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INTRODUCTION

The robust carrying capacity of the porphyrin molecule and its propensity for localizing
in tumor justified the pursuit of synthesizing a porphyrin labeled with boron for use in BNCT.
However, problems associated with poor solubili_ impeded the utility of the molecule. Until
BOPP was synthesized (1), porphyrins were promising, but impractical.

After in vitro experiments had demonstrated the biological efficacy of BOPP and had
confirmed its intracellular localizing al/ility (2), in vivo studies were carded out using BALB/c
mice. The KHJJ murine mammary carcinoma was selected because, like glioblastomas, it is
radioresistant (TCD soof - 54 Oy) _.Irradiation of tumors to the TCD s0in a single fraction was
precluded because the accompanying whole body dose is lethal. This problem was overcome
by the use of fractionated doses of radiation. BOPP was administered either as 3 0.5 ml
injections per day over 2 days, or by continuous i.v. infusion, 2 ml per day over three days (3)
for a total dose of -42 /g '°B/gbw. Boron-10 distribution in the tumor at the time of
irradiation was -20 Ig/g- Fig. 1 is a neutron capture radiogramshowing boron distributionwith
BOPP. Note that normal brain is free of boron, indicating that BOPP respects the blood-brain
barrier.

Irradiations were carded out at the thermal beam port at the Brookhaven Medical
Research Reactor (BMRR) at a reactor power of 1 MW. Mice were anesthetized with
ketamine a,nd rompun, then taped tO a LiF-opoxy collimator with a centrally-truncated hole (1.5
cm aperture) m accommodate the tumor which was carded on the thigh of the mouse. 6.4
MW rain was ut_,.J for the 3 fraction experiment; 10.3 MW min for the 5 fractions.

Because a tumor control dose could not be delivered, the end point selected for these

experiments was tt_r_rowC, ehgel_ay. This necessitated knowledge of the growth characteristics_': "" -"" ".' ,_ ¢ I ..... ,,,,_,rr I._ I INLIIVIiTL_
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of the tumor. Tumor was implanted on the thigh of thirty mice and volume was determined by
daily measurements of length (I), width (w), and thickness (h), corrections for the hem/-
ell/psoidal shape of the tumor were made using the formula V=0.524 lwh, as recommended in
(:3). The tumor volume ,V, increased exponentially with time, t (days), according to the
equation:

V =" Voe (°'3s-°'s°v°__ (I)

This relationship pertained during the course of a ten-fold increase from the initial volume, Vo
where 0.02 cm 3<V0<0.28 cm3. The analysis of tumor growth delay was based on the time span
between the first irradiation and a ten-fold increase in tumor volume. The growth delay ratio
(GDR) is the ratio of time to reach 10 .Vo for the treated animal relative to the unirradiated
control, normalized to the same initial V_ Multiple linear regression analysis was applied for
the data and the GDR was determined from the equation:

GDR = 0. 996 e (o.12'7r+o.o12 ['.o,e]) (2)

The resultinj_ correlation coe_cient was 0.982.
Physical dose rates and effective doses for the various mixed-field radiations are shown

in Table I, along with the total effective dose per MW min for each component radiation. The
effective dose was determined using Dose .RBE/MW rain. as described in (4). Dosimetric
techniques are detailed in (5).

Comparisons are made between a three and a five fraction experiment. In the former,
BOPP increased the effectiveness of the neutron irradiations by - 60% at 6.4 MW minutes of
irradiation, and in the latter, -95% at 10.3 MW minutes. Relative to the untreated control
mice,tumorgrowthwas retardedby factorsof4 and 6,respectively.Resultsareshown in
TableIL

Although the biological efficacy of BOPP has thus been demonstrated in an "_m._vivo
system, it is uncertain that the conditions for exhibiting the advantage of the compound to its
fullest extent were met. BOPP appears to remain systemic for long periods of time. The
adrenal glands, spleen or fiver might be the storage organs for BOPP, since high levels of the
drug are present in these organs and are observed in tumor after a _nsid_erable period of time
(unpublished data). It is likely that the drug recirculates systemically. In these experiments,
BOPP was delivered prior to the first fraction. Ii"BOPP has similar propensity for acting at
the site of the endothelium as does the hematoporphyrin derivative HPD, vascular damage
from the first fraction could have prevented the recirculation of the compound (6), Therefore,
the advantage of boron retention in tumor would have been lost. To overcome this obstacle,
we will have to consider alternative modes of neutron delivery, e.g., hypo-fractionation. At any
rate, the boronated porphyrin, BOPP, is a clear candidate for clinical application in NCT, and
further studies are warranted.

The above assessmentof the efficacyof a boron-containingcompound was

accomplishedusingonlymegawattminutesasameasureoftheamountofexposure,i.e.,itwas
notnecessaryresorttoabsorbeddose,RBE ortheproductsofthetwo.Inacompanionpaper,
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express oz'implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus,product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Governmentor any agency thereof.



Table I. Dose Rate at 2 mm Depth in a Murine Tumor Irradiated at the BMRR"
Power Level = 1 MW

Effective dose rate Percent of total
Gy RBE x Gy/min" effective

Component (per rain) dose rate

Fast Neutrons
from the reactor .22 .44 16.5

Extrinsic photons .085 .085 3.2

t4N(n,p)t4C reaction
products .II .22 8.2

2.2 MeV photons from
tH(nT)rl-I .03 .03 1.1

_Li and t_ from
tOBCn,t_)71A 1.01 1.89 71.0

TOTAL 2.7 100.0

"A uniform and identical extracellular and :intracellular mass concentration of 2.4.10-2 t+N, 1.03.10-' tH
and 2.lfr s t°B was assumed (fraction by weight). Electron equilibrium was assumed to exist at this depth.
"An RBE value of 2 was assumed for the fast neutrons and the t4N(n,p)t4C reaction. A value of 2.5 was
used for the tOB(n,a)TLireaction.

Table !i

Irradiation Time /_g'°B/gbw Initial Growth to Growth Dose
(MW mia) tumor 10.V0 Delay (Gy.RBE)
(n= fractions) volume (days) Ratio

(cm )
-- 0.074+.013 7.4 --- 0

0

6.4* (n= 3) -- 0.074±.013 17.6:!:8 2.4±.12 4.6

0 -- 0.104±.024 7.8 -- 0

6.4b (n=3) 49 0.I04±.024 28.2.t:2.6 3.82±.40 16.7

0 -- 0.050±.005 7.1 -- 0

10.3_ (n= 5) -- 0.050_:.005 22.5:!:1.5 3.27±.21 7.4

0 -- 0.tM3±.004 7.0 -- 0

10.3d (n=5) 37 0.043±.004 44.5+1.5 6.33±.22 26.8
Letters refer to the number of animals in the experiment.
a=21 b=10 c=18 d=17



Table III

InitialTumor Growth to 10.V0 GrowthDelay Dose
Volume (days) Ratio (Gy)

(eta0
0.090"J:.036 8.9"J:2.9 ---- 0

0.129!'-.065 23.4:!:8.2 2.63 27.2

in which an in vitro system was used, we demonstrated the substantial difficulty of using the
Dose. RBE approach for this purpose. We now show that the same difficulties exist when an in
vivo system such as that employed here is used in an attempt to use the Dose. RBE approach.

In preliminary experiments, we first compared the tumor growth delay obtained in an
x-ray study using the murine mammary tumor model. Two groups (six mice each), one x-
irradiated and one control, were used. Tumors were irradiated to a total dose of 27.2 Gy using
a 100 kVp x-raysource filtered with 1.5 mm Al. Data are shown in Table III. The GDR in this
experiment was 2.63 days, yielding a photon equivalent dose (PED) of 27.2 Cn/. With reactor
in'adiations, a total dose of 4.6 Gy yielded a GDR of 2.4 days (Table II). Based upon the RBE
assumption listed in Table I, the Dose .RBE was given as 4.6. The discrepancy between the
PED of 27.2 Gy and the effective dose (D_) of 4.6 Gy, is a factor of 6. Clearly, the
Dose .RBE method in these preliminary experiments and using RBE values that have
frequently been used, did not predict correctly, the severi.'yof biological effect. We intend to
seek an explanation for the discrepancies m additional experiments. Fortunately, the
effectiveness of boron compounds in vivo can be established by using MW .min as a measure
of exposure, without need to re.sort to the Dose .RBE method.
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