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Background: Adjuvant radiotherapy combined with 5-fluorouracil based chemotherapy has become the
new standard after curative resection in high risk gastric cancer. Beside many complications due to sur-
gery, the addition of chemotherapy and radiotherapy as adjuvant treatment may lead to both acute and
late toxicities. Pancreatic tissue irradiation during this adjuvant treatment because of incidental and
unavoidable inclusion of the organ within the radiation field may affect exocrine and endocrine functions
of the organ.
Materials and methods: Fifty-three patients with gastric adenocarcinoma were evaluated for adjuvant
chemoradiotherapy after surgery. While 37 out of 53 patients were treated postoperatively due to either
serosal or adjacent organ or lymph node involvement, 16 patients without these risk factors were fol-
lowed up regularly without any additional treatment and they served as the control group. Fasting blood
glucose (FBG), hemoglobin Alc (HBA1c), insulin and C-peptide levels were measured in the control and
study groups after the surgery and 6 months and 1 year later.
Results: At the baseline there was no difference in FBG, HbA1c, C-peptide and insulin levels between the
control and the study groups. At the end of the study there was a statistically significant decline in insulin
and C-peptide levels in the study group, (7.5 £ 6.0 vs 4.5 + 4.4 IU/L, p: 0.002 and 2.3 + 0.9 vs 1.56 £ 0.9 ng/
ml, p: 0.001) respectively.
Conclusions: Adjuvant radiotherapy in gastric cancer leads to a decrease in beta cell function and insulin
secretion capacity of the pancreas with possible diabetes risk. Radiation-induced pancreatic injury and
late effects of radiation on normal pancreatic tissue are unknown, but pancreas is more sensitive to radi-
ation than known. This organ should be studied extensively in order to determine the tolerance doses and
it should be contoured during abdominal radiotherapy planning as an organ at risk.

© 2013 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 107 (2013) 195-199

Radiation therapy is unavoidably associated with early and late
side effects and the normal tissue toxicity is the major obstacle to
effective radiation dose administration. Acute and especially late
side effects are the major concern in treated patients.

There is an increased use of radiotherapy with concomitant che-
motherapy after surgery in the management of gastric cancer [1].
The possibility of encountering late radiation-related side effects
increases with increase in survival of these patients.

The tolerance of the spinal cord, kidneys, liver, small bowel,
stomach to radiation has been well defined and incorporated into
radiation plan evaluations. In contrast, the potential early and late
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side effects of radiotherapy on normal pancreatic tissue are not
well defined. The exact dose of radiation that causes 5% of the pa-
tients to have radiation induced pancreatic complications within
5 years is unknown and no late toxicity related to pancreatic tissue
exposure to radiation has been mentioned in major textbooks of
radiotherapy. Pancreas is not cited among the organs at risk, either
in the Emami late tissue toxicity report or in quantitative analyses
of normal tissue effects in the clinic (QUANTEC) report [2,3]. The
pancreas lies inferior to the stomach and it is situated within the
field of radiation with inevitable exposure to irradiation during
adjuvant treatment of gastric cancer.

Pancreas has both exocrine and endocrine functions. Acinar
cells belong to the exocrine pancreas, and constitute more than
90% of the organ. They secrete digestive enzymes. Islets of Langer-
hans are responsible for the endocrine function of the organ [4].
Loss of exocrine function of the pancreas causes malabsorption
and loss of endocrine function of the pancreas leads to diabetes
mellitus (DM).
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Glucose and glycosylated hemoglobin (HbA1c) levels are neces-
sary for the diagnosis of diabetes. Plasma insulin and C-peptide
levels can give information about the function of beta cells.
C-peptide is used to monitor insulin production and its measure-
ment determines endogenous insulin production capability of the
beta cells.

In some animal studies, researchers have investigated morpho-
logic and functional response of the irradiated pancreatic tissue
[5,6]. Unfortunately these studies do not give us information about
delayed effects of irradiation on the organ. One important observa-
tion regarding pancreatic radiation toxicity is the higher incidence
of diabetes mellitus in survivors of childhood cancers who had
undergone abdominal radiotherapy [7-9].

Pancreas as an organ at risk for radiation related late toxicity is
not studied extensively and the underlying mechanism of the dam-
age is not known.

This study is primarily designed for the evaluation of late radi-
ation induced endocrine functional disturbance of the pancreatic
tissue after being exposed to irradiation during adjuvant treatment
of patients with operated gastric cancer.

Materials and methods

Patients with histologically proven nonmetastatic gastric ade-
nocarcinoma who had curative surgical resection were evaluated
for adjuvant treatment and were included in the study. Pathologi-
cal staging was done according to the staging criteria of the Amer-
ican Joint Commission on Cancer [10]. Patients presenting with
serosal (pT3), and or adjacent visceral organ (pT4) invasion, or with
involved regional lymph nodes were considered suitable for
adjuvant treatment. Thirty-seven patients were eligible for the
adjuvant treatment and comprised the study group, while 16
patients (pT1, pT2 and NO) who did not receive adjuvant chemora-
diotherapy comprised the control group. Patient characteristics
comprising T, N stages, extent of lymph node dissection, surgical
resection type were summarized in Table 1. No patients in the
study group had T4 disease due to the direct involvement of pan-
creas, and none of the patients in the study group had undergone
pancreatic tissue resection.

Adjuvant treatment plan was similar to the intergroup study
presented in 2001 by MacDonald et al. [1]. Patients received bolus
5-fluorouracil and leucovorin; one cycle before, two cycles con-
comitant to and one cycle after radiation treatment. Radiation

Table 1
Patient characteristics comprising T, N stages, extent of lymph node dissection, and
surgical resection type.

Study group
Radiotherapy (+)

Control group
Radiotherapy (—)

T stage
T1 - 4 (25%)
T2 10 (27%) 12 (75%)
T3 22 (59%) -
T4 5 (14%) -
N stage
NO 5(13.5%) 16 (100%)
N1 14 (38%) -
N2 13 (35%) -
N3 5(13.5%) -
Extent of lymph node dissection
DO 3 (8%) -
D1 26 (70%) 11 (68.7%)
D2 8 (22%) 5(31.3%)
Surgical procedure
Subtotal 20 (54%) 10 (62.5%)
Total 17 (46%) 6 (37.5%)

was delivered with either 6 or 15 MV photons by anterior and pos-
terior parallel opposed fields to total dose of 46 Gy in 23 fractions
with 2 Gy fractions per day, 5 days per week for 5 weeks. The radi-
ation field included the tumor bed and the regional lymphatics
according to the technique described by Smalley et al. [11]. Radia-
tion planning was 2-dimensional as in MacDonald’s study. All or
most part of the pancreatic tissue was included in the radiation
field due to 2-dimensional radiation planning and most of the pan-
creatic tissue has received the whole radiation dose calculated at
midplane.

All patients gave informed consent. Blood samples were taken
after operation and regularly at 3 or 6 month intervals and 1 year
after surgery for the patients receiving no adjuvant treatment,
and 1 year after the end of radiotherapy for patients receiving
adjuvant treatment. One year time period was considered enough
for late radiation toxicity evaluation.

Age, gender, height, weight and body mass index (BMI) were re-
corded. Fasting blood glucose, hemoglobin Alc, insulin and C-pep-
tide levels were measured initially, at the 6th month and at the end
of the study. All of the routine biochemical tests were carried out
on Roche Diagnostics Modular Systems autoanalyser. Levels of
insulin and C-peptide were measured by chemiluminometric
immunoassay.

In addition to measurement of insulin and C-peptide levels,
there are indirect methods for the assessment of insulin resistance
and pancreatic beta cell function named as HOMA indices [12].
HOMA indices are formulated as follows:

HOMA-IR = [insulin x glucose]/22.5, which
resistance.

HOMA-Beta = [20 x insulin]/[glucose — 3.5], which shows insu-
lin secretion capacity of the pancreas and beta cell function.

shows insulin

Both groups were similar according to, age, gender and BMI.

The study was approved by the local ethics committee.

Statistical analysis was performed with SPSS program. A p value
less than 0.05 was considered statistically significant. Results were
expressed as mean + SD. Comparison between the groups were
made with Student’s ¢-test.

Results

Demographic features of the study and control group are sum-
marized in Table 2. At baseline there was no difference in age, body
weight, BMI, FBG, insulin, C-peptide, HbA1lc levels between the
control and the study group (Tables 2 and 3). Since radiation plan-
ning was 2-dimensional, no dose-volume histogram data are avail-
able for organs at risk including the pancreas.

In regard to FBG and HbA1c there was no difference between
both groups at the 6th month and at the end of the study compared

Table 2

Comparison of the study group (radiotherapy +) and the control group (radiother-
apy —) according to age, gender, BMI, insulin, C-peptide and HbA1c at the beginning
of the study.

Study group
Radiotherapy (+)

Control group p
Radiotherapy (—)

N 37 16

Age (years) 52.92+123 59.62+11.3 NS."
Gender (F/M) 12/25 7/9 N.S.
BMI (kg/m?) 23.06 +3.84 24.76 £4.74 N.S.
Insulin (U/L) 7.51+6.0 8.25+5.8 N.S.
C-peptide (ng/dl) 230+1.0 265%1.2 N.S.
HbA1lc (%) 5.54+0.5 5.89+0.7 N.S.

" N.S.: non-significant.
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Table 3

Comparison of the study group (radiotherapy +) and control group (radiotherapy —)
according to endocrine functions of the pancreas at initial, 6 and 12 months of the
study.

Study group
Radiotherapy (+)

Control group D
Radiotherapy (—)

FBG (mg/dl)
Initial 92.54+12.2 95.12£22.3 NS
6 months 90.62+12.4 95.19+11.3 NS
12 months 88.46 +10.5 90.56 + 18.0 NS
D NS NS

HbA1c (%)
Initial 5.54+0.5 5.89+0.7 NS
6 months 5.49 +0.5 5.89+0.7 NS
12 months 5.67 £0.6 6.15+0.5 NS
p NS NS

Insulin (U/L)
Initial 7.51£6.0 8.25+5.8 NS
6 months 594+5.8 8.51+6.0 0.05
12 months 455+4.4 1047 £12.0 0.001
p 0.002 NS

C-peptide (ng/dl)
Initial 230+1.0 265+1.2 NS
6 months 1.78 £ 1.0 240+1.5 0.05
12 months 1.56£0.9 2.62+1.9 0.007
p 0.001 NS

HOMA-B
Initial 85.73+38.4 84.90 +32.1 NS
6 months 73.26 £28.5 82.49+415 0.005
12 months 7137 +243 81.49+61.3 0.002
p 0.02 NS

to the initial levels. Similarly, there was no difference in insulin, C-
peptide and HOMA-Beta levels at the baseline and at the end of the
study in the control group, but there was a statistically significant
decrease in insulin, C-peptide and HOMA-Beta levels in the study
group; these measurements were lower both at 6 months and at
one year (after 1year; 7.5+6.0 vs 45+44IU/L, p: 0.002;
23+09 vs 156+09ng/ml, p: 0.001 and 85.73+38.4 vs
71.37 £24.3, p: 0.02) respectively (Table 3). Decrease in insulin,
C-peptide and HOMA-Beta levels start as early as 6 months and
continue throughout the end of study without any recovery. How-
ever none of the patients in the study group were diagnosed with
diabetes mellitus at the end of one year.

There was no local recurrence in both groups during the study
period affecting the pancreas and pancreatic function.

Discussion

Pancreatic tissue is subjected to ionizing radiation primarily
during treatment of pancreatic cancer either in the postoperative
setting or as definitive therapy. Patients with pancreatic carcinoma
have low life expectancy and radiation effects on the organ are not
fully documented. Longer survival in operated gastric cancer pa-
tients can give us the opportunity to study the late side effects.

Data about radiation related pancreatic tissue toxicity in the lit-
erature are based mainly on animal studies or abdominal irradia-
tion for pediatric solid tumors or total body irradiation (TBI) for
bone marrow transplantation in hematologic malignancies [5-
9,13-18]. Acinar cells of the pancreas are much more sensitive to
radiation damage than islet cells and the pathophysiology of radi-
ation damage is mainly due to chronic vascular injury with even-
tual fibrosis and atrophy of the gland [5-7,19-21].

Ahmadu-Suka et al. [5] evaluated gross and histopathologic
changes in the pancreas and duodenum of dogs by autopsy after
intraoperative irradiation (IORT). The pancreatic tissue showed
atrophy after irradiation and exocrine pancreatic insufficiency

occurred in one dog after 25 Gy IORT. Histopathologic evidence
of radiation damage was observed on acinar cells. There was pan-
creatic fibrosis and damage to blood vessels and ducts which
showed a dose response relationship. However islet cell lesions
were not apparent. The authors stated that exocrine pancreatic
insufficiency and diabetes mellitus may be potential late complica-
tions of 25 Gy or higher doses of IORT.

In another animal study, designed to study short and long term
endocrine and exocrine insufficiency of the pancreatic tissue in-
duced by IORT, authors observed a significant decrease in insulin
secretion in dogs treated with 30-35 Gy IORT [21]. Contrary to
endocrine function, exocrine function was not affected very much.
25 Gy IORT is found safe in regard to endocrine and exocrine
insufficiency.

Pieroni et al. [6] studied the effect of irradiation on the pancre-
atic tissues of six dogs. They administered 40 Gy equivalent radia-
tion in 6 weeks which is the dose mostly used in the treatment of
upper abdominal malignancies. There was microscopic evidence of
diffuse interstitial fibrosis and marked reduction of acinar cells
after irradiation. The enzyme output was reduced (>90%) after
3 months. Despite reduction in exocrine function, no clinical evi-
dence of DM and no change either in FBG or the glucose tolerance
test were observed in the dogs. Authors stated that islet cells are
relatively radioresistant compared to acinar cells and suggested
that radiation of upper abdomen for any reason may cause pancre-
atic damage and exocrine insufficiency.

In patients, information on the radiation related pancreatic tox-
icity is sparse and often obscured by other gastrointestinal side
effects of the treatment. Clinical signs and radiologic findings of
chronic pancreatitis were reported years later after abdominal irra-
diation at doses ranging from 36-45 Gy [22-24]. The pancreatic
tissue of these patients is normally functioning and exposed to
radiation during abdominal irradiation for lymphoma and mimics
the situation we are trying to investigate.

Similar findings to animal studies have been observed in
humans undergoing IORT for pancreatic and periampullary carci-
nomas [25]. There was a significant decline in pancreatic exocrine
function without an important endocrine deficiency.

Nishimura et al. [26] reported histopathological findings of the
nonirradiated normal parts of pancreatic tissue after IORT for ad-
vanced pancreatic cancer. Although no extensive destruction of
the islet cells was detected in the irradiated field, interstitial fibro-
sis was seen in the atrophied glandular tissue. Fibrous thickening
of the intima resulted in luminal stenosis of blood vessels. IORT
enhanced the decline of the pancreatic exocrine function and de-
creased pancreatic juice output at the early postoperative period.

As a summary of these animal and human studies mentioned
above [5-7,19-26], there is relative sensitivity of the exocrine part
of the pancreas to irradiation in comparison to the endocrine part
of the organ. Vascular damage is the most common cause of radi-
ation toxicity [5-7,19-26]. The irradiated pancreatic tissue shrinks
in size and becomes extremely fibrotic. There is atrophy and loss of
acinar cells, however the islets of Langerhans are well preserved.
Although the islets of Langerhans are preserved histologically after
radiation, they lose their functional capacity. The exact dose of
radiation that causes 5% of the patients to have radiation induced
pancreatic complications within 5 years (TD 5/5) is not known,
but exocrine pancreatic insufficiency and relatively less commonly
endocrine insufficiency occurs after either administering above
25 Gy IORT, or 40 Gy equivalent doses of classical fractionated
radiation. Although exocrine insufficiency is observed early, sev-
eral weeks to months after radiation, endocrine insufficiency
occurs relatively lately, several months to years after irradiation
[5-7,19-26].

Some antineoplastic drugs like L-asparaginase and streptozocin
can also induce diabetes mellitus [27,28]. Busulphan has been
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shown to cause damage to pancreatic beta-cells in the rats [29].
Streptozotocin causes beta cell necrosis, inflammation of the islets
and a delayed onset hyperglycemia [30]. Pancreatic toxicity has not
been reported in the literature with 5-fluorouracil.

Recent studies suggest that cancer survivors whose treatment
included bone marrow transplantation have an increased preva-
lence of DM, particularly those who were treated with TBI
[9,14,17,31-34]. Development of DM after TBI is considered to be
multifactorial. Growth hormone deficiency resulting from cranial
tissue exposure to irradiation, hypogonadism resulting from testic-
ular and ovarian tissue exposure to irradiation and abdominal
obesity resulting in turn from growth hormone deficiency and
hypogonadism were accused to be associated with development
of hyperinsulinemia and insulin resistance [9,13,14,33,34]. But
development of DM after TBI, rather being multifactorial as sug-
gested in the literature, may be related to the direct effect of radi-
ation on the pancreas and beta cells.

Childhood cancer survivors whose treatment included abdomi-
nal irradiation for curable tumors like Wilms tumor have also
increased risk of DM [7-9]. The mechanism of DM with abdominal
irradiation in contrast to TBI is not so complex and it is directly re-
lated to radiation induced beta cell damage. Childhood cancer sur-
vivor study is a retrospectively ascertained North American cohort
of long-term survivors who were diagnosed between 1970 and
1986 as well as 2936 randomly selected siblings of the survivors
[9]. The main outcome of the study was self-reported DM. The sur-
vivors were 1.8 times more likely than the siblings to be diabetic.
They received TBI, cranial radiotherapy or abdominal irradiation
for either hematologic (leukemia, lymphoma), cranial (central ner-
vous system tumors) or abdominal malignancies (renal tumors,
neuroblastoma, soft tissue sarcoma). Survivors who received
abdominal radiotherapy for neuroblastoma, Wilms tumor or Hodg-
kin’s lymphoma were significantly more likely to be diabetic than
their siblings. Neuroblastoma survivors who were treated with
abdominal irradiation had a 9-fold increased likelihood of being
diabetic in comparison to their siblings, while those who were
not treated with abdominal irradiation did not have an increased
risk of diabetes. Similar risk of DM has been observed in survivors
who were exposed to abdominal irradiation for Wilms tumor and
Hodgkin’s lymphoma. Association of abdominal irradiation with
diabetogenic effect has not been elucidated clearly. But it is evident
that pancreatic exposure to radiation causes DM and the most
common cause for this diabetogenic effect is the beta cell damage.
In another retrospective review of 121 Wilms tumor survivors, 8
(6.6%) developed DM [7]. The prevalence of diabetes in this popu-
lation is higher than expected in young adults. DM was diagnosed
after 11-13 years of follow up, so long term follow up is necessary
before the onset of diabetes. Abdominal irradiation related DM is
not only observed for childhood cancer survivors but also for
abdominal radiation exposure during adulthood as well. In a study
originally initiated to investigate the long-term cancer risk of
abdominal irradiation in adults who were treated for peptic ulcer
disease, it has been observed that DM risk had increased [35]. In
this study individual radiation doses were estimated to specific or-
gans from radiotherapy records and phantom experimental mea-
surements. Doses calculated to the pancreas ranged from 1 to
38 Gy. Relative risk of death due to diabetes increased with in-
creased pancreatic dose, being highest for 17-38 Gy dose levels.

The association of DM following TBI in children and adults is
thought to occur with a complex underlying mechanism, but
development of DM with abdominal radiotherapy results clearly
from direct beta cell damage. This damage is time and dose depen-
dent with a very long latency period ranging from 6 to 20 years
[22]. Radiation doses above 40 Gy with classical fractionation or
above a 25 Gy single fraction as in IORT or 9-15 Gy single or
hyperfractionated doses as in TBI are clearly toxic to endocrine

pancreatic tissue. Our study confirmed that beta cell damage or
functional loss occurs as early as 6 months to 1 year after classical
fractionated 46 Gy of abdominal irradiation with no overt DM after
1 year of follow-up.

All these prospectively designed animal and retrospective and
prospective human data show that radiation is toxic for pancreatic
endocrine and exocrine functions. In the present study, late endo-
crine side effect of pancreatic irradiation on patients was investi-
gated with the measurement of FBG, HbAlc, insulin, C-peptide
and HOMA-Beta levels initially and 6 months to 1year after
abdominal irradiation. In regard to FBG and HbA1c there was no
difference at the end of the study compared to initial levels. Insulin,
C-peptide and HOMA-Beta levels however were lower in the study
group even after 6 months and at the end of 1 year. This decrease
was the result of radiation related beta cell or its function loss
and there is no recovery of the damage starting at 6 months and
continues throughout the study period. But despite this decrease
in endocrine pancreatic reserves none of the patients developed
overt DM, because the development of diabetes takes years and
necessitates the depletion of all pancreatic islet cell reserves. These
patients should be followed up for a longer period of time and eval-
uated routinely for the development of diabetes. Risk of death due
to complications of DM may increase in gastric cancer patients
who received adjuvant radiotherapy.

Conclusion

Abdominal radiotherapy leads to a decrease in beta cell function
which may lead to possible diabetogenic effect years later. Radia-
tion-induced pancreatic injury and late effects of radiation on nor-
mal pancreatic tissue are unknown and not investigated
extensively. Late radiation related pancreatic toxicity is a new con-
cept and should be considered in radiation treatment and radiation
toxicity reports.

Future prospective studies will be necessary and the pancreas
should be contoured during abdominal radiation treatment plan-
ning in order to construct dose volume histogram and determine
safe radiation doses to the organ.
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