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ABSTRACT 
Background.  Surgeons have focused on obtaining micro-
scopically negative margins and developing perioperative 
treatment strategies for pancreatic head cancer. However, the 
clinical significance of resection margin and radiotherapy 
remains unclear, particularly in neoadjuvant chemotherapy 
(NAC) settings. Therefore, this study aimed to evaluate 
the prognostic impact of margin status and perioperative 
radiotherapy.
Methods.  Between 2014 and 2019, the study enrolled 307 
patients with pancreatic head cancer who underwent upfront 
pancreaticoduodenectomy (PD) and 97 patients who under-
went NAC followed by PD at three tertiary referral hospitals. 
The margin status was divided into a three-tier system as 
follows: R0-wide (tumor-free margin, ≥ 1 mm), R0-narrow 
(0 mm < margin < 1 mm), and R1 (margin = 0 mm).
Results.  In the upfront surgery setting, the groups were 
arranged in descending order of the 5-year overall survival 

(OS) rates as follows: R0-wide (39.1%), R0-narrow (25.6%), 
and R1 (12.5%). In the NAC setting, the groups also could 
be arranged in descending order of 5-year OS rates as fol-
lows: R0-wide (52.2%), R0-narrow (45.5%), and R1 (8.3%). 
However, the differences in OS between the R0-wide and 
R0-narrow groups did not reach statistical significance (P 
= 0.587), in contrast to the upfront surgery setting. In the 
multivariate analyses, concurrent chemo-radiotherapy after 
surgery was significantly associated with a decreased risk of 
locoregional recurrence in both treatment settings.
Conclusions.  Obtaining a wide margin could enhance prog-
nosis in upfront surgery settings, and obtaining only a nar-
row margin could be appropriate in NAC settings. In addi-
tion, adjuvant radiotherapy could be considered, particularly 
for patients with margin involvement.

The past few decades have witnessed major clinical devel-
opment in the management of pancreatic ductal adenocar-
cinoma (PDAC).1 Although improvements in survival have 
been attributed primarily to the development of chemo-
therapy regimens, surgical resection remains the only treat-
ment option with curative potential.2–5 Accordingly, many 
surgeons have been trying for a long time to select patients 
who could obtain a microscopically negative margin and 
to explore the prognostic power of resection margin status.
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Several studies have reported widely varying negative 
resection margin rates ranging from less than 20% to more 
than 80% for patients who underwent pancreaticoduodenec-
tomy (PD).6–13 This range is due to the lack of internation-
ally agreed upon methods of PD specimen-handling and 
definitions of resection margins.

The 1 mm rule, which means the wide resection margin 
with R0 of 1 mm or more from tumor cells to the margin, 
was first proposed by the Royal College of Pathologists in 
the early 2000s.14 Although the International Study Group 
of Pancreatic Surgery and the eighth edition of the American 
Joint Committee on Cancer Staging Manual both endorsed 
the 1-mm rule, guidelines in North America and Japan clas-
sically define microscopic residual tumor as the presence 
of tumor cells at the surface of the resection margin (0 mm 
rule).15,16 Which rule is more predictive of a patient’s out-
come has been hotly debated, and many studies about the 
impact of resection margin involvement on prognosis have 
showed inconsistent results.17–20

Another important factor to consider when evaluating 
the margin status in PDAC is the increasing use of neoad-
juvant chemotherapy (NAC). The indications for NAC are 
gradually expanding to increase the likelihood of negative 
resection margins by downstaging and treating early micro-
metastasis.21–24 However, most studies on the prognostic 
power of resection margin status have focused on patients 
who underwent upfront surgery. Whether surgical specimens 
from patients who have previously received systemic treat-
ment can be evaluated using the same criteria as those used 
for treatment-naïve surgical specimens remains unclear.

In NAC settings, Maeda et al.25 reported that the presence 
of tumor cells directly at the margin was an independent 
prognostic factor. However, Schmocker et al.26 reported that 
margin involvement did not affect prognosis. Additionally, in 
this era of the proven benefit of perioperative chemotherapy, 
the benefit of radiotherapy when added to chemotherapy 
remains less understood.27

Because the goal of radiotherapy is to avoid locoregional 
failure, radiotherapy should be assessed in conjunction with 
resection margin status. Therefore, we aimed to evaluate the 
impact of margin status on the prognosis for patients who 
underwent upfront PD and NAC followed by PD and the 
potential role of perioperative radiotherapy in preventing 
locoregional failure.

METHODS

Patient Cohort

This multi-center, retrospective cohort study was 
approved by the institutional review boards (H-2007-025-
1139, B-2201-732-105, and 30-2020-317). This study was 
conducted in accordance with the 1975 Declaration of 

Helsinki and its later versions. This work was registered 
at the Research Registry. This work has been reported in 
line with the Strengthening the Reporting of Cohort, Cross-
Sectional and Case–Control Studies in Surgery (STROCSS) 
criteria.28

Between 2014 and 2019, the study enrolled 451 patients 
who underwent PD for primary PDAC to allow for sufficient 
follow-up data at the time of analysis. An extensive medical 
record review was undertaken to gather clinically relevant 
treatment, disease, and outcome variables, and to confirm 
pathologic information. The study excluded patients who 
had a histology other than adenocarcinoma (n = 14), insuf-
ficient clinical information (n = 14), distant metastasis at 
the time of diagnosis (n = 10), other concomitant primary 
malignancies (n = 4), or pathologic complete response after 
NAC (n = 4), or underwent surgery with macroscopically 
positive margins (n = 1). The study also excluded patients 
who underwent pathologic complete response because the 
study focused on surgical margins rather than tumor biology.

Subsequently, 404 qualifying patients were stratified 
according to the treatment strategy (upfront surgery vs NAC) 
and resection margin status (Fig. S1). The decision whether 
to undergo surgery or chemotherapy first was made after a 
multidisciplinary discussion considering resectability first, 
but there may have been differences in determining treat-
ment strategy depending on the time.

Pathologic Assessment and Margin Classification

All resected PD specimens were prepared using a fully 
standardized approach based on 3- to 5-mm-thickness serial 
slicing in the axial plane perpendicular to the duodenal axis. 
Experienced gastrointestinal pathologists evaluated the spec-
imens in compliance with the standard methods involving 
multicolor inking described by the College of American 
Pathologists guidelines.16 Briefly, the pancreatic neck, bile 
duct, enteric margin means that proximal duodenal or gas-
tric and distal jejunal margin in pancreaticoduodenectomy, 
superior mesenteric artery (SMA) and vein (SMV) groove 
margins, and the circumferential anterior and posterior sur-
faces were evaluated.

Margin status was classified as R0 or R1 based on the 
0 mm rule, which indicates the direct invasion of tumor 
cells. However, the tumor-free margin, which is the distance 
from the individual surgical margins to the tumor cells, was 
reported in millimeters for each margin and circumferential 
surface. Therefore, we distinguished cases with a tumor-
free margin 1 mm or larger (R0-wide), cases with a tumor-
free margin smaller than 1 mm (R0-narrow) and cases with 
tumor cells directly at the margin (R1) to evaluate the details 
of margin status.29–31 The tumor stage was determined based 
on the eighth edition of the American Joint Committee on 
Cancer Control staging system.32
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Data Collection

We retrospectively reviewed the prospectively collected 
electronic medical records of 404 qualifying patients. Base-
line comparisons of patient demographics, treatment, and 
radiologic and pathologic data were performed among 
groups stratified by resection margin status. Patient demo-
graphics included age, sex, American Society of Anesthesi-
ologists (ASA) physical status classification, and carbohy-
drate antigen (CA) 19-9 at the time of diagnosis. Radiologic 
variables included resectability status at the time of diagno-
sis according to the 2023 National Comprehensive Cancer 
Network (NCCN) guideline.33 Postoperative complications 
were classified according to the Clavien-Dindo classification 
and collected for grade 2 or higher.34

Information about treatment, such as the use of periop-
erative chemotherapy or radiotherapy, also were collected. 
The NCCN principles for chemotherapy were followed, with 
specifics carried out in accordance with our protocols and 
previous studies.33,35,36 All patients who underwent surgery 
for pancreatic cancer are advised to receive adjuvant treat-
ment. The final decision on whether to proceed with adju-
vant treatment was reached after discussion with patients 
about adverse effects of adjuvant treatment and their per-
formance status.

In our centers, adjuvant chemotherapy usually is adminis-
tered for a period of 6 months, and the usual prescription of 
adjuvant radiotherapy is 50 Gy to the tumor bed and 45 Gy 
to the regional lymphatics in 25 fractions using a simultane-
ous integrated boost for the concurrent chemo-radiotherapy. 
Follow-up data were retrieved to evaluate the prognosis. 
Patients were generally followed up by computed tomogra-
phy of the abdomen and pelvis and CA 19-9 every 3 months 
until 1 year after surgery, every 6 months until 5 years after 
surgery, and every year after that.

Overall survival (OS) was measured from the date of 
PD until death or last hospital visit. Overall recurrence was 
defined as any form of recurrence that first occurred dur-
ing the follow-up period. Recurrence was defined as radio-
logic evidence of recurrent disease. Among the recurrences, 
locoregional recurrence (LRR) was defined as recurrence 
in the remnant pancreas, the surgical bed, or locoregional 
nodes after PD. Locoregional recurrence-free survival 
(LRRFS) was defined as the time from the date of PD to the 
first LRR or death or the last hospital visit.

Statistical Analysis

Categorical variables are expressed as numbers with per-
centages, and continuous variables are expressed as medians 
with interquartile ranges (IQRs). To compare the clinical 
characteristics, the chi-square test was used for categorical 
variables, and Fisher’s exact test was used as a replacement 

for the chi-square test when the expected frequency of one 
or more cells was less than five. For continuous variables, 
the Kruskal-Wallis test was used after confirmation of vari-
ables that did not meet normality after the Shapiro-Wilk test.

Multiple comparisons were adjusted according to Benja-
mini and Hochberg.37 Survival analysis was performed using 
Kaplan-Meier (KM) estimates and compared using the log-
rank test. Cox proportional hazards regression models for 
calculating hazard ratios (HRs) and 95% confidence inter-
vals (CIs), were used to explore the risk factors for LRR. 
Variables with a P value smaller than 0.10, as determined by 
univariate analysis, were selected for multivariate analysis.

Throughout the study, statistical significance was set at 
P values lower than 0.05, and marginal significance was set 
at P values lower than 0.10. All statistical analyses were 
performed using the R software, version 4.2.3 (R Foundation 
for Statistical Computing).

RESULTS

Clinical Characteristics

After 47 of the 451 patients had been excluded, the cohort 
consisted of 404 patients: 216 men (53.5%) and 188 women 
(46.5%). The baseline characteristics are summarized in 
Table 1. The median follow-up time was 26 months (IQR, 
12–51 months). The median age was 66 years (IQR, 58–72.0 
years).

Of the 404 patients, 307 (76%) underwent upfront PD, 
and 97 (24%) underwent NAC followed by PD. The patients 
who underwent upfront PD had a higher proportion of 
patients with resectable pancreatic cancer, high CA 19-9 
(>150 U/mL), metastatic lymph nodes, and R1 margin than 
those who underwent NAC followed by PD.

The baseline characteristics of 307 patients who under-
went upfront PD are summarized in Table 2. The median age 
was 67 years (60–74 years). Of the 307 patients, 164 were 
men (53.4%), and 143 were women (46.6%). An R0-wide 
margin was achieved in 139 (45.3%) patients, an R0-narrow 
margin in 106 (34.5%), patients and an R1 margin in the 
remaining 62 (20.2%) patients.

Most characteristics did not differ significantly among 
the three groups stratified by resection margin status. How-
ever, the proportion of patients with borderline resectable or 
locally advanced PDAC was marginally significantly higher 
in the R1 (21.0%) group than in the R0-wide (9.4%) and 
R0-narrow (10.4%) groups (P = 0.067). An R1 margin also 
was associated with a higher pathologic T stage (P = 0.003). 
The proportion of patients with metastatic lymph nodes was 
significantly lower in the R0-wide group (62.6%) than in the 
R0-narrow (81.1%) and R1 (79.0%) (P = 0.003) groups.

The baseline characteristics of the 97 patients who under-
went NAC followed by PD are summarized in Table 3. The 
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median age was 60 years (IQR, 56–67 years) years. Of the 
97 patients, 52 were men (53.6%), and 45 were women 
(46.4%). An R0-wide margin was achieved in 63 (64.9%) 
patients, an R0-narrow margin in 22 (22.7%) patients, and 
an R1 margin in the remaining 12 (12.4%) patients. Most 
characteristics did not differ significantly among the three 
groups stratified by resection margin status. However, the 
proportion of patients with borderline resectable or locally 
advanced PDAC was marginally significantly higher in the 
R1 (100.0%) group than in the R0-wide (69.8%) group (P = 
0.063). Based on the pathologic T stage, the proportion of 

patients with stage T3 disease or worse was higher in the R1 
(33.3%) group than in the R0-wide (9.5%) and R0-narrow 
(4.5%) groups (P = 0.044). Regarding pathologic N stage, 
the proportion of patients with metastatic lymph nodes was 
lower in the R0-wide (38.1%) group than in the R0-narrow 
(63.6%) and R1 (75.0%) groups (P = 0.017).

Impact of Resection Margin Status on OS

For the patients who underwent upfront PD, the KM 
curves for OS according to the resection margin status 
are shown in Fig. 1a. The patients with an R0-wide mar-
gin showed a significantly higher 5-year OS rate (39.1%; 
95% CI, 31.6–48.5%) than those with an R0-narrow mar-
gin (25.6%; 95% CI, 18.0–36.3%; P = 0.025). In addition, 
the 5-year OS rate was significantly higher for the patients 
with an R0-narrow margin than for those with an R1 margin 
(12.5%; 95% CI, 6.3–24.7%; P = 0.005).

The KM curves for OS according to the resection margin 
status of the patients who underwent NAC followed by PD 
are shown in Fig. 1b. Unlike the patients who underwent 
upfront PD, the patients with an R0-wide margin had a 
5-year OS rate (52.2%; 95% CI, 40.0–68.1%) that did not dif-
fer significantly from that for the patients with an R0-narrow 
margin (45.5%; 95% CI, 28.8–71.8%) (P = 0.587). How-
ever, similar to the upfront PD group, the patients with an 
R0-narrow margin showed a significantly higher 5-year OS 
rate (8.3%; 95% CI, 1.3–54.4%; P = 0.027) than those with 
an R1 margin.

In multivariate Cox regression analyses for OS, lymph 
node metastasis and R1 margin were associated with shorter 
OS for both the patients who underwent upfront PD and 
those who underwent NAC followed by PD (Table S1).

Impact of Resection Margin Status on Recurrence

The cumulative risk of overall recurrence according to 
resection margin status for the patients who underwent 
upfront PD is shown in Fig. 2a. The median time to over-
all recurrence was significantly longer for the patients who 
achieved an R0-wide margin (20.4 months) than for those 
with an R0-narrow margin (13.0 months; P = 0.004) and 
those with an R1 margin (10.1 months; P = 0.002). The 
median time until overall recurrence did not differ signifi-
cantly between the patients with an R0-narrow margin and 
those with an R1 margin (P = 0.389).

To evaluate the direct effect of resection margin status on 
recurrence, uni- and multivariate Cox regression analyses 
of LRR were performed (Table 4). The univariate analyses 
identified high CA 19-9 (>150 U/mL), lymph node metas-
tasis, resection margin status, and concurrent chemo-radio-
therapy after surgery as significant predictors of LRR. In the 
multivariate analyses, the risk factors for LRR were high CA 

TABLE 1   Baseline characteristics of all pancreatic cancer patients

PD pancreaticoduodenectomy; NAC neoadjuvant chemotherapy; IQR 
interquartile range; ASA American Society of Anesthesiologists; RPC 
resectable pancreatic cancer; BR/LAPC borderline resectable/locally 
advanced pancreatic cancer; CA 19-9 carbohydrate antigen 19-9
a Description based on the time of diagnosis

Variables Total
n (%)

Upfront PD
n (%)

NAC
n (%)

P Value

Number 404 307 97
Median age: years 

(IQR)
66.0 67.0 60.0 < 0.001

(58.0–72.0) (60.0–74.0) (56.0–67.0)
> 0.99

M:F 216:188 164:143 52:45
ASA classification 0.338
 I/II 351 (86.9) 270 (87.9) 81 (83.5)
 III/IV 53 (13.1) 37 (12.1) 16 (16.5)

Resectabilitya < 0.001
 RPC 294 (72.8) 270 (88.0) 24 (24.7)
 BR/LAPC 110 (27.2) 37 (12.0) 73 (75.3)

CA 19-9 (U/mL)a 0.020
 >150 185 (45.8) 151 (49.2) 34 (35.1)
 ≤150 219 (54.2) 156 (50.8) 63 (64.9)

T stage 0.874
 T1/T2 362 (89.6) 276 (89.9) 86 (88.7)
 T3/T4 42 (10.4) 31 (10.1) 11 (11.3)

N stage < 0.001
 N0 135 (33.4) 85 (27.7) 50 (51.5)
 N1/N2 269 (66.6) 222 (72.3) 47 (48.5)

R status 0.004
 R0-wide 202 (50.0) 139 (45.3) 63 (64.9)
 R0-narrow 128 (31.7) 106 (34.5) 22 (22.7)
 R1 74 (18.3) 62 (20.2) 12 (12.4)

Complication 0.822
 Yes 114 (28.2) 88 (28.7) 26 (26.8)
 No 290 (71.8) 219 (71.3) 71 (73.2)

Adjuvant treat-
ment

0.006

 Yes 336 (83.2) 246 (80.1) 90 (92.8)
 No 68 (16.8) 61 (19.9) 7 (7.2)
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19-9 (HR, 1.44; 95% CI, 1.03–2.02; P = 0.033), lymph node 
metastasis (HR, 1.96; 95% CI, 1.29–2.99; P = 0.002), and 
tumor-free margin smaller than 1 mm (HR, 1.37 [95% CI, 
0.94–2.00; P = 0.098] for R0-wide vs R0-narrow and HR, 
1.64 [95% CI, 1.02–2.65; P = 0.043] for R0-wide vs R1). 
Concurrent chemo-radiotherapy after surgery was associated 
with lower risk of LRR than that for the patients who did not 
undergo adjuvant treatment (HR, 0.45; 95% CI, 0.27–0.74; 
P = 0.002). However, only chemotherapy after surgery was 
not associated with the risk of LRR compared with that for 
the patients who did not undergo adjuvant treatment (HR, 
0.88; 95% CI, 0.56–1.37; P = 0.565).

The cumulative risk of overall recurrence according to 
resection margin status for the patients who underwent NAC 
followed by PD is shown in Fig. 2b. The median time to 
overall recurrence was significantly shorter for the patients 
who underwent R1 resection (7.1 months) than for those 

with an R0-wide margin (29.5 months; P < 0.001) and those 
with an R0-narrow margin (23.8 months; P = 0.007). The 
median time until overall recurrence did not differ signifi-
cantly between the patients with an R0-wide margin and 
those with an R0-narrow margin (P = 0.112).

Uni- and multivariate Cox regression analyses were 
performed for LRR (Table 5). The univariate analyses 
identified lymph node metastasis, resection margin sta-
tus, and perioperative radiotherapy as significant predic-
tors of LRR. In multivariate analyses, the independent risk 
factors for LRR were lymph node metastasis (HR, 2.09; 
95% CI, 1.00–4.35; P = 0.049) and R1 resection margin 
(HR, 3.57 [95% CI, 1.41–9.09; P = 0.007] for R0-wide vs 
R1). Unlike the risk factors for the patients who underwent 
upfront PD, an R0-narrow margin was not identified as a 
significant risk factor for LRR compared with an R0-wide 

TABLE 2   Baseline 
characteristics of 
pancreatic cancer patients 
who underwent upfront 
pancreaticoduodenectomy

IQR interquartile range; ASA American Society of Anesthesiologists; RPC resectable pancreatic cancer; 
BR/LAPC borderline resectable/locally advanced pancreatic cancer; CA 19-9 carbohydrate antigen 19-9; 
CTx chemotherapy; CCRT​ concurrent chemo-radiotherapy
a Description based on the time of diagnosis

Variables Total
n (%)

R0-wide
n (%)

R0-narrow
n (%)

R1
n (%)

P value

Number (%) 307 (100.0) 139 (45.3) 106 (34.5) 62 (20.2)
Mean age; years (IQR) 67.0 67.0 67.5 70.0 0.223

(60.0–74.0) (59.0–72.0) (61.0–74.0) (59.3–75.8)
Sex 0.283
 Male 164 (53.4) 79 (56.8) 50 (47.2) 35 (56.5)
 Female 143 (46.6) 60 (43.2) 56 (52.8) 27 (43.5)

ASA classification 0.598
 I/II 270 (88.0) 125 (89.9) 92 (86.8) 53 (85.5)
 III/IV 37 (12.0) 14 (10.1) 14 (13.2) 9 (14.5)

Resectabilitya 0.067
 RPC 270 (88.0) 126 (90.6) 95 (89.6) 49 (79.0)
 BR/LAPC 37 (12.0) 13 (9.4) 11 (10.4) 13 (21.0)

CA 19-9 (U/mL)a 0.359
 >150 151 (49.2) 62 (44.6) 56 (52.8) 33 (53.2)
 ≤150 156 (50.8) 77 (55.4) 50 (47.2) 29 (46.8)

T stage 0.003
 T1/T2 276 (89.9) 130 (93.5) 98 (92.5) 48 (77.4)
 T3/T4 31 (10.1) 9 (6.5) 8 (7.5) 14 (22.6)

N stage 0.003
 N0 85 (27.7) 52 (37.4) 20 (18.9) 13 (21.0)
 N1/N2 222 (72.3) 87 (62.6) 86 (81.1) 49 (79.0)

Complication 0.770
 Yes 88 (28.7) 37 (26.6) 32 (30.2) 19 (30.6)
 No 219 (71.3) 102 (73.4) 74 (69.8) 43 (69.4)

Adjuvant treatment 0.254
 No 61 (19.9) 26 (18.7) 19 (17.9) 16 (25.8)
 CTx. 147 (47.9) 66 (47.5) 58 (54.7) 23 (37.1)
 CCRT​ 99 (32.2) 47 (33.8) 29 (27.4) 23 (37.1)
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margin (HR, 1.29; 95% CI, 0.57–2.95; P = 0.543). Similar 
to the risk factors for the patients who underwent upfront 
PD, concurrent chemo-radiotherapy after surgery was 
associated with lower risk of LRR than that for the patients 
who did not undergo perioperative radiotherapy (HR, 0.27; 
95% CI, 0.08–0.93; P = 0.038).

Details about Individual Margin

The individual margin status is shown in Fig. S2. Overall, 
the distribution of margin involvement frequency (number 
of patients with individual margin involvement/number of 
all patients) between the patients who underwent upfront PD 
and those who underwent NAC followed by PD was similar. 

TABLE 3   Baseline 
characteristics of pancreatic 
cancer patients who 
underwent neoadjuvant 
chemotherapy followed by 
pancreaticoduodenectomy

IQR interquartile range; ASA American Society of Anesthesiologists; RPC resectable pancreatic cancer; 
BR/LAPC borderline resectable/locally advanced pancreatic cancer; CA 19-9 carbohydrate antigen 19-9; 
NAC neoadjuvant chemotherapy; CR complete response; PR partial response; SD stable disease; PD pro-
gressive disease; RTx radiotherapy; SABR stereotactic ablative radiotherapy; CCRT​ concurrent chemo-radi-
otherapy; CTx chemotherapy
a Description based on the time of diagnosis

Variables Total
n (%)

R0-wide
n (%)

R0-narrow
n (%)

R1
n (%)

P Value

Number (%) 97 (100.0) 63 (64.9) 22 (22.7) 12 (12.4)
Median age: years (IQR) 60.0 62.0 57.5 60.0 0.139

(56.0–67.0) (56.0–69.0) (55.0–64.0) (57.0–62.8)
Sex 0.787
 Male 52 (53.6) 32 (50.8) 13 (59.1) 7 (58.3)
 Female 45 (46.4) 31 (49.2) 9 (40.9) 5 (41.7)

ASA classification 0.607
 I/II 81 (83.5) 51 (81.0) 20 (90.9) 10 (83.3)
 III/IV 16 (16.5) 12 (19.0) 2 (9.1) 2 (16.7)

Resectabilitya 0.063
 RPC 24 (24.7) 19 (30.2) 5 (22.7) 0 (0.0)
 BR/LAPC 73 (75.3) 44 (69.8) 17 (77.3) 12 (100.0)

CA 19-9 (U/mL)a 0.195
 >150 34 (35.1) 21 (33.3) 6 (27.3) 7 (58.3)
 ≤150 63 (64.9) 42 (66.7) 16 (72.7) 5 (41.7)

Response to NAC 0.505
 CR/PR 33 (34.0) 24 (38.1) 5 (22.7) 4 (33.3)
 SD/PD 64 (66.0) 39 (61.9) 17 (77.3) 8 (66.7)

T stage 0.044
 T1/T2 86 (88.7) 57 (90.5) 21 (95.5) 8 (66.7)
 T3/T4 11 (11.3) 6 (9.5) 1 (4.5) 4 (33.3)

N stage 0.017
 N0 50 (51.5) 39 (61.9) 8 (36.4) 3 (25.0)
 N1/N2 47 (48.5) 24 (38.1) 14 (63.6) 9 (75.0)

Complication 0.190
 Yes 26 (26.8) 18 (28.6) 3 (13.6) 5 (41.7)
 No 71 (73.2) 45 (74.4) 19 (86.4) 7 (58.3)

Perioperative RTx. 0.724
 No 44 (45.4) 26 (41.3) 12 (54.6) 6 (50.0)
 Pre-SABR 16 (16.5) 12 (19.0) 3 (13.6) 1 (8.3)
 Pre-CCRT​ 18 (18.5) 11 (17.5) 3 (13.6) 4 (33.4)
 Post-CCRT​ 19 (19.6) 14 (22.2) 4 (18.2) 1 (8.3)

Adjuvant CTx. >0.99
 No 7 (7.2) 5 (7.9) 1 (4.5) 1 (8.3)
 Yes 90 (92.8) 58 (92.1) 21 (95.5) 11 (91.7)
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In both groups, the SMV margin was the most frequently 
involved, followed by the SMA margin and circumferential 
surfaces. However, the patients who underwent NAC fol-
lowed by PD generally showed lower margin involvement at 
most margins than those who underwent upfront PD.

To evaluate the prognostic power of individual margins, 
we broadly divided them into controllable margins that can 
be determined by surgeons (SMV, SMA, neck, and bile duct) 
and uncontrollable margins (anterior and posterior), which 
are regarded as free surfaces rather than dissection mar-
gins. According to a previous analysis about the prognostic 
power of margin status, the 1-mm rule was applied to the 
patients who underwent upfront PD, whereas the 0-mm rule 
was applied to those who underwent NAC followed by PD. 

Involvement of controllable margins was always a significant 
risk factor for shorter OS and LRRFS in both treatment set-
tings, whereas involvement of uncontrollable margins was a 
risk factor for OS in the upfront PD setting and for LRRFS 
in the NAC setting (Table S2).

DISCUSSION

The definition and prognostic power of the resection mar-
gin status for patients with PDAC who undergo PD remain 
controversial. In this situation, a novel treatment strategy 
(NAC) has made interpreting the clinical significance of 
the margin status more difficult. This study provided evi-
dence that the wide resection margin of 1 mm or larger was 

FIG. 1   Overall survival 
according to resection margin 
status (a) in upfront pancreati-
coduodenectomy settings, and 
(b) in neoadjuvant chemo-
therapy followed by pancreati-
coduodenectomy settings R0-wide
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associated with improved prognosis for the patients with 
PDAC who underwent upfront PD. In contrast, a narrow 
resection margin larger than 0 mm was associated with 
improved prognosis for the patients with PDAC who under-
went NAC followed by PD. These findings suggest that the 
clinical significance of margin status may vary depending 
on the treatment strategy.

Previous studies have shown inconsistent results regard-
ing the effect of margin involvement on the prognosis of 
patients with PDAC who underwent PD. The study design 
and the absence of important variables considered in this 
study, such as the details of perioperative treatment, may 
be related to these variations. For patients who underwent 
upfront PD, a recent meta-analysis by Leonhardt et al.30 
reported that a 1 mm clearance rule has prognostic relevance 

because PDAC exhibits a diffuse infiltrative growth pattern. 
However, Kishi et al.38 reported that a 0-mm clearance rule 
may also have prognostic value in multivariate analysis.

In addition, the prognostic significance of the resection 
margin status of patients who underwent NAC followed by 
PD still is the subject of a few investigations with mixed 
results. Maeda et al.25 (2020) reported that the presence of 
tumor cells directly at the margin was an independent pre-
dictor of OS in patients treated with NAC and PD. How-
ever, Schmocker et al.26 reported that margin involvement 
did not affect prognosis when NAC was received, there-
fore necessitating vigorous surgical attempts after exten-
sive NAC. Our study demonstrated that obtaining a wide 
resection margin (≥ 1 mm) is appropriate for patients who 
underwent upfront PD, and that obtaining only a narrow 

TABLE 4   Risk factors for 
locoregional recurrence in 
pancreatic cancer patients 
who underwent upfront 
pancreaticoduodenectomy

HR hazard ratio; CI confidence interval; ASA American Society of Anesthesiologists; RPC resectable pan-
creatic cancer; BR/LAPC borderline resectable/locally advanced pancreatic cancer; CA 19-9 carbohydrate 
antigen 19-9; CTx chemotherapy; CCRT​ concurrent chemo-radiotherapy
a Description based on the time of diagnosis

Variables Univariate analysis Multivariate analysis

HR (95% CI) P value HR (95% CI) P value

Age (years)
 ≤60 (n = 83) 1.00 (Reference)
 >60 (n = 224) 0.99 (0.68–1.43) 0.947

Sex
 Male (n = 164) 1.00 (Reference)
 Female (n = 143) 0.79 (0.56–1.10) 0.165

ASA classification
 I/II (n = 270) 1.00 (Reference)
 III/IV (n = 37) 1.09 (0.65–1.84) 0.735

Resectabilitya

 RPC (n = 270) 1.00 (Reference)
 BR/LAPC (n = 37) 1.27 (0.77–2.08) 0.352

CA 19-9 (U/mL)a

 ≤150 (n = 151) 1.00 (Reference) 1.00 (Reference)
 >150 (n = 156) 1.51 (1.08–2.11) 0.015 1.44 (1.03–2.02) 0.033

T stage
 T1/T2 (n = 276) 1.00 (Reference)
 T3/T4 (n = 31) 1.29 (0.74–2.24) 0.374

N stage
 N0 (n = 85) 1.00 (Reference)
 N1/N2 (n = 222) 2.13 (1.41–3.21) < 0.001 1.96 (1.29–2.99) 0.002

R status
 R0-wide (n = 139) 1.00 (Reference) 1.00 (Reference)
 R0-narrow (n = 106) 1.67 (1.16–2.41) 0.006 1.37 (0.94–2.00) 0.098
 R1 (n = 62) 1.66 (1.04–2.65) 0.035 1.64 (1.02–2.65) 0.043

Adjuvant treatment
 No (n = 61) 1.00 (Reference) 1.00 (Reference)
 CTx. (n = 147) 0.91 (0.59–1.41) 0.676 0.88 (0.56–1.37) 0.565
 CCRT (n = 99) 0.48 (0.29–0.79) 0.004 0.45 (0.27–0.74) 0.002
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resection margin (>0  mm) is appropriate for patients 
who underwent NAC followed by PD. These findings are 
consistent with those of previous reports on the prognos-
tic impact of the 1-mm rule for patients who underwent 
upfront PD and the tendency for reduced prognostic power 
of resection margin status after NAC. This implies that 
systemic control is crucial for PDAC and implies that the 

extent and role of local treatment need to be readjusted 
according to the level of systemic control.

The role of perioperative radiotherapy in PDAC is still 
another ongoing issue. Although the European Organiza-
tion for Research and Treatment of Cancer and the Euro-
pean Study Group for Pancreatic Cancer-1 trial failed to 
demonstrate the benefit of adjuvant radiotherapy, several 

TABLE 5   Risk 
factors for locoregional 
recurrence in patients who 
underwent neoadjuvant 
chemotherapy followed by 
pancreaticoduodenectomy

HR hazard ratio; CI confidence interval; ASA American Society of Anesthesiologists; RPC resectable pan-
creatic cancer; BR/LAPC borderline resectable/locally advanced pancreatic cancer; CA 19-9 carbohydrate 
antigen 19-9; NAC neoadjuvant chemotherapy; CR complete response; PR partial response; SD stable dis-
ease; PD progressive disease; RTx radiotherapy; SABR stereotactic ablative radiotherapy; CCRT​ concurrent 
chemo-radiotherapy; CTx chemotherapy
a Description based on the time of diagnosis

Variables Univariate analysis Multivariate analysis

HR (95% CI) P value HR (95% CI) P value

Age (years)
 ≤60 (n = 49) 1.00 (Reference)
 >60 (n = 48) 0.67 (0.34–1.31) 0.238

Sex
 Male (n = 52) 1.00 (Reference)
 Female (n = 45) 1.06 (0.55–2.04) 0.858

ASA classification
 I/II (n = 81) 1.00 (Reference)
 III/IV (n = 16) 1.20 (0.52–2.74) 0.668

Resectabilitya

 RPC (n = 24) 1.00 (Reference)
 BR/LAPC (n = 73) 1.58 (0.69–3.60) 0.281

CA 19-9 (U/mL)a

 ≤150 (n = 34) 1.00 (Reference)
 >150 (n = 63) 1.19 (0.61–2.33) 0.614

Response to NAC
 CR/PR (n = 33) 1.00 (Reference)
 SD/PD (n = 64) 1.39 (0.67–2.88) 0.380

T stage
 T1/T2 (n = 86) 1.00 (Reference)
 T3/T4 (n = 11) 0.88 (0.27–2.88) 0.837

N stage
 N0 (n = 50) 1.00 (Reference) 1.00 (Reference)
 N1/N2 (n = 47) 2.59 (1.30–5.14) 0.007 2.09 (1.00–4.35) 0.049

R status
 R0-wide (n = 63) 1.00 (Reference) 1.00 (Reference)
 R0-narrow (n = 22) 1.96 (0.89–4.28) 0.093 1.29 (0.57–2.95) 0.543
 R1 (n = 12) 6.56 (2.77–15.50) < 0.001 3.57 (1.41–9.09) 0.007

Perioperative RTx.
 No (n = 44) 1.00 (Reference) 1.00 (Reference)
 Pre-SABR (n = 16) 0.30 (0.09–1.02) 0.053 0.39 (0.11–1.34) 0.135
 Pre-CCRT (n = 18) 0.76 (0.33–1.79) 0.536 0.72 (0.31–1.69) 0.449
 Post-CCRT (n = 19) 0.22 (0.07–0.75) 0.015 0.27 (0.08–0.93) 0.038

Adjuvant CTx.
 No (n = 7) 1.00 (Reference)
 Yes (n = 90) 0.83 (0.20–3.48) 0.803
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retrospective studies have suggested the benefits of adju-
vant radiotherapy.39–43 Takahashi et al.,43 using the National 
Cancer Database, reported that adjuvant chemoradia-
tion improved survival outcomes for patients with margin 
involvement regardless of nodal status. However, data to 
support the addition of radiotherapy together with chemo-
therapy after surgery remain sparse, and the significance 
of radiotherapy for patients who underwent NAC remains 
unclear.

In this study, we found that lymph node metastasis and 
margin involvement were significantly associated with 
shorter LRRFS and that concurrent chemoradiotherapy after 
surgery was significantly associated with longer LRRFS in 
both upfront PD and NAC followed by PD. Therefore, we 
believe that adding radiotherapy to chemotherapy after sur-
gery is helpful for patients at high risk of LRR, such as those 
with positive margins or lymph node metastasis. Although 
we have discussed the possible benefits of adjuvant radio-
therapy for patients with positive margins, randomized con-
trolled trials are necessary to identify individuals who would 
benefit the most from perioperative radiotherapy.

Despite several efforts, the dilemmas faced by surgeons 
and pathologists in obtaining microscopically negative 
margins and defining positive margins persist. One of the 
issues is whether the anterior and posterior circumferential 
surfaces, which are regarded as free surfaces rather than 
dissection margins, should be taken into account when the 
margin status is assessed.44 Although the College of Ameri-
can Pathologists does not view the anterior circumferential 
surface as a true margin, the Royal College of Pathologists 
strongly advises reporting it due to an association of involve-
ment of an anterior surface with LRR.14,16 In other gastro-
intestinal cancers such as stomach and colon cancer, tumor 
extension into the surrounding peritoneum is recorded in the 
T category of tumor-node-metastasis (TMN) stage rather 
than margin status.

The current study demonstrated the frequent involvement 
of the anterior and posterior circumferential surfaces in both 
upfront PD and NAC followed by PD. We also found that 
margins determined by surgeons always showed a significant 
impact on OS and LRRFS in any treatment strategy, whereas 
the anterior and posterior circumferential surfaces were 
identified as predictive factors for OS and LRRFS in spe-
cific treatment settings. Therefore, pathologists should con-
stantly consider the significance of the anterior and posterior 
circumferential surfaces while reporting pathologic results, 
and surgeons should consider these points while assessing 
margins in the perioperative period. Because the results were 
similar in analysis only with controllable margins, surgeons 
should be careful when determining the extent of resection 
during surgery.

We acknowledge that this study had a few limita-
tions. First, the major limitation of this study was its 

retrospective nature, which would be associated with 
selection bias and confounding factors. Pathologic char-
acteristics other than stage and resection margin status 
may have been confounding factors, even if we covered a 
lot of clinical parameters.

Second, the fact that all the patients came from high-vol-
ume, specialized facilities could limit the broad application 
of these findings. In addition, the lack of international con-
sensus for PD specimen-handling techniques and resection 
margin evaluation methods makes it difficult to generalize 
the findings of this study.

Third, the association between NAC, margin involvement, 
and survival may be muddled by the fact that one third of the 
patients received neoadjuvant radiotherapy. Conversely, this 
implies that the association between perioperative radiother-
apy and locoregional failure may be muddled by combining 
with chemotherapy and resection margin status.

Fourth, because the use of NAC had just recently begun, 
despite the multicenter nature of this study, the number of 
patients who underwent NAC was rather limited. Therefore, 
subgroup analyses were inevitably limited, and their statisti-
cal power also was diminished, particularly for the patients 
who underwent NAC. Therefore, to assess the prognostic 
power of the resection margins in each subgroup according 
to the different perioperative treatment methods, including 
chemotherapy and radiotherapy, studies including more 
patients are required in the future.

CONCLUSION

In summary, our results showed that obtaining a wide 
resection margin (≥1 mm) could enhance the prognosis of 
patients who underwent upfront PD, and that obtaining only 
a narrow resection margin (>0 mm) could be appropriate 
for patients who underwent NAC followed by PD. These 
findings suggest that the interpretation of margin status dif-
fers depending on the treatment strategy. Additionally, the 
potential benefits of adjuvant radiotherapy should be con-
sidered, especially for patients with margin involvement or 
metastatic lymph nodes.
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