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Abstract

Background: There is limited data to inform minimum case requirements for training in 

robotically assisted coronary artery bypass grafting (RA-CABG). Current recommendations rely 

on nonclinical endpoints and expert opinion.

Objectives: To determine the minimum number of RA-CABG procedures required to achieve 

stable clinical outcomes.

Methods: We included isolated RA-CABG in the Society of Thoracic Surgeons (STS) registry 

performed between 2014 and 2019 by surgeons without prior RA-CABG experience. Outcomes 

were approach conversion, reoperation, major morbidity or mortality, and procedural success. 

Case sequence number was used as a continuous variable in logistic regression with restricted 

cubic splines with fixed effects. Outcomes were compared between operations performed earlier 

versus later in case sequences using unadjusted and adjusted metrics.

Results: There were 1195 cases performed by 114 surgeons. A visual inflection point occurs 

by a surgeon’s 10th procedure for approach conversion, major morbidity or mortality, and overall 

procedural success after which outcomes stabilize. There was a significant decrease in the rate of 

approach conversion (7.7% and 2.5%), reoperation (18.9% and 10.8%), and major morbidity or 
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mortality (21.7% and 12.9%), as well as an increase in the rate of procedural success (72.9% and 

85.3%) with increasing experience between groups. In a multivariable logistic regression model, 

case sequences of >10 were an independent predictor of decreased approach conversion (odds 

ratio [OR]: 0.27; 95% confidence interval [CI]: 0.09-0.84) and increased rate procedural success 

(OR: 1.96; 95% CI: 1.00-3.84).

Conclusions: The learning curve for RA-CABG is initially steep, but stable clinical outcomes 

are achieved after the 10th procedure.
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1 | INTRODUCTION

Robotically assisted coronary artery bypass procedures (RA-CABG) can potentially offer 

numerous advantages over traditional sternotomy.1,2 Despite this, RA-CABG represents 

roughly 1% of total CABG procedures performed in the United States.1 Reasons for slow 

adoption might include cost, lack of institutional support, technical demand, and lack of a 

formalized training regime.

In 2016, a joint Society of Thoracic Surgeons (STS) and American Association for Thoracic 

Surgery (AATS) task force was created to address the gaps in RA-CABG utilization and 

implementation. Optimal surgeon training has been identified as a critical component of 

procedural development across various domains remains central to their tasks; however, their 

recommendations to date rely mostly on expert opinion and single-institution analyses of 

component-specific operative times.3 The purpose of this study is to quantify the learning 

curve associated with RA CABG. As a corollary, we sought to define how surgeon 

experience is related to clinical outcomes following RA-CABG using a large national 

database. Understanding this learning curve will help our community better understand how 

to train cardiac surgeons to perform robotic procedures.

2 | METHODS

2.1 | Case selection

We studied outcomes from all isolated RA-CABG procedures in the STS Adult Cardiac 

Surgery Database (ACSD) performed between July 2014 and June 2018 (data versions 2.81 

and 2.9). Earlier versions of the ACSD do not include a variable for operative approach 

conversion and were excluded.

2.2 | Determination of case sequence number

Each procedure was assigned a case sequence number that represents the order of its 

occurrence within each surgeon’s experience. Although outcomes were limited to data from 

versions 2.81 and 2.9, operations performed between July 2011 and July 2014 (data version 

2.73) were permitted to count toward a surgeon’s case sequence number for operations 

performed between July 2014 and July 2018. This was done to maximize the number 
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of eligible surgeons contributing who could be included in the study. We eliminated all 

surgeons who performed ≥1 RA-CABG procedures in the 4 years before July 2011 to ensure 

the accuracy of case sequence numbers for the study participants (Figure 1).

For example, suppose a surgeon performed two RA-CABG procedures in 2007. This 

surgeon would be excluded from the study because there is no way to determine whether 

the two RA-CABG procedures performed in 2007 were his and her first and second or 99th 

and 100th due to lack of data before 2007. The ACSD does not capture the entire operative 

experience surgeons in practice before 2007. As another example, suppose a surgeon did not 

perform any RA-CABGs before 2011, but performed 20 RA-CABGs between July 2011 and 

June 2014. Unfortunately, key outcome variables are not available in the ACSD for these 20 

procedures, but he/she has still accrued the experience 20 RA-CABG procedures. Instead of 

excluding this surgeon from the study, we credited this experience toward cases performed 

after July 2014, for which we had outcome data. Therefore, if this same surgeon performed 

their next RA-CABG on July 4, 2011, this would be considered RA-CABG number 21 and 

the outcome of the procedure would be associated with the 21st case sequence number, even 

though it was the first of the surgeon’s case series to contribute outcome data. As a final 

example to illustrate the concept of case sequence, if there were 14 additional surgeons who 

had also performed at least 21 RA-CABG procedures by July 4, 2011, then there would 

be a total of 15 patients at this time who were contributing outcome data to the 21st case 

sequence.

2.3 | Determination of procedure and outcomes

Isolated CABG was defined in accordance with the STS. A procedure was considered robot 

assisted if a robot was used during any part. Baseline patient characteristics included in 

the STS 2008 CABG risk model were used (Supporting Information Appendix Table 1).4 

Primary outcomes were rate of unanticipated approach conversion, reoperation, composite 

major morbidity or mortality, and procedural success. Procedural success is an inverse 

composite of the other three primary outcomes. Secondary outcomes were operative 

mortality and prolonged length of hospitalization. All outcomes except for procedural 

success are defined in accordance with the STS (Supporting Information Appendix Table 

2).

2.4 | Statistical analysis: Case sequence and the volume-outcome relationship

Case sequence number was used as a continuous variable in univariable logistic regression 

with restricted cubic splines with fixed effects. Splines were truncated after case sequence 

number 25 because too few surgeons performed more than 25 cases. The results of a Type 

III test with fixed effects are reported with each.

This methodology allows the “learning curve” associated with each outcome to be visually 

represented. The slope at any given point represents the log odds of the outcome occurring. 

Therefore, a point at which the slope is steep indicates rapid change in the outcome, whereas 

a point at which the slope is flat indicates stability in the rate of the outcome. Curves are 

visually analyzed to determine points the case number at which stability is reached.
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2.5 | Statistical analysis: Dichotomized case sequence and the volume-outcome 
relationship

Next, each case was categorized into two groups by surgeon case sequence number. Group 

1 is composed of patients whose procedure occurred within a surgeon’s first 10 cases and 

Group 2 is composed of patients whose procedure occurred after a surgeon’s first 10 cases. 

Case number 10 was chosen based on a visually evident inflection point in the spline for 

procedural success, as described in the previous section. The rate of each outcome was 

described using the appropriate descriptive statistic and compared between Groups 1 and 2 

using a χ2 test or t test.

Multivariable logistic regression with case sequence number dichotomized as ≤10 or >10 

and surgeon as a fixed effect was performed for each primary outcome. Variables included 

in the model were chosen using stepwise selection. Statistical analysis was performed using 

SAS version 9.4.

This project was deemed exempt from Institutional Review Board approval. The data for this 

study were provided by the STS’ National Database Participant User File Research Program. 

Data analysis was performed at the investigators’ institution(s). The results were reviewed 

and approved by the STS Participant User File Adult Cardiac Committee.

3 | RESULTS

3.1 | Patient and surgeon characteristics

During the study period, 1195 RA-CABGs were performed by 114 surgeons with 

known sequence counts across 98 institutions. This cohort represents 18% (1195/6815) 

of RA-CABG procedures, 19% of surgeons (114/587), and 19% (98/525) institutions 

performing RA-CABG in the ACSD during the same time period (Supporting Information 

Appendix Figure 1). Surgeons performed a median of two procedures (IQR: 1-149). 

Nine surgeons performed >25 procedures and 74 surgeons performed <5 (Figure 2). 

Baseline characteristics are shown (Table 1). Patients were relatively young (65 ± 11 

years) and predominantly male (76%). Overall, this cohort was healthier than usual with 

relatively low STS predicted major morbidity or mortality (10%); however, the prevalence 

of comorbidities, such as chronic lung disease (25%), peripheral vascular disease (13%), 

congestive heart failure (18%), recent myocardial infarction (8%), and diabetes (59%) was 

comparable to that of the national average for a traditional CABG.4 No patients were in 

the cardiogenic shock before the operation and 19 (2%) required a preoperative intra-aortic 

balloon pump, a rate that is less than a third of the national average for a traditional CABG 

(7%).4 The majority of cases were performed electively (75%), which is a higher rate than in 

traditional CABG (55%). Emergent or salvage procedures were rare (1%).

3.2 | Clinical outcomes

There is a visually evident inflection point for rate of approach conversion at approximately 

eight cases, after which the learning curve begins to flatten, but not completely (F2,691 = 

3.70, p = .0251) (Figure 3A). For reoperation, the inflection point is less apparent, likely 

around case 8, but has not flattened by case 25 (F2,691 = 4.29, p = .0140) (Figure 3B). 
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The inflection point for composite morbidity or mortality occurs at approximately 8 cases 

(F2,691 = 4.55, p = .0109) (Figure 3C). For the composite endpoint of procedural success, 

an inflection point is evident around 10 cases (F2,691 = 7.25, p = .0008) (Figure 3D). For 

procedural success, major morbidity or mortality, and approach conversion there continues 

to be gradual learning out to 25 cases, but in this slow.

Cases were categorized into two groups based on surgeon case sequence number ≤10 

(Group 1) or >10 (Group 2). Baseline characteristics were similar between groups with the 

exceptions that Group 1 contains fewer patients and has a significantly higher rate of chronic 

lung disease, insulin-dependent diabetes, hypertension, liver disease, and is more likely to 

have been done urgently (Table 1). Patients in Group 1 were less likely to be completed 

off-pump, had longer durations of cardiopulmonary bypass utilization and were more likely 

to receive multiple grafts than those in Group 2 (Table 2).

There was a significant association between the primary outcomes and the surgeon 

experience group. The rate of approach conversion was 7.7% and 2.5% (p < .0001), 

reoperation 18.9% and 10.8% (p = .0001), and major morbidity or mortality 21.7% and 

12.9% (p = .0001) in Groups 1 and 2, respectively. Correspondingly, the rate of procedural 

success was 72.9% for Group 1 and 85.3% for Group 2 (p < .0001) (Figure 4). The overall 

rate of operative mortality was 0.8% and there was no significant difference between groups. 

There was also no significant difference in prolonged length of stay (Table 3).

Multivariable logistic regression with stepwise selection demonstrates that experience of >10 

cases is an independent predictor of less frequent approach conversion (odds ratio [OR]: 

0.27; 95% confidence interval [CI]: 0.09-0.84) and increased procedural success (OR: 1.96; 

95% CI: 1.00-3.84). Experience group was not found to be an independent predictor of 

reoperation or composite morbidity or mortality (Table 4).

4 | DISCUSSION

The primary findings of this study are:

1. Surgeon experience is an independent predictor of RA-CABG procedural 

success.

2. The learning curve for RA-CABG is initially steep, but consistently flattens after 

a surgeon’s 10th case.

The relationship between experience and performance is natural. Its study in the context of 

RA-CABG has been mostly limited to small, single-institution, single-surgeon case series 

evaluating the effect of experience on the efficiency of procedural components. Robotic 

takedown of the left internal mammary artery (LIMA) can initially take a lengthy time, 

however, a period of rapid learning universally occurs with an inflection point between 

5 and 20 cases with stabilization thereafter.5–8 Efficiency of port placement, speed of 

LIMA to coronary artery anastomosis, and total operative times show a similar trend.6–9 

Surgeons will focus on achieving good clinical outcomes before focusing on performing 

the operation more quickly, which is why the learning curve for achieving stable clinical 

outcomes described in this paper may be fewer cases than the learning curve to complete 
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the operation efficiently. Learning curves for similar endpoints have been observed in other 

fields such as robotic cystectomy, prostatectomy, and transoral surgery.10–12

This study demonstrates that the learning curve has significant implications for clinical 

outcomes in addition to procedural efficiency. We found clear inflection points for rates 

of approach conversion, major morbidity and mortality, and procedural success (Figure 

3A,C,D). For each, stability is achieved after about the 10th case, with slow improvement 

beyond case 25. In contrast, an inflection point for reoperation is less evident and the curve 

is not stable by case 25 (Figure 3B).

This finding was reinforced when outcomes were dichotomized as within the first 10 cases 

or beyond the first 10. Rate of adverse outcomes declined and that of procedural success 

increased with experience (Figure 4). The rate of adverse events in the less experienced 

group was high, but consistent with other reports of early experience. Our rate of approach 

conversion was consistent with the rates reported in other series of 0%-11.5%, although 

definitions vary in the literature.7,9,13,14

We report a relatively high rate of reoperation in both experience groups; however, our 

definition is inclusive not only of reoperation for hemorrhage but also of graft occlusion, 

myocardial ischemia, and valve or aortic issues. The rate of major morbidity or mortality 

observed in the experienced surgeon group (12.9%) is similar to the overall rate previously 

reported in the STS ACSD for nearly 10,000 RA-CABG procedures (10.2%). Finally, a 

procedural success rate of 85.3% is disappointing, even for more experienced surgeons, but 

has precedent. In a 500-case series of totally endoscopic RA-CABG procedural success 

(similarly defined as no conversion or major adverse cardiac or cerebral events) was 

achieved in only 80% of cases.15

Notably, surgeon experience in the multivariable analysis was not an independent predictor 

of major morbidity or mortality. This may be due to the higher incidence of some 

comorbidities among patients in the lower experience group (Table 1). It may also be due to 

successful rescue by conversion to open, which was higher in earlier sequence numbers.

Because most surgeons are comfortable with traditional approaches to CABG, learned and 

practice during traditional training curriculums, the learning curve for RA-CABG consists of 

gaining competence with the robotic interface and set-up. For this reason, experience with 

other nontraditional approaches, for instance, robotically assisted mitral valve procedures, 

is likely to expedite the learning curve for RA-CABG. Additionally, time spent in the 

simulation of RA-CABG likely modifies the learning curve, though this has not been studied 

for RA-CABG. Also, the experience of other team members including bedside assistants, 

anesthesiologists, perfusionists, and nursing staff also contributes to clinical outcomes. 

Finally, the higher comorbidity burden observed in the lower experience group may hint 

at the possibility that patient selection, though nonprocedural, is an important aspect of the 

learning curve.

This study has several limitations. Only variables captured in the ACSD can be adjusted for 

in multivariable analyses, so it is possible that uncaptured variables could be confounding 

the association between surgeon experience and outcomes. Importantly, the extent of 
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robotic utilization was not able to be determined from the STS ACSD, making distinctions 

between minimally invasive direct CABG (MIDCAB), totally endoscopic robotic CABG 

(TECAB), or hybrid procedures unreliable. Furthermore, we do not know whether cases 

were proctored. The effect of hospital experience could not be accounted for as a fixed effect 

because of nonconvergence.

5 | CONCLUSION

The potential advantages of RA-CABG to the patient include shorter length of 

hospitalization, less postoperative pain and higher quality of life, and improved cosmesis.1,15 

Given outcomes equivalent to non-RA-CABG, RA-CABG will continue to be an enticing 

strategy.1,16 Robotic technology will continue to improve, incorporating haptic feedback, 

visualization coregistration, remote proctoring, and more. Market forces are an incentive 

for increased robot utilization in coronary surgery. We show that the learning curve is 

steep, but flattens after approximately 10 cases. With informed guidance and a standardized 

curriculum, it is likely that cardiac surgeons can become safely trained in RA-CABG. We 

have demonstrated that in the current environment, negotiation of the learning curve is 

associated with an increase in adverse outcomes in RA-CABG.
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FIGURE 1. 
Methodology for determining surgeon case-sequence number and cases analyzed
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FIGURE 2. 
Total number of robotically assisted coronary artery bypass grafting performed by each 

surgeon
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FIGURE 3. 
Learning curves for robotically assisted coronary artery bypass grafting for (A) approach 

conversion (B) reoperation (C) composite morbidity or mortality and (D) procedural success
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FIGURE 4. 
Rate of clinical endpoint for robotically assisted coronary artery bypass grafting performed 

later in a sequence (>10 cases) versus earlier (≤10 cases)
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