighing 4 kg to 5 kg. 
Rabbits were chosen for study because they are relatively 
inexpensive, their arterial anatomy and the blood-brain 
barrier in nontumorous areas accurately imitates the 
same parameters in humans, and their carotid and 
femoral arteries are large enough to catheterize without 
significant obstruction.19 

The VX-2 brain tumor model was used because it 
results in a reproducible tumor in the brain that alters 
the blood-brain barrier in tumorous areas in a manner 
similar to that in the same areas in humans. VX-2 tumor 
cells transplanted into the rabbit brain produce a solid 
tumor that has a reliable and reproducible rate of 
growth. The tumor is approximately 1 cm in diameter 
and results in death of the animal 12 to 16 days follow-
ing tumor cell implantation.20 
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Vessel catheterizations and infusions 
The carotid artery catheterization, the BCNU dose 

(20 mg/m2/min to a maximum of 15 minutes), and the 
4 % ethanol concentration in the normal saline BCNU 
infusate (in Phase I and II studies) were similar to those 
used in humans. In all rabbits, a 3.0 French (1.0-mm 
outer diameter) catheter was passed, using radiographic 
fluoroscopy, from the right, surgically exposed femoral 
artery to the right carotid artery and positioned at the 
level of the third cervical vertebral body. 

BCNU was obtained as a powder from the Drug Syn-
thesis and Chemistry Branch, Division of Cancer Treat-
ment, National Cancer Institute. Perfluorocarbon com-
pound was Adamantine (Adamantech Corporation, 
Philadelphia, Pa). Perfluorocarbon solutions were super-
saturated with oxygen to a P02 > 600 mmHg before 
being mixed with BCNU. 

Brain samples were obtained from punch biopsies of 
the frozen brain sections after sacrifice of the animal. 
BCNU concentrations were assayed in blood samples 
using a colorimetric assay21 technique and in brain 
samples using a modification of a previous gas 
chromatographic assay.22 

Statistical evaluations 
The data were evaluated by an analysis of variance 

(General Linear Model [GLM]) procedure using SAS sys-
tem software (SAS Institute, Inc., Cary, NC) on an IBM 
PC/AT. All values are expressed as mean ± 1 SEM. 

Time after start of infusion (min) 

F I G U R E 1. B C N U in ethanol infusions in 35 normal, non-
tumor-bearing rabbits (20 mg/min/mz). Experimental B C N U 
concentrations in right (infused) and left (noninfused) brain 
hemispheres are shown at 5, 10, and 15 minutes after start of 
right carotid artery constant infusions. Intra-arterial delivery 
resulted in concentrations in the right hemisphere that decreased 
from 5 to 10 minutes during the constant infusions. Right:left 
ratios were lower than theoretically predicted and actually 
decreased from 5 to 10 minutes (P < 0 . 0 5 ) . 

RESULTS OF ANIMAL STUDIES 

Theoretical modeling predictions 
The mean flow in carotid arteries in 32 rabbits was 

63.9 ± 3.4 ml/min (237 ml/min/m2). The delivered dose 
(300 mg/m2, average 81 mg) divided by the mean 
clearance curve's AUC (0.386 min-mg/ml, obtained by 
trapezoidal method) yielded a systemic clearance of 210 
± 20.6 ml/min (average 778 ± 76.4 ml/min/m2) for 
these rabbits. 

Using the Rd equation shown above and the data for 
carotid flow and BCNU systemic clearance, an Rd of 4.3 
was predicted for total brain exposure to the drug in this 
system of BCNU infusions. That is, in this animal 
model, the theoretical prediction is that 4-3 times more 
drug is exposed to the brain with an IA infusion than 
with an IV infusion if the same total drug dose is used. 

B C N U concentrations 
Phase I: Normal rabbits receiving BCNU-ethanol. 

Average BCNU concentrations in rabbit anterior brains 

after IA infusions were partially as expected (Figure 1). 
Concentrations were higher in the infusion side, or right 
hemisphere, than in the left hemisphere. However, the 
concentrations in the right hemisphere of IA rabbits 
decreased from 20.5 ± 3.3 (Jtg/g at 5 minutes to 16.4 ± 
1.6 pg/g at 10 minutes during the constant infusions. 
This decrease was not statistically significant. 

In the IA animals, the IA advantage ratio at 5 minutes 
was significantly different from that at 10 minutes (P < 
0.05, Figure I). Based on the predictions of theoretical 
modeling, the experimental infused:noninfused (right:left) 
hemisphere ratios at 5, 10, and 15 minutes during these 
constant infusions should be significantly higher than the 
overall theoretical Rd (in this case, 4.3). However, these 
ratios were all significantly lower than 4-3 and they 
decreased during the constant infusions. 

Phase II: Brain tumor-bearing rabbits receiving BCNU-
ethanol. Figure 2 shows the average brain concentrations 
for tumor biopsies at 5, 10, and 15 minutes after the start 
of the right IA infusions. In each rabbit, data on the 
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F I G U R E 2. B C N U in ethanol infusions in 25 brain 
tumor-bearing rabbits (20 mg/min/m2). Experimental brain tumor 
B C N U concentrations in right (infused) and left (noninfused) 
brain hemispheres at 5, 10, and 15 minutes after start of right 
carotid artery constant infusions are shown. The brain tumor was 
always in the right hemisphere; left hemisphere concentrations 
represent normal, nontumorous brain. Intra-arterial delivery 
resulted in infused hemisphere concentrations that were only 
slightly higher (especially at 10 and 15 minutes) than in the 
noninfused hemisphere. Concentrations in the infused 
hemisphere actually decreased during the constant infusions. 
Right:left ratios were significantly lower than Rd and actually 
decreased from 5 to 10 minutes (P < 0 .05) . 

brain concentrations of BCNU in the tumor center and 
tumor edge were combined because BCNU concentra-
tions from the two areas showed no statistically sig-
nificant differences. (The tumor was always in the right 
hemisphere. The left hemisphere values in Figure 2 re-
late to biopsies from left hemisphere mirror-image sites 
corresponding to tumor sites in the right hemisphere.) 

The brain concentrations in the right hemisphere 
(Figure 2) also appeared to decrease as the right IA 
infusion progressed. Rightdeft concentration ratios at 5 
minutes were significantly higher (P < 0.05) than those 
at 10 minutes (Figure 2). 

Phase III: Normal rabbits receiving BCNU-perfluorocar-
bon. In normal rabbits, the BCNU concentrations in the 
brain were higher in the right hemisphere than in the left 
hemisphere at 5, 10, and 15 minutes (Figure 3). Rightdeft 
concentration ratios at 5 and 15 minutes were higher than 

F I G U R E 3. B C N U in perfluorocarbon infusions in normal, 
non-tumor-bearing rabbits (20 mg/min/m2). Experimental B C N U 
concentrations in right (infused) and left (noninfused) brain 
hemispheres at 5, 10, and 15 minutes after start of right carotid 
artery constant infusions are shown. Right:left ratios were higher 
at 5 and 15 minutes than corresponding ratios in normal rabbits 
when ethanol was used as diluent in normal rabbits. 

the corresponding experimental ratios for normal rabbits 
that received BCNU-ethanol. 

Perfluorocarbon diluent compared with ethanol. With 
perfluorocarbon diluent, systemic blood concentrations 
of BCNU were 22%, 17%, and 13% higher at 5, 10, and 
15 minutes, respectively, than with ethanol diluent. The 
higher blood concentrations of B C N U with 
perfluorocarbons indicated a slower BCNU clearance in 
this group at these relatively early time points. The 
ratios for normal rabbits receiving BCNU-ethanol or 
BCNU-perfluorocarbon were adjusted for these dif-
ferences (Figure 4). The adjusted values at each time 
point are expressed as percentages of the ratio predicted 
by theoretical modeling. Using these adjusted values, at 
5 minutes during the constant infusion, the BCNU-
perfluorocarbon rabbits achieved ratios statistically 
closer (P < 0.05) to the theoretical predictions for this 
group than did the BCNU-ethanol rabbits. 

CLINICAL PROTOCOLS 

These laboratory research results have been used to 
develop a two-phase human clinical protocol. The 
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F I G U R E 4 . B C N U in ethanol and in perfluorocarbon infusions 
in 4 3 normal (non- tumor-bear ing) rabbits. Right : lef t hemisphere 
concentrat ion ratios have been adjusted for differences in 
systemic B C N U clearance rates and expressed as percentages of 
the theoretical modeling predictions for the given time point. 
Percentage of theoretical ratio was significantly higher at 5 
minutes (P < 0 . 0 5 ) with perfluorocarbon than with ethanol . 

protocol uses the same methods for theoretical predic-
tions and for assay of BCNU in brain tissue as do the 
animal studies, and has been approved by T h e 
Cleveland Cl in ic Foundation Institutional Review 
Board. The Foundation is accruing patients for Phase I, 
which is in progress. 

In Phase I, primary brain tumor patients (anaplastic 
astrocytoma or glioblastoma) receive intra-arterial 
carotid infusions of BCNU-ethanol (200 mg/m2). Trans-
femoral catheterization allows placement of the catheter 
tip above the ophthalmic artery. 

For theoretical predictions, blood samples are ob-
tained from patients 1 hour after the start of the 2-hour 
infusion. Because brain and blood concentrations of 
BCNU reach steady state during the infusion period, the 
theoretical modeling is simplified. 

Infused carotid artery flow rates are determined in 
each patient, using Doppler studies to calculate flow 
velocity and vessel lumen diameter. Samples are ob-
tained by needle biopsy from the edge and the center of 
the tumor 1 hour after the start of the 2-hour steady state 
infusions. T h e use of a computer-guided stereotactic 
device and computed tomography ( C T ) enhances 
visualization and helps to identify the sampling site in 

the infused hemisphere. The biopsy samples are then 
assayed for BCNU as in the rabbit studies, using a 
modification of a gas chromatographic assay. 

Systemic blood (venous) concentrations of B C N U 
are also measured. 

B C N U systemic clearance (in ml/min) is calculated 
by dividing the constant infusion dose rate (in |ig/min) 
by the systemic blood concentration of B C N U (in 
kg/mL). The R, for each patient is calculated from the 
equation presented above. 

Under steady-state conditions, the theoretical Rd in 
each patient should be exactly equal to the B C N U con-
centration in the infused hemisphere divided by the 
concentration in the noninfused hemisphere. Biopsy op-
portunities for the noninfused hemisphere are limited in 
humans, but the B C N U concentration there can be 
closely approximated by measuring systemic blood con-
centrations of BCNU. The noninfused hemisphere is 
exposed to B C N U only from systemic blood; the high 
tissue:blood partition coefficient of BCNU results in 
brain tissue concentrations that are similar to blood 
concentrations in the same hemisphere.23 Actual tumor 
and systemic blood concentrations of BCNU therefore 
correlate with theoretical modeling predictions, or Rd, 
and interpatient variability can be determined. 

Each patient in Phase I undergoes three courses of 
intra-arterial infusions, given at 6-week intervals. The 
therapeutic efficacy of this procedure is measured with 
serial C T scans for tumor cross-sectional diameter, DNA 
cell content determined by flow cytometry, and 5-
bromodeoxyuridine (BUDR) labeling in brain biopsy 
samples. BUDR labeling measures the rate of incorpora-
tion of IV-administered BUDR (a thymidine analog) 
into DNA of cells in biopsy specimens examined with 
light microscopy. The degree of incorporation reflects 
the proliferative activity of the cells and can indicate 
the tumoricidal effects of chemotherapy. 

In Phase II, patients with primary brain tumor will 
undergo intra-arterial infusions with BCNU in hyper-
oxygenated perfluorocarbon. The tumor concentrations 
of B C N U will be compared with those of B C N U -
ethanol infusions from Phase I. As in the Phase I studies, 
actual hrain concentrations will be compared to those 
predicted by theoretical modeling. Accrual to this 
protocol will begin within the next year. 

DISCUSSION 

I A infusions and pharmacokinet i c modeling 
Therapeutic selectivity is the single most important 

justification for using intra-arterial chemotherapy in the 
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cancer patient. Substantial experimental evidence, both 
in vivo and in vitro, has shown that most tumors have 
steep chemotherapy dose-response curves; ie, the higher 
the dose of drug that contacts the tumor, the better the 
response.24 

As the IA advantage equation indicates, the Rd is 
maximized when a drug that has a short systemic half life 
or high total systemic clearance is delivered into an 
artery that has a low flow rate. For example, when a drug 
such as BCNU, with a systemic clearance of ap-
proximately 2,040 cc/min,25,26 is delivered into an artery 
such as the internal carotid artery, whose flow rate is 480 
cc/min,27 the predicted Rd would be 5.25; ie, the ex-
posure of brain tumor to the same dose of BCNU is 5.25 
times greater with IA delivery than with IV delivery. 

Limited animal studies of IA therapy28,29 that compare 
actual brain concentrations with theoretical modeling 
predictions have shown that actual concentrations are 
less than predicted, especially when corrected for actual 
arterial flow rates as Welch and associates30 did for the 
data of Levin and colleagues.29 Other studies5,31-33 have 
measured brain concentrations or the effects of therapy 
or both, but without direct comparison to the theoreti-
cal predictions. In general, these studies have shown 
only mildly increased drug concentrations and effects 
with IA as compared with IV infusions. 

Theoretical modeling predictions 
Using the experimentally determined BCNU sys-

temic clearance and the mean carotid artery flow rate in 
the study in rabbits, a theoretical intra-arterial ad-
vantage, or Rj, of 4-3 was predicted. The theoretical 
ratio is similar to the 5.25 ratio predicted for humans. 

Because the derivation of the Rd formula depends on 
partial differential equations, it is difficult to predict the 
ratio at any specific time point during the infusion. At 
very late time points, however, the experimental ratio 
of concentrations in the infused and noninfused hemi-
spheres during IA infusions will theoretically approach 
the Rd ratio. At time points close to the start of the 
constant infusion, the ratio of experimental concentra-
tions will approach infinity. The experimentally deter-
mined concentration ratio at any time point, therefore, 
should be somewhere between infinity and the steady 
state value, and the ratio should be higher at earlier 
time points. 

In the rabbit study, BCNU was infused to a maxi-
mum of 15 minutes. BCNU pharmacokinetics in rab-
bits suggest a terminal compartment half life of 36.5 
minutes. The actual ratios at 5, 10, and 15 minutes 
during the constant infusions should be considered as 
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early time points and should be significantly higher 
than the Rd value. 

BCNU concentrations 
Phase I: Normal rabbits receiving BCNU-ethanol. The 

BCNU concentrations in the right (infused) hemi-
sphere at 5 minutes were only 3 times higher than in the 
left hemisphere during intra-arterial (IA) infusions (Fig-
ure 1). The difference should have been greater than 
the expected overall Rd of 4.3 because higher ratios are 
expected at time points early in the infusion. This lower-
than-expected ratio at 5 minutes, combined with the 
trend for the actual concentrations to be much lower at 
10 minutes during the constant infusions, strongly sug-
gests that toxic processes were occurring during the in-
fusions that limited the movement of BCNU into the 
brain tissues. 

Phase II: Brain tumor-bearing rabbits receiving BCNU-
ethanol. The results of brain tumor biopsies, which also 
showed ratios much lower than expected (Figure 2), 
suggested processes during the infusions that limited the 
delivery of BCNU to the brain tumor tissue. The nature 
of these processes remains unclear. 

Phase III: Normal rabbits receiving BCNU-perfluorocar-
bon. Although initially studied for oxygen-carrying 
capabilities, perfluorocarbons have, more recently, been 
studied for their emulsion properties, ability to act as car-
riers for other chemicals and drugs, and potentiation of 
chemotherapeutic agents.34,35 Studies with various 
chemotherapeutic agents have shown benefits in many 
animal tumor models. The mechanisms appear to be 
oxygenation of hypoxic tumor cells and, possibly, effects of 
perfluorocarbon emulsion on drug partitioning in blood 
and, therefore, presentation of the chemotherapeutic agent 
to the tumor.36 Perfluorocarbons also may lessen protein 
binding of the drug in blood.37 

The use of perfluorocarbons with IA chemotherapy 
infusions, however, has not been studied extensively. In 
our study, the ratios of rightrleft brain concentrations of 
BCNU with perfluorocarbons as diluent were sig-
nificantly increased, especially at 5 minutes, as com-
pared with BCNU-ethanol ratios (Figure 4), and more 
nearly approached the theoretical modeling predictions. 

Laboratory research and human protocols 
The two-stage clinical protocol described in this report 

evolved directly from the results of animal studies and offers 
a new concept and new technique for IA therapy. 

In the animal studies, the direct comparison of 
theoretical predictions with actual brain drug con-
centrations suggested modifications needed in IA 
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delivery to improve actual brain concentrations. Be-
cause of observations that the experimental concentra-
tion ratios of BCNU with ethanol were significantly less 
than predicted by pharmacokinetic modeling, the clini-
cal protocol was then modified to use the perfluorocar-
bon diluent. 

This extension to humans of the comparison between 
theoretical modeling and measurement of actual brain 
concentrations is among the first of such efforts. Con-
tinued improvements in this relationship will enhance 
the understanding of brain tumor therapy and the ef-
ficacy of therapy. For example, the use of hyper-
oxygenated perfluorocarbons in Phase II of this clinical 
protocol is based directly upon study of the theoretical-
actual relationship. 

The special technique involved in this translation 
from laboratory to clinical protocol is the use of 
stereotactic biopsies to measure actual brain concentra-
tions. The practical availability, common use, and rela-
tive safety of CT-guided stereotactic biopsies, coupled 
with the high-sensitivity gas chromatographic tissue 
assay for BCNU (specifically developed for this re-
search), have made this advance possible. 
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Laboratory investigations are now underway into the 
causes, such as possible local toxicity, of the discrepancy 
between the theoretical and actual concentrations 
reported in these studies. These include a study of 
carotid artery flow rates during infusion and a histologic 
study of arteriolar and capillary vasculature in the brain 
parenchyma. Other ongoing laboratory studies with 
short-term direct clinical application include the ex-
amination, in both normal and brain tumor-bearing 
animals, of the theoretical and experimental concentra-
tions of other chemotherapeutic agents. These new 
studies will examine the concepts of water solubility and 
half life (eg, other nitrosourea agents with systemic 
clearance that is 10 times faster than that of BCNU). 
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