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Methods: Rats were randomized into 6 groups. Group |: Control group, a sham irradiation
(n=5); Group 2: Hypofractionated total abdominal irradiation (TAl), total of 12 Gy (2 frac-
tions in 2 days) (n=4); Group 3: Hypofractionated TAI, total of 12 Gy (3 fractions in 3 days;
n=6); Group 4: Hypofractionated TAI, total of 12 Gy (4 fractions in 4 days; n=6); Group 5:
TAI with conventional fractionation, total of 12 Gy (6 fractions in 6 days; n=6); and Group 6:
TAI with conventional fractionation, total of 12 Gy (7 fractions in 7 days; n=6).

Results: There was no statistically significant difference (p>0.05) between the hypofrac-
tionated group sets of Groups 3-4 (2.66+0.51) and 5-6 (1.83+0.40). However, a statistically
significant difference was found in the comparison between Group 2 (3.75+£0.51) and the
group sets of Groups 3—4 and 5-6 (p<0.05).

Conclusion: The present study demonstrated that hypofractionated TAl leads to more
prominent acute tissue damage in the kidneys than does conventional irradiation.

INTRODUCTION

Radiation therapy (RT) is an important treatment mo-
dality in abdominal malignancies. Kidneys, by limiting the
dose, restrict the application of irradiation on abdominal
area. Morphological studies on radiation nephropathy have
demonstrated injuries to blood vessels, glomeruli, tubu-
lar epithelium, and interstitium. Data about kidney-dose
response has shown that doses of 18-23 Gy and 28 Gy
in 0.5 to 1.25 Gy/fraction were associated with a 5% and
50% risk of injury at 5 years, respectively.!! Even with
dose-fractionation approaches, radiation-induced kidney
damage cannot be completely eliminated. Prophylactic ra-
dioprotectant use before irradiation may be an alternative
way to reduce the kidney damage in these patients.

Free radicals can lead to damage in the DNA, proteins, and
lipids. The effect of ionizing radiation is thought to be me-
diated through the action of these free radicals. Accord-
ingly, antioxidative defense mechanisms are accountable
for the vast majority of the damage caused by radiation.

Conventional RT regimens usually involve an application of
1.8 to 2.0 Gy/day; there are also daily treatment programs
in which the application is carried out by decreasing the
number of fractions.>?! Within the scope of daily conven-
tional RT, hypofractionated treatments currently used in
some malignancies may be preferred due to their potential
effect, as well as the short treatment duration and smaller
side effect profile.l! In spite of these developments how-
ever, the surrounding tissues and organs are still more or
less subjected to harmful effects.

While reducing the dosage and the frequency in order to
provide protection against the harmful effects of radiation,
it is also important to maintain a dosage that will be ef-
fective on malignant cells. During the treatment process,
the sensitivity that develops in radiosensitive organs de-
spite low dosage should be taken into consideration as
well. The most important element among these organs is
the renal tissue; pathological changes in this tissue start
immediately, even if the dosage is low.[! lonized radiation
disrupts the normal metabolic activities in cells by causing
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proliferation and differentiation. This leads to apoptosis
and necrosis development, particularly in radiosensitive
cells. This effect then reveals itself on the kidneys through
glomerular pathologies. These pathologies bring to mind
the lesions formed by glomerulonephritis and chronic py-
elonephritis. Radiation nephropathy occurs together with
arterial lesions. Large blood vessels are affected in later
stages./! Researchers have identified the changes that oc-
cur following renal irradiation. These changes include a
decrease in total renal mass, sclerosant changes in arcuate
arteries, significant occlusion of the glomerular capillary
network, glomerular hyalinization, and progressive tubule
atrophy. All of these changes are significantly interrelated
with interstitial fibrosis.?

Whether a pathology is permanent or transient, it is di-
rectly correlated with radiation dosage and duration.[>4
Glomeruli are especially sensitive to irradiation; doses as
low as 0.1 Gy lead to temporary reduction in the number
of glomeruli endothelia, and 0.15 Gy leads to temporary
renal failure. Azotemia lasting for several years occurs af-
ter 2 Gy, and permanent azotemia occurs after approxi-
mately 10 to 12 Gy in 2 Gy fractions.F!

Erythropoietin released from the kidneys affects the late
progenitor cells of the erythrocyte series as a growth and
survival factor and prevents their apoptosis. It also enables
these cells to be carried to the differentiation stages at a
later time, and this results in the production of erythro-
cytes. Cells resembling fibroblasts are also produced in the
interstitial spaces between the tubuli of the renal cortex,
which is one of the reasons for the interstitial fibrosis that
develops due to RT.I"!

Glomerular endothelium and tubular epithelium are ex-
tremely sensitive to irradiation. Damage occurs particu-
larly in 3 Gy/l, and is maximized in 6 Gy/I(3).

The results of studies that compared the acute and de-
layed toxicities of conventional RT and hypofractionated
RT are not fully consistent. In this study, the aim was to
evaluate the effect of fraction dose on the damage in Wis-
tar albino rat kidneys due to scattered radiation.

MATERIAL AND METHODS

Animals and experimental design

The guidelines of the Institutional Animal Care and Use
Committee were followed in all animal experiments. Thir-
ty-six Wistar albino rats, weighing from 200 to 230 g each,
were housed in rat cages. Ad libitum access to standard
rodent diet and tap water was provided.

Cages were maintained in a light cycle of 12 hours of light
and 12 hours of darkness at a mean temperature of 21£2°C
and a mean humidity of 55£2%. When they had reached
3 weeks of age, the rats were randomized into 6 groups.

Group |: Control group, a sham irradiation (n=5); Group
2: Hypofractionated total abdominal irradiation (TAI) with
irradiation therapy of 6 Gy/| fraction/day applied for 2 days,
totaling 12 Gy (2 fractions in 2 days; n=4); Group 3: Hypo-
fractionated TAl with irradiation therapy of 4 Gy/| fraction/
day given in 3 days for a total 12 Gy (3 fractions in 3 days;
n=6); Group 4: Hypo-fractionated TAIl with 3 Gy/| fraction/
day, totaling 12 Gy (4 fractions in 4 days; n=6); Group 5:
TAI with conventional fractionation of 2 Gy/l fraction/day
for a total 12 Gy (6 fractions in 6 days; n=6); and Group
6: TAIl with conventional fractionation of 1.7 Gy/I fraction/
day, totaling 12 Gy (7 fractions in 7 days; n=6).

During the study, | rat in the first group and 2 in the sec-
ond group died, possibly due to the effects of radiation,
and they were excluded from the study. The subjects were
under anesthesia during all experimental procedures. In-
tramuscular injection of ketamine and xylazine (50 mg/kg
and 5 mg/kg, respectively) was used to maintain anesthe-
sia. The subjects were followed up for 5 days subsequent
to the end of irradiation procedure. All animals were
monitored closely by the veterinary care staff during this
period. The subjects were euthanized with decapitation 5
days after the conclusion of the radiation therapy.

Irradiation procedures

For the rats in Groups 2 through 6, individual irradiation
was administered with an anterior 4x3 cm single portal to
the whole abdomen using a Cobalt-60 treatment unit (CIS
Bio International S.A., Gif-sur-Yvette, France) at a source-
to-skin distance of 65 cm. After anesthesia, the subjects
were fixed to a 20x30 cm polystyrene foam treatment
couch (Med-Tec, Inc., Orange City, IA) in a supine posi-
tion. The positioning accuracy of the fields was checked for
each rat with a therapy simulator (SIMICS; Mecaserto SA,
St Thibault Des Vignes, France). Special dosimetry was per-
formed in irregular fields. The dose homogeneity across the
field was found to be 5%. The rats were closely monitored
from irradiation until recovery from anesthesia. Equal-field
sham irradiation was administered to the rats in Group |.

Histopathological analysis

The extracted samples were fixed with 10% neutral buff-
ered formalin for | day and subjected to routine pro-
cedures for evaluation under a light microscope. The
samples were then embedded in paraffin. Sections of 5-mi-
cron thickness were removed from the prepared paraffin
blocks, stained with hematoxylin and eosin, and examined
microscopically. All examinations were performed by an
experienced pathologist. The histopathological evaluation
assessed dilatation, atrophy and protein deposition in the
tubuli, vacuolization and sclerosis in the glomerulus, and
lymphocyte infiltration in the interstitial area (3, 5). Renal
damage was graded from 0 to 4: 0—no damage, |—very low
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grade damage, 2-low grade damage, 3—-moderate damage,
and 4—severe damage. Each lesion defined above was grad-
ed separately and the values were summed up and divided
by 4 (the number of evaluated damage types).

Statistical analysis

Standard statistical methods were used to analyze the data
using the Statistica 7.0 program (Statistica, Inc., Palo Alto,
CA, USA). Statistical comparisons between the groups
were performed using the one-way analysis of variance
(ANOVA) method. One-way ANOVA was followed by a
post hoc Bonferroni honest significant difference test. A p
value <0.05 was considered statistically significant.

RESULTS

A total of 33 rats were included. During the study, 2 rats
from the experimental groups and | rat from the con-
trol group died. The average values for renal damage sus-
tained in the groups are provided in Figure |. The mean
renal damage values were 0.2+0.44 for Group | (n=5),
3.75%0.5 for Group 2 (n=4), 2.66+0.51 for Group 3 (n=6),
2.66+0.51 for Group 4 (n=6), 1.83+£0.40 for Group 5
(n=6), and 1.83+0.40 for Group 6 (n=6). The renal damage
score of the groups that received radiation and the control
group were statistically compared (p<0.001). The results
indicated that the rate of damage was the same for Groups
3 and 4, as well for as Groups 5 and 6.

A statistically significant difference was identified during
comparison of the renal damage between the groups that
received RT and the control group (p<0.001). Figure 2
demonstrates the renal tissue in which normal glomerular
and tubular structures were present.

The renal histopathology of Groups 2, 4, and 6 can be
seen in Figures 3, 4, and 5, respectively. In Figure 3, the
tubuli demonstrated dilatation, as well as degeneration in
places. This finding was more distinctive in the subcapsular
area. Dilatation was particularly prominent in the distal tu-
buli. Degeneration, on the other hand, was more apparent
in proximal tubular cells. The lumens of these tubuli also
showed proteinosis material. Deterioration was observed
in the glomerular structure in many areas; it was also
noted that the integrity between the glomerulus and the
Bowman capsule was disrupted and that the glomerulus
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Figure 1. Renal tissue damage parameter values of the groups.
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Figure 2. Normal renal tubule and glomerulus morphology
were observed in the control group. Blue arrow indicates nor-
mal renal glomerulus structure and red arrow indicates normal
renal tubule structure (H&E, x200).
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Figure 3. Severe level of irradiation damage was observed in
Group 2. Blue arrow indicates interstitial fibrosis area and red
arrow indicates severe tubular atrophy (H&E, x200).

had shriveled in some places. There was slight edema and
a connective tissue increase in the interstitial area. Some
regions revealed leucocyte infiltration. There was general
capillary dilatation and congestion in the kidney. The tubuli
also showed dilatation and degeneration in places in Group
4 (Figure 4); however, the findings were less significant in
comparison with Group 2. They were mostly limited to
the subcapsular region. It was also observed that the glo-
merular structures were better preserved than those ones
in Group 2. In Group 6 (Figure 5), there were lymphocytes
in places in the interstitial area. The tubular structure and
the glomeruli were observed as generally normal.

In the comparisons between groups illustrated in Table I,
there was no statistically significant difference (p>0.05)
between the hypofractionated group sets of Groups 3—4
(2.66+0.51) and 5-6 (1.83+0.40). However, there was a
statistically significant difference in the comparison be-
tween Group 2 (3.75£0.51) and the group sets of Groups
3—4 and 5-6 (p<0.05).

DISCUSSION

Abdominal or pelvic radiotherapy is applied to many tu-
mor types. RT is used adjuvantly or palliatively for rectal
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Figure 5. Low grade damage was observed in Group 5. Blue
arrow indicates renal glomerulus and red arrow indicates renal

tubulus (H&E, x200).

cancer, prostate cancer, bladder cancer, testicular tumors,
lymph node metastases, and soft tissue tumors. Use of
modern RT techniques requiring a large number of moni-
tor units, use of photon energies >10 MV, or large frac-
tion size results in higher incidental irradiation to normal
tissues. Hypofractionation has been proposed as an addi-
tional strategy to optimize the therapeutic ratio. Its effect
on the surrounding normal-functioning tissues, however,
remains uncertain. Because renal tissues are highly radio-
sensitive, incidental radiation exposure during abdomino-
pelvic external beam radiotherapy is a significant problem.
In the present study, a total radiation dose of 12 Gy was
applied as 6, 4, 3, 2, and 1.7 Gy daily fractions, and substan-
tial renal damage was initially demonstrated in all rats that
received abdominal irradiation.

Table I. Renal damage value of groups

Acute kidney injury (AKI) is a sudden episode of kidney
failure or kidney damage that happens within a few hours
or days, resulting in the accumulation of nitrogenous prod-
ucts in the blood. AKI can be classified as prerenal, renal,
or post-renal. Symptoms may include fatigue, nausea and
vomiting. When left untreated, seizures and coma may
also occur. An increased tendency to fluid, electrolyte,
and acid-base disorders is evident. Treatment is directed
at the underlying disease, and generally includes fluid and
electrolyte management, and sometimes dialysis. Many
causes are reversible with early diagnosis and proper treat-
ment, yet the overall survival rate remains at about 50%
since many patients with AKI have important underlying
disorders. The vast majority of survivors have adequate
kidney function, while 10% require dialysis or transplanta-
tion (half of those require immediately supportive treat-
ment as renal function slowly deteriorates).”! Irradiation
is an intrinsic renal cause of AKI. AKI injury can be critical
and life-threatening in cancer patients. Lastly, it can be a
hurdle for optimal cancer treatment or cause interruption
of treatment and hospitalization. Therefore, the effort to
avoid the onset of AKI during RT is very important in can-
cer patients being treated with abdominal irradiation.

Radiation nephropathy constitutes irreversible dam-
age with a course of progressive glomerular and tubular
changes, which results in glomerulosclerosis and tubuloin-
terstitial fibrosis. Glomerulosclerosis and tubulointerstitial
fibrosis, in turn, lead to renal failure.”? The development
mechanism of radiation nephropathy has not been clearly
explained yet. While it is known that angiotensin Il has an
important role in this, the condition is thought to occur
due to free radicals. Since it is difficult to measure free
radicals in vivo, Robbins et al. assessed DNA oxidation
with immunohistochemical methods. A high rate of DNA
oxidation was identified 4 weeks after irradiation and for a
period of 24 weeks. In the 16% and 24® weeks, the changes
arising from RT resulted in glomerulosclerosis and tubular
atrophy.l'” In another study, the myofibroblastic activation
and transformation in the tissues increased due to tumor
growth factor (TGF) release from the tubular epithelium.
['"] Studies on rats showed that the TGF level in tissues
increases after radiation and that this effect lasts for 24
weeks.['"1 All of these effects cause the extracellular ma-
trix to grow (fibronectin, collagen type 3) and result in
tubular atrophy and fibrosis.['>'* After this study, we be-
lieve that the aforementioned effects are the reason short-

Group | (n=5) Group 2 (n=4)

Group 3 (n=6)

Group 4 (n=6) Group 5 (n=6) Group 6 (n=6)

Renal damage value 0.2+0.44 3.75+0.5b4e

2.6610.51°¢

2.6610.51°¢ 1.83+0.40°¢ 1.83+0.40°¢

*Data are expressed as mean+SD. *Compared with Group | (p<0.001). “Compared with Group 2 (p<0.05). ‘Compared with Groups 3—4 (p<0.05). ‘Compared

with Groups 5-6 (p<0.05).
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term, high-dosage RT (Group 2) caused more renal dam-
age than long-term, low-dosage RT (Groups 3, 4, 5, and 6).

Randomized clinical trials have established that dose-es-
calated RT improves some cancer types compared with
lower-dose radiation controls.’'3! However, dose-escalated
radiation delivered with conventional fractionation (I.8- or
2-Gy fractions) can take 9 weeks to complete. Hypofrac-
tionated prostate RT has the potential to deliver a higher
biologically effective dose over a shorter period of time
compared with conventional fractionation. Shorter hypo-
fractionated treatment is also more convenient for patients
by decreasing the cost of treatment and increasing patient
access to treatment. On the other hand, theoretically it is
thought that hypofractionated abdominopelvic irradiation
may increase the incidental testicular radiation dose. How-
ever, there are limited prospective data on toxicity after
the delivery of moderately hypofractionated regimens, and
normal tissue constraints have not been established for
hypofractionated treatment. In our study, in which tissue
damage was determined by 2 histological parameters, we
have demonstrated that hypofractionated abdominal irradi-
ation caused more tissue damage than conventional irradia-
tion. Because this study was not a direct dosimetry study,
it is impossible to accurately analyze the impact of different
fraction doses on scattered dose received by testicular tis-
sues. Yet, it is possible to conclude that as the fractionated
radiation received by the kidneys decreases, the greater the
histopathological tissue damage will be.

In conclusion, the present study demonstrated that hy-
pofractionated TAIl leads to more prominent acute tissue
damage in the kidneys than does conventional irradiation.
Although we investigated only the acute effects, using 2
different tissue damage parameters, these acute changes
have significant potential to cause late tissue damage. Fur-
ther studies that measure different parameters are war-
ranted, particularly on the long-term consequences, in
order to clarify our results.
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Ve

daha belirgin sekilde yol agtigini géstermistir.

Sicanlarda Bobrek Dokusunda Farkli Fraksiyon Semalannda Uygulanan
12 Gy Radyoterapinin Yarattigi Akut Etkilerin Histopatolojik Olarak incelenmesi

Amag: Amacimiz aralikli verilen fraksiyone doz radyoterapinin bébrek hasarina etkisini incelemek.

Gereg ve Yontem: Siganlarda 6 gruba randomiz edildi: Grup |: Kontrol; sham radyoterapi (n=5); Grup 2: Hipo-fraksiyone total abdominal
radyoterapi (TAR); total 12 Gy (2 giinde 2 fraksiyon) (n=4); Grup 3: Hipo-fraksiyone TAR; total 12 Gy (3 giinde 3 fraksiyon; n=6); Group
4: Hipo-fraksiyone TAR; total 12 Gy (4 giinde 4 fraksiyon; n=6); Group 5: konvansiyonel ayirma ile TAR; total 12 Gy (6 giinde 6 fraksiyon;
n=6); ve Group 6: konvansiyonel ayirma ile TAR; total 12 Gy (7 glinde 7 fraksiyon; n=6).

Bulgular: Hipofraksiyone gruplar 3 ile 4 (2.66+0.51) ve grup 5 ile 6 (1.83£0.40) arasinda istatistiksel olarak anlaml fark tespit edilmezken
grup 2 (3.75£0.51) ile grup 3—4 ve grup 5-6 arasinda istatistiksel olarak anlamli fark tespit edilmistir (p<0.05).

Sonug: Bu calismamiz hipo-fraksiyone total abdominal radyoterapini, bobreklerde akut doku hasarina konvansiyonel radyoterapiye gére

Anahtar Sozciikler: Bobrek dokusu; hipo-fraksiyone radyoterapi; radyasyon hasari; radyoterapi.
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