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Abstract

Background Robot-assisted laparoscopic pancreatico-

duodenectomy is a novel minimally invasive surgery

technique, and its effectiveness and safety remain unknown

in patients with borderline malignant or malignant diseases.

This study aimed to prospectively evaluate the effective-

ness and safety of RLPD versus open PD (OPD).

Methods Between January 2010 and December 2013, 180

eligible patients were prospectively hospitalized for elec-

tive RLPD (n = 60) or OPD (n = 120). They were mat-

ched for tumor location, tumor type, tumor size, ASA

classification, age, and sex. The main outcome measures

included demographics, intraoperative variables, mor-

bidity, postoperative recovery, and mid-term evaluation.

Results Over the study period, the RLPD group had a sig-

nificantly longer but decreasing operative time (median 410

vs. 323 min; P\ 0.001), less blood loss (median 400 vs.

500 mL; P = 0.005), better nutritional status recovery, ex-

pedited off-bed return to activity (3.2 vs. 4.8 d; P\ 0.001),

faster resumption of bowel movement (3.6 vs. 5.2 d;

P\ 0.001), and shorter hospital stay (20 vs. 25 d;P = 0.002)

compared to the OPD group. The two groups had similar

surgical morbidities andmortality as well as R0 resection rate

and number of lymph nodes resected. Among patients with

pancreatic adenocarcinoma, the two groups had similar

overall and disease-free survival (ACTRN12614000299606).

Conclusions This first largest, prospective matched study

demonstrated that for treating selected borderline and

malignant pathologies, RLPD was associated with a sig-

nificant learning curve effect and expedited postoperative

recovery, but had a surgical and oncological safety profile

similar to OPD.

Keywords Pancreaticoduodenectomy � Robot-assisted
laparoscopy � Minimally invasiveness � Safety profile �
Learning curve � Prospective study

Pancreaticoduodenectomy (PD) is a major surgical op-

eration involving the pancreas, duodenum, and pylorus in
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most cases and was first described in 1938 for treating

borderline or malignant pancreatic head, common bile

duct, and duodenal pathologies [1]. PD has always been a

huge challenging procedure for many surgeons because of

its technical complexity and the difficulty associated with

extensive visceral organ dissection and reconstruction of

the digestive tract continuity. Therefore, PD is normally

performed using an open approach through a long ab-

dominal wall incision.

Laparoscopy is a minimally invasive surgery technique

that has been widely accepted in surgical practice due to its

good cosmetic outcome and expedited postoperative re-

covery [2]. However, the use of laparoscopy is relatively

restricted in PD because of intrinsic technical limitations of

PD and controversial surgical and oncological safety. No

more than 300 cases of laparoscopic PD were retrieved

from the current literature since the first case of laparo-

scopic PD was reported by Gagner et al. in 1994 [3].

Robot-assisted laparoscopy is the most advanced

minimally invasive surgery technique and is characterized

by magnified three-dimensional visualization and En-

doWrist instruments with greater range of motion. Robotic

assistance has been improving laparoscopic PD practice

since Giulianotti et al. reported the first case of robot-as-

sisted laparoscopic PD (RLPD) in 2003 [4].

Although more than 200 cases of RLPD have been

documented in the current literature over recent years and

the safety of RLPD has been recognized [5, 6], the effec-

tiveness and safety of RLPD compared to open PD (OPD)

have not yet been clearly described in comparative studies

[7–10], especially with respect to radical resection associ-

ated with oncological prognosis. Given the high cost of

robotic surgery, it is hard to conduct a randomized con-

trolled study within the past 10 years, while a large-scale,

non-randomized study comparing RLPD and OPD de-

serves equal attention. The primary objective of this study

was to prospectively evaluate the effectiveness and safety

(mainly including operative time, blood loss, and mor-

bidity) of RLPD as compared to OPD. We also assessed the

learning curves, nutritional status recovery, and mid-term

oncologic outcomes.

Methods

Study design

The study protocol was approved by the Medical Ethics

Committee at Ruijin Hospital in accordance with the

latest version of the Declaration of Helsinki and

registered as http://www.anzctr.org.au (registration ID:

ACTRN12614000299606). Between January 2010 and

December 2013, 866 patients with confirmed or suspected

borderline or malignant pathologies of the pancreatic head,

distal common bile duct, and periampullary region were

consecutively and prospectively enrolled for elective PD at

our Department of General Surgery, a multidisciplinary,

academic tertiary care unit with an annual volume of ap-

proximately 250 cases of PD. All included patients had to

be eligible for both RLPD and OPD to minimize possible

selection bias. The RLPD group was matched with the

OPD group at a ratio of 1:2 using a matching patient’s

algorithm according to age (within ±5 years), sex, body

mass index (BMI \18.5 vs. 18.5–24.9 vs. 25.0–29.9 vs.

C30 kg/m2), American Society of Anesthesiologists (ASA)

physical status classification (I vs. II vs. III), malignancy

(malignant vs. non-malignant), location (pancreas vs. distal

common bile duct vs. periampullary region), and size of

tumor. The matching process was verified every two en-

rollments in the RLPD group to allow targeted recruitment

into the OPD group. All patients included were well in-

formed of the advantages and disadvantages of RLPD and

OPD by independent research nurses. All patients volun-

tarily gave written informed consent for participation in

this study, and the use of the robotic approach or not was at

the sole discretion of the patient.

The inclusion criteria were at least 18 years old; a re-

sectable malignant or borderline malignant pathology of the

pancreatic head (including stage I and II pancreatic cancer),

distal common bile duct or periampullary region in accor-

dance with the National Comprehensive Cancer Network

(NCCN) guidelines. The exclusion criteria were an exces-

sively large lesion (tumor size[10 cm) invading adjacent

organs and major vessels; involvement of superior mesen-

teric vein or portal vein (PV) longer than 3 cm detected on

preoperative thin-slice (3 mm) computed tomography (CT)

scan and CT portal venography, if applicable, possibly re-

quiring interposed graft reconstruction, for which OPD was

determined to be more suitable than RLPD; scheduled for

surgical treatment other than PD, such as palliative biliary

and gastroenteric anastomoses; having received neoadju-

vant chemoradiation therapy; presence of complicating se-

rious cardiopulmonary or hepatorenal insufficiency;

extensive intraperitoneal or extraperitoneal metastases; and

refusal to participate in or withdrawing from this study.

Patients who had undergone palliative biliary drainage and

PV resection or reconstruction were included, whereas

those who had undergone a non-PD procedure, such as

enucleation and segmental duodenal resection, with arterial

reconstruction were excluded.

Surgical procedures

All patients received routine hematological, biochemical,

and oncological tests in accordance with the institutional

practice guidelines. An abdominal thin-slice (3 mm)
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computed tomography scan was performed to delineate the

size and location of the lesion. All surgical procedures

were performed by an assigned surgical team, consisting of

resident surgeons, anesthesiologists, clinical pathologists,

radiologists, surgical nurses, and research nurses and led by

two board-certified attending general surgeons (BS and CP)

experienced in both open and robotic surgery. In the pilot

study before the present work, this surgical team had per-

formed more than 50 robotic surgeries, including 12 PDs.

All RLPDs were performed using the da Vinci Surgical

System Model S (Model S; Intuitive Surgical, Inc, Sunny-

vale, CA, USA). The first 40 cases of RLPDs were per-

formed using the previously reported classical procedure

(Fig. 1A, left panel), and a modified ‘‘bottom-up’’ approach

was used in the last 20 cases (Fig. 1A, right panel) from

January 2013 onwards [11]. In the modified approach

(Fig. 2), the lesser omental sac was dissected to expose the

pancreas, and the pancreas was dissected along the inferior

margin to expose the superior mesenteric vessels (SMVs).

The SMVs were meticulously dissected to create a

retropancreatic tunnel, and an extended Kocher maneuver

was performed to mobilize the transverse duodenum and

dissect the duodenojejunal flexure starting from the right

margin of the ligament of Treitz beneath the superior me-

senteric vessels. The jejunal loop was retracted into the

right upper quadrant below the mesenteric vessels and

transected at the right margin of the superior mesenteric

vessels above the transverse mesocolon. After the dissection

of the hepatic hilum, the gastroduodenal artery was dis-

sected and ligated to expose the PV. The pancreatic neck

was dissected to locate the pancreatic duct. The root of the

SMVs was dissected from cephalically toward caudally,

and the stomach was transected after the nasogastric tube

was withdrawn. Intraoperative frozen biopsy was performed

to evaluate the pathology of the pancreatic disease and the

cleanness of the resection margin. The jejunal limb was

retracted toward the right side beneath the SMVs and po-

sitioned in the right upper quadrant for reconstruction

(Fig. 1B). A two-layered end-to-side, duct-to-mucosa pan-

creaticojejunostomy was performed in all patients as routine

practice. The stumps of the pancreatic ducts were sutured

using 6-0 absorbable polydioxanone sutures (PDS II; Ethi-

con, Cincinnati, OH, USA), and a 5F or 8F pediatric Silastic

feeding tube was placed to stent the pancreatic duct. The

stump of the pancreatic parenchyma was anastomosed with

the seromuscular layer of the jejunum using 3-0 nonab-

sorbable polypropylene sutures in a horizontal mattress

manner. A single-layer hepaticojejunostomy was fashioned

as an end-to-side anastomosis using 5-0 Vicryl (RB1;

Ethicon) in a running technique for a duct[5 mm in di-

ameter or in an interrupted technique for a duct B5 mm. An

antecolic, two-layered gastrojejunostomy was performed to

reconstruct the gastrointestinal tract continuity. The PV and

SMV were reconstructed using non-interrupted 5-0

polypropylene sutures. Two peritoneal drains were posi-

tioned posterior to the biliary anastomosis and inferior to

the pancreatic anastomosis.

All OPDs were performed using the standard PD proce-

dure with antrectomy or pylorus preservation as previously

described [12]. Segmentectomy or wedge resection was

performed in the case of PV or SMV involvement. Lym-

phadenectomy involved all lymph nodes located to the right

of the PV and SMV. The end-to-end pancreaticojejunostomy

and end-to-side hepaticojejunostomy were performed to re-

construct continuity of the gastrointestinal tract (Fig. 1C).

Postoperative care

The nasogastric tube was removed on the first or second

postoperative days, and frequent oral intake of a small

amount of low-fat soft, solid diet was resumed if well

tolerated. Plasma glucose was closely monitored, and hy-

perglycemia was controlled using intravenous insulin. The

amylase content in peritoneal drainage was followed up on

postoperative day 5, and the drain was removed in the

absence of evident pancreatic fistula. All patients with

pancreatic adenocarcinoma underwent adjuvant che-

motherapy with gemcitabine and 5-fluorouracil as recom-

mended by the NCCN guideline [13].

Main outcome measures

Patient characteristics included age, gender, body mass

index (BMI), ASA score, and the presence of concomitant

medical conditions, such as diabetes mellitus, hyperten-

sion, cardiac, and pulmonary disease.

Operative variables mainly included conversion rate,

operative time (OT), intraoperative blood loss, and trans-

fusion rate. Postoperative variables mainly included mor-

bidity and mortality. Pancreatic fistula was diagnosed in

accordance with the International Study Group for Pan-

creatic Fistula (ISGPF) criteria [14]. Postoperative mor-

bidities were evaluated according to the Clavien–Dindo

classification system [15]. A major complication was de-

fined as Clavien–Dindo classification C3.

The learning curve was plotted to evaluate main intra-

and postoperative variables, including OT, blood loss, and

morbidities. Within the RLPD group, the first 40 patients

(early period) using conventional approach were compared

with the last 20 patients (late period) using ‘‘bottom-up’’

approach included in 2013, both of whom were further

compared with those undergoing OPD within the same pe-

riod to access the improvement of effectiveness of RLPD.

Recovery variables included times to resume off-bed

activities, bowel movement and oral intake, fasting plasma

glucose, time length of hospital stay, and nutritional status
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(total protein, pre-albumin, and hemoglobin) change from

the baseline.

Short-term pathological and oncological variables in-

cluded histological classification, tumor size, number of

lymph nodes resected and positive nodes, TNM stage, and

resection margin (the common bile duct, SMVs, portal

vein, pancreatic neck, and uncinate process) cleanness.

Mid-term outcomes included overall and disease-free sur-

vival. All patients with borderline malignant or malignant

tumors were followed up monthly in the first year and

quarterly afterwards in the absence of tumor recurrence.

Computed tomography scanning was performed 1 month

after the operation, quarterly in the first year, and semi-

annually afterwards. Tumor recurrence was identified using

a combined examination of computed tomography scan-

ning, magnetic resonance imaging, and serum tumor

biomarker. Patients were followed up until the time of

death or the cutoff date of this study (June 30, 2014).

Cost analysis included any costs associated with operation

and consumables, anesthesia, nursing, laboratory tests, and

overall hospital stay. The cost of postdischarge care, follow-

up, or home nursing was excluded from this analysis.

Statistical analysis

The statistical software SPSS 19.0 (SPSS Inc, Chicago, IL,

USA) was used for the statistical analysis. Continuous data

were expressed as mean (SD) or mean (SEM) or median

(interquartile range, IQR), and the means were compared

using the two independent samples Student’s t test. Cate-

gorical data were compared using the Chi-square test or

Fisher’s exact probability test. The Mann–Whitney U test

was used for non-normally distributed variables. The

Spearman’s rank correlation coefficient (q) was used to

determine whether OT and bleeding volume indicated a

significant ‘‘learning curve.’’ Survival analysis was

Fig. 1 Conventional and modified ‘‘bottom-up’’ procedures of RLPD (A) and reconstruction in RLPD (B) and OPD (C). The arrows indicate the
ligament of Treitz
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performed using the Kaplan–Meier method and validated

using the log-rank test. A P value less than 0.05 was

considered statistically significant.

Results

Patient characteristics

Overall, 180 eligible patients, aged 18–77 years and in-

cluding 99 males and 81 females, were included in this

study. Among these patients, 60 patients underwent RLPD

(RLPD group, n = 60) and 120 patients underwent OPD

(OPD group, n = 120). The patients’ demographic and

clinical characteristics are listed in Table 1. The two

groups were comparable in terms of tumor location, tumor

malignancy, tumor size, age, sex, body mass index, ASA

physical status classification, previous history of abdominal

surgery, and concomitant medical conditions (all P values

[0.05). The maximum tumor size was 9.8 cm in the RLPD

group and 10 cm in the OPD group. Within the RLPD

group, the first 40 patients were similar to the last 20 pa-

tients with respect to tumor location, tumor malignancy,

age, sex, BMI, ASA class, tumor size, and history of

Fig. 2 Representative

photographs and laparoscopic

views of RLPD: A dissection of

the pancreas; B dissection of the

hepatic hilum; C division of the

pancreatic neck; D dissection of

the uncinate process;

E pancreaticojejunostomy;

F hepaticojejunostomy;

G gastrojejunostomy; and

H reconstruction of PV-SMV.

PV portal vein, SMV superior

mesenteric vein, GDA

gastroduodenal artery, PHA

proper hepatic artery, CBD

common bile duct, ASPDV

anterior superior

pancreaticoduodenal vein, MCV

middle colic vein, GCT Henle’s

gastrocolic trunk. White

arrowhead shows grasping of

the accessory right colic vein in

panel 1
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previous abdominal surgery (all P[ 0.05) (Table 2).

Among patients included in 2010–2012 or 2013, the two

groups were comparable in demographic and clinical

variables (Table S1).

Intraoperative outcome

The operative outcomes are listed in Table 3. All patients

underwent successful en bloc PD as scheduled, and only

one patient (1.7 %) enrolled in 2010 required conversion of

RLPD to laparotomy due to difficulty in dissecting the

uncinate process and requirement of PV-SMV and PV-s-

plenic vein reconstruction. The RLPD group had a sig-

nificantly longer mean OT (410 [103] vs. 323 [80] min;

P\ 0.001) but less median blood loss (400 vs. 500 mL;

P = 0.005) compared to the OPD group. Both OT (q =

-0.611; P\ 0.001; Fig. 3A) and blood loss (q = -0.607,

P\ 0.001; Fig. 3B) were associated with significant

‘‘learning curves’’ in the RLPD group. The last 20 RLPD

patients had significantly shorter mean OT (340 [98] vs.

445 [88] min; P\ 0.001; Fig. 3C) and less mean blood

loss (275 [255] vs. 532 [262] mL; P\ 0.001; Fig. 3D) than

the first 40 counterparts. Among patients included in

2010–2012, RLPD patients had a significantly longer mean

OT (445 [88] vs. 322 [73] min; P\ 0.001) but similar

median blood loss (500 vs. 500 mL; P = 0.201) compared

to OPD counterparts; however, among patients included in

2013, RLPD patients had a similar mean OT (340 [98] vs.

324 [92] min; P = 0.981) but significantly less median

blood loss (200 vs. 500 mL; P = 0.002) compared to OPD

counterparts.

No uncontrollable massive bleeding or other clinically

significant intraoperative incidents occurred. The two

groups had similar percentages of patients requiring blood

transfusion and similar reconstruction approach of gas-

trointestinal continuity. It is noted that the frequency of

vessel end-to-end reconstruction (3[5 %] vs. 8[6.7 %],

P = 0.912) and the mean length of segmental PV resection

(3.8 [0.8] vs. 3.9 [1.0] cm, P = 0.950) were equivalent

between the two groups.

Morbidities and mortality

Surgical morbidities and mortality are described in

Table 4. The two groups had similar overall morbidities,

Clavien–Dindo class 1/2 morbidities, and Clavien–Dindo

class 3/4/5 morbidities. The morbidity rate showed a de-

cline in the RLPD group, especially for the overall

(20.0 %) and major (0.0 %) complication rates among the

last 20 cases (Fig. 3E, F). Among patients in 2010–2012 or

Table 1 Demographic and

clinical characteristics of

included patients

Variable RLPD (n = 60) OPD (n = 120) P value

Tumor location, n (%)

Pancreas 41 (68.3) 82 (68.3) 1.000}

Periampullary region 16 (26.7) 32 (26.7)

Common bile duct 3 (5.0) 6 (5.0)

Tumor malignancy, n (%)

Malignant 38 (63.3) 76 (63.3) 1.000}

Non-malignant 22 (36.7) 44 (36.7)

Tumor size on CT scan, cm, mean (SD) 2.6 (1.5) 2.6 (1.3) 1.000#

Age, years, mean (SD) 53.6 (13.5) 53.8 (14.3) 0.930#

Sex ratio (M: F) 34:26 65:55 0.751}

BMI, kg/m2, mean (SD) 23.2 (2.7) 22.6 (3.4) 0.191#

ASA class, n (%) 0.903}

1 6 (10.0) 10 (8.3)

2 53 (88.3) 108 (90.0)

3 1 (1.7) 2 (1.6)

Previous abdominal surgery, n (%) 6 (10.0) 14 (11.7) 0.765}

Concomitant medical conditions, n (%)

Diabetes mellitus 6 (10.0) 11 (9.2) 0.830}

Cardiac disease 4 (6.7) 9 (7.5) 1.000}

Hypertension 15 (25.0) 30 (25.0) 1.000}

Pulmonary disease 2 (3.3) 3 (2.5) 1.000}

BMI body mass index, ASA American Society of Anesthesiologists, CT computed tomography
} Chi-square test; # Student’s t test

Surg Endosc (2015) 29:3698–3711 3703

123



2013, the two groups also had similar overall morbidities,

Clavien–Dindo class 1/2 morbidities and Clavien–Dindo

class 3/4/5 morbidities (Table S2).

Major postoperative complications included pancreatic

fistula, delayed gastric emptying, bile leak, gastrointesti-

nal anastomostic leak, postoperative intra-abdominal

bleeding, intraperitoneal fluid collection, surgical site in-

fection, and afferent loop obstruction. Among overall

patients, the two groups experienced a similar frequency

of overall and ISGPF grade A/B/C pancreatic fistula (all

P values[ 0.05), but no grade C pancreatic fistula

occurred in the RLPD group. The two groups also ex-

hibited similar frequencies of all other major complica-

tions (all P values[ 0.05) except for surgical site

infection (1[1.7 %] vs. 15[12.5 %]; P = 0.033). Most of

postoperative complications required no surgical inter-

vention and resolved after medical treatment. The two

RLPD patients (3.3 %) who experienced afferent loop

obstruction required second-look surgery, and one RLPD

patient (1.7 %) died of refractory acute renal failure of

unknown etiology. In contrast, four OPD patients (3.3 %)

experienced grade C pancreatic fistula, developed

Table 2 Demographic and

clinical characteristics of

patients in first 40 RLPD cases

versus last 20 RLPD cases

Variable First (n = 40) Last (n = 20) P value

Tumor location, n (%) 1.000}

Pancreas 27 (67.5) 14 (70.0)

Periampullary region 11 (27.5) 5 (25.0)

Common bile duct 2 (5.0) 1 (5.0)

Tumor malignancy, n (%) 0.705}

Malignant 26 (65.0) 12 (60.0)

Non-malignant 14 (35.0) 8 (40.0)

Tumor size, cm, mean (SD) 2.9 (1.4) 2.8 (1.5) 0.638#

Age, years, mean (SD) 53.3 (14.1) 54.2 (12.3) 0.810#

Sex ratio (M: F) 21:19 13:7 0.357}

BMI, kg/m2, mean (SD) 23.4 (2.8) 22.8 (2.4) 0.475#

ASA class, n (%) 0.444}

1 4 (10.0) 2 (10.0)

2 36 (90.0) 17 (85.0)

3 0 (0.0) 1 (5.0)

Previous abdominal surgery, n (%) 3 (7.5) 3 (15.0) 0.648}

BMI body mass index, ASA American Society of Anesthesiologists, CT computed tomography
} Chi-square test; # Student’s t test

Table 3 Intraoperative outcome

Variable Patients in 2010–2012 Patients in 2013

RLPD (n = 40) OPD (n = 80) P value RLPD (n = 20) OPD (n = 40) P value

Operative time�, min, mean (SD)* 445 (88) 322 (73) <0.001# 340 (98) 324 (92) 0.981#

Blood loss�, mL, median (IQR)** 500 (310–738) 500 (400–800) 0.201� 200 (100–450) 500 (300–700) 0.002�

Blood transfusion, n (%) 7 (17.5) 16 (20.0) 0.329} 1 (5.0) 7 (17.5) 0.347}

Gastrointestinal anastomosis, n (%) 1.000} N/A

Pancreaticojejunostomy 39 (97.5) 79 (98.7) 20 (100.0) 40 (100.0)

Pancreaticogastrostomy 1 (2.5) 1 (1.3) 0 (0.0) 0 (0.0)

Vessel reconstruction, n (%) 2 (5.0) 6 (7.5) 0.897} 1 (5.0) 2 (5.0) 1.000}

� Among overall patients, the mean OT* was significantly longer in RLPD group (410[103] min), as compared to that in OPD group (323[80]

min) (P\ 0.001); the median blood loss** was significantly less in RLPD group (400[200–600] mL), as compared to that in OPD group

(500[350–800] mL) (P = 0.005)

N/A not applicable
} Chi-square test; # Student’s t test, � Mann–Whitney U test

Bold values indicate statistical significance
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complicating intra-abdominal bleeding, and required

emergency second-look surgery; three of these patients

(2.5 %) died of disseminated intravascular coagulation (1

patient), massive bleeding (1 patient), or sepsis (1

patient).

Postoperative recovery

The postoperative recovery data are listed in Table 5. The

two groups had the similar preoperative nutritional at the

baseline. And according to our center clinic path, the

postoperative fluid replacement strategy between two

groups was same. The RLPD group showed a significantly

faster recovery of nutritional status compared to the OPD

group (Fig. 4). Since the 7th postoperative day, the RLPD

group had significantly better recovery in total protein, pre-

albumin, and hemoglobin levels (all P values\ 0.05)

compared to the OPD group.

The RLPD group had significantly shorter mean times to

resume off-bed activities (3.2 [0.6] vs. 4.8 [2.4] d;

P\ 0.001), bowel movement (3.6 [1.6] vs. 5.2 [2.3] d;

P\ 0.001), and oral intake (3.1 [1.7] vs. 4.7 [2.3] d;

P\ 0.001) compared to the OPD group. The RLPD group

also had a significantly shorter mean length of hospital stay

than the OPD group (20 [7.4] vs. 25 [11.2] d; P = 0.002).

The RLPD group had a significantly lower mean fasting

plasma glucose level than the OPD group (7.0 [1.8] vs. 7.5

[1.4] mmol/L; P = 0.042). Moreover, RLPD was associ-

ated with a significantly higher overall cost (19,755

[10,067] vs. 12,111 [6456] USD; P\ 0.001) but a sig-

nificantly lower postoperative cost (8529 [4253] vs. 10,559

[6291] USD; P = 0.025) compared to OPD.

Fig. 3 Learning curve effects

of RLPD with respect to OT,

blood loss, and morbidity rates.

Error bars represent SEM
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Oncological outcome

Pathological outcomes are described in Table 6. The two

groups were similar in pathology of the pancreatic head

disease (P[ 0.05), and the most frequent pathology was

pancreatic adenocarcinoma in both groups. The two groups

had similar mean tumor size (2.9 [1.4] vs. 3.0 [1.3] cm;

P = 0.636), mean number of lymph nodes resected (13.6

Table 4 Morbidities and

mortality
Variable RLPD (n = 60) OPD (n = 120) P value}

Morbidities, n (%) 21 (35.0) 48 (40.0) 0.515

Clavien 1/2 14 (23.3) 32 (26.7) 0.629

Clavien C 3 7 (11.7) 16 (13.3) 0.752

Pancreatic fistula, n (%) 8 (13.3) 29 (24.2) 0.090

Grade A 3 (5.0) 11 (9.2) 0.491

Grade B 5 (8.3) 14 (11.7) 0.493

Grade C 0 (0.0) 4 (3.3) 0.303

Bile leak, n (%) 5 (8.3) 8 (6.7) 0.684

Gastrointestinal anastomotic leak, n (%) 2 (3.3) 3 (2.5) 1.000

Intra-abdominal hemorrhage, n (%) 4 (6.7) 9 (7.5) 1.000

Intraperitoneal fluid collection, n (%) 7 (11.7) 16 (13.3) 0.752

Delayed gastric emptying, n (%) 5 (8.3) 18 (15.0) 0.207

Wound infection, n (%) 1 (1.7) 15 (12.5) 0.033

Afferent loop obstruction, n (%) 2 (3.3) 0 (0.0) 0.110

Second-look surgery, n (%) 2 (3.3) 4 (3.3) 1.000

Mortality, n (%) 1 (1.7) 3 (2.5) 1.000

} Chi-square test

Bold value indicates statistical significance

Table 5 Postoperative

recovery data, mean (SD)
Variable RLPD (n = 60) OPD (n = 120) P value#

Times to resume, days

Off-bed activities 3.2 (0.6) 4.8 (2.4) <0.001

Bowel movement 3.6 (1.6) 5.2 (2.3) <0.001

Oral intake 3.1 (1.7) 4.7 (2.3) <0.001

Hospital stay, days 20 (7.4) 25 (11.2) 0.002

Fasting plasma glucose, mmol/L 7.0 (1.8) 7.5 (1.4) 0.042

Preoperative nutritional status baseline

Total protein (g/L) 67.4 (6.5) 66.5 (7.7) 0.435

Pre-albumin (mg/L) 310.1 (31.2) 307.5 (33.6) 0.564

Hemoglobin (mg/)L 131.9 (15.6) 130.8 (16.3) 0.689

Nutritional status changes on 7th POD (%)

Total protein -4.9 (11.8) -8.7 (12.8) <0.05

Pre-albumin -14.9 (12.8) -18.7 (13.3) <0.05

Hemoglobin -9.3 (12.1) -14.4 (13.6) <0.05

Nutritional status changes on 14th POD (%)

Total protein 1.7 (10.1) -1.8 (10.7) <0.05

Pre-albumin 0.4 (10.6) -3.2 (12.8) <0.05

Hemoglobin 1.0 (10.4) -3.1 (11.1) <0.05

Overall cost (USD) 19,755 (10,067) 12,111 (6456) <0.001

Postoperative cost (USD) 8529 (4253) 10,559 (6291) 0.025

# Student’s t test

Bold values indicate statistical significance
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[6.0] vs. 12.5 [8.0]; P = 0.350), and rate of R0 resection

for non-benign diseases (45/46[97.8 %] vs. 88/92[95.7 %];

P = 0.872).

Among patients with pancreatic adenocarcinoma, the

two groups also had similar mean tumor size (3.0 [0.9] vs.

3.1 [1.0] cm; P = 0.716), mean number of lymph nodes

resected (18.1 [6.6] vs. 17.8 [7.1]; P = 0.890), R0 resec-

tion rate, number of lymph nodes resected and positive

nodes, T stage, lymph node metastasis rate, and American

Joint Committee on Cancer tumor stage [16]. No patient

was lost to follow-up. Mean oncologic follow-up period

was 22 ± 10 mo in the RLPD group and 21 ± 8 mo in the

OPD group, respectively. The two groups had similar

median overall survival (23.0 vs. 22.0 months; P = 0.748;

Figure S1-A) and disease-free survival (14.0 vs.

13.0 months; P = 0.364; Figure S1-B).

Discussion

The recent technical developments have made it feasible to

apply the use of laparoscopy to pancreatic surgery in-

cluding PD, one of the most complex abdominal surgical

procedures. However, laparoscopic PD is still considered

as an ‘‘investigational’’ procedure in current practice due to

its huge intrinsic technical challenges and, as such, is

normally performed only in highly selected patients by a

few expert laparoscopic surgeons [17]. The limitations of

laparoscopic pancreatic surgery include reduced freedom

of manipulative motion, narrowed two-dimensional view,

and a long learning curve. Two previous comparative

studies could not clearly justify the advantages of laparo-

scopic PD over OPD [18, 19].

Robotic surgery, the state-of-art minimally invasive

surgery technology, has been developed to overcome the

aforementioned limitations and improve the precision of

surgical procedures. In the scenario of PD, RLPD is

especially advantageous in dissecting lymph nodes of

major vasculatures and the uncinated process and in the

reconstruction of gastrointestinal continuity due to the su-

perior dexterity of the robotic surgery system [11]. Four

retrospective case series were reported in the current lit-

erature to retrospectively assess the safety and feasibility of

RLPD compared with OPD [7–10]. Our results together

with these previous reports confirm that RLPD has a

similar feasibility and safety profile compared to open

surgery. Furthermore, our study demonstrated that RLPD is

associated with a significant learning curve effect with

respect to OT, blood loss, and morbidity; faster recovery of

nutritional status; and similar survival compared to OPD.

To the best of our knowledge, the present work was the first

prospective study comparing RLPD and OPD, especially

with respect to the mid-term follow-up result, and involved

the largest sample size ever in Chinese population.

A major limitation of RLPD shown by our results is the

relatively long OT including the time for preparing the

robotic system and instruments, consistent with previous

reports [7–9]. However, the OT of RLPD became gradually

shortened over the 4-year study period, especially in the

last 20 cases (P\ 0.001) comparing to the early period.

This reduction might result from the use of our modified

laparoscopic technique, in which an upward angle of view

in the abdominal cavity could help to improve the flow of

laparoscopic manipulation. When the robotic arms held the

laparoscopic instruments in the lower abdominal cavity

through the fixed trocar ports, a limited range of movement

was available for the laparoscope and other manipulating

Fig. 4 Changes in postoperative serum total protein (A), pre-albumin

(B), and hemoglobin (C) relative to baseline levels. Error bars

represent SEM. *P\ 0.05
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instruments, resulting in a large number of ‘‘blind spots’’ in

the early 40 cases. In contrast, the modified ‘‘bottom-up’’

approach maximized the use of robotic arms in the last 20

cases and significantly shortened the OT and robotic sur-

gery learning curve. The OT of RLPD was significantly

shortened close to that of OPD reported by our series and

some other high-volume academic pancreatic surgery

centers. The shortest case in the last 20 RLPD cases cost

only 180 min in a patient with pseudopapillary tumor.

Better bleeding control is one of the primary advantages

of the robotic approach, which facilitates dissection of

major vessels by effectively preventing massive bleeding.

Our study demonstrated that RLPD-associated blood loss

was significantly decreased and also exhibited an encour-

aging ‘‘learning curve’’ effect compared to OPD, especially

for the late period. Owing to a large degree of freedom

offered by the EndoWrist technique and an improved three-

dimensional visualization, robotic assistance allows the

surgeon to more precisely locate and dissect the SMVs for

vessel control, especially in the case of tumor invasion.

Moreover, the increased degree of freedom also enables the

surgeons to complete relatively complex vessel recon-

struction, which used to be impossible if using conventional

laparoscopy. Giulianotti et al. pioneered the use of the

robotic system for vessel reconstruction and suggested that

robotic assistance would be able to widen the indications of

laparoscopic surgery to locally advanced pancreatic tumors

[20]. Our finding that RLPD resulted in a vessel recon-

struction profile similar to that for OPD reaffirmed the ef-

fectiveness and safety of robot-assisted vessel

reconstruction in PD, which was also reported for the first

time in Asia. Venous involvement may not be an absolute

contraindication to robotic surgery. It is also likely that

prosthetic graft reconstruction can be completed using the

robotic surgery technique for segmental PV resection longer

than 5 cm. Conversely, uncontrollable bleeding and vessel

Table 6 Oncological outcomes Variable RLPD (n = 60) OPD (n = 120) P value}

Pathology, n (%)

Pancreatic adenocarcinoma 19 (31.7) 38 (31.7) 1.000

Distal CBD adenocarcinoma 3 (5.0) 6 (5.0) 1.000

Duodenal adenocarcinoma 8 (13.3) 14 (11.7) 0.748

Ampullary carcinoma 8 (13.3) 18 (15.0) 0.764

IPMN 4 (6.7) 6 (5.0) 0.908

SPT 4 (6.7) 9 (7.5) 1.000

Serous cystic adenoma 8 (13.3) 18 (15.0) 0.764

Others 6 (10.0) 11 (8.3) 0.857

Tumor size, cm, mean(SD) 2.9 (1.4) 3.0 (1.3) 0.636#

Lymph nodes resected, mean(SD) 13.6 (6.0) 12.5 (8.0) 0.350#

R0 Resection of non-benign diseases 45/46 (97.8) 88/92 (95.7) 0.872

Pancreatic adenocarcinoma n = 19 n = 38

Tumor size, cm, mean(SD) 3.0 (0.9) 3.1 (1.0) 0.716#

R0 Resection, n (%) 18 (94.7) 35 (92.1) 1.000

Lymph nodes resected, mean(SD) 18.1 (6.6) 17.8 (7.1) 0.890#

Positive nodes, mean(SD) 2.3 (2.6) 2.4 (2.7) 0.894#

T stage, n (%) 0.619

T1 2 (10.5) 2 (5.3)

T2 2 (10.5) 3 (7.9)

T3 15 (78.9) 33 (86.8)

LN (?), n (%) 11 (57.9) 23 (60.5) 0.849

AJCC stage, n (%) 1.000

I A 1 (5.3) 1 (2.6)

I B 2 (10.5) 5 (13.2)

II A 5 (26.3) 9 (23.7)

II B 11 (57.9) 23 (60.5)

IPMN intraductal papillary mucinous neoplasm, SPT solid pseudopapillary tumor, CBD common bile duct,

AJCC American Joint Committee on Cancer classification
} Chi-square test, except; # Student’s t test
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reconstruction are also major causes of conversion of la-

paroscopic PD to OPD. Our results together with previous

reports showed that robotic assistance was beneficial in

reducing conversion rate when compared to conventional

laparoscopic approach [5, 6].

PD is subject to a high morbidity rate even in high-

volume centers, approximating 41 % for the open approach

[21]. In accordance with the Clavien–Dindo classification

system, the two groups experienced similar frequencies of

mild, moderate, severe, and overall complications shown

by our results, similar with that reported by Chalikonda

et al. in a case-matched comparison study [8]. It was en-

couraging that RLPD also exhibited a ‘‘learning curve’’

effect with respect to postoperative complications. This

suggested that a lower morbidity rate associated with

RLPD might result from the minimized invasiveness of

robotic assistance and become evident in the hands of ex-

perienced laparoscopic surgeons.

Pancreatic fistula remains the most common and serious

postoperative complication associated with PD. The inci-

dence rate of pancreatic fistula after OPD was reported to

be 10 - 20 % in accordance with the ISGPF criteria [22,

23]. Our results together with previous reports showed that

robotic assistance could not decrease the occurrence or

severity of pancreatic fistula associated with PD. It was

noted that none of the patients who experienced severe

(grade C) pancreatic fistula required surgical intervention

in the RLPD group. However, grade C pancreatic fistula

was the major cause of reoperation and mortality, although

the mortality rate was similar between the two groups in

agreement with the previous reports regarding RLPD and

OPD [24, 25]. However, statistical insignificance might be

due to the insufficient statistical power.

The robotic approach was associated with a statistically

higher frequency of afferent loop obstruction although not

clinically significant compared to the open approach. Af-

ferent loop obstruction usually occurs in 0.3 % of patients

undergoing gastroenterostomy [26], including Billroth II

gastrectomy and PD, possibly due to intestinal adhesion/

angulation, internal hernia, anastomostic stricture, and tu-

mor recurrence [27, 28]. A major procedural difference

between the two approaches was the position of the pan-

creaticobiliary jejunal limb. In the open approach, the je-

junal limb is brought through the transverse mesocolon to

the right upper quadrant and fixed to the transverse me-

socolon (Fig. 1C), whereas in the robotic approach, the

jejunal limb is directly brought through the opening left to

the ligament of Treitz and posterior to the SMVs into the

supramesocolic compartment for technical convenience

(Fig. 1B) [11]. Therefore, RLPD patients were more prone

to angulation when intestinal adhesions or internal hernia

occurring in the jejunum limb. The second-look surgery in

the two patients who experienced afferent loop obstruction

identified intestinal angulation in proximity to the ligament

of Treitz.

Expedited postoperative recovery is expected to be one

of the main advantages of incorporating robotic assistance.

Our results showed that RLPD patients were able to resume

off-bed activities, bowel movement, oral intake, and after-

discharge daily activities at an earlier time point than OPD

patients. It is noted that the expedition of postoperative

recovery associated with robotic assistance was not suffi-

ciently addressed in previous reports. Our biochemical data

demonstrated for the first time that RLPD patients exhib-

ited a significantly faster nutritional status recovery with

respect to serum total protein and pre-albumin as well as

hemoglobin within the first two postoperative weeks. This

clinical benefit might result from earlier resumption of oral

intake, less incisional pain, and a more relaxed psycho-

logical status, especially after parenteral nutrition was

switched to enteral nutrition at postoperative day 5–7 [29–

31]. Expedited postoperative recovery might help to im-

prove RLPD patients’ short-term postoperative quality of

life and reduce postoperative cost. It was noteworthy that

hemoglobin slightly decreased within the first three post-

operative days, which might result from no routine use of

hemostatic medication at our center. Hyperglycemia is a

common surgical morbidity after PD, but blood glucose

was well controlled in both groups within the normal limits

[32].

Oncological outcome is the major concern arising from

RLPD among patients suffering from malignant diseases.

R0 resection and the number of lymph nodes resected, two

key oncologic adequacy measures, are accepted as two re-

liable factors predicting the long-term survival after PD for

malignant pancreatic or periampullary diseases [33, 34].

Our results showed that the two groups had similar R0 re-

section rates and numbers of lymph nodes resected; how-

ever, Chalikonda et al. and Zeh et al. reported a significantly

higher frequency of R0 resection after RLPD [8, 35], and

Buchs et al. reported a significantly greater number of

lymph nodes resected in RLPD patients [10]. These dif-

ferences might result from the investigator’s bias (relatively

fewer selected patients in our study). The mid-term survival

data are rarely reported for pancreatic cancer patients un-

dergoing RLPD versus OPD. Our follow-up results

demonstrated for the first time that the two approaches were

associated with a similar overall survival among patients

with pancreatic adenocarcinoma, consistent with the pre-

vious report [36]. Given our follow-up period might be

relatively short considering the usual survival analysis, we

also collected the data of disease-free survival which would

be strongly correlated with 5-year overall survival [37].

Moreover, most recurrences of pancreatic cancer usually
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occur within 6–15 months and median disease-free survival

was 6.9 months for patients received no postoperative

chemotherapy according to a multicenter RCT [38].

Therefore, the length of follow-up in our study could be

considered acceptable for comparison of oncological out-

come between RLPD and OPD.

We acknowledged that our study was a non-randomized

study with some inherent bias; however, a 1:2 matching

comparison was used to control patient selection bias. In

addition, all included patients were determined to be

eligible for both RLPD and OPD on preoperative workup

to minimize patient selection bias. Although a randomized,

controlled study is ideal to validate the effectiveness and

safety of RLPD, it poses some practical challenges as

robotic surgery is at a high cost. We observed that hospital

stay including preoperative period in our center was

relatively longer compared to that in Western practices,

mainly due to sociocultural variation in Chinese healthcare

system rather than surgical care quality. It is noted that the

average length of hospital stay was approximate 3–4 weeks

in most area of mainland China. In addition, our center

provided both early postoperative care and subsequent

nursing care for each patient in a single hospitalization.

Therefore, patients usually opted to discharge after full

recovery.

Conclusions

RLPD is an effective, safe alternative treatment option

compared to OPD. The primary advantages of RLPD over

OPD include minimal invasiveness and expedited postop-

erative recovery possibly due to the improved visualization

and precise manipulation. The relatively longer OT and

similar morbidity associated with RLPD compared to OPD

show a significant ‘‘learning curve’’ effect, and both are

expected to improve in the hands of experienced laparo-

scopic surgeons. Our oncological results demonstrated that

the two approaches are associated with a similar oncologic

adequacy and overall survival. The long-term therapeutic

benefit of RLPD remains to be investigated in further large-

scale, multi-center, randomized controlled studies.
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