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Potential of T2 Relaxation Time Measurements for Early Detection of
Radiation Injury to the Brain: Experimental Study in Pigs

E. Miot-Noirault, S. Akoka, D. Hoffschir, D. Pontvert, G. Gaboriaud, C. Alapetite, F. Fetissof, and A. Le Pape

PURPOSE: To investigate the MR T2 relaxation time and histologic changes after a single-fraction
25-Gy dose of radiation to the brain of pigs. METHODS: The right hemisphere of 10 Meishan pigs
was irradiated with a single dose of 25 Gy at the 90% isodose, using a 12-MeV electron beam. T2
relaxation time was measured within three regions of interest in the brain: those that had received
90%, 70%, and 40% of the total dose, respectively. T2 kinetics over time was compared with
histologic studies. RESULTS: Brain T2 values were noted to increase within the irradiated areas. T2
kinetics were analyzed in three phases: an immediate transient phase and two long-lasting phases.
These two long-lasting phases were correlated with the detection of ventricular compression and
necrosis, respectively. The T2 increase within the 90% region of interest was 19%, 22%, and 26%
for phases I, II, and I, respectively. T2 measurements within other regions of interest were not
significant. CONCLUSION: Although our results suggest a dose threshold for T2 variations, brain
T2 values increased after irradiation at a level at which disease could not be seen on conventional
MR images. This illustrates the value of using conventional MR imaging in a quantitative manner to
assess molecular tissue abnormalities at earlier stages of developing diseases.
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Magnetic resonance (MR) imaging has been
used for noninvasive investigation of the effects
of radiation therapy for many years. The major-
ity of investigations have been anatomic. Con-
trast on MR images is essentially determined by
the contributions from relaxation times and pro-
ton density. The differences in signal intensity
attributed to abnormalities on MR images result
from nuclear MR parameter alterations induced
by a variety of histologic, pathologic, and phys-
iological factors. The application of nuclear MR
relaxation time measurements to the diagnosis
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of pathologic processes has been well docu-
mented (1-4). Relaxation times are sensitive to
changes in the interaction between water mol-
ecules and disturbed tissue macromolecules in
vivo at the initial stage of a developing patho-
logic or physiologic process. Measurements of
relaxation times provide a direct assessment of
the molecular disturbances from which lesions
develop. Quantitative MR imaging offers oppor-
tunities to establish diagnoses at earlier stages
of disease development.

The application of nuclear MR relaxation time
as a noninvasive technique to monitor tumoral
and normal tissue responses to radiation ther-
apy has been well documented (1, 5-8). Time
course analyses of relaxation times in conjunc-
tion with histopathologic studies make possible
a better understanding of the mechanisms in-
volved in the observed T2 changes in patho-
logic tissues. Previous follow-up studies of T2
relaxation time within normal brain tissue after
radiation injury found that T2 values increased
within the irradiated areas (8). T2 kinetics were
found to differentiate the acute stage from the
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later stage of edema and necrosis. For the
higher single doses investigated (ie, 40 Gy and
60 Gy), an increase in the T2 value was dose-
dependent for rapidity of onset and severity.
The previously described dose dependence of
relaxation time changes is particularly fascinat-
ing.

The purpose of this work was to investigate
the changes in T2 relaxation time and their his-
topathologic correlation after a low dose (ie, 25
Gy) of radiation in order to study the relation-
ship between brain T2 kinetics and dose depen-
dence after a typical radiation dose as used in
conventional radiation therapy.

Materials and Methods
Animal Model

The Meishan pig was used as the animal model for this
study. All animals were kept in an animal housing facility,
fed pig chow, and given water ad libitum. The facilities and
practices were in accordance with European guidelines for
experimentation on animals.

All animals were anesthetized with 25 mg/kg pentobar-
bital sodium intraperitoneally and 3 mg/kg xylazine hydro-
chloride intramuscularly for the irradiation procedure. Pigs
were placed in a prone position and the electron beam port
was positioned over the dorsal surface of the right hemi-
sphere. A 40 X 35-mm port was used for beam delivery to
the right hemisphere. Pigs were irradiated with a 12-MeV
electron beam at a rate of 2 Gy/min. The skin surface dose
was calculated to obtain an average brain dose at a depth
of 2 cm (90% isodose). Ten animals received a single dose
of 25 Gy at the 90% isodose.

MR Imaging

In vivo MR imaging was performed on anesthetized
animals 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 locater im-
ages were acquired to facilitate a reproducible localization
of the coronal sections from the cerebellum to the olfactory
bulbs of the animals.

Spin-echo T2-weighted coronal imaging was per-
formed using parameters of 3000/30, 60, 90, 120, 150,
180/1 (repetition time/echo time/excitations). All images
were obtained using a 256 X 256 matrix and a 20-cm field
of view, resulting in a 780-um pixel size. Each coronal
section was 5 mm thick with 2.5-mm intersection spacing.
Ten coronal sections were obtained. The examination took
about 40 minutes.

Qualitative analyses of the MR images were done to
detect general morphologic abnormalities. Quantitative
measurement of T2 values was made using techniques
described previously (9-11). Three selected regions of
interest (ROIs) were placed within each of the irradiated
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Fig 1. Regions of interest of the coronal brain section studies
with T2 relaxation time measurements.

and contralateral hemispheres. Each of these three re-
gions had received different doses from the beam: the first
at the 90% isodose (region A), the second at the 70%
isodose (region B), and the third at the 40% isodose (re-
gion C) (Fig 1). ROIs were represented by a circle of three
pixels in minimum diameter, corresponding to a surface of
approximatively 4 mmZ?. An ROI chosen in the nonirradi-
ated cheek muscle was used as an internal control to
normalize any variation in our technique for measuring
relaxation time. For each ROI, a T2 ratio, R, was calcu-
lated: R = T2 after irradiation/T2 before irradiation. R
values were averaged for the 10 animals. Curves of aver-
age T2 ratios were plotted as a function of time after
radiation therapy for each ROI. MR studies were performed
before radiation treatment, every 2 days during the 15
days after treatment, and then at weekly intervals.

Histology

Histologic examination was performed on pig brains at
2,9, 25, and 50 days (one animal for each time point), and
at 125, 145, and 170 days (two animals for each time
point) after irradiation.

Evans blue (7 mL/kg) 2% solution in 9% saline (12) was
infused into jugular veins 24 hours before the animal was
killed and the brain removed. The pigs received a lethal
overdose of sodium pentobarbital and were infused with
10% formalin to ensure 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 paraffin and 5-um coronal sections were cut
from the cerebellum to the olfactory bulbs. Selected re-
gions corresponding to the coronal MR sections were
stained using hematoxylin-eosin and Luxol fast blue to
detect general morphologic abnormalities and regions of
demyelination and axonal injury. Microscopic specimens
were evaluated for sites of tissue necrosis, demyelination,
vessel wall thickening, gliosis, calcification, and hemor-
rhage. Alterations in the blood-brain barrier were targeted
by the Evans blue coloration on each side of the brain.
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Results
MR Imaging

Quantitative Analysis: Relaxation Times.—
The standard deviation for T2 measurement
was 5%. We observed three different T2 phe-
nomena within the irradiated areas: a transient
early spike (phase I), an initial prolonged T2
increase (phase Il), and a second prolonged T2
increase (phase Ill). Figure 2A shows the R
curve of the 90% isodose and equivalent con-
tralateral ROI. (For better legibility, error bars
are not plotted; in these cases, the interindi-
vidual variation was 15%.)

Following the transient phase 1 (19% in-
crease), at 2 days after irradiation, we observed
the first long-lasting (22%) increase in the R
curve (phase Il) from the 30th day to the 110th
day after irradiation. Phase Ill began on the
130th day after treatment (26% increase) and
completed the curve with another increase of R
up to 40% at day 170.

T2 ratio kinetics could be split in two long-
lasting phases (phase Il and phase Ill). Ventric-
ular compression was seen early, but after
phase II. Hyperintense T2 parenchymal
changes were visible on the MR images only
after the onset of phase Ill. Figure 2B and 2C
shows R curves for the 70% and 40% isodoses,
respectively, and equivalent contralateral ROls.
In phase I, we observed 18% and 13% T2 in-
creases within the 70% and 40% isodose ROlIs,
respectively. In phase Ill, the R value increased
18% and 10% within regions B and C, respec-
tively. The average R curves for the 70% and
40% isodose irradiated ROIs (regions B and C,
respectively) were not significantly different
from the R average curve of the contralateral
nonirradiated ROI (interindividual variation was
about 15%). For the doses investigated (ie, 19
Gy and 11 Gy for regions B and C, respec-
tively), the slightly higher R values did not seem
to be proportional to the actual dose received.
The timing of this phenomenon was dependent
on the maximal dose received (90% isodose).

Qualitative Studies.—The first visible radia-
tion-induced anatomic MR change was com-
pression and occlusion of the irradiated lateral
ventricle. This appeared in the irradiated hemi-
sphere on T2-weighted images after phase Il at
day 110 (*=10) after irradiation. This change
was seen in only 50% of the irradiated animals.

The second radiation-induced anatomic MR
change was characterized by a visible increase
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Fig 2. R curves of irradiated and contralateral regions of in-
terest (ROI) of the pig brain as a function of time after radiation
therapy with a dose of 25 Gy (12 MeV, electron beam). (To
increase readability, errors bars were not plotted; in these cases,
the interindividual variations were 15%). Hatched line indicates
the irradiated ROI; smooth line indicates the contralateral ROI.

A, Curve of 90% isodose ROI (region A).

B, Curve of 70% isodose ROI (region B).

C, curve of 40% isodose ROI (region C).
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Fig 3. Coronal T2-weighted MR image of a pig brain 170 days
after irradiation with 25 Gy (12 MeV, electron beam). Note in-
creased signal intensity in the periventricular gray and white mat-
ter (arrows), suggesting the presence of necrosis.

in the signal intensity of the periventricular gray
and white matter on T2-weighted images. This
appeared in the irradiated hemisphere on T2-
weighted images after phase [l at day 170
(=10) after irradiation (Fig 3). This change was
seen in all the pigs that survived beyond this
date. This visible signal change was correlated
with the detection of necrosis on the corre-
sponding histologic sections.

Histology

Inflammation of the meninges was observed
2 days after irradiation. A discrete macrophage
inflammation in the periventricular region and
choroid plexus appeared on histologic sections
9 days after irradiation. Vascular congestion
could also be observed. The inflammation pro-
cess was observed to spread through the paren-
chymal tissue of brain excised 25 days after
irradiation. At 50 days after irradiation, we ob-
served a considerable inflammatory process
and a vascular and glial injury, possibly leading
to transient edema located in the periventricular
regions. At 125 days after irradiation, there
were no important parenchymal lesions, al-
though there were still inflammatory lesions in
the periventricular regions. Congested vessels
were noted also. Early necrosis restricted to the
periventricular areas was observed at 145 days
after irradiation. At 170 days after irradiation,
large areas of necrosis were detected in the
regions of intense signal on T2-weighted im-
ages (ie, in the periventricular regions and in the
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thalamus). No significant edematous lesions
were observed. There was considerable disor-
ganization of nerve tissue, and intracellular cal-
cifications were observed around the necrotic
regions. Some lymphocytes were detected
around cellular calcifications. Hemorrhagic le-
sions were seen in the cortex, thalamus, ven-
tricular wall, and meninges.

Evans blue stain appeared to penetrate into
the irradiated hemisphere 170 days after irradi-
ation. At this later stage, the Luxol fast blue
coloration was very low in the irradiated hemi-
sphere; myelin fibers were also disorganized.

Discussion

We followed the 6-month course of T2 re-
laxation time and histologic changes in brain
tissue after a single-fraction 25-Gy dose of ra-
diation to part of the right hemisphere in a pig
brain. Our studies produced the following ob-
servations: A single-fraction 25-Gy dose of ra-
diation induces an increase in the T2 relax-
ation time within brain tissue. The three
phases of increased T2 described previously
(8) were observed within the 90% isodose
ROI: a transient spike (phase I), an initial and
prolonged T2 increase (phase IlI), and a sec-
ond prolonged T2 increase (phase III).

The dose dependence of increased T2 relax-
ation time after a 25-Gy dose of radiation was
also observed, but was less obvious: T2 in-
creased 19%, 22%, and 40% for phases |, II, III,
respectively, within the 90% isodose ROI; T2
kinetics showed no significant differences be-
tween the contralateral nonirradiated ROIs and
the 70% and 40% isodose ROIs (ie, 19 Gy and
11 Gy, respectively). This correlates well with
previous findings (8): the T2 curve within a 40%
isodose ROI of a 40-Gy group (ie, 17 Gy) was
not significantly different from the T2 curve
within the contralateral ROI. Our results suggest
a dose threshold for the sensitivity of our quan-
titative MR imaging technique of around 20 Gy.
The T2 increase rate (at a 70% and 40% isod-
ose) was around 18%. However, because of a
15% interindividual variation, this difference
was not statistically significantly different from
the T2 kinetics in contralateral regions.

Consistent results were found between MR
imaging and histologic studies: the transient
spike (phase I) seems to be related to a tran-
sient, discrete inflammatory process. At this
stage, no abnormalities could be seen on T2-
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weighted images. Compression of the irradiated
ventricle starts after the onset of phase Il. Nev-
ertheless, this anomaly was observed in only
50% of the animals. These results agree with
those obtained in clinical situations: authors
found that qualitative MR imaging could under-
estimate the extent of histologic lesions induced
by interstitial brachytherapy (13). Other au-
thors (14, 15) found MR imaging abnormalities
in only half the patients examined after an av-
erage radiosurgical dose of 38 Gy.

Phase Il seemed to be related to a significant
inflammatory process and to endothelial dam-
age. At day 125, histologic examination per-
formed on two pig brains revealed congestion in
vessels. Investigators who have performed ex-
perimental irradiation with single doses of ap-
proximatively 25 Gy have suggested a ten-
dency toward venous rather than arterial
congestion (16, 17). Our findings in just two
brains are too limited to allow speculation as to
any such tendency.

Abnormalities were detected after phase Il
within regions of high signal intensity on T2-
weighted images. Necrotic regions were char-
acterized on MR images by an increase in the
signal intensity of gray and white matter on
T2-weighted images. High signal intensity in the
white matter is a generally accepted finding on
T2-weighted spin-echo MR images after radia-
tion therapy (18, 19). T2-weighted imaging
could not differentiate the signal of necrotic re-
gions from the signal of edema. Both necrosis
and edema appear as heterogeneous high sig-
nal on T2-weighted images (20). At 170 days
after irradiation, histologic analysis revealed ne-
crosis in regions of intense signal on T2-
weighted images, with no significant associated
edema. This finding may be explained by the
time at which histologic examination was per-
formed: 170 days after a 25-Gy dose of radia-
tion is probably too earlier to observe any
spread of edema. Researchers who adminis-
tered a 25-Gy dose of radiation to the brains of
rats (17) observed two waves in the develop-
ment of edema: 13 weeks after irradiation, a
transient edema developed and tended to de-
crease with time; after 6 months, a second wave
of severe edema was observed. It has also been
suggested that the maximum level of vascular
damage in the rat brain seems to be reached 39
weeks after a 25-Gy dose. Others authors (21)
have also observed that the latency period of
the gross vascular changes associated with
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edema (44 weeks) was longer than that for ne-
crosis (35 weeks).

In our study, the Luxol fast blue coloration
was very low in the irradiated hemisphere at day
170, suggesting that alterations in the blood-
brain barrier did not spread. This was also con-
sistent with another study, in which it was found
that changes in the permeability of the blood-
brain barrier occurred only at 18 months after
doses of around 20 Gy (22).

MR imaging has been used for the study of
radiation injury since 1985 (1, 2, 4-8, 13-15,
23-25). An increase in relaxation time after ir-
radiation has been reported previously (1, 2,
4-8); however, the highest single doses used in
these studies were never under 20 Gy (1, 2,
4-6, 8). A study conducted by Brennan et al (7)
on dogs who were given high single doses of 7.5
to 15 Qy showed that no histologic abnormali-
ties were detected on MR images in the dogs
who had received doses lower than 13 to 15 Gy.

Although our study introduced a dose thresh-
old for significant T2 variation, this last param-
eter increase occurred at a stage at which no
signal or anatomic abnormalities were apparent
on T2-weighted MR images. Indeed, the first
radiation-induced anatomic lesion (ie, lateral
ventricle compression) was seen only 4 months
after treatment and in only 50% of the animals
studied. In contrast, the first long-lasting T2 in-
crease (phase Il) occurred as early as the first
month after treatment and was observed in all
animals. Moreover, measurement of T2 relax-
ation time, which is feasible on most clinical
imaging systems, remains an easy method by
which to detect disease processes at an early
stage of development.

Conclusion

The results reported here illustrate the value
and limits of MR T2 relaxation time in assessing
radiation-induced changes in molecular tissue
early in their course of development.

The advantages of following T2 relaxation
time to elucidate the pathophysiology of radia-
tion injury to the brain lies in the ability to follow
the pathologic processes over time. The dose
threshold of significant changes in T2 values
suggest that our experimental model could be
useful for patients treated with clinical radiosur-
gery, where higher single doses are convention-
ally delivered to a limited volume of tissue. Nev-
ertheless, T2 relaxation time, which is easily
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measured with most clinical imaging systems,
remains one of the most sensitive MR methods
for detecting early complications of radiation
therapy by evaluating radiation-induced cellular
disorganization at molecular levels.
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