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BACKGROUND
Specialist doctors rely on short courses, proctorship schemes and visits to centers of excellence to acquire the necessary skills for new procedures. The experience gained during subsequent independent practice is reported as a ‘learning or proficiency-gain curve’ to describe the change in complication rates with the increase in procedural experience.1, 2  The proficiency-gain curve for the introduction of laparoscopic surgery for gastrointestinal cancer in England was associated with increased mortality and major morbidity2.
Randomized controlled trials confirmed improved short-term outcomes of laparoscopic colorectal surgery compared to the open approach.3-6 In response to this evidence, the UK National Institute of Health and Care Excellence issued a technology appraisal in 2006 stating that all suitable patients with colorectal cancer should be offered the option of laparoscopic surgery when undergoing resections of the colon or rectum.7 However, after publishing this guideline it was recognized that only a minority of surgeons in the UK would be able to offer laparoscopic colorectal surgery. Therefore, the guidelines were waived and the Department of Health of England created the National Training Program for Laparoscopic Colorectal Surgery (Lapco) to provide a safe and high-quality supervised clinical training for specialist colorectal surgeons (‘consultants’) in England. 
Lapco had several unique characteristics. It was the first national initiative to offer specialists skills training in an emerging surgical technology by one-to-one expert supervision in the operating theatre. As an integral part of Lapco, objective training assessment tools were developed and employed8-10 to monitor training progression and to sign off delegates to progress to independent laparoscopic colorectal practice based on surgical competency rather than time-served or the number of training cases. In addition, training quality was standardized, benchmarked and demonstrably improved through the Lapco Training-the-Trainer curriculum11. The quality of each training episode was monitored using a specifically-developed assessment tool12. 
The primary aim of this study was to examine the impact of Lapco on the rate of laparoscopic surgery and clinical outcomes of cases performed by Lapco surgeons after completion of training. The secondary aim is to assess the predictive clinical validity of training assessment tools employed during and at completion of training. 




METHODS
Design of Lapco
The Lapco program commenced in 2006 and concluded in 2013. Only colorectal consultant surgeons (‘delegates’) were eligible to apply for training in 11 Lapco national centers. Each delegate was allocated to a nearby training center to have one-to-one laparoscopic training by experts. Lapco focused on training laparoscopic right and left sided colonic resections. Training did not include single port or robotic surgery. The exact laparoscopic technique was left to discretion of the expert trainer, although techniques remained similar throughout the program and standardized through Lapco Training-the-Trainer curriculum. Lapco centers also offered preclinical optional laboratory training based on delegates’ needs. By 2013, national data were available that demonstrated significant increase in the utilization of laparoscopic colorectal surgery in most hospitals in England and therefore, the program came to an end. The structure of Lapco is described in the Supplement.
Safety and quality of training during Lapco
Clinical outcomes during Lapco were examined to determine the safety and proficiency-gain curves of supervised training.
Monitoring training progression. The trainer and delegate separately assessed the level of trainer input required to complete each procedure (divided into thirteen distinct tasks) using the Global Assessment Scale (GAS) on a 1-6 scale with 5 representing competent performance by the delegate.8 Consecutive scores delineated proficiency-gain curves that were accessed online to monitor training progression. Submission of the GAS was mandatory.
Competency assessment to sign off delegates to independent practice. Both delegate and trainer initiated the sign-off process once there was agreement that the delegate had reached a level suitable for independent practice. Delegates submitted recordings of two independently performed operative procedures, to the educational center at Imperial College where cases were decoded and sent to two Lapco assessors, who were Lapco trainers not involved in the delegate’s training and blind to his/her identity. They assessed four skill areas in four components of each procedure using Competency Assessment Tool (CAT)9 on a 1-4 scale with 3 representing competent performance. Although the sign-off competency assessment was strongly encouraged, it was not mandatory by Lapco because delegates performance post-Lapco was governed by their employing hospitals. 
Assessment of training quality. Each delegate quantified training quality for each procedure in terms of structure, delivery and trainer’s attributes on 1-5 scale using the Structured Training Trainer Assessment Report (mini-STTAR form)12 once developed. At the conclusion of Lapco, delegates and trainers assessed training structure using an online questionnaire (Supplement).
The training metrics of a Lapco delegate thus comprised of CAT score, delegate and trainer GAS scores (average score of the final three GAS forms), training volume (number of Lapco cases performed by the delegate) and training frequency (average number of Lapco cases per month). 
Clinical outcomes post-Lapco
We performed a case-control study to retrospectively compare clinical outcomes of laparoscopic cases performed by Lapco-delegates versus those by non-Lapco surgeons.  We examined all colorectal resections performed by Lapco delegates (n=144) in the three years following their last Lapco training case (post-Lapco). The comparative period included all colorectal resections by Lapco delegates in the three-years preceding their first Lapco training case (pre-Lapco). Delegates who performed less than 5 Lapco training cases (n=36), the lowest quartile of training volume, were excluded from this analysis. These delegates did not complete their training when Lapco came to an end or for practical reasons related to job planning or personal circumstances. All other Lapco delegates were included in the analysis whether they passed the sign-off process or not. Data were extracted from Hospital Episode Statistics (HES), which is an administrative database that records all admissions to NHS hospitals throughout England. Data was entered in HES database by independent encoders (administrators) and managed independently (available in the Supplement). Lapco delegates and trainers were identified by the General Medical Council number and patients were tracked throughout the dataset using a unique anonymized HES identifier. Date of death was obtained from the Office for National Statistics. Exclusion criteria included non-cancer diagnosis, emergency resections, patients aged less than 17 years and complex resections (total colectomy, subtotal colectomy, transverse colectomy and abdomino-perineal resections). 
Outcome measures
The primary outcome was the rate of laparoscopic surgery. Other outcomes included 30-day, 90-day and one-year mortality, re-intervention (any unplanned return to the operating theatre, radiologically guided or interventional endoscopic procedure within 30 days of initial surgery), length of hospital stay, re-admission (emergency admission within 30 days of discharge), conversion and medical complication (any new medical diagnoses made within 30 days of the operation date, either during the initial admission or subsequent re-admission). 
Statistical analysis
We compared the rate of laparoscopic colorectal cancer surgery and clinical outcomes for cases performed by the Lapco delegates pre- and post-Lapco. Univariate comparisons were carried out; Chi-squared for categorical variables, Mann-Whitney U for length of hospital-stay and t-test for continuous variables. We accounted for confounding demographics by creating pre- and post-Lapco generalized linear mixed effects models for the laparoscopic cases carried out by all Lapco delegates (eTable 1 in the Supplement). The dependent variables were the clinical outcomes of laparoscopic cases. The independent variables were Charlson co-morbidity index (<3, ≥3), age category (<50, 50-65, 66-75, 76-85, >85), gender, resection type (right colectomy, extended right colectomy, left colectomy, sigmoid colectomy and anterior resection) and Carstairs index of deprivation (quintile) with fixed effects and specialists with random effects. The same case mix variables were used to derive propensity scores for case matching and for risk adjustment in CUSUM analyses (see below). 
We performed difference-in-differences analyses to eliminate non-training factors as the cause for the change in clinical outcomes over time. The differences in the pre- versus post-Lapco outcomes from cases performed by the Lapco delegates were compared against the differences in the same outcomes over the same time periods from two control cohorts (see equation in the Supplement). The first control cohort was cases with the same risks that were performed by non-Lapco delegates. Cases were matched by using propensity scores, derived from a logistic regression model with whether or not the surgeon was a Lapco delegate as the dependent variable and the case mix variables that might have led to case selection (as above) as the independent variables. Using the propensity scores of the cases done by the Lapco delegates, we extracted cases from non-Lapco surgeons on a one-to-one basis, distributed over the four time periods, 2004 - 2006, 2007 – 2009, 2010 – 2012, 2013 – 2015. The time periods were chosen to account for the fact that delegates entered training in different times. The second patient cohort was cases performed by the 65 expert Lapco trainers. As the cohort of expert cases was smaller, a tolerance of 0.01 was applied to the one-to-one propensity score-based case match. Furthermore, in order to examine the possibility of the selection bias of Lapco delegates who may be a more motivated cohort and hence have a better improvement over time, we plotted and visually inspected the annual trends of clinical outcomes in Lapco delegates and non-Lapco surgeons before Lapco.
We employed risk-adjusted cumulative sum (RA-CUSUM) analysis to identify changes in the clinical outcomes during Lapco (available in the Supplement) and to assess predictive validity of the in-training assessment tools. CUSUM analysis enabled the identification of an inflection in the ‘learning curve’, which corresponded to a change point in the cumulative values of the dependent variable (clinical outcomes) before versus after the change point. We assessed the significance of change using boot-strapping simulation (k=1000). The confidence level was set at 95% so that the observed learning curve (and its change point) was more pronounced than at least 95% of all the simulated learning curves from the same data, albeit in random orders of the independent variable. 
RA-CUSUM was also applied to assess influences of training on post-Lapco performance, by identifying the change points in training metrics, i.e. cut-off values of GAS and CAT scores, training volume and frequency, and their associations with more frequent laparoscopic surgeries post-Lapco. Predictive clinical validity of GAS and CAT scores would be confirmed if the change point in the rate of laparoscopic surgery post-Lapco was near the pre-determined competent level of 5 and 3 for GAS and CAT respectively. Regression models were used for risk-adjustment to include the potential confounding factors (age, gender, Charlson comorbidity index and resection type), which were well-recognized predictors of laparoscopy provided in HES13. 
Significance level of all the statistical tests was set at 5%. CUSUM curves were computed using Excel (Excel for Mac 2011, version 14.1.4, Microsoft Corporation). For the remaining statistical analysis, the SPSS software was used (Statistical Package for the Social Sciences software, Version 24, SPSS Chicago (IL), USA). 


RESULTS
One hundred and forty-four Lapco delegates performed 1,782 laparoscopic colorectal training cases under supervision in Lapco. A total of 1,648 Lapco trainer GAS forms and 1,327 delegate GAS forms were completed. The distribution of case volume and sign-off success rate using CAT were shown in eFigure 1 in the Supplement. 
Safety and quality of training during Lapco
Clinical outcomes during Lapco included 30-day mortality of 0.5%, a conversion rate of 4.9%, reoperation rate of 3.9% and readmission rate of 3% while the median length of hospital stay was 5 days (interquartile rang 4-7).  None of the Lapco proficiency-gain curves for clinical outcomes had apparent change points during Lapco apart from conversion which showed an apparent change point at 12 cases with a confidence level of 96.2% where conversion rate fell from 5.9% to 3.0% (p=0·01). (eFigure 2 in the Supplement).
Eighty-one Lapco delegates assessed by 49 trainers with an average overall mini-STTAR score of 4.51 (with the maximum score being five). Neither case or patient characteristics or delegate level had an influence on the mini-STTAR score (eTable 2 in the Supplement). Lapco structure and organization were highly rated by delegates and trainers (available in the Supplement). 
Clinical outcomes post-Lapco 
The 108 Lapco delegates, with ≥5 training cases, performed 4586 elective colorectal cancer resections pre-Lapco and 5115 post-Lapco. The non-Lapco matched control group of 796 surgeons performed 72930 elective colorectal cancer cases within the same time period. The matched demographics were identical in both groups and there were no significant changes in demographics of the cases performed pre- and post-Lapco (eTable 3 through eTable 6 in the Supplement). Trend graphs excluded a baseline difference between Lapco delegates and non-Lapco surgeons that may account for the observed difference in outcomes (Figure 1).
The Lapco delegates increased the rate of laparoscopic surgery by 37.8% (95% CI, 36.1% to 39.4%), from 12.8% to 50.6%, that was greater than the non-Lapco surgeons by 20.9% (95% CI, 18.5% to 23.3%). The difference in differences analysis showed that Lapco delegates also had a relative decrease in conversion rate of -4.8% (95% CI, -9.1% to -0.5%). In laparoscopic cases, Lapco delegates also had a relative reduction in re-intervention rate by -5.0% (95% CI, -8.2% to -1.7%). The overall 30- and 90-day mortality of cases performed by Lapco delegates after the program fell respectively by -1.4% (95% CI, -0.8% to -2.0%) and by -1.7% (95% CI, -1.0% to -2.4%) compared to cases performed prior to joining Lapco. The majority of this decrease was due to a reduction in mortality of laparoscopic cases (30-day by -1.8% (95% CI, -0.6% to -3.6%), 90-day by -2.4% (95% CI, -1.0% to -4.4%). There was a greater reduction in 30-day mortality rate by -1.6% (95% CI, -3.4% to -0.2%) and 90-day mortality rate by -2.3% (95% CI, -4.3% to -0.4%) in laparoscopic cases (Table 1a and 1b).
Comparing Lapco delegates to the expert trainers found similar results. The difference in differences analysis showed that Lapco delegates had an increased rate of laparoscopic surgery by 33.3% (95% CI, 30.7% to 36.0%). In laparoscopic cases, there was a relative reduction in 30-day mortality by -1.1% (95% CI, -2.1% to -0.1%) and in 90-day mortality by -1.3% (95% CI -2.7% to -0.1%) (eTable 7 in the supplement).
There was a strong relationship between both GAS and CAT scores and the post-Lapco rate of laparoscopic surgery. Delegates with a trainer GAS score of >4.74, delegate GAS score >4.67 and a CAT score >3.12 had a higher rate of laparoscopic surgery post-Lapco (Figure 2). Delegates with a higher training volume (>15 cases) and training frequency (>1.06 cases per month) had higher post-Lapco rates of laparoscopic surgery; 44% vs 55% (p<.001) and 43% vs 55% (p<.001) respectively (eFigures 3-4 in the Supplement).


DISCUSSION
The English national training program in laparoscopic colorectal surgery resulted in a significant increase in the rate of use of laparoscopic colorectal cancer surgery and an improvement in clinical outcomes including a decrease in conversion rate and morbidity as well as a reduction in 30- and 90-day and one-year mortality of cases performed by Lapco surgeons after embarking on independent practice. This improvement is unlikely to be explained by non-training factors evolving over time or by a better selection of surgeons entering the Lapco training program. In addition, all clinical outcomes including mortality during Lapco were better than that observed at a national level2 with no proficiency-gain curve observed in complications, apart from conversion rate, confirming the clinical safety during training. The clinical outcomes of Lapco provide the highest level of evidence for the impact of an educational intervention (level 4b Kirkpatrick model for training assessment)14 and surgical innovation (assessment in the IDEAL framework) 15.
Lapco is a competency-based training program. There was a strong relationship between the GAS and CAT scores and the post-Lapco rate of laparoscopic surgery confirming the predictive clinical validity of Lapco competency assessment tools. Those findings further the evidence by Birkmeyer et al who showed that greater skills on video-based assessment were associated with fewer post-operative complications by specialists in bariatric surgery.16 Lapco developed and employed objective tools with a cut-off level for skills assessment during training (GAS) and before embarking on independent practice (CAT) that predicted outcomes in subsequent clinical performance. This predictive clinical validity provides the evidence for the potential of using such tools in training programs.
The quality of training provision is crucial during large-scale training programs.17,18 Training-the-Trainer courses standardized, benchmarked and improved the quality of training delivery11 that was quantitively assessed using mini-STTAR during training cases and qualitatively examined after completion of Lapco. 
As a national training programme, Lapco required substantial funding. However, Lapco has been cost-neutral due to the savings in treating fewer complications and the reductions in the length of hospital stay associated with the reduced length of proficiency gain curve. The required resources for a new programme adopting the Lapco model would include the equipment for the new procedure and the administration and trainers’ time. Lapco researchers have made competency assessment tools available and they only need minor adaptation to suit a new procedure. Although the Department of Health in England has led the way to fund Lapco, it is the duty of educational bodies and industry introducing new technologies to fund training programs for specialists as gaining competency at the expense of patient safety is no longer acceptable. 
There are limitations to the study. The precision of the HES database is reliant on coding by individual institutions, albeit HES has been shown to be accurate and a reliable data set for comparison of mortality17. Unfortunately, the HES database does not include some risk factors such as body mass index, previous surgery and tumor characteristics, which limited risk-adjustment. However, tumor characteristics are unlikely to influence the short-term clinical outcomes studied here. Standardization of outcomes such as conversion is not realistic nationally and is therefore reliant on individual interpretation. Identification of individual surgeons within the HES database was made using a unique anonymized provider-specific code for the specialist surgeon. The procedure may have been performed by a trainee surgeon but captured within the consultant’s proficiency-gain curve analysis. However, it is unlikely that the trainee has better technical skills than the supervising consultant and the ultimate responsibility would rest with the consultant. As our study was conducted in an English setting, factors that might be relevant to other healthcare settings, such as consultant movements between hospitals, were not considered. Nevertheless, Lapco program has been adopted internationally, thus lending external utility to the approach. Finally, it may be possible that Lapco had also influenced referral patterns as surgeons with specialized training were more likely to be referred patients suitable for laparoscopic surgery.
In conclusion, Lapco showed that training specialists in emerging technologies at a national level is realizable, safe and improves clinical outcomes including mortality rates. Competency-based training programs minimize harm to patients while surgeons gain competency. Lapco provides a valid educational platform for national clinical training programs for specialist surgeons in evolving technologies. The Lapco model is currently being utilized in national and international initiatives worldwide in laparoscopic colorectal surgery, trans-anal total mesorectal excision of rectum; laparoscopic hysterectomy and robotic surgery in several European countries, USA and Australia. 
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FIGURE LEGENDS

Figure 1. Trend graphs pre- and post-Lapco period.

Figure 2a. Training progression: Global Assessment Score (GAS) by delegates.
CUSUM curve demonstrates the relationship between GAS scores (x-axis) and the cumulative differences between the actual number of Lapco cases performed by the delegates versus the expected number of cases (y-axis).  A change point was demonstrated at 4·67 where laparoscopic rate increased from 37% to 56%. The pre-determined competency score was 5. 

Figure 2b. Training progression: Global Assessment Score (GAS) by trainers. 
CUSUM curve demonstrates the relationship between GAS scores (x-axis) and the cumulative differences between the actual number of Lapco cases performed by the delegates versus the expected number of cases (y-axis).   A change point was demonstrated at 4·74 where laparoscopic rate increased from 40% to 56%. The pre-determined competency score was 5.

Figure 2c. Sign-off to independent practice: Competency Assessment Tool (CAT).
CUSUM curve demonstrates the relationship between CAT scores (x-axis) and the cumulative differences between the actual number of Lapco cases performed by the delegates versus the expected number of cases (y-axis).  A change point was demonstrated at 3·12 where laparoscopic rate increased from 44% to 66%. The pre-determined competency score was 3.
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Figure 2a. Training progression: Global Assessment Score (GAS) by delegates.

CUSUM curve demonstrates the relationship between GAS scores (x-axis) and the cumulative differences between the actual number of Lapco cases performed by the delegates versus the expected number of cases (y-axis).  A change point was demonstrated at 4·67 where laparoscopic rate increased from 37% to 56%. The pre-determined competency score was 5. 


Figure 2b. Training progression: Global Assessment Score (GAS) by trainers. 

CUSUM curve demonstrates the relationship between GAS scores (x-axis) and the cumulative differences between the actual number of Lapco cases performed by the delegates versus the expected number of cases (y-axis).  A change point was demonstrated at 4·74 where laparoscopic rate increased from 40% to 56%. The pre-determined competency score was 5.


Figure 2c. Sign-off to independent practice: Competency Assessment Tool (CAT).

CUSUM curve demonstrates the relationship between CAT scores (x-axis) and the cumulative differences between the actual number of Lapco cases performed by the delegates versus the expected number of cases (y-axis).  A change point was demonstrated at 3·12 where laparoscopic rate increased from 44% to 66%. The pre-determined competency score was 3.
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