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PURPOSE: To use the pig brain as a large-animal model to examine the effects of high-dose
single-fraction irradiation on MR images, T2 relaxation time, and histologic integrity. METHODS:
A total of 24 Meishan pigs were studied: 20 irradiated animals and 4 unirradiated controls. A high
dose was delivered to the right hemisphere of the animals, using a 12-MeV electron beam. Ten
animals received 40 Gy at the 90% isodose, and 10 animals received 60 Gy. Quantitative mea-
surement of T2 relaxation time was compared with qualitative analysis of T2-weighted images and
histologic studies. RESULTS: Quantitative analysis revealed a reproducible increase of the T2
parameter within the irradiated areas. The T2 kinetic could be analyzed in two phases, which
appeared before the visualization of ventricle compression, necrosis, and edema. The first is
characterized by vascular inflammation and the latter by radiation necrosis and edema. Both are
dose dependent. CONCLUSION: These results underline the ability of quantitative MR for early
diagnosis of brain radiation lesions in vivo.
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The success of radiation therapy depends
not only on the dose required to treat tumors,
but also on the dose that can be tolerated by
the immediate surrounding tissues essential
for the patient’s survival. A substantial effort
has been directed to overcome the negative
effects of radiation therapy on the normal
brain. Using stereotaxic techniques, dose lo-
calization has been considerably improved
(1). Nevertheless, it is important to under-
stand the radiation injury process to improve
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the understanding and follow-up of patients
treated with radiation therapy.
Treatments to arrest the development of ra-

diation therapy complications are not pres-
ently available; however, early detection of ra-
diation injury to the normal brain could be a
powerful tool to evaluate the harmlessness of
different radiation therapy protocols.
Since magnetic resonance (MR) imaging

became a diagnostic tool, the majority of the
investigations have been anatomic ones. But
MR lends itself to the study of functional tissue
characteristics; one of the applications is the
relaxation times measurements within specific
regions of interest in organs. Discrete pro-
cesses affecting the brain may not be visible
on conventional MR scans but may still be de-
tectable through quantitative analysis if signifi-
cant alterations of relaxation times occur.
The purpose of this study was to investigate,

after high-dose single-fraction irradiation, the
radiation changes over time using quantitative
T2 analysis for better understanding of radia-
tion-induced MR changes and their histopatho-
logic correlation.
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Materials and Methods

Animal Model

The Meishan pig was used as a large-animal model for
this study. A total of 24 castrated male pigs (6 weeks old,
8 kg) were studied: 20 irradiated animals and 4 unirradi-
ated controls. All animals were kept in an animal housing
facility and were fed pig chow and given water ad libitum.

All animals were anesthetized with 25 mg/kg pentobar-
bital sodium and 3 mg/kg xylazine hydrochloride
(Rompun) for the irradiation procedure. Pigs were placed
in a prone position, and the electron beam port was posi-
tioned over the dorsal surface of the right hemisphere. A
40 3 35-mm port was used for beam delivery to the right
hemisphere.

The skin surface dose was calculated to obtain an av-
erage brain dose at 2-cm depth (90% isodose). Pigs were
irradiated with a 12-MeV electron beam at a rate of 2
Gy/min. Ten animals received single doses of 40 Gy at the
90% isodose, 10 animals received 60 Gy, and 4 pigs were
used as controls.

The facilities and practices were in accordance with
European Community guidelines for experimentation on
animals.

MR Scanning

In vivo MR scans were performed on anesthetized ani-
mals using a 2.35-T proton-imaging system. Examina-
tions were conducted using a 20-cm “bird cage resonator.”
At the beginning of each experiment, sagittal locator scans
were acquired to facilitate a reproducible location of the
coronal sections from the cerebellum to the olfactory bulbs
of the animals. Spin-echo T2-weighted coronal scans were
performed using 3000/30, 60, 90, 120, 150, 180/1 (rep-
etition time/echo time/excitations). All images were ob-
tained using a 256 3 256 matrix and a 20-cm field of view
resulting in a 780-mm pixel size. Each coronal section was
5 mm thick with a 2.5-mm intersection spacing. Ten coro-
nal sections were obtained. The examination procedure
took about 40 minutes.

Qualitative analyses of the MR images were performed
to detect general morphologic pathology. Quantitative
measurement of T2 values was done using techniques
previously described (2–4). Three selected regions of in-
terest were placed within each of the irradiated and the
contralateral hemispheres (Fig 1). These three regions had
each received different doses from the beam: the first one
at the 90% isodose (region A), the second one at the 70%
isodose (region B), and the third one at the 40% isodose
(region C). These regions of interest were represented by a
circle, 3 pixels minimum in diameter, corresponding to a
surface of 4 mm2. The SD for T2 measurement was 5%. A
region of interest chosen in the unirradiated cheek muscle
was used as an internal control to normalize for any vari-
ation of our relaxation time–measuring technique.

For each dose, a T2 ratio, R, was calculated: R 5 T2
after irradiation/T2 before irradiation. R values were aver-
aged for each group of animals. Average curves were
plotted: T2 ratio evolution as a function of time after radi-
ation therapy, for each region of interest. MR studies were
performed at the following times: before irradiations, every
2 days during the 15 days after the treatment, and then at
weekly intervals.

Histology

Histologic examination was performed on pig brains at
the following dates: 9, 25, 70, 160, and 180 days after the
40-Gy irradiation; 15, 85, 110, and 130 days after the
60-Gy irradiation; and for the control animals at 120, 150,
180, and 275 days of age. Evans blue (7 mL/kg) 2%
solution in 9% saline (5) was infused into the jugular veins
of the pigs 24 hours before killing them and removing the
brains.

Pigs were killed with lethal overdoses of sodium pento-
barbital. Animals were perfused with 10% formalin to en-
sure uniform fixation. The brains were removed and placed
in formalin before being blocked for histologic sectioning
and staining. All the brains were then embedded in para-
ffin, and 5-mm coronal sections were cut from the cerebel-
lum to the olfactory bulbs.

Selected regions to correspond to the coronal MR sec-
tions were stained using hematoxylin and eosin and Luxol
fast blue to detect general morphologic pathology and
regions of demyelination and axonal injury. Microscopic
specimens were evaluated for sites of tissue necrosis, de-
myelination, vessel wall thickening, gliosis, calcification,
and hemorrhage. Alterations in the blood-brain barrier
have been evaluated by Evans blue coloration on each
side of the brain. The sections were also examined for
gross anatomic changes such as ventricular compression
and tissue swelling.

Results

One week after irradiation all the irradiated
animals lost hair on the beam entrance impact.
No differences of weight could be noted be-
tween the control and irradiated animals during
all the months of monitoring.

Fig 1. Diagram depicting the regions of interest of a coronal
brain section studied with T2 relaxation time measurements.



AJNR: 16, January 1995 RADIATION INJURY 81
We observed that all irradiated animals were
sleepy during the 2 months after treatment. A
loss of appetite, locomotor ataxia, and coordi-
nation and equilibrium difficulties appeared 6
months after a 40-Gy dose and 4 months after a
60-Gy dose.

MR Studies

Quantitative Analysis: Relaxation Times. The
cerebral T2 values of the unirradiated animals
were observed to be constant over time (results
not shown). The interindividual variation was
less than 10% for the determination of average
R. We observed three different T2 phenomena
within the irradiated areas: a transient early
spike (phase I), an initial prolonged T2 increase
(phase II), and a second prolonged T2 increase
(phase III).
For the 40-Gy dose, Figure 2 shows R curves

of 90% (Fig 2A), 70% (Fig 2B), and 40% (Fig
2C) isodose and equivalent contralateral re-
gions of interest. (For better legibility, error bars
are not plotted; in all these cases, the interindi-
vidual variation was less than 10%.)
After phase I at 2 days after irradiation, we

observed a first long-lasting increase (phase II)
in the R curve of 31%, from the 30th day to the
90th day after irradiation. Phase III began on the
110th day after the treatment and closed the
curve with another increase of R up to 40% at
day 190.
For the 60-Gy dose, Figure 3 shows the R

curves of the 90% (Fig 3A), 70% (Fig 3B), and
40% (Fig 3C) isodose and equivalent contralat-
eral regions of interest. The interindividual vari-
ation was less than 10%. We also observed a
phase I and a phase II with increasing R up to
42%, from the 4th to the 45th day after irradia-
tion. Phase III started 75 days after radiation
treatment and ended at approximately 110
days with this second increase of R parameter
up to 65%.
Examinations of Figures 2 and 3 revealed

that the T2 ratio kinetic could be split in two
long-lasting phases (phase II and phase III),
whatever the dose was. Ventricular compres-
sion was seen early but after phase II. The hy-
perintense T2 parenchymal lesions were seen
only after the onset of phase III. We also ob-
served that the R increase rate was
becoming greater when the radiation dose
increased.
A

B

C
Fig 2. R curves of irradiated and contralateral regions of in-

terest of the pig brain, as a function of time after radiation therapy
with 40 Gy (12 MeV, electron beam). (For better legibility, error
bars are not plotted; in all these cases, the interindividual variation
was lower than 10%.)

A, Curve of 90% isodose region of interest (region A). B, Curve
of 70% isodose region of interest (region B). C, Curve of 40%
isodose region of interest (region C). The 1 line indicates irradi-
ated region of interest; 2 line, contralateral region of interest.
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Fig 3. R curves of irradiated and contralateral regions of in-
terest of the pig brain, as a function of time after radiation therapy
with 60 Gy (12 MeV, electron beam). (For a better legibility, error
bars are not plotted; in all these cases, the interindividual variation
was lower than 10%).

A, Curve of the 90% isodose region of interest (region A).
B, Curve of the 70% isodose region of interest (region B).
C, Curve of the 40% isodose region of interest (region C). The

1 line indicates irradiated region of interest; 2 line, contralateral
region of interest.
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The R average curves of regions of interest
situated on the 70% isodose (region B) and 40%
isodose (region C) revealed also a dose-depen-
dent phenomenon for equivalent isodoses; how-
ever, the timing of this phenomenon was depen-
dent only on the maximal dose received.
The greater R values of phase II and phase III

of the curves have been plotted as a function of
the dose (Fig 4). In the range of the investigated
doses (ie, from 17 to 60 Gy), the greater R
values seemed to be proportional to the effec-
tive dose received. This underlines the reliability
and dose dependence of T2 relaxation time
evolution after radiation therapy. Nevertheless,
for a maximal dose received of 40 Gy, the R
average curve for the 40% isodose-irradiated
region of interest (region C) is not significantly
different from the R average curve of the con-
tralateral region of interest (Fig 2C).
Qualitative Studies. All unirradiated animals

were neurologically normal and did not show
any abnormalities on the MR scans.
The first radiation-induced MR anatomic

change was the compression and occlusion of
the irradiated lateral ventricle. This appeared in
the irradiated hemisphere, on T2-weighted im-
ages after phase II: on the 90th (610) day after
irradiation for the 40-Gy dose; and on the 30th
(610) day after the treatment for the 60-Gy
dose.
The second radiation-induced MR anatomic

change was characterized by an increase of the
signal intensity of the periventricular gray and
white matter on T2-weighted images. This ap-
peared in the irradiated hemisphere on T2-
weighted images after phase III (Fig 5): on the
150th (610) day for the 40-Gy dose; and on the

Fig. 4. Greater R values of phase II and phase III as a function
of the effective dose received.
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110th (610) day for the 60-Gy dose. This visi-
ble signal change has been correlated with the
detection of edema and necrosis on the corre-
sponding histologic slices.

Histology

All unirradiated animals were neurologically
normal and did not show any abnormalities on
the histologic slices. The alterations observed
with MR in irradiated animals have been corre-
lated with histologic investigations (results not
shown).
Initially, macrophage inflammation and ves-

sel wall thickening were observed. Early his-
topathologic analysis reflected a vascular and
glial mechanism of injury leading to a spreading
vasogenic edema. Endothelial damages ap-
peared on histologic slices from brain excised at
25 days after a 40-Gy dose and at 15 days after
a 60-Gy dose.
Late changes at the 40-Gy dose included

edema and necrosis detected in the regions of
intense signal on T2-weighted images. The cen-
ters of the lesions were situated in the ventricle
wall and in the thalamus.
Hemorrhages could be traced in the cerebral

tissue, especially in the caudate nucleus,
the central gray nuclei, and the meninges.
Other radiation-induced damages included
calcification, thrombosis, and nervous tissue
disorganization.
Evans blue penetrated into the irradiated

hemisphere 150 days after irradiation. Demyeli-

Fig 5. Coronal T2-weighted image of the pig brain at 150
days after irradiation with 40 Gy (12 MeV, electron beam). This
MR scan showed increased signal intensity in the periventricular
gray and white matter (arrow), suggesting the presence of edema
and necrosis.
nation could be traced from the 120th day after
treatment. Ventricle compression appeared 90
days after irradiation.
At the 60-Gy dose, regions of edema and

necrosis appeared 120 days after the radiation
treatment. Lesion location was traced in the
ventricle wall and the thalamus. Many hemor-
rhages were detected in the cortex, the caudate
nucleus, the thalamus, and the meninges.
An extension of the lesions to the hippocam-

pus has been observed with a greater loss of
pyramidal cells. After 120 days of irradiation,
the Evans blue spots in the white and gray mat-
ter became larger. We observed a demyelina-
tion and ventricular compression 60 days after
irradiation.

Discussion

The first MR description of radiation-induced
lesions (6) included five patients with diffusely
increased signal in the deep periventricular
white matter on T2-weighted images and no
focal abnormalities. Such observations revealed
higher relaxation times for radiation-induced le-
sions than for normal white matter.
Constine et al (7) reported periventricular

white matter changes on MR scans in all irradi-
ated brains. MR scanning demonstrates radia-
tion-induced changes accompanying blood-
brain-barrier disruptions in the deep white
matter. The MR abnormalities in cats consisted
of high-intensity areas on long-repetition-time/
long-echo-time images, which were associated
with gadopentetate dimeglumine enhancement
on T1-weighted inversion-recovery images, af-
ter a 50-Gy dose to a 1.5 3 1.5-cm2 vertex
portal (8).
Focal and diffuse high signal intensity in the

white matter are generally accepted findings on
T2-weighted spin-echo MR images after radia-
tion therapy (9, 10). The degree and location of
high-signal-intensity areas showed a close rela-
tionship with clinical symptoms and signs. The
incidence of white matter changes increased
with the dose of irradiation and time after ther-
apy. (11).
From these experiments, we can summarize

the following observations: A high-dose single-
fraction irradiation induces an increase of the
T2 relaxation time within the different regions of
interest in the brain. After an immediate and
transient spike of T2 after irradiation (phase I),
T2 increase is a long-lasting and kinetic phe-
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nomenon, which would reflect a developing dis-
ease. The T2 increase can be divided in two
long-lasting phases.
Consistent results have been found between

in vivo and histologic studies. The compression
and occlusion of the irradiated ventricle starts
after the first phase of T2 increase; edema and
necrosis are detected by histologic studies after
the second phase.
We found a dose dependence of T2 parame-

ter between the two irradiation groups (40 and
60 Gy at 90%) and also within the same group
(among the 90%, 70%, and 40% isodoses). The
time dependence of T2 evolution depends only
on the maximal dose received (90% isodose).
This underlines the reliability and dose depen-
dence of T2 relaxation time evolution after ra-
diation therapy. The initial prolonged phase of
T2 increase seems to be related to endothelial
damages that could lead to the onset of a vaso-
genic edema and induce changes in water-
diffusion patterns. Thus, T2 parameter seemed
to be related to diffusion phenomenon in tis-
sues. The second phase of T2 increase seems to
be related to the development of edema.
We did not establish any correlation between

the immediate and transient spike of T2 param-
eter (phase I) and any histopathologic phenom-
enon. We intend to perform a separate study,
killing the animals 2 days after irradiation, to
make an early pathologic analysis to better un-
derstand this transient T2 ratio spike.
Changes seen on relaxation times can reflect

a wide spectrum of disease. The relaxation
times are known to be closely correlated with
the content of water and its dynamic structure in
biological systems.
The special properties of hydration water

molecules are averaged over all other water
compartments in the system by diffusion and
exchange, whereby they influence the relax-
ation time values. The T2 relaxation time is a
sensitive monitor of water binding, particularly
at low hydratation levels (12). The T2 of water
bound to deoxyribonucleic acid, polynucleo-
tides, and their complexes have been found to
be very sensitive to changes in the structure of
macromolecules in solutions induced by irradi-
ation (13).
All stages of radiation injury do have in com-

mon chemical-bond breakages, molecular deg-
radations, deoxyribonucleic acid breakages,
and protein conformational changes. Vascular
damage, edema, and swelling may lead to is-
chemic damage. Ball et al (14) observed that
acute reactions are the result of transient vaso-
genic edema that may lead to mass effect and
prolongation of relaxation parameters.
Many efforts have been made to obtain in

vivo MR data on experimental animal models,
particularly on experimental models of edema,
ischemia, and infarction in the brain, which re-
produce the mechanisms involved in brain ra-
diation injury. Naruse and colleagues (15) and
Bryan and colleagues (16) observed prolonged
relaxation times after brain edema induced by
cerebral ischemia and parallel changes in is-
chemic tissue water content. Naruse and col-
leagues (17) analyzed relaxation times during
the course of experimental brain edema and
cerebral infarction and observed that T2 values
were prolonged after cold injury at the maxi-
mum period of edema.
From our experiments, the observed long-

lasting elevated T2 values after irradiation are in
keeping with the finding that the prolongation of
T2 relaxation time is linearly correlated with
water content (18) and seems to depict the
constitutional change of edematous tissue (15).
We also observed that the second phase of T2
increase appears just before the development of
edema and necrosis.
The first long-lasting phase of T2 increase

has been correlated with endothelial and vascu-
lar damages that could lead to alterations in
diffusion. Recently a close correlation has been
observed between ischemia, diffusion alter-
ation, and prolonged T2 values in the brain,
using diffusion-weighted images. Moseley and
colleagues (19) compared T2 relaxation time
and T2-weighted images with diffusion-
weighted images and spectroscopy in an exper-
imental model of regional cerebral ischemia;
they found a correlation between both T2 relax-
ation time and diffusion-weighted images after
6 to 8 hours after a unilateral middle cerebral
and bilateral carotid artery occlusion on a cat
model. Ordidge and colleagues (20) observed
that T2 values for ischemic brain tissue were
elevated to approximatively 110% of control
values. The ischemic T2 values also remained
elevated 1 week after occlusion of the left ca-
rotid artery and the left middle cerebral artery in
rats.
From our results, we hypothesize that the el-

evated and long-lasting T2 values of the irradi-
ated regions in the brain may reflect a develop-
ing regional ischemia, possibly leading to an
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infarcted area, such as those already observed
by Benveniste and colleagues (21). These au-
thors observed prolongation of T2 values in in-
farcted areas but also in noninfarcted areas.
They introduced the hypothesis that the nonin-
farcted areas with elevated T2 values may re-
flect the ischemic penumbra (22). The ischemic
penumbra could be seen using T2 calculated
images.
Our results indicate that the observed pro-

longed elevated T2 values may reflect an initial
diffusion abnormality caused vascular damage,
which leads to alteration in water content and
edema development. However, the T2 evolution
after irradiation reflects a developing pathologic
process.

Conclusion

The results reported here illustrate the useful-
ness of quantitative imaging to assess molecu-
lar tissue alterations to make early diagnosis of
brain complications after radiation therapy. Re-
garding these results, we are able to perform
kinetic analysis of the developing radiation in-
jury process on the normal brain.
Using brain T2 relaxation time measure-

ments, we can follow up the postradiotherapy
period to detect earlier radiation-induced com-
plications and locate the anatomic structures
involved in this reaction. These results may help
us understand better the natural history and the
histopathologic events responsible for the ob-
served T2 changes.
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