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Abstract

:

The aim of this study was to evaluate the impact of institutional surgical experience on recurrence following robotic radical hysterectomy (RRH) for early stage cervical cancer. All women in Sweden who underwent an RRH for stage IA2-IB1 cervical cancer at tertiary referral centers from its implementation in December 2005 until June 2017 were identified using a Swedish nationwide register and local hospital registers. Registry data were controlled by a chart review of all women. Recurrence rates and patterns of recurrence were compared between early and late (≤50 vs. >50 procedures) institutional series. Six hundred and thirty-five women were included. Regression analysis identified a lower risk of recurrence with increased experience but without a clear cut off level. Among the 489 women who did not receive adjuvant radio chemotherapy (RC-T), the rate of recurrence was 3.6% in the experienced cohort (>50 procedures) compared to 9.3% in the introductory cohort (p < 0.05). This was also seen in tumors < 2 cm regardless of RC-T (p < 0.05), whereas no difference in recurrence was seen when analyzing all women receiving RC-T. In conclusion, the rate of recurrence following RRH for early stage cervical cancer decreased with increased institutional surgical experience, in tumors < 2 cm and in women who did not receive adjuvant RC-T.
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1. Introduction


Robotic radical hysterectomy (RRH) for early stage cervical cancer was introduced in Sweden in December 2005, gradually replacing open surgery as the primary surgical method. Concurrently, a rapid increase in robotic surgery in women with endometrial cancer occurred. In Sweden, the vast majority of the more than 3000 new cases of gynecological cancers annually are centralized to seven university tertiary centers with subspecialized surgeons. Approximately 550 women with novel cases of cervical cancer are diagnosed annually where approximately 65% of cases allow for primary surgery [1]. Preoperative evaluation, patient selection, principles for adjuvant radio chemotherapy (RC-T) and follow-up adhere to national guidelines [2].



Recent publications have raised concerns regarding the oncologic safety of RRH [3,4,5]). The randomized trial by Ramirez et al. (LACC study) and the observational study by Cusimano et al. mainly compared traditional laparoscopic surgery (84% and 89% of the minimally invasive surgery (MIS) groups, respectively) to open surgery, whereas the US register study by Melamed et al., in which 79.8% of MIS was performed robotically, was carried out during a robotic surgery introductory phase (2010–2013) in a low case load per institution setting. In contrast, a nationwide Swedish study including 864 consecutive women (236 ORH and 628 RRH) with cervical cancer operated between 2011 and 2017 and, where the major contributing centers had passed the introductory phase of RRH, did not demonstrate an inferior survival rate for RRH compared to open radical hysterectomy (ORH). Since tumor size and adjuvant treatment had a skewed distribution in the Swedish study, a propensity score model was used, accounting for age, grade, tumor size, lymph vascular space invasion (LVSI), lymph node status, primary treatment, and year of diagnosis and a similar oncologic outcome was demonstrated [6]. A Danish nationwide study of 1125 women did not find an increased risk of recurrence after the adoption of robotic radical hysterectomy [7]. In tumors less than 2 cm where the risk of recurrence is lower, a large amount of material is needed to investigate the recurrence rate. Existing studies have been unable to evaluate this subgroup properly [3,4,5,8]. Previous studies have shown a reduction in surgical time, blood loss and the rate of postoperative complications with increased surgical experience after 28–50 surgeries [9,10,11,12,13]. Two recent single institution studies, including 165 and 168 RRH, respectively, demonstrated reduced recurrence rates with increased experience [14,15]. The former used a multivariate risk-adjusted cumulative sum analysis and found a learning phase of 61 RRHs whereas the latter divided their experience based on the year of enrollment, which translated into 77 RRHs [14,15].



The primary aim of this nationwide study was to evaluate the effect of the institutional surgical experience of RRH for early stage cervical cancer on recurrence rates and patterns of recurrence. The secondary aims were to investigate the impact of institutional surgical experience on types of recurrences and perioperative complications.




2. Material and Method


All women in Sweden ≥ 18 years with a preoperative stage IA2-IB1 (FIGO 2009) with squamous adenocarcinoma or adenosquamous histology who underwent pelvic lymphadenectomy and an RRH according to Querleu–Morrow classification types B2 or C1 (or similar to the classification at the one clinic performing RRHs before 2008) from the first RRHs performed from December 2005 to June 2017 were included [16,17]. All RRHs were performed without the use of an intrauterine manipulator. Women converted to open surgery were included on an intention to treat basis. The women were identified by, and data retrieved from, the Swedish Quality Register of Gynecologic Cancer (SQRGC) and controlled by a review of local hospital registers to identify any missing women in the national quality register [6]. A full chart review was thereafter performed on all women by three of the authors (L.E, E.W and E.A) to control and harmonize the existing register data according to predefined common criteria regarding demographic information, age, body mass index (BMI) kg/m2, smoking status, tumor histology, FIGO stage, tumor grade, LVSI, tumor size, lymph node status in the pathology report, adjuvant treatment, all intraoperative and postoperative complications within 30 days, and time and site of recurrences within 24 months (which was the total follow up time in all women). Per institution, operations were chronologically numbered. Tumor size was defined as the largest diameter in a preoperative cone biopsy or hysterectomy specimens, hence representing the minimum size of the tumor. Women with a tumor size > 40 mm at final pathology, positive lymph nodes or women with margins of <5 mm (this included women with parametrial involvement) were recommended adjuvant RC-T. Neither depth invasion, LVSI nor grade were used as separate parameters influencing primary or postoperative treatment. Intraoperative complications (defined as a complications diagnosed and treated during primary surgery, or directly related to surgery but diagnosed postoperatively) and postoperative complications up to 30 days post-surgery were registered; the latter using the Clavien–Dindo classification [18]. Exclusion criteria were high-risk histology, FIGO 2009 stage <1A2 or >1B1, intraoperative abortion of the RRH in favor of RC-T, an unwillingness to receive recommended adjuvant treatment or loss to follow up within 24 months. All inhabitants in Sweden are assigned a unique personal identification number used for population registration and in health care. Health care for cancer is only provided by public hospitals. Hence, a woman was only lost to follow up if she emigrated abroad.



Preoperative examination included a computer tomography (CT) scan of the abdomen and thorax and pelvic magnetic resonance imaging (MRI). At follow-up, a clinical examination was performed at four to six months intervals. The criteria for offering adjuvant RC-T remained unchanged during the observation time. If a patient presented with symptoms indicating a recurrence, radiological examinations as indicated were performed followed by a biopsy for final diagnosis. Oncological outcome data were registered at 24 months, defined by the date of histological verification for all women. The recurrences were grouped into four categories: locoregional (vaginal vault or local pelvic recurrences), abdominal (port and/or intraabdominal recurrences), lymph nodes/distant (lymph nodes outside the pelvis or other distant recurrences), and multiple (multifocal recurrences).



The possible impact of surgical experience on oncologic outcome might be influenced by whether or not adjuvant RC-T was administered. As a result, the data set was split into two subgroups and analyzed accordingly. RRH was introduced at the first institution in 2005, whereas the sixth institution performed their first RRH in 2014, at which point the primary institution had performed more than 150 RRHs. Considering different baseline surgical and robotic skills, institutional recurrence rate depending on time of introduction was investigated.



The institutional review boards at Lund University (DNR 2008-663), the Karolinska Institute (DNR 2015-2140) and Gothenburg University (DNR 397-18) approved this study.



Statistical Analyses


A logistic regression analysis was used to evaluate the effect of surgical order, center of treatment, the patient’s age, tumor size and tumor histology on the probability of recurrence occurring up to 24 months. The results were tested against a null hypothesis of an unimproved recurrence rate over time. As a potential effect of learning likely diminishes over time and eventually has no impact, a logistic regression model was constructed to compensate for such an effect (Appendix A). Both surgical order and center of treatment can be viewed as parameters representing skill. A potentially different baseline surgical and robotic skill between hospitals would likely impact the calibration of the effect of surgical order. For this reason, the logistic regression model was applied for all included hospitals as well as for the three centers of treatment with the earliest implementation and the highest number of performed RRHs (>100). In order to establish a suitable cut off level for comparison of the absolute recurrence rates between early and experienced cohorts, a model was constructed to evaluate any decrease over time in tumors of a median size (Appendix B). For comparison of clinical and recurrence data and potential skewness between early and experienced cohorts, the chi2 test was used.



For the logistic regression, data were entered into a Microsoft Excel data base, pseudo-anonymized and analyzed using the Python package Statsmodel Discrete Logic (version 0.11.1, Texas, USA) (Appendix C). For the remaining analyses, the SPSS version 12.0 statistical software was used (SPSS, Chicago, IL, USA). A p-value of less than 0.05 was considered significant in all statistical tests.





3. Results


Of the 719 identified women, 60 were excluded due to a high-risk histology (n = 20), FIGO 2009 stage <1A2 or >1B1 (n = 12), intraoperative abortion of the RRH in favor of RC-T (n = 17), an unwillingness to receive recommended adjuvant treatment (n = 6) or loss to follow up (n = 5, due to women who emigrated abroad). RRH was performed at nine institutions during the study period. Three hospitals performed ten or fewer RRHs, a number which was deemed unsuitable for statistical analysis, and were therefore excluded. The number of RRHs, included per site as well as distribution over time, can be seen in Figure 1.



Of the 635 women included in the final analysis, 146 (23%) received adjuvant RC-T due to at least one of the following reasons (lymph node metastases (n = 68, 47%), tumor size > 40 mm at final histology (n = 11, 7.5%) or margins < 5 mm (n = 67, 45.5%). The remaining 489 women received surgery alone with RRH (Figure 2, strobe flow chart). Clinical and demographic data are shown in Table 1. Three hospitals performed > 100 RRHs and three hospitals < 50.



The regression analysis showed a decrease in the rate of recurrence with increased experience in women without RC-T for all six hospitals (p = 0.03) and for the three most experienced hospitals (p = 0.006). The statistical model using the three hospitals with >100 RRHs showed that the probability of recurrence decreased rapidly until about 50 surgeries, representing a probable inflection point (Appendix B). Therefore, when comparing the absolute recurrence rate in the whole study population, the first 50 cases from each of the six hospitals (introductory cohort) were compared with the remaining > 50 cases from the three most experienced hospitals (experienced cohort).



Of the 489 women with no RC-T, fewer recurrences occurred in the experienced cohort compared to the introductory cohort (3.6% compared with 9.3%, p = 0.009). In tumors < 2 cm, this was true both for tumors < 2 cm without RC-T (n = 373, 1.9% compared with 7.0%, p = 0.01) and tumors < 2cm regardless of adjuvant treatment (n = 43, 2.9% compared with 7.9%, p = 0.02). Extrapelvic (abdominal, multiple or nodal/distant) recurrences were seen predominantly in the introductory cohort (6 of 214 vs. 2 of 275) but the regression analysis did not verify a significant decline with experience for these few incidents (p =0.10). No difference with experience in overall recurrence or pattern of recurrence was seen in tumors ≥ 2 cm (16.1% vs. 10.0%, p = 0.33) or in women who received adjuvant RC-T (Table 1).



Of the 635 women, ten (1.6%) experienced an intraoperative complication and three conversions to laparotomy (0.5%) were necessary due to adhesions (n = 1), vessel injury (n = 1) and subcutaneous emphysema (n = 1). Almost 90% of the postoperatively (<30 days) diagnosed complications were mild or moderate (grade I-II) whereas injury to the ureter (n = 10), intraabdominal abscess (n = 7), port-hernia (n = 4), vesicovaginal fistula (n = 2), postoperative bleeding (n = 1), vaginal dehiscence (n = 1) and compartment syndrome of the legs (n = 1) occurred in 4.1%. The rate of postoperatively diagnosed complications (≥grade IIIa) decreased with increased experience (2.5% vs. 6.1%, p = 0.03) (Table 2). A significant decrease in complications directly associated with surgery was seen when these postoperatively diagnosed complications, i.e., ureter injury, vesicovaginal fistulas and compartment syndrome were added to the intraoperative complications group (p = 0.01). This second categorization was used due to the shortcoming of the Clavien–Dindo classification that does not classify intraoperative complications as a separate entity and where postoperatively discovered intraoperative complications are classified as postoperative.




4. Discussion


The rate of recurrence following RRH for early stage cervical cancer decreased with increased institutional surgical experience in women who did not receive adjuvant RC-T as well as in women with tumors < 2 cm, regardless of given adjuvant treatment. A similar decrease in recurrence was not seen in women with tumors ≥ 2 cm. In women with tumors ≥ 2 cm or who received adjuvant RC-T, the inherent higher risk of extrapelvic recurrence, the possibility of occult disease at the time of surgery, and probable prevention of locoregional recurrence following RC-T rather than the surgical technique per se, are probable contributing factors. The study is, however, underpowered for smaller subgroup analyses. But we cannot exclude that increased surgical experiences have less positive impacts on women with larger tumors where no RC-T is administered. For all women having undergone RRH, surgical complications were less frequent in the experienced cohort.



Previous studies have demonstrated a positive effect of increased experience with RRH in regard to surgical time, blood loss, and early postoperative complications, which was also seen in the present study [9,10,11,12]. A positive impact on oncological outcome with increased experience has been shown for robotic radical prostatectomy by Galfano et al. and was implied by Chong et al., who investigated RRHs during the learning phase compared to conventional laparoscopic radical hysterectomies performed by experienced surgeons. [19,20]. Two recent single-institution studies investigated the impact of learning curve on oncological outcome following RRHs for early stage cervical cancer and found improved survival rates with increased surgical experience, achieving similar levels of adequate experience to our study [14,15]. Neither of the studies discussed or further clarified which elements associated with increased experience would be expected to have a positive effect on recurrence rates. Rather than discarding RRHs for early stage cervical cancer, the authors similar to our experience, emphasize the necessity of centralized health care combined with a validated learning curriculum to shorten and make the learning process more effective. In addition, taking into account the institutional oncological outcomes when counseling patients is emphasized [14,15]. The results from these two studies and the present nationwide study might explain the discrepancy in the recurrence rate following RRH and open radical hysterectomy (ORH) in the US register study by Melamed et al. and the Swedish study by Alfonzo et al., both national studies including 2461 (978 RRH) and 864 women, respectively [3,6]. The increased rate of recurrence after RRH compared to ORH in the former was probably partly due to a low case load setting, including data from 479 institutions and with 357 institutions sharing a total of 978 RRHs over the studied period (personal communication Dr Melamed) representing an introductory phase of robotic surgery [3,6]. Alfonzo et al. on the other hand found no difference in recurrence rate for RRHs and ORHs performed between 2011 and 2017 when the two major contributing institutions had passed their learning phase [6]. As described in the introduction, confounding factors were compensated for using propensity score analysis. A similar nationwide study from Denmark, where the organization of care is similar to Sweden, also failed to show differences in recurrence in ORH and RRH groups. These studies represent hybrids between prospectively retrieved quality register data and retrospective control of these data. According to a post-hoc 80% power analysis of 236 ORH and 628 RRH included in the Swedish study, a difference in recurrence of up to 5.7% for either group (compared with 9.5% in the LACC study) theoretically may have remained unnoticed. However, we believe it is unlikely that a difference in recurrence in the magnitude of what is demonstrated by the LACC study would have been missed.



In Sweden, the centralization within gynecological cancer surgery, adherence to national guidelines as well as strict requirements/curriculum for achieving a subspecialization in gynecological cancer surgery (at least 4 years at a tertiary unit) ensures conformity. The requirements for tertiary units providing subspecialization and the credentials for subspecialization are defined by the Swedish Society of Obstetrics and Gynaecology. Surgery within gynecologic oncology is, with few exceptions, performed at tertiary referral centers. Within these centers, robotic gynecological cancer surgery, including RRH, is performed by a limited number (1–3 per institution) of surgeons to ensure an adequate case load per surgeon and to further enhance quality, the bedside assistant is usually also an experienced robotic surgeon. Even though the number of RRHs per institution per year, despite centralization, were relatively low (between 7 and 23 in 2017) the six included university hospitals had an annual case load of between 66 and 302 robotic; mainly gynecological cancer procedures (in 2017). It is probable that training by, and exchange of experience with surgeons already experienced in RRH, may affect baseline skills for institutions with a later implementation of RRH. This was implied when comparing early cohorts from the hospitals where RRH was firstly implemented to the two hospitals with the latest introduction (Figure 1 and Table S1 Supplementary Material). A further indication of interinstitutional exchange of experience was seen in the regression analysis where a stronger significance level was present when comparing the effect of learning for the two hospitals with the latest introduction to all six hospitals.



Overall organization of care, including case load per surgeon of RRH and other robotic procedures, and timing of the study in relation to implementation of a novel technique, must be taken into consideration when comparing a new approach to a well-established surgical method. This is further emphasized by Doo et al. and Sert et al. where the former reported a higher risk of recurrence following RRH compared to ORH during an introductory phase, whereas Sert et al. found no difference in their multicenter study with a higher annual case load per institution [8,21]. Although the ORH group in the LACC trial and ORH group in the trial by Sert et al. were almost identical in terms of inclusion period, proportion of lymph node metastases, adjuvant treatment and follow-up time, there was, for unknown reasons, a substantial discrepancy in the oncologic outcome in favor of the ORH in the LACC study [4,21].



Recent studies have highlighted the importance of evaluating possible factors inherent to robotic and laparoscopic surgery that might influence oncologic safety of the procedure, and potential areas for improvement and learning [4,22,23]. A possible contributing factor as suggested by Ramirez et al. in the LACC trial is the use of an intrauterine manipulator, a device never utilized for RRH in Sweden. Instead a fornix-presenter (a simple tube or cup delineating the fornices) was used. A recent multi-institutional (89 centers) retrospective study (the SUCCOR study, including 291 MIS radical hysterectomies (RHs) of which 63 were robotic) comparing ORH and MIS, found MIS and the use of an intrauterine manipulator to be associated with an increased risk for recurrence. Given the low average institutional number of MIS RHs in general and RRHs in particular, this study may support our conclusion of the importance of experience [24]. Moreover, avoiding tumor contamination of the abdominal cavity during the opening of the vagina and the retrieval of the specimen might be of importance. Köhler et al. recommended an initial closure of the vagina to prevent this exposure [25]. The very low incidence of lymph node metastases in the Köhler study (3%) compared to the present study (10.7%) makes a direct comparison impossible. Although vaginal closure was not applied in this material an increased awareness and preventive measures regarding this possible risk factor might theoretically have influenced our results. Alternatively, a large cone biopsy at upfront surgery to remove an exposed tumor may be applied. Another possible risk factor associated with robotic surgery is overestimation of distance due to magnification. This could lead to a larger proportion of women undergoing RRH having surgical margins close to insufficient. The fixed grip force of the instruments that might crush metastatic lymph nodes if directly grasped and cause an inadvertent tumor spread would only be of importance if the nodes were metastatic. The performance of an adequate sentinel node technique and the extent of the pelvic lymph node dissection, measures to prevent contamination of tumor as well as the surgical margins are possible areas where surgical experience would have a positive impact, which might influence the oncological outcome for the patient. Previous studies on surgical experience in robotic surgery have focused on surgical time and rate of complications and have unsurprisingly shown a decrease with time. [9,10,11,12]. The use of CO2 and pneumoperitoneum have been suggested to have a negative oncologic effect, although neither can explain the reduced recurrence rate with increased experience observed in the study.



In Sweden, RRHs were first implemented in 2005. Later implementations were aided by study visits and proctoring by surgeons from either of the two institutions with the earliest start ensuring a homogenous surgical approach among all centers. RRHs rapidly became the primary approach of choice, initially limited by robot access at some institutions. Laparoscopic RHs were never implemented in Sweden.



Our decision to compare institutional experience rather than individual surgeons’ experience was due to the rarity of the procedure and the fact that some surgeons retired or stopped performing RRHs during the 12-year study period. This is a weakness of the study. However, within each institution, one surgeon performed the procedure from implementation, representing continuity. During 2017, either one of two surgeons at each of the two main contributing centers performed all RRHs. The institutional experience also entails the experience of the whole surgical team, which is necessary for a successful robotic program. Surgeons introduced at a later date likely benefited from the experience of the novel surgeon in terms of surgical time and rate of complications. The present study suggests that this transfers into an oncological benefit. To what extent an increased individual surgical experience, transfer of experience or improvements of team performance affect results remains unclear. This is a potential weakness of our study but also an incentive to evaluate institutional performance rather than individual surgeons’ results. The effect of a difference in baseline skill is discussed and compensated for in the statistical analysis.



The heterogeneity of cancer and its inherent characteristics and risk factors as well as the multifactorial aspects of learning and experience does not allow for an exact cut off level when experience with an impact on oncological outcome has been achieved. The level utilized in the present study is within the range previously reported by other authors.



The strengths of the study are the nationwide setting with consecutive procedures with only five women (0.7%) lost to follow up and the quality and conformity of data secured by a chart review using commonly defined criteria for clinical parameters of all women performed by three of the investigators with regular audits. The organization of care with centralization both within gynecological cancer surgery and gynecological oncology allowed for an investigation of the nationwide implementation of RRH as well as a true representation of the rate of recurrence. Utilizing recurrence rate at 24 months ensures the same follow-up for all included women although excludes the recurrences that occur at a later date. Consequently, a weakness of the study is that a direct comparison with similar cohorts with longer follow-up is not possible.



Another potential weakness is that data on LVSI and grade were missing for approximately 1/3 of women. However, the new 2020 WHO histological classification of tumors of the cervix does not include grade for squamous cell carcinomas. Furthermore, the prognostic value of grade is debated when newer classifications are suggested [26]. According to Swedish national guidelines, these parameters do not influence selection for surgery or postoperative RC-T. In the majority of women where these data are available, there is no difference between early and late groups. Furthermore, it is unlikely that the proportions of these parameters were differently distributed throughout the country or over time. Therefore, we do not believe that the lack of data on these parameters in some women affect the interpretation of our results.



In the light of the available evidence, the question arises whether a possible increased risk of recurrence can be accepted even when potentially hazardous parts of an RRH can be compensated for. A more accurate detection of sentinel lymph nodes with robotic surgery might decrease the rate of undetected lymph node metastases and facilitate a structured and safely implemented sentinel lymph node (SLN) concept, thereby minimizing the risk of lower limb lymphedema, a major lifelong side effect in some women [27]. In obese women, MIS in endometrial cancer favors immediate and long-term wound healing and reduces infections [28]. Bowel obstruction and intraabdominal adhesions are less common following MIS, the latter is especially beneficial when adjuvant RC-T is indicated [29,30,31,32]. Finally, future technological progress and development including tracers, intraoperative tumor markers and intraoperative imaging will likely be dependent on a minimally invasive platform. Randomized trials investigating the optimal surgical approach for cervical cancer and the future of RRH are currently ongoing [33,34].



Although recent studies have led to a change in practice patterns at many institutions where MIS for cervical cancer has been abandoned in favor of ORH, the results are conflicting. The reduced rate of recurrence and rate of serious postoperative complications, as well as the reduced rate of multiple and intraabdominal recurrences following RRH for early stage cervical cancer with increased surgical experience, must be taken into account when organizing care and counseling the patient prior to surgery. This is supported by a previous Swedish nationwide study as well as two recent publications investigating the influence of learning curve where similar recurrence rates for RRH and ORH were seen at high-volume centers after the implementation period [6,14,15]. When interpreting available studies and performing future studies on RRH for cervical cancer, the negative impact of novel early adopters and low-volume surgeons on the rate of recurrence and postoperative complications must be considered.




5. Conclusions


The rate of recurrence following RRH for early stage cervical cancer decreased significantly with increased institutional surgical experience in the larger subgroup of women who did not receive adjuvant RC-T as well as in women with tumors <2 cm, regardless of the given adjuvant treatment.



Studies on RRH for cervical cancer, and organization of care, should consider the negative impact of early adopters and low volume surgeons on the rate of recurrence. A multicenter RCT, which started in 2019, comparing ORH with RRH (the RACC study) where bias by early adoption and low case load is minimized, is currently ongoing [33].
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Appendix A


The connection between the probability of recurrence within 24 months and the variables surgical order, hospital, patient age, tumor size and histology are evaluated using logistic regression. Since it is reasonable to believe that the impact of the skill component decreases over time and eventually goes away, the surgical order has been transformed. The resulting model can be seen below.


  log      p  1 − p       =      α  size     ⋅   size   +    α  order     1 −  μ  order       +     ∑  h  Hospitals    α h    +     ∑  t  Tumor   types    α t  .  











Both surgical order and hospital can be viewed as parameters representing skill. The hospitals have performed varied number of surgeries, ranging between 39 and 212. If their baseline skills are different this is likely to impact the calibration of the effect of surgical order. Therefore, it is important to either include both the hospital specific parameters, or to perform the analysis only on hospitals with a matching number of surgeries. Due to the interpretability as well as the repeatability of the results, the transformation parameter µ = 0:96 was estimated using maximum likelihood prior to performing the standard logistic regression using the python package statsmodels.discrete.discrete model in Logit (version 0.11.1). Since it is reasonable to believe that the impact of surgical order is highest if the patient does not undergo adjuvant treatment, the data set is split in two and the analysis is performed on the group without adjuvant treatment.
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Figure A1. Analysis performed on all hospitals. 






Figure A1. Analysis performed on all hospitals.
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Comparing modelled probabilities to the observed fraction of recurrence within 24 months in women without adjuvant radiochemotherapy. The observed fractions were estimated using an average of ten consecutive surgeries. The confidence intervals were calculated using Wilson’s method. The steep rise at the end is due to one recurrence in the last ten patients.
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Figure A2. Analysis performed on the three hospitals with the earliest implementation and >100 RRH. 






Figure A2. Analysis performed on the three hospitals with the earliest implementation and >100 RRH.
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Comparing modelled probabilities to the observed fraction of recurrence within 24 months. The observed fractions were estimated using an average of ten consecutive surgeries. The confidence intervals were calculated using Wilson’s method. The steep rise at the end is due to one recurrence in the very last ten patients.
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Table A1. Connection between the probability of recurrence within 24 months and the variables tumor size and surgical order.






Table A1. Connection between the probability of recurrence within 24 months and the variables tumor size and surgical order.





	

	
p-Value






	
Tumor size at all hospitals

	
0.001




	
Order of surgery at all hospitals

	
0.028




	
Tumor size at three largest hospitals

	
0.006




	
Order of surgery at three largest hospitals

	
0.006
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Figure A3. Constructed model showing the probability of recurrence given the order of surgery for a median tumor size of 21 mm (median in sample) for the model using the three hospitals with >100 RRH. 






Figure A3. Constructed model showing the probability of recurrence given the order of surgery for a median tumor size of 21 mm (median in sample) for the model using the three hospitals with >100 RRH.
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Before 20 and after 80 there is little difference in probability. Therefore, a cut off of 50 procedures was used.




Appendix C


Copyright for statsmodels.discrete.discrete_model.Logit (version 0.11.1) Copyright (C) 2006, Jonathan E. Taylor. All rights reserved. Copyright (c) 2006–2008 Scipy Developers. All rights reserved. Copyright (c) 2009–2018 statsmodels Developers. All rights reserved.



Redistribution and use in source and binary forms, with or without modification, are permitted provided that the following conditions are met: a. Redistributions of source code must retain the above copyright notice, this list of conditions and the following disclaimer. b. Redistributions in binary form must reproduce the above copyright notice, this list of conditions and the following disclaimer in the documentation and/or other materials provided with the distribution. c. Neither the name of statsmodels nor the names of its contributors may be used to endorse or promote products derived from this software without specific prior written permission.



This software is provided by the copyright holders and contributors “as is” and any express or implied warranties, including, but not limited to, the implied warranties of merchantability and fitness for a particular purpose are disclaimed. In no event shall statsmodels or contributors be liable for any direct, indirect, incidental, special, exemplary, or consequential damages (including, but not limited to, procurement of substitute goods or services; loss of use, data, or profits; or business interruption) however caused and on any theory of liability, whether in contract, strict liability, or tort (including negligence or otherwise) arising in any way out of the use of this software, even if advised of the possibility of such damage.





References


	



RCC. National Quality Report from the Swedish Quality Register for Gynecologic Cancer (SQRGC): Regionala Cancer Centrum i Samverkan. Available online: https://wwwcancercentrumse/globalassets/cancerdiagnoser/gynekologi/kvalitetsregister/sqrgc_arsrapport_2019pdf (accessed on 11 May 2020).

	



RCC. National Guidelines for Cervical Cancer and Vaginal Cancer. Available online: https://kunskapsbanken.cancercentrum.se/diagnoser/livmoderhals-och-vaginalcancer/2020 (accessed on 12 September 2020).

	



Melamed, A.; Margul, D.J.; Chen, L.; Keating, N.L.; Del Carmen, M.G.; Yang, J.; Seagle, B.L.; Alexander, A.; Barber, E.L.; Rice, L.W.; et al. Survival after Minimally Invasive Radical Hysterectomy for Early-Stage Cervical Cancer. N. Engl. J. Med. 2018, 379, 1905–1914. [Google Scholar] [CrossRef] [PubMed]

	



Ramirez, P.T.; Frumovitz, M.; Pareja, R.; Lopez, A.; Vieira, M.; Ribeiro, R.; Buda, A.; Yan, X.; Shuzhong, Y.; Chetty, N.; et al. Minimally Invasive versus Abdominal Radical Hysterectomy for Cervical Cancer. N. Engl. J. Med. 2018, 379, 1895–1904. [Google Scholar] [CrossRef] [PubMed]

	



Cusimano, M.C.; Baxter, N.N.; Gien, L.T.; Moineddin, R.; Liu, N.; Dossa, F.; Willows, K.; Ferguson, S.E. Impact of surgical approach on oncologic outcomes in women undergoing radical hysterectomy for cervical cancer. Am. J. Obstet. Gynecol. 2019, 221, 619. [Google Scholar] [CrossRef] [PubMed]

	



Alfonzo, E.; Wallin, E.; Ekdahl, L.; Staf, C.; Radestad, A.F.; Reynisson, P.; Stålberg, K.; Falconer, H.; Persson, J.; Dahm-Kähler, P. No survival difference between robotic and open radical hysterectomy for women with early-stage cervical cancer: Results from a nationwide population-based cohort study. Eur. J. Cancer 2019, 116, 169–177. [Google Scholar] [CrossRef] [PubMed]

	



Jensen, P.T.; Schnack, T.H.; Froding, L.P.; Bjorn, S.F.; Lajer, H.; Markauskas, A.; Jochumsen, K.M.; Fuglsang, K.; Dinesen, J.; Sogaard, C.H.; et al. Survival after a nationwide adoption of robotic minimally invasive surgery for early-stage cervical cancer—A population-based study. Eur. J. Cancer 2020, 128, 47–56. [Google Scholar] [CrossRef] [PubMed]

	



Doo, D.W.; Kirkland, C.T.; Griswold, L.H.; McGwin, G.; Huh, W.K.; Leath, C.A., 3rd; Kim, K.H. Comparative outcomes between robotic and abdominal radical hysterectomy for IB1 cervical cancer: Results from a single high volume institution. Gynecol. Oncol. 2019, 153, 242–247. [Google Scholar] [CrossRef]

	



Wallin, E.; Floter Radestad, A.; Falconer, H. Introduction of robot-assisted radical hysterectomy for early stage cervical cancer: Impact on complications, costs and oncologic outcome. Acta Obstet. Gynecol. Scand. 2017, 96, 536–542. [Google Scholar] [CrossRef]

	



Yim, G.W.; Kim, S.W.; Nam, E.J.; Kim, S.; Kim, Y.T. Learning curve analysis of robot-assisted radical hysterectomy for cervical cancer: Initial experience at a single institution. J. Gynecol. Oncol. 2013, 24, 303–312. [Google Scholar] [CrossRef]

	



Cao, L.; Xu, H.; Chen, Y.; Pan, K.; Liang, Z. A Detailed Analysis of the Learning Curve: Da Vinci Robot-Assisted Radical Hysterectomy in Cervical Cancer. J. Minim. Invasive Gynecol. 2015, 22, S228–S229. [Google Scholar] [CrossRef]

	



Lenihan, J.P., Jr.; Kovanda, C.; Seshadri-Kreaden, U. What is the learning curve for robotic assisted gynecologic surgery? J. Minim. Invasive Gynecol. 2008, 15, 589–594. [Google Scholar] [CrossRef]

	



Lonnerfors, C.; Reynisson, P.; Geppert, B.; Persson, J. The effect of increased experience on complications in robotic hysterectomy for malignant and benign gynecological disease. J. Robot. Surg. 2015, 9, 321–330. [Google Scholar] [CrossRef] [PubMed]

	



Baeten, I.; Hoogendam, J.P.; Schreuder, H.; Jurgenliemk-Schulz, I.M.; Verheijen, R.; Zweemer, R.P.; Gerestein, C.G. The influence of learning curve of robot-assisted laparoscopy on oncological outcomes in early-stage cervical cancer: An observational cohort study. BJOG 2020. [Google Scholar] [CrossRef] [PubMed]

	



Eoh, K.J.; Lee, J.Y.; Nam, E.J.; Kim, S.; Kim, S.W.; Kim, Y.T. The institutional learning curve is associated with survival outcomes of robotic radical hysterectomy for early-stage cervical cancer-a retrospective study. BMC Cancer 2020, 20, 152. [Google Scholar] [CrossRef] [PubMed]

	



Querleu, D.; Morrow, C.P. Classification of radical hysterectomy. Lancet Oncol. 2008, 9, 297–303. [Google Scholar] [CrossRef]

	



Pecorelli, S.; Zigliani, L.; Odicino, F. Revised FIGO staging for carcinoma of the cervix. Int. J. Gynaecol. Obstet. 2009, 105, 107–108. [Google Scholar] [CrossRef]

	



Dindo, D.; Demartines, N.; Clavien, P.A. Classification of surgical complications: A new proposal with evaluation in a cohort of 6336 patients and results of a survey. Ann. Surg. 2004, 240, 205–213. [Google Scholar] [CrossRef]

	



Galfano, A.; Di Trapani, D.; Sozzi, F.; Strada, E.; Petralia, G.; Bramerio, M.; Ascione, A.; Gambacorta, M.; Bocciardi, A.M. Beyond the learning curve of the Retzius-sparing approach for robot-assisted laparoscopic radical prostatectomy: Oncologic and functional results of the first 200 patients with >/= 1 year of follow-up. Eur. Urol. 2013, 64, 974–980. [Google Scholar] [CrossRef]

	



Chong, G.O.; Lee, Y.H.; Lee, H.J.; Hong, D.G.; Lee, Y.S. Comparison of the Long-Term Oncological Outcomes Between the Initial Learning Period of Robotic and the Experienced Period of Laparoscopic Radical Hysterectomy for Early-Stage Cervical Cancer. Int. J. Gynecol. Cancer 2018, 28, 226–232. [Google Scholar] [CrossRef]

	



Sert, B.M.; Boggess, J.F.; Ahmad, S.; Jackson, A.L.; Stavitzski, N.M.; Dahl, A.A.; Holloway, R.W. Robot-assisted versus open radical hysterectomy: A multi-institutional experience for early-stage cervical cancer. Eur. J. Surg. Oncol. 2016, 42, 513–522. [Google Scholar] [CrossRef]

	



Kim, S.I.; Cho, J.H.; Seol, A.; Kim, Y.I.; Lee, M.; Kim, H.S.; Chung, H.H.; Kim, J.W.; Park, N.H.; Song, Y.S. Comparison of survival outcomes between minimally invasive surgery and conventional open surgery for radical hysterectomy as primary treatment in patients with stage IB1-IIA2 cervical cancer. Gynecol. Oncol. 2019, 153, 3–12. [Google Scholar] [CrossRef]

	



Kim, S.I.; Lee, M.; Lee, S.; Suh, D.H.; Kim, H.S.; Kim, K.; Chung, H.H.; No, J.H.; Kim, J.W.; Park, N.H.; et al. Impact of laparoscopic radical hysterectomy on survival outcome in patients with FIGO stage IB cervical cancer: A matching study of two institutional hospitals in Korea. Gynecol. Oncol. 2019, 155, 75–82. [Google Scholar] [CrossRef] [PubMed]

	



Chiva, L.; Zanagnolo, V.; Querleu, D.; Martin-Calvo, N.; Arevalo-Serrano, J.; Capilna, M.E.; Fagotti, A.; Kucukmetin, A.; Mom, C.; Chakalova, G.; et al. SUCCOR study: An international European cohort observational study comparing minimally invasive surgery versus open abdominal radical hysterectomy in patients with stage IB1 cervical cancer. Int. J. Gynecol. Cancer 2020, 30, 1269–1277. [Google Scholar] [CrossRef] [PubMed]

	



Kohler, C.; Hertel, H.; Herrmann, J.; Marnitz, S.; Mallmann, P.; Favero, G.; Plaikner, A.; Martus, P.; Gajda, M.; Schneider, A. Laparoscopic radical hysterectomy with transvaginal closure of vaginal cuff—A multicenter analysis. Int. J. Gynecol. Cancer 2019, 29, 845–850. [Google Scholar] [CrossRef] [PubMed]

	



McCluggage, W.G. Towards developing a meaningful grading system for cervical squamous cell carcinoma. J. Pathol. Clin. Res. 2018, 4, 81–85. [Google Scholar] [CrossRef]

	



Biglia, N.; Zanfagnin, V.; Daniele, A.; Robba, E.; Bounous, V.E. Lower Body Lymphedema in Patients with Gynecologic Cancer. Anticancer Res. 2017, 37, 4005–4015. [Google Scholar]

	



Raventos-Tato, R.M.; de la Torre-Fernandez de Vega, J.; Sanchez-Iglesias, J.L.; Diaz-Feijoo, B.; Sabadell, J.; Perez-Benavente, M.A.; Gil-Moreno, A. Surgical approaches in women with endometrial cancer with a body mass index greater than 35 kg/m(2). J. Obstet. Gynaecol. Res. 2019, 45, 195–202. [Google Scholar] [CrossRef]

	



Loeb, S.; Meyer, C.P.; Krasnova, A.; Curnyn, C.; Reznor, G.; Kibel, A.S.; Lepor, H.; Trinh, Q.D. Risk of Small Bowel Obstruction After Robot-Assisted vs. Open Radical Prostatectomy. J. Endourol. 2016, 30, 1291–1295. [Google Scholar] [CrossRef]

	



Lim, P.C.; Crane, J.T.; English, E.J.; Farnam, R.W.; Garza, D.M.; Winter, M.L.; Rozeboom, J.L. Multicenter analysis comparing robotic, open, laparoscopic, and vaginal hysterectomies performed by high-volume surgeons for benign indications. Int. J. Gynaecol. Obstet. 2016, 133, 359–364. [Google Scholar] [CrossRef]

	



Kaselas, C.; Molinaro, F.; Lacreuse, I.; Becmeur, F. Postoperative bowel obstruction after laparoscopic and open appendectomy in children: A 15-year experience. J. Pediatr. Surg. 2009, 44, 1581–1585. [Google Scholar] [CrossRef]

	



Molinaro, F.; Kaselas, C.; Lacreuse, I.; Moog, R.; Becmeur, F. Postoperative intestinal obstruction after laparoscopic versus open surgery in the pediatric population: A 15-year review. Eur. J. Pediatr. Surg. 2009, 19, 160–162. [Google Scholar] [CrossRef]

	



Falconer, H.; Palsdottir, K.; Stalberg, K.; Dahm-Kahler, P.; Ottander, U.; Lundin, E.S.; Wijk, L.; Kimmig, R.; Jensen, P.T.; Eriksson, A.G.Z.; et al. Robot-assisted approach to cervical cancer (RACC): An international multi-center, open-label randomized controlled trial. Int. J. Gynecol. Cancer 2019, 29, 1072–1076. [Google Scholar] [CrossRef] [PubMed]

	



Chao, X.; Li, L.; Wu, M.; Ma, S.; Tan, X.; Zhong, S.; Lang, J.; Cheng, A.; Li, W. Efficacy of different surgical approaches in the clinical and survival outcomes of patients with early-stage cervical cancer: Protocol of a phase III multicentre randomised controlled trial in China. BMJ Open 2019, 9, e029055. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 09 03715 g001 550] 





Figure 1. Implementation and number of robotic radical hysterectomies (RRHs) for stage IA2-IB1 (FIGO 2009) squamous, adenocarcinoma or adenosquamous cervical cancer performed per hospital in Sweden from the first RRH in December 2005 until June 2017. 
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Figure 2. Strobe flow chart for all women in Sweden with stage IA2-IB1 squamous, adenocarcinoma or adenosquamous cervical cancer operated by robotic radical hysterectomy between December 2005 and June 2017 evaluating the impact of surgical experience on the rate of recurrence and postoperative complications. Sub-legend: * Oncologic protocol violations = women unwilling to receive recommended postoperative RC-T. 
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Table 1. Characteristics of 635 patients with stage IA2-IB1 squamous, adenocarcinoma or adenosquamous cervical cancer operated with robotic radical hysterectomy in Sweden between December 2005 and June 2017 with or without postoperative radio chemotherapy. Introductory and experienced cohort refer to the first 50 surgeries per institution compared to all following robotic radical hysterectomies.
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Total (n = 635)

	
No Radio Chemotherapy (n = 489)

	
Radio Chemotherapy (n = 146)






	

	
Introductory cohort

	

	
Experienced cohort

	
Introductory cohort

	

	
Experienced cohort




	
median (range)/number (%)

	
≤50 n = 214

	
 p  -value

	
>50 n = 275

	
≤50 n = 66

	
 p  -value

	
>50 n = 80




	
Age

	
42.9 (22.3–86.6)

	
42.0 (23.8–86.6)

	
p = 0.25 ᵃ

	
42.8 (22.3–83.0)

	
47.3 (25.3–83.2)

	
p = 0.77 ᵃ

	
46.1 (24.9–79.9)




	
BMI 1

	
25 (17–59.9)

	
25.1 (17.6–59.9)

	
p = 0.52 ᵃ

	
24.5 (17.0–48.2)

	
24.7 (19.0–35.0)

	
p = 0.98 ᵃ

	
26.1 (17–38.9)




	
Smoking *

	
Yes

No

Unknown **

	
46 (31.7%)

99 (68.3%)

69(32.3%)

	
 p  = 0.25

	
81 (37.7%)

134 (62.3%)

60 (21.8%)

	
14 (33.3%)

28 (66.7%)

24 (36.4%)

	
p = 0.59

	
25 (38.5%)

40 (61.5%)

15 (18.8%)




	

	




	
p < 0.01

	
p = 0.02




	
Tumor size

	
13 (0.2–62)

	
11.0 (1.5–60)

	
p = 0.43 ᵃ

	
10 (0.2–62.0)

	
20 (3–48)

	
p = 0.08 ᵃ

	
22.5 (2–50)




	
Figo Stage IA2

	
71 (11.2%)

	
26 (12.1%)

	

	
43 (15.6%)

	
0 (0.0%)

	

	
2 (2.5%)




	
Figo Stage IB1

	
564 (88.8%)

	
188 (87.9%)

	
p = 0.27 ᵇ

	
232 (84.4%)

	
66 (100.0%)

	
p = 0.68 ᵇ

	
78 (97.5%)




	
Histology

	




	
Squamous

	
367 (57.8%)

	
116 (54.2%)

	

	
152 (55.3%)

	
43 (65.2%)

	

	
56 (70%)




	
Adenocarcinoma

	
233 (36.7%)

	
83 (38.8%)

	
p = 0.24 ᵇ

	
113 (41.1%)

	
18 (27.2%)

	
p = 0.82 ᵇ

	
19 (23.7%)




	
Adenosquamous

	
35 (5.5%)

	
15 (7.0%)

	

	
10 (3.6%)

	
5 (7.6%)

	

	
5 (6.3%)




	
LVSI *

	
Yes

No

Unknown **

	
38 (26.6%)

105 (73.4%)

71 (33.2%)

	
p = 0.64

	
46 (34.3%)

143 (75.6%)

86 (31.3%)

	
39 (75.0%)

13 (25.0%)

14 (21.2%)

	
p = 0.65

	
42 (71.2%)

17 (28.8%)

21 (26.2%)




	

	




	
p = 0.65

	
p = 0.69




	
Grade *

	
1 + 2

3

Unknown **

	
107 (63.7%)

61 (36.3%)

46 (21.59)

	
 p  = 0.60

	
82 (60.7%)

53 (39.3%)

140 (50.8%)

	
31(53.4%)

27 (46.6%)

8 (12.1%)

	
 p  = 0.71

	
27 (52.9%)

24 (47.1%)

29 (36.3%)




	

	




	
p = 0.001

	
p = 0.06




	
Reason for adjuvant treatment

	




	
Metastatic nodes

	

	

	

	
33 (50.0%)

6 (9.1%)

27 (40.9%)

	
p = 0.51 ᵇ

	
35 (43.7%)

5 (6.3%)

40 (50.0%)




	
Tumor > 40 mm




	
Insufficient margins




	
Recurrence ≤ 24 months

	
51 (8.0%)

	
20 (9.3%)

	
p = 0.01 ᵇ

	
10 (3.6%)

	
9(13.6%)

	
p = 0.82 ᵇ

	
12(15%)




	
Recurrence rate ≤ 24 months in tumors < 2 cm

	
22/431 (5.1%)

	
11/158 (7.0%)

	
p = 0.01 ᵇ

	
4/215 (1.9%)

	
4/31 (12.9%) 2

	
p = 0.83 ᵇ

	
3/27 (11.1%) 2




	
Recurrence rate ≤ 24 months in tumors ≥ 2 cm

	
29/204(14.2%)

	
9/56 (16.1%)

	
p = 0.33 ᵇ

	
6/60 (10.0%)

	
5/35 (14.3%) **

	
p = 0.74 ᵇ

	
9/53 (17.0%) **




	

	
All patients’ tumors < 2 cm

with and without RC-T

	
All patients’ tumors ≥ 2 cm

with and without RC-T




	

	
Introductory cohort

	
p-value

	
Experienced cohort

	
Introductory cohort

	
p-value

	
Experienced cohort




	
Recurrence rate ≤ 24 months

	
15/189 (7.9%)

	
0.02 ᵇ

	
7/242 (2.9%)

	
14/91 (15.4%)

	
0.67 ᵇ

	
15/113 (13.3%)








Sub-legend: * Percentages refer to women with known information. ** Percentages refer to all women within that group. 1 Data unavailable in 17 women. 2 No significant difference in rate of node positive women between the introductory and experienced cohort. ᵃ Mann-Whitney test. ᵇ Chi-squared test.
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Table 2. Number and percentage of intraoperative and postoperative complications according to Clavien–Dindo in the introductory and experienced surgical cohort of robotic radical hysterectomy with and without radio chemotherapy in Sweden between December 2005 and June 2017.
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	n (%)

Total n = 635
	Total n = 635
	Introductory Cohort

≤50 n = 280
	Experienced Cohort

>50 n = 355
	p-Value





	Postoperative complications Grade I-IIIb
	186 (29.3%)
	90 (32.1%)
	96 (27.0%)
	p = 0.20 ᵃ



	Postoperative complications Grade ≥ IIIa
	26 (4.1%)
	17 (6.1%)
	9 (2.5%)
	p = 0.03 ᵃ



	Intra-operatively diagnosed complications
	10 (1.6%)
	7 (2.5%)
	3 (0.8%)
	p = 0.10 ᵃ



	Intra-operative and surgical postoperative complications ᵇ
	23 (3.6%)
	16 (5.7%)
	7 (2.0%)
	p = 0.01 ᵃ







Sub-legend: ᵃ Chi-squared test. ᵇ Combination of complications discovered intraoperatively and surgical complications discovered postoperatively i.e., injury to the ureter, compartment syndrome and vesicovaginal fistula.
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