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Abstract. The aim of the present study was to evaluate the 
biological and prognostic implications of the superior mesen-
teric artery (SMA) boundary on preoperative abdominal 
contrast‑enhanced computed tomography (CE‑CT) for 
resectable adenocarcinoma of the pancreatic head. A total of 
121 patients treated over a 6‑year period at Peking University 
Third Hospital (Beijing, China) were included in the present 
study. The pattern of the SMA boundary was investigated on 
preoperative CE‑CT and detailed pathological analysis of the 
extrapancreatic plexus [the pancreatic head plexus II (PLX‑II) 
located on the right edge of the SMA] was performed. The 
results revealed that the radiological SMA boundary was 
associated with the grade of parasympathetic neurogenesis 
(P=0.014) in PLX‑II, and was predictive of postoperative 
disease‑free survival (P=0.014) and liver metastasis (P=0.013). 
Therefore, it was proposed that extrapancreatic parasympa-
thetic neurogenesis may account for the different patterns of 
the SMA boundary on preoperative abdominal CE‑CT, and 

affect the prognosis, particularly for liver metastasis in resect-
able pancreatic head adenocarcinoma.

Introduction

Pancreatic ductal adenocarcinoma is a one of the most aggres-
sive types of cancer in the digestive system and is associated 
with a poor prognosis, with a 5‑year survival rate of <6% (1,2). 
Radical resection is currently the best treatment option for 
curative outcome and long‑term survival rates, however, 
only 15‑20% of patients are suitable candidates for curative 
resection as first‑line treatment at initial diagnosis (3). Some 
distant micrometastases are undetectable at first diagnosis, 
despite thorough preoperative imaging tests, and may only 
be confirmed by examination during planned curative resec-
tion or by rapid relapse shortly following surgery (1,3). For 
this reason, patients undergoing curative pancreaticoduo-
denectomy have a 25‑50% risk of recurring local or distant 
metastases, and those with metastatic disease have a median 
life expectancy of ~3‑6 months and a 5‑year relative survival 
rate of only 1% (1,3,4). Therefore, efforts to identify factors 
that predict early recurrence in patients with pancreatic ductal 
adenocarcinoma undergoing surgical resection are warranted.

The pancreatic head is the most common location for 
the development of pancreatic ductal adenocarcinoma, and 
resectable pancreatic head adenocarcinoma does not involve 
the main peripancreatic arteries (5). Previous studies have 
described tumor resectability in pancreatic ductal adenocar-
cinoma, however, the majority of definitions of resectable 
pancreatic head adenocarcinoma are based on the technical 
or anatomical resectability of the tumor during preopera-
tive abdominal contrast‑enhanced computed tomography 
(CE‑CT), with little focus on the potential biological behavior 
of the tumor (6). Consequently, patients with radiologically 
diagnosed resectable pancreatic cancer frequently have a poor 
prognosis, even following radical surgery (5,6).

The superior mesenteric artery (SMA) is an important 
anatomic structure for predicting prognosis in patients with 
pancreatic head adenocarcinoma (7). Tumor involvement of the 
SMA is defined as one of the criteria for diagnosing borderline 
resectable pancreatic cancer in various guidelines (6,8‑10). 
The SMA margin is one of the incised margins in pancreatic 
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head adenocarcinoma, and is described as the soft tissues 
directly adjacent to the proximal 3‑4 cm of the SMA, mainly 
containing the pancreatic head plexus II (PLX‑II) and other 
tissues including fibrous and adipose tissues, lymphatic vessels 
and capillaries, all of which communicate with the uncinate 
process (7,11,12). The SMA margin is the surgical margin with 
the highest frequency of residual tumor, which leads to early 
recurrence following tumor resection (11,13). On preopera-
tive CE‑CT, the SMA margin or the PLX‑II is approximately 
equal to the right side of the SMA boundary, although the 
patterns of the SMA boundary on preoperative CE‑CT may 
vary among patients (14,15). In clinical experience, patients 
with obscure SMA boundaries often present with early recur-
rence following radical resection. Therefore, the aim of the 
present retrospective study was to evaluate the biological and 
prognostic implications of the SMA boundary on preoperative 
CE‑CT, and investigate the characteristics of extrapancreatic 
neuropathy.

Patients and methods

Patient recruitment. The present study was approved by the 
Institutional Review Board of the Peking University Third 
Hospital (Beijing, China). Patients with pancreatic head cancer 
who underwent radical surgery at the Department of General 
Surgery of the Peking University Third Hospital between 
January 2010 and December 2015 were included. All patients 
were radiologically diagnosed with resectable pancreatic head 
cancer, without invasion of the main peripancreatic arteries, 
and were all treated with surgery. Postoperative pathological 
analysis of the tumor confirmed the diagnosis of pancreatic 
ductal adenocarcinoma. No distant metastases were identi-
fied prior to or during surgery, and all fatalities were due to 
tumor recurrence. The clinicopathological characteristics and 
postoperative outcomes of these patients were recorded. The 
observation period was between January 2010 and December 
2017.

Patterns of the SMA boundary. Abdominal CE‑CT was 
preoperatively performed with a 64‑detector row scanner 
(Siemens AG, Munich, Germany; Definition 2008 G H‑SP) 
in all patients. The technical parameters were standardized as 
follows: 120 kV, 36 mA and 3‑mm‑thick contiguous sections. 
The CE‑CT scans were retrospectively analyzed by three 
experienced gastroenterologists (DX, CY and YP), who all had 
at least 10 years of clinical experience with abdominal CE‑CT 
as part of their daily clinical and research practice. Results 
identified by more than one gastroenterologist were considered 
the final results for each patient. All images were reviewed 
on a Picture Archiving and Communications System worksta-
tion monitor (General Electric, Co., Ltd.). The reviewers were 
aware that the patients had undergone radical surgery for 
pancreatic cancer, although they were blinded to all surgical 
and pathological findings. All phases of the CE‑CT scans were 
evaluated as a whole.

‘Tumor invasion’ of the SMA referred to arterial‑tumor 
direct contact, which was confirmed in the arterial phase on 
preoperative CE‑CT; patients with true SMA invasion were 
excluded from the present study. The pathway of the SMA 
in the arterial phase of preoperative CE‑CT was examined, 

mainly focusing on the region located between the SMA 
and the uncinate process. The presence of soft tissues in this 
region was defined as ‘all or none’, and it was suggested that 
the normal soft tissue around the SMA may be distinguished 
from the tumor invasion in this manner. The characteristics 
of the tissues in this region differed among patients. If the 
tissues in this region exhibited fat density on imaging, then the 
SMA boundary was defined as clear. If confluent soft tissue 
replaced the adipose tissue in this region, the SMA boundary 
was defined as obscure (Fig. 1). All patients were classified 
into these two groups according to the patterns of the SMA 
boundary.

Tissue processing. All patients underwent standard pancre-
aticoduodenectomy according to tumor location and lymph 
node metastasis. The Kocher maneuver (16) was performed 
to expose the junction of the left renal vein and the inferior 
vena cava, as it helped to confirm the position of the SMA. 
The pancreatic neck was dissected in front of the superior 
mesenteric vein (SMV). Following gentle pushing of the 
SMV to the inner side using a vascular retractor, the tissues 
in the SMA margin were exposed, followed by right‑sided 
semi‑circumferential dissection of the PLX‑II, which is the 
plexus surrounding the SMA (Fig. 2). The SMV or portal 
vein (PV) was partially resected and reconstructed, either by 
end‑to‑end anastomosis or by insertion of a venous graft, if 
tumor infiltration was identified.

Immunohistochemical staining. The PLX‑II tissues in the 
SMA margin were pathologically examined individually. 
Five paraffin‑embedded 3‑µm sections of PLX‑II tissues 
were obtained from each patient, and immunohistochemical 
staining with a rabbit polyclonal antibody against the vesicular 
acetylcholine transporter (VAChT; 1:100; cat. no. ab‑68984; 
Abcam, Cambridge, MA, USA) was performed in each 
section to observe the parasympathetic nerves in the SMA 
margin. Briefly, all sections were deparaffinized with xylene 
and rehydrated, and antigen retrieval was achieved via heat 
treatment in an autoclave in 10 mmol/l sodium citrate buffer 
(pH 6.0) for 30 min. All sections were further treated with 
methanol and 3% hydrogen peroxide prior to washing with 
phosphate‑buffered saline (PBS). Bovine serum albumin (5%; 
cat. no. A8850‑5; Beijing Solarbio Science & Technology Co., 
Ltd., Beijing, China) was used for 1 h at room temperature 
to block background staining, following which the membrane 
was incubated overnight with the primary antibody at 4˚C. The 
detection of the antigen‑antibody complex was performed using 
the Super Sensitive™ Polymer‑HRP IHC Detection system 
(BioGenex Laboratories, Fremont, CA, USA), according to the 
manufacturer's protocol. PBS was used instead of a primary 
antibody for the negative control (17). One pathologist, who 
was blinded to the clinical outcome, independently scored the 
results of the staining.

Pathological analysis. The surgical margins were considered 
to be microscopically positive (R1) if carcinoma was present 
at the transection lines or in the dissected peripancreatic soft 
tissue margins within 1 mm. R0 resection was defined as no 
microscopic evidence of cancer cells along all margins (18). The 
final stage of pancreatic head adenocarcinoma was determined 
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pathologically according to the tumor‑node‑metastasis clas-
sification system of malignant tumors published by the Union 
for International Cancer Control (UICC), 8th edition (19).

Parasympathetic neurogenesis is a morphological phenom-
enon in the tumor microenvironment, involving the distribution 
of abnormal parasympathetic nerve fibers in the tumor stroma. 
Nerve fibers of various shapes and other constituents, including 
adipose and fibrous tissue, were evaluated. Parasympathetic 
neurogenesis was assessed by immunohistochemical staining 
of tissue sections. The number of parasympathetic nerve fibers 
was calculated in each section, and the mean number of five 
sections from each patient was compared among the different 
groups.

Follow‑up observations. All patients were followed up 
by physical examination and abdominal CE‑CT every 
3‑6 months. The follow‑up time was defined as the time from 
the date of the first surgery to the date of the final follow‑up, 
and was recorded in months. Follow‑up information was 
obtained from office charts, hospital records and telephone 
interviews. Overall survival (OS) was defined as the time from 
the date of the first surgery to the date of patient mortality 
due to recurrence. Disease‑free survival (DFS) was defined as 

the time from the date of the first surgery to the date of the 
first evidence of recurrence [loco‑regional recurrence (LR) or 
distant metastasis]. Early recurrence was defined as relapse 
within 12 months. The patterns of recurrence sites were subdi-
vided into LR and liver metastasis (LM); the former indicated 
a recurrence presumably due to occult residual tumor cells left 
behind at the time of resection, whereas the latter is the most 
common cause of mortality among patients with pancreatic 
ductal adenocarcinoma who undergo radical surgery.

Statistical analysis. All statistical analyses were conducted 
using SPSS software (version 23.0 for Windows; IBM Corp., 
Armonk, NY, USA). Correlation analyses among various 
groups and different biological factors were performed using 
the χ2 test and independent sample t‑tests. Survival analysis 
was performed by constructing Kaplan‑Meier curves for OS, 
DFS, LR and LM. The log‑rank test was used to compare 
survival differences among the groups. Multivariate Cox 
regression models (backward stepwise likelihood ratio) were 
used to analyze factors affecting survival rate, and reported 
with a hazard ratio of 1.0 as the baseline and 95% confidence 
intervals. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Clinicopathological characteristics. According to the inclu-
sion and exclusion criteria, 121 patients who underwent radical 
tumor resection were included in the present study. A total of 
67 men and 54 women were included, ranging in age between 
23 and 84 years, with a mean age of 62.0 years. All diagnoses 
were ultimately confirmed clinically and pathologically. 
Of the 121 patients, 68 (56.2%) had clear SMA boundaries 
on preoperative CE‑CT, whereas 53 (43.8%) had obscure 
boundaries. Increased cancer antigen 19‑9 (CA19‑9) levels were 
observed in 83.5% (101/121) of the patients, and increased total 
bilirubin (TBIL) levels were found in 72.7% (88/121) of the 
patients. In 46 (38.0%) patients, venous (SMV and PV) inva-
sion was identified during surgery, and 20 (16.5%) patients 
received venous resection and reconstruction. Lymph node 
invasion was observed in 65 patients (53.7%), among whom 
51 (42.1%) were classified as N1 stage and 14 (11.6%) were 
classified as N2 stage patients. Based on the most recent 
UICC classification system, 48 (39.7%) cases were defined as 
stage III carcinoma. R0 resections were achieved in 58 (47.9%) 
patients, and a positive SMA margin (R1) was observed in 36 
(29.8%) patients. Cancer emboli in the vessels were observed 
in 35 (28.9%) patients, and intrapancreatic neural invasion 
(IPNI) was identified in 90 (74.4%) patients. In addition, the 
carcinoma was poorly differentiated in 54.5% (66/121) of 
the cases. Within 12 months, 63.6% (77/121) of the patients 
had developed recurrence and 47.1% (57/121) succumbed to 
the disease. Of the patients with early recurrence, 57 (47.1%) 
had LM and 32 (26.4%) had LR. All other characteristics are 
summarized in Table I.

The clinicopathological parameters were examined in 
the two groups (Table I). There was no correlation between 
the pattern of the SMA boundary and age (P=0.934), gender 
(P=0.898), preoperative levels of CA19‑9 (P=0.173) or TBIL 
(P=0.067), venous resection (P=0.541) or adjuvant therapy 

Figure 1. Patterns of the SMA boundary in the arterial phase on preoperative 
abdominal contrast‑enhanced computed tomography. The short red arrows 
indicate the SMA, the long red arrows indicate tissues in the SMA margin, 
and the black circles indicate pancreatic head adenocarcinoma. (A) Obscure 
SMA boundary. (B) Clear SMA boundary. SMA, superior mesenteric artery.
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Table I. Clinical and pathological characteristics of 121 patients.

			   Clear SMA	 Obscure SMA
Characteristic	 Variable	 N (%)	 boundary (n=68)	 boundary (n=53)	 P‑value

Clinical characteristic
Age (years)					     0.934a

	 ≤65	 69 (57.0)	 39 (57.4)	 30 (56.6)
	 >65	 52 (43.0)	 29 (42.6)	 23 (43.4)
Gender					     0.898a

	 Male	 67 (55.4)	 38 (55.9)	 29 (54.7)
	 Female	 54 (44.6)	 30 (44.1)	 24 (45.3)
CA19‑9 (U/ml)					     0.173a

	 ≤39	 20 (16.5)	 14 (20.6)	 6 (11.3)
	 >39	 101 (83.5)	 54 (79.4)	 47 (88.7)
TBIL (µmol/L)					     0.067a

	 ≤17.1	 33 (27.3)	 23 (33.8)	 10 (18.9)
	 >17.1	 88 (72.7)	 45 (66.2)	 43 (81.1)
Venous invasion		  46 (38.0)	 19 (27.9)	 27 (50.9)	 0.010a

Venous resection		  20 (16.5)	 10 (14.7)	 10 (18.9)	 0.541a

Adjuvant therapy		  56 (46.3)	 32 (47.1)	 24 (45.3)	 0.846a

Early mortality		  57 (47.1)	 24 (35.3)	 33 (62.3)	 0.003a

Early recurrence		  77 (63.6)	 34 (50.0)	 43 (81.1)	 <0.001a

Early LM		  57 (47.1)	 23 (33.8)	 34 (64.2)	 0.001a

Early LR		  32 (26.4)	 14 (20.6)	 18 (34.0)	 0.098a

Median OS time (months)			   24.9±3.6	 13.9±1.7	 0.005b

Median DFS time (months)			   22.1±3.6	 9.0±1.1	 0.003b

Median time without LR (months)			   40.1±5.6	 23.6±3.6	 0.182b

Median time without LM (months)			   36.5±4.6	 11.2±1.5	 0.001b

Pathological characteristics
Surgical margin					     0.212a

	 R0	 58 (47.9)	 36 (52.9)	 22 (41.5)
	 R1	 63 (52.1)	 32 (47.1)	 31 (58.5)
SMA margin					     <0.001a

	 R0	 85 (70.2)	 57 (83.8)	 28 (52.8)
	 R1	 36 (29.8)	 11 (16.2)	 25 (47.2)
Intrapancreatic neural invasion		  90 (74.4)	 48 (70.6)	 42 (79.2)	 0.279a

Cancer embolus in vessel		  35 (28.9)	 25 (36.8)	 10 (18.9)	 0.031a

Poor differentiation		  66 (54.5)	 37 (54.4)	 29 (54.7)	 0.973a

T stage					     <0.001a

	 T1	 4 (3.3)	 4 (5.9)	 0 (0)
	 T2	 65 (53.7)	 48 (70.6)	 17 (32.1)
	 T3	 12 (9.9)	 8 (11.8)	 4 (7.5)
	 T4	 40 (33.1)	 8 (11.8)	 32 (60.4)
N stage					     0.556a

	 N0	 56 (46.3)	 32 (47.1)	 24 (45.3)
	 N1	 51 (42.1)	 30 (44.1)	 21 (39.6)
	 N2	 14 (11.6)	 6 (8.8)	 8 (15.1)
UICC stage					     <0.001a

	 I	 30 (24.8)	 24 (35.3)	 6 (11.3)
	 II	 43 (35.5)	 31 (45.6)	 12 (22.6)
	 III	 48 (39.7)	 13 (19.1)	 35(66.0)
Size of largest tumor (cm)		  3.1±1.9	 3.4±2.5	 3.3±1.4	 0.831c

ac2 test. bKaplan‑Meier curves. cIndependent sample t‑test. SMA, superior mesenteric artery; CA19‑9, cancer antigen 19‑9; TBIL, total bilirubin; OS, 
overall survival; DFS, disease‑free survival; LR, loco‑regional recurrence; LM, liver metastasis; UICC, Union for International Cancer Control.
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(P=0.846). In addition, there was no association between 
the pathological characteristics, including IPNI (P=0.279), 
surgical margin (P=0.212), tumor differentiation (P=0.973) 
and N stage (P=0.556), and the SMA boundary. Venous inva-
sion occurred predominantly in patients with obscure SMA 
boundaries (P=0.010), who were also more likely to have posi-
tive SMA margins (P<0.001) and poorer pathological UICC 
stages (P<0.001).

Survival analysis. The median follow‑up time was 13 months; 
121 cases of tumor recurrence were observed in 98 (81.0%) 
patients at the final follow‑up. The details of recurrence sites 
are summarized in Table II. For all patients, the mean OS was 
14.4 months, the mean DFS was 11.1 months and the 1‑year 
survival rate was 52.9% (Fig.  3). The univariate survival 
analysis of prognostic factors is summarized in Table  III. 
The pattern of the SMA boundary on preoperative CE‑CT 
(P=0.005), venous invasion (P<0.001) or resection (P=0.011), 
surgical margins (P=0.005), pathological N stage (P=0.015) 
and UICC stage (P=0.004) were all found to be significantly 
associated with OS. The prognostic factors for DFS included 
the SMA boundary (P=0.003), venous invasion or resec-
tion (P=0.001 and P=0.027 respectively), surgical margins 
(P=0.014) and UICC stage (P=0.019). Pathological T stage 
(P=0.021) and UICC stage (P=0.046) were associated with 
LR. The SMA boundary (P=0.001), venous invasion (P=0.004) 
and surgical margins (P=0.001) were risk factors for LM.

The results of the multivariate survival analysis are 
presented in Table IV. The SMA boundary was independently 
associated with DFS (P=0.014) and LM (P=0.013). Patients 
with an obscure SMA boundary had a higher rate of recur-
rence and LM following radical resection, compared with 
those with a clear SMA boundary (Fig. 4A and B). Early 
recurrence occurred in 50% (34/68) of patients with clear 

SMA boundaries and in 81.1% (43/53) of patients with obscure 
SMA boundaries (P<0.001). LM occurred within 12 months in 

Figure 2. Process of obtaining the integrated tissues in the SMA margin during pancreaticoduodenectomy. (A) Exposed PLX‑II region adjacent to the 
right‑hand edge of the SMA. (B) Dissected PLX‑II from the artery. (C) PLX‑II was excised from the SMA. (D) Vascular surface of the SMA margin. SMA, 
superior mesenteric artery; SMV, superior mesenteric vein; PLX‑II, pancreatic head plexus II.

Figure 3. Kaplan‑Meier curve of the overall survival in all patients. The 
1‑year survival rate was 52.9%.

Table II. Sites of recurrence following radical surgery.

Sites of recurrence	 No. of patients

Loco‑regional recurrence	 43
Liver metastasis	 68
Others
  Lung	 2
  Bone	 1
  Spleen	 1
Peritoneum	 6
Total	 21
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33.8% (23/68) of patients with clear SMA boundaries, whereas 
the rate of LM was 64.2% (34/53) in patients with obscure 
SMA boundaries (P=0.001).

Pathological analysis of the SMA boundary. The pathological 
analysis of PLX‑II revealed that extrapancreatic neural inva-
sion (EPNI) occurred in 16.2% (11/68) of patients with 
clear SMA boundaries and in 13.2% (7/53) of patients with 
obscure SMA boundaries (Table V). Therefore, EPNI was not 
significantly associated with the pattern of the SMA boundary 
(P=0.649). VAChT‑positive parasympathetic nerve fibers were 
observed in the SMA margins of all patients with pancreatic 
ductal adenocarcinoma, and the median number of parasym-
pathetic nerve fibers was 24 (range, 7‑55) per section. The 
number of parasympathetic nerve fibers in the SMA margin 
differed significantly between the two groups (P=0.014). 
Microscopic evaluation revealed that the parasympathetic 
nerve fibers were densely distributed in patients with obscure 
SMA boundaries, with a mean number of fibers was 30.2±11.5 
per section. By contrast, the mean number of such fibers in 
patients with clear SMA boundaries was 16.1±12.8 per section, 
and these parasympathetic nerve fibers were sparsely distrib-
uted (Fig. 5A and B).

Discussion

Pancreatic head adenocarcinoma is characterized by early 
recurrence following radical resection and the guidelines that 
define borderline resectable pancreatic cancer are used to 
identify those patients who would not benefit from first‑line 
surgery (5). However, even patients with resectable pancreatic 

Figure 4. Association of DFS and LM with SMA boundary. Kaplan‑Meier 
curves of (A) DFS and (B) LM among different SMA boundary groups. SMA, 
superior mesenteric artery; DFS, disease‑free survival; LM, liver metastasis.

Table III. Univariate survival analysis of prognostic factors.

	 P‑value
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristic	 OS	 DFS	 LR	 LM

Gender	 0.389	 0.746	 0.450	 0.940
Age	 0.600	 0.496	 0.828	 0.568
Venous invasion	 0.000	 0.001	 0.135	 0.004
Venous resection	 0.011	 0.027	 0.301	 0.309
SMA boundary	 0.005	 0.003	 0.182	 0.001
CA19‑9	 0.615	 0.528	 0.570	 0.739
TBIL	 0.501	 0.619	 0.308	 0.937
Adjuvant therapy	 0.843	 0.437	 0.807	 0.257
Surgical margin	 0.005	 0.014	 0.529	 0.001
SMA margin	 0.184	 0.211	 0.611	 0.067
Poor differentiation	 0.290	 0.565	 0.526	 0.274
Cancer embolus in vessel	 0.577	 0.342	 0.627	 0.977
Intrapancreatic neural invasion	 0.325	 0.642	 0.757	 0.863
T stage	 0.139	 0.158	 0.021	 0.520
N stage	 0.015	 0.262	 0.936	 0.068
UICC stage	 0.004	 0.019	 0.046	 0.146

SMA, superior mesenteric artery; CA19‑9, cancer antigen 19‑9; TBIL, total bilirubin; T, tumor; N, node; UICC, Union for International Cancer 
Control; OS, overall survival; DFS, disease‑free survival; LR, loco‑regional recurrence; LM, liver metastasis.
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head adenocarcinoma may succumb to early local recurrence 
or LM following first‑line surgery (4). Previous research has 
revealed that, among patients with early (within 6 months) 
recurrence following surgery, the median survival time is poor 
(8‑9 months) and the 5‑year survival rate is 0% (20); however, 
the mechanism underlying early recurrence and metastasis 
remains to be fully elucidated.

All patients included in the present study had resectable 
tumors that did not appear to invade the main arteries on 
preoperative abdominal CE‑CT and, thus, received standard 
pancreaticoduodenectomy. The pattern of the SMA boundary 
on CE‑CT revealed the potential in indicating the prognosis 
of patients with resectable pancreatic head adenocarcinoma; 
patients with obscure SMA boundaries presented with poorer 
prognosis than patients with clear SMA boundaries. The 
SMA boundary was an independent prognostic factor of DFS 
(P=0.014) and LM (P=0.013) following radical surgery. Early 
recurrence within 12 months (all recurrence sites) occurred in 

50.0% of patients with clear SMA boundaries, with a median 
DFS of 22.1±3.6 months; by contrast, early recurrence occurred 
in 81.1% of patients with obscure SMA boundaries and the 
median DFS was only 9.0±1.1 months. Early LM occurred in 
33.8% of patients with clear SMA boundaries and 64.2% of 
patients with obscure SMA boundaries, with a median LM‑free 
duration of 36.5±4.6 and 11.2±1.5 months, respectively. This 
suggests that the pattern of the SMA boundary reflected the 
biological behavior of the pancreatic head adenocarcinoma, 
with an obscure SMA boundary on CE‑CT appearing to be 
associated with a higher degree of malignancy.

The obscure SMA boundary in CE‑CT may be a radiological 
manifestation of EPNI (13‑15). However, the results of the present 
study revealed that the obscure SMA boundary had no statisti-
cally significant association with neural invasion of the PLX‑II 
located at the right‑hand side of the SMA (P=0.649). Notably, 
previous studies have revealed tumor‑nerve interactions in 
pancreatic cancer (21,22). The influence of tumor cells on nerves 

Table IV. Multivariate survival analysis of prognostic factors.

Characteristic	 Variable	 n	 HR	 95% CI	 P‑value

Overall survival
N stage	 N0	 56	 1
	 N1	 51	 1.283	 0.805‑2.046	 0.295
	 N2	 14	 2.507	 1.280‑4.910	 0.007
Venous invasion	 No	 75	 1
	 Yes	 46	 2.106	 1.331‑3.333	 0.001
Disease‑free survival
SMA boundary	 Clear	 68	 1
	 Obscure	 53	 1.664	 1.109‑2.496	 0.014
Surgical margin	 R0	 58	 1
	 R1	 63	 1.539	 1.024‑2.313	 0.038
Venous resection	 No	 101	 1
	 Yes	 20	 1.828	 1.067‑3.131	 0.028
Liver metastasis
SMA boundary	 Clear	 68	 1		
	 Obscure	 53	 1.878	 1.142‑3.087	 0.013
Surgical margin	 No	 58	 1
	 Yes	 63	 1.847	 1.108‑3.078	 0.019

No characteristics were associated with loco‑regional recurrence in multivariate analysis. SMA, superior mesenteric artery; HR, hazard ratio; 
CI, confidence intervals.

Table V. Pathological characteristics of extrapancreatic plexus among patients with different SMA boundaries.

		  Clear SMA	 Obscure SMA
Characteristic	 Mean ± SD/N (%)	 boundary (n=68)	 boundary (n=53)	 P‑value

Parasympathetic nerves	 23.2±14.1	 16.1±12.8	 30.2±11.5	 0.014a

(number of fibers/section)
Extrapancreatic neural invasion	 18 (14.9)	 11 (16.2)	 7 (13.2)	 0.649b

a Independent sample t‑test. bχ2 test. SMA, superior mesenteric artery.



LU et al:  PATHOLOGICAL ANALYSIS OF THE SMA BOUNDARY IN PANCREATIC HEAD ADENOCARCINOMA5718

may lead to neuropathies, including sympathetic or parasympa-
thetic neurogenesis (23,24), neuritis (25), nerve hypertrophy (26) 
or neural invasion (27). Similarly, neuropathy may also serve a 
key role in pancreatic neoplastic transformation, including tumor 
budding, which may occur prior to tumor invasion  (28‑30). 
Therefore, parasympathetic neurogenesis is a neuropathy that 
occurs in the tumor microenvironment (23). Immunohistological 
staining demonstrated that the pattern of the SMA boundary was 
associated with the grade of parasympathetic neurogenesis in 
the SMA margin (P=0.014); patients with obscure SMA bound-
aries exhibited more parasympathetic nerve fibers (30.2±11.5 
fibers/per section) in the SMA margin compared with those with 
clear SMA boundaries (16.1±12.8 fibers/per section).

However, how the autonomic nervous system, including 
parasympathetic nerves, affects the prognosis of pancreatic 
head adenocarcinoma remains to be elucidated. Several studies 
have demonstrated that the peripheral nervous system may be 
considered as a neuronal circuit, which connects all organs to 
the central nervous system, and the internal organs may interact 
with the tumor microenvironment via the autonomic nerves (22). 
For example, sympathetic and parasympathetic nerves are 
reportedly necessary throughout all phases of prostate cancer 
progression in mice (31). The autonomic nerves are also essential 
components of the tumor microenvironment; they can regulate 
tissue homeostasis and promote cancer growth or metastasis by 
interacting with the majority of internal organs (32). Therefore, 
the sympathetic nervous system serves an important role in 
pancreatic cancer, and intratumoral parasympathetic neurogen-
esis may also be associated with tumor budding (23,33).

Sympathetic and parasympathetic nerves may regulate tumor 
growth via direct innervation and the release of neurotransmit-
ters (33). Nerves infiltrate the tumor microenvironment and 

release neurotransmitters directly into the cancer cell environ-
ment to stimulate their survival, proliferation and ability to 
spread; in turn, tumor cells stimulate nerve outgrowth (21,22,34). 
This may explain why obscure SMA boundaries were associated 
with a positive SMA margin (P<0.001); it was suggested that 
parasympathetic neurogenesis may allow tumor cells to infiltrate 
connective tissue, thereby resulting in a positive SMA margin. 
Although the actions of the sympathetic and parasympathetic 
nervous systems are classically in opposition, they are in fact 
complementary in cancer, where sympathetic nerves stimulate 
early tumorigenesis and parasympathetic nerves activate the late 
metastatic process (22,35). Prostate tumors with parasympathetic 
cholinergic fiber infiltration have a tendency for dissemination, 
and the density of nerves has been found to be directly associated 
with tumor aggressiveness (31). An increasing body of preclinical 
evidence has demonstrated that the seeding of pancreatic cancer 
cells in distant organs often occurs even prior to tumor forma-
tion at the primary site (36). In the present study, the density of 
parasympathetic nerves was associated with the SMA boundary; 
patients with a high number of parasympathetic nerves were 
more likely to have an obscure SMA boundary on preoperative 
CE‑CT, which is predictive of early LM.

Early metastasis is responsible for early mortality, thereby 
providing a rationale for the administration of systemic therapy 
to patients with resectable pancreatic head adenocarcinoma or 
early‑stage disease (37). The theory of nerve‑cancer interactions 
has led to the development of innovative anticancer therapies; 
denervation treatment, for example, has been found to slow down 
cancer progression (38). Therefore, there is a rationale for neoad-
juvant therapy in this setting, including that for the early treatment 
of potential micrometastatic disease that is responsible for post-
operative recurrence, although this requires further validation 
in well‑designed randomized trials (39). Patients with obscure 
SMA boundaries may develop early LM following radical 
surgery and may benefit from adjuvant hepatic arterial infusion 
chemotherapy following resection, which may effectively and 
safely prevent LM and improve prognosis (40); however, further 
investigation is required to confirm this hypothesis.

The present study had certain limitations. First, a number of 
patients were lost to follow‑up, resulting in a median follow‑up 
time of only 13 months. However, as the focus was on early 
recurrence (within 12 months), the results are considered accu-
rate. Second, the present study only observed the association 
between parasympathetic neurogenesis in the SMA margin 
and the pattern of the SMA boundary, whereas other types of 
extrapancreatic neuropathy were not investigated. Finally, the 
present study was conducted in a single institution, and it was 
not population‑based.

In conclusion, resectable pancreatic head adenocarcinoma is 
associated with a high risk for early relapse following surgery 
due to the intrinsic biological characteristics of the tumor. This 
suggests that first‑line surgery is the optimal approach for only 
a minority of the patients. The SMA boundary on preoperative 
CE‑CT may be associated with extrapancreatic neuropathies, 
including parasympathetic neurogenesis; an obscure SMA 
boundary may be a consequence of high‑grade parasympa-
thetic neurogenesis, and was identified as a predictive factor 
of a higher risk of recurrence and LM. Therefore, high‑grade 
parasympathetic neurogenesis in the extrapancreatic plexus may 
be associated with a more aggressive phenotype of pancreatic 

Figure 5. Representative photomicrographs showing staining of para-
sympathetic nerve fibers of the PLX‑II. The black arrows indicate the 
parasympathetic nerve fibers stained by immunohistochemistry (magni-
fication, x100). (A) Sparse distribution of parasympathetic nerve fibers. 
(B) Dense distribution of parasympathetic nerve fibers. SMA, superior 
mesenteric artery; PLX‑II, pancreatic head plexus II.
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head adenocarcinoma, and may assist in stratifying patients into 
prognostic subgroups to support surgeons in determining the 
optimal therapeutic strategies for individual patients.
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