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An Appreciation for the Rabbit Ladderlike Modeling of
Radiation-induced Lung Injury with High-energy X-Ray
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Background: To evaluate the utility of rabbit ladderlike model of radiation-induced lung injury (RILI) for the future investigation of
computed tomography perfusion.

Methods: A total of 72 New Zealand rabbits were randomly divided into two groups: 36 rabbits in the test group were administered
25 Gy of single fractionated radiation to the whole lung of unilateral lung; 36 rabbits in the control group were sham-radiated. All rabbits
were subsequently sacrificed at 1, 6, 12, 24,48, 72 h, and 1, 2, 4, 8,1 6, 24 weeks after radiation, and then six specimens were extracted
from the upper, middle and lower fields of the bilateral lungs. The pathological changes in these specimens were observed with light and
electron microscopy; the expression of tumor necrosis factor-o (TNF-a) and transforming growth factor-1 (TGF-B,) in local lung tissue
was detected by immunohistochemistry.

Results: (1) Radiation-induced lung injury occurred in all rabbits in the test group. (2) Expression of TNF-a and TGF-3, at 1 hand 48 h
after radiation, demonstrated a statistically significant difference between the test and control groups (each P <0.05). (3) Evaluation by light
microscopy demonstrated statistically significant differences between the two groups in the following parameters (each P <0.05): thickness
of alveolar wall, density of pulmonary interstitium area (1 h after radiation), number of fibroblasts and fibrocytes in interstitium (24 h after
radiation). The test group metrics also correlated well with the time of postradiation. (4) Evaluation by electron microscopy demonstrated
statistically significant differences in the relative amounts of collagen fibers at various time points postradiation in the test group (P <0.005),
with no significant differences in the control group (P > 0.05). At greater than 48 h postradiation the relative amount of collagen fibers
in the test groups significantly differ from the control groups (each P < 0.05), correlating well with the time postradiation (» = 0.99318).
Conclusions: A consistent and reliable rabbit model of RILI can be generated in gradient using 25 Gy of high-energy X-ray, which can
simulate the development and evolution of RILI.
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INTRODUCTION contradistinction, the New Zealand white rabbit is more
suitable for such a model, as imaging of the lung tissue by CT
and magnetic resonance imaging is more feasible, reliable,
and as this animal is only moderately sensitive to radiation.
Consequently, New Zealand white rabbits were investigated
in this study as a potential RILI model to determine the utility
and reliability of this animal model for CT perfusion studies.

Review of prior literature shows that mice or rats were usually
selected for establishing animal models of radiation-induced
lung injury (RILI).!""However, the death rate was relatively
higher because they had greater sensitivity to the radiation.
Therefore, only a few animals were able to survive to the
advanced phase of pulmonary fibrosis, that is, late phase
of RILI. In addition, the mouse model of RILI is not useful
for imaging studies such as computed tomography (CT), MetHobs
magnetic resonance and nuclear medicine examinations Animal groups and experimental procedures
due to the small size of the lungs of the mouse.* In  The animal study protocol was approved by the Animal
Welfare Committee of the Center of Nanjing Medical

University. Seventy-two healthy adult New Zealand
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Soochow University), including males and females, from
1.0 to 1.2 years old, weighing about 2.5 kg (2.4-2.6 kg)
on average were housed separately with 2-3 animals per
cage, without limiting feeding or water intake. The animals
were randomly divided into the test group (36 rabbits with
25 Gy of single fractioned radiation to the whole lung of
unilateral lung) and the control group (36 rabbits with
pseudo-radiation, i.e. no radiation after anesthesia). After
administration of radiation, all rabbits were sacrificed (by
right intracardiac injection of air embolization) at the
following time points: 1, 6, 12, 24, 48, 72 h, and 1, 2, 4,
8, 16, 24 weeks. Based on the above postradiation time
points, the animal model at different stage of RILI could be
established in gradient in order to observe the pathological
manifestations at the different phase. If an animal died prior
to designated time point, a different additional animal was
used instead. For each sacrificed rabbit, open thoracotomy
was performed immediately after the CT examination, and
then six specimens were collected from the upper, middle
and lower lung fields. Ultimately, each specimen was
evaluated with the following methods: (1) Hematoxylin and
eosin (H & E) staining for light microscopy; (2) transmission
electron microscopy; (3) immunohistochemistry to detect the
expression of tumor necrosis factor-o. (TNF-o), transforming
growth factor-f1 (TGF-B1) and other cytokines in the local
lung tissue.

Radiation methods

Rabbits were anesthetized with a saline solution containing
30% ethyl carbamate, injected through an ear vein with
the dose of 2.5 ml/kg. After their muscles had relaxed
fully, the rabbits were fixed in the dorsal position on a
custom-made wooden fixture. After completing whole
lung CT scan, the target region was delineated and
three-dimensional radiation treatment plan was made (using
TPS, Xio type from CMS company) to perform unilateral
lung radiation including field design and dose calculation.
They were located under simulator guide to determine the
detailed radiation field. The ipsilateral supraclavicular area,
contralateral chest, and the subxiphoid area were blocked
with the lead plate. Using linear accelerator (SIEMENS
Primus M, Germany), rabbits were irradiated from anterior
to posterior direction with 6 mV high energy X-ray, with
the central plane of the lung taken as the central radiation
level. A single megadose of unilateral lung radiation was
performed with the total dose of 25 Gy and the absorbed
dose rate of 2 Gy/min. The source axis distance was 100 cm.

Computed tomography scanning methods

Using 64-slice spiral CT scanner (Siemens SOMATOM
Definition, Germany), whole lung high resolution scanning
was performed when the animals were under deep sedation,
and were immobilized by abdominal band with a simple
bracket in order to reduce the respiratory motion artifact.
The CT examination protocols included: Tube rotation
speed of 0.5 s/rotation, rotation angle of 360°, tube voltage
of 120 kV, tube current of 100 mAs, FOV of 160 mm, and
reconstruction thickness of 1.0 mm.

Pathological examination and evaluation

The changes of the alveoli, alveolar wall, alveolar septum
and interstitial capillary were mainly observed under light
microscopy after H & E staining. For each subgroup at the
12 times points after radiation, 10 views were randomly
selected under the microscope (% 10) to measure the thickness
of alveolar wall (straight line distance between the adjacent
alveoli), interstitial lung density (ratio of interstitial lung
area and vision unit area), alveolar surface density (ratio of
alveolar lumen area and vision unit area), and the number of
the fibers and fibroblasts. For each subgroup, three specimens
of one rabbit collected from the upper, middle and lower lung
fields in radiation lung were selected in each control group.
Similarly, three specimens of three rabbits were selected in
each test group. For pathological examination and analysis,
10 views under light microscopy for each specimen were
evaluated and compared between every two subgroups of the
control and test group. Hence in the control group, n = 30;
in the test group, n = 90 [Tables 1-3]. These measurements
were performed using double-blinded method. The average
value of each measurement was calculated.

Tumor necrosis factor-oo and TGF-B1 staining for
immunohistochemistry was performed using Elivison
two-step method, and positive results were evaluated and
analyzed using the quantitative image analysis method,
with number of positive cells, area of positive staining
region, and degree of cytoplasm-positive staining (brown)
under light microscope calculated using the automated
analysis software. Using double-blinded methodology,
two senior pathologists randomly selected 20 high power
fields (%20 times) for each slice and calculated the average
of quantitative indicators for the intensity of reaction (the
ratio of the positive staining region accounted for the
total area of lung tissue, multiplied by the intensity of
reaction). Subsequently, the final result was calculated as
the arithmetical mean value of the measurements made by
the two pathologists.

HITACHI H-600 (Hitachi, Japan) transmission electron
microscopy (TEM) was used for evaluation and photography:
To observe ultrastructural changes of the alveolar wall,
capillary endothelial cells and basement membrane. Three
senior SEM instructors (double blinded) performed 10
microscopic examinations for each specimen (at 10,000 times
power) and measured the relative content of collagen, and
average value of three measurements was subsequently
calculated.

Statistical analysis

The values for thickness of alveolar wall, interstitial lung
density, number of fibers and fibroblasts, the average intensity
of immunohistochemical reaction, the relative content of
collagen and other data were expressed as “mean + standard
deviation.” #-test was used for evaluation of the differences
between the two groups at the same time point. ANOVA
was performed for evaluation of mean discrepancy between
the different time points. Two-variable linear correlation
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Table 1: Comparison between the thickness of alveolar wall, pulmonary interstitial density and alveolar surface

density at different time points after radiation

Time after radiation Alveolar wall thickness (um)

Pulmonary interstitial density (%)

Alveolar surface density (%)

Control Test t Control Test t Control Test t
1h 11.6+ 1.4 109+2.3 1.570  22.8+9.6 253+6.7 1577 824+119  78.6+7.7 2.024
6h 11.0£2.0  13.6+34 3.960 204+47  29.6+92" 5.243 793 +7.8 76.7+15.6 0.875
12h 10418  16.8+59° 5837 20236  37.1+£89°  10.105 69.5+189  64.4x10.8 1.753
24h 99+16 28.1+92" 10752  187+73  413+28 24587  76.6+9.7  568+175 5.891
48 h 12527  255+15.7 4501  25.0+75 362+13.1° 4438  784+120 546+17.1° 7.056
72h 109+1.7  409+9.7° 16808 21.6+6.4 453+126 9867 802+124  559+85 11.998
1-week 126+21 3344200 5670 24.6+63  534+143 11774  79.0+78 441+68 23452
2 weeks 11.8+3.1 373+17.4 7985 21.5+£86  434+81"  12.629 753+18.7 464+11.4  10.107
4 weeks 8.6+£22  295+221 5157 23.6+56  51.3+34° 32419 70.1+13.6 350+13.3" 12448
8 weeks 114+14  537+288 8018  13.1+6.7  541+84" 24262 71.1+18.8  349+7.9°  14.837
16 weeks 13.0+48  79.0+31.1" 10537 21.8+52  685+12.0° 20.633 749+154 267+112"  18.490
24 weeks 124+1.0 617260 10354 21.0+9.7  73.9+4.7° 39782  724+75  238+18.6"  13.907

“Difference was statistically significant between the test and control groups (P < 0.05); in each subgroup, Control group: n = 30, Test group: n = 90.

Table 2: Comparison of expression of TNF-o and TGF-p, measured in positive staining cells of the lung tissue in

control and test groups (%)

Time TNF-o. TGF-B,
Control Test t Control Test t

1h 0.69 + 0.45 1.83+0.67° 8.677 0.23+0.17 0.19+0.15 1.223
6h 0.73 +0.59 3.19+ 1.15° 11212 0.21+0.28 0.25+0.18 0.907
12h 0.76 = 0.60 6.91 +2.22° 14.953 0.28 +0.20 0.26+0.14 0.606
24h 0.68 +0.74 5.54+3.08" 8.538 0.26+0.19 0.20 +0.19 1.497
48 h 0.66 +0.31 4.06+3.14° 5.904 0.24+0.25 0.30 +0.29 1.013
72h 0.75+0.67 3.76 £2.29° 7.080 0.24+0.14 0.41+0.27" 3.297
1-week 0.71 +0.48 3.45+3.43" 4349 0.29 +0.32 0.53 +0.39" 3.043
2 weeks 0.69 +0.42 4.15+232" 8.102 0.29+0.15 0.52 +0.35" 3.486
4 weeks 0.72 +0.56 5.23+327 7.497 0.19+0.21 0.79 + 0.50" 6.373
8 weeks 0.70 = 0.69 6.01 +2.36" 12.121 0.25+0.36 0.60 + 0.44" 3.936
16 weeks 0.73 +0.70 534 +4.24" 5912 0.26 +0.23 0.81+0.51° 5.704
24 weeks 0.70 + 1.13 5.51+3.13° 8.221 0.22+0.32 0.83 +0.36" 8.253

“Difference was statistically significant between the test and control group (P<0.05); in each subgroup, Control group: n = 30, Test group: n = 90.

TNF-a: Tumor necrosis factor-a; TGF-B,: Transforming growth factor 8.

analysis was performed for correlation between pathological
indicators and the time points. Statistical analysis was
performed with SAS software (version 8.01, SAS Institute
Inc.,North Carolina, USA). P < 0.05 was used for the
designation of statistically significant difference.

ResuLts

Experimental animal appearance, behavior and weight
changes

Of the 72 rabbits used for the RILI model, one from the
control group died due to an anesthesia complication, two
from the test group died on days 1 and 3 after radiation,
and the total mortality for the duration of the experiment
was 6.3%. Additional animals were used to substitute for
the dead rabbits in the corresponding study groups. In the
test group, 2 weeks after radiation, the fur of the animals
demonstrated thinning in the radiated field, and 6—8 weeks
later, the radiated zone demonstrated near complete loss of

fur, persisting in this state up to 24 weeks. The rabbits from
the test group became less active and less responsive, with
gradual deterioration of their activity and responsiveness.
The average body weight showed a downward trend over
time after radiation starting at 5—7 weeks, and decreasing
to 1.9 kg at 16 weeks. The control group showed no
abnormalities in appearance, behavior or weight.

Pathological changes

Gross pathology of the lung specimens

The appearance of the lung tissue from the control group
was reddish, satiety, smooth, and soft with clear boundary
of each leaf. On the contrary, the pulmonary surface and its
section showed sporadic hemorrhagic foci after 2 weeks
of postradiation. The color of lung tissue, after 8 weeks,
appeared to fade, and the boundaries of leaves became
unclear, accompanied by a small amount of light yellow
pleural effusion. After 16 weeks, lung tissue volume was
significantly reduced, and tissue become pale, hard, with an
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unclear boundary and pleural adhesions with moderate to a
large amount of opaque pleural effusion.

Changes on conventional pathology with hematoxylin and
eosin staining

The morphology and structure of the lung tissue were normal
in control group specimens [Figure 1a]. In the test group,
all the irradiated lung tissue showed abnormal pathologic
findings. At 1-24 h after radiation there was swelling of the
capillary endothelial cells, congestion within the vascular

Table 3: Comparison of the total number of lung
fibroblast cells and fibrocytes between the test group
and the control group at different time points after
radiation

Time Control (x103) Test (x10°%) t

1h 243 +131 2.24+0.95 0.858
6h 220+1.28 2314145 0.370
12h 1.91+1.26 2.11+0.83 0.944
24h 1.84 £ 1.37 2.03+0.53 1.098
48 h 2.06+0.82 3.84+1.52° 6.112
72h 2.59+0.97 4.64+0.78" 11.947
1-week 233+1.15 453+132 8.151
2 weeks 2.10+0.94 6.74 +0.56" 30.774
4 weeks 2.09 + 0.80 8.76 + 1.54* 22.679
8 weeks 1.99 +1.21 536+ 1.46" 11.396
16 weeks 2.08 +1.38 8.76 £ 1.65 19.954
24 weeks 2.12+1.67 7.66+2.81" 10.197

*Means the difference was statistically significant between the test and
control group (P < 0.05); in each subgroup, Control group: n = 30, Test
group: n =90.

c AT | & T
Figure 1: Light microscopy images (H & E, x40). (a) Lung tissue
of control group showed that alveolar wall was thin with regular
morphology and normal interstitium; (b) 12 h after radiation of the
test group, cells in the alveolar interstitim were significantly increased
in number, with focal distribution evolving into a relatively diffuse
distribution; (c) 48 h after radiation of the test group, the capillary
permeability increased, and a large number of red blood cells leaked
into the pulmonary interstitial and into the alveolar space; (d) 8 weeks
after radiation of the test group, capillary endothelial cells began to
proliferate, and the fibroblast cells proliferated significantly outside of
the capillary wall.

lumina, large numbers of blood cells leaking into the
pulmonary interstitium, thickening of alveolar progressively
increasing with time after radiation, increasing pulmonary
interstitial density and decreasing alveolar surface density
also showing progression over time. The measurements
of the alveolar wall thickness and pulmonary interstitial
density demonstrated statistically significant differences
between the control and test groups [P < 0.05, Table 1 and
Figure 1b] at all-time points after radiation, also showing
linear correlation with time after radiation (» = 0.82086,
0.87181, P = 0.0011, 0.0002). Pulmonary interstitial
fibroblasts and fibrocytes began to proliferate 24 h after
radiation, reaching peak at 2 weeks after radiation. After
24 h postradiation, amount of the interstitial fibroblasts and
fibrocytes demonstrated statistically significant differences
between control and test groups [P < 0.05, Table 3] at
all-time points, correlating well with the post radiation
time in the test group [r = 0.71764, P = 0.0145], and
without such correlation in the test group [ = —0.15890,
P=0.6218, Figure 2]. At 1-4 weeks after radiation, capillary
endothelial cells became swollen with vacuolization
and necrotic exfoliation. The vascular lumina were
narrowed accompanied by increased intra-alveolar
hemorrhage [Figure 1c]. Alveolar type II cells were shed
into the alveolar cavity due to necrosis. Macrophages were
significantly increased and were engulfing erythrocytes. At
about 8 weeks after radiation, capillary endothelia began to
proliferate with a fibroblastic hyperplasia of the vascular
wall and perivascular tissues of capillary [Figure 1d]. In
the test group, the nonirradiated contra-lateral lung showed
no such changes. When compared with the control group,
the structures described above showed no significant
differences.
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Figure 2: Correlation analysis between pulmonary interstitial fibroblasts
and fibrocytes: Block dots represent the test group, with Pearson’s
related coefficient of r = 0.68230, P = 0.0145 < 0.05; triangular dots
represent the control group, r = —0.15890, P = 0.6218.
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Immunohistochemical analysis

Tumor necrosis factor o expression was significantly
enhanced at 1 h after radiation of the lung in the test
group (the differences at all-time points were statistically
significant in comparison with those of the control
group [P < 0.05]), and TNF-o expression progressively
increased with the prolonged radiation, reaching the
maximum value at 12 h (1= 14.953, P<0.01). Subsequently
expression gradually weakened, and rose again at 4-8 weeks
after radiation, and then again decreased gradually by
16 weeks after radiation. TGF-f3, expression in the test
group started to increase gradually at 48 h to 24 weeks
after radiation [Figure 3]. The differences were statistically
significant at subsequent time points compared to those in
the control group [P < 0.05, Table 3].

Ultrastructural changes of pulmonary tissue under the
electron microscopy

In the control group, the alveolar wall was smooth, with
intact morphology of the capillary endothelium and alveolar
cells, and with regular and continuous capillary basement
membrane. In the test group, there was mild swelling of
the mitochondria in Type II alveolar cells, emptying of the
lamellar bodies was increased, microvilli were reduced.
There was swelling of the capillary endothelial cells at 24 h
after radiation with damage of capillary endothelial cells,
basement membrane and disruption of the blood barrier
starting to become apparent. However, the swelling of the
mitochondria of Type II alveolar cells and the emptying
of lamellar bodies was more obvious and serious at 48 h
after radiation [Figure 4a]. During the same time, Type |
alveolar epithelial cells demonstrated vacuolation, with the
relative number of collagen fibers beginning to significantly
increase in comparison with that of the control group (each
P < 0.05). These changes correlated well with the radiation
time showing a linear correlation (» = 0.99318, P = 0.0).
At 2 weeks to 8 weeks after radiation, electron microscopy
revealed vacuolization of Type II epithelial cells, total emptying
of lamellar bodies, massive shedding of microvilli, partial
necrosis and exfoliation of Type II epithelium, increased
vacuolization of capillary endothelial cells, large amount of
nondecomposed collagen fibers exudation from the capillaries
into the interstitial space and into the alveolar lumen. There was

Figure 3: Transforming growth factor 1 (TGF-B1) Immu
of the test group (x10). (a) 72 h after radiation, the alveolar wall was
moderately thickened, with scattered distribution of positively staining
cells with light staining of TGF-B1 positive structures; (b) 8 weeks
after radiation, the alveolar wall was significantly thickened with diffuse
distribution of positively staining cells with deep staining evident.

also hyperplasia of Type Il alveolar cells, interstitial deposition
of fibroblasts and collagen. At 16 weeks to 24 weeks capillary
basement membrane was irregularly thickened, Type II
alveolar cells were significantly reduced in number, interstitial
space and alveolar lumen showed extensive collagen fiber
deposition [Figure 4b]. In the test group, the difference in the
relative content of the collagen fibers between two radiation
time points, was statistically significant (' = 100.31, P = 0),
while in the control group, no such significant difference was
found (£ = 1.00, P =0.450 Table 3).

Computed tomography findings

At 1 h to 8 weeks after radiation in the test group of
rabbits, there were patchy regions of exudation in 16
rabbits [Figure 4c¢], patchy regions of consolidation changes
in 4 rabbits, and ground glass opacities in 8 rabbits. These
CT findings were consistent with the early pathological
changes of the plasma and inflammatory cells infiltrating
lung tissue. At 8—16 weeks, in addition to the above findings,
there was lung volume reduction, discrete consolidation,
and gradual development of signs of fibrosis, which was
consistent with manifestations of intermediate phase of RILI.
At 16-24 weeks, exudative and infiltrative lesions almost
completely disappeared; however, there was significant
fibrosis, solid consolidation and pulmonary atrophy in the
partial lung fields consistent with the signs of late phase of
RILI [Figure 4d].

Discussion

At present, the diagnosis of RILI depends on imaging
findings in combination with appropriate clinical signs and

Figure 4: Electron micrograph of the test group specimen (x15000).
(@) At 48 h after radiation of the test group, the capillary basement
membrane was partly destroyed, and fibrin infiltrated into the pulmonary
interstitium; (b) 24 weeks after radiation of the test group, the tissue
from the low field of the left lung showed large amount of collagen fibers
extensively deposited under the electron microscopy; (c) The computed
tomography (CT) image in lung window obtained at 2 weeks showed
mild ground-glass opacity in the lower right lung (black arrows); (d) The
same model as b, CT image in lung window showed that the left lung
volume has decreased with clearly evident scattered areas of fibrosis
(white arrow) and left pleural effusion (black arrow).
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symptoms. The most objective and accurate diagnostic
criteria are based on CT findings.*”! Unfortunately, when
positive findings become apparent on CT imaging, most
radiotherapy patients are near the end of their radiotherapy
course,!' so the radiotherapy plan cannot be adjusted and the
resultant changes in the lung tissue are difficult to reverse.
For this reason, early diagnosis and prediction of RILI is of
great clinical value. In our clinical research,!'!! we found that
CT perfusion, especially pulmonary capillary permeability
and other metrics allowed for significantly earlier diagnosis
of RILI, as well as improvement in diagnostic accuracy of
this entity. Employing a suitable animal model for the study
of CT perfusion in early diagnosis and prediction of RILI is
crucial for conducting of such investigations.

At this time, research using medium-sized animals for
long-term systematic study, such as the rabbit RILI model,
is still rare in the literature. Furthermore, animal mortality
during administration of the different radiation doses is rarely
reported. Based on our preliminary experiments using the
rabbit model, RILI could be induced with 25 Gy dose of a
single fraction of one whole lung radiation, with the vast
majority of animals surviving to the pulmonary fibrosis
stage with the overall mortality rate of 6.3%. In the test
group, the mortality rate is only 5.6% with only 2 deaths
due to the radiation, which indicates that the appropriate
dose contributes to the low mortality of rabbit RILI model
and the long-term survival after radiation. Based on this
investigation, this RILI model can be used for future imaging
studies of CT perfusion in this entity.['?

The RILI pathogenesis has not been fully elucidated at this
time. A variety of experiments using the animal model of
RILI showed multiple specific characteristics, however the
pathologic changes demonstrated similar features in the
almost same procedure. Many scholars subcategorize RILI
by dividing it into acute and chronic, or early, middle and
late phases based on time after radiation.!'¥ Diffuse alveolar
damage associated with interstitial pulmonary congestion,
edema, exudation and inflammatory cell infiltration are
signs of the pathological changes of the acute phase of RILI.
In the chronic phase there is decreased inflammatory cell
infiltration, fibroblast proliferation, reduction in the number
of capillaries, deformation and atrophy of the alveoli, and
extensive interstitial collagen deposition leading to the end
stage with disordered fibrous tissue with little inflammation.

Examination with light microscopy showed that focal
distribution of inflammatory cell infiltration occurred 1 h
after radiation in the test group, and subsequently, these focal
lesions progressed, to a diffuse distribution. Meanwhile,
exudation of plasma constituents was increasing, the
alveolar wall began marked thickening from 12 h to 24 h
after radiation, and pulmonary interstitial surface density
was correspondingly increasing, and alveolar surface
area was gradually decreasing.>!'2!415] This phenomenon
continued to the end of the experimental time period.
Pulmonary capillary endothelial cells, alveolar Type I and
II epithelial cells were increasingly impaired along with the

time after radiation, which ultimately led to blood barrier
derangements.['>1¢17] The increased numbers of interstitial
macrophages, fibrocytes, and fibroblasts, demonstrated
a linear correlation with time after radiation and were
significantly different from those in the control group at each
time point more than 24 h after radiation. These results were
consistent with those reported in the literature, confirming
that this type of model accurately reflects the pathological
characteristics in the acute and chronic phases of RILL.5-1520]

Examination with electron microscopy in the test group
showed that the relative content of the collagen fibers in
the radiated lung field had linear correlation with time
after radiation, increasing gradually, which provides strong
evidence for pulmonary fibrosis in the late phase of RILI.
However, collagen and fibrous tissue in this study did not
significantly increase until the late phase of RILI. In fact,
in the early pathological stage of radiation pneumonia (48 h
after radiation), they began increasing (the difference was
statistically significant compared with those in control group),
and at subsequent time points they continued to increase. At
later time points (4—8 weeks) the rate of increase in these
metrics became exponential.?” This phenomenon indicated
that radiation pulmonary fibrosis occurred at the same time
as radiation induced pulmonary inflammation, rather than
following pulmonary inflammation. In other words, radiation
pneumonitis and radiation-induced lung fibrosis were neither
completely independent of the pathological changes, nor
in a completely linear chronological relationship.!!!-%]
Instead both processes influenced each other with multiple
contributing factors including a variety of target cells,
cytokines, and free radical damage.'**! Hence, based on
the above the animal models at different postradiation time
points, the meaning and significance of ladderlike model is
that the pathological findings at the different stage of RILI
are able to be obtained and observed in gradient, simulating
the development and evolution of RILI.

The pitfall of this study is that single megadose of unilateral
lung radiation was performed with the total dose of 25 Gy
without fractions, and this method was likely, not to fully
simulate the causes of RILI. However, fractional radiation
requires several treatments and a large amount of energy,
which was the main deficiency and hardness in the traditional
method of RILI modeling. As a result, appreciation was
needed for the established model of RILI with a single
radiation, which is the main topic for the basic research as
well. In fact, this study confirmed that a single radiation with
no fractions was able to allow a more efficient methodology
for a useful modeling of RILI. CT imaging also showed
that the process of RILI was accelerated, so such modeling
method could be easily employed and applied to subsequent
research of RILI with CT perfusion or other relative
researches.[>!!22

Radiation-induced lung injury model was successfully
implemented using New Zealand white rabbits with
unilateral, single high dose radiation methodology. At
different time, points after radiation examinations were
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performed with light microscopy, electron microscopy and
immunohistochemistry showing the same pathological
process evolving through multiple stages as reported in the
literature. However, each stage of RILI evolution in this
model was significantly accelerated, which can lead to time
cost savings for a large sample of animals in future research.
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