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Radiotherapeutic doses for malignant gliomas are gener-
ally palliative because greater, supposedly curative doses
would impart clinically unacceptable damage to nearby
vital CNS tissues. To improve radiation treatment for
human gliomas, we evaluated microbeam radiation ther-
apy, which utilizes an array of parallel, microscopically
thin (<100 µm) planar beams (microbeams) of synchro-
tron-generated X rays. Rats with i.c. 9L gliosarcoma
tumors were exposed laterally to a single microbeam,
27 µm wide and 3.8 mm high, stepwise, to produce irra-
diation arrays with 50, 75, or 100 µm of on-center beam
spacings and 150, 250, 300, or 500 Gy of in-slice, skin-
entrance, single-exposure doses. The resulting array size
was 9 mm wide and 10.4 mm high (using three 3.8-mm
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vertical tiers); the beam’s median energy was ~70 keV.
When all data were collated, the median survival was 70
days; no depletion of nerve cells was observed. However,
when data from the highest skin-entrance dose and/or
the smallest microbeam spacings were excluded, the
median survival time of the subset of rats was 170 days,
and no white matter necrosis was observed. Others have
reported unilateral single-exposure broad-beam irradia-
tion of i.c. 9L gliosarcomas at 22.5 Gy with a median
survival of only ~34 days and with severe depletion of
neurons. These results suggest that the therapeutic index
of unidirectional microbeams is larger than that of the
broad beams and that an application for microbeam
radiation therapy in treating certain malignant brain
tumors may be found in the future. Neuro-Oncology 4,
26-38, 2002 (Posted to Neuro-Oncology [serial online],
Doc. 01-041, December 6, 2001. URL <neuro-oncol-
ogy.mc.duke.edu>)

The incident rate of all primary malignant brain
tumors is 16,500 cases a year in the United States
(CBTRUS, 2000). Radiation therapy, the primary

method of treating these tumors, is generally palliative
rather than curative in treating high-grade gliomas
(Mornex et al., 1993). Treatment failure is primarily
related to constraints on the delivery of adequate radia-
tion dose to the tumor, which is due to the limitations of
normal tissue tolerance. MRT,6 a novel technique devel-
oped at the NSLS, BNL (Slatkin et al., 1992, 1995a),
appears to address this problem. Previous studies suggest
that unidirectional single-fraction MRT can preferen-
tially kill an i.c. rat glioma, namely 9LGS, while sparing
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the normal brain tissue (Laissue et al., 1998; Slatkin et
al., 1995b). MRT utilizes arrays of parallel, microscopi-
cally thin (<100 µm) planar slices of synchrotron-gener-
ated X rays (microplanar beams, microbeams) and is
commonly administered in a single dose. Other than at
the NSLS—where microbeam irradiation studies of nor-
mal rat brain (Slatkin et al., 1995a), rat 9LGS brain
tumors (Laissue et al., 1998; Slatkin et al., 1995b), and
normal duck embryo brains (Dilmanian et al., 2001)
have been pursued—MRT-related research has also been
conducted at the European Synchrotron Radiation Facil-
ity, Grenoble, France, since 1995, where tolerances to
microbeam irradiation of the cerebella of suckling rats
(Laissue et al., 1999) and immature pigs (Laissue et al.,
2001) have been evaluated.

Synchrotron X rays are produced when relativistic
electrons in storage rings pass through strong magnetic
fields (Winick, 1980). Their characteristics include a
broad continuous spectrum, a natural forwardly peaked
collimation (producing a quasiparallel beam), very high
intensity, and small effective source size. These proper-
ties allow the production of very narrow and intense
beams. The beam energies used in previous NSLS studies
had a maximum of 120-keV median energy, using
gadolinium or copper beam �ltration to preferentially
attenuate mostly the lower part of the spectrum.
Increased beam �ltration raises the spectral energy and
reduces the incident dose rate of the beam. The spectral
energy also influences the “valley” dose in the
microbeam array (the radiation leakage between
microbeams).

The tissue-sparing effect of X-ray microbeams was
�rst evaluated by Slatkin et al. (1995a), who irradiated
rat brain with synchrotron-generated planar microbeams.
These studies showed that a parallel array of 10 to 20
microplanar beams of 27-µm beam width and 75- or
100-µm beam spacing, center to center, did not cause tis-
sue necrosis when used at in-slice entrance doses of up to
5000 Gy, although it did cause loss of neuronal and astro-
cytic cell nuclei in the direct paths of the microbeams. It
was suggested that endothelial cells, and perhaps oligo-
dendroglial cells, surviving between microbeams might be
able to replace the cells lethally injured in the direct paths
of the X-ray microplanar beams (Slatkin et al., 1995a).

The tolerance of the immature CNS to microbeams
was studied both at the European Synchrotron Radiation
Facility and the NSLS to evaluate the potential of MRT in
pediatric neuro-oncology. At the European Synchrotron
Radiation Facility, 11-day-old and 13-day-old (suckling)
rats exposed once to unidirectional microbeams (28-µm
width and 105- or 210-µm spacing) in their hind brains
at up to a 150-Gy dose (Laissue et al., 1999) showed only
some temporary delay in weight gain. At the NSLS, duck
embryos were exposed 3 to 4 days prior to hatching (Dil-
manian et al., 2001). Single exposures to either
microbeams (27-µm beam width, 100-µm beam spacing)
or broad beams were used. For 160-Gy microbeams (in-
slice, in-depth dose), long-term survival with no ataxia
and no histologically detectable brain damage was
observed, whereas ducks irradiated with 18-Gy broad
beams all died of ataxia within 90 days, with brain dam-
age evident in some. This showed about a 10-fold higher

tolerance to the microbeams than did broad beams—
about 2.7-fold when the in-slice dose was normalized to
the entire irradiation area.

The therapeutic effects of unidirectional and bidirec-
tional X-ray microbeams were observed �rst in a study
on rat brain 9LGS reported in part by Slatkin et al.
(1995b) and in part by Laissue et al. (1998). The exper-
iment used stepwise irradiations with a 27 µm–wide
microbeam to produce microbeam exposure arrays
(single dose) with 100- or 200-µm spacing between the
irradiated microplanar beams and 50-keV median
beam energy. The survivals achieved by day 220
postinoculation were 4 of 14 with 625-Gy unidirec-
tional microbeams and 8 of 15 with 625-Gy bidirec-
tional irradiations. Histopathologic analysis of the
brains in both groups up to ~310 days postirradiation
revealed little brain damage for the normal brain
regions traversed by a single array, but some loss of tis-
sue structure was noted in the cross-�red zones (Laissue
et al., 1998).

In the investigation reported here, several beam spac-
ings and doses that had not been used previously were
used for unidirectional MRT of the 9LGS. We assessed
the dependence of tumor control and normal tissue
damage on beam spacing and dose. The results are com-
pared to those from a broad-beam X-ray therapy exper-
iment by other investigators at BNL (Joel et al., 1990)
who used the same 9LGS cell line (called the BNL
9LGS cell line). The comparison allowed us to evaluate
the therapeutic index (the ratio of the maximum dose
tolerated by normal tissue to the dose required for
tumor control) for unidirectional MRT of this particu-
lar tumor.

Materials and Methods

Tumor Inoculations

The BNL strain of the intracerebral rat 9LGS (Joel et
al., 1990) was established from cultured gliosarcoma
cells originally derived by Schmidek et al. (1971). These
tumor cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 5% fetal bovine
serum. All procedures involving animals were
approved by the Institutional Animal Care and Use
Committee at BNL. Briefly, 8-week-old male Fischer
344 rats (Taconic Farms, Germantown, N.Y.) were
injected with 1 ´ 104 cultured cells in 1 µl of medium
into the left frontal lobe of the brain. For this, the scalp
of the anesthetized rat was aseptically incised, and a
0.5-mm burr hole was made at a position 4 mm to the
left of the midline and directly on the bregma. The cells
were implanted 5 mm beneath the surface of the skull
using a 27-gauge needle fitted with a depth-limiting
plastic collar. Under these conditions, the diameter of
the tumor at day 14 was 35 to 40 mg (Joel et al., 1990),
which, assuming a tumor density of 1.0 g/cc, relates to
4.1-4.2 mm in diameter. No pretreatment tumor size
measurement was carried out. The median survival
time of unirradiated tumor-bearing rats, using this
model at BNL, was 20 ± 3 days (mean ± SD; Coderre et
al., 1994a).
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Microbeam Irradiations

The technical aspects of microbeam irradiations at
the X17B1 beamline of the NSLS have been described
elsewhere (Slatkin et al., 1995a). The ring was oper-
ated at 2.584 GeV and the wiggler at 4.7 teslas. The
beam was filtered with 3-mm water-cooled silicon
and 0.25- or 0.51-mm copper. A vertical microbeam
27 µm in width and 3.8 mm in height was produced
from a broad beam using a single-slit collimator
made of 6 mm–thick tantalum. The animals were
positioned prone, with the back of their heads hori-
zontal. They were irradiated laterally, from right side
to left, in a stepwise procedure. After exposure to a
single microbeam as described above, the animals
were stepped laterally to the beam by the prescribed
beam spacing values (50, 75, or 100 µm) using a
computer-controlled translational stage with a 1-µm
step size. A single 3.8-mm high microbeam array, 8 to
10 mm wide, was administered in this way. The
microbeam array height of 11.4 mm (about 10.4 mm
of which traversed the brain) was achieved by irradi-
ating the brain with 3 such tiers, one over the other.
The average incident dose rates were ~500 and ~830
Gy/s for the 0.51-mm and the 0.25-mm copper filters,
respectively.

Targeting of the brain tumor with the microbeam array
was aided by X-ray �uorescent radiography. For targeting
of the tumor laterally, the radiographs were used to relate
the position of the beam to the lateral location of anatom-
ical landmarks on the rat skull which, in turn, were
related to the point of inoculation. For vertical position-
ing, the top of the skull in the radiographs was used as a
landmark.

Fifty-two tumor-inoculated rats (35 irradiated rats and
17 unirradiated controls) were used in this study. The irra-
diations were carried out on day 15 postinoculation. Ani-
mals were closely monitored after irradiation and were
killed if they appeared to be neurologically disabled or
moribund.

Dosimetric Measurements and Dose Distribution
Simulations

Absolute dosimetric measurement utilized thermolumi-
nescent dosimeters, whereas ion-chamber measurements
were used to verify the dose rate during the experiment
(relative measurements). The energy spectrum of the
beam was calculated analytically using the code
“Source” based on the code “Photon” (Chapman et al.,
1988). The input parameters included the energy of the
electron beam in the storage ring, ring current, wiggler
design and its magnetic �eld, and beam �ltration. The
resulting median beam energies were 66 and 74 keV with
the 0.25- and 0.51-mm copper �lters, respectively.

The distribution of the dose from the microbeam
arrays was evaluated at a spatial resolution of a few
micrometers using the EGS4 Monte Carlo simulations
code (Nelson et al., 1985). The code’s recent upgrades
were used in the simulations, including a subroutine to
introduce the effect of linear polarization of the synchro-
tron X rays and the subroutine LSCAT for low-energy

scattering (Namito et al., 1993, 1995). Simulations fol-
lowed the basic system of Slatkin et al. (1992), which
used an older version of the EGS4 code, as well as that of
Orion et al. (2000). The simulations incorporated linear
polarization of the synchrotron X rays (90% polariza-
tion) and the penumbra of the beam, caused by the 0.9
mm–wide horizontal beam spot located at 28 m from the
collimator (which was, in turn, positioned about 9 cm for
the center of the animal’s head).

Histopathology

The brains of some of the MRT-treated rats, for which
tissue collection became possible (9 of 35), were
removed when the rats were killed, and the brains were
fixed in 10% neutral buffered formalin. The fixed
brain tissue was cut in the horizontal plane, embedded
in paraffin, sectioned at 5- or 6-µm intervals, and
stained with hematoxylin and eosin. Luxol fast blue
stain was used to stain myelin. Tissue sections were
coded. Histopathologic evaluation was carried out
blind by 2 pathologists certi�ed by the American Board
of Pathologists.

MRI

The rationale for MRI was to verify complete abla-
tion of the tumor and the integrity of the normal
brain under MRT treatment. A Marconi Edge (Cleve-
land, Ohio) 1.5-tesla clinical scanner from the Mag-
netic Resonance Research Center of the State
University of New York at Stony Brook was used.
The system employed a coil custom-made for rat
brain studies (Fiel and Button, 1990). This receive-
only coil consisted of a 3-turn solenoid (4 cm in
diameter) positioned orthogonal to the main field.
Routine imaging included 1 mm–thick spin-echo
acquisitions. The T1 sequence, used before and after
the administration of gadolinium, employed TE
(echo time) = 10 ms and TR (repetition time) =
500 ms. A double spin-echo sequence (TE = 20/
80 ms, TR = 2000 ms) was used to obtain proton
density and T2-weighted images (Gomori and Gross-
man, 1988).

Statistical Methods

Median survival time and 95% con�dence intervals were
estimated using the Kaplan-Meier method. These results
were generated in S-Plus 2000 (Mathsoft, Inc., Cam-
bridge, Mass.). Median survival times were calculated for
each of the 7 beam spacings/dose con�gurations and for
the de�ned categories (see “Results”). Because the data
for the broad beams were only available up to 100 days
postinoculation (Joel et al., 1990), their comparisons
with other categories were made by censoring all groups
at 100 days. Because no rats in the MRT groups were
censored before 100 days postinoculation, it was possible
to calculate the proportion surviving at 100 days and
95% con�dence intervals by treating them as simple pro-
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Fig. 1. Monte Carlo simulations of the dose distribution of
microbeams in the different con�gurations of the rat i.c. 9LGS exper-
iment. The 3 plots relate to microbeam arrays of the 27-µm beam
width and the following beam spacings (center-to-center): 50 µm (A),
75 µm (B), and 100 µm (C).

Table 1. Monte Carlo simulation results for dose distribution of microbeam arrays (beam width of 27 µm) at the lateral center of the array and
at the depth of the center of the brain

Valley dose as % of Width of the valley

Beam spacing Valley dose as % Valley dose as % the peak, averaged in the center of

center to of the peak in the of the peak at over the lateral Integrated dose as array, full width at

center (µm) center of array the edge of array pro�le of array % of the peak dose half depth (µm)

50 20.2 17.4 18.8 63 23

75 10.1 8.3 9.2 44 48

100 5.9 4.6 5.3 33 73

portions in StatXact-4 (Version 4.0.1, Cytel Software
Corporation, Cambridge, Mass.). Time-to-event analyses
were performed using log-rank tests. Comparisons of
each con�guration (7) with the control were conducted
with separate log-rank tests, and the resulting P values
were Bonferroni corrected; that is, they were compared
with the Bonferroni-corrected P value cutoff for signi�-
cance of 0.007 (0.05/7). Comparisons among all 7 con-
figurations were also Bonferroni corrected with
7-choose-2 comparisons. The corrected cutoff for the
signi�cance was chosen to be P = 0.0024 (0.05/21). Com-
parisons among the categories (tolerable dose, high dose,
all-MRT) and with the broad-beam results of Joel et al.
(1990) and controls (Table 4), also performed using log-
rank tests, were not Bonferroni corrected, mostly because
some data were partially overlapping (the tolerable-dose
with all-MRT data). The uncorrected P values are
included in the Tables. Finally, for additional comparison
with the broad beam data which ended at 100 days, we
analyzed the survival curves of the categories, using log-
rank tests, with all data censored at 100 days.

Results

Microbeam Dose Distributions from Monte Carlo
Simulations

Microbeam dose distributions for the irradiations used in
this work (27 µm and the beam spacings of 50, 75, and
100 µm) were calculated with the EGS4 Monte Carlo sim-
ulation code. The rat brain was simulated as a water cylin-
der 20 mm in diameter and 50 mm in length, covered with
a 0.6 mm–thick skull. It was positioned horizontally in
front of the array of vertical microbeams, 9 mm in width
and 10.4 mm in height, which impinged on the side of the
cylinder. The position of the center of the array was verti-
cally at the midline of the cylinder and horizontally 9.5 mm
shifted to one side (toward the rat’s nose). Only every �fth
beam in the array was simulated; the entire array was then
produced by repeating, offsetting, and adding the beams.
The data were taken for presentation depthwise in the cen-
ter of the brain and laterally in the center of the array and
the 2 edges. The volume from which the data were aver-
aged was ±1 mm in depth, ±1 mm in height, and 15
microbeams in the lateral direction (1.5 mm for the 100-µm
beams). The results are shown in Fig. 1. The distributions
are displayed for 2 microbeams in the array and are nor-
malized to the peak dose. The values of the valley doses,
expressed as a percentage of the peak dose in the center and
edge of the array and the average, are given in Table 1,

together with the integrated dose of the microbeam array
(as a percentage of the peak dose) and the full width of the
valley at half depth. The signi�cance of the valley dose is
that it determines the survival of cells (for example,
endothelial cells) between the microbeams, whereas the val-
ley width may, in part, determine how many of these cells
survive between 2 microbeams. The integrated dose of the
microbeam array, calculated by averaging the dose distribu-
tion of the microbeam over 1 complete cycle (a width of the
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Table 2. Irradiation parameters and qualitative estimate of the degree of epilation for the individual con�gurations of MRT, together with dose
distribution results from Monte Carlo simulations

Valley dose Integrated dose Qualitative

Con�guration, Beam spacing In-slice In-slice dose at center of at center of estimate of

no. of rats, center to skin-entrance at center brain, averaged brain, averaged degree of

and category center (µm) dose (Gy) of brain (Gy) laterally (Gy) laterally (Gy) epilationa

A (n = 5) High dose 50 150 108 20 68 ++

B (n = 5) High dose 50 250 179 34 113 +++

C (n = 5) High dose 50 300 215 40 135 +++

D (n = 5) Tolerable dose 75 250 179 17 79 +

E (n = 6) High dose 75 300 215 20 95 ++

F (n = 6) High dose 75 500 359 33 158 +++

G (n = 3) Tolerable dose 100 500 359 19 118 +

Unirradiated controls (n = 17) N/A N/A 0 0 0 0

Broad beams Joel et al., N/A N/A 22.5 N/A 22.5 Not known

1990 (n = 16)

Abbreviations: NA, not applicable

a +++, strong and permanent; ++, medium; +, small.

Fig. 2. Survival plots of the individual MRT con�gurations, together
with a plot of the unirradiated controls.

array equal to 1 beam spacing) re�ects the average tissue
dose and is signi�cant for comparison with doses from
broad beams.

Animal Survival as a Function of MRT Dose and
Beam-Spacing Con�gurations

Rats were inoculated intracerebrally with 9LGS cells on
day 0 and were irradiated with different MRT con�gu-
rations (different beam spacings and doses) on day 15,
when the tumors were approximately 4 mm in diameter.
Thirty-�ve rats were irradiated in 7 con�gurations of A-
F, which included beam spacings of 50, 75, and 100 µm,
and in-slice entrance doses ranging from 150 to 500 Gy,
as listed in Table 2. The irradiations were carried out in
4 different experimental periods within 11 months at
the NSLS. In each experiment, the inoculated rats were
randomized. The unequal number of rats in the con�gu-
rations were caused by differences in the availability of
animals in different experiments and by experimental
dif�culties such as machine breakdown or aberrant irra-
diations. The rats were observed for up to 500 days.
Seventeen inoculated rats were used as unirradiated con-
trols. Kaplan-Meier survival curves for these con�gura-
tions, together with the curve of the unirradiated
controls are shown in Fig. 2. Table 2 also presents the
basic dosimetry results, together with a qualitative esti-
mate of degree of epilation. Table 3 presents the propor-
tion of rats surviving at 100 days and median survival
values (postinoculation), together with their 95% con�-
dence intervals. The latter ranged from 19 days in the
unirradiated control group to 171 days in con�guration
D (75-µm beam spacing, 250-Gy dose). Individual com-
parisons for the 7 con�gurations and the controls, per-
formed with the log-rank test, showed that all individual
con�gurations were signi�cantly different from the con-
trols (P values of <0.007, the Bonferroni-corrected cut-
off significance). However, in pairwise comparisons
among the irradiated con�gurations, accounting for 21
comparisons, only 2 comparisons approached statisti-

cally significant differences using the Bonferroni-
corrected P value cutoff of 0.0024, namely con�gura-
tion B versus configuration D (P = 0.0027) and
configuration C versus configuration D (P = 0.0027).
This suggests that the 75-µm beam spacing and the 250-
Gy dose produced longer survival than the 50-µm beam
spacings at either the 250- or the 300-Gy dose. These
results point to the larger toxicity on the brain from
smaller beam spacings and/or higher doses (con�rmed
from histology, described below).

In-Slice-, Valley-, and Integrated-Microbeam Doses in
the Center of the Brain and the Tumor

The in-slice microbeams in tissue depths were calculated
by subjecting the synchrotron X-ray spectrum to attenua-
tion in 0.6-mm skull and 13-mm soft tissue for the center
of the brain (Table 2). The calculations showed half-value
layers of 13 mm for the skull and 30 mm for the soft tis-
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Table 3. Median survival and proportion of rats surviving at 100 days for the different microbeam con�gurations of MRT, unirradiated controls,
and broad beams of Joel et al. (1990)

Con�guration, Proportion of rats

no. of rats, surviving 100 days 95% CI Median 95% CI for

and category postinoculation for survival survival (days) median survival

A (n = 5) High dose 0.40 (0.15, 0.95) 98 (45, NA)

B (n = 5) High dose 0.60 (0.05, 0.85) 136 (73, NA)

C (n = 5) High dose 0.00 (0.00, 0.52) 55 (46, NA)

D (n = 5) Tolerable dose 0.60 (0.15, 0.85) 171 (70, NA)

E (n = 6) High dose 0.33 (0.04, 0.78) 62.5 (40, NA)

F (n = 6) High dose 0.33 (0.04, 0.78) 31 (19, NA)

G (n = 3) Tolerable dose 0.67 (0.09, 0.99) 170 (39, NA)

Nonirradiated controls (n = 17) 0.00 (0.00, 0.16) 19 (18, 21)

Broad beams (n = 16) (Joel et al., 1990) 0.25 (0.07, 0.52) 33.5 (30, NA)

Abbreviations: CI, con�dence interval; NA, not available  (the upper limit was larger than the range of the data).

Fig. 3. Survival curves of rats receiving tolerable and high-dose MRT,
the unirradiated controls, and the broad beams from Joel et al.
(1990).

sue. The in-slice dose in the center of the tumor can be cal-
culated by multiplying the doses by a factor of 0.91 for
attenuation in an additional 4-mm depth of soft tissue.
The valley doses at the center of the brain, also appearing
in Table 2, were calculated using the incident in-beam
doses, the percentage of valley doses from Table 1 (aver-
aged over the lateral pro�le of the array), and attenuation
of 0.6-mm skull and 13-mm soft tissue. Finally, Table 2
also includes the integrated MRT doses (in Grays) at the
center of the brain.

Animal Survival for the 2 MRT Categories

The survival dependence on the 2 parameters of dose and
beam spacings appear not to be strong enough to be
detected within the statistics of the given number of ani-
mals in each con�guration. However, if the effects are
sought as a function of a single parameter (a “canonical”
parameter) of MRT, the number of rats in the experiment
could be large enough to measure the ef�cacy of MRT on
that parameter. One such parameter is the valley dose of
the dose distribution from the microbeam array. This
parameter, which depends both on the beam spacing
(Fig. 1) and the incident dose, clearly has a crucial role in
determining the radiation effects of the microbeams as it
determines the survival of the cells (for example, endothe-
lial cells) between the microbeams. For this purpose, we
chose a threshold of 19 Gy for the valley doses of the con-
�gurations (Table 2) to divide rats in 2 categories of toler-
able dose and high dose (see rationale below).
Con�gurations with a 19-Gy valley dose or lower (D and
G) constituted the tolerable-dose category, whereas those
with higher than a 19-Gy valley dose (A, B, C, E, and F)
made up the high-dose category. This process of data
averaging and reducing the number of variables to a sin-
gle one (the valley dose) allowed us to maximize the
power to detect meaningful differences among groups.
The rationale for choosing the 19-Gy threshold for divid-
ing the 2 categories was, �rst, the work of Joel et al.
(1990), showing that a 22.5-Gy dose from a broad beam
was only marginally tolerated by the rat brain. In that
experiment, which is intensively compared with our
experiment, the 22.5-Gy dose (at the center of the tumor)

from a 250-kVp X-ray machine was given from the top,
with the animal positioned prone and with a circular
beam of 14 mm in diameter being used (Joel et al., 1990).
Second, Calvo et al. (1988) reported that the doses of
250-kVp X rays that were given to the rat brain in a sin-
gle exposure and produced 50% incidence of white mat-
ter necrosis in 39 and 52 weeks were 23.45 ± 0.49 Gy
and 20.89 ± 0.91 Gy, respectively.

The assignment of the con�gurations to the 2 cate-
gories appears in Table 2. The number of the rats in the
tolerable- and high-dose categories are 8 and 27, respec-
tively. Fig. 3 presents the survival curves of the tolerable-
dose and high-dose categories, the unirradiated controls
from this work, and the broad-beam survival results of
Joel et al. (1990). The median survival values and the per-
centage survival at 100 days postinoculation from these 4
groups and from all MRT results combined, together with
their 95% con�dence intervals, are presented in Table 4.
Point estimates of median survival and proportion sur-
vival at 100 days for the rats treated with the tolerable
dose and broad beams indicate that not only is the median
survival 5-fold longer (170 days versus 33.5 days), but
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Table 4. Median survival and proportion surviving at 100 days for the tolerable-dose and high-dose categories of microbeams and for broad
beams

Median survival in days Proportion surviving at day 100

Group No. of rats in group postinoculation (95% CI) postinoculation (95% CI)

Tolerable-dose MRT (optimal) 8 170 (70, NA) 0.63 (0.24, 0.91)

High-dose MRT (nonoptimal) 27 60 (45, 136) 0.33 (0.17, 0.54)

All MRT 35 70 (55, 170) 0.40 (0.24, 0.58)

Nonirradiated controls 17 19 (18, 21) 0.00 (0.00, 0.20)

Broad-beam treatment (Joel et al., 1990) 16 33.5 (30, NA) 0.25 (0.07, 0.52)

Abbreviations: See Table 3.

survival at 100 days is 2.5-fold larger (63% versus 25%).
However, large con�dence intervals qualify any claims of
signi�cance.

Comparisons of the survival curves from the categories
listed in Table 4 were performed using the log-rank test
for both the full data and data censored at 100 days. The
results are presented in Table 5. They suggest that, �rst,
the comparison of the survival curve for the complete
data and data censored at 100 days for the tolerable-dose
MRT versus the broad-beam irradiation were approach-
ing signi�cance (P = 0.03). However, the tolerable-dose
versus high-dose survival curves potentially show only
marginal, if any, signi�cant differences for the full data
(P = 0.27) and for the censored data, (P = 0.14). The
smaller P value for the 100-day survival re�ects the larger
lead of the tolerable-dose survival at the earlier interval
(<300 days), which is lost when the 2 curves cross at
about 340 days (Fig. 3). Second, the superiority of the all-
MRT category versus broad-beam treatment also
approaches signi�cance (P = 0.06). Third, rats in the tol-
erable-dose, high-dose, and all-MRT groups had signi�-
cantly longer survival than did the control group, both for
the full data (P < 0.001) and for data censored at 100
days (P < 0.001). Fourth, the high-dose category
appeared not to signi�cantly differ from the broad-beam
group for both full data and censored data (P = 0.19).

We note that the 63% survival of the tolerable-dose
category at 100 days postinoculation is comparable to
60% from the boron neutron capture therapy experiment
reported by Joel et al. (1990).

Histopathology of Brain Tissue

Histologic studies for the MRT-treated animals were car-
ried out on only 9 available samples. The most important
�nding was that in 8 samples, where the tumors were
ablated with MRT, no tumor residues were visualized.
However, some of the histologic features observed may be
related to the ablated tumors, namely microcalci�cations
and, infrequently, increased vascularization. Second, the
brain tissues in all MRT-treated rats, including those in
the high-dose category, showed remarkably low levels of
damage. None of the brains showed either gray matter
necrosis, depletion of nerve cells, vacuolar changes, or
demyelinization. In the high-dose category, the predomi-
nant damage was white matter necrosis, which was
observed in 4 of 7 samples examined (Table 6). Other his-
tologic abnormalities, also limited to the high-dose cate-

gory, were small perivascular hemorrhages, intimal thick-
ening with or without microcalci�cation, and necrosis of
the vascular wall. In the tolerable-dose category, however,
the only lesions observed were foci of hypervasculariza-
tion, microcalci�cation, and minor edema. These lesions
may mark the sites of ablated tumors.

The tumor in the only tumor-containing sample (#6B
in Table 6, irradiated with 50-µm beam spacing/300 Gy,
harvested at day 48 postinoculation) was well circum-
scribed with infiltrating borders. It was composed of
spindle cells with a storiform pattern of growth, a high
nuclear-to-cytoplasmic ratio, vacuolated/reticular chro-
matin, frequent small nucleoli, and high mitotic activity.
Occasional large pleomorphic cells were observed, some
of which were multinucleated. Regional tumor necrosis
was evident. There was peritumoral necrosis and an
increase in the vascularity in the peritumoral zone. The
capillaries adjacent to the tumor were surrounded by a
cuff of tumor cells. All these features are those of a high-
grade glioma.

Figs. 4-7 show photomicrographs of certain segments
of 4 different brain samples, all depicted at 3 100 magni�-
cation. Fig. 4 shows the tumor-bearing sample 6B of con-
�guration C (high-dose, 50-µm beam spacing, 300-Gy
dose) illustrating the margin between the normal brain and
the tumor. Fig. 5 shows sample 15A of con�guration F
(also high-dose, 75-µm beam spacing, 500-Gy dose),
exhibiting white matter necrosis, which may be considered
more signi�cant than the other types of brain damage
observed in the MRT-irradiated rat brain samples evalu-
ated. Fig. 6 shows sample 5F of con�guration D (tolerable
dose, 75-µm beam spacing, 250-Gy dose). The illustration
shows very little, if any, damage, as it can be judged by
comparing it with the histology slide from a normal, unir-
radiated rat brain shown in Fig. 7. We note that the sam-
ples were taken at 398 days postinoculation from rats aged
about 480 days for the MRT-treated brain #5F (Fig. 6) and
aged 1 year for the normal, untreated brain (Fig. 7).

MRI of Untreated and MRT-Treated Rat Brains

As indicated above, MRI was carried out as an additional
method of examining MRT-treated rat brains for complete
tumor ablation and lack of brain damage. Two rats with
9LGS were imaged. An untreated rat (Rat 1) was imaged at
day 14 after inoculation, and an MRT-treated rat (Rat 2)
was imaged 4 months postinoculation (Fig. 8). T2-
weighted images were obtained before administration of
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Fig. 4. Photomicrograph of a zone of rat cerebrum (sample 6B of Table 6), treated with con�guration C, in which the rat brain was irradiated with
27 µm–wide microbeams of 50-µm center-to-center spacing at an in-slice entrance dose of 300 Gy (the high-dose category). The �gure shows
the edge of the tumor. Original magni�cation 3 100.

Table 6. Results of histologic studies of the MRT-treated rat brain

Con�guration/ White Local

dose/beam spacing/ Sample Days Residual tumor/ matter Micro- minor

category no. postinoculation tumor necrosis necrosisa calci�cationa Vascularizationa edemaa

C/300 Gy/ 6B 48 Gross tumor/small + + ++ Peritumor ++

50 µm/High dose areas of necrosis

10B 48 None + + +++ With calci�cation +

B/250 Gy/ 11G 68 None + +++ + None

50 µm/High dose 13G 200 None None +++ None None

19G 134 None None + + +

21G 72 None None +++ +++ ++

F/500 Gy/ 15A 120 None ++ ++ +++ +

75 µm/High dose

D/250 Gy/75 µm/ 5F 398 None None +++ None +

Tolerable dose

G/500 Gy/100 µm/ 10E 144 None None +++ None None

Tolerable dose

Only 1 of the 9 brains studied included tumor. None of the samples showed depletion of nerve cells, demyelinization, or vacuolarization. 

a+++, strong; ++, medium; + small.

Table 5. Log-rank tests of the difference in survival curves between MRT categories, unirradiated controls, and broad beams of Joel et al. (1990)
for the complete data set and for data censored at 100 days

P value for P value for data

Group 1 Group 2 complete dataa censored at 100 daysa

Tolerable-dose MRT (n = 8) Unirradiated controls, MRT (n = 17) <0.001 <0.001

Broad beams (n = 16) 0.03 0.03

High-dose MRT (n = 27) 0.27 0.14

High-dose MRT (n = 27) Unirradiated controls, MRT <0.001 <0.001

Broad beams 0.19 0.19

All MRT (n = 35) Unirradiated controls, MRT <0.001 <0.001

Broad beams 0.06 0.06

aReported P values are uncorrected for multiplicity.



34 Neuro-Oncology n JANUARY 2002

F.A. Dilmanian et al.: Response of 9LGS to microbeam radiation

Fig. 5. Photomicrograph of a zone of rat cerebrum (sample 15A) treated with con�guration F. MRT was with 75-µm beam spacing and at a 500-
Gy dose (high-dose category). The �gure shows regions of white matter necrosis. Original magni�cation 3 100.

Fig. 6. Photomicrograph of a zone of rat cerebrum (sample 5F) treated with con�guration D. MRT was with a 75-µm beam spacing at a 250-Gy
dose (tolerable-dose category). No damage was observed. The sample was taken at 398 days postinoculation; the rat was approximately 480
days old. Original magni�cation 3 100.

gadolinium, and T1-weighted images were obtained after-
wards. All images were at 1-mm axial sections. The tumor
in Rat 1 is represented by an area of enhanced contrast in
the left hemisphere. Scars were evident in the tumor zone of
the brains of the microbeam-treated rat (Fig. 8). The mid-
line of the brain was not displaced laterally in these ani-
mals. In the T2-weighted images, the tumor zone was

visualized as a scar that appeared isointense relative to the
surrounding normal brain (a ventricle). There was no evi-
dence of white matter necrosis or edema in the treated rat,
which would have been marked by gadolinium leakage.
The studies indicate that, at least under some conditions,
MRT may leave little normal brain damage and few traces
of tumor detectable by MRI.
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Fig. 8. MRI of 9LGS-inoculated rats. A. T2-weighted image of the untreated rat, Rat 1, before the administration of the gadolinium (Gd) contrast
agent. B. T1-weighted image of Rat 1 after the administration of the Gd agent. C. T2-weighted image of the MRT-treated rat, Rat 2, before Gd.
D. T1-weighted image of Rat 2 after Gd administration. In the untreated rat, the tumor and surrounding area (edema) appear bright on the T2
image (A), whereas the post-Gd T1 image shows the boundary of the tumor (B). In the MRT-treated rat, the hemispheres appear to be symmet-
rical on the T2 image (C), whereas the post-Gd T1 image (D) reveals no residual tumor or necrosis. A tumor scar is evident in the treated rat
(arrow). It is not a normal brain scar because such a scar would have taken up Gd.

Fig. 7. Photomicrograph of a zone of a normal, unirradiated rat cerebrum shown for comparison with Fig. 6 to demonstrate that there is little if
any difference. The sample was taken from a 1-year-old rat. Original magni�cation 3 100.

Discussion

Our �ndings suggest that unidirectional MRT, adminis-
tered in a single exposure over a certain range of doses
and beam spacings, can control a sizable proportion of
i.c. rat 9LGS (judging from up to ~200 days postirradia-
tion) without producing major damage to the brain. Fur-
thermore, MRT still spares the normal brain when the
beam spacing is only about twice that of the beam width
(see con�guration A in which the 27-µm beam width, 50-
µm beam spacing, and 150-Gy dose allowed 40% of the
rats to survive to 500 days postinoculation). Another
important �nding is that the sparing effect of MRT seems
to depend mostly on the valley dose and little on the peak
dose (within certain limits). The brain-sparing effect van-

ishes (measured by the onset of the appearance of white
matter necrosis) only when the valley dose approaches
the tissue tolerance to broad beams (see Table 2). The
process in which the tumors disappear also seems to be
different with MRT compared with broad-beam treat-
ment. In MRT, the tumor seems to be resorbed gradually,
leaving very little detectable residues. We note that, in
most of our con�gurations, the doses were too large and/
or the beam spacings were too small.

The following compares the histologic �ndings in rats
from the tolerable-dose MRT with those from an earlier
study by colleagues in our department utilizing conven-
tional broad-beam X rays (Joel et al., 1990). Their histo-
logic analysis, reported by Coderre et al. (1994b), was
limited to 2 rats 1 year after irradiation. The emphasis in
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the study was on examining the integrity of the blood-
brain barrier by determining the extent of leakage of
horseradish peroxide. First, in contrast to the MRT-
treated brains in our study in which the tumor does not
leave much residue, the broad-beam effect on the tumor
in their study is very different: “The tumor scar is large
and the dorsal portions of the cortex and the corpus cal-
losum are severely compromised. The striatum is virtu-
ally destroyed and there is signi�cant hydrocephalus as
demonstrated by the greatly enlarged ventricle” (Coderre
et al., 1994b). Second, in contrast to MRT-treated brains
where there is no gray matter necrosis nor depletion of
nerve cells, even in the high-dose categories, they
observed: “The cortex and striatum in the irradiated
region were depleted in neurons and the scar replacing
the tumor was cystic in nature. The corpus callosum was
severely atrophied.” Other brain damage they reported
included “…generalized neuronal atrophy, gliosis,
demyelinization, severe hydrocephalus ex vacuo.”
Finally, in contrast to MRT in which vascular damage
was minor and was limited to the high-dose category,
they observed that “…there was disruption of the �ne
capillary network with vascular leakage.”

In the tolerable-dose category, there were several late
deaths (deaths beyond 150 days) that could not be
explained by the assessed histologic brain damage. Similar
deaths in the studies of i.c. 9LGS tumors were observed by
boron neutron capture therapy and broad X-ray beams
(Joel et al., 1990) and by MRT (Laissue et al., 1998). One
possible explanation of this effect is that the irradiated
volume of the rat brain in all these irradiations was large,
constituting a signi�cant size of the entire brain. For our
microbeam irradiations, the proportion of the rat brain
irradiated, considering the entire depth of the brain in the
path of the array as irradiated, was about 50% (9-mm lat-
eral width of the brain, times its entire depth, times almost
its entire height). This is a very large irradiation volume
compared with clinical radiotherapy where the irradiated
volume around a typical brain tumor of 4 cm in diameter
constitutes a much smaller portion of the brain. Other
possible explanations could be that the brain damage was
not demonstrable histologically. We note that our sur-
vivals reached 560 days postinoculation, which means the
rats were about 650 days of age. This age approaches the
median lifespan of Fischer 344 rats, which is reported by
Armbrecht et al. (1988) to be 24 months. Therefore, a
third possible explanation for these late deaths could be
unrelated morbidities.

A qualitative estimate can be made for the therapeutic
index of the MRT in the tolerable-dose category versus
that in the 22.5-Gy broad-beam treatment (Coderre et al.,
1994b; Joel et al., 1990). If these 2 treatments were com-
parable regarding their damage to the normal brain, we
could calculate their relative therapeutic index by compar-
ing the ratio of their therapeutic efficacies. However,
because the toxicity to the brain from broad beams is
much greater than that from tolerable-dose MRT, such a
comparison would favor broad-beam treatment. Never-
theless, using the median survival time as an indicator of
therapeutic ef�cacy, the tolerable dose of MRT has an
advantage of 170 days versus 33.5 days over the broad-
beam therapy, a 5-fold advantage. When the percent sur-

vival at 100 days is used as an indicator, the advantage of
the tolerable dose MRT would be 2.5-fold (63% versus
25%).

To evaluate the rat-brain tolerance-dose ratio between
microbeams and the broad beams, we assumed a 22.5-
Gy broad-beam tolerance dose. For microbeams, we
assumed that the tolerance dose was the same as the inte-
grated dose (de�ned above) for the tolerable-dose cate-
gory. The latter was calculated as a weighted average of
the integrated doses of the 2 con�gurations constituting
the tolerable-dose category (D and G), with the weight-
ing factors being the number of rats in each con�gura-
tion. The result was a 94-Gy integrated dose in the center
of the brain for the tolerable-dose category which, when
compared with 22.5 Gy for the broad beams, repre-
sented a net 4.2-fold tolerance advantage for micro-
beams. This suggests that the tissue-sparing effect of
MRT is not merely due to a “volume factor” (de�ned
below) because that factor was taken into account when
using the integrated dose instead of the in-slice doses of
MRT. In other words, the sparing effect of microbeams
in normal tissues cannot be attributed only to a smaller
integrated dose of the microbeams compared with the
broad beams for the same incident doses; there must be a
real biological sparing effect. The volume factor is
de�ned as the ratio of in-slice dose to integrated dose. It
could relate to an effect of small, but still macroscopic
beams. That effect is that the threshold dose for causing
normal tissue damage increases as the volume of the tis-
sue irradiated decreases, within macroscopic limits
(Withers et al., 1988). That phenomenon, which is the
basis for “grid radiotherapy” (Mohiuddin et al., 1996),
spares the normal tissue when the beam is segmented
into regions of centimeters to millimeters in size. There-
fore, the tissue-sparing effect of microbeams appears to
combine a volume factor with a biologic microbeam
effect, whereas the grid effect could result entirely from a
volume factor.

The biologic portion of the tumoricidal effect of unidi-
rectional microbeams may include the inhibition by MRT
of the vascular regeneration within the tumor. It is thought
that differences between the vasculature of normal and neo-
plastic tissues make tumors more susceptible to some thera-
peutic modalities (Denekamp 1992). These differences may
include abnormal properties of tumor vasculature in more
rapid endothelial cell proliferation (Denekamp, 1984) and a
poorly developed vessel structure (Denekamp, 1984; Hor-
belt et al., 1999). It is thought that the vasculature plays an
important role in mediating the radiation-induced damage
in the CNS (Morris et al., 1996; van der Kogel et al., 1996).
Treatment of the rat spinal cord with boron neutron capture
therapy, using a boron compound that stayed in the blood
vessels, produced pathology similar to that observed after
conventional irradiation with 250-kVp X rays where both
the vasculature and the CNS parenchyma were uniformly
irradiated (Morris et al., 1996). Both the timing and pat-
terns of necrosis were similar, suggesting that the radiation
damage to the vasculature alone is suf�cient to produce the
same CNS damage caused by irradiating the parenchyma.

Experimental evidence that the tumoricidal effect of
unidirectional MRT cannot be attributed to direct tumor
cell lethality may come from a small pilot clonogenic
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study by D. N. Slatkin, J. A. Coderre, D. D. Joel, M. S.
Makar, P. Spanne, F.A.D. (unpublished data, 1992). Five
rats with intracerebral 9LGS were irradiated with bidi-
rectional MRT at doses that previously had ablated
about 50% of the tumors. The rats were killed 5 min
after irradiation, the tumors were excised and
trypsinized, and the cells were plated in a clonogenic
assay. About 2% of the clonogenic cells survived. This is
a large survival, compared with about 0.2% (Leith et al.,
1975) from broad-beam treatment at a therapeutic dose
approaching 50%. It suggests that the tumoricidal effect
of MRT cannot be explained exclusively by the death of
tumor cells, and other mechanisms must be involved.
One such mechanism could be the failure of the tumor
microvasculature to recover from microbeam irradiation
(in contrast to the microvasculature of the normal tissue
that perhaps does recover), leading to the loss of tumor
blood perfusion and, ultimately, to tumor death.

In conclusion, our �ndings suggest that single-fraction,
unidirectional MRT may be superior to single-fraction
conventional radiotherapy in treating i.c. rat 9LGS exper-
imental tumors. We expect to be able to exploit further the
superiority of MRT over broad-beam radiotherapy by

optimizing the beam width and spacing of the
microbeams, using dose fractionation, and using bidirec-
tional and tridirectional MRT.
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