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Purpose: Synchrotron microbeam radiation therapy (MRT), based on an inhomogeneous geometric and microscopic irradiation
pattern of the tissues with high-dose and high-dose-rate x-rays, enhances the permeability of brain tumor vessels. This study
attempted to determine the time and size range of the permeability window induced by MRT in the blood-brain (tumor) barrier.
Methods and Materials: Rats-bearing 9L gliomas were exposed to MRT, either unidirectional (tumor dose, 406 Gy) or
bidirectional (crossfired) (2 £ 203 Gy). We measured vessel permeability to molecules of 3 sizes (Gd-DOTA, Dotarem, 0.56
kDa; gadolinium-labeled albumin, »74 kDa; and gadolinium-labeled IgG, 160 kDa) by daily in vivo magnetic resonance
imaging, from 1 day before to 10 days after irradiation.
Results: An equivalent tumor dose of bidirectional MRT delivered from 2 orthogonal directions increased tumor vessel
permeability for the smallest molecule tested more effectively than unidirectional MRT. Bidirectional MRT also affected the
permeability of normal contralateral vessels to a different extent than unidirectional MRT. Conversely, bidirectional MRT did
not modify the permeability of normal or tumor vessels for both larger molecules (74 and 160 kDa).
Conclusions: High-dose bidirectional (cross-fired) MRT induced a significant increase in tumor vessel permeability for small
molecules between the first and the seventh day after irradiation, whereas permeability of vessels in normal brain tissue
remained stable. Such a permeability window could facilitate an efficient and safe delivery of intravenous small molecules
(≤0.56 kDa) to tumoral tissues. A permeability window was not achieved by molecules larger than gado-grafted albumin (74
kDa). Vascular permeability for molecules between these 2 sizes has not been determined. � 2024 The Authors. Published by
Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction
Patients with high-grade gliomas have a particularly poor
prognosis, associated with a median survival time of 16
months after glioblastoma diagnosis, despite improved
current standard treatments.1 Intratumoral distribution of
therapeutic molecules to all tumor areas, adapted to physi-
oanatomic characteristics of solid tumors, limits the effi-
ciency of multimodal therapies, especially of blood-borne
chemotherapies.2

The challenge of drug delivery is tough for brain patholo-
gies burdened with a blood-brain barrier (BBB), a highly
selective physiological obstacle for molecules circulating in
the blood.3 Indeed, continuous tight interendothelial junc-
tions, absence of transendothelial channels or pinocytotic
vesicles, and the presence of active efflux transporters such
as a specific carrier-mediated transport system in endothe-
lial cells provide a high selectivity to this physiological bar-
rier for crossing molecules.3 The blood-brain tumor barrier
(BBTB) retains characteristics of the BBB even when the
integrity of the vascular wall in solid tumors is disturbed. As
a result, the BBTB exhibits heterogeneous vascular perme-
ability and perfusion, which contributes to suboptimal drug
delivery to all tumor masses.4-7 The extravasation of thera-
peutic molecules complicates the problem.

Different strategies can circumvent these limits.4,5

Among them, conventional radiation therapy was reported
as an efficient temporal disruptor of the BBTB.8 In a clinical
study, delivery of cumulative doses of 20 Gy in fractions of 2
Gy opened the BBTB and optimized the effects of intracra-
nial chemotherapy.9

Since 2010, synchrotron microbeam radiation therapy
(MRT) has been proposed as a strategy to specifically
enhance tumor vessel permeability before drug administra-
tion.10 MRT is based on an inhomogeneous geometric and
microscopic irradiation pattern of the tissues, produced by a
spatial and periodical alternation of the dose distribution.
Technically, it is a spatial fractionation of incident, synchro-
tron-generated x-ray beams (characterized by low energy,
high dose rate, and a negligible divergence) into arrays of
multiple-parallel, micrometer-wide planar beamlets. Those
beamlets deliver high (“peak”) radiation doses (hGy) in their
path; they are separated by wider “valleys” (up to few hun-
dred microns), exposed to much lower doses. This irradiation
has been developed since the 1990s as a new form of preclini-
cal radiation therapy for brain tumors.11 MRT efficiently con-
trols the growth of different experimental tumor models,
among them carcinomas, gliomas,12-16 melanoma,17 and even
spontaneous canine brain tumors.18 Despite a peak dose of
several hundred gray in microbeam paths, the radiotolerance
of normal tissues in the brains of rodents,19-22 piglets,23 duck
embryos,24 rat skin,25 and in chick chorioallantoic membrane
(CAM) was surprisingly high.26 No changes in vascular mor-
phology, density, or blood volume occurred in normal brain
tissue after unidirectional MRT application of several
hundred gray.10,19,27 Even leakage and damage induced in
normal vessels resolved few days in the path of a microbeam
of 1000 Gy.19 Conversely, MRT induced vascular damage of
immature and tumoral vessels.28 A combination of MRT and
chemotherapy with a colchicine derivative (JAI-51) caused an
increase in permeability of the BBTB in a glioma in vivo.10

The survival time of the animals was significantly greater
than that achieved by a uniform, homogenous synchrotron
radiation therapy.27,29 JAI-51 alone was not efficient.

At present, in a transplantable intracranial high-grade
glioma (9L) in rats exposed to MRT, we characterized the
time window of permeability to molecules of various sizes,
in normal brain and in tumor vessels. We monitored daily
in vivo the effects of 2 different configurations, unidirec-
tional MRT or bidirectional (crossfired) MRT, using mag-
netic resonance imaging (MRI). In both configurations,
MRT induced a significant increase in tumor vessel perme-
ability: a temporal permeability window for the smaller mol-
ecule (0.56 kDa) persisted in the tumor at least 5 days after
irradiation. Only after bidirectional (crossfired) MRT did
this window, for that molecule, remain in place for at least
10 days. The molecular size influences the time window and
the molecular delivery across an intact or disrupted BBBs
and BBTBs.30 Therefore, the role of MRT was tested for dif-
ferent sizes of molecules, ranging from that of nanoparticles
to that of circulating proteins: both configurations of MRT
failed to modify normal or tumor vessel permeability for the
2 biggest tested molecules (74 and 160 kDa).
Methods and Materials
Animals

All procedures related to animal care conformed to the
Guidelines of the French Government with license 04598.01
and 045998.03, and to those issued by both the European
Synchrotron Radiation Facility (ESRF) Internal Evaluation,
and Grenoble Institute of Neurosciences (GIN) Committees
for Animal Welfare and Rights. Charles River Laboratories
in France supplied the rats for this study.

Figure 1 displays the number of animals and of acquisi-
tions in vivo available at each time. Tn. stands for the num-
ber of days (n) elapsed since the irradiation.

The animals were housed in groups of 3 or 4 per cage,
depending on their weight. The light cycle was nonreversed
circadian, and the room temperature was 21 § 1°C. An
environmental enrichment of the cages allowed the rats to
hide, gnaw, and bury objects.

After a short inhalation of isoflurane 5% in air, we main-
tained anesthesia by isoflurane 2.5% for tumor implantation,
irradiation at ESRF, and MRI examination at GIN. Then, we
adjusted it individually according to cardiopulmonary sta-
tus, signs of overanesthesia, or of awakening of the rats.



Fig. 1. Experimental design. Diagram representing each experimental step involving contrast agent, tumor inoculation,
number of rats, and treatment group: unidirectional MRT (MRT uni, green), bidirectional (crossfired) MRT (MRT cross, red),
and untreated (black). Tday expresses days after start of treatment, and N indicates number of animals with exploitable MRI
data for each time and each treatment group. To evaluate the permeability compared with the day before irradiation, we used a
nonparametric Friedman test followed by Dunn’s multiple comparisons test. For the statistical comparison between the 3
groups, we used a nonparametric Kruskal-Wallis test followed by Dunn’s multiple comparisons test for each time. A Mann-
Whitney test compared nonparametric values of 2 different groups with Gd-albumin and Gd-IgG contrast agent. Abbrevia-
tions: MRI = magnetic resonance imaging; MRT = microbeam radiation therapy.
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To alleviate postoperative craniotomy pain, we injected
lurocaine (max 8 mg/kg) subcutaneously before surgery. We
weighed the animals after tumor implantation and observed
them at least once a day. We graded suffering according to
an evaluation grid validated by the ethics committee of
[anonymized], including signs and symptoms such as
weight loss, hair maintenance, epistaxis, prostration, abnor-
mal mobility, hypo- or akinesia, head tilt, and rotation of
the animal. If alert criteria arose, we offered special food.
The endpoint was set if no improvement occurred after
2 days, or if the animal’s condition deteriorated rapidly.
Inhalation of isoflurane 5% followed by an intracardial
injection of Dolethal (250 mg/kg) led to their death.

At MRI acquisitions, we controlled the respiratory
frequency, as well as the body temperature of the rats, by use of
a heating pad during preparation, and then by adjustment with
a bed heated with circulating water inside theMRImagnet.
Stereotaxic implantation of tumor cells

Ten days before irradiation (T�10), anesthetized Fischer rats
(n = 62), placed in a stereotactic head holder,31 received an
injection (Hamilton syringe) of 4.104 9L cells in 2.4 mL of
Dulbecco’s Modified Eagle Medium in their right caudate
nucleus, at the level of the bregma. The site was 9 mm ante-
rior to the ear-bars, 3.5 mm lateral from the bregma, and
5.5 mm deep from the skull surface.
Group sorting

All MRI data were acquired at 4.7T with a volume/surface
cross coil configuration (Avance III console; Bruker −
Grenoble MRI facility IRMaGE). Two days before starting
the treatment (T−2), we sorted the 62 rats for groups with
similar mean tumor size for each experimental session, by
anatomic MRI (T2-weighted image).

To test permeability to Gd-DOTA molecule (Dotarem;
Guerbet), we used 10 rats in each of the 3 groups: control
group (untreated), unidirectional MRT group, and bidirec-
tional (crossfired) MRT group.

To test permeability to the Gd-Alb molecule (Galbumin,
gadolinium-labeled albumin; BioPhysics Assay Laboratory
Inc), we used 10 rats in the control group and 9 rats in the
bidirectional MRT group. To test permeability to the
Gd-IgG molecule (Gd-IgG, gadolinium-labeled IgG; Bio-
Physics Assay Laboratory Inc), we used 7 rats in the control
group and 6 rats in the bidirectional MRT group.
Synchrotron irradiation on T0

The ID17 biomedical beamline at the (ESRF) uses x-rays emit-
ted tangentially from relativistic electron bunches circulating in
a storage ring. The wiggler produces a wide spectrum of pho-
tons that extends, after filtration, from 50 over 350 keV (median
energy, 90 keV). The mean dose rate was »13,000 Gy/s.32 A
multislit collimator shaped the beam into a quasilaminar array
of rectangular, microscopically thin, and quasiparallel microbe-
ams.15 We calculated the doses by means of the Monte Carlo
method normally used at (anonymized) forMRT dose planning
and quality assurance.33 The 3 sorted groups of rats are shown
in Figure 1. For the MRT groups, the beam consisted of 10-
mm-high arrays of 40 vertical, planar microbeams (50-mm
width, 200-mm on-center spacing). Unidirectional MRT
reached from the anatomically right side to the left. The peak



Fig. 2. Schematic representation of MRT irradiation geometry in intracranial glioma-bearing rats. The synchrotron beam was
shaped into 10-mm-high arrays of 40 vertical, planar microbeams (5-mm width, 200-mm on-center spacing). (A) Unidirectional
MRT was applied from the anatomically right side to the left with a peak entrance dose of 500 Gy. At tumor depth, peak and val-
ley dose were 406 Gy and 17.7 Gy, respectively. (B) For bidirectional (crossfired) MRT, one array was anteroposterior, parasagittal,
in the right hemisphere, the other array lateral. In unidirectional MRT, the array focused on the tumor sited in the anterior part of
the right hemisphere; in bidirectional MRT, both arrays crossed orthogonally at the tumor site. Each array delivered 203.25 Gy in-
microbeam tumor dose (250 Gy at entrance) and 8.8 Gy valley dose. (C) MRI DCE-enhancement map of 9L-bearing rat. Solid
blue and yellow lines manually delineate the tumor and the contralateral region of interest, respectively. Abbreviations:
DCE = dynamic contrast-enhanced; MRI = magnetic resonance imaging; MRT = microbeam radiation therapy.
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entrance dose of 500 Gy corresponded to a peak and valley dose
of 406 and 17.7 Gy, respectively, at tumor depth (Fig. 2A). Bidi-
rectional (crossfired) MRT used 2 arrays, each similar to that of
unidirectional MRT: one anteroposterior, the other lateral, both
arrays intersecting orthogonally in the tumor sited in the ante-
rior part of the right hemisphere. Each of the 2 arrays applied a
203.25-Gy in-microbeam tumor dose (250 Gy at entrance) and
an 8.8-Gy valley dose (Fig. 2B).
In vivo MRI for vascular permeability monitoring

We imaged the 62 animals 1 day before (T−1) treatment, then
daily from 1 (T1) to 10 days after treatment (T10). After induc-
tion of anesthesia, a catheter inserted in the tail vein of the ani-
mal allowed for delivery of contrast. For the magnetic
resonance (MR) sequences, we used the geometry of eleven 0.8-
mm-thick slices, field of view: 30 £ 30 mm, voxel size:
234£ 234£ 800 mm, as described.27,34 We used anatomic T2-
weigthed images to visualize tumor mass and dynamic con-
trast-enhanced (DCE)MRI to assess vascular integrity.Multiple
T1-weighted images (n = 30, 30.4 seconds per image) were
acquired with an accelerated spin-echo sequence (repetition
time/echo time = 800/5.05 ms). After the acquisition of 4 base-
line images, we administered a bolus of contrast agent through
the tail vein in about 1 second and flushedwith 250mL of saline.
Thereon we acquired 26 images.

Contrast agents were of 3 different sizes: (1) media gado-
linium-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (Gd-DOTA, Dotarem, 200 mmol/kg [150.76 g/kg])
with a molecular weight of 0.56 kDa and a hydrodynamic
diameter of 1 nm for the Gd-DOTA group; (2) gadoli-
nium-labeled albumin (Gd-albumin, 160 mg/kg) with a
molecular weight of »74 kDa and a hydrodynamic diameter
of »5.4 nm for the Gd-albumin group; and (3) gadolinium-
labeled IgG (Gd-IgG, 160 mg/kg) with a molecular weight
of 160 kDa and a hydrodynamic diameter of »6.9 nm for
the Gd-IgG group.

For an enhancement map (DCE enhancement) we com-
puted, pixel-wise, the relative signal enhancement between
the mean MR signal across the 4 images received before the
injection of the contrast agent and the peak MR signal mea-
sured after injection.
Data analysis

For image processing, we used the MATLAB 7 environment
(MathWorks), with custom MP3 software,35 freely available
on GitHub (https://github.com/nifm-gin/MP3). We defined
a tumor region of interest (ROI) by manually contouring
the tumor on all on the T2-weigthed images of MR slices on
which the tumor was visible, as well as a ROI of similar size
in the normal caudate nucleus area of the contralateral
hemisphere. To export the individual contrast enhancement
values, we reported tumor and contralateral ROI on DCE
maps (Fig. 2C).

We excluded data altered by acquisition artifacts (eg,
movement, sequence running errors) or by inadequate
injection of contrast agents. Figure 1 shows the number of
data sets fully exploited for analysis.
Statistical analysis

We calculated all statistical analyses and the area under the
curve values with the GraphPad Prism program 8.2.0 ver-
sion (GraphPad Software). To test and/or compare (1) the
normality of the samples, we used the normality and log-
normality tests; (2) nonparametric statistical methods for
the analysis of non-Gaussian distribution of the data and n

https://github.com/nifm-gin/MP3


ARTICLE IN PRESS
Volume 00 � Number 00 � 2024 MRT induced glioma vessel permeability window 5
values <30; and (3) for modifications in tumor and normal
vessel permeability over time, we used the nonparametric
Friedman test, wherein each row represented matched data.
Each time point was compared with the day before treat-
ment (T−1). (4) To compare 3 or more paired groups, the
Friedman test followed by Dunn’s multiple comparisons
test was used (Fig. 3). (5) To compare 3 unpaired groups at
each time point for the Gd-DOTA molecule, a nonparamet-
ric Kruskal-Wallis test was used followed by Dunn’s multi-
ple comparisons test, to provide a reliable approach for
detecting differences in permeability between treatment
groups at various times (Fig. 4). (6) To compare nonpara-
metric values of the 2 different groups tested in Figure 5,
using Gd-albumin and Gd-IgG contrast agent, the Mann-
Whitney t test for unpaired data was used. We considered
values as significantly different when P < .05.

Figure 5C displays means § SEMs of DCE rehaussement
for the 11 time points observed in contralateral and tumor
tissues in either untreated rats, or rats exposed to MRT, with
Gd-DOTA injection (Fig. 4E), Gd-albumin injection
(Fig. 5C), or Gd-IgG injection (Fig. 5D). DCE-rehauss = rela-
tive signal enhancement between the mean MR signal across
the 4 images obtained before the injection of contrast agent
and the peak MR signal measured after injection (in %)
Results
MRT effectively increases the permeability of
brain tumor vessels for small molecules

Untreated tumors (Fig. 3A, right panel), had a stable vascu-
lar permeability during the 12 observation days. A signifi-
cant increase occurred at T8 only (136.1% of increase, T8 vs
T�1: P = .0374).

Unidirectional MRT (Fig. 3B, right panel) induced a sig-
nificant increase of the blood tumor vessel permeability to
Gd-DOTA, compared with the T�1 value, from the first day
after irradiation to T8 (P < .005), except at T2 (P = .21). The
maximum permeability increase occurred on T5 (193.7% of
increase, T5 vs T�1: P < .0001).

Bidirectional (crossfired MRT) induced an increase in
tumor permeability that started to be significant from T3 to
T10, compared with the T�1 value (P < .05 for T3 and P <
.001 for the other time points), except at T9 (P = .057)
(Fig. 3C, right panel). The peak increase in permeability
occurred on T6 (216% of increase, T6 vs T�1: P < .0001).
MRT modulates vascular permeability in normal
brain tissue, depending on the dose

In the contralateral area of untreated rats (Fig. 3A, right
panel), the permeability of normal brain vessels was not sig-
nificantly modified compared with the day before irradia-
tion (T�1).
In the unidirectional MRT group (Fig. 3B, right panel),
the vascular permeability in the contralateral area increased
significantly, from the second day post irradiation (T2) to
T8, in comparison with T−1.

Conversely, in the contralateral area of the brain crossirradi-
ated by bidirectional MRT (Fig. 3C, right panel), the vascular
permeability increased significantly only from the 5th to the
10th day after irradiation (P = .0301 at T5, P < .0005 at T6, P <
.0001 at T7, T8, T9, and T10) compared with T�1.
MRT induces a permeability window suitable for
small molecules

In tumors, there was no significant difference between the
vessel permeability to Gd-DOTA after bidirectional (cross-
fired) and unidirectional MRT, during the whole experiment
(Fig. 4A, B). Only bidirectional MRT induced a significantly
greater value in tumors compared with untreated tissues
(P < .001; Fig. 4A). Both MRT conformations increased the
vascular permeability of the tumor versus that measured in
the untreated group. In the unidirectional MRT group,
the vessel permeability was significantly greater from the
first day (T1, P = .0026) to 5 days after irradiation only
(T5, P = .0059). In the bidirectional MRT group, the vessel
permeability was significantly greater from the first day
(T1, P = .0016) to the last observed day post irradiation
(T10, P = .0002) (Fig. 4B).

In contralateral areas, in the whole experiment, the vessel
permeability after unidirectional MRT was greater than the
permeability after bidirectional MRT (P = .0332) and greater
than the permeability in the untreated group (P < .0001)
(Fig. 4C). The permeability of normal vessels was signifi-
cantly greater in the unidirectional MRT group, from T5 to
T10, and in the bidirectional MRT group from T1 to T10,
compared with that of the untreated group (Fig. 4D). In
addition, the vessel permeability in the contralateral area
was significantly greater from the first (T1) to the sixth days
(T6) after unidirectional MRT in comparison with bidirec-
tional MRT (Fig. 4D).

By comparing the temporal permeability between the
treated and untreated group, time by time, we observed that
(1) after unidirectional MRT, when the permeability was
significantly greater in tumor vessels, the permeability was
also greater in contralateral vessels. (2) After bidirectional
MRT, there was a window between T1 and T4, during which
permeability to Gd-DOTA was significantly greater in the
tumor but not in the contralateral area (Fig. 4B, D).
MRT does not induce an increase in vascular
permeability for large molecules Gd-Alb and
Gd-IgG

To test MRT for the induction of a tumor vessel permeabil-
ity to protein-sized molecules, we used 2 contrast agents,
Gd-Alb (»74 kDa) and Gd-IgG (»160 kDa). After



Fig. 3. Evolution of vascular permeability for the small molecule (Gd-DOTA, 0.56 kDa) in tumors and contralateral tissues
after MRT. (A-C) Dynamic contrast enhancement (DCE) after Gd-DOTA injection, measured by magnetic resonance imaging
(MRI) in 9L tumor (left panel) and normal brain tissue in the contralateral area (right panels) 1 day before to 10 days after irra-
diation. Black: (A) No treatment. Green: (B), unidirectional MRT. Red: (C) bidirectional (“cross”) MRT. Individual values and
mean § SEM for each time are shown and compared with the permeability measured the day before the start of treatment
(T−1). Days exhibiting a significant difference from T−1 are marked with asterisks, based on results of the statistical
analysis conducted using the Friedman nonparametric test. *P < .05; **P < .01; ***P < .001; ****P < .0001. Abbreviations:
MRI = magnetic resonance imaging; MRT = microbeam radiation therapy.
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Fig. 4. Comparison of vascular permeability to small molecule (Gd-DOTA, 0.56 kDa) after MRT. Daily values of dynamic
contrast enhancement (DCE) after Gd-DOTA (Dotarem) injection measured by MRI, in 9L tumor (A, B) and in normal brain
tissue of the contralateral area (C, D). After unidirectional MRT (green), bidirectional MRT (red), no treatment (black). (A, C)
Cumulative measurement of DCE in the tumor from T−1 to T10 (A) or contralateral area (C) represented as total area under
the curve (AUC). (B, D) Comparison of daily mean DCE measured 1 day before irradiation (T−1) and until 10 days (T10) after
treatment in tumor (B), and in the contralateral area (D). Black asterisk: comparison with untreated group, red asterisk:
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Fig. 5. Vessel permeability to Gd-Alb (»74 kDa) and Gd-IgG (»160 kDa). Dynamic contrast enhancement (DCE) with Gd-
Alb (A) and Gd-IgG injection (B) measured daily by MRI in 9L tumors (solid lines) and normal contralateral brain (dashed
lines) 1 day before and until 10 days after bidirectional (cross-irradiation) MRT (red). Untreated animals (black). The asterisks
above the upper curve indicate comparisons between untreated tumors and cross-irradiated tumors, determined through the
Mann-Whitney U test. The asterisks below the lower curve show the comparisons between untreated contralateral tissue and
cross-irradiated contralateral tissue. Mean § SEM; *P < .05; **P < .01; ***P < .001. (C, D) Tables summarizing the mean and
SEM values of the percentage of DCE rehaussement after injections of Gd-albumin (C) and Gd-IgG (D), 1 day and during the
10 days after the start of treatment for the untreated and bidirectional MRT groups. Abbreviation: MRT = microbeam radiation
therapy.
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bidirectional MRT, neither the tumors nor the contralateral
tissue showed an increased permeability for both contrast
agents at any time, compared with values in the nonirradi-
ated group (Fig. 5A, B).
Discussion
The failure of chemotherapeutic molecules to gain access to
tumor tissues remains a clear obstacle for successful com-
bined treatments of cerebral tumors.2 MRT, known to
increase the permeability of brain tumor vessels,10,27,28,36,37

has thus increased the efficacy of a preclinical chemotherapy
of rats bearing high-grade brain tumors.29 Further, a previ-
ous study conducted in F98 rat glioblastoma has shown that
increased vascular permeability of a tumor due to MRT is
(1) significantly greater and (2) earlier and more prolonged
than that induced by homogeneous x-ray irradiation
because it also affects particularly highly proliferative tumor
areas. (3) Moreover, it targets all tumor areas that have dif-
ferent physiological characteristics, including those areas
comparison with bidirectional MRT group. Mean § SEM; *P < .0
ing the mean and SEM values of DCE rehaussement after Dotarem
ment by unidirectional and bidirectional MRT, and in the untreat
at each time shown by a color scale for effects to be avoided (gra
tissue. Abbreviations: MRI = magnetic resonance imaging; MRT =
that are not affected by homogeneous irradiation.27 MRT
therefore appears to be a more effective treatment than
homogeneous radiation therapy for tumors with heteroge-
neous tissues, such as high-grade gliomas.

Consequently, to find access to more efficient and safer
therapeutic combinations, it was essential to characterize
the effects of MRT on the vascular permeability of normal
and tumoral brain tissues. The primary aim of the current
study was to find the most appropriate time window for the
injection of therapeutic molecules after MRT. This window
will depend on the evolution of the vascular permeability in
tumoral and normal brain tissues. Thus, we (1) measured
the permeability in both tumor and normal brain tissues
after exposure to 2 different configurations of MRT, each
one delivering an equivalent dose to the tumor, but a differ-
ent dose to normal tissues; (2) searched for the most appro-
priate MRT configuration that induced a vessel permeability
window suitable for the administration of small molecules
to the tumor but that would not endanger normal brain tis-
sue; and (3) tested the capability of MRT to increase vascu-
lar permeability for large molecules such as albumin and
5; **P < .01; ***P < .001 ****P < .0001. (E) Table summariz-
(Gd-DOTA) injection, 1 to 10 days after the start of treat-

ed group. Significance between treated and untreated groups
y) in normal tissue and for desired effects (yellow) in tumor
microbeam radiation therapy.
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IgG. A daily monitoring of DCE by in vivo MRI of rats with
intracerebral high-grade 9L glioma reliably mirrored the
vascular permeability.

While applying the same dose to the tumor (406 Gy by
unidirectional irradiation or 2 £ 203 Gy bidirectionally),
the 2 conformations of MRT induced different responses of
the blood tumor vessels (Figs. 3 and 4A, B). Differential
effects caused by multiplication of direction of MRT by
using more entrance ports, while delivering a constant dose
to the tumor, was recently described in a histologic study
focusing on cell death, vascular damage, and inflammatory
responses.38 In analogy, our in vivo MRI study did also indi-
cate that tumor vascular permeability may depend on the
number of MRT ports in uni- or bidirectional MRT. Both
conformations significantly increased tumor permeability to
a small molecule (Dotarem, 0.56 kDa) after irradiation
(Fig. 3). However, only bidirectional MRT led most effec-
tively to a significantly greater tumor vascular permeability,
from 1 to 10 days postirradiation, versus values measured in
untreated tumors (Fig. 4A, B). In a previous study,38 an
increased number of MRT ports was shown to delay tumor
growth and improve survival. However, 7 days after deliver-
ing microbeams from 5 directions, the vascular blood vol-
ume of the tumor was lower than that of control animals;
this reduction did not occur when microbeams originated
from 2 directions only.38

Contralateral normal tissues area received only one
direction of irradiation in both MRT configurations. Not
surprisingly, the dose delivered by unidirectional MRT,
twice as high as that of a single array in bidirectional MRT,
induced a significantly greater vascular permeability in nor-
mal tissues (Fig. 4C, P < .0001). The kinetics of permeability
in the contralateral tissue also differed between the 2 config-
urations. Although in the bidirectional MRT group, vascular
permeability increased only from the fifth day after irradia-
tion, it rose from the first day in the unidirectional MRT
group (Fig. 3C). In contralateral normal tissues of the unidi-
rectional MRT group exposed to 406 Gy, the vascular per-
meability was significantly greater from day 1 to 6
postradiation compared with that in the bidirectional MRT
group exposed to 203 Gy. In the untreated group the perme-
ability increased from day 1 to 10 (Fig. 4D). The dose
received by the normal contralateral brain tissue at the pas-
sage of the microbeams during both MRT configurations
was far superior to the dose that is known to induce dys-
function and death of endothelial cells.39 We therefore sus-
pect that the different effects observed in the vascular
permeability of normal tissues relate to the valley dose
received by the tissues sited between the microbeams. Such
a permeability increase in normal tissues could be exploited
to improve their supply of chemotherapeutic molecules.
However, this valley dose should be kept as low as possible
to avoid normal brain tissue toxicity.

It is important to avoid shortcuts when interpreting the
effect of MRT on the permeability of normal vessels. Previ-
ous studies have concluded that MRT either does or does
not modify the vascular permeability of normal brain tissue.
These contrasting conclusions depend mainly on the differ-
ent size of tested molecules, but also on the specifications of
MRT, such as dose, width of microbeams, or number of
ports. Serduc et al19 detected no leakage of intravascular
FITC-dextran (70 kDa) from 12 hours to 1 month after
MRT using 25-mm-wide beams that delivered 312 or 1000
Gy to mice. Conversely, sulforhodamine B (0.58 kDa) did
diffuse through the vessels. An MRT follow-up study10

showed no change in the vascular permeability of normal
rat brain tissue between 2 and 45 days after exposure to a
unidirectional dose of 400 Gy delivered by 25-mm-wide
microbeams; the test substance was a Gd-based contrast
agent of 3.5 kDa.10 However, 45 days after MRT, slight
changes were observed in normal perilesional brain tissues
of these rats exposed to 2 £ 400 Gy by microbeams cross-
ing from 2 directions.10 By contrast, after unidirectional
irradiation of rat brains with 50-mm-wide microbeams
delivering 241 Gy, an MRI study using a 0.56-kDa contrast
agent showed no significant change of normal vascular per-
meability. Transient changes occurred in the perilesional
zone exposed to 2 directions of irradiation.27 Multiplying
the number of MRT directions while maintaining a constant
dose to the target point increases the total volume of normal
tissue exposed to radiotoxicity. However, a numerical
increase of ports for incident MRT significantly enhanced
tumor control and exponentially improved survival times of
rats bearing tumors but did not modify their motor coordi-
nation nor their memory.38 Even when weighing the effect
of potential radiotoxic limitation, bidirectional (crossed)
irradiation proved more effective in increasing permeability
to small molecules in the tumor while minimally increasing
vascular permeability and potentially damaging normal
brain tissue. Further, the resulting time window from day 1
to day 4 after irradiation warranted (1) a tumor permeability
that is significantly greater than in the untreated group and
(2) a vascular permeability of the control tissue similar to
that of the untreated group. There was only a small differ-
ence in the vascular permeability of contralateral tissue
between the fifth and seventh day (P = .032), synchronous
with that of the maximal tumor permeability (P < .0001).
Therefore, we propose to use a window of permeability for
small molecules comprised between the first and the seventh
day after bidirectional MRT. Unidirectional MRT does not
result in a time window in which the vascular permeability
in the tumor is greater than that in untreated tumors
(Fig. 4B).

An experiment in 2010 used the 9L glioma model in rats
to show morphologic and permeability changes in irradiated
vessels after MRT.10 Observation times were 2, 5, and 8 days
after irradiation; the entrance dose of bidirectional MRT
was 2 £ 400 Gy; the maximum permeability in the tumor
occurred at 5 days after irradiation, characteristics similar to
those made in the present study. In 2010, immunostaining
of histologic tissue sections revealed an endothelial denuda-
tion of the tumor blood vessels from 2 days after
irradiation10,40 that remodeled blood vessels in the tumor.
Consequently, collagen IV tubes partly supplied the tumor
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with blood and probably increased the permeability. The
preferential effect of MRT on tumor endothelial cells versus
normal endothelial cells, that is, on cells in immature versus
mature vessels, has been well described.28 Previous research
in CAMs demonstrated an increase in permeability to 70
kDa dextran as early as 45 minutes after MRT.37 In the pres-
ent study, an evaluation of the permeability by MRI within
45 minutes after irradiation was not possible because of
technical constraints. However, we observed no increase in
permeability to Gd-DOTA in the 3 animals imaged 2.5 hours
after bidirectional MRT (t test: P = .2168, data not shown),
although the microenvironment of orthotopic gliomas is
not the same as that of CAMs.

To cross the BBB and BBTB, molecules must have an
optimal size, charge, and physicochemical property. Protein
and monoclonal antibodies are too large or have too hydro-
philic characteristics to cross BBB, and especially tight junc-
tions.41 That makes it difficult to reach the core of brain
tumors. Conversely, irinotecan (586 Da42) and temozolo-
mide (194.15 Da43), which is the standard first-line treat-
ment regimen for gliomas,44 both cross the BBB and BBTB.
Bidirectional MRT did not significantly increase the vascular
permeability for larger molecules such as Gd-albumin (Gd-
Alb, 74 kDa) or Gd-immunoglobulin (Gd-IgG, 160 kDa)
(Fig. 5). The increase of signals measured was low, whatever
the treatment group, as were the sporadic differences
obtained between the groups. These results suggest for the
first time that MRT does not improve the passage of large
molecules (at least equivalent to 74 kDa) in normal and neo-
plastic brain tissues.

The permeability of tumor vessels induced by MRT can
be exploited by coupling large with small molecules, for
instance JAI-51, a synthesized small chemotherapeutic agent
weighing 351.4 Da,45 and meloxicam, a 351.40 Da46 nonste-
roidal anti-inflammatory drug. Although neither of these
molecules alone modified animal survival, a supra-additive
effect of a combined treatment occurred.29,47
Conclusion
We characterized the kinetics of vascular permeability
induced in tumor and normal tissues by MRT, tracking
results of serial in vivo MR images of 9L glioma-bearing
rats. With an equal dose to the tumor, bidirectional MRT
was more efficient than unidirectional MRT for the induc-
tion of permeability in tumor and harmless for normal tis-
sues. We suggest that a permeability time window for
molecules as large as 0.56 kDa, opening between the first
and the seventh day after bidirectional MRT, facilitates an
efficient and safe delivery of intravenously injected small
molecules to tumoral tissues. Such a window was no longer
achievable for molecules beyond the size of gado-grafted
albumin (74 kDa). The use of gadolinium-labeled contrast
agents with weights between Gd-DOTA (0.56 kDa) and Gd-
albumin (74 kDa) might lead to a more precise measure-
ment of the permeability window. A future description of
the cellular and subcellular morphologic changes associated
with permeability changes observed in vivo may clarify
underlying mechanisms and optimize the choice of substan-
ces most suitable for therapeutic coupling with MRT.
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