
etter diagnosis ofbrain tumors by CT or NMR has
not improved disease prognosis. It also appears that
improvements in surgical and radiation therapy tech
niques over the past two decades have not resulted in
improvement in patient survival (1â€”3).Chemotherapy
which may be effective in tumors outside the central
nervous system is in general useless in the treatment of
brain tumors. The blood-brain barrier is assumed to be
the main factor that limits the use of antineoplastic
drugs in brain tumors (4-7). Treatment by lipid soluble
chemotherapeutic agents which cross the blood-brain
barrier has been attempted for a number of years (8).
However, treatment with these agents also has had only
limited success and does not appear to have improved
significantly the bleak prognosis of patients with brain
tumors.

Recently, however, there has been renewed interest
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in the treatment of brain tumors. New drugs that do
not cross the blood-brain barrier, but are effective in
extracerebral tumors, are being tested (1,9). The basis
for their use is that the blood-tissue barrier of a brain
tumor is not identical with the blood-brain barrier of
normal brain and therefore brain tumors may be
permeable, to some degree, to water soluble drugs (7).
In addition, experiments are being conducted using
techniques which open the blood-brain barrier and
blood-tissue barrier to enable better access ofsuch drugs
into brain tumors (10). This research is, however, lim
ited by the lack of quantitative methods for the mess
urement of drug uptake by human brain tumors. Esti
mation of the amount of drug that enters human brain
tumors is based mainly on results from animal tumors
or on theoretical models (4,11-13).

In the present paper we have used a nomnvasive in
vivo quantitative SPECT technique that has been re
cently validated (14) to characterize the blood-tissue
barrier of different human brain tumors. We have
determined the uptake of Cobalt-57 (57Co) bleomycin
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A newlydevelopedandvalidatednoninvasivequantitativeSPECTmethodwasusedto
measuretheinvivouptakeof[57Co]bleomycin(Co-bleo)ini 3 humanbraintumorsandthe
uptakeof [@â€œTc]gIucoheptonate(GH)in23 braintumors.Significantdifferencesintumor
uptakewerefound.Thetumorconcentrationovertime,thetumorto bloodradioat 30 mm
and the tumor cumulative concentration of radioactivity showed marked differences even
between tumors with the same histology. Only a weak correlafion was found between tumor
concentration of Co-bleo and of GH. Therefore a simple imaging agent such as GH cannot, at
the presenttime,serveas an indicatorof indMdualtumoruptakeandfurtherexperiencewith
otheragentsisstillnecessary.Contraryto thegenerallyheldview,nocorrelationwasfound
between the concentration of drug in the blood and its tumor concentration. It is suggested
thereforethatthelevelofa druginthebloodcannotbeusedasa criterionoftheamountthat
willpenetratethetumor.DirectSPECTmeasurementoftheconcentrationofthedruginthe
tumoritselfshouldbe performed.Thebioavailabilityof a drug is CritiCalin orderfor it to exert
it tumoiicidal effect. The results, showing marked differences in uptake between brain tumors,
suggest that before chemotherapy is administered, uptake of the ChemOtherapeUtiCdrug in
theindividualtumorto betreatedshouldbeassessedandcomparisonsshouldbemade
between the uptake of a series of drugs to determine which drug would be most efficacious
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(Co-bleo), a labeled chemotherapeutic drug, into hu
man brain tumors and studied, the in vivo pharmaco
kinetics of this agent in tumors in situ. Uptake of Co
bleo was also compared to that of technetium-99m
(99mTc) glucoheptonate (OH) to determine whether a
simple brain scanning agent could serve as an indicator
ofbrain tumor permeability to chemotherapeutic drugs.

MATERIAI@S AND METhODS

Thirteen patients with newly diagnosed brain tumors had
Co-bleo SPECT, and 23 patients had OH SPECT studies of
their brain. Nine patients had both studies with Co-bleo and
Tc-OH performed. They included four patients with gliomas,
fourwith metastases,and one a meningioma. All patients
had a routine brain tumor neurologic evaluation which in
cluded transmission CT. The research protocol for the study
was approved by our institution. Cobalt-57 (DuPont Com
pany, No. Billerica,MA) and glucoheptonate were generously
donated forthis study. Co-bleo was preparedin our laboratory
as previouslydescribed(15,16). Two millicuries of â€œCowere
injected intravenously for each study and 1 mg of bleomycin
was labeled with 1 mCi of â€œCo(specific activity 1 mCi/mg);
uptake was measured by SPECT as percent of injected dose
per cubic centimeter oftissue (%ID/cc) and was recalculated
as microgrambleomycin/cc of tumor tissue.

Glucoheptonate labeled with 20-25 mCi of @mTcby the
routine procedure was injected intravenously. Since the spe
cific activity of glucoheptonate was not available for all pa
tients, concentration of glucoheptonate in the tumor was
measured only as %ID/cc. Decay corrections were applied.
Nine patients had both TC-GHand Co-bleo studies. Techne
tium-99m glucoheptonate always preceded Co-bleo, and the
second study was done at least 2 days later when no significant
99mTcactivity was present in the tumor. Blood activity was
not corrected for since the blood volume of brain tumors
( 5%ofthe volumeofthe tumor (17).

We have used a SPECF method developed for in vivo
quantitation (14). The studies were performed using an Apex
415 digital gamma camera (Elscint, Inc., Haifa, Israel) with a
rotatinggantryand an all-purpose,low-energycollimator. The
data collected was stored on an optical disk (Sudbury Systems,
Inc., Sudbury,MA). Data acquisitionrequired120projections
30 apart when using 99mTc and 60 projections 6 apart when

using â€œCo.The difference in the number of projections re
quired for Tc-GH and Co-bleo studies results from the signif
icant difference in the amount of injected radioactivity. The
acquisition time per study was 20 mm. The rotation radii for
SPECr studies ranged from 17-20 cm. The system resolution
is 0.68 cm. The 64 x 64 matrix was used for both radioiso
topes. For 99mTc,33,000-50,000 counts were collected for
each projection, and the entire study accumulated 4â€”6x 106
counts. When using 57Co,2,500-4,000 counts were collected
for each pmjection and 1.5-2.4 x 10@were accumulated for
the entire study. The data was reconstructedby backprojec
tion, using a Hanning filter, in the transverse, sagittal, and
coronal planes. The tomographicslice thicknesswas one pixel
(0.68 cm). No smoothing was used. A thresholdof0.43 (43%
ofthe maximal counts in a slice) was used to define the tumor.
This threshold was experimentally found to give the best

correlation between measured and real volume and concen
tration both in phantoms and when in vivo and in vitro
studies were compared in human brain tumors (14). For each
slice the number of pixels, containing counts that exceeded
that of the threshold, was used to calculate the volume. The
number ofcounts in the volume delineated was calculatedby
the computer and compared to the amount of actual activity
in phantoms in order to obtain the concentration of the
radioactive drugs in MCi/cc(14). The absolute value of the
threshold is variable from study to study according to 43% of
maximal counts in the slice. Such a threshold gives an excel
lent correlation for the range of volumes of brain tumors
found both in the literatureand our own study.

The same SPECT procedure was used for each tumor at
30, 120, 240, and 480 mm after i.v. injection of the labeled
drug. Blood samples were taken every 30 sec for 5 mm, at 10
and 20 mm and at intervals thereafter before each SPECT
study. The ceUs were separated, and plasma activity was
measured in a well counter.

The integral of the concentration in the tumor (CT) be
tween 30 mm and 480 mm wasdefinedas the tumor cumu
lative concentration (TCC) and was calculated using the fol
lowing formula:

TCC = Â£8o@CT (t)dt

It is used to represent the amount of the drug to which the
tumor was exposed duringthe period ofthe study.

For assessingthe variabilityofthe TCC in differenttumors
it wasnormalizedto the integralofblood activity. The tumor
cumulative concentration normalized for blood (TCC/B) was
calculated as follows:

TCC/B = TCC
I CB(t)dt

where CB indicates the concentration in the blood.
The tumor to blood ratio (TBR) was determined at 30 mm

as an indication oftumor permeability.It was calculatedusing
the formula:

RESULTS

CT (30')
TBR =

J, CB(t)

Tumor volume in our patient population ranged
between 30 and 120 cc. There was a marked variability
in concentration of the administered drug among the
tumors studied. This variability was apparent even in
tumors with the same histology.

When using Co-bleo in gliomas, the maximal differ
ence in concentration (292%) appeared at 120 mm with
values of 0.013-0.051 ig/cc; the minimal difference
(170%) was found at 240 mm with concentrations of
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Histologyof No.
tumor pts. 30' 120' 240'480'TBRTCCTCC/B6Glioma

B 6
r 6

Minimal B 0.076 0.06 0.024 0.003
value T 0.019 0.013 0.01 0.0093.912.365.080.35Maximal

B 0.33 0.14 0.066 0.02
value T 0.06 0.051 0.027 0.0298.934.115.530.57Mean

B 0.165 0.091 0.045 0.01
T 0.037 0.033 0.023 0.0215.924.9 11.60.47Standard

B 0.082 0.028 0.013 0.007
deviation T 0.014 0.012 0.006 0.0061 .827.073.210.07Range

B 0.254 0.08 0.042 0.017
T 0.041 0.038 0.017 0.024.621.7410.450.22Variation

B 50% 31% 28% 68%
coefficient T 40% 35% 26% 30%31%28%28%16%Meningioma

B 3
T 3

Minimal B 0.11 0.046 0.014 0.001
value T 0.03 0.035 0.024 0.0187.011.212.120.52Maximal

B 0.159 0.078 0.047 0.018
value T 0.05 0.05 0.045 0.0411 1.223.1520.521.20Mean

B 0.127 0.065 0.029 0.007
T 0.041 0.041 0.031 0.0279.517.3214.970.96Standard

B 0.022 0.014 0.014 0.007
deviation T 0.008 0.007 0.01 0.011 .84.883.930.31Range

B 0.049 0.032 0.033 0.016
T 0.02 0.015 0.021 0.0234.211.958.410.68Variation

B 18% 21% 48% 100%
coefficient T 20% 18% 32% 39%19%28%26%32%Metastases

B 4
T 4

Minimal B 0.098 0.054 0.025 0.005
value T 0.02 0.026 0.023 0.0203.114.1310.30.53Maximal

B 0.15 0.088 0.046 0.013
value T 0.064 0.042 0.034 0.0251424.0216.021.14Mean

B 0.124 0.072 0.035 0.008
T 0.04 0.035 0.027 0.0237.819.3412.870.73Standard

B 0.022 0.016 0.01 0.003
deviation T 0.016 0.007 0.004 0.0022.064.5940.25Range

B 0.052 0.034 0.021 0.008
T 0.044 0.016 0.011 0.0055.729.8910.90.61Variation
B 18% 22% 27% 38%

coefficient T 40% 20% 15% 8%51%24%16%34%.

Tumorbloodratioat 30 mm(x iO@min').
t Tumor cumulative concentration (jig/cc x mm).

6 Tumor cumulative concentration nOrmaliZed for blood cumulative concentration.

, Blood (pg/cc).

.. Tumor(pg/cc).

0.010-0.027 pg/cc. In memngiomas maximal differ- ence (220%) was found at 30 mm with a range of 0.20â€”
ence (127%) was measured at 480 mm with values 0.064 pg/cc, and the minimal difference (25%) ap
ranging from 0.018-0.041 ag/cc, and the minimal di1@ peared at 480 mm with values of 0.020-0.025 ag/cc.
ference (43%) was measured at 120 mm with values of The TBR varied between 3.9-8.9 x l0@ min' in
0.035-0.050 gig/cc. In metastases the maximal differ- gliomas, 7.0â€”11.2x l0@ min@' in meningiomas, and

TABLE I
Concentration of Co-bieo in the Blood and in Brain Tumors in i 3 Patients
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TABLE 2
Concentration of GH in the Blood and in Brain Tumors in Eight Patients with

Study@Gliomas
and MetastasesAfter aCo-bleoHistology

No.
of tumor pts. 30' 120' 240'480'TBRtTCC*TCC/B'Glioma

B 3
T1 4

Minimal B 3.54 2.37 1.38 0.31
value T 0.61 0.55 0.47 0.545.440.6840.2310.34Maximal

B 8.38 4.85 4.05 2.83
value T 2.06 1.70 1.7 1.937.971.8270.7930.53Mean

B 6.06 3.85 2.41 1.20
T 1.48 1.22 1.09 1.096.361.2040.5170.43Standard

B 1.98 1.07 1.17 1.15
deviation T 0.54 0.42 0.44 0.521 .140.4720.2030.08Range

B 4.84 2.48 2.67 2.52
T 1.45 1.15 1.23 1.392.531.1430.5620.19Variation

B 33% 28% 49% 96%
coefficient T 36% 35% 41% 48%1 8%39%39%20%Metastases

B 3
T 4

Minimal B 4.48 1.13 0.18 0.01
value T 1.20 1.14 1.06 0.886.350.2920.4700.16Maximal

B 5.76 4.35 2.99 1.42
value T 2.66 2.16 1.89 2.0815.61.6790.9021.86Mean

B 5.12 2.63 1.42 0.55
T 1.88 1.70 1.52 1.429.520.7620.7080.85Standard
B 0.52 1.32 1.17 0.62

deviation T 0.54 0.42 0.38 0.454.300.6480.1840.73Range

B 1.28 3.22 2.81 1.41
T 1.46 1.02 0.83 1.209.251.3870.4321.70Variation

B 10% 50% 82% 113%
coefficient T 29% 25% 25% 32%45%85%26%86%.

One patientwitha meningiomahadalsobotha GH andCo-bleostudy.
t Tumor blood ratio at 30 mm (x iO@ min1).

6 Tumor cumulative concentration (%ID/cc x mm).

Â§Tumor cumulative concentration normalized for blood cumulative concentration.

.. BlOOd(%lD/cc x 10@).
I Tumor (%ID/cc x 1 0@).

3.1-14.0 x l0@ min@ in metastases. The TCC also
showed a large variation 5.08â€”15.53gig/cc x mm in
gliomas, 12. 12â€”20.52ig/cc x mm in meningiomas and
10.3â€”16.02,@g/cc x mm in metastases. The TCC/B
varied between 0.35â€”0.57in gliomas, 0.52â€”1.20 in me
ningiomas and 0.53â€”1. 14 in metastases.

Of the nine patients that had both Co-bleo and OH
studies, large variations were found when using OH in
gliomas and metastases, only one patient had a menin
gioma. The maximal difference in concentration
(257%) was found in gliomas at 480 mm with values of
0.54â€”1.93 x l0@ %ID/cc. The minimal difference
(208%) was found at 120 mm with values of 0.55â€”1.7
x l0@ %ID/cc. In metastases, maximal difference
(136%) was found at 480 mm 0.88â€”2.08X l0@ %ID/
cc and minimal (89%) at 120 mm 1. 14â€”2.16 x i0@

%ID/cc. The TBR was 5.44â€”7.97 x l0@ min@ in
gliomas, and 6.35â€”15.6 x l0@ min@ in metastases.
The TCC varied from 0.231â€”0.793 %ID/cc x mm in
gliomas and 0.470â€”0.902 %ID/cc x mm in metastases.
The TCC/B varied in gliomas between 0.34-0.53 and
in metastases between 0.16â€”1.86.

The correlation between the concentrations of Co
bleo and OH in the tumors was 0.69. No correlation
was found between the level of Co-bleo in the blood
and that in the tumor (r = 0.47). The same lack of
correlation was found for OH (r = 0.39). The minimal
and maximal values of concentration over time, the
standard deviation, and the variability coefficient of the
concentration in the tumors are summarized for Co
bleo in Table 1 and for OH in Table 2. The concentra
tion of Co-bleo in the blood and in the tumor is shown

TheJournalof NuclearMedicineI 90 Front,Israel,Iosilevskyetal



0
0

C

0

0
E

C

U

C 0.0

O.3@

0.11

0. 1

0.1

U
U

0

U

0

C
0

0

C
.
U
C
0
U

0.05

0.0

GIIom.s(n-6) Mâ€¢nlnglomas(n- 3) M.tastas.s(n. 4)

FIGURE 1
Concentrationof Co-bleoin 13 pa
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in Figure 1. The concentration ofOH in the blood and
in the tumor is shown in Figure 2. The correlation
between the concentration ofCo-bleo and OH is shown
in Figure 3. The correlations between the concentration
of Co-bleo and GH in the blood and in the tumors are
shown in Figures 4 and 5, respectively.

DISCUSSION

SPECT can be reliably employed to noninvasively
measure the concentration of radiopharmaceuticals in
brain tumors (14). In using SPECT quantitation, an
excellent correlation was found between measured and
real volumes and concentration in phantoms. When in
vivo uptake in patients with meningiomas was corn
pared to the â€œgoldstandardâ€• of in vitro measurements
in samples of the same tumors taken during operation,
a correlation of 0.93â€”0.84was found (14). The same
methods were used in the present study to assess the in
vivo pharmacokinetics of Co-bleo and OH in human
brain tumors.

SPECT quantitation provides information which can
not presently be obtained by any other technique, and
the TCC shows the amount of chernotherapeutic drug
to which the tumor is exposedâ€”the bioavailability of
the drug (18). Tumor models in animals are not, in
reality, true models of human tumors. In addition,
measurement of uptake, although accurate when using

the method ofquantitative autoradiography(7,12), nec
cessitates the sacrifice of the animal and prohibits the
measurement of concentration over time in the same
tumor. The short half-life of presently used positron
emitters would require repeat injections and compli
cated logistics if PET was to be used for pharmacoki
netic studies. Computed tomography and NMR cannot,
presently, provide quantitative information about drug
uptake.

Cobalt-57 bleornycin was chosen for this study for a
number ofreasons. Treatment with bleomycin has been
attempted in brain tumors, and Co-bleo can be pre
pared using a simple technique (15,16). Furthermore,
it has been recently shown that the metal binding
capacity of bleomycin is very high both in the extracel
lular and intracellular space (19). The binding does not
alter the biodistribution ofbleomycin, and it is actually
believed to account for its biologic activity. It is the
metal bound bleornycin which, presumably, has the
tumoricidal effect (19). Co-bleo, therefore, can be re
garded as representing the behaviour of the nonlabeled
bleomycin which is administered to patients for cancer
treatment. It does not, however, represent the behaviour
of other chemotherapeutic agents.

The results indicate that there is a marked variation
in the pharmacokinetics of Co-bleo in human brain
tumors. Such a variability occurs even in tumors with
the same histology. The variability coefficient showed
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a significant difference (Table 1 and 2) when the con
centration of Co-bleo was measured at different times
after the i.v. injection, and the same was true for the
TBR and the ICC. The results show that human brain
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tumors may differ markedly in their exposure to drugs
and individual tumors, belonging to the same histolog
ical group, may have a high or low drug uptake. The
dose of drug given to the patient is based on his body
surface area and not on the bioavailability of the drug
to his individual tumor. Our method will enable, in the
future, to tailor the type and amount ofdrug according
to the permeability of the individual tumor at hand.

It is a principal rule of pharmacology that in order
to exert beneficial effect a drug has to reach its site of
action in a sufficient amount. This is critical in cancer
chemotherapy where the dose-response curve is steep
and a small reduction in the dose of the drug causes a
significant reduction in tumor response (20,21). In
animals with sensitive tumors, a reduction ofonly 20%
in the optimal dose of a chemotherapeutic drug can
cause a 50% reduction in response. In view ofthe large
variation in uptake shown in our group of patients,
even if a high dose of a chemotherapeutic drug is
administered, only a limited amount, in some patients,
will reach the tumor and thus the drug will be ineffective
in inducing remission. Although opening of the blood
tissue-barrier should probably be undertaken (10) in
this group of patients, it would be unnecessary in pa
tients showing high uptake. The results, then, indicate
that treatment ofbrain tumors should be individualized
according to the permeability of the particular tumor
to be treated. It should be stressed, of course, that
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significant uptake of any drug by a tumor does not in
and of itselfguarantee its effectiveness. In spite of high
uptake the tumor cells may not be sensitive to the drug,
but a drug has no chance at all of killing tumor cells if
it does not enter the tumor in sufficient amounts.
Although high uptake is not a sufficient condition for
tumoricidal action, it is a necessary precondition.

Only a weak correlation was found between the
uptake ofOH and Co-bleo. This correlation was sought
to determine whether simple commonly used agents
such as OH could be utilized, instead oflabeled chem
otherapeutic drugs, to indicate the permeability of hu
man brain tumors. Quantitative SPECT of the head
with technetium agents could then be used before drug
treatment as a simple procedure for evaluation of tumor
permeability. Such simple scintigraphic agents have
been used in nonquantitative studies as indicators of
the permeability of brain tumors and for assessment of
the effectiveness ofmethods used for the opening of the
blood-brain barrier (20). Although OH uptake could
not reliably represent Co-bleo uptake, further experi
ence with quantitative SPECT is necessary to evaluate
if other scintigraphic agents could achieve a better
correlation with labeled drugs.

It is interesting that no correlation was found, when

using either Co-bleo and GH, between the concentra
tion ofthe labeled agents in the blood and in the tumor.
It indicates that factors other than the blood level of
the drug play a major role in determining the concen
tration of a drug in a tumor (23,24). These findings
contrast with the classical textbook view: â€œ(Inmost
cases) . . . the concentration of a drug in the systemic
circulation will be related to the concentration in the
site of action. . .â€œ(23). Apparently this is not the case
in human brain tumors. We have shown (16) that the
blood-tissue barrier depends on the length of the junc
tion between the apposing membranes of adjacent
endotheial cells. This and not the blood concentration
is probably the most important factor determining the
concentration of a drug in human brain tumors. This
blood-tissue barrier has a different effectiveness in in
dividual brain tumors, and it determines the bioavail
ability of the drug to the tumor. Bioavailability is the
term used to indicate the extent to which a drug reaches
its site ofaction (18,23). In our study it is expressed by
the tumor cumulative concentration which indicates
the amount of labeled bleomycin to which the tumor
was exposed between 30 and 480 mm. The TCC is the
result of the interaction of all factors which determine
the passage of a drug from the blood into the tumor:
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chemotherapy.Am J Med 1980;69:585â€”594.

21. DeVita VT. Editorial: Dose-response is alive and well.
JClinOncol1986;4:1157â€”1159.

22. Neuwelt EA, Specht HD, Howieson J, et al. Osmotic
blood-brain barrier modification: clinical documen
tation by enhanced CT scanning and/or radionuclide
brainscanning.Am JRoentgen1983;141:829â€”835.

23. Benet LZ, Sheiner T. Pharmacokinetics: The dynam
ics of drug absorption, distribution and elimination.
In: Ooodman-Oillman A, Ooodman-Oillman LS, et
al, eds. The pharmacological basis oftherapeutics, 7th
edition. New York: MacMillan; 1985:22.

24. Chabner B. Clinical pharmacokinetics and drug mon
itoring. In: Chabner B, ed. Pharmacologic principles
of cancer treatment. Philadelphia: W.B. Saunders
Comp,; 1982:100â€”108.

the permeability coefficient of the capillaries with re
spect to the drug, the luminal surface area ofthe capil
laries, the concentration of the drug in the plasma, and
the length oftime that the drug is found in the capillar
ies. In drugs which have a high extraction fraction, the
blood flow ofthe tumor also plays a role.

Interest in neuro-nuclear medicine has recently been
directedprimarilyto radiopharmaceuticalswhichcross
the blood-brain barrier and are used to measure brain
blood flow, metabolism, and receptor distribution.
Quantitative measurement of the effect of the blood
tissue barrier on drug uptake shows that nuclear mcdi
cine techniques can also have an impact on the treat
ment ofhuman brain tumors which cannot be achieved
by CT and NMR. The problem of improving the ther
apeutic effect of antineoplastic drugs on brain tumors
was succinctly defined by Shapiro and Byrne (9): â€œThe
question remains as to the quantitative permeability of
water-soluble chemotherapeutic agents into brain tu
mors.â€•SPECT may be instrumental, in the future, in
solving this question by measuring the uptake of drugs
such as methotrexate and cisplatin which have been
very effective in chemotherapy of tumors located in
regions other than the brain.
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