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INTRODUCTION
In pancreatic surgery, it has been shown that centralization with 
higher case volumes for both individual surgeons as well as cen-
ters leads to better patient outcomes.1–3 Formal training is rec-
ommended for the safe introduction of pancreatic surgery and 
particularly minimally invasive or robotic pancreatic surgery.4,5 
However, definitions of learning curves vary considerably and 

have not been systematically evaluated and standardized with 
regard to evaluated outcomes, number of procedures necessary 
to reach proficiency, influence of training as well as surgeons 
previous experience, complexity of procedures, and number 
of phases of the learning curve. Depending on the definition, 
learning curves of seven to 250 cases for pancreatoduodenec-
tomy (PD) and 10 to 40 cases for distal pancreatectomy (DP) 
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have been described so far.5–12 Looking at the available surgical 
approaches (open, laparoscopic, and robotic), these numbers 
vary even further. The learning curve of a surgical procedure 
represents an important and underrepresented bias in clinical 
studies and is often neglected even in randomized controlled 
trials (RCT).13–15 There is no established definition of what 
should constitute a rigorous learning curve analysis in pancre-
atic surgery and how the learning curve can be standardized 
and defined to rule out learning curve associated bias in pancre-
atic surgery trials. Furthermore, a definition of various phases 
of the learning curve observed in pancreatic surgery is currently 
missing. The aim of this systemic review was to depict and ana-
lyze learning curves for PD and DP for the available surgical 
approaches (open, laparoscopic, robotic). Furthermore, we 
aimed to identify target parameters representing learning curves 
in pancreatic surgery and potentially define different phases of 
learning (competency, proficiency, mastery) according to oper-
ative complexity to standardize reporting of learning curves in 
pancreatic surgery.16

METHODS

Systematic Literature Search Methodology

This review complies with the recommendations of the 
Cochrane Handbook for Systematic Reviews and Interventions 
and specific recommendations for surgical systematic reviews17 
and is reported in line with the PRISMA guidelines.18 A proto-
col was developed a priori and published on researchregistry.
com on April 6, 2020 (Unique identifying number: reviewreg-
istry865). The systematic literature search was performed using 
MEDLINE (via PubMed), Web of Science, and CENTRAL data-
bases.19 The search terms were connected with Boolean opera-
tors and used in combination with medical subject headings. 
The systematic literature search included contributions listed in 
the above-mentioned databases until February 5, 2021. No lan-
guage restrictions were applied. Cross-referencing and manual 
search of the bibliographies of eligible publications was actively 
performed until February 2021 to identify further relevant stud-
ies for the review.

The following search strategy for Medline (via PubMed) was 
used:

(pancreatectomy OR pancreatic surgery OR pancreatoduo-
denectomy OR pancreaticoduodenectomy OR pancreatic head 
resection OR distal pancreatectomy OR pancreatic left resec-
tion) AND (open OR laparoscopy OR minimally invasive OR 
robotic surgery OR robotic-assisted surgery OR da Vinci) AND 
(learning curve OR training OR Proficiency OR Mastery OR 
Competency OR Learning phase)

Study Selection and Data Extraction

Selection of relevant articles was performed in two stages. Two 
of the authors independently screened the title and abstracts of 
all retrieved references. Duplicates were deleted before further 
review. Studies considered irrelevant were discarded. Full text 
articles for each of the selected abstracts were analyzed. In cases 
where clarification was needed, a consensus was reached through 
either discussion or a third reviewer. For data extraction, a ded-
icated predefined spreadsheet was used. The selection process is 
illustrated in the PRISMA flow diagram (Figure 1).18

Inclusion and Exclusion

Eligible for inclusion were RCTs, clinical controlled trials 
(including more than 10 patients), case series (including more 
than 10 patients) with a specific number or range of procedures 
characterizing any learning curve on PD (open, laparoscopic, 
robotic) or DP (open, laparoscopic, robotic) performed for 

benign or malignant pancreatic pathologies. All parameters used 
and described in each study for learning curve determination 
were included. The definition of the learning curve was adopted 
according the individual study.

Exclusion criteria were (1) studies based on other pan-
creatic surgeries than PD or DP, (2) articles not providing 
a specific case number or range at which the learning curve 
was attained, (3) articles which compared preexisting data 
(systematic reviews and meta-analyses), (4) articles report-
ing emergency procedures. Abstracts and further material 
not associated with a full-text manuscript such as congress 
abstracts were only included in the systematic review when 
sufficient data concerning the characteristics of the learning 
curve were available but were used carefully in further discus-
sion. Studies reporting on experimental or cadaveric models 
were excluded.

Outcome Parameters

Primary outcome was the number of procedures needed to sur-
mount the “general learning curve” as the definition of the indi-
vidual study was adopted for this analysis. Secondary outcomes 
were the endpoints that were used for the definition of the learn-
ing curve, the methods of learning curve analysis (statistical cal-
culation/arbitrary), the classification of different learning phases 
and the selection of patients. Further outcomes were extracted 
and evaluated according to the parameters for the learning curve 
according to availability: Operative time, blood loss, conversion 
rate, overall complications, minor and major complications, 30- 
and 90-day mortality, postoperative pancreatic fistula (POPF) 
according to international study group of pancreatic surgery 
(ISGPS),20,21 postpancreatectomy hemorrhage (PPH) according 
to ISGPS,22 delayed gastric emptying, and chyle leak23 according 
to ISGPS,24 bile leakage according to international study group 
of liver surgery,25 reoperation rate, readmission rate, lymph node 
harvest, oncologic parameters, length of stay (LOS). If specified, 
surgeon specific parameters were also evaluated including surgi-
cal experience, yearly case volume as well as index procedures, 
specific fellowships, participation in general and specific mento-
ring activities and proctoring.

Quality Assessment

There were no RCT included in this analysis. Therefore, 
ROBINS-I tool was used for quality assessment of all nonran-
domized studies in the systematic review.26 Seven domains—(1) 
reporting, (2) selection of participants, (3) statistical tests, (4) 
data dredging, (5) deviations of intended interventions, (6) mea-
surement of outcomes, (7) selection bias—were rated with either 
low, moderate, or high risk of bias. The quality of evidence was 
used for grading the quality of evidence.27

Statistical Analysis

When studies reported more than one number of cases to over-
come the learning curve, the lowest number mentioned was 
used. Due to the heterogeneity of endpoints used the assess 
the learning curve in the original studies, we assessed if learn-
ing curves were based on statistical calculation (eg, cumula-
tive sum [CUSUM] and risk-adjusted CUSUM [RA-CUSUM]) 
or arbitrarily chosen as an attempt to make the groups more 
homogeneous. These two groups were then analyzed sep-
arately. The endpoints were furthermore grouped into the 
following domains: intraoperative outcomes including opera-
tive time, blood loss and conversion, and postoperative out-
comes such as complications, oncological outcomes, and LOS. 
Descriptive statistics were used to depict the data. Correlation 
was assessed using the Spearman-rank coefficient. The asso-
ciation was considered weak (coefficient weak 0.1 to <0.3), 
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moderate (0.3 to <0.5), or strong (≥0.5). The Chi-square and 
Mann-Whitney U tests were used for categorical and continu-
ous data, respectively. R version 4.0.2, R Core Team, was used 
for all analyses.28

RESULTS
Study Selection

The search yielded 1115 studies. After removing 46 dupli-
cates 1069 studies were screened and 66 studies included. The 
PRISMA diagram is presented as Figure 1.

Study Characteristics

The 66 studies included 14,206 patients in total. Forty-seven 
studies reported on PD, thereof 12 on open PD, 19 on lapa-
roscopic PD, and 17 on robotic PD. Furthermore, 21 studies 
reported on DP, 15 on laparoscopic DP, and 6 on robotic DP, 
none on open DP. Of note, two studies presented data from 
both PD and DP,7,29 one study from both laparoscopic and open 
PD,30 and one study analyzed laparoscopic PD with and with-
out vascular resection as two separate patient cohorts.31 There 
were no RCTs on the subject, all studies had an observational 
design. The number of participating surgeons was specified in 

FIGURE 1.  PRISMA flow diagram for the systematic review.
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54 studies (82%), while participating surgeons ranged from 1 
to 43. Studies reported on the learning curve from individual 
surgeons (n = 30; 45%) or institutional learning curves (n = 36; 
55%). The baseline study and learning curve characteristics are 
shown in Tables 1 and 2.

Main Outcomes

Definition of the Learning Curve

Overall, the definition of the learning curves in pancreatic sur-
geries was heterogenous among the included studies. Only in 35 
studies (53%) the learning curve analysis was based on a sta-
tistical calculation (eg, CUSUM), the rest of the studies used an 
arbitrary split-group approach. Looking at the different phases 
of the learning curves, the majority of studies identified two 
phases of a learning curve (n = 35; 53%), while three (n = 15; 
23%), and up to six (n = 1; 2%) phases were also described. To 
define the learning curve, a single metric was used in 36 stud-
ies (55%), while two metrics were used in 12 studies (18%) 
and three or more in 18 studies (27%). The most often used 
parameters to define the learning curve were operative time  
(n = 51; 77%), blood loss (n = 17; 26%), complications (n = 10; 
15%), and LOS (n = 9; 14%). Interestingly, only 9 of 42 studies 
(21%) reporting on oncologic outcomes mentioned differences 
in oncologic parameters such as lymph node harvest, R0-rate or 
rate of patients undergoing adjuvant therapies between differ-
ent learning phases with respective patient groups.10,35–42 None 
of the included studies specifically evaluated the learning curve 
for oncologic parameters. Looking at potential biases that are 
important for the interpretation of the learning curve, previ-
ous surgical experience of the participating surgeons, either as 
performed pancreatic cases or previous training (years of expe-
rience or specific training), was mentioned in 30 (46%) stud-
ies. Proctoring and mentoring were reported in 4 (6%) and 8 
(12%) studies, respectively. Furthermore, patient demographics 
(n = 62; 94%) as well as disease specific information (n = 58; 
88%) defined as information on neoadjuvant therapy, vascular 
resections, pathological data, or tumor diameter, were reported 
in most studies. However, preoperative resectability status was 
reported in a minority of studies (n = 11; 17%).

Phases of the Learning Curve

The evolution of intra- and postoperative outcome parameters 
was evaluated over the different phases of the learning curve. 
When including all studies irrespective of their analysis method, 
a decrease of intraoperative parameters was mainly observed 
from phase 1 to phase 2, as demonstrated by a reduction of 
operative time (phase 1/2: –15% and phase 2/3: –6%) and blood 
loss (phase 1/2: –29% and phase 2/3: –13%). Postoperative 
parameters such as complications (phase 1/2: –20% and phase 
2/3: –46%) and POPF (phase 1/2: –4% and phase 2/3: –48%) 
decreased at a later stage and more pronounced from phase 2 to 
phase 3 (Figure 2).

Arbitrary Split Group Approach Versus Statistical 
Calculation of the Learning Curve

The number of procedures to overcome the general learning 
curve was different according to the used analysis for both PD 
(statistical calculation 30 [IQR 20–40] vs arbitrary split group 
approach 19 [IQR 10–41.5]; P < 0.001) and DP (statistical cal-
culation 16 (IQR 8.5–18.5) vs arbitrary split group approach 
18 (IQR 16–35); P = 0.001). A statistical calculation was more 
frequently used in recent years and especially in studies assess-
ing the learning curve for the robotic approach. In the last 5 
years (2017–2021), learning curve analysis comprised 28 (67%) 
studies with a statistical calculation and 14 (33%) studies with 

an arbitrary split group approach. Before 2017, 10 (37%) stud-
ies used statistical calculation and 17 (63%) the arbitrary split 
group approach (P = 0.016). Looking at studies evaluating the 
operative time learning curve, there was a correlation between 
study sample size and number of procedures to overcome the 
learning curve for both DP (rho = 0.86, P < 0.001) and PD  
(rho = 0.44, P = 0.004) (Figure 3).

Individual Surgeon Versus Institutional Analysis of the 
Learning Curve

The number of procedures to overcome the general learning 
curve for the individual surgeon analysis was 30 (2–50) for 
open PD, 26 (10–60) for laparoscopic PD, and 29 (10–40) for 
robotic PD as compared to 20 (10–60) for open PD, 20 (5–55) 
for laparoscopic PD, and 21 (8–100) for robotic PD when an 
institutional analysis was used. Looking at the general learn-
ing curve for the individual surgeon analysis for DP, it was 
17 (3–30) for the laparoscopic approach and 8 (5–10) for the 
robotic approach as compared to 17 (10–80) for the laparo-
scopic approach and 26 (7–37) for the robotic approach with 
an institutional analysis, respectively.

Learning Curve for Pancreatoduodenectomy

Evaluating learning curves based on statistical calculation, the 
number of procedures to overcome the learning curve for PD 
varied from 30 in open PD (range 20–50), to 39 in laparo-
scopic PD (range 11–60), and 25 in robotic PD (range 8–100)  
(P = 0.521). Based on split group analyses, the number of proce-
dures to overcome the learning curve for PD ranged from 30 in 
open PD (range 2–60), to 10 in laparoscopic PD (range 5–33), 
and 50 in robotic PD (range 20–80) (P = 0.058). The different 
number of procedures to overcome the respective learning curve 
defined by intraoperative (OR time, blood loss, and conversion 
rate) or postoperative parameters (LOS, POPF, complications) is 
shown in Figure 4A. The trend of operative time from start until 
the late phases/procedures is depicted in Figure 4B.

Learning Curve for Distal Pancreatectomy

Looking only at learning curves based on statistical calculation, 
the number of procedures to overcome the learning curve for 
DP was 16 in laparoscopic DP (range 3–17) and 15 in robotic 
DP (range 5–37) (P = 0.914). Based on split group analyses, the 
number of procedures to overcome the learning curve for lapa-
roscopic DP was 18 (10–80).

The different number of procedures to overcome the learning 
curve divided into intraoperative or postoperative parameters is 
shown in Figure 5A. The trend of operative time from start until 
the late phases/procedures is depicted in Figure 5B.

Risk of Bias Within Studies

Of the included studies, 23 had a low, 36 had a moderate, and 7 
a high overall risk of bias. Moderate or high overall risk of bias 
were mainly due to bias in the selection of participants (n = 16) 
and unclear reporting of items relevant for the assessment and 
analysis of the study (n = 19) (Supplemental Figure 1, see http://
links.lww.com/AOSO/A96). Due to the retrospective study 
design, the moderate to high risk of bias in most studies and the 
inconsistency in learning curve outcomes the overall certainty of 
evidence was grading as low.

DISCUSSION
The present systematic review found great heterogeneity in defi-
nitions and assessment of learning curves for open, laparoscopic, 

http://links.lww.com/AOSO/A96
http://links.lww.com/AOSO/A96
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TABLE 1.

Baseline Characteristics of the Included Study

Reference Year Country
Patients 

(n)
Surgeons 

(n)
Analysis of  

Learning Curve
Learning Curve Phases 

(n)
Length of Learning Curve 

(n° Procedures) Factors

Open pancreatoduodenectomy
Cameron et al. 2006 USA 1000 1 Arbitrary 5 2 Operative time* 
        Blood loss
        LOS*
Coe et al. 2015 USA 1210 Multiple Arbitrary 4 10 Mortality
Ecker et al. 2018 USA 303 1 Arbitrary 4 50 POPF*
Fisher et al. 2012 USA 162 1 Arbitrary 2 19 Operative time 
        Blood loss
        LOS*
        Complications*
Hardacre et al. 2010 USA 60 1 Arbitrary 2 30 Operative time* 
        LOS*
        Adjuvant therapy*
Noda et al. 2012 Japan 100 1 Arbitrary 2 50 POPF
Park et al. 2020 Korea 300 2 Arbitrary 3 50 Operative time* 
        Blood loss 
Relles et al. 2013 USA 686 47 Arbitrary 3 >16 Mortality
Roberts et al. 2020 UK 519 8 Statistical/CUSUM 2 50 POPF*
Schmidt et al. 2010 USA 1003 19 Statistical/other 2 20 Operative time* 
        Blood loss*
        Complications*
Tsamalaidze et al. 2018 USA 93 1 Statistical/CUSUM 4 30 Operative time* 
Tseng et al. 2007 USA 650 3 Arbitrary 2 60 Operative time *
        Blood loss*
        LOS*
Laparoscopic pancreatoduodenectomy
Choi et al. 2020 Korea 171 1 Statistical/CUSUM 3 40 Operative time* 
        Conversion
        POPF
        Mortality
Dokmak et al.     Arbitrary 2 10 Operative time* 
Huang et al. 2020 China 98 1 Statistical/CUSUM 3 34 Operative time* 
        LOS*
Ke et al.     Arbitrary 4 19 Operative time* 
        DGE*
Kim et al. 2013 Korea 100 1 Arbitrary 3 33 Operative time* 
        Complications
Kim et al. 2020 Korea 119 1 Statistical/CUSUM 2 47 Operative time 
Kuroki et al. 2014 Japan 30 1 Arbitrary 3 10 Operative time* 
        Blood loss*
Liao et al. 2017 Taiwan 12  Arbitrary 2 5 Operative time *
        Blood loss
Lu et al. 2016 China 120 1 Arbitrary 4 30 Operative time 
        Blood loss*
Morato et al. 2020 Spain 50 1 Statistical/CUSUM 4 21 Operative time* 
        Conversion*
        Complications
Nagakawa et al. 2018 Japan 150 3 Statistical/CUSUM 2 20 Blood loss*
        Operative time* 
Nieuwenhuijs et al. 2020 Netherlands 20 3 Arbitrary 2 10 Anastomotic complications*
Song et al. 2020 Korea 500 - Statistical/CUSUM 4 55 Operative time* 
Speicher et al. 2014 USA 56 5 Arbitrary 6 10 Operative time* 
        Blood loss*
Tsamalaidze et al. 2018 USA 31 1 Statistical/CUSUM 4 20 Operative time* 
Wang et al. 2019 China 1029 - Statistical/CUSUM 4 40 Operative time* 
Wang et al. 2016 China 57 1 Statistical/CUSUM 3 11 Operative time* 
Wang et al. 2020 China 550  Statistical/CUSUM 3 47 Operative time* 
Zhang et al. 2018 China 20 - Arbitrary 2 10 Operative time 
        Blood loss
        LOS
Robotic pancreatoduodenectomy
Beane et al. 2019 USA 380 3 Statistical/CUSUM 2 35 Operative time* 
Boone et al. 2015 USA 120 - Statistical/CUSUM 5 20 Operative time* 
Chen et al. 2015 China 60 2 Statistical 2 40 Operative time *
        Blood loss*
Guerra et al. 2019 Italy 59 1 Arbitrary 2 20 Conversion
Kim et al.     Statistical/CUSUM 2 29 Operative time 
Marino et al. 2020 Spain 60 1 Statistical/CUSUM 2 25 Operative time* 
        Blood loss*

(Continued)
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and robotic pancreatic surgery. In the included studies that 
based their learning curve analysis on a statistical calculation, 
the number of procedures to surpass a first phase of the learning 
curve was 30 for open PD, 39 for laparoscopic PD, and 25 for 
robotic PD. For laparoscopic DP, the number of procedures to 
surpass the learning curve was 16 and for robotic DP it was 15, 

while there was no study assessing the learning curve of open 
DP. There was no clear difference between the open and mini-
mally invasive surgical approaches for PD and DP, respectively. 
However, the studies did not consider the previously negotiated 
learning curves from other approaches. Furthermore, the defini-
tions and methods to assess learning curves were heterogenous.

TABLE 2.

Baseline Characteristics of the Included Study

Reference Year Country
Patients 

(n)
Surgeons 

(n)
Analysis of  

Learning Curve
Learning Curve Phases 

(n)
Length of Learning Curve 

(n° Procedures) Factors

Laparoscopic distal pancreatectomy
Barga et al. 2012 Italy 30 – Arbitrary 3 10 Operative time* 
        Blood loss*
Barrie et al. 2015 UK 25 1 Statistical/CUSUM 2 3 Operative time* 
        Blood loss*
de Rooij et al. 2017 UK 111 1 Arbitrary 3 30 POPF*
        Complications*
        LOS*
de Rooij et al. 2016 Netherlands 201 32 Arbitrary 2 Before/after training Operative time
        Blood loss
        LOS
Dokmak et al. 2017 France 165 3 Arbitrary 2 40 Operative time 
Hasselgren et al. 2016 Sweden 37 2 Arbitrary 2 18 Operative time* 
        Complications*
Kim et al. 2019 Korea 65 - Statistical/CUSUM 2 16 Complications
Kneuertz et al. 2012 USA 132 - Arbitrary 2 66 Operative time*
Liao et al. 2020 Taiwan 64 1 Statistical/CUSUM 2 16 Operative time* 
Lof et al. 2019 UK 570 12 Arbitrary 4 15 Complications*
        ICU admission*
        LOS*
Malleo et al. 2014 Italy 100 - Arbitrary 3 33 Operative time* 
Nachmany et al. 2016 Israel 39 5 Arbitrary 4 17 Operative time 
Park et al. 2019 Korea 26 1 Statistical/other 2 12 Operative time* 
Ricci et al. 2015 Italy 32 1 Statistical/other 2 17 Operative time* 
Sahakyan et al. 2021 Norway 640 4 Arbitrary 5 80 Operative time* 
Robotic distal pancreatectomy
Benizri et al. 2013 France 11 5 Statistical/CUSUM 2 7 Operative time* 
        Conversion
        Complications
        Reoperation
Klompmaker et al. 2019 USA 80 3 Statistical/CUSUM 2 31 Operative time 
Napoli et al. 2015 Italy 55 1 Statistical/CUSUM 2 10 Operative time 
Shakir et al. 2015 USA 100 3  2 20 Operative time 
Shyr et al. 2018 Taiwan 70 2 Statistical/CUSUM 2 37 Operative time* 
Takahashi et al. 2018 USA 43 1 Statistical/other 2 5 Operative time* 

CUSUM: Cumulative sum; DGE: Delayed gastric emptying; LOS: Length of stay; POPF: Postoperative pancreatic fistula; 
* = statistically significant.

Napoli et al. 2016 Italy 70 1 Statistical/CUSUM 2 33 Operative time* 
Rice et al. 2020 USA 514 28 Arbitrary 3 80 Operative time* 
        Complications*
Schmidt et al. 2020 USA 40 2 Statistical/other - 40 Operative time* 
Shi et al. 2019 China 450 3 Statistical/CUSUM 3 100 Operative time* 
        Blood loss*
Shyr et al. 2018 Taiwan 61 2 Statistical/CUSUM 2 20 Operative time *
Takahashi et al. 2018 USA 65 1 Statistical 2 10 Operative time 
        Complications
Watkins et al. 2018 USA, Italy 92 - Statistical/CUSUM 2 20 Operative time 
Zhang et al. 2018 China 20 - Arbitrary 2 10 Operative time* 
Zhang et al. 2019 China 100 1 Statistical/CUSUM 2 40 Operative time* 
Zhou et al. 2020 China 41 1 Statistical/CUSUM 2 8 Operative time 
Zwart et al. 2021 Netherlands 275 15 Statistical/CUSUM 2 22 Operative time* 

*Statistically significant.
CUSUM, cumulative sum; DGE, delayed gastric emptying; LOS, length of stay; POPF, postoperative pancreatic fistula.

TABLE 1. (Continued)

Baseline Characteristics of the Included Study

Reference Year Country
Patients 

(n)
Surgeons 

(n)
Analysis of  

Learning Curve
Learning Curve Phases 

(n)
Length of Learning Curve 

(n° Procedures) Factors
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Of the included studies, 53% based their learning curve anal-
ysis on a statistical calculation while the rest chose arbitrary 
group sizes. Technical indicators such as operative time (77%) or 
blood loss (26%) were most widely used to analyze the learning 
curve and only a minority of studies analyzed postoperative out-
come parameters such as complications (15%) or LOS (14%). 
While oncologic outcome parameters were not used to evaluate 
learning curves, they were assessed in 42 of the included studies 
and 9 studies (21%) found differences in oncologic outcome 
parameters between different learning phases.

Interestingly, a significant difference was found in number of 
procedures to surpass the learning curve between statistically 
calculated and arbitrary defined learning curves. While for PD 
the learning curve was longer when statistically analyzed, in DP 
the opposite was observed. Furthermore, a significant correla-
tion was found between study sample size and cases needed to 
surpass the learning curve. Thus, the learning curve was reached 
after more procedures in larger studies, potentially presenting 
an important bias to consider in future studies that will require 
adequate sample sizes to provide a more realistic learning curve 
assessment. For a critical interpretation of learning curve analy-
ses, it seems of paramount importance to take the study sample 
size into account. Larger sample sizes and consideration of case 
complexity will likely lead to a more differentiated analysis of 
the learning curve phases. We suggest a standardization of learn-
ing curve assessment for PD and DP that will allow for better 
comparability between centers and for consideration of learning 
curves as a source of bias in (randomized) trials.

To allow an unbiased comparison of learning curves, studies 
on this topic should ideally report the participating surgeons 
baseline characteristics including previous surgical and proce-
dural experience,9,43 as well as simulation,44 procedure specific 
training,12,45 and clinical fellowships.46 In the present review, 
these important surgeon characteristics were reported in only 
46% of included studies, representing an important confound-
ing factor that limits generalization of the reported outcomes. 
Interestingly, in a systematic review on learning curves in 
robotic surgery in general, Kassite et al likewise found that pre-
vious surgical experience and training were underreported and 

only described in 20% of the studies.47 Beside surgeon related 
factors, the institutional learning curve should not be underes-
timated when looking at potential biases.48,49 The institutional 
competency depends on the frequency of a specific surgery, team 
familiarity,50 and training of surgical assistants, operating room 
nurses, and technical staff.51,52 The relationship between hospital 
and surgeon volume, team familiarity, and decreased operative 
times up to improved postoperative outcomes has been shown 
repeatedly.39,53 To minimize potential bias, we therefore suggest, 
that studies reporting on learning curves of pancreatic surgery 
should include information on institutional factors, with at least 
data on frequency of the procedure and team familiarity.

Patient related aspects are a further important confound-
ing factor determining the procedural complexity.54,55 Body 
composition (eg, BMI56), comorbidities and disease character-
istics57–59 all influence the type and difficulty of pancreatic sur-
gery and therefore the learning curve. BMI and comorbidities 
were reported in most studies (88%), but the preoperative 
resectability status was mentioned only in a minority of stud-
ies (17%). In the initial learning period, surgeons usually select 
low-risk patients with favorable anatomical (low BMI) and 
disease specific features (cystic lesions, small tumors, no vessel 
involvement).47 After accumulating experience, technically more 
challenging and more complex cases such as advanced tumors 
with vascular involvement59–61 or initially irresectable tumors 
after neoadjuvant treatment32,62 are selected and affect the learn-
ing curve in a later stage.58,59 Miskovic et al suggested a case 
selection algorithm according to disease complexity in colorec-
tal surgery, taking into account tumor size and inflammatory 
disease that increased the difficulty of the surgery.55 To report 
the complexity of the different pancreatic resections, a system 
stratifying pancreatic head resections by technical difficulty has 
been proposed by Mihaljevic et al.59 Similarly, a difficulty scor-
ing system for laparoscopic DP was introduced by Ohtsuka et 
al taking into account type of operation, resection line, proxim-
ity of tumor to major vessels, tumor extension to peripancre-
atic tissue, and left-sided portal hypertension.34 Reporting PDs 
and DPs by these systems would enhance the comparability of 
learning curves between studies and is therefore recommended 

FIGURE 2.  Evolution of the intra- and postoperative outcome parameters over the different phases of the learning curve. Operative time (A) and blood loss 
(B), decreased at an earlier stage while postoperative parameters such as complications (C) and POPF (D) decreased at a later stage. POPF, postoperative 
pancreatic fistula.
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(Table 3). However, little attention has been paid on the influ-
ence of different comorbidities and disease specific factors on 
the learning curve in pancreatic surgery.

In accordance with the general recommendations by Kassite 
et al,47 we propose that standardized learning curve reporting 
in pancreatic surgery should include the baseline information 
detailed in Table 3.

For a rigorous assessment, the analysis of the learning curve 
should then be based on a statistical calculation. CUSUM anal-
ysis is based on sequential monitoring of cumulative perfor-
mance over a time period. It shows the deviation from their 
respective group mean, visualizing trends in a continuous pro-
cess.63 CUSUM currently represents the gold standard, while a 
risk-adjusted (RA-)CUSUM analysis gives a more in depth look 
at learning curves, however this type of analysis was seldomly 
used for pancreatic procedures.64,65 RA-CUSUM was proposed 
by Steiner et al and uses a likelihood-based scoring model taking 
into account the individual preoperative risk, therefore account-
ing for the heterogeneity among patients.66 Roberts et al. preop-
eratively calculated the risk of POPF and adjusted the individual 
learning curve according to the calculated risk.64 When evaluat-
ing the learning curve of POPF, this RA-CUSUM analysis rep-
resents a more individual approach and can be based on the 
various fistula risk scores or on the latest ISGPS classification 
(Table 3).54,67–70

The existence of a learning curve can have a major impact 
in surgical RCTs, particularly when the trial is evaluating new 
techniques.13 Recently, the LEOPARD-2 trial compared laparo-
scopic to open PD and had to be prematurely terminated due to 
a mortality of 10% in the laparoscopic group versus 2% in the 
open group. The study included surgeons after having performed 

at least 20 laparoscopic PD while the institutional volume was 
set at a minimum of 20 PD per year. Remarkably, the authors 
evaluated videos from the laparoscopic group and found that 
22% of the graded videos scored below the suggested minimum, 
meaning that the surgical proficiency could have been further 
optimized before starting the trial.13,14 While, predefined surgeon 
and center credentials are used in a minority of surgical RCTs, 
they mainly include a specific job level or prior number of cases 
that are often set low to allow feasibility of the trial.71

Interestingly, little is often known about outcomes from 
patients that were operated during the learning curve before the 
start of RCTs.72 The clinical outcome of these patients is how-
ever no less important than that of patients outside of the learn-
ing curve and measures should be taken to improve the outcome 
and safety of these patients, while additionally reporting this 
data to evaluate how new techniques can be safely introduced.

To minimize the risk of bias due to learning curve effects, 
quality control by video, study-specific training with rigorous 
proficiency criteria and formal statistical calculation of the 
learning curve should be considered in all surgical RCTs as is 
recently done more frequently.33

While a complete description of the learning curve is difficult 
to achieve, we propose that learning curve assessment should be 
based on several key factors analyzed, reflecting specific changes 
over the respective learning curve phase:

i.	 Intraoperative parameters showing competency in an 
early phase (eg, operative time/blood loss).

ii.	For proficiency and mastery (see later), it takes further 
experience, which is reflected by improved postopera-
tive outcomes (eg, perioperative complications) AND 

FIGURE 3.  Relation of the study population size and the minimal number of procedures to overcome the learning curve of the most frequently used endpoint 
(operative time) for pancreatoduodenectomy and distal pancreatectomy.
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improved oncologic outcomes (eg, resection margin/lymph 
node harvest) at a later stage.

iii.	 The uptake of more complex cases happens at later 
stages during the learning curve and can represent an 

additional learning phase as was shown also for arte-
rial replacement in pancreatic surgery.58,59 Reporting 
the learning curve assessment would allow an objec-
tive assessment and benchmarking, in addition specific 

FIGURE 4.  A: Learning curve of pancreatoduodenectomies per endpoint, either intraoperative (operative time, blood loss, and conversion) or postoperative 
(overall complications, length of stay, and POPF). The size of the bubble depicts the study sample size. B: Trend of operative time from start until the late phases/
procedures. PD indicates pancreatoduodenectomy; POPF, postoperative pancreatic fistula.

FIGURE 5.  A: Learning curve of distal pancreatectomies per endpoint, either intraoperative (operative time, blood loss, and conversion) or postoperative (over-
all complications, length of stay, and POPF). The size of the bubble depicts the study sample size. B: Trend of operative time from start until the late phases/
procedures. PD, pancreatoduodenectomy; POPF, postoperative pancreatic fistula.
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training could be tailored to the phase of the surgical 
learning curve.

According to the findings of our study and the work on dif-
ferent learning phases in bariatric surgery by Wehrtmann et al, 
we propose a three phase model to report the learning curve in 
pancreatic surgery: competency, proficiency, and mastery.16 While 
intraoperative parameters such as operative time and blood loss 
decreased mainly from phase 1 to phase 2, postoperative parame-
ters were found with a greater reduction from phase 2 to phase 3.

In a first phase, the surgeon learns to carry out a surgical 
procedure under supervision and with the help of an experi-
enced surgeon. At the end of this phase, the surgeon reaches 
competency (end of first learning phase) and is able to perform 
a specific procedure with-out supervision. While operative times 
diminish during this phase, this does not always translate into 
better patient outcomes.73 In the second phase, the surgeon is 
able the solve more complex intraoperative problems in less 
time through accumulated experience. This phase of proficiency 
(end of second learning phase) can be defined by reaching 
patient centered and expert-derived benchmark- or textbook 
outcomes.16,61,74 Reaching mastery (end of third learning phase), 
the surgeon is able to operate on more complex non-bench-
mark cases, for example, in pancreatic surgery advanced tumors 

requiring vascular resections.58,59 Adaption to changing circum-
stances happens quickly and intuitively. Technical and oncolog-
ical outcomes of benchmark-cases are above average. Reporting 
of postoperative outcomes as textbook- or benchmark outcomes 
facilitates international comparison.61,74,75

The present study has a few limitations: First of all, the het-
erogenous definitions of the learning curve make comparisons 
difficult. Therefore, this study is mainly a qualitative review pre-
senting the available data in an attempt to standardize report-
ing of learning curves in pancreatic surgery. Furthermore, the 
included studies were mostly of retrospective design, making 
them prone to significant selection bias.

In conclusion, this systematic review presents a detailed sum-
mary of learning curves for open, laparoscopic, and robotic 
pancreatic surgery. The number of procedures to surpass a first 
phase of learning curve was 30 for open PD, 39 for laparoscopic 
PD, 25 for robotic PD, 16 for laparoscopic DP, and 15 for robotic 
DP, while no statistical difference could be found between the 
approaches. Furthermore, it gives an overview of the different 
definitions and analysis methods of the learning curve, while 
evaluating the most important confounding factors. Along the 
learning curve, we recommend a stepwise introduction of dif-
ferent pancreatic resections according to the procedural com-
plexity and propose a standardized reporting of learning curves 
in pancreatic surgery within a three-phase model (competency, 
proficiency, and mastery). Furthermore, assessment of learning 
curves should be based on an adequate statistical calculation 
(eg, CUSUM analysis) and should consider both individual 
surgeon and institutional learning curves. Procedural learning 
curves should be addressed in comparative studies and RCTs in 
pancreatic surgery to reduce learning curve related bias.
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