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Background and purpose: Histopathological findings of patients who underwent resection for pancreatic
adenocarcinoma (PC) after preoperative chemoradiotherapy (CRT) reportedly showed beneficial effects.
The purpose of our study was to evaluate the correlation between histopathological effects (HE) of pre-
operative CRT and treatment parameters [radiation and gemcitabine (GEM) doses].
Material and methods: HE of CRT were assessed on 158 primary lesions of 157 patients with PC who
underwent pancreatic resection after preoperative CRT with GEM between January 2006 and December
2011. The radiation dose delivered to the primary tumor site and surrounding regional nodal areas was
50 Gy until September 2009 followed by the dose escalation of a 10 Gy boost added for delivery with the
field-in-field technique to the roots of the celiac and superior mesenteric arteries. Intravenous adminis-
tration of GEM (1000 mg/m?) was initiated concurrently on days 1, 8, and 15, every 4 weeks and generally
repeated for 3 cycles. HE of CRT on the primary tumor were categorized based on the number of tumor
cells destroyed.
Results: The median overall survival time was 74.5 months and 3-year and 5-year survival rates were
64.3% and 54.5%, respectively. Dose-volume parameters of radiation such as D33 with a cut-off value
of 51.6 Gy were correlated significantly with HE (p =.0230). Lesions having received GEM > 7625 mg/
m? before surgical resection more frequently showed positive HE (p = .0002). Multivariate logistic regres-
sion analysis demonstrated that both D33 and cumulative GEM dose were significant predictors of def-
inite HE (p =.0110 and <.0001, respectively).
Conclusions: Our retrospective analysis showed that dose intensity of radiation and GEM is significantly
related to HE of preoperative CRT for PC.

© 2015 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 114 (2015) 122-127
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Histopathological effects

Pancreatic adenocarcinoma (PC) is one of the most fatal cancers
and the fifth leading cause of cancer-related mortality in Japan
with a 5-year survival rate of approximately 5% [1]. Although some
patients with PC are candidates for surgical therapy, results of sur-
gical resection alone have been unsatisfactory. Senser et al., with
reference to the National Cancer Database population in the United
States, reported a 5-year survival rate as low as 23.4% for patients
with resectable PC [2]. The risk of locoregional and distant
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Diseases, 3-3 Nakamichi 1-Chome, Higashinari-ku, Osaka 537-8511, Japan.
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recurrence remains high without additional treatment, even after
completion of a margin-negative resection [3]. To improve the out-
comes, various multimodal approaches, including preoperative or -
postoperative chemoradiotherapy (CRT) for resectable or border-
line resectable lesion have been tried. Previous studies have
reported a decrease in viable cancer cells observed during micro-
scopic examination of resected specimens [4-16] and lower inci-
dences of positive margins or nodal involvement [17-19] after
preoperative CRT. Therefore, preoperative CRT seems to be effec-
tive for advanced cancers, allowing for more effective surgery by
reducing the number of residual cancer cells at the surgical margin
or in the pancreatic tumor bed thus diminishing the risk of perito-
neal tumor-cell seeding during the surgical procedure.
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Preoperative CRT for PC can induce histopathological changes,
and Chatterjee et al. reported that favorable histopathological
effects (HE) correlated with better survival of patients who under-
went surgical resection of PC [13]. They divided their patients into
two groups [those with pathologic complete response or minimal
(<5%) residual tumor and the others] and found significant differ-
ences between the two groups in overall survival (mean
79.2 months vs. 48.2 months, p =.0002) and disease-free survival
(mean 55.8 months vs. 36.8 months, p=.01). Breslin et al. also
demonstrated that patients with tumors showing evidence of
tumor destruction of more than 50% tended to have better survival
[4]. Therefore, making every effort to achieve definite HE of CRT
may lead to improved treatment outcomes for PC. Currently, new
technologies such as intensity-modulated radiation therapy, ste-
reotactic body radiation therapy and particle therapy have become
available, which have the great advantage of delivering a higher
dose to the target volume while reducing doses to neighboring
organs at risk. As for chemotherapy, gemcitabine (GEM) has
emerged as the key drug for PC, and its clinical benefits have been
reported [20-23]. However, the extent of radiation dose or GEM
dose which contributes to positive HE has not been determined
yet. The current study was conducted to evaluate the effects of pre-
operative CRT for PC, especially the relationship between the num-
ber of viable cells remaining at the tumor site and the radiation and
GEM doses. We believe our findings should prove useful for radio-
therapy planning for patients with PC.

Materials and methods

Patients

This study is a retrospective analysis of the results of a prospec-
tive phase Il clinical trial involving part of the patients with PC hos-
pitalized at our institution [15], and was approved by the ethics
committee. Written informed consent was obtained from each
patient. From January 2006 to December 2011, 222 patients with
PC, either resectable or borderline resectable according to the
MD Anderson classification [24], were treated with CRT and
sequentially underwent surgical resection. Among them, 59

patients were ineligible for radical surgical resection (One patient -

died of a rupture of a gastroduodenal artery aneurysm, another
patient elected to discontinue CRT in mid-course, 2 patients was
precluded major pancreatic surgery because of low performance
status, 6 patients did not choose surgical resection voluntarily,
and the others revealed that they had unresectable factors such
as vascular invasion or distant metastases at restaging or intraop-
erative diagnosis). Consequently, 163 patients underwent radical
surgical resection. We excluded six patients from analysis (one
patient had lack of pathological materials, another patient under-
went operation in another hospital, another patient did not
undergo GEM-based CRT, and the others revealed that they did
not have adenocarcinoma). Finally, 157 patients [97 males, and
60 females; median age, 66 years (range: 33-84) (Table 1)] were
the subjects of our analysis.

Protocol of preoperative CRT, surgical resection, and adjuvant therapy

Three-dimensional conformal radiotherapy, with the patient
positioned in a body frame (Blue BAG; Elekta AB, Inc., Stockholm,
Sweden) was used. Treatment planning involved the use of a mul-
tislice CT scanner with 2.5 mm slice thickness. Scanning was per-
formed for both the expiration and inspiration phases after oral
administration and intravenous injection of contrast media. The
clinical target volume consisted of the primary pancreatic tumor
site (with a 5-10 mm margin) which was delineated on each
respiratory phase, the retroperitoneal soft tissue and surrounding

Table 1
Patient characteristics and treatment outcomes.
Characteristics or outcomes (157 patients, 158 n, value . - %
lesions) )
Median age, y (range) 66 (33-84)
Median follow-up time, mo (range) 32 (4.4-87)
Performance status )
0 127 80.9
1 30 19.1
Sex )
Male 97 61.8
Female 60 38.2
Tumor location
Head 90 57.0
Body or tail 68 . 430
Resectability
Resectable 104 66.2
Borderline resectable 53 33.8
Clinical N stage
cNO 142 90.4
cN1 15 9.55
Pathological T stage
ypTO 6 3.80
ypT1 25 158
ypT2 9 5.70
ypT3 118 74.7
Pathological N stage
ypNO 119 75.8
ypN1 38 242
RO resection
Yes 157 99.4
No 1 0.633
Lymph-vascular invasion ' ’
yes 48 304
no 110 69.6
Venous invasion
Yes 21 133
No 137 86.7
Perineural invasion .
Yes 85 53.8
No 73 46.2
Site of first treatment failure
No recurrence 85 54.1
Local only 10 6.37
Local and distant 21 134
Distant only 41 ) 26.1
Median GTV, cm® (range) 8.10 (0.500-
42.4)
Median total GEM dose, mg/m? (range) 8000 (980~
21000)

Histopathological effects (amount of tumor cell

destruction)
Grade Ia (<33%) 56 354
Grade Ib (33-66%) 74 468
Grade II (>67%) 22 13.9
Grade HII (no viable tumor cells are present) 6 3.80
Median survival time, mo 74.5
5-Year overall survival rates, % 54.5
5-Year disease-free survival rates, % 40.4

regional nodal areas including the para-aortic region. A planning
target volume (PTV) with an omnidirectional 5 mm margin was
then created. A 10-MV linear accelerator was used for irradiation
with a prescribed radiation dose of 50 Gy (2 Gy/fr) for PTV. We
used the field-in-field technique for a 10 Gy (0.4 Gy/fr) radiation
boost to the roots of the celiac and superior mesenteric arteries,
which have been recognized as high risk areas of perineural inva-
sion since September 2009. With this technique, a tumor close to
the boost field received a dose of more than 50 Gy. The multiple
fields technique and an adjustable multi leaf collimator were used
to avoid delivering an overdose to the gastrointestinal tract and
kidneys. Care was taken not to set an unnecessarily large PTV
(not more than 300 cm®). Typical dose distribution is shown in
Fig. 1.
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Fig. 1. Typical dose distribution. (a) Main field; (b) field of boost to the roots of the celiac and superior mesenteric arteries.

Intravenous administration of GEM (1000 mg/m?) was initiated
concurrently on days 1, 8, and 15 every 4 weeks. This procedure
generally repeated for 3 cycles, so that the preoperative CRT was
usually completed in 3 months after initiation.

Patients were restaged after completion of CRT and, if there was
no disease progression, resection was performed. The surgical
resection was accompanied by lymphatic and connective tissue
clearance and postoperative liver perfusion chemotherapy [25].
For patients who were thought to have a high probability of recur-
rence, GEM or other chemotherapeutical drugs such as tegafur,
gimeracil, and oteracil potassium were administered as the adju-
vant therapy.

Histopathological examination of resected specimens

Histopathological examination was carried out by pathologists
of our institute using 4-pm thick sections stained with hematoxy-
lin and eosin. All tumors were evaluated pathologically according
to the UICC classification 7th edition [26] and Classification of Pan-
creatic Carcinoma 3rd English edition, by The Japan Pancreas Soci-
ety [27]. Evaluation of the histopathological response of the
primary tumor to the preoperative CRT was categorized as follows,
based on tumor cell status: Grade Ia, destruction of less than 33% of
tumor cells; Ib, destruction of 33-67% of tumor cells; II, destruction
of over 67% of tumor cells; and III, no viable tumor cells. This
method is established based on the classification proposed by
Shimosato et al. [28] and used commonly in Japan when HE of pre-
operative therapy are evaluated for such cancers as gastric cancer
[29], esophageal cancer, colon cancer, head and neck cancer and
breast cancer.

Statistical analysis

Gross Tumor Volume (GTV) was contoured by a radiation oncol-
ogist on every patient’s CT images which were scanned at the expi-
ration phase and the dose-volume histograms (DVH) were
obtained with an Eclipse radiotherapy planning system
(Ver.8.9.08, Varian Medical Systems, Inc., Palo Alto, CA, USA). For
DVH analysis, the dose was calculated by using the Anisotropic
Analytical Algorithm with heterogeneity correction. JMP software
(Ver10.0.2.0; SAS Institute, Inc., Cary, NC, USA) was used for all sta-
tistical analyses. We explored the optimal cut-offs for the predic-
tion of definite HE by using the decision tree method with the
algorithm engaged in the software. After the patients had been
divided into groups, we compared the occurrence rates for definite
HE (Grade Ib or higher) using the one-sided Fisher's exact test with

a subsequent multiple logistic regression analysis. Statistical sig-
nificance was defined as p <.05.

Results

Table 1 shows the characteristics of and treatment outcomes for
the patients enrolled in this current study. Each patient’s perfor-
mance status and administered GEM dose were not significantly
different from those of patients who were excluded from analysis.
Detailed data of excluded patients and p value from the Wilcoxon
rank-sum test were as follows: performance status 0/1/2; 50/14/1
patients (p =0.4745), cumulative GEM dose, median 7500 (0-
29000) mg/m? (p = 0.4002).

Overall survival (OS) and disease-free survival (DFS) outcomes
for the 157 cases resected after preoperative CRT show that median
0OS was 74.5 months, and 3-year and 5-year survival rates were
64.3% and 54.5%, respectively. Corresponding results for DFS were
33.7 months, 47.6% and 40.4%. Three patients had Grade 3 (accord-
ing to CTCAE ver. 4.0 [30]) complications (two had nausea and one
had peptic ulcer). No patient had any Grade 4 or 5 complications.

HE of CRT are shown in Table 1. Fifty-six lesions were classified
as Grade Ia, 74 as Grade Ib, 22 as Grade II, and 6 as Grade IIl, with
65% of the lesions graded as Ib or higher. Typical histopathological
presentations after CRT are shown in Fig. 2. Effects of preoperative
CRT were most obvious for high-grade lesions in terms of the
destruction of large numbers of cells and a great deal of fibrosis,
and organization of vascular lumens.

There was no difference in the frequency of definite HE between
patients who underwent irradiation boost and those who did not
(70.6% vs. 60.0%: odds ratio; 1.60 (0.818-3.13): p=.113). However,
the recurrence rate from the roots of the celiac and superior mes-
enteric arteries tended to be lower in patients with boost irradia-
tion (24.7% vs. 13.2%: odds ratio; 2.15 (0.919-5.04): p =.0540). In
addition, a focus on details of radiation and GEM dose data dis-
closed several predictors of definite HE. Table 2 shows the predic-
tive capability of HE of CRT on the basis of the dose-volume
parameters of radiotherapy and cumulative GEM dose before sur-
gical resection. Among the dose-volume parameters, D2 (dose cov-
ered 2% of GTV) >52.7 Gy and D33 > 51.6 Gy were identified as
significant predictors of definite HE (p =.0302 and .0230, respec-
tively). Other factors such as Dmean >51.5 Gy and D90 > 50.5 Gy
also featured predictive capability but of borderline significance
(p=.0394 and .0474, respectively; lower limit of confidence inter-
val <1). D33 proved to be the most significant predictive factor. As
for chemotherapy, among 75.0% of the patients who received more
than 7625 mg/m? of GEM before surgical resection, 75.0% of
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Fig. 2. Typical histopathological findings after preoperative CRT. (a) Grade Ia, little tumor cell destruction (<10%) is evident; (b) Grade Ib, 50% destruction of tumor cells; (c)
Grade 11, a few residual tumor cells; (d) Grade III, no viable tumor cells [fibrosis and organization of vascular lumen (splenic vein)].

Table 2
Correlation between histopathological effects and treatment parameters.
Parameters Grade la Grade Ib or higher (%) p value OR 95% Ci
D2 >52.7 Gy 16 46 (74.2) 0.0302 2.053 1.021-4.130
<52.7 Gy 40 56 (58.3)
D33 >51.6 Gy 14 43 (75.4) 0.0230 2.186 1.063-4.497
<51.6 Gy 42 59 (58.4)
Dmean >51.5 Gy 14 41 (74.5) 0.0394 2,016 0.979-4.154
: <51.5 Gy 42 61 (59.2)
D3O >50.6 Gy 10 32 (76.2) 0.0474 2,103 0.943-4.688
<50.6 Gy 46 70 (60.3)
GEM >7625 mg/m? 26 78 (75.0) 0.0002 3.750 1.868-7.525
. <7625 mg/m? 30 24 (44.4)
GEM > 7625 mg/m? D33 >51.6 Gy 4 34 (89.5) 0.0075 4,250 1.338-13.50
] <51.6Gy 22 44 (66.7)
GEM < 7625 mg/m? D33 >51.6 Gy 10 9 (47.4) 0.4860 1.200 0.390-3.686
<51.6 Gy 20 15 (42.9)
Total 56 102 (64.6)
Abbreviations: OR, Odds ratio; Cl, Confidence interval.
patients showed definite HE. The corresponding outcome for Discussion

7625 mg/m? or less of GEM was only 44.4% (p =.0002). The odds
ratios were compared for the groups divided according to radiation
dose and GEM dose to determine their interaction.

The predictive capability of the following factors was validated:
sex, age, performance status, tumor location, resectability status,
radiation dose (D33 > 51.6 Gy or not) and GEM dose (cumulative
GEM dose >7625 mg/m? or not). The results of multiple logistic
regression analysis then demonstrated that D33 (odds ratio;
2.767 (1.257-6.402): p=.0110) and cumulative GEM dose (odds
ratio; 5.638 (2.552-13.13): p <.0001) were significant predictors
of definite HE.

In recent years, several authors have reported favorable out-
comes of preoperative CRT for PC. Findings of histopathological
response analyses of resected specimens have also be detailed in
several reports. Supplementary Table 1 summarizes data about
HE from previous studies. The results of our treatment are compa-
rable with those reported elsewhere. As for the effect of the radia-
tion dose, Golden et al. reported a higher radiation dose improved
the likelihood of long-term survival of patients with unresectable
PC [31]. This report indicates that higher radiation dose prescribed
to tumor site results in more tumor cell destruction and greater
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survival benefits. The impact of the GEM dose has also been exam-
ined. Several studies have shown the superiority of full-dose over
lower-dose GEM regimens in terms of their systemic treatment
efficacy for CRT [32,33]. In addition, combing GEM with irradiation
is thought to have a synergetic effect [34,35], so that concurrent
use of GEM and radiotherapy is expected to have more favorable
HE on tumor sites. To the best of our knowledge, however, there
have been no reports which demonstrated exactly what dose and
volume of radiotherapy or dose of GEM contributes to positive HE.

For this study, we investigated the factors associated with def-
inite histopathological changes (to Grade Ib or higher) after preop-
erative CRT, and found that both dose and volume of radiotherapy
and cumulative dose of GEM had significant effects. GEM dose
(cut-off value: total GEM dose >7625 mg/m?) proved to be a rela-
tively more significant factor. Furthermore, when a higher radia-
tion dose (cut-off value: D33 > 51.6 Gy) was administered with a
higher GEM dose, the resultant of definite HE became potentially
the highest. In addition, a comparison of the odds ratios for the
groups classified by radiation dose and GEM dose indicated that
these two factors interacted positively. These findings provide
the basis for the establishment of quantitative evidence in finding
radiation and cumulative GEM doses needed to attain positive HE,
and can be expected to be valuable for future use of CRT for PC,
especially for treatment of locally advanced PC, which CRT is rela-
tively more important because primary tumors cannot be surgi-
cally resected.

Previous studies have identified various predictive factors of
recurrence or prognosis including the extent of tumor invasion of
muscular vessels, perineural invasion, nodal involvement, the
residual status of the tumor after surgery, tumor diameter and his-
tological grade [12,15,36-41]. Preoperative CRT reportedly
resulted in a relatively higher rate of negative margins after resec-
tion and lower lymph node positivity [19]. Several authors have
identified such conditions as representing factors which yield sur-
vival benefits [15,41,42]. These findings further imply that preop-
erative CRT contributes making insufficient surgical resection and
occurrence of lymph node metastases less likely, and thus leading
eventually to better survival rates for patients with resectable or
borderline resectable PC. A previous study conducted at our insti-
tute reported that positive nodal involvement was the single inde-
pendent predictor significantly associated with an increased risk of
distant recurrence [15]. The same study demonstrated that peri-
neural invasion was associated with local recurrence [15]. OS and
DFS after preoperative CRT at our institute were relatively higher
than those reported previously as shown in Supplementary Table 1.
These favorable outcomes may be partially attributed to the setting
up of radiation fields including high risk areas of nodal involve-
ment and perineural invasion, considering the boost irradiation
had a tendency to lower the recurrence rate in the irradiated fields.
However, the efficacy of our protocol and results of CRT need to be
validated. Six of our patients showed the complete response after
preoperative therapy, which implies that a radical cure is possible
for the patients with medically inoperable conditions. Since we
could not prove that the radiation dose significantly affected more
favorable HE (Grade II or higher), our data do not constitute proof
that the dose intensity of preoperative CRT of PC is directly related
to survival benefits. However, the present protocol followed at our
institute involves irradiation with a higher dose of 60 Gy only for
the roots of the celiac and superior mesenteric arteries and a
higher dose of more than 50 Gy only for the tumor site adjacent
to those areas and so we hypothesize that expansion of the tumor
site covered by a higher radiation dose for patients who received a
relatively higher GEM dose will result in a higher frequency of
more favorable HE and more extensive tumor destruction, thus
contributing to survival benefits as demonstrated by Chatterjee
et al. [13]. Indeed, the results of CRT have not always been gratify-

ing, but the radioresistance of pancreatic cancer cells have become
surmountable because various biomarkers related to it have been
detected [43-45]. An increase of radiation dose administered to
the tumor site is thus worth considering. In our experience, admin-
istration of high-dose radiotherapy is feasible if careful attention is
paid to organs at risk while limits on the dose intensity of GEM
sometimes need to be imposed because of myelosuppressive or
other adverse effects. In recent years, radiation techniques have
undergone remarkable developments, resulting in higher radiation
doses being prescribed with great accuracy. Several authors
reported their attempts to put intensity modulated radiation ther-
apy or particle therapy to the treatment of PC [46-48]. Terashima
et al. showed the feasibility and high efficacy of high-dose proton
therapy with GEM [48]. Efforts to improve treatment outcome of
PC with dose escalation of radiotherapy using high-accuracy treat-
ment modality is expected to be active in the immediate future.
Our quantitative data can thus also be useful for efforts to establish
curative doses of CRT for PC.

Our study has several limitations. First, we evaluated only dose-
volume parameters of tumors shown on the CT images obtained at
the expiration phase and did not take into account tumor move-
ment associated with respiratory motion. Second, we could not
demonstrate whether the area irradiated with a higher dose corre-
sponds to the area in which greater tumor destruction was
observed. However, we confirmed that in some patients whose
dose distribution within GTV is inhomogeneous, histopathological
findings are also inhomogeneous within the tumor site
(Supplementary Fig. 1). We are therefore considering conducting
an analysis of correlations between dose distribution and histopa-~
thological changes by three-dimensional reconstructing dose on
resected tissue. Third, continuous follow-up will be needed to
determine whether our CRT protocol contributes to survival bene-
fit, because our adoption of field-in-field technique in recent years
has resulted in a shorter follow-up period. Finally, this study was
based on a retrospective review and we have not performed valida-
tion cohort analysis. Therefore, our study was prone to selection or
other unforeseen biases, so that a prospective study to be con-
ducted in the future can be expected to provide more conclusive
results about the actual correlation between CRT doses and
associated HE.

In conclusion, our retrospective analysis showed that a higher
radiation dose, combined with a specific irradiation volume for
tumor sites and chemotherapy dose, contributes to definite histo-
pathological outcomes for preoperative CRT for PC. Our quantita-
tive data are expected to prove useful for detailed radiotherapy
planning, especially in this era of high-accuracy radiotherapy.
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