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Abstract
Background Laparoscopic pancreaticoduodenectomy (LPD), an advanced minimally invasive technique, has demonstrated
advantages to open pancreaticoduodenectomy (OPD). However, this complex procedure requires a relatively long training period
to ensure technical proficiency. This study was therefore designed to analyze the learning curve for LPD.
Methods From October 2010 to September 2015, 63 standard pancreaticoduodenectomy procedures were to be performed
laparoscopically by a single surgeon at the Department of Pancreatic Surgery, West China Hospital, Sichuan University,
China. After applying the inclusion and exclusion criteria, a total of 57 patients were included in the study. Data for all the
patients, including preoperative, intraoperative, and postoperative variables, were prospectively collected and analyzed. The
learning curve for LPDwas evaluated using both cumulative sum (CUSUM) and risk-adjusted CUSUM (RA-CUSUM)methods.
All of the variables among the learning curve phases were compared.
Results Based on the CUSUM and the RA-CUSUM analyses, the learning curve for LPDwas grouped into three phases: phase I
was the initial learning period (cases 1–11), phase II represented the technical competence period (cases 12–38), and phase III
was regarded as the challenging period (cases 39–57). The operative time, intraoperative blood loss, and postoperative ICU
demand significantly decreased with the learning curve. More lymph nodes were collected after the initial learning period. There
were no significant differences in terms of postoperative complications or the 30-day mortality among the three phases. More
challenging cases were encountered in phase III.
Conclusions According to this study, the learning curve for LPD consisted of three phases. Conservatively, to attain technical
competence for performing LPD, a minimum of 40 cases are required for laparoscopic surgeons with a degree of laparoscopic
experience.
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Introduction

Pancreaticoduodenectomy (PD) has been regarded historical-
ly as the most complicated abdominal surgery. Over the past
few decades, the surgical mortality following PD has de-
creased to below 6.0 % at many high-volume centers,1–3

though the morbidity remains as high as 32.5 to 62.0 %.4–6

The improved results observed with laparoscopic surgery
have made this an alternative intervention to open surgery
for patients with certain surgical diseases. This technique has
also been extended to pancreaticoduodenectomy.

Since laparoscopic pancreaticoduodenectomy (LPD) was
first introduced in 1994,7 the acceptance and popularity of this
procedure has decreased due to the inherent technical limita-
tions of laparoscopy and the requirement for advanced
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laparoscopic skills. However, over the past 10 years, an increas-
ing number of studies have affirmed the safety, feasibility, and
acceptable oncological outcomes of LPD and have emphasized
its advantages over open pancreaticoduodenectomy (OPD) in
terms of earlier oral intake, less blood loss, shorter posthospital
stay, less pain, and faster recovery.8–11

Despite the potential advantages of LPD, it is well known
that surgeons require a relatively long training period to be-
come technically proficient in this challenging operation.
Although two previous studies showed the learning curve
for LPD with 30 and 56 cases, respectively, the results were
largely based on simple statistical analyses.12,13

An in-depth analysis is needed to assess the learning curve
for LPD. The medical profession adopted the cumulative sum
(CUSUM) and risk-adjusted CUSUM (RA-CUSUM)
methods to analyze learning curves for surgical
procedures.14,15 Thus far, to the best of our knowledge, the
learning curve for LPD using both the CUSUM and RA-
CUSUM methods has not been evaluated in any studies.

Therefore, we conducted this prospective study to assess
the learning curve using the CUSUM and RA-CUSUM
methods in LPD and to compare clinicopathological and post-
operative outcomes according to this learning curve.

Methods and Materials

Patient Selection

From October 2010 to September 2015, a series of 112 con-
secutive standard pancreaticoduodenectomy procedures were
to be performed by a single surgeon at the Department of
Pancreatic Surgery, West China Hospital, Sichuan
University, China. Sixty-three patients were to undergo
LPD, whereas the remaining 49 cases were scheduled to un-
dergo orthodox OPD. The selection criteria for the standard
LPD included: (1) body mass index (BMI) <28.0 kg/m2; (2)
ampullary tumors, duodenal tumors restricted to the second
part of the duodenum, lower common bile duct tumors, and
pancreatic tumors at the pancreatic head; and (3) carefully
confirmed resectability of the tumors based on preoperative
radiology conducted by a professional radiologist and experi-
enced surgeons. Patients with greater than 180° superior mes-
enter ic ar tery encasement , any celiac abutment ,
unreconstructable superior mesenteric vein/portal occlusion,
and aortic invasion or encasement, with a history of previous
upper abdominal surgery, tumors extending to the uncinate,
and with severe cardiorespiratory comorbidities, were exclud-
ed from undergoing LPD.9,16 The final decision on whether to
perform an OPD or LPD was left to the discretion of the
surgeon and the patients. Those undergoing a synchronous
operation (n=3), a palliative operation (n=2), or laparoscopic
total pancreatectomy (n=1) due to intraoperative findings

were excluded in the analysis of the learning curve. The de-
tailed inclusion and exclusion criteria in the analysis of learn-
ing curve are illustrated in Fig. 1.

All the patients were thoroughly informed about the proce-
dure, risks, and the advantages of LPD, as well as the potential
for conversion to laparotomy. Written informed consent was
obtained from all the patients in our study, which was ap-
proved by the ethics committee of Sichuan University.

Data Collection and Definitions

The data were prospectively collected and entered into a da-
tabase for analysis and included the following preoperative,
intraoperative, and postoperative variables:

1. Preoperative data: age, gender, BMI, American Society of
Anesthesiology (ASA) score, carcinoembryonic antigen
(CEA) level, carbohydrate antigen 19–9 (CA19-9) level,
total bilirubin (TB), pancreatic duct width, initial symp-
toms, and the presence of comorbidities;

2. Intraoperative data: operative time, conversion rate, trans-
fusion rate, estimated blood loss, and pancreas texture
(soft/firm); and

3. Postoperative data: necessary transport to the intensive
care unit (ICU), demand for analgesia, postoperative stay,
time to first passage of flatus and oral intake, final patho-
logic results, short-term complications, incidence of reop-
eration, and 30-day mortality.

The primary endpoint was operative time and this was used
for the CUSUM analysis. The secondary endpoints, including
conversion rate, postoperative complications, and final patho-
logic outcomes, were used for the RA-CUSUM analysis and
for comparisons among the learning curve phases.

Operative time was defined as the duration from the first
incision to final closure; conversion was defined as the re-
quirement for laparotomy at any time during the LPD except
extraction of the resected specimen. Estimated blood loss was
measured by the weight of the swabs plus the blood removed
during the procedure. The surgeon assessed the pancreas tex-
ture (soft/firm) according to the margin of the resected speci-
men. The pancreatic duct width (≤3 or >3 mm) was measured
from preoperative CT/MRI imaging anteroposteriorly at the
level at which the portal vein passes posterior to the pancreatic
neck. Demand for analgesia indicated that postoperative
patient-controlled analgesia (PCA), 250 μg fentanyl diluted
to 200 mL in normal saline, was initiated when the patients
were unable to tolerate postoperative pain within 24 h after the
LPD. The postoperative stay was defined as the interval from
the surgery to the day of discharge. For tumor cases, the final
pathological results were recorded by tumor-node-metastasis
(TNM) staging, the histological grade of differentiation, total
number of harvested lymph nodes, resection margin status,
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lymph node invasion status, and mass size based on the AJCC
Cancer StagingManual, Seventh Edition.16 R0 resection indi-
cated that no evidence of malignancy was identified at any of
the resection margins, and R1 resection was defined as malig-
nancy infiltrating at least one of the resection margins on per-
manent section. Short-term complications, which were strati-
fied by the Clavien–Dindo classification of surgical compli-
cations, indicated morbidities within 30 postoperative days.17

Postoperative pancreatic fistula (POPF), delayed gastric emp-
tying (DGE), and postpancreatectomy hemorrhage (PPH)
were defined according to the ISGPS.18–20 Reoperation was
defined as a secondary operation due to severe complications
within 30 days following LPD. The patients were discharged
when oral intake and moderate activity were tolerated without
any abnormal postoperative complications or laboratory
findings.

Perioperative Surveillance and Surgical Procedures

Perioperative surveillance and surgical procedures were de-
scribed in detail in our previous study.9 Despite the expertise
of the surgeon (Bing Peng) in laparoscopic surgery,21 laparo-
scopic pancreaticoduodenectomy began with hand-assisted
LPD, switched to total LPD, and gradually progressed to lap-
aroscopic pylorus-preserving pancreaticoduodenectomy
(LPPPD), considering that LPD is a challenging operation
for most surgeons. This sequence itself was a reflection of
the learning curve. Furthermore, our previous study indicated
that no significant differences were observed among these
three operation types in terms of intraoperative parameters or
postoperative complications.9 Therefore, hand-assisted LPD,
total LPD, and LPPPD were regarded as homogeneous LPD
methods in the analysis of the learning curve.

Statistical Analysis

For quantitative data, the results were expressed as the mean
± standard deviation; median with interquartile range (IQR)

was used for skewed quantitative data. For categorical data,
the results were expressed as the number and percentage of
cases. All statistical analyses, including one-way analysis of
variance among groups (ANOVA), Kruskal–Wallis test
followed by all pairwise multiple comparisons, χ2 test,
Fisher’s exact test, and multivariate logistic regression with
the backward stepwise method and likelihood ratio, were per-
formed using the SPSS statistical software package (version
19.0, SPSS Inc., Chicago, IL, USA). The level for rejection of
the null hypothesis was set at a P value of <0.05. Additionally,
P < 0.0167 was considered statistically significant after
Bonferroni correction for the post hoc analysis.

In this study, we analyzed the learning curve for LPD using
the CUSUM and RA-CUSM methods.

CUSUM Method

The CUSUM technique is a graphical method that detects data
trends, which is not discernible in other approaches, by calcu-
lating the sequential difference between the raw data and the
mean value. In this study, the cases were first ordered chrono-
logically from the first to the last case, and the CUSUM of the
o p e r a t i o n t im e (CUSUMOT ) w a s d e f i n e d a s
CUSUMOT=∑i=1

n (xi−μ), where xi is an individual operation
time, and μ is the mean overall operation time. The learning
curve regarding the operation time was represented intuitively
and determined by plotting the outcomes in the CUSUM
curve.

RA-CUSUM Method

Risk factors associated with surgical failure might confound
the outcomes from the CUSUM method. The RA-CUSUM
method, an extension of CUSUM, was applied to further as-
sess the learning curve in this study. The relevant parameters
were selected to assess the failure of LPD: conversion to OPD,
postoperative complications (Clavien≥ III), and 30-day death

Fig. 1 Inclusion and exclusion
criteria for study participation;
OPD open
pancreaticoduodenectomy
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related to LPD. In addition, LPD failure was defined as the
occurrence of one of these three events.

To analyze the risk factors associated with LPD failure, all
preoperative and intraoperative data and the final pathological
outcomes except the three parameters mentioned above were
examined by univariate analysis. When the P values were less
than 0.10 on univariate analysis, the data were considered for
multivariate logistic regression to calculate the probability of
LPD failure, with a P value set at less than 0.05.

RA-CUSUM was defined as RA-CUSUM ∑n
i¼1 xi−τð Þ

þ −1ð ÞxiPi, where xi=1 indicates the presence of LPD failure;
otherwise, xi=0; τ represents the observed event rate, and Pi is
the expected rate of LPD failure in each case, which was
calculated from the logistic regression model.

Thus, every included case was plotted from left to right on
the horizontal axis, and the RA-CUSUM line shifted down-
ward for LPD success and upward for LPD failure.

Results

Basic Characteristics of All Patients

The mean age of the 57 enrolled patients (33 men and 24
women) was 61.3±11.0 years. Seventeen (29.8 %) and 40
(70.2 %) patients were classified as ASA II and III, respec-
tively. Jaundice and epigastric pain were the predominant ini-
tial symptoms. The median operative time was 480.0 min
(IQR 453.0–540.0 min), and the median estimated intraoper-
ative blood loss was 200.0 mL (IQR 150.0–400.0 mL).
Conversion to OPD occurred in five (8.8 %) cases. All the
patients underwent R0 resection. Based on the Clavien–Dindo
classification, there were 22 (38.6 %) cases of grades I–II and
7 (12.3%) cases of grades III–IV postoperative complications.
The 30-day mortality following LPD was zero.

Learning Curve Analysis (Figs. 2 and 3)

The learning curve was first assessed by the CUSUMmeth-
od. Based on the CUSUMOT graph (Fig. 2), there were two
peak points, which were observed at the 11th and 31st cases.

Therefore, three phases can be initially differentiated on the
graph: phase I, cases 1–11; phase II, cases 12–31; and phase
III, cases 32–57. Although the CUSUMOT graph stabilized after
11 cases and had a tendency to descend after the 31st case, the
decreased operative time itself did not signify competence in
and success of LPD. Therefore, the learning curve was further
evaluated by the RA-CUSUM method. The three aforemen-
tioned parameters were considered to assess the probability of
LPD failure. According to the RA-CUSUM graph (Fig. 3), the
valley point at the 38th case represented the minimized surgical
failure, and this point could be considered as the point at which
competence in LPD was achieved. Combining the results from
the CUSUM and the RA-CUSUMmethods, the learning curve
for LPD was finally determined and this consisted of three
phases. Phase I represented the initial learning curve, which
spanned 11 cases (cases 1–11); phase II (cases 12–38) repre-
sented increased competence in LPD; and phase III (cases 39–
57) began after 38 cases and represented mastery and the chal-
lenging period. During the same period, 20 (64.5 %), 23
(46.0 %), and 6 (24.0 %) OPD procedures were performed in
the three phases, respectively, and a higher percentage of pa-
tients offered LPD indicates through the learning curve that we
are taking on more challenging cases (Fig. 4).

Comparison of Patient Characteristics Among the Three
Consecutive Phases (Table 1)

No significant differences among the three phases were de-
tected with regard to most preoperative characteristics. There
was an increased tendency for the presentation of comorbidi-
ties with the learning curve, suggesting that more challenging
cases were handled in the later learning curve period.

Comparison of Perioperative Outcomes Among the Three
Consecutive Phases (Table 2)

The operation types were significantly different among the
three phases (P<0.001). There was an inclination to perform
more LPPPDs after the initial learning period [phase I vs.
phase II, 0 vs. 17 (63.0 %), P<0.0167; phase I vs. phase III,

Fig. 2 Cumulative sum graph for
operative time
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0 vs. 16 (84.2 %), P<0.001]. However, the distribution of
operation types between phases II and III was comparable
(P=0.596). The operation time tended to decrease with the
accumulation of experience, and this time stabilized after the
initial learning period. Compared with phase I, the intraoper-
ative blood loss was significantly lower in phase III [phase I
vs. phase III, 400.0 mL (IQR 300.0–500.0 mL) vs. 150.0 mL
(IQR 100.0–300.0 mL), P<0.0167]. Compared with phase II,
more patients in phase I required ICU admission for further
care [phase I vs. phase II, 9 (81.8 %) vs. 7 (25.9 %),
P<0.0167]. There were significant differences regarding the
length of postoperative stay among the three phases

(P<0.05); however, interphase comparisons showed no sig-
nificant differences. All other comparisons without significant
differences among the three phases are detailed in Table 2.

Comparison of Postoperative Complications
Among the Three Consecutive Phases (Table 3)

Grades I–II postoperative complications showed a tenden-
cy to decline with increasing experience (P<0.05), but this
trend was not statistically significant when making interphase
comparisons. Grade B POPFwas the most common grade I–II

Fig. 3 Risk-adjusted cumulative
sum graph for LPD failure

Fig. 4 Percentages of OPD and
LPD in each phase
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postoperative complication, occurring in eight (14.0 %) pa-
tients; the next was grade B DGE, which occurred in four
(7.0 %) patients. There were no significant differences in se-
vere postoperative complications (grade ≥III) among all the
learning phases. All the patients with grade ≥III postoperative
complications required surgical or endoscopic interventions.
The 30-day mortality was zero in each phase. Individual com-
plications are listed in detail in Table 3.

Pathologic Outcomes (Table 4)

Analysis of the final pathologic outcomes showed that
there was no significant difference with regard to the patho-
logic diagnosis distribution among all of the learning phases
(P=0.140). However, LPD was performed in more patients

with pancreatic ductal adenocarcinoma in phase III than in
phase I [phase I vs. phase III, 0 vs. 7 (36.8 %)]. Because the
staging parameters for different malignancies vary, TNM stag-
ing and tumor differentiation were confirmed for individual
cases according to the AJCC Cancer StagingManual, Seventh
Edition and were listed in detail instead of being compared
among the three phases. Tumor size was significantly different
among the three phases (P<0.05). Although no significant
difference was observed regarding the tumor size according
to interphase comparisons, there was a tendency for tumor
size to increase from phase I to phase III (phase I vs.
phase II vs . phase II I , 1 .6 ± 0.9 cm vs. 2 .5 ±
1.1 cm vs. 2.6 ± 1.3 cm). More lymph nodes were collected
after the initial learning period. R0 resection was performed in
all the patients in each phase. All other pathologic information
is provided in Table 4.

Table 1 Interphase comparisons of patient preoperative parameters

Parameter Phase 1, n= 11
(case 1 to case 11)

Phase 2, n= 27
(case 12 to case 38)

Phase 3, n= 19
(cases 39 to 57)

P value P1 P2 P3

Age (years) 61.8 ± 6.7f 61.7 ± 11.1f 60.4 ± 13.1f 0.919a 1.000e 1.000e 1.000e

Gender (male/female) 5(45.5 %)/6 (54.5 %) 16(59.3 %)/11(40.7 %) 12 (63.2 %)/7 (36.8 %) 0.627b 0.491c 0.454c 0.790b

BMI (kg/m2) 21.3 ± 3.3f 22.3 ± 2.8f 21.5 ± 2.5f 0.489a 0.957e 1.000e 1.000e

ASA (II/III) 4 (36.4 %)/7 (63.6 %) 9 (33.3 %)/18 (66.7 %) 4 (21.1 %)/15 (78.9 %) 0.582b 1.000c 0.417c 0.510b

Preoperative CA 19-9 (U/mL) 99.5 (36.6–236.0)g 129.7 (25.5–222.8)g 68.4 (9.9–142.6) g 0.678d 0.935e 0.558e 0.402e

Preoperative CEA (ng/mL) 3.9 (2.2–4.6)g 2.7 (1.2–5.7)g 2.3 (1.6–3.4) g 0.378d 0.418e 0.166e 0.433e

Preoperative total bilirubin (mmol/L) 67.3 (22.2–166.0)g 63.8 (12.7–180.9)g 79.4 (8.5–205.6)g 0.970d 0.816e 0.921e 0.879e

Preoperative ERCP 4 (36.4 %) 5 (18.5 %) 5 (26.3 %) 0.499b 0.401c 0.687c 0.528b

Pancreatic duct width (≤3 mm) 5 (45.5 %) 11 (40.7 %) 10 (52.6 %) 0.728b 1.000c 1.000c 0.425b

Preoperative initial symptoms 0.756c 0.765c 0.507c 0.673b

Jaundice with/without pruritus 6 (54.5 %) 10 (37.0 %) 5 (26.3 %) – – – –

Epigastric pain 2 (18.2 %) 9 (33.3 %) 5 (26.3 %) – – – –

Jaundice with/without pruritus + epigastric pain 2 (18.2 %) 6 (22.2 %) 7 (36.8 %) – – – –

Others 1 (9.1 %) 2 (7.4 %) 2 (10.5 %) – – – –

Comorbidities 1 (9.1 %) 3 (11.1 %) 8 (42.1 %) <0.05b 1.000c 0.100c 0.038b

Chronic bronchitis 1 0 0 – – – –

Atrial septal defect 0 1 0 – – – –

Renal calculus 0 1 0 – – – –

Hypertension 0 1 2 – – – –

Diabetes 0 0 4 – – – –

Chronic anemia 0 0 1 – – – –

Cerebellar atrophy 0 0 1 – – – –

P1: comparisons between phases 1 and 2, P2: comparisons between phases 1 and 3, P3: comparisons between phases 2 and 3

BMI body mass index, ASA American Society of Anesthesiology, CA 19-9 carbohydrate antigen 19–9, CEA carcinoembryonic antigen, ERCP endo-
scopic retrograde cholangiopancreatography
aOne-way analysis of variances among groups (ANOVA)
b Chi-squared test
c Fisher’s exact test
d Kruskal–Wallis test among groups
e Post hoc analysis with the Bonferroni correction method
f Data are expressed as the mean± standard deviation
gData are expressed as median and interquartile range (IQR)
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Discussion

Two decades after the first reported case, laparoscopic
pancreaticoduodenectomy remains limited to several expert

centers.7 Some inspiring results from recently published stud-
ies presented the obvious advantages and superiority of LPD
over OPD, mainly in terms of earlier oral intake, less blood
loss, shorter posthospital stay, less pain, and quicker recovery.

Table 2 Intraoperative and postoperative information among the learning curve phases

Variable Phase 1, n= 11
(case 1 to case 11)

Phase 2, n= 27
(case 12 to case 38)

Phase 3, n = 19
(cases 39 to 57)

P value P1 P2 P3

Operation types
(Hand-assisted LPD/total LPD/LPPPD)

5(45.5 %)/6(54.5 %)/0 1(3.7 %)/9(33.3 %)/17(63.0 %) 0/3(15.8 %)/16(84.2 %) <0.001b <0.0167c <0.001c 0.596b

Operative time (min) 560.0 (510.0–625.0)a 480.0 (450.0–530.0)a 480.0 (420.0–495.0)a <0.05d <0.0167e <0.0167e 0.615e

Conversion to OPD 0 3 (11.1 %) 2 (10.5 %) 0.696b 0.542c 0.520c 0.950b

Intraoperative transfusion 3 (27.3 %) 4 (14.8 %) 3 (15.8 %) 0.638b 0.390c 0.641c 0.928b

Estimated blood loss (mL) 400.0 (300.0–500.0)a 200.0 (150.0–300.0)a 150.0 (100.0–300.0)a <0.05d 0.048e <0.0167e 0.394e

Pancreas texture (soft/firm) 5(45.5 %)/6(54.5 %) 12 (44.4 %)/15 (55.6 %) 9 (47.4 %)/10 (52.6 %) 0.981b 1.000c 1.000c 0.845b

Postoperative ICU utility 9 (81.8 %) 7 (25.9 %) 6 (31.6 %) <0.05b <0.0167c 0.021c 0.675b

Demand for analgesia 3 (27.3 %) 11 (40.7 %) 5 (26.3 %) 0.530b 0.488c 1.000c 0.312b

Postoperative stay (days) 12.0 (11.0–17.0)a 14.0 (11.0–18.0)a 17.0 (13.0–23.0)a <0.05d 0.521e 0.024e 0.037e

Time to first passage of flatus (days) 5.0 (3.0–6.0)a 4.0 (3.0–6.0)a 3.0 (2.0–5.0)a 0.392d 0.956e 0.329e 0.193e

Time to oral intake (days) 6.0 (5.0–7.0)a 6.0 (4.0–7.0)a 6.0 (5.0–7.0)a 0.729d 0.829e 0.673e 0.428e

P1: comparisons between phases 1 and 2, P2: comparisons between phases 1 and 3, P3: comparisons between phases 2 and 3

LPD laparoscopic pancreaticoduodenectomy, LPPPD laparoscopic pylorus-preserving pancreaticoduodenectomy, OPD open
pancreaticoduodenectomy, ICU intensive care unit
a Data are expressed as median and interquartile range (IQR)
b Chi-squared test
c Fisher’s exact test
d Kruskal–Wallis test among groups
e Post hoc analysis with the Bonferroni correction method

Table 3 Short-term complications and surgical outcomes compared by learning phases

Variable Phase 1, n= 11
(case 1 to case 11)

Phase 2, n = 27
(case 12 to case 38)

Phase 3, n= 19
(cases 39 to 57)

P value P1 P2 P3

Postoperative complications

Clavien I–II 1 Bile leakage 1 Bile leakage 2 Chylous leakage

2 POPF (grade B) 1 Chylous leakage 1 Incision infection

2 DGE (grade B) 3 POPF (grade B) 1 DGE (grade B)

3 Pulmonary infection 1 POPF (grade B) +DGE (grade B) 1 PPH (grade A)

1 POPF (grade B) + bile leakage

1 POPF (grade B) + pleural effusion

1 Pulmonary infection

Total 8 (72.7 %) 9 (33.3 %) 5 (26.3 %) <0.05a 0.037b 0.023b 0.611a

Clavien ≥III 1 PPH (grade B) 1 POPF (grade C) 2 Abdominal infection

1 Ileus 1 Abdominal abscess

1 PPH (grade B)

Total 1 (9.1 %) 2 (7.4 %) 4 (21.1 %) 0.358a 1.000b 0.626b 0.176a

30-day reoperation 1 (9.1 %) 2 (7.4 %) 4 (21.1 %) 0.358a 1.000b 0.626b 0.176a

30-day mortality 0 0 0 – – – –

P1: comparisons between phases 1 and 2, P2: comparisons between phases 1 and 3, P3: comparisons between phases 2 and 3

POPF postoperative pancreatic fistula, DGE delayed gastric emptying, PPH postpancreatectomy hemorrhage
a Chi-squared test
b Fisher’s exact test
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However, the intrinsic limitations of laparoscopic surgery, in-
cluding reduced freedom of movement, 2D view, reduced
precision, and poor ergonomics, contribute to the requirement

of a long training period to become technically proficient in
LPD. Although the learning curves for some major laparo-
scopic procedures have been well established using the

Table 4 Pathologic outcomes among the three phases

Outcomes Phase 1, n= 11
(case 1 to case 11)

Phase 2, n= 27
(case 12 to case 38)

Phase 3, n= 19
(cases 39 to 57)

P value P1 P2 P3

Final pathologic diagnosis 0.140c 0.190c <0.0167c 0.633c

Distal common bile duct cancer 2 (18.2 %) 5 (18.5 %) 5 (26.3 %) – – – –

Duodenal adenocarcinoma 7 (63.6 %) 10 (37.0 %) 5 (26.3 %) – – – –

Ampullary adenocarcinoma 2 (18.2 %) 2 (7.4 %) 0 – – – –

Pancreatic ductal adenocarcinoma 0 6 (22.2 %) 7 (36.8 %) – – – –

Others (IPMN/mucinous cystic neoplasm
of pancreas/GIST/Neuroendocrine
tumors)

0 1(3.7 %)/0/1(3.7 %)/2 (7.4 %) 1(5.3 %)/1(5.3 %)/0/0 – – – –

TNM staging – – – –

T0N0M0 0 0 2 Others

T1N0M0 0 0 1 DCBDC

T2N0M0 4 DA 1 DA 0

1 DCBDC

3 Others

1 PDAC

T3N0M0 1 AA 1 DA 3 DCBDC

2 DCBDC 3 DCBDC 3 PDAC

2 PDAC

1 Others

T3N1M0 0 1 DCBDC 1 DCBDC

3 PDAC 4 PDAC

T4N0M0 3 DA 7 DA 4 DA

1 AA 2 AA

T4N1M0 0 1 DA 1 DA

Tumor differentiationΔ – – – –

Well 1 DA 1 DA 1 DCBDC

1 AA 2 Others

Poorly to moderately 2 DCBDC 5 DCBDC 4 DCBDC

6 DA 9 DA 5 DA

1 AA 2 AA 7 PDAC

6 PDAC

3 Others

Tumor size (cm) 1.6 ± 0.9f 2.5 ± 1.1f 2.6 ± 1.3f <0.05a 0.080e 0.062e 1.000e

Number of lymph nodes collected 11.0 (9.0–12.0)g 15.0 (13.0–19.0)g 16.0 (12.0–21.0)g <0.05d <0.0167e <0.0167e 0.583e

Node positive 0 5 (18.5 %) 6 (31.6 %) 0.106b 0.295c 0.061c 0.307b

R0 resection 11 (100.0 %) 27 (100.0 %) 19 (100.0 %) – – – –

Tumor differentiationΔ: data were not available for one patient in phase II because this patient was diagnosed with a low mitotic rate GIST. GIST
differentiation was dependent on the mitotic rate, and a low mitotic rate refers to 5 or fewer per 50 HPF, according to the AJCC/UICC Staging Manual,
Seventh Edition. P1: comparisons between phases 1 and 2, P2: comparisons between phases 1 and 3, P3: comparisons between phases 2 and 3

IPMN intraductal papillary mucinous neoplasm, GIST gastrointestinal stromal tumor, DA duodenal adenocarcinoma, AA ampullary adenocarcinoma,
DCBDC distal common bile duct cancer, PDAC pancreatic ductal adenocarcinoma
aOne-way analysis of variances among groups (ANOVA)
b Chi-squared test
c Fisher’s exact test
d Kruskal–Wallis test among groups
e Post hoc analysis with the Bonferroni correction method
f Data are expressed as the mean± standard deviation
gData are expressed as median and interquartile range (IQR)
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CUSUM and/or RA-CUSUM methods, no studies have been
conducted to determine the learning curve for laparoscopic
pancreaticoduodenectomy using both of these methods.22–24

Although two previous publications assessed the learning
curve for LPD (Table 5), the results were limited by simply
splitting chronological cases into predefined segments.
Kuroki et al. reported a learning curve of 10 cases among 30
consecutive patients, indicating that operative time and blood
loss significantly decreased after surmounting the learning
curve.13 Speicher et al. drew the same conclusion, suggesting
that 10 to 50 cases might represent the learning curve for
LPD.12 In the present study, the learning curve for LPD was
determined using both the CUSUM and RA-CUSUM
methods. The three phases of the learning curve were defined
as the initial period, the competence period, and the challeng-
ing period. When determining the learning curve, we consid-
ered not only the operative time but also the failure of LPD
because laparoscopic surgical completion needed technical
mastery to achieve surgical outcomes (including lower con-
version rate, lower complication rate, lower surgical mortality,
and oncologic safety), as well as a quicker operative
time.15,25–27 In this study, the RA-CUSUM method was ap-
plied to evaluate the parameters affecting surgical outcomes.
The minimum surgical failure was observed by the 38th case,
as seen in Fig. 3, and the 38th case was located after the
plateau (case 11 to case 31), as seen in Fig. 2, indicating that
although the learning curve had been overcome by the 31st
case in terms of operative time, the probability of LPD failure
did not reach the lowest point until case 38. Therefore, case 38
was regarded as the point at which to achieve competence in
LPD in this study. However, it is notable that after the valley
point, the RA-CUSUM graph showed increased surgical fail-
ure, which can be explained by the shift toward more techni-
cally demanding procedures and high-risk patients in the later
period of the learning curve. As shown in Table 1, more

patients with preoperative comorbidities (particularly diabe-
tes) were included after case 38, which makes the patients
more susceptible to suffering major postoperative complica-
tions. As shown in Table 4, more patients with pancreatic
ductal adenocarcinoma (seven cases in total) were included
in phase III, and two of them were converted to OPD due to
bleeding from the portal vein. Both these patients contributed
to the decreased surgical success in the later period. Similar
findings have also been reported in previous studies.15,24,27

While some earlier studies have shown data that support
the feasibility and advantages of implementing LPD,10,11 the
long operative time of LPD remains a topic of debate.
Dokmak et al. indicated that surgical time for LPD was still
longer than for OPD, even in the late learning period.28

Although the relationship between long operative time and
postoperative outcomes is unclear, it can be harmful, and this
was recently reported with colonic laparoscopic surgery.29 In
this study, the operative time decreased significantly with the
learning curve, but it appeared that the operative time itself
was not associated with the postoperative outcomes.
Additional studies are needed to corroborate this result.

The conversion rate is commonly regarded as an important
criterion to evaluate the quality of laparoscopic surgery. The
rate of laparoscopic conversion to OPD varies among studies.
According to a recently published systematic review, the over-
all conversion rate was 9.1 % (range, 0 to 40.0 %).30 In this
study, the overall conversion rate was 8.8 %, and the conver-
sions were principally due to bleeding resulting from adhesion
of the tumor to the portal vein (n=3, 5.3 %), pneumoperito-
neum intolerance (n=1, 1.8 %), or severe intra-abdominal
adhesion (n=1, 1.8 %). Previous studies have reported a trend
of decreasing conversion rate with accumulation of
experience31,32; however, in this study, the opposite was ob-
served, which might be interpreted as being due to
pancreaticoduodenectomy itself being a major operation, the

Table 5 Outcomes of the LPD learning curve from previous studies

Authors Year Case no. Operation types Statistical
methods

No. of
phases

Minimum cases to
achieve the learning
curve

Main outcomes after
achieving the learning
curve

Kuroki T 13 2014 30 LPD Cases split into predefined
segments

– 10 Reductions in operative time
and blood loss

Speicher PJ 12 2014 56 Total LPD and hybrid
approach

Cases split into predefined
segments

– 10~50 Reductions in operative time
and blood loss

Current study 2016 57 Hand-assisted LPD/total
LPD/LPPPD

CUSUM and RA-CUSUM 3 38 1. Reductions in operative
time and blood loss

2. Less demand of ICU

3. More lymph nodes collected

4. More challenge cases
were successfully
handled

LPD laparoscopic pancreaticoduodenectomy, LPPPD laparoscopic pylorus-preserving pancreaticoduodenectomy, CUSUM cumulative sum method,
RA-CUSUM risk-adjusted CUSUM method
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increased freedom of surgeons to select patients, and the in-
creased willingness of surgeons to handle challenging cases
after achieving competence in LPD. Therefore, it is strongly
believed that the conversion rate is heavily dependent on pa-
tient selection and operative policy rather than on technical
skill and experience. Additionally, a conversion rate of zero
should not be regarded as a realistic goal during the learning
curve for LPD.

Various studies have shown a decreased incidence of post-
operative complications with increasing laparoscopic
experience33; however, this result was not demonstrated in
the current study. In contract, more severe postoperative com-
plications (grade ≥III) were encountered in phase III, although
there was no significant difference among the three phases.
This paradox can be attributed to the rising proportion of more
challenging and high-risk cases as the surgeon gains experi-
ence and confidence. In addition, the observed length of the
postoperative stay was longer in phase III than in phases I and
II, and this result can be interpreted as being the result of more
severe postoperative complications in phase III and the sur-
geon’s intention for an additional and closer postoperative
observation for patients with severe complications.

Given that pancreaticoduodenectomy is often performed in
patients with malignancy, it is necessary and important to
explore whether the oncological outcomes might be compro-
mised during the initial training period due to a surgeon’s lack
of expertise. Although in the present study, the numbers of
harvested lymph nodes in phase I were fewer than those in
phases II and III, the median number of lymph nodes collected
in phase I was 11, which approached the recommended range
(11–17 lymph nodes) for the minimum number of collected
lymph nodes necessary to provide optimal staging and to
serve as an indicator of quality.34,35 In addition, the rate of
R0 resection was achieved in all patients in the three phases,
suggesting that the short-term oncological outcomes can be
acceptable, even in the early learning curve period. However,
whether the learning curve for LPD will influence the long-
term oncological outcomes is still unclear and cannot be de-
termined based on this study.

One could argue that the types of surgery used in the cur-
rent study, including hand-assisted, total LPD and LPPPD,
were heterogeneous, which may confound our results. In our
opinion, homogeneous types of operation might show similar
results compared with heterogeneous ones. There are several
reasons to support this opinion. First, the most essential,
challenging, and time-consuming aspects of LPD are
the dissection of the tumor from the portal vein and
pancreatojejunostomy, both of which were performed in the
same manner regardless of the surgical types used in this
study. For this aspect, the different surgical types had little
influence on operative time and surgical performance.
Second, in our previous study, no significant differences were
observed regarding the intraoperative and postoperative

outcomes among the three different surgical types.9 Third,
the shift itself from hand-assisted to LPPPD reflected the train-
ing process of LPD, and it is radical for a surgeon to directly
perform LPPPD. Overall, we think that the learning curves for
homogeneous LPD and heterogeneous LPD may not differ.

It should be emphasized that before commencing LPD, this
surgeon (Bing Peng) had performed over 30 open
pancreaticoduodenectomy procedures, and this complicated
procedure was completely mastered by the open approach.
The surgeon also performed over 300 laparoscopic splenecto-
my procedures, 4 laparoscopic spleen-preserving distal pan-
createctomy operations, and 17 consecutive laparoscopic cho-
lecystectomy and splenectomy procedures before and during
the period when LPD was performed. These skill sets likely
enhanced the ability of the surgeon to finish LPD
successfully.21,36,37 Therefore, the results from this study
might not expand to surgeons lacking a similar level of lapa-
roscopic skills.

It can be argued that this study had limitations, including
the small number of patients, data being from a single center,
the heterogeneous operation types, the heterogeneous tumor
types, and the absence of long-term results. Thus, more stud-
ies from multiple centers are needed to support our
conclusions.

In summary, based on this study, the learning curve for
LPD consisted of three phases. The first 11 cases represented
the initial learning curve period, the next 27 cases represented
the technical competence period, and the 38th case was the
turning point after which more challenging cases were en-
countered. The learning curve was associated with decreased
operative time, blood loss, and postoperative ICU demand.
Conservatively, to attain technical competence in LPD, a min-
imum of 40 cases is required for laparoscopic surgeons with a
certain degree of laparoscopic experience.
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