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Abstract
Purpose  Evidence regarding the learning curve of robot-assisted total mesorectal excision is scarce and of low quality. Case-
mix is mostly not taken into account, and learning curves are based on operative time, while preferably clinical outcomes 
and literature-based limits should be used. Therefore, this study aims to assess the learning curve of robot-assisted total 
mesorectal excision.
Methods  A retrospective study was performed in four Dutch centers. The primary aim was to assess the safety of the indi-
vidual and institutional learning curves using a RA-CUSUM analysis based on intraoperative complications, major postop-
erative complications, and compound pathological outcome (positive circumferential margin or incomplete TME specimen). 
The learning curve for efficiency was assessed using a LC-CUSUM analysis for operative time. Outcomes of patients before 
and after the learning curve were compared.
Results  In this study, seven participating surgeons performed robot-assisted total mesorectal excisions in 531 patients. 
Learning curves for intraoperative complications, postoperative complications, and compound pathological outcome did not 
exceed predefined literature-based limits. The LC-CUSUM for operative time showed lengths of the learning curve rang-
ing from 12 to 35 cases. Intraoperative, postoperative, and pathological outcomes did not differ between patients operated 
during and after the learning curve.
Conclusion  The learning curve of robot-assisted total mesorectal excision based on intraoperative complications, postopera-
tive complications, and compound pathological outcome did not exceed predefined limits and is therefore suggested to be 
safe. Using operative time as a surrogate for efficiency, the learning curve is estimated to be between 12 and 35 procedures.

Keywords  Robot-assisted surgery · Rectal cancer · Total mesorectal excision · Learning curve

Introduction

Surgical resection is the cornerstone of rectal cancer treat-
ment. This is performed according to the total mesorec-
tal excision (TME) principle, using minimally invasive 
approaches such as laparoscopic (L-TME), robot-assisted 
(R-TME) or transanal (TaTME) [1]. Multiple papers have 
compared L-TME with R-TME and TaTME [2]. If per-
formed by experienced surgeons, R-TME and TaTME may 
result in an increased primary anastomosis rate, although 
no difference in postoperative or oncological outcome has 
been found [3–6].

However, outcomes of minimally invasive surgery 
are suggested to be influenced by the learning curve [5]. 
Current literature regarding learning curves of L-TME, 
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R-TME, and TaTME suggests that the length of the learn-
ing curve of R-TME is comparable with TaTME and 
L-TME [7–11]. However, increased intraoperative com-
plication rates and local recurrence rates were seen dur-
ing the learning curve of TaTME in the Netherlands and 
Norway [12–14]. This has led to an increase in studies 
evaluating the learning curve of TaTME and R-TME.

Despite the increased number of papers published on 
this topic, studies are mostly of poor quality. Series are 
small and use different definitions for rectal carcinoma, 
or even include rectal resections for benign diseases as 
well. Additionally, different outcomes and statistical meth-
ods are used to assess the learning curve [15–22]. Mostly, 
solely operating time is used for assessing the learning 
curve, without considering clinical outcomes, while the 
latter are said to be a better surrogate for the learning 
curve [23]. Additionally, if an appropriate statistical analy-
sis is used, adjusting for case-mix is mostly not done, and 
length of the learning curve is based on averages of the 
series (hence, intersurgeons’ differences were measured) 
instead of using literature-based limits. Therefore, this 
study aimed to assess the learning curve of R-TME using 
clinical outcomes primarily, by means of RA-CUSUM 
analyses using literature-based limits.

Methods

This is a retrospective multicenter cohort to assess the learn-
ing curve of R-TME in four large Dutch teaching hospitals. 
Learning curves will be assessed for individual surgeons 
and institutions. A protocol regarding the data-analysis was 
composed prior to initiation of the study. The manuscript 
was written according to the STROBE guidelines [24].

Design

This study involves four robot-assisted centres using the 
da Vinci system (Intuitive Systems, Sunnyvale, CA, USA). 
None of the surgeons had prior experience with robot-
assisted surgery, and start of the R-TME was preceded by 
electronic training, animal training, and proctoring of the 
first 5 procedures led by Intuitive. All surgeons had profound 
experience with more than 200 L-TMEs and more than 100 
open TME procedures performed per surgeon. Centers 
started with the technique between 2011 and 2016. In the 
center, the A cases were operated using the DaVinci Xi, 
performed by one dedicated surgeon. Center B and C used 
the DaVinci Si, performed by two dedicated surgeons and a 
dedicated team of OR nurses per center. Center D used the 
DaVinci Xi, performed by two dedicated surgeons.

Patients

All consecutive patients that underwent R-TME since its 
introduction in the specific center were included if they met 
the following criteria: (1) in need of TME, (2) diagnosed 
with rectal cancer according to the Sigmoid take-off defini-
tion [25], (3) were 18 years or older, (4) were operated in 
an elective setting with (5) curative intent, and (6) if the 
performing surgeon had performed > 20 cases during the 
inclusion period. There were no predefined exclusion cri-
teria. All preoperative decisions and postoperative follow-
up were in accordance with the Dutch guideline colorectal 
carcinoma [26].

Outcomes

Our primary outcome was to assess the learning curve of 
the individual surgeons using clinical outcomes. The used 
clinical outcomes were as follows: intraoperative complica-
tions, postoperative major morbidity, and compound patho-
logical outcome. Intraoperative complications were defined 
as injury to the bladder, ureter, urethra, or vagina, bleeding 
needing transfusion, serosal injury of the intestine, or any 
other complication needing intraoperative intervention. Post-
operative major morbidity was defined as a postoperative 
complication within 30 days classified as Clavien–Dindo 
grade three or higher [27]. The compound pathological out-
come was defined as either an irradical resection, which was 
defined as a circumferential resection margin ≤ 1 mm, or an 
incomplete TME specimen according to Quirke [28].

Our secondary outcome was estimating the learning curve 
regarding efficiency, and comparison of outcomes between 
patients who underwent surgery during the learning curve 
and after the learning curve had been achieved. For effi-
ciency, operating time was used, which was defined as time 
from incision until closure. Learning curves were assessed 
for both individual surgeons as well as institutions.

Data capturing

Data was captured using the prospective DCRA database 
of the particular hospital, and missing or unregistered data 
was added from the local electronic medical record (EMR) 
system. Data was pseudonymized and registered in the 
GCP-proof data management system Castor (Ciwit B.V., 
Amsterdam, the Netherlands). This study was approved by 
the regional medical ethics review committee (MEC-U, reg-
istration number: W19.096), and the local hospitals’ medical 
ethics review committees.

Patient characteristics that were captured from either the 
EMR or from the DCRA database included the following: 
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age, sex, body mass index (BMI), ASA (American society 
of Anesthesiologist) classification, history of abdominal sur-
gery, and history of pelvic surgery. Tumor characteristics 
included distance of the tumour from the anorectal junction 
(ARJ) on MRI in centimetres, a low rectal tumour classi-
fied according to the LOREC criteria [29], clinical TNM 
classification, neo-adjuvant (chemo) radiation therapy, and 
mesorectal fascia (MRF) involvement at preoperative MRI, 
defined as ≤ 1 mm distance from the MRF. Intraoperative 
characteristics included surgeon performing the procedure, 
operating time, type of TME resection (abdominoperineal 
resection (APR), low anterior resection (LAR) with anas-
tomosis or LAR with an end colostomy), the construction 
of a stoma, and conversion. Postoperative characteristics 
included 30-day surgical complications, 30-day mortality, 
length of stay, readmission, reintervention, wound infection, 
intra-abdominal abscess, ileus, bleeding, and anastomotic 
leakage according to the International Study Group of Rectal 
Cancer [30]. Major morbidity was defined as Clavien–Dindo 
class three or higher. Additionally, positive circumferential 
margin, defined as a margin ≤ 1 mm, TME specimen quality 
according to Quirke and compound pathological outcome 
was registered [28]. The latter was defined as either a posi-
tive circumferential margin or an incomplete TME.

Statistical analysis

Outcomes were compared between groups using independ-
ent sample T-test or the Wilcoxon rank sum test for continu-
ous variables, depending on the distribution. For categori-
cal and binary variables, the X2 test was used. The learning 
curve was assessed using the risk-adjusted cumulative sum 
analysis (RA-CUSUM) for intraoperative complications, 
postoperative major morbidity, and the compound pathologi-
cal outcome. For operating time, a learning curve cumulative 
sum analysis (LC-CUSUM) was used to assess the learning 
curve. A ‘normal’ (RA-)CUSUM assumes an ‘in-control’ 
state, and signals when the surgeon is out of control, whereas 
the LC-CUSUM assumes an ‘out-of-control’ state, and sig-
nals when the surgeon is in control. In addition, by using the 
risk-adjusted version, a poor outcome in a high-risk patient 
will be penalized differently compared to a poor outcome in 
a low-risk patient [31, 32]. As all surgeons had prior experi-
ence with L-TME, and R-TME does not differ significantly 
with respect to surgical approach (i.e., both use a top-down 
approach), we used the RA-CUSUM for clinical outcomes. 
As we assumed that surgeons were not yet in control regard-
ing efficiency, we used the LC-CUSUM for operating time.

To plot the RA-CUSUM, a score was attributed to each 
surgical procedure: negative when associated with success, 
and positive when associated with failure. This score was 
adjusted for patients’ risk factors. When the score equals 
or exceeds the proficiency limit h, the null hypothesis was 

rejected and the process reached an ‘out-of-control’ state, 
indicating significantly worse outcome. Additionally, the 
inverse was plotted as well, with a barrier set at the negative 
limit h. Additionally, a barrier at 0 was taken into account, 
preventing the score from being negative, thereby incor-
porating the assumption of an ‘in-control’ state in which 
out-of-control performances cannot be compensated with 
prior results. Limit h was set as a specific percentage of the 
outcome for the RA-CUSUM. For intraoperative complica-
tions the limit was set on a rate of 5.0%, based on previous 
research showing intra-operative complications between 3 
and 5% [3, 33]. For postoperative major morbidity, this was 
set at 15.0%, based on previous research showing major mor-
bidity (Clavien–Dindo class 3 or higher) between 15 and 
20% [3, 34, 35]. For the compound pathological outcome, 
this was set at 10%, with recent trials showing both incom-
plete TME as well as positive CRM rate between 3 and 10% 
[2, 6, 36].

For the LC-CUSUM, the score attributed to each pro-
cedure was positive when associated with success, and 
negative when associated with failure, in contrast to the 
RA-CUSUM. If the score reached the predefined limit, this 
would raise a signal indicating ‘in-control’ state. Finally, 
for the LC CUSUM, limit h was set at an operating time of 
less than 200 min in more than 80% of the cases, based on 
recently reported outcomes of Dutch R-TME studies [3, 34].

After univariate comparison of outcomes during and after 
the learning curve, a multivariable logistic regression model 
with backward selection was used to control for confounding 
variables for intraoperative morbidity, major postoperative 
morbidity, and compound pathological outcome. Finally, a 
multivariable linear regression model with backward selec-
tion was used to control for operative time. All analyses 
were conducted in R using the packages ‘mice’,‘cusum,’ 
and ‘ggplot2.’

Results

In the four participating hospitals, 557 patients were deemed 
eligible. After exclusion of five patients that were treated 
with palliative intent, and 21 patients that were treated by 
two surgeons that operated less than twenty patients during 
the periods of inclusion, 531 patients remained (Fig. 1).

Baseline

Significant differences existed regarding the proportion 
of patients having a history of abdominal surgery, rang-
ing from 18.5 to 43.3% (p = 0.02); preoperative mesorectal 
fascia involvement, ranging from 9.1 to 48.6% (p < 0.001); 
cT4 stage, ranging from 1.0 to 26.7% (p < 0.001); and cM1 
stage, ranging from 1.9 to 16.7% (p < 0.001). Both surgeons 
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in centers C and D showed high rates of cT4 with accord-
ingly high rates of neo-adjuvant therapy. Additionally, center 
D showed high rates of cM1 tumors (Table 1).

Learning curve assessment

With regard to intraoperative complications, major postop-
erative complications, and compound pathological outcome, 
all seven surgeons stayed within pre-specified limits of the 
‘in-control’ state. (Figs. 2, 3, and 4). When only taking into 
account the center, all centers stayed within the limits as 
well (Supplemental Figs. 1, 2, and 3). The LC-CUSUM for 
operative time was only performed in centers A, B, and C, 
as operating time was missing in up to 50% of the cases 
in center D. Limit h, indicating an ‘in-control’ state, was 
reached at 12, 12, 21, 32, and 35 procedures for surgeon C1, 
C2, A1, B2, and B1, respectively (Fig. 5).

Before and after comparison

Patients who underwent surgery before the learning curve 
was reached and had received significantly more neo-
adjuvant therapy compared to patients after the learn-
ing curve (80.4% versus 67.7%, p = 0.03) (Supplemental 
Table 1). Regarding outcomes during and after the learning 
curve, operating time was significantly longer in the group 
of patients operated during the learning curve (221 min 
[189, 253] versus 178 min [139, 225], p < 0.001). Except 
for overall surgical complications, clinical outcomes were 
comparable between the two groups. A significantly higher 
rate of postoperative surgical complications was observed 
in the group of patients who underwent R-TME after the 
learning curve was achieved (21.4% vs. 36.5%, p = 0.004). 
However, major morbidity was not significantly differ-
ent (9.8% versus 15.3%, p = 0.19). These results were 
confirmed in a multivariable logistic regression model: 
Patients operated after the learning curve was achieved 
were independently associated with a higher overall 30-day 
surgical morbidity (OR: 2.39 [95% CI: 1.43–4.13]), while 
major morbidity, intraoperative morbidity, and compound 
pathological outcome were comparable (Table 2).

Discussion

The aim of this study was to evaluate the learning curve 
of R-TME, using literature-based limits, with risk-adjusted 
analyses. The learning curve was primarily assessed 
using clinical outcomes, while secondly operating time 
was used. All surgeons and centers stayed within the pre-
specified literature-based limits of an ‘in-control’ state 
for intraoperative complications, major postoperative 
complications, and compound pathological outcomes. 
In addition, an ‘in-control’ state for operating time was 
reached after 12–35 procedures. Moreover, no differences 
regarding intraoperative complications, major postopera-
tive complications, and compound pathological outcome 
were observed between patients operated during and after 
the learning curve, which was based on operative time 
(Table 2).

Both for individual surgeons and for the institutions, the 
outcomes suggest that a learning curve for clinical outcomes, 
estimating safety, could not be distinguished. This is in con-
trast to former studies showing longer learning curves [7, 
10, 11, 16, 34, 37–39]. This could be explained by several 
reasons. First, surgeons participating in this cohort study 
were experienced surgeons regarding open and laparoscopic 
TME, which might have resulted in the absence of a distin-
guishable learning curve. However, most surgeons starting 
with R-TME have experience with either open or L-TME; 
therefore, this study reflects clinical practice. Second, pre-
vious studies mostly define the length of the learning curve 
solely on operative time [37, 38]. However, this is a rather 
poor outcome for assessing the learning curve [23, 40]. Sec-
ond, studies that do use clinical outcomes to assess the learn-
ing curve, mostly use CUSUM or RA-CUSUM analyses, 
which is an adequate analysis. These analyses are primarily 
used to detect a deviation from an ‘in-control’ state to either 
a significant decrease or a significant increase in the occur-
rence of an event compared to literature based limits [31, 40, 
41]. But, most studies evaluating length of the learning curve 
with (RA)-CUSUM analyses use deflection of the learning 
curve to assess the length, instead of the actual goal of the 
analysis: checking whether there is a significant deviation 

Fig. 1   Flow diagram of 
included patients
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from an ‘in-control’ state. Using the deflection of the learn-
ing curve for assessing the length of the learning curve may 
be false, as the outcome may still remain within limits [10, 
11, 39]. Thereby, the actual analysis is performed well, but 
it is mostly misinterpreted. Additionally, it is suggested 
that increased length of the specific series of the surgeon 
or center is associated with increased length of the learning 
curve if deflection of the learning curve is used, rather than 
predefined limits [23, 31, 39]. Therefore, these results might 
not actually reflect length of the learning curve.

The only three studies assessing the learning curve that 
use (RA)-CUSUM analyses for clinical outcomes with 
literature-based limits, involve studies evaluating TaTME 
surgery [8, 9, 12]. These studies suggested an ‘out-of-
control’ state from initiation until the 25th–55th cases, 
based on intraoperative and postoperative complications 
[8, 9, 12]. All three studies assessing the learning curve 
of TaTME used a (RA)-CUSUM analysis. However, as 
the bottom-up approach used in TaTME is new to most 

surgeons, preferably a LC-CUSUM analysis should be 
used as this analysis assumes an ‘out-of-control’ state. 
Despite the low number of studies, these results suggest 
that the learning curve of TaTME comes with additional 
intraoperative and postoperative morbidity.

As clinical outcomes stayed within predefined, literature-
based limits in this study, length of the learning curve could 
not be based on clinical outcomes. Therefore, we used opera-
tive time, as a secondary outcome, to assess length of the 
learning curve. The LC-CUSUM analysis showed length of 
the learning curve to range between 12 and 35 cases for 
individual surgeons. Previous studies assessing the learning 
curve based on operative time, using a limit are scarce. A 
R-TME study suggested a length of 19 cases, while a TaTME 
study suggested a length of 39 cases [8, 42]. Outcomes of 
studies assessing length of the learning curve based on 
operative time, using deflection of the curve, vary widely 
between 8 and 110 cases [43]. The wide variety is due to 
not taking into account patient characteristics or surgeon 
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experience, while deflection of the curve is probably not 
the appropriate way of defining length of the learning curve 
[44].

When comparing patients operated during the learning 
curve with patients operated after the learning curve, we 
saw a significant decrease in operative time. Several studies 
that based the learning curve on operative time, showed a 
significant decrease in operative time [10, 11, 38]. This 
unsurprising finding could be explained by the fact that 
length of the learning curve was defined by operative time, 
implicating a significant difference regarding this outcome. 
In line with other studies and the RA-CUSUM analysis, 
major postoperative complications, intraoperative com-
plications, and compound pathological outcome did not 
differ during and after the learning curve of R-TME [10, 
11, 16, 39, 45]. Despite the fact that no difference in major 
postoperative complications was observed, we did observe 

a significant difference with respect to overall 30-day surgi-
cal morbidity. In fact, overall surgical morbidity was higher 
in the group of patients who underwent surgery after the 
learning curve had been achieved, even after correcting 
for confounding factors. Perhaps residual confounding 
was present, thereby case-mix could have resulted in more 
difficult cases after the learning curve had been achieved, 
with a consequent higher proportion of surgical complica-
tions. Another explanation might be the fact that this is a 
retrospective study, with a significant risk of reporting bias, 
especially for minor complications, as these are mostly less 
well documented, while major morbidity is generally well 
documented, as the latter is defined as treated with surgi-
cal or radiological interventions, which are generally well 
documented.

To our knowledge this is the first study assessing the 
individual learning curves of R-TME surgeons by means of 
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RA-CUSUM analyses of clinical variables, using literature-
based limits. Although this study suggests that the learn-
ing curve of R-TME, for surgeons experienced in open or 
L-TME, is not associated with additional morbidity, and 
length of the learning curve for operating time is between 
12 and 35 procedures, certain limitations should be taken 
into account. First, it should be appreciated that the learn-
ing ability and experience of the surgeons varies widely 
between surgeons, while statistical analyses cannot control 
for these variables. Therefore, these analyses reflect a theo-
retical simplification of a complex process. Second, this 
retrospective cohort analysis comes with reporting bias and 
confounding. We tried to control for confounding factors by 
using RA-CUSUM analyses for assessing the learning curve 
and a multivariable regression analysis when comparing 

outcomes during and after the learning curve. However, 
residual confounding might be present. Third, although 
most of the series were of considerable length, two sur-
geons only performed 30 and 27 procedures while operat-
ing times were missing in more than 50% of these cases. 
Therefore, we excluded these two surgeons regarding the 
LC-CUSUM analysis. Fourth, although we used literature-
based limits for the RA-CUSUM and LC-CUSUM, espe-
cially the limit for operating time might be debatable. Not 
only case-mix influences this, as this is a variable reflecting 
efficiency which is affected by more than only the surgeon 
performing the procedure. In addition, cultural, logistic, 
and financial factors may differ between centers and could 
influence these outcomes as an effect. Fifth, a significantly 
higher rate of patients operated before the learning curve 
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were treated with neo-adjuvant therapy, due to change of the 
Dutch Guideline in 2014 [46]. This might have influenced 
outcomes. Finally, the surgeons participating in this cohort 
study were surgeons with experience in L-TME and open 
TME, which might have caused the absence of a learning 
curve with regard to clinical outcomes.

Concluding, this is the first study assessing the learning 
curve of R-TME by means of a RA-CUSUM analysis with 

literature-based limits, using clinical variables. This study 
suggests that the learning curve of R-TME is safe in terms of 
intraoperative complications, major postoperative complica-
tions and pathological outcomes. The learning curve based 
on efficiency might range between 12 and 35 procedures 
for R-TME.
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