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Summary. The development of effective chemotherapy
for tumors of the central nervous system (CNS) is compli-
cated in that the blood-brain barrier (BBB) hampers the
penetration of most drugs into the brain and cerebrospinal
fluid (CSF). This review summarizes the main reports on
the distribution to CNS tumors and peritumoral normal
brain of antitumor agents such as epipodophyllotoxins,
cis-diamminedichloroplatinum(lI), some nitrosoureas,
bleomycin, vinblastine, and other clinically used antitumor
agents as well as that of some experimental compounds
with specific physicochemical properties. Drug levels were
measured at surgical resection or in autopsy samples taken
from patients who presented with different primary brain
tumors or with brain metastases from extracerebral tumors.
The observations made in each study were summarized in
some detail, and the main points were then evaluated com-
paratively so as to highlight common aspects in the phar-
macokinetic patterns of antitumor agents in human CNS
tumors. Independently of their physicochemical properties,
most antitumor agents appear to accumulate to a greater
extent and to persist longer in intracerebral tumors than in
the normal peritumoral brain. From in vitro cytotoxicity
assays, it appears that epipodophyllotoxins, platinum com-
pounds, bleomycin, and nitrosoureas reach potentially ac-
tive therapeutic concentrations at the tumor target. How-
ever, all drugs have difficulty in reaching brain tissue adja-
cent to the tumor, as the intact BBB hampers their penetra-
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tion. Plasma and CSF drug concentrations usually give
little useful indication of the absolute quantity of drugs in
brain tumors. To obtain a clear understanding of the CNS
distribution of antitumor agents, one must determine
whether the compound being measured is actually respon-
sible for the observed activity and must consider the role of
metabolites in the effect of the parent drug.

Introduction

The clinical pharmacokinetics of anticancer agents in se-
rum or plasma has been widely described, and relation-
ships between pharmacokinetic profiles and therapeutic
and/or toxic responses have been envisaged for several
antitumor compounds [3, 8, 22, 23, 36]. Measurement of
plasma drug concentrations has proved to be useful for the
performance of safer and faster phase I clinical trials of
new antineoplastic agents [14, 62]. However, the selective
distribution of antineoplastic agents at the true target, the
tumor site in patients, has been dealt with only rarely
because of the virtual impossibility of collecting serial
samples of patients’ tissues for pharmacokinetics studies.
Therefore, no evidence has yet been presented that the
presence of a given drug at the tumor site is predictive of
response in humans.

The development of effective chemotherapy for central
nervous system (CNS) tumors is largely hindered by the
blood-brain barrier (BBB), which impedes drug penetra-
tion into the brain. High concentrations in cerebral tumors
can nevertheless be reached due to the frequent extensive
disruption of the BBB [24, 30, 43], but tumor cells infiltrat-
ing nearby normal tissue are theoretically inaccessible to
drugs that do not cross the BBB. Greig [29] extensively
reviewed the factors governing drug delivery in the brain,
including the time-dependent concentration profile of the
free agent in plasma and the permeability of the BBB,
which is a function of the drug’s molecular weight,
lipophilicity, degree of ionization, and protein and tissue
binding as well as of local cerebral blood flow.
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Table 1. Tumor and brain levels of the podophyllotoxins VP-16 and VM-26 in patients with brain tumors

Reference  Drug and treatment  Patients Analytic method  Time? Tumor level (1ig/g) Brain level (ug/g) Comments
Stewart VP-16 6 glioblastomas, HPL.C after 2-75nh <0.1-2.1 (pr.t.), 1.4 (distance, none), Higher uptake in brain
etal. [71] 100 mg/m?2i. v. 4 brain met. chloroform atsurgery 5.9 (necr. met.), 0.1 (distance, 2 cm) met.; drug level higher
(1-h infusion) extraction; 3.4 (viable met.) in necr, than in viable
electrochemical tumor area, but always
detection higher than levels in
peritumor tissues
(decrease with
increasing distance
from tumor); highest
drug level in extra-CNS
fumors
Stewart VM-26 7 gliomas HPLC after 0.7-8h <02-11.9 (pr.t.), 0.15-1.37 Prolonged infusion did
etal. [72] 50-100 mg/m?i.v.  (grades IV and II), chloroform atsurgery  <0.1-2 (met.) not increase tumor
(1- or 24-h infusion) 3 meningiomas, extraction; penetration, but higher
7 brain met. electrochemical levels were found in
detection tumor after oral
glycerol treatment;
higher drug uptake in
tumor than in
peritumor tissue
Zucchetti VP-16 or VM-26 Glioblastomas HPLC after 1.5-13h  <0.05-3.3 (VP-16), <0.05-1.19 (VP-16),  For both drugs, even at
et al., [83] 100~ 150 mg/m?i.v. (8 for VP-16 chloroform at surgery  <0.05-1.68 (VM-26) <0.05--0.93 (VM-26) later times, levels
(1-h infusion) and 5 for VM-26), extraction; higher in tumor than
astrocytomas electrochemical in peritumor tissue;
(4 for VP-16 detection higher brain uptake of

and 6 for VM-26),
1 brain met. (VP-16)

VP-16 (3.3 ug/g) in

1 patient who had
received radiotherapy
and BCNU

2 Time of excision from the end of treatment
pr.t., Primary tumor; met., metastases; necr., necrotic

Attempts have been made to overcome limited drug
penetration or to manipulate the BBB, particularly in the
control of meningeal leukemia. To increase drug delivery,
investigators have used direct intrathecal injection [1, 4,
42, 48, 50], lipid-soluble carriers or drug-entrapping lipo-
somes [64], high-dose systemic therapy {1, 2, 51], hyper-
osmolar mannitol [44, 54, 80], and previous radiotherapy
[52]. These approaches have aroused heated debate and
controversy [77] in view of the neurotoxicity of antineo-
plastic agents in the surrounding normal brain tissue [11,
34, 40]. The effect of such treatments on normal brain
functions, particularly the mental status, and the quality of
life [20, 49], has largely been neglected, even in patients
achieving prolonged survival, but is becoming an impor-
tant requirement for the design of treatment protocols for
brain tumors [12]. On account of the problems that are
peculiar to the cerebral area, investigations have tended to
focus on the quantitative assessment of drug delivery to
CNS tumors, whether used clinically in the treatment of
brain tumors or undergoing investigation in the light of
specific physicochemical properties.

This review summarizes representative data reported in
the literature on the distribution to brain tumors of antineo-
plastic drugs, highlighting specific results that may have
direct therapeutic implications. Drug levels were measured
at surgical resection or in autopsy tumor samples taken
from patients who presented with different primary brain
tumors or with brain metastases of extracerebral tumors.
Published studies were identified through a computer
search for the period 1970-1990 using the Medline data

base of the National Library of Medicine (Bethesda, Md.)
and by inspecting the bibliographies of original and review
articles on the pharmacology of antitumor agents in the
human CNS.

Epipodophyllotoxins

Table 1 summarizes two studies by Stewart et al. [71, 72]
and one investigation by Zucchetti et al. [83] on the distri-
bution in tumor and peritumoral brain tissue of VP-16 and
VM-26, two podophyllotoxin compounds widely used in
chemotherapy of human brain tumors [46, 47, 53]. Using
highly specific HPLC analytical assays [21], these drugs
were measured in surgical resection samples obtained from
patients with glioblastomas, astrocytomas, meningiomas,
or brain metastases of extra-CNS tumors who had received
doses of 50—150 mg/m? as 1- or 24-h i.v. infusions.
Although only low concentrations of VP-16 or VM-26
have been attained in CSF [18, 74], at the doses used in
these studies the compounds were readily detectable in
human intracerebral tumors. Within 4 h of the beginning of
the infusion, the highest drug levels reported were 3.4 ug/g
for VP-16 (5.9 ug/g in a pecrotic tumor sample) and
1.7 pg/g for VM-26, and in one patient with meningioma a
level of 11.9 pug/g was detected. However, by 8~13 h after
the beginning of the infusion, the concentrations had
dropped to 1.1 pg/g for VP-16 and 0.6 pg/g for VM-26.
Whereas levels of VP-16 seemed to be comparable in
glioblastomas and in brain metastases, Stewart et al. [72]



Table 2. Tumor and brain levels of CDDP in patients with brain tumors
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Reference Treatment Patients Analytic method  Time? Tumor level (ug/g) Brain level (ug/g) Comments
Stewartetal.  20-25mg/m?i.v. 5 glioblastomas,  X-ray 0-24h 043-1.29 0.25-0.65, Drug level higher in
[68] or 60100 mg/m? 7 brain met. fluorescence (pr.t. and met.), 0.7~-1.11 tumor than in peritumor
intracarotid spectrometry 26 days at 0.83-2.97 tissue, decrease with
surgery or (pr.t. and met.) increasing distance
autopsy from tumor (50% - 70%
decrease at 25 cm);
detected at 6 months
after therapy in one
autopsied patient;
barely detectable in CSF
Stewartetal.  75-265 mg/m?i.v. 5 gliomas, Atomic 2-24hat <0.25-0.6, 0.25-0.9 (distance,  Platinum level similar in
[73] 6 brain met. absorption autopsy <0.25~0.9 (met.) 0-2cm) tumor and peritumor tissue
spectrometry (decrease with increasing
distance); drug uptake
similar in gliomas, brain
metastases, and extra-
CNS tumors but not in
hepatic tamors
Bonnemetal. 60 mg/m?i.v. Case report of 1 Atomic 7 weeks after 1.6, 0.09 (cyst) Not reported CDDP was apparently
[71 (% 2 days every glioblastoma absorption the last course tightly bound, as it was
4 weeks) spectrometry at surgery measurable at 7 weeks

after the last dose

2 Time of excision from the end of treatment
pr.t., Primary tumor; met., metastases; necr., necrotic

observed that VM-26 appeared to attain higher concentra-
tions in cerebral metastases of extra-CNS tumors than in
primary brain tumors. The highest levels of these com-
pounds, however, were found in the necrotic area of brain
tumors and in meningiomas.

Despite wide interpatient variability, these drugs do not
scem to concentrate actively in brain tumors, as the con-
centrations detected in primary or secondary intracerebral
tumors were generally lower than those found in extracere-
bral tumors and or in concurrent plasma samples. Pro-
longed infusion did not increase tumor penetration, but oral
treatment with osmotic agents such as glycerol [72] or
previous radiotherapy [83] seemed to result in somewhat
higher brain uptake. Both VP-16 and VM-26 reached
much lower levels in the peritumoral brain than in the
tumor itself (never higher than 1.4 ug/g) for either agent),
and the concentrations decreased with increasing distance
from the tumor.

It is tempting to speculate that the levels of VP-16 and
VM-26 attained in brain tumors or cerebral metastases of
patients after i.v. infusion are high enough to produce
a potential therapeutic effect, particularly in the case of
VM-26, which is 5—10 times more potent than VP-16 in
vitro [31, 56]. In most cases, these drugs reached the con-
centration required in vitro to halve the cloning efficiency
of experimental neuroblastoma cells (2 pg/m! for 24 h)
[31] or of human leukemic lymphoblasts (exposed for 18 h
to 0.2-0.25 ug/ml for VP-16 and to 0.014-0.023 pug/ml
for VM-26) [19]; these cells mostly occur as metastatic
outgrowths in the cerebral area. Drug concentrations re-
main high for as long as 10 h after treatment, the elimina-
tion half-life in tumor and brain apparently being longer
than that in plasma [83].

cis-Diamminedichloroplatinum(IT)

Another compound widely used in chemotherapy of brain
tumors is cis-diamminedichloroplatinnm(Il) (CDDP),
whose distribution into the tumor and adjacent brain of
patients presenting with gliomas or brain metastases of
extra-CNS tumors has been described by Stewart et al.
[68, 73] and in a case report by Bonnem et al. [7] (Table 2).
Brain and tumor samples were collected at surgery or at
autopsy after i.v. or intracarotid treatment with either very
low doses (20-25mg/m?) or high doses of up to
265 mg/m2. CDDP was measured by X-ray fluorescence
or atomic absorption spectrometry from a few minutes
after treatment until 6 days posttherapy (in one case, until
7 weeks after treatment). These analytical methods do not
distinguish the parent compound from the drug-degrada-
tion products or metabolites.

In the three studies summarized in Table 2, platinum
was barely measurable in CSF or in normal brain tissue
either distant from the intracerebral tumor or in the absence
of intracerebral tumors [68], but it was clearly detectable in
primary and secondary brain tumors and in the adjacent
brain at levels of around 1 pg/g, which more than doubled
subsequently in some tumor-tissue samples (2.9 pg/g at
48 h). It is noteworthy that 2.2 pg/g compound remained
detectable at 6 days after treatment and that platinum was
measurable after several weeks or even months in samples
obtained from two autopsied patients, indicating that the
compound binds tightly to the brain-tissue proteins.

No consistent difference in drug uptake was observed
between gliomas and brain metastases of extra-CNS
tumors or between brain tumor and plasma or other tissue
compartments, suggesting that the compound gains easy
access to the brain once the BBB has been disrupted. The
observation of higher drug levels in tumor tissue as com-
pared with peritumoral brain tissue needs confirmation, as
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Table 3. Tumor and brain levels of other clinically used anticancer agents in patients with brain tumors

Reference Drug and treatment  Patients Analytic method Time* Tumor level Brain level Comments
Diksicetal. BCNU 6 gliomas Positron emission Tomography 266 min (t112p), 89 min (t1/2p) Drug clearance of total
[16] 10-15mCii.v. tomography examination (277, 17 min tipp radioactivity from tumor
[1IC}-BCNU in 2 ml at between in plasma) slower than that from
(140 mCi/mg) 0 and 35 min normal controlateral
brain but similar to
plasma clearance
Whittleetal. TCNU 7 glioblastomas, HPLC after 10-12minat  <0.06-0.5 ug/g <0.01-0.6 ug/g  Great variability in
[78] 130 mg/m? by 3 astrocytomas  chloroform/ surgery (viable t.), tissue and brain levels,
nasogastric tube dichloroformethane <0.01 pg/g (necr. t.) but linear increase
intraoperatively after administration
for up to 80 min and
close temporal and
quantitative relation
with plasma levels;
no drug detected in
necrotic tissue
Front et al. BLEO 13 with glioma,  Single-photon SPECT 5.1-20.5(TCCinpr.t.), Notreported No correlation found
[26] 2mCi/2 mgi.v. meningioma, or  emission examination 10.3~16 (TCC in met.), between tumor and
[*"Co]-BLEO brain met. tomography at between 0.05-0.06 ug/g (pr.t.), concurrent higher
(SPECT) 30 and 480 min  0.06 ug/g (met.) blood levels
Front et al. BLEO 3 brain met. of  SPECT SPECT 10.3-16 (TCC), Not reported Drug levels in brain
[25] 2mCi/2 mgi.v. lung carcinoma examination 0.04-0.07 pglg metastases lower than
[’Co]-BLEO at between those in primary lung
10 min and 8 h tumor
Stewartetal. VLB 2 brain met. Liquid 4h, <1 ng/g, 68 ng/g, <1 ng/g, Drug level higher in
[70] 7.5 mg/m?1.v. scintillation 4 weeks 22 nglg 6 nglg tumor tissue than in
(24-h infusion) spectrometry after at autopsy (distance, none) adjacent edematous
[*H] (&)-VLB HPLC separation Snglg brain; decrease with
(distance, >4 cm) increasing distance
from tumor; low
CSF levels of VLB
(0.1-0.6 ng/ml) did not
reflect the level in the
i. c. tumor
Green et al. MITXR 1 glioblastoma, HPLC after 02-5.6h, 4 ng/g (viable t.), <0.01 ng/g in In a patient autopsied at
28] 5—-6 mg/m?i.v. 4 astrocytomas,  chloroform 25.8h 31-102 ng/g (necr. t.), 1 patient 192 days after treatment,
5 brain met. extraction (1 patient at 25-29 ng/g (viable met.), at autopsy no drug detectable in
surgery) 15-322 ng/g (necr. met.) peritumor brain tissue,
although 6 ng/g were
detected in tumor;
higher uptake in brain

met., for both pr.t. and
met., higher levels were
found in necr. than in
viable areas, higher
than those in plasma

2 Time of excision from the end of treatment

prt., Primary tumor; met., metastases; necr., necrotic; t., tumor; TCC, tumor cumulative concentration (lLg/cc X min)

this finding was reported in only one of the studies con-
ducted by Stewart et al. However, the occurrence of a
progressive decline in the drug concentration in the adja-
cent brain tissue with increasing distance from the tumor
(70% decrease at 5 cm) was confirmed in both studies.

In view of their results, these authors suggest that
CDDP may attain potentially therapeutic concentrations in
human intracerebral tumors and adjacent edematous brain,
as the levels found lie (at least) in the range of doses that
result in cytotoxicity in glioblastoma cells in culture.
CDDP doses that reduce the cloning efficiency of human
glioblastoma cell lines on 72 h exposure range between
0.35 and 1.4 ug/ml according to Yung et al. [81] and are
put at 0.8 pg/ml by Iwata et al. [33]. These values are
perfectly superimposable on the concentrations achieved
in the brain tumors of patients, assuming that the measure-

ment of platinum is a good indicator of the exposure to the
active species responsible for the efficacy of CDDP.

Other clinically used anticancer agents

Data on the concentrations of other anticancer agents that
have been attained in human brain tumors are sparse
(Table 3). To our knowledge, the nitrosoureas, which are
among the most effective drugs in the therapy of malignant
tumors derived from the CNS [63], have been dealt with in
only two papers, as their high chemical reactivity and the
resultant difficulty in setting up specific analytical pro-
cedures has discouraged their investigation.

Diksic et al. [16] used the radiolabeled compound and
positron emission tomography for detection to investigate



the delivery of carmustine (BCNU) to the tumor and nor-
mal controlateral brain in patients with gliomas. Whittle
et al. [78] used a newly developed high-performance liquid
chromatographic (HPLC) method for the specific measure-
ment of a more recently developed nitrosourea compound,
tauromustine (TCNU), in the tumor and peritumoral brain
tissue of patients presenting with glioma or astrocytoma.
Although the former technique did not quantitate the actual
levels of BCNU in the brain tumors, the compound and/or
its decomposition products were found to persist in the
tumor (#1/2p, 266 min) considerably longer than in normal
brain tissue (f1/2p, 89 min). The analogue TCNU reached a
concentration of 0.5 pg/g in the viable part of the tumor,
which was very similar to the 0.6 pg/g recorded in the
brain adjacent to the tumor. Despite their wide variability,
tumor and brain levels of both compounds correlated with
concurrent plasma levels in the same patients, the #1/2
value for BCNU in plasma (277 min) being very similar to
that in brain tumor. For TCNU, the median peak plasma
level was 0.45 pg/ml at 45 min as compared with a median
peak tumor level of 0.25 pug/g at 55 min. These observa-
tions suggest that plasma levels of these compounds
(1-10 pg/ml for BCNU according to Levin et al. [38] and
0.1-3 pg/ml for TCNU [78]) may give some indication of
the concentrations reached in the brain tumors.

The large amounts of compound and metabolites found
in the brain compartment, tumor, and normal tissue togeth-
er with their long persistence at the tumor site suggest that
nitroso compounds may achieve chemotherapeutic con-
centrations in brain tumors. The results of two studies [33,
81] indicate that the doses of these compounds that are
cytotoxic against human glioma cells in culture are in good
agreement with these physiologically achievable concen-
trations. The concentrations that inhibited the colonies of
human glioblastoma cells by 50% (ICsp), which represent
the most reliable dose-dependent index of cell lethality
[57], ranged between 4.5 and 7 pg/ml over an exposure
period of 72 h [59], although less than 20% of brain tumor
cells in monolayer culture responded to the same drug
concentration during a 2-h incubation period.

Front et al. [25, 26] have addressed the distribution of
bleomycin (BLEO) as measured by single-photon emis-
sion tomography in patients with primary or secondary
brain tumors who had been treated with 2 mg [57Co]-
BLEO. The drug and its metabolites accumulated to the
same extent (0.04-0.07 ug/g) in gliomas and menin-
giomas as in a series of metastases of extracerebral tumors.
However, in primary tumors from which metastases
derived, in other tissue compartments, and in plasma the
compound reached concentrations higher than those de-
tected in the brain tumor, and no correlation was found
between tumor concentrations and concurrent blood levels.
The doses of BLEO effective in inhibiting the growth of
50% of the cell population in a colony-forming assay of
human glioma cells in vitro were reported to be around
0.9 mwml following 72 h exposure [33]; these findings are
in good agreement with the concentrations found in vivo in
the brain tumors of patients.

Stewart et al. [70] measured radiolabeled vinblastine
(VLB) after i.v. injection in two patients with brain meta-
static tumors. Concentrations in CSF were very low, but
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there was a gradual accumulation in the tumor (up to
68 ng/g). Radioactivity in the metastatic tumor had
exceeded the concurrent plasma radioactivity by 2 h after
drug administration and was higher than that in the adja-
cent edematous brain, in which the drug concentrations
dropped with increasing distance from the tumor. On the
basis of the current knowledge, we cannot even guess at the
significance of the concentrations of VLB and/or its meta-
bolites in the brain tumors in relation to its antineoplastic
activity.

The human CNS pharmacology of mitoxantrone
(MITXR), a drug that shows good activity against a series
of human tumors, has been investigated by Green et al.
[28] using an HPLC technique in ten patients with primary
or secondary brain tumors. Drug levels were high
(0.004-0.3 ug/g) in the tumor, particularly in necrotic
areas, and brain metastases showed higher uptake than did
the primary tumor. In spite of the accumulation and long
persistence of MITXR in the tumor tissue (the drug re-
mained detectable at autopsy on day 192 after treatment),
its clinical activity was limited in adults with grade III-1V
astrocytomas [65]. In agreement with the clinical observa-
tion, poor cytotoxicity against human neuroblastoma cells
in vitro was reported by Von Hoff et al. [75]. No relation-
ship between plasma pharmacokinetics and brain tumor
levels was apparent in this study.

Experimental drugs

The papers summarized in Table 4 describe the clinical
CNS pharmacology of some experimental antitumor
agents undergoing phase I or II trials, whose pharmacoki-
netic pattern in humans has not been clearly defined or
which have shown high neurological toxicity in phase I
clinical trials that may be ascribable to their pharmacology.

Using an HPLC technique, Stewart et al. [69] found that
pentamethylmelamine (PMM) appeared to penetrate
readily into human intracerebral tumors, particularly brain
metastases, reaching concentrations considerably higher
than those found in plasma, whereas it was barely de-
tectable in the adjacent brain or in CSF. Demethylated
metabolites attained higher concentrations in brain tumors
and in CSF than did PMM itself. Overall, monomethyl-
melamine (MMM) was the metabolite found in highest
concentrations in intracerebral tumor samples and in CSF,
although it was undetectable in plasma; since it was the
only metabolite found in peritumoral normal brain, it may
account for the drug’s neurological toxicity.

The distribution of N-phosphonacetyl-L-aspartate
(PALA), another drug that is highly neurotoxic, into the
CNS (CSF and intracerebral tumor) of patients with glio-
blastoma or brain metastases was investigated in an enzy-
matic assay by Stewart et al. [67]. The compound readily
penetrated into cerebral tumors, reaching concentrations of
up to 29 pg/g, which are similar to the levels attained in
s.c. tumors. Lower levels were found in the normal edema-
tous brain, which decreased with increasing distance from
the tumor, and a low (12%—25%) CSF/plasma AUC ratio
was observed within a few hours of treatment.
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Table 4. Tumor and brain levels of experimental drugs in patients with brain tumors

Reference Drug and treatment Patients Analytic method Time?* Tumor level Brain level Comments
Stewart PMM 1 glioblastoma, HPLC after 0-6hat <0.01-0.12 ng/g, <0.01 ng/g In peritumor brain, PMM
etal. [69] 80— 240 mg/m?i. v. 4 astrocytomas, extraction in surgery 0.16—-4.47 pg/g detectable only in 1 patient
(30-min infusion) 4 brain met. perchloric acid (met.) (<0.33 pg/g); the major
metabolite MMM was detected
in tumor, particularly in brain
metastases and in peritumor
brain, at higher levels than
PMM; MMM was also
detectable in CSF
Stewart PALA 1 glioblastoma, Enzymatic 0.9-3.8h, 1.9-29 ug/g 0.1~39ug/g  Drug level in tumor tissue
etal. [67] 250-1000 mg/m?i.v. 7 brain met. determination (pr.t. or met.), thigher than in edematous
(30- to 60-min of aspartate 18 hat 0.56-0.76 pugleg brain (decrease with
infusion) carbamoyl surgery (pr.t. or met.) increasing distance from
transferase the tumor); CSF levels
(0.36-3.3 ng/ml) exceeded
plasma levels only by 24 h
after treatment
Savaraj AZQ 3 glioblastomas, Liquid scintillation 1-1.8hat  9.7-106ng/g 30.94 ng/g AZQ, being lipid-soluble,
etal. [61] 24 mg/m?i.v. 1 astrocytoma, spectrometry after  surgery (total AZQ), (total AZQ) readily penetrates brain tumors
1 brain met. of reverse-phase 4.4-36 nglg and is found in similar amounts
melanoma chromatography (unchanged AZQ) in peritumor brain tissue
adjacent to or distant from
the tumor; in 1 patient at
10 days after treatment
(12 mg/m?), 31 ng/g and
22 ng/g were found at
autopsy in the tumor and
brain, respectively
Csetényi DBD 10 glioblastomas ~ Liquid 35-24h 39-13 ug/g 5.3-12pglg  DBD easily penetrates
etal. [15] 400 mg/m? x 1 p.o (grade IV) scintillation at surgery (in white the BBB and reaches
(6 patients) and spectrometry of matter) similar levels in tumor
150180 mg/m? x 3 [*H]-DBD tissue and brain
(4 patients)
Rosenblum  MGBG 2 glioblastomas, =~ HPLC after 19-130min 6.2-27.5 ug/g, Not reported ~ MGBG readily penetrates
et al. [58] (3-h infusion) 4 brain met. extraction in (from the 0.32-11.4 pgl/e brain tumor tissue and is
perchloric acid start of (met.) found at consistently higher
infusion) concentrations in the viable
at surgery area as compared with the
necrotic area; highest
penetration in CSF
reached only 22% of
concurrent plasma levels
Stewart DAU 1 astrocytoma, HPLC after 0-25hat 259 ug/g (pr.t), 0-522 ug/g DAU concentrates in brain
et al. [66] 2.5 g/m?iv.(15-to 3 brain met. extraction in surgery 21.1-109.7 ug/g intracerebral tumor and CSF

30-min infusion
before surgery)

perchloric acid

(met.) to potentially therapeutic

extents

2 Time of excision from the end of treatment
prt., Primary tumor; met., metastases; hecr., necrotic; t., tumor

Aziridinylbenzoquinone (AZQ) is a lipophilic drug that
is active against a series of experimental, intracercbrally
growing tumors. In a phase I study of its CNS pharma-
cology [61], the radiolabeled compound readily penetrated
into the tumor tissue and CSF of patients presenting with
different cerebral neoplasms. Similar amounts were found
in the peritumoral brain tissue (total AZQ, about 100 ng/g
tissue), with only a slight decrease being observed with
distance from the tumor. At 10 days after treatment, levels
of about 30 ng/g were detected in the tumor and brain of
one autopsied patient, indicating that the drug and/or its
metabolites tended to persist in both types of tissue. This
clear tropism to the CNS compartment makes this com-
pound a potential candidate for brain tumor therapy, but its
clinical efficacy appears to be limited [10, 82].

The CNS pharmacokinetics of tritium-labeled dibro-
modulcitol (DBD), an alkylating agent that is active

against experimental ependymoblastomas [27] and is taken
up to a large extent into the CNS of animals [32], was
investigated by Csetényi et al. [15] in patients with glio-
blastoma. The radioactivity reached similar levels in tumor
tissue and in white matter, but the concentrations in CSF
were much lower; however, at 14 h after treatment, by
which time the plasma concentrations had declined mark-
edly, no drop in drug levels was noted in the tumor, peri-
tumoral brain tissue or CSF.

A study by Rosenblum et al. [58] on the penetration of
methylglyoxal bis(guanylhydrazone) (MGBG) into CSF
and brain tumor tissue in humans as determined using an
HPLC procedure indicated that the compound accumu-
lated rapidly at potentially therapeutic levels in brain tumor
tissue, reaching concentrations much higher (up to
27 pg/g) than those found in concurrent plasma samples.
Viable tumor tissue contained higher concentrations of



MGBG than did necrotic areas of the same tumor. The
poor penetration of the compound into CSF following its
i.v. infusion (only 22% of concurrent plasma levels) may
possibly be the pharmacological basis for its lack of activ-
ity against meningeal tumors.

The concentration of the uridine analogue 3-deaza-
uridine (DAU) in CSF, surgically resected intracerebral
tumors and autopsied brain specimens has been assayed by
HPLC by Stewart et al. [66]. The DAU concentration
delivered to intracerebral tumors and adjacent brain tissue
was adequate for activity and did not differ significantly
from the drug levels attained in control tissue. CSF concen-
trations in two patients were 22% and 59% of concurrent
plasma levels, respectively.

Temozolomide has recently been reported to be very
active in patients with glioblastoma [45]. This compound
spontaneously decomposes to the monomethylderivative
of dimethyl triazene imidazole carboxamide (DTIC),
which is probably responsible for the cytotoxicity and anti-
tamor activity of the parent drug. The preliminary results
of a pharmacokinetics study (in progress in our laboratory)
in patients with glioma, who were injected with an intra-
carotid dose of 100 mg/m2, suggest a very short half-life
and, therefore, high production of the active metabolite.
Whereas the plasma concentration of temozolomide was
0.7 ug/ml at 3 h after injection, levels of 0.49 pg/g were
found in the brain tumor, indicating a sustained distribution
of the drug in brain tissue.

Conclusions

This review summarizes the information currently availa-
ble on the distribution of antineoplastic agents in brain
neoplasms and in the brain tissue adjacent to the tumor. As
the data are very sparse, more studies are needed to clarify
the differences between various types of tumor and to
investigate correlations between the drug levels reached in
tumoral or normal brain tissue and those attained in CSF or
plasma.

Although any extrapolation of in vitro cytotoxicity data
to in vivo sensitivity must be made with great caution and
the usefulness of in vitro assays for the prediction of clini-
cal responsiveness continues to be questioned [5, 35, 60], it
appears that for drugs that are widely used in brain tumor
therapy, such as epipodophyllotoxin derivatives, platinum
compounds, BLEO, and nitrosoureas, the minimal prereq-
uisite for activity (i.e., adequate delivery of cytotoxic drug
concentrations to the target) has been satisfied. At the
doses given in clinical practice, the drug concentrations
achieved in human brain tumors show a wide range of
interindividual variability but, despite the differences in
physicochemical properties, appear to be close to or even
higher than those that are effective in vitro against human
glioma cells or leukemic lymphoblasts (the main repre-
sentatives of CNS metastases from extracerebral tumors).
Moreover, some antitumor agents appear to persist in brain
tumors, which accounts for their activity (BCNU, VP-16,
DBD), and their levels decrease more slowly in cerebral
neoplasms than in plasma. The difficulty of obtaining se-
rial samples from the same patient naturally explains the
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limited information provided by the literature on the phar-
macokinetic profile of antitamor agents.

In spite of the potentially therapeutic drug concentra-
tions achieved in cerebral tumors, most human tumors are
surgically removed, and relapses often subsequently arise
from residual tumor cells that have escaped surgery or
infiltrated the surrounding, apparently normal brain tissue
[37, 79]. Although the results of the present studies are
limited, they do suggest that drug concentrations in the
peritumoral area or in normal brain tissue are mostly lower
than those in the tumor, where the BBB is totally or par-
tially inefficient; the concentrations in the brain tissue usu-
ally drop with increasing distance from the tumor. Drug
concentrations in the brain adjacent to the tumor could be
too low to eradicate infiltrating tumor cells and, together
with other factors such as mechanisms of resistance, could
be implicated in therapeutic failure.

In investigations of the distribution of antitumor agents
within different areas of the same tumor, drug levels have
been measured in necrotic and vegetating tumor tissue.
Except for PALA [67], drugs seem to accumulate preferen-
tially in necrotic areas, where the absence of blood vessels
may hamper their release, as opposed to the tumor periph-
ery, from which considerable amounts of drug rapidly
diffuse into the drug-free surrounding brain [29, 64, 76].
The amount of drug that reaches the tumor may depend on
the extent of BBB disruption, which always varies con-
siderably.

Depending on the degree of BBB alteration induced by
the tumor, it is often difficult to predict the concentration of
an antitumor agent in CSF and in brain tumors on the basis
of its plasma pharmacokinetics [39]. However, despite the
limited data that have been obtained in a small number of
patients and the insufficient time points that have been
used, the results of the present studies suggest that for
water-soluble agents, drug levels are generally higher in
plasma than in normal brain tissue or brain tumors except
at later times points and that the concentrations in brain
tumors do not appear to correlate with concurrent levels in
the patient’s systemic circulation. Only for lipophilic com-
pounds such as nitrosoureas, in spite of the wide variabili-
ty, is there a close temporal and quantitative relationship
between brain and plasma levels, with clearance being
similar from both compartments.

Many antineoplastic agents that are clearly detectable in
brain tumor tissue reach only low levels, if any, in CSF.
The lipophilic agents DAU, PALA, and AZQ are excep-
tions, since they attain worthwhile concentrations in CSF.
As has been found for other classes of compounds acting
on the CNS [6], CSF drug levels reflect only the concentra-
tions at the edge of the brain parenchyma and are not
necessarily the same as those in the brain tissue itself;
therefore, it may be inappropriate to extrapolate CSF data
to the brain tissue or to brain tumors. As steady-state levels
are rarely achieved and the timing of tissue sampling varies
considerably, the nature of the relationships between the
drug concentrations in CSF or plasma and the drug-con-
centration profile in brain tissue remains complex [13].

In regard to the question as to whether the compound
being measured is the one that is responsible for activity at
the cerebral site, very little attention has been paid to the
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presence and role of metabolites of antitumor agents in the
CNS. One example is PMM and its N-demethylated meta-
bolites, the latter of which reach only low concentrations in
blood [69] and in CSF [17] but accumulate at considerably
higher levels than does PMM in cerebral tumors, which to
some extent accounts for their contribution to the neu-
rotoxicity of the parent compound. Moreover, a recent
report [55] shows that idarubicinol, an active metabolite of
idarubicin, is always found in the CSF of leukemic chil-
dren, whereas the parent drug is mostly undetectable;
again, this indicates that the metabolite may play a role in
the activity and toxicity of this compound in the brain.

Current analytical techniques are still inadequate to
measure most antitumor agents or their metabolites with
sufficient specificity and sensitivity. In some cases, drug
assays cannot identify the active species among the differ-
ent molecular species, as is the case for radioactive tech-
niques, flameless atomic absorption spectrometry, and
single-photon emission tomography. It remains to be seen
whether the variability observed may have been attrib-
utable to differences in the amount of drug in the cyto-
plasm or in the amount bound to DNA or other macro-
molecules, as they may not be the same as those at the
receptor site, and these differences in the subcellular distri-
bution of drugs may vary considerably in relation to the
antitumor efficacy.

In conclusion, the many difficulties involved in obtain-
ing reliable and significant information on the distribution
of anticancer agents in normal and neoplastic brain tissue
(measurements of the inappropriate drug moiety or at the
wrong cellular/tissue sites, inappropriate sampling times,
inadequate assessments of drug response, or evaluations of
insufficient numbers of patients) should not discourage
further research. Most currently available drugs do not
possess the physicochemical properties required for signif-
icant penetration through the BBB, and this point should be
given high priority in the design of new compounds or
analogues of known antineoplastic agents that exhibit bet-
ter distribution in the brain and lower, if any, neurotoxicity.
In view of increasing efforts to limit the neurotoxic effects
of antitumor agents, studies on the distribution of these
drugs in the brain and on the relationships between brain
drug or metabolite levels and the resultant toxicity may be
helpful in attempts to reduce toxicity through the use of
appropriate dosage schedules or concomitant protective
agents.

Practical and ethical considerations make it difficult to
obtain extensive information on drug distribution by
measurements in surgical biopsies. It will therefore be
essential to develop noninvasive methods for the measure-
ment of drug concentrations in normal and neoplastic tis-
sues of patients who are candidates for treatment. In the
near future, noninvasive techniques based on technologies
such as nuclear magnetic resonance [41] or positron emis-
sion tomography [9] should enable the physician to follow
the time course of drug distribution in human tissues. This
will provide a fuller background picture for investigations
of the concentrations of antineoplastic agents in normal
brain tissues and in tumors.
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