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Background: The incidence of hepatic artery thrombosis in pediatric living donor liver transplantation (LDLT) is significantly higher than that in adults, and is closely related to the surgeon’s experience with hepatic artery anastomosis. However, there are few studies on the learning curve of hepatic artery anastomosis among surgeons.



Methods: We collected data related to 75 patients who underwent pediatric LDLT and hepatic artery anastomosis independently by the same surgeon. Cumulative sum method (CUSUM) was used to analyse the duration of hepatic artery anastomosis and determine the cut-off value. Patients were divided into two phases according to CUSUM. We analysed the intraoperative and postoperative data and survival outcomes of the included patients.



Results: Total anastomosis duration decreased with an increased number of completed procedures, and the average duration was 42.4 ± 2.20 min. A cut-off value and two phases were identified: 1–43 cases and 44–75 cases. Intraoperative blood loss was significantly lower in phase 2 than in phase 1. The immediate functional changes of total bilirubin (TBIL) and direct bilirubin (DBIL) were significantly also lower in phase 2 than in phase 1. Other functional outcomes, postoperative complications, and the long-term survival rate were not significantly different between the two phases.



Conclusions: Technical competence in pediatric LDLT hepatic artery anastomosis may be achieved after completing 43 cases. It is a safe procedure with a surgical loupe that can be systematized and adopted by pediatric surgeons with sufficient experience via a relatively long learning curve.
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INTRODUCTION

Since the first liver transplantation (LT) was conducted by Thomas Starzl in 1963 in a 3-year-old child with biliary atresia (BA) (1), it has become the standard treatment for children with end-stage liver disease. From the first case until the early 1980s, the only technical option for pediatric LT was to transplant the entire liver of a donor with a similar weight to a recipient. Unbalanced supply–demand in organ donation was becoming increasingly prominent, particularly in children. In 1984, Bismuth et al. (2) first described a reduced-size orthotopic liver graft in pediatric LT. This surgical innovation has greatly reduced mortality in children prior to LT, and has expanded the pool of available organs in countries where cadaveric organ donation is restricted by factors such as regional culture, religious faith, and ethical issues. With refinement in technology and development of multidisciplinary management, pediatric LT has evolved considerably over the past few decades, with current long-term survival rates greater than 85% in most large-volume pediatric LT centers (3).

Although BA is the most common cause of pediatric LT (4), several new indicators such as metabolic disorders are becoming more common. However, with improved supportive treatment and medical expertise, related contraindicators are decreasing. An increasing number of transplant centers have begun LT programs in children. However, several issues remain unresolved. Hepatic artery thrombosis (HAT) is a serious complication after pediatric LT and is associated with high morbidity and mortality. The reported incidence of HAT is between 1% and 26% in children who have undergone LT (5–10). The challenge in hepatic artery anastomosis is the small diameter of the vessels (11), which requires technical acumen and good clinical judgment. The term “learning curve” is used to describe the effect of multiple repetitions resulting in an improvement of the ability to undertake a new task. The term is currently used in studies to quantify the training requirements for different surgical procedures (12, 13). However, there have been few reports defining the actual number of cases required to achieve competence in hepatic arterial anastomosis with pediatric LT.

Our center’s pediatric LT program was initiated in 2006. We conducted this study to assess improvements in operative outcomes and evaluate the applicability of a learning curve to the hepatic arterial anastomosis procedure and outcomes in pediatric LDLT.



MATERIALS AND METHODS


Study Group

From May 2018 to June 2020, a total of 75 pediatric patients underwent living donor liver transplantation (LDLT) at the Children’s Hospital of Chongqing Medical University, Chongqing, China. All hepatic arterial anastomosis procedures were performed by the same surgeon (the second author), who initiated his own cases after following 45 cases at our center. This study was approved by the ethics committee of Chongqing Medical University and was performed in accordance with the Declaration of Helsinki of 1975, as revised in 1983. Double ethical approval was obtained from the ethical committee of Children’s Hospital of Chongqing Medical University and the ethical Committee of Human Organ Transplantation of Chongqing Health Commission for LDLT. All LDLT donors were recipients’ parents who had undergone a thorough medical, social, and psychological assessment and written informed consent was obtained in all cases.



Preoperative Assessment

Living donors and recipients received color Doppler ultrasonography and CT angiography of the upper abdomen to evaluate the hepatic artery. The evaluation included hepatic artery imaging, variability, flow rate, diameters of the hepatic artery trunk and main branch, distribution of the intrahepatic artery, manifestation of celiac artery compression by the median arcuate ligament, and volumetric measurements of the target grafts. Whether or not there was replacement of the right or left hepatic artery should be specified in the target grafts.



Surgical Technique

For recipients, arteries were anastomosed using standardized microsurgical techniques after venous and portal reconstruction. Arterial anastomosis was performed with a 4.3× magnification loupe (Scanlan International, Inc., St Paul, MN, USA) and 8-0 or 9-0 monofilament polypropylene sutures. According to intraoperative evaluation, the recipient artery with a diameter closest to that of the graft artery was selected, to ensure that the cutting edge was flat, without adventitial curling. Satisfactory blood flow was assessed by temporarily releasing the vascular clamp. Direct end–to–end anastomosis was performed in almost all cases. The opening can be formed into a bevel or the artery branch can be selected to form a flared mouth when there is a size discrepancy. The arterial anterior and posterior walls were located with suture placement at 0° and 180°; then, the artery was rotated 90°, and anastomosis was completed with an interrupted suture. The proximal artery could be further mobilized if the tension was too high to ensure the anastomosis was tension-free. The surgical field was irrigated with 2% lidocaine or papaverine solution whenever necessary to reduce vasospasm. The lumen was flushed with saline containing low-molecular-weight heparin sodium throughout the entire process to ensure a clear operative field and moist intima. After opening blood flow, hepatic artery pulsation and other arterial drains were observed. If these were satisfactory, other branches would not be reconstructed and could be safely ligated. An ultrasonogram was undertaken immediately to evaluate the patency of the anastomosis. The normal transplanted hepatic artery showed a pulsatile spectrum with the systolic peak velocity ≥20 cm/s, the systolic acceleration time <0.08s, and the systolic peak velocity/end diastolic velocity (S/D) value >2. Arterial steal syndrome and arcuate ligament compression syndrome were identified during the procedure, and the splenic artery and gastroduodenal artery could be ligated to increase the blood flow when necessary.



Postoperative Management

The anticoagulation regimen was to use heparin for anticoagulation in the early stage, maintain the activated partial thromboplastin time at approximately 60 s, gradually transition to oral warfarin treatment after food intake, and adjust the dose of warfarin to maintain the international normalized ratio (INR) at 1.5–2.0. The anticoagulation duration lasted for 3–6 months. The triple immunosuppressive regimen included tacrolimus, methylprednisolone, and basiliximab; mycophenolate mofetil or cyclosporine were added when necessary. Color Doppler ultrasound was performed twice a day during week 1, once a day during week 2, 2–3 times a week during weeks 3–4, once a month from 1 to 3 months after surgery, and once every 3 months thereafter. The blood flow velocity and diameter of the hepatic vein, hepatic artery, and portal vein were monitored.



Outcome Evaluation and Definitions

Characteristics of all patients were collected and analyzed including demographics, results of biochemical tests, indications for LDLT, history of Kasai procedure, and surgical information (blood loss, anastomosis duration), postoperative outcomes (complications, morbidity, mortality, stay in the pediatric intensive care unit (PICU), ventilation duration, hospital stay), and results of blood tests 7 days after surgery. The Clavien–Dindo classification was adapted for postoperative complications (14). Because complications of grade I and II are common in pediatric LT and usually have no serious outcomes, we only analyzed complications above grade III. The Pediatric End-Stage Liver Disease (PELD) score was calculated according to the formula: PELD score = 6.78 × ln (ALB) (g/dL) + 4.8 × ln (TBIL) (mg/dL) + 18.57 × ln (INR) + 4.36 (if the patient is less than 1 year old) + 6.43 (if the patient has growth failure) (15). The data principle of the formula is that values of ALB, TBIL, and INR less than 1.0 are set to 1.0.



Statistical Analysis

The data and surgical characteristics of all patients were normalized using absolute counts and percentages for categorical variables and mean ± standard deviation for continuous variables. Comparisons of continuous variables were performed using an independent–samples t-test and the chi-squared or Fisher’s exact test for categorical variables. The Kaplan–Meier method with the log–rank test was used to compare long-term survival. The time from the beginning to the end of hepatic artery anastomosis was selected as the sign of completion of the procedure. All operations were sorted according to chronological sequence. The progress and evolution of hepatic artery anastomosis were evaluated using CUSUM analysis. The difference between the actual suture time of each operation and the average suture time of all cases was accumulated and summed, so as to obtain the learning curve. Statistical analysis was performed using IBM SPSS software version 24 (IBM Corp., Armonk, NY, USA), and significance was defined as P value <0.05.




RESULTS


Learning Curve

According to the linear regression model (Figure 1), anastomosis duration was significantly decreased with increased number of completed of procedures (P < 0.05). Concerning the two phases, CUSUM analysis showed an initial increase in anastomosis duration in phase 1, then a relatively stable median duration of procedure, and a decrease in phase 2 with an anastomosis time frequently lower than the overall mean (Figure 2). Finally, a receiver operating characteristic (ROC) curve analysis with an area under the ROC curve of 0.887 (95% confidence interval 0.819–0.971) showed that competency in hepatic anastomosis could be achieved after completing 43 procedures (Figure 3).


[image: Figure 1]
FIGURE 1 | Scatter plot of operative time and progressive case number.
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FIGURE 2 | CUSUM analysis of anastomosis time.
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FIGURE 3 | ROC curve for completion of the learning curve.




Patient Characteristics and Outcomes

The characteristics of all 75 included patients are listed in Table 1. The mean age was 0.84 ± 0.16 years, and the mean graft to recipient body weight ratio (GRWR) was 3.51 ± 0.10%. Among the 75 cases, 20 had a Kasai procedure history. The indications for LDLT included BA (n = 68), Caroli disease (n = 1), urea cycle disorders (n = 1), Alagille syndrome (n = 1), congenital liver fibrosis (n = 2), and cavernous transformation of the portal vein (n = 2). The three grades of PELD score were 0–9, 10–19, and ≥20, recorded in 5 (6.7%), 37 (49.3%), and 33 (44%) cases, respectively. The median anastomosis duration was 42.4 ± 2.20 min with a median blood loss of 15.62 ± 1.48 mL/kg·min. The median PICU stay time was 174.56 ± 21.50 h, and the median ventilation duration was 74.82 ± 15.6 h. The median hospital stay was 40.59 ± 5.43 days. Six (0.8%) patients (consecutive cases 4, 17, 21, 23, 27, and 48) died: two because of respiratory failure, one because of post-transplant lymphoproliferative disease (PTLD), one owing to hemorrhage, and two because of infection. In the 75 consecutive patients, the main complications were bile leak, biliary anastomosis stricture, respiratory failure, portal vein stenosis, hemorrhage, infection, and PTLD, recorded in 3 (4%) patients, 7 (9.3%), 2 (2.7%), 17 (22.7%), 2 (2.7%), 2 (2.7%), and 1 (1.3%) patient, respectively. No hepatic artery-related complications were found in our study.


TABLE 1 | Overall patients characteristics (n =  75).
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As shown in Table 2, there were no significant differences in terms of age, sex, body weight, height, graft artery diameter, Kasai procedure history, and PELD score between the two phases. As presented in Table 3, the main preoperative results showed that the levels of ALP and PLT in phase 1 were lower than those in phase 2 (P = 0.003, P = 0.04, respectively), and there were no significant differences in the other results between the two phases.


TABLE 2 | Patients’ characteristics according to phases of the learning curve.
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TABLE 3 | Patients’ preoperative results according to phases of the learning curve.
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When we compared the operative and postoperative results of the two phases (Table 4), the blood loss in phase 2 was dramatically lower than that in phase 1. As for the blood test results 7 days after surgery, the levels of TBIL and DBIL in phase 2 were lower than those in phase 1 (P = 0.02, P = 0.05, respectively), and the levels of ALP and PLT in phase 1 were lower than those in phase 2 (P = 0.01, P = 0.00, respectively). No significant differences were observed in GRWR, ventilation time, PICU stay, hospital stay, complications, and other blood test results. Concerning long-term survival rates, no significant differences were observed between the two phases (Figure 4).


[image: Figure 4]
FIGURE 4 | Overall patients survival (Kaplan–Meier analysis).



TABLE 4 | Patients’ operative and postoperative outcome according to phases of the learning curve.
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DISCUSSION

LT is the only effective method for treating end-stage liver disease. In recent years, with innovations in surgical technology and the development of multidisciplinary collaborative therapy, the use of pediatric LT has flourished. In 10 years, the rate of pediatric LT in China has increased from 1%–4% to approximately 20%. In 2017, a total of 722 pediatric LTs were completed in mainland China (China Liver Transplant Registry [CLTR] data), which was a milestone year. Arterial reconstruction is a crucial step in LT especially because graft arteries from living donors are shorter and smaller than those from deceased donors. Importantly, children should never be considered a smaller version of an adult. Additionally, there is a higher incidence of technical complications in pediatric LT (16). Early experiences in pediatric LDLT are plagued by vascular complications, with rates of arterial thrombosis as high as 28% (17). Moreover, there is no fixed pattern for hepatic artery anastomosis, and the surgeon must determine the preferred method and have sufficient expertise to successfully complete the procedure.

Herein, we present a process of gradual evolution of a surgeon in performing microvascular hepatic artery anastomosis for pediatric LDLT in the form of a learning curve. We used the CUSUM method to normalize values against the mean and summed the differences to demonstrate the trend and a change point. Although this method is not standard for qualification judgment, it is recommended as an effective tool (18).

From the linear regression model fit to the data, a significant decrease in operative time can be observed. The learning curve indicates that it is necessary to complete 43 cases to reach competence and proficiency. The second phase of LDLT illustrates that after an initial period of practice, the surgeon has improved his technical skills and systematized the procedure.

In this study, our main purpose was to use the anastomosis duration to analyze improvement in the results within a period after the start of hepatic artery anastomosis; the secondary purpose was to evaluate the recipient’s postoperative outcome. We therefore analyzed the effect of the learning curve on patients’ immediate outcomes and long-term survival rates in the two phases. We observed that the learning curve had an influence on blood loss during the procedure and the levels of TBIL and DBIL on day 7 after surgery. However, considering the correlation between intraoperative blood loss and overall operative time, this may not be a direct result of the reduction in hepatic artery anastomosis time. Not only was the rate of complications similar between the two groups, the functional recovery processes and long-term survival rates were also similar. This is in keeping with the results of previous studies on the learning curve in adult LDLT (19, 20). These results might encourage some centers to initiate a pediatric LDLT program. Besides the cumulative experience, an important point is whether there is an association between low case volume and poor outcomes in pediatric LDLT. One study showed inferior outcomes in pediatric LT associated with low-volume centers (21). In addition to the effect of the learning curve of a single surgeon, we should recognize that pediatric LDLT is a process of joint learning and improvement as part of a multidisciplinary medical team. Our center performed deceased donor LT (DDLT) for several years before we initiated the LDLT program, and we received guidance from other more experienced centers. In our previous study, the surgeon who performed this procedure had considerable clinical experience in pediatric hepatobiliary surgery and was under the supervision of other experts at the beginning of his training. Moreover, although no hepatic artery complications were found in the present study, a previous study at our center showed that the incidence of hepatic artery complications in the DDLT group was 21.2%, which is consistent with reports from other centers (22, 23).

In the research on hepatic artery anastomosis in pediatric LDLT, some publications have focused on differences in the use of a microscope and a surgical loupe. There is a major concern regarding a purse-string effect when performing continuous suturing using a surgical loupe (24). However, large-sized equipment and the long period from experimental training to clinical operation with a microscope have led some centers to consult with microsurgeons when performing hepatic artery anastomosis in LDLT. Meanwhile, there are increasing reports of equivalent results using a loupe instead of a microscope (25, 26). Among our center’s early cases, there was indeed a higher incidence of complications with continuous suturing using a surgical loupe (14.9%). The surgeon was also continuously improving and practicing on the rat artery and hepatic artery simulation tool to modify his anastomosis method. After the surgeon changed the suture method and improved the suture technique, complications of the hepatic artery decreased significantly.

Reducing technical complications of the hepatic artery can significantly improve the efficacy of LT and is an important way to increase the survival rate in pediatric LT (27). Paying greater attention to evaluation of the hepatic artery and remaining up-to-date on the latest anastomosis techniques are important measures to reduce technical complications of the hepatic artery. Our center has performed detailed research on hepatic artery evaluation, and we have accumulated valuable experience. We consider that the anatomy of the hepatic artery is an important part of preoperative evaluation. Evaluation of the hepatic artery by the surgeon should start with the selection of liver transplant donor and recipient and run through the entire LT process. Fully detailed evaluation of the hepatic artery, an optimized hepatic artery anastomosis plan, and appropriate treatment skills can compensate for the risk of hepatic artery complications caused by anatomical factors.

There are several limitations in the present study. First, mainly due to the relatively small sample size and a single surgeon’s experience, which definitely induce subjectivity, our findings are not applicable to all cases. Second, our findings were largely dependent on completed medical records in this retrospective study. However, to the best of our knowledge, this is the first report of a single-center experience regarding the learning curve for hepatic artery reconstruction focusing on pediatric LDLT.

In conclusion, hepatic artery anastomosis using a surgical loupe in pediatric LDLT is a safe procedure when conducted by an experienced pediatric surgeon. The learning curve essentially represents the accumulation of experience. Our results suggest that a surgeon can obtain technical competency and proficiency after completing 43 cases. In our study, the learning curve affected intraoperative blood loss and had little influence on the immediate functional results after surgery; additionally, it had no effect on postoperative complications and the long-term survival rate. The authors recommend having a dedicated transplant team with professional guidance at the beginning of a new program to achieve better outcomes. Further study of the learning curve of other surgeons will be required to evaluate bias introduced by personal and institutional factors.
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Hospital stay (days) 405925.43
PICU stay (h) 17456.£21.50
Ventilation () 74822156
Gratt type
us 69 @20)
Left lobe without MHV 2@
Right lobe without MHV 2@
Left lobe with MHV 2@
Type of complications
Bile leak )
Billary anastomosis stricture 709
Respiratory failure 2@
Portal vein stenosis 17 @27)
Haemorrhage 2@
Infection 2@
PTLD 109
HAT 00
Hepatic arterial stenosis 00
Aneurysm of the hepatic artery 00

PELD, peditric end-stage liver disease; GRWR, graft to recipient body weight ratio;
CTPV, cavernous tansformation of the portal vei; PICU, pediatric intsnsive care
unit; LLS, left ateral segment; MHV, middle hepatic vei; PTLD, post-transplant
Ao e LT, Basalic urkiy Sucsnbisk.
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Phase 1 Phase 2 P
Anastomasis duration (min) 512022055 30562618  0.00
Blood loss (mL/kg-min) 203621419 9261668  0.00
GRWR (%) 356£092 3441085 057
Ventilation (1) 86.85+16061 586546420 0.38
PICU stay (h) 19327223352 149.42:07.97 032
Hospital stay (@) 347621804 484026870 021
TBIL (umoliL) 4289:47.48  2249:1534 002
DBIL o) 222023480  9.41:1161 005
Ab (g/) 48422653 49.17:622 062
ALT (UL 14692210818 15154212053 0.86
AST (UIL) 815410743 79.51:101.03 094
ALP (UIL) 673123250 916024984 001
GGT (UL) 10934214661 101119380 078
CREA (umolrL) 212121081 191821399 047
INR 159045 1582045 098
PLT (10°1) 1259326749 224.90210220 0.00
HGB (g/) 901121523 97.3721279  0.60
Type of complications

Bile leak 103 2(6.25)

Billary anastomosis stricture 3(6.98) 4(125)

Respiratory failure 2(465) 00

Portal vein stenosis 14 (32.6) 3(9.9)

Hasmorrhage 123 1@12)

Infection 0o 2(6.25)

PTLD 1@3) 0o

HAT 00 oo

Hepatic arterial stenosis 0o 00

Aneurysm of the hepatic artery 00 00

Total 2261 12(375 048
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Phase 1 Phase 2 P
TBIL (umol/L) 28122214168 26649+ 131.91 065
DBIL umoli) 22015211738 197.0595.43 087
Alb (/L) 37.01 2649 35872645 045
ALT (UL) 215.48+158.32 191597184 043
AST (U 398.56.+309.37 393.50+217.47 094
ALP (UAL) 535,50 282.03 785,20+ 412.65 0.003
GGT UL) 38094+ 361.66 266,05+ 244.81 013
CREA (smol/L) 16.7527.07 15112472 026
INR 1392065 1312028 051
PLT (10%0) 20044210117 265.00+128.18 004
HGB (g/L) 970221594 97.4121558 092

ALB, albumin; ALP, alkeline phosphatase; ALT, alarine aminotransferase; AST,
DBIL, direct biliubin; HGB,
hemoglobin; INR, intermational normalized ratio; PLT, platelet; TBIL, fotal biliubin.

aspartate aminotransferase;

CREA, creatinine;
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