
Toward a Standardization of Learning Curve Assessment in
Minimally Invasive Liver Surgery

Christoph Kuemmerli, MD,*† Johannes M.A. Toti, MD,‡
Fabian Haak, MD,*§ Adrian T. Billeter, MD, PhD,*†
Felix Nickel, MD, MME,∥ Cristiano Guidetti, MD,¶
Martin Santibanes, MD, PhD,# Luca Vigano, MD,**

Joël L. Lavanchy, MD,*† Otto Kollmar, MD,*† Daniel Seehofer, MD,§
Mohammed Abu Hilal, MD,†† Fabrizio Di Benedetto, MD,¶
Pierre-Alain Clavien, MD, PhD,‡‡ Philipp Dutkowski, MD,*†

Beat P. Müller, MD,*† and Philip C. Müller, MD*†✉

Objective: The aim was to analyze the learning curves of minimal
invasive liver surgery (MILS) and propose standardized reporting.

Background: MILS offers benefits compared with open resections.
For a safe introduction along the learning curve, formal training is
recommended. However, definitions of learning curves and methods
to assess it lack standardization.

Methods: A systematic review of PubMed, Web of Science, and
CENTRAL databases identified studies on learning curves in
MILS. The primary outcome was the number needed to overcome
the learning curve. Secondary outcomes included endpoints defining
learning curves and characterization of different learning phases
(competency, proficiency, and mastery).

Results: Sixty articles with 12,241 patients and 102 learning curve
analyses were included. The laparoscopic and robotic approach was
evaluated in 71 and 18 analyses and both approaches combined in 13
analyses. Sixty-one analyses (60%) based the learning curve on stat-
istical calculations. The most often used parameters to define learning
curves were operative time (n= 64), blood loss (n= 54), conversion
(n= 42), and postoperative complications (n= 38). Overall com-
petency, proficiency, and mastery were reached after 34 [interquartile
range (IQR) 19–56], 50 (IQR 24–74), and 58 (IQR 24–100) proce-
dures, respectively. Intraoperative parameters improved earlier
(operative time: competency to proficiency to mastery: −13%, 2%;
blood loss: competency to proficiency to mastery: –33%, 0%;

conversion rate (competency to proficiency tomastery;−21%,−29%),
whereas postoperative complications improved later (competency to
proficiency to mastery: −25%, −41%).

Conclusions: This review summarizes the highest evidence on
learning curves in MILS taking into account different definitions
and confounding factors. A standardized 3-phase reporting of
learning phases (competency, proficiency, and mastery) is proposed
and should be followed.

Keywords: minimally invasive liver surgery, robotic liver surgery, lapa-
roscopic liver surgery, learning curve, surgical outcomes, surgical training
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M inimally invasive liver surgery (MILS) has significantly
improved the outcomes of liver resections over the past

20 years. Theminimally invasive approach presents amultitude of
advantages over conventional open procedures, such as reduced
postoperative complications, a shorter hospital stay, and an
improved quality of life.1–4 Importantly, in experienced centers,
MILS yields comparable oncological outcomes compared with
open approaches.5–7 Given their perioperative benefits and
oncologic safety, expert consensus guidelines advocate for a
gradual implementation of MILS in benign and malignant
indications.2,8,9
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Despite its growing worldwide adoption over the past
decade,10 MILS continues to present technical challenges
with a demanding learning curve, especially in the context of
complex resections.11,12 However, definitions of learning
curves vary greatly and have not been standardized in terms
of procedures necessary to reach competency, the influence of
surgeon training, and surgical complexity. Various thresholds
to reach “the learning curve” have been proposed, spanning a
wide range from 20 to over 80 cases, depending on the
assessed outcome and the definition of the learning curve.13

In other surgical procedures, comprehensive definitions
and proposals of standardized 3-phase learning curve
models have recently been established, dividing the learning
curve into the phases of competency, proficiency, and
mastery.14–16 Along those 3 phases, intraoperative, post-
operative, and oncologic outcomes improve at different
stages.15 Interestingly, rather than time-based competency
assessment, a modern way to evaluate surgical skills is based
on the number of cases performed. Such a case-dependent
international standardization of the different learning
phases in MILS would be highly desirable.

The aim of this systematic review was to analyze the
learning curves associated with both laparoscopic and robotic
liver surgery and to establish the 3 phases of learning to
standardize the reporting of learning curves in MILS.

METHODS

Systematic Literature Search Methodology
This review complies with the recommendations of the

Cochrane Handbook for Systematic Reviews and Interven-
tions and specific recommendations for surgical systematic
reviews and is reported in line with the PRISMA guidelines
(PRISMA checklist: Supplementary Table 1, Supplemental
Digital Content 1, http://links.lww.com/SLA/F173).17,18 A
protocol was developed a priori and published on http://
researchregistry.com on December 28, 2023 (Unique
identifying number: reviewregistry1767). The systematic
literature search was performed using MEDLINE, Web of
Science, and the Cochrane Central Register of Controlled
Trials (CENTRAL) databases.19 The search terms were
connected with Boolean operators and used in combination
with medical subject headings. The systematic literature
search included contributions listed in the abovementioned
databases until December 29, 2023. No language restrictions
were applied. Cross-referencing and manual search of the
bibliographies of eligible publications were actively per-
formed until January 2024 to identify further relevant
studies for the review.

The following search strategy for Medline (via PubMed)
was used: (Liver resection OR liver surgery) AND (laparos-
cop* OR minim* invasive OR robot* surgery OR robotic-
assisted surgery OR da Vinci) AND (learning curve OR
Proficiency ORMastery ORCompetency ORLearning phase)
NOT (pancreatic surgery OR colorectal surgery OR animal).

Study Selection and Data Extraction
The selection of relevant articles was performed in 2

stages. Two of the authors (J.M.A.T. and F.H.) independ-
ently screened the titles 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 discussion with the senior author of the

study. For data extraction, a dedicated predefined spread-
sheet was used. The study selection process is illustrated in
the PRISMA flow diagram (Fig. 1).

Inclusion and Exclusion
Eligible for inclusion were comparative studies and

case series (> 10 patients) with a specific number or range of
procedures characterizing any learning curve MILS per-
formed for benign or malignant hepatic pathologies. All
parameters used to calculate- and describe the learning
curve were included. The definition of the learning curve
was adopted according to the definition of each
individual study.

Exclusion criteria were (1) studies based on MILS
living-donor operations, (2) articles not providing a case
number or range at which the learning curve was attained,
(3) articles that compared pre-existing data (systematic
reviews and meta-analyses), (4) articles reporting 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 discussion.
Studies reporting on experimental or cadaveric models were
excluded.

Outcome Parameters
The number of procedures needed to surmount the

“learning curve” according to the definition of each study
was chosen as the primary outcome for this analysis.
Secondary outcomes were the endpoints that were used for
the definition of the learning curve, the methods of learning
curve analysis (statistical calculation/arbitrary), and the
classification of different learning phases. Further outcomes
were extracted and evaluated according to availability:
operative time, blood loss, conversion rate, postoperative
complications, bile leakage, and posthepatectomy liver
failure according to the International Study Group of Liver
Surgery,20,21 oncologic parameters (resection margin) and
length of stay (LOS). If specified, surgeon-specific param-
eters were also captured, including surgical experience,
yearly case volume, and specific training, including fellow-
ships, mentoring, and proctoring.

Quality Assessment
The ROBINS-I tool was used for quality assessment.

Seven domains —(1) confounding, (2) selection of partic-
ipants, (3) classification of interventions, (4) deviations from
intended interventions, (5) missing data, (6) measurement of
outcomes, (7) selection of reported outcomes—were rated
with either low, moderate, serious, critical risk of bias or no
information.22

Statistical Analysis
Reported minimal numbers of the learning curves were

displayed as median and range or interquartile range (IQR).
Group comparison was performed by the Mann-Whitney U
test. When studies reported more than one number of cases
to overcome the learning curve, the lowest number
mentioned was used. The analyses were stratified by the
use of statistical methods to assess the learning curve and by
approach (laparoscopic/robotic) and type of resection,
respectively. The following parameters were assessed: (1)
intraoperative (operative time, blood loss, and conversion
rate) and (2) postoperative outcomes (overall-specific,
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disease-specific complications, and length of hospital stay).
The correlation between learning curve numbers and the
study sample size was assessed using the Spearman-rank
coefficient. The association was considered weak (coefficient
weak 0.1 to < 0.3), moderate (0.3 to < 0.5), or strong
(≥ 0.5). R version 4.2.3, R Core Team, was used for all
analyses and figures.23

RESULTS

Literature Search Results
The search yielded 1156 articles, and after full-text

screening, 60 articles were included. The PRISMA flow
diagram is presented in Figure 1. In total 12,241 patients
were included (laparoscopic approach n= 8981, robotic
approach n= 1190, both approaches n= 2070). From 60
studies, 102 individual learning curve analyses were
included, which form the basis of the further analyses of this
study. Table 1 shows the baseline characteristics of the
included studies. Seventy-one analyses were reported on
laparoscopic liver resections, 26 on laparoscopic minor, 19
on laparoscopic major, and 26 on laparoscopic mixed
resections. Eighteen learning curve analyses were reported
on robotic liver resections, 3 on minor, 8 on major, and 7 on
mixed robotic resections. From the laparoscopic and robotic
mixed analyses, 12/13 reported mainly minor liver
resections.

How Is the Learning Curve Defined
In general, learning curves in MILS were heteroge-

neously defined. They were either based on a statistical
calculation (60%) or an arbitrary split-group approach

(40%) and the most frequently used statistical calculation
method was the cumulative sum(CUSUM) (35%) or the
risk-adjusted CUSUM analysis (8%). The majority of
studies reported on 2 learning phases (64.7%), while 3
(25.5%) and up to 7 (3.9%) learning phases were also
described (Supplementary Table 2, Supplemental Digital
Content 1, http://links.lww.com/SLA/F173).

Most analyses reported on learning curves from
individual surgeons (66.6%) or institutional learning curves
(33.3%). However, the number of participating surgeons was
only specified in half of the learning curve analyses (54.9%).
Several important institutional baseline characteristics for the
interpretation of the learning curve were not reported, such as
institutional case volume (11.7%) or institutional MILS
volume (28.3%). Likewise, information on surgeon-specific
MILS training and previous MILS experience (20%) or
MILS-specific training (45.0%) was reported in a minority of
studies. In Table 2, the proposed baseline items for a
standardized reporting of learning curves are presented.

The learning curve was defined by a single parameter in
60 analyses and by multiple endpoints in 42 analyses. For
the definition of the learning curve, mainly intraoperative
parameters were used, namely operative time (n= 64), blood
loss (n= 54), and conversion rate (n= 47). Fewer studies
used postoperative outcomes such as complications (n= 38)
and LOS (n= 35) to define the learning curve, while none of
the included studies specifically evaluated the learning curve
for oncologic parameters.

What Changes Along the 3 Learning Phases
The phases of competency, proficiency, and mastery

were analyzed to illustrate the change in intraoperative and

FIGURE 1. PRISMA flowchart.
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TABLE 1. Overview of the Baseline Characteristics of the Included Studies

References Year Surgeons (n) Resection Patients (n) Analysis method
Learning curve

phases (n)
Length of learning

curve (n) Factors

Laparoscopic
Abu Hilal and

Pearce24
2008 — Minor 30 Arbitrary 2 15 OT

Aldrighetti et al25 2019 — Mixed 1032 CUSUM 2 15 Conversion
Berardi et al11 2019 — Minor 464 CUSUM 3 115 OT, EBL, conversion
Cai et al26 2009 — Major 19 Arbitrary 2 8 Liver transection time
Cai et al27 2014 — Major and

minor
365 Arbitrary 7 15 OT, EBL, conversion, Comp, LOS

Cannon et al28 2011 — Mixed 300 Arbitrary 3 100 OT, EBL, LOS, conversion, Comp
Chan et al29 2014 — Mixed 100 Arbitrary 2 50 Conversion
Chan et al30 2016 2 Major 49 CUSUM 2 25 OT
Chang et al31 2007 — Minor 36 Arbitrary 2 18 OT, EBL, LOS
Cho et al32 2019 — Major 233 Arbitrary 2 5 OT, EBL, Conversion, Comp, LOS
D’Hondt et al33 2023 1 Mixed 240 Arbitrary 2 120 OT, EBL, Conversion, LOS, Comp
Fujikawa et al34 2023 5 Mixed 42 Regression 2 5 OT
Goh et al35 2014 2 Minor 147 Arbitrary 0 15 Conversion
Halls36 2019 4 Mixed 1736 RA CUSUM 3 17 LOS
Hasegawa et al37 2017 2 Mixed and

major
245 Arbitrary 3 22 OT, EBL, LOS, Comp

Hasegawa et al38 2018 9 Major 120 Regression 2 14 OT
Homma et al39 2019 1 Minor 31 CUSUM 3 18 OT, EBL
Ivanecz et al40 2022 1 Mixed 171 Distribution function 3 - EBL, Conversion,
Kim and Kim41 2020 1 Major 53 CUSUM 2 30 OT, EBL
Kluger et al42 2013 3 Mixed 174 Arbitrary 3 116 OT, EBL; Comp, reoperation
Komatsu et al43 2017 2 Minor and

major
317 Arbitrary 2 15 Conversion

Lan et al44 2022 — Minor and
major

1098 CUSUM 3 17 EBL

Lee et al45 2016 1 Major and
minor

170 CUSUM 2 25 OT, EBL

Lin et al46 2016 — Mixed 126 CUSUM 4 22 Major operative events
Navarro et al47 2021 2 Mixed 106 RA CUSUM 2 42 Surgical failure
Navarro et al48 2020 1 Minor and

major
272 RA CUSUM 3 19 Surgical failure

Nomi49 2015 1 Major 173 CUSUM 3 37 OT
Otsuka50 2009 — Mixed 90 Arbitrary 2 45 OT, EBL, Comp
Ratti et al51 2016 — Minor* 245 ROC 2 15 OT
Robinson et al52 2012 — Mixed 37 Arbitrary 2 18 OT, conversion, Comp
Shanti et al53 2022 — Mixed 286 RA CUSUM 2 50 EBL, conversion
Son et al54 2012 — Mixed 138 Arbitrary 2 49 OT, EBL, LOS, Liver function
Spampinato et al55 2015 1 Major 70 Arbitrary 2 12 OT, EBL, transfusion, pringle time
Sultana et al56 2019 2 Minor 111 CUSUM 2 19 OT, conversion
Tomassini et al57 2016 1 Mixed 319 CUSUM 2 91 OT
Troisi et al58 2011 — Minor 37 Arbitrary 2 10 OT, EBL
van der Poel59 2016 4 Major 159 Arbitrary 2 52 OT, EBL, conversion, Comp, LOS,
van der Poel et al60 2017 3 Mixed 135 CUSUM 3 19 Conversion
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TABLE 1. (continued)

References Year Surgeons (n) Resection Patients (n) Analysis method
Learning curve

phases (n)
Length of learning

curve (n) Factors

Vigano et ak61 2009 4 Mixed and
Minor

174 CUSUM and Arbitrary 3 58 OT, EBL, conversion, LOS, Comp

Villani et al62 2016 1 Mixed 150 Arbitrary 5 91 OT, EBL, Comp, LOS
Wang et al63 2013 — Minor 49 Ordered sample cluster 2 18 OT, EBL
Yap and Bong64 2018 1 Mixed 44 CUSUM 2 17 Difficulty
Yoh65 2022 4 Mixed 382 Arbitrary 3 54 OT, EBL, Comp, transfusion, PHLF

Mixed
Choi et al66 2014 — Minor and

major
100 Moving Average 2 10 OT, EBL

Efanov 67 2017 2 Mixed 131 Correlation 2 16 Difficulty
Goh68 2018 10 Mixed 324 Arbitrary 2 20 OT, EBL, conversion
Goh69 2020 1 Mixed 200 RA CUSUM 2 65 OT, EBL, conversion, LOS, Transfusion
Marino et al70 2022 — Mixed 212 CUSUM 3 40 OT, EBL, conversion
Patriti et al71 2015 1 Mixed 70 CUSUM 2 17 OT
Swaid et al72 2020 5 Mixed 1062 Arbitrary

CUSUM
3 45 OT, conversion

Robotic
Ahmad et al73 2023 1 Mixed and

major
148 CUSUM 2 22 OT, EBL

Ceccarelli et al74 2018 — Mixed 70 Arbitrary — 70 Na
Fukumori et al75 2023 1 Mixed 100 Arbitrary 3 30 Conversion, LOS
Gravetz 76 2019 — Mixed 33 Arbitrary 3 11 OT, EBL, conversion, Comp, LOS
Görgec et alet al77 2023 19 Minor and

major
400 CUSUM 3 19 LOS, EBL

Liu et al78 2020 3 Major 100 CUSUM 2 35 OT
Magistri et al79 2019 1 Mixed 60 CUSUM 2 30 OT
McCarron et al80 2023 6 Major 100 Arbitrary 2 50 OT, EBL, conversion, Comp, LOS,

readmission, R0 rate
O’Connor et al81 2017 2 Minor 39 Arbitrary 3 15 EBL, Comp, LOS
Zhu et al82 2019 — Mixed 140 CUSUM 3 30 OT, EBL, conversion, LOS, Comp

*Four centers, reported for each separately.
Comp indicates complications; OT, operative time.
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postoperative outcome parameters along the learning curve.
Overall competency, proficiency, and mastery were reached
after 34 (IQR 19–56), 50 (IQR 24–74), and 58 (IQR 24–100)
procedures, respectively. From competency to proficiency, a
marked improvement was mainly observed for intraoper-
ative parameters, as demonstrated by a rapid reduction of
operative time [competency to proficiency to mastery:
235 min (IQR 180–269) to 205 min (IQR 164–275) to
209 min (IQR 160–240)] and blood loss [competency to
proficiency to mastery: 300 mL (IQR 195–409) to 200 mL
(IQR 112–332) to 200 mL (IQR 129–258)]. From profi-
ciency to mastery, postoperative complications [competency
to proficiency to mastery: 12.0% (IQR 7.2–16.1) to 11.0%
(IQR 6.1–17.2) to 5.3% (IQR 1.1–10)] and conversion rates
[competency to proficiency to mastery: 9.5% (IQR 4.1–15.4)
to 7.9% (IQR 2.7–10.0) to 5% (IQR 2.3–7.3)] decreased at a
later stage (Fig. 2A–D).

Differences Between Statistically Calculated and
Arbitrary Split Learning Curves

A total of 60% of analyses were based on statistical
methods to define the phases of the learning curve, while the
other 40% were arbitrarily split. When assessing the minimal
number of cases needed to surpass the learning curve based
on the approach used, there were minimal differences. The
overall minimal number was 30 procedures (17–44) in the
statistical group and 34 (18–57) in the arbitrary group

(P= 0.226) (Fig. 3A). When looking at the different out-
comes to define the learning curves, no difference was found
for operative time [statistical: 30 (18–38) vs arbitrary: 40
(18–100); P= 0.170], EBL [statistical: 35 (21–50) vs arbi-
trary: 37 (23–51); P= 0.918], conversion [statistical: 45
(19–60) vs arbitrary: 25 (18–50); P= 0.446], and for LOS
[statistical: 34 (22–65) vs arbitrary: 49 (30–90); P= 0.595],
respectively.

Influence of Sample Size on Length of Learning Curve
There was a strong correlation between study sample

size and the overall minimal number of cases reported
(rho= 0.65) (Fig. 3B). Looking at the different outcome
parameters of the learning curve analysis, this correlation
remained strong for all operative time, EBL, and LOS
(rho= 0.79, 0.89, and 0.73, respectively).

Differences Between the Laparoscopic and Robotic
Approach

There was no difference in the number of procedures to
surpass the first phase of the learning curve for minor
resections [laparoscopic: 25 (10–106) vs robotic: 19
(15–109); P= 0.903] and mixed resections [laparoscopic: 47
(5–116) vs robotic: 30 (11–70); P= 0.356]. For major
resections, the laparoscopic approach was associated with
less procedures to surpass the first phase of the learning
curve [laparoscopic: 19 (5–50) vs robotic: 40 (22–57);
P= 0.005].

Risk of Bias Within Studies
Of the included studies most had a moderate or serious

overall risk of bias. Moderate or serious overall risk of bias
was mainly due to unclear reporting of items relevant to the
assessment and analysis of the study. Supplementary
Table 3, Supplemental Digital Content 1, http://links.lww.
com/SLA/F173 depicts the risk of bias assessment.

DISCUSSION
This systematic review summarizes the best available

evidence on learning curves in MILS. Furthermore, it
proposes a standardized learning curve reporting as well as a
3-phase model with distinct changes of intraoperative and
postoperative parameters along the learning curve.

Similar to other surgical fields, this systematic review
defined a case dependent 3-phase learning model for MILS
ie, competency, proficiency, mastery, with specific changes
of intraoperative and postoperative outcomes along the
learning curve (Fig. 4).14,15,90,91 In the first phase, the
surgical team or individual surgeon learns to carry out a
procedure under the supervision of an experienced expert
or proctor. This phase is characterized by selecting low-
risk, benchmark patients with favorable anatomic and
disease-specific conditions. Typically, a steep improvement
of intraoperative metrics such as operative time or blood
loss is observed. Interestingly, postoperative and oncologic
outcomes improve less remarkably during the first phase.
Reaching competency indicates that the surgeon is able to
perform a procedure independently without supervision.
In the second phase, a high standardization of the surgical
approach is achieved and more complex cases are
addressed through the already accumulated experience.
Reaching proficiency is characterized by a less pronounced
improvement of intraoperative parameters, while post-
operative outcomes reach benchmark and textbook

TABLE 2. Standardized Reporting of Learning Curves in
Minimally Invasive Liver Surgery and Adherence in Included
Studies

Reported
(%)

Surgeon and institutional characteristics
Annual volume of liver resections (institution/surgeon) 11.7
Annual volume of MILS (institution/surgeon) 28.3
Previous experience in open liver surgery (number of

procedures)
50.0

Previous experience in MILS surgery (number of
procedures)

20.0

Specific MILS training (proctoring/mentoring/
fellowship)

45.0

Patient characteristics
BMI, ASA, comorbidities (division benchmark vs.

non-benchmark patient83,84)
98.3

Previous upper abdominal surgery or liver surgery 16.7
Liver cirrhosis 56.7

Complexity of the liver resection
IWATE score85,86 28.3
Tumor size 96.8
Tumor location 100.0
Proximity to major vessels 10.0
Extent of liver resection 100.0

Perioperative outcomes (% within benchmark cutoffs)
Intraoperative 100.0

Blood loss, operation time, conversion rate
Postoperative 100.0

Complications according to Clavien-Dindo,87
CCI88
Liver surgery–specific complications such as
PHLF,20 bile leakage21
Proportion reaching textbook outcomes89

Oncologic 50.0
R0, recurrence-free survival, overall survival

ASA indicates American society of anesthesiologists; BMI, body mass
index; PHLF, posthepatectomy liver failure.
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outcomes in a high percentage. In the third phase (mas-
tery), complex indications are approached in difficult,
comorbid, non-benchmark patients. Challenging intra-
operative problems (eg, bleeding and vascular resections)
may be solved by the minimally invasive approach without
conversion; the surgeon can quickly and intuitively adapt
to changing circumstances. Due to the selection of difficult
cases, perioperative outcome improvement may initially
stagnate in the mastery phase. However, later on, peri-
operative and oncological outcomes are clearly above
benchmark or textbook outcomes even in complex
patients. Contrary to time-dependent definitions of surgi-
cal proficiency, the suggested model strongly advocates for
a case and not time-dependent evaluation of surgical
learning.

The evolution of outcomes along the learning curve has
far-reaching implications for clinical studies assessing novel

surgical approaches, especially surgical robotics.92 Most
surgical innovations are introduced without the stepwise
testing used in medical therapeutics and without taking into
account the procedural learning curve with consequent risks
to patient safety.93,94 It is well known that intraoperative
performance and the resulting surgical quality are strongly
associated with postoperative outcomes and are important
confounding factors when performing clinical studies or
randomized controlled trials.95,96 As an example of the
influence of the learning curve, the LEOPARD-2 trial
compared laparoscopic to open pancreatoduodenectomy
(PD) and had to be prematurely terminated due to a 10%
mortality in the laparoscopic group compared with 2% in
the open group. Surgeons were only eligible after having
performed at least 20 laparoscopic PD with a minimal
institutional volume of 20 PD/year. Interestingly, the
authors evaluated 41 videos from the laparoscopic group

FIGURE 2. A–D, Changes in outcome parameters according to the 3 phases of the learning curve. Data are presented as median and
interquartile range.

Kuemmerli et al Ann Surg � Volume 281, Number 2, February 2025

258 | www.annalsofsurgery.com Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

This paper can be cited using the date of access and the unique DOI number which can be found in the footnotes.



and determined that every fifth video scored below the
suggested minimum, meaning that the surgical quality could
have significantly contributed to the main findings and
termination of the study.97

Currently, most surgical RCTs do not account for
learning curves or surgical quality, even though the IDEAL
(Idea, Development, Exploration, Assessment, and Long-
term monitoring) recommendations point out the impor-
tance of addressing this issue during the development and
clinical introduction of novel techniques such as surgical
robots.92 A recent systematic review assessed the quality of
388 randomized surgical trials in high-impact journals and
found that 78% of the studies did not control for surgical
experience and < 5% assessed the quality of the surgical
intervention.98 In the few RCTs that reported surgical
experience, predefined surgeon and center credentials were

applied and mainly included a specific job level or prior
number of years of surgical experience, definitions that are
certainly inadequate to guarantee procedural quality.99

A modern, more objective approach to assessing
surgical quality in clinical trials is video-based assessment
(VBA), which was introduced especially in minimally
invasive pancreatic, esophageal, and colorectal surgery.100
VBA was shown to be a valid method for quality control, to
display points for further improvement, and even predict
postoperative outcomes.101–104 In the near future, artificial
intelligence assisted VBA-programs have the potential to
implement an automated learning curve assessment with
surgeon-tailored feedback and therefore dramatically
improve the quality of the surgical training.105,106

For minor hepatectomies, the first phase of the learning
curve was surpassed after 19 robotic and 25 laparoscopic

FIGURE 3. A, Minimal cases for the learning curve stratified by type of resection and type of statistical analysis. B, Correlation of study
sample size and length of the learning curves. Data are presented as median and interquartile range.
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resections, in the mixed group after 30 robotic and 47
laparoscopic procedures, and in the major hepatectomy
group after 40 robotic and 19 laparoscopic procedures.
Those absolute numbers should be interpreted with caution
as the definitions of learning curves varied greatly among
the included studies, the methods to assess the learning
curves were heterogenous and analyses did not adjust for the
surgeons’ previous experience or case complexity.

Some biases of the presented results should be kept in
mind. Many analyses stem from pioneers in expert centers and
do not factor in the optimization of the learning curve by
targeted training and proctoring. Furthermore, little informa-
tion was available about previous experience in open- or
minimally invasive liver surgery.107 Similar to the systematic
review on learning curves in pancreatic surgery, only 60% of
analyses based their learning curve on statistical analyses such
as CUSUM.15 Arbitrary split-group approaches may not allow
for an adequate group comparison focusing on the relevant
outcome changes over time. Furthermore, a strong correlation
was found between study sample size and number of cases
needed to surpass the learning curve. This presents an
important bias when assessing learning phases and indicates
that an adequate sample size is required to provide a realistic
learning curve calculation, but even more that the currently
used analytic strategies, including CUSUM, are highly
influenced by the study sample size.15

To diminish bias and strengthen a standardized
reporting of learning curves we propose to report the
following confounding factors when reporting on MILS
learning curves (Table 2):
� The institutional and individual surgeon’s overall- and

MILS case load as well as the surgeon’s previous training
and procedural experience.

� The patient’s comorbidities, as they significantly influence
the expected outcomes. A division in benchmark and
non-benchmark patients could be presented based on
comorbidities, underlying liver disease, and previous
surgeries.83,84

� The technical complexity of the minimally invasive liver
resection, preferentially based on the IWATE score. This
difficulty-score takes into account tumor location and
tumor size, proximity to major vessels, liver function as
well as the extent of resection. The score is associated
with intraoperative and postoperative outcomes in
MILS.85,86,108
In addition to the presentation of the surgeon-, patient-,

and procedural characteristics mentioned above, surgical
outcome reporting must be standardized for a homogenous
learning curve assessment. Reporting meaningful postoper-
ative outcomes, such as complications and oncologic out-
comes should be the focus of future learning curve research.
Outcome reporting should further follow the Outcome4me-
dicine consensus recommendations109 and include both
intraoperative, technical parameters such as blood loss and
conversion rate as well as postoperative overall complications
graded according to the Clavien-Dindo110 classification and
procedure-specific complications according to the interna-
tional study group of liver surgery.20,21,111 Furthermore, the
overall burden of complications should be assessed with the
Comprehensive Complication Index.88,112,113 For an objec-
tive international comparison that takes into account the
patient’s risk profile, novel outcomes metrics should be
integrated, eg, proportion of patients reaching international
benchmark values.84,114,115 Reporting learning curves in
MILS with this standardized reporting system would highly
enhance the comparability of learning curves between studies,
institutions, and surgeons.

The present study is limited by the heterogenous
definitions of the learning curve, which makes clinically
meaningful comparisons difficult. Thus, this study is a
qualitative review presenting the available evidence in an
attempt to standardize reporting of learning curves in
MILS. To diminish the heterogeneity of the included
surgical procedures, we decided to exclude learning curve
assessment of living-liver donation as this procedure is
performed by expert liver surgeons in highly standardized

FIGURE 4. Changes in intraoperative and postoperative outcomes and selected surgical complexity along the 3 phases of the learning
curve in minimally invasive liver surgery.
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settings.116,117 Furthermore, the included studies were
mostly of retrospective design, making them prone to
significant selection bias. In addition, one has to keep in
mind that most centers real learning curve consists of a mix
of minor and major cases as well as laparoscopic and
robotic surgeries as the centers gradually expand their
indications. Therefore, the learning curves of mixed studies,
although varying greatly, maybe closest to the real-life
scenario of a “true” learning curve.

In conclusion, this review summarizes the best
available evidence on learning curves in laparoscopic-
and robotic liver surgery and their limitations such as
different definitions, analysis methods, and various under-
reported surgeon and patient-specific factors. A standard-
ized 3-phase reporting of learning phases (competency,
proficiency, and mastery) is proposed and showed a
pronounced improvement of intraoperative parameters in
the competency phase, while postoperative outcomes
mainly improved in the proficiency and mastery phase.
The assessment and analysis of learning curves of MILS
have wide-ranging implications when conducting clinical
studies or assessing novel surgical approaches (eg, robotic
surgery) and should follow the herein proposed standard-
ized reporting.
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