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Abstract
[bookmark: OLE_LINK57][bookmark: OLE_LINK56][bookmark: OLE_LINK25][bookmark: OLE_LINK24]Colorectal cancer (CRC) is a common malignancy of the digestive system. Colorectal liver cancer metastasis (CRLM) occurs in approximately 50% of the patients and is the main cause of CRC mortality. Surgical resection is currently the most effective treatment for CRLM. However, given that the remnant liver volume after resection should be adequate, only a few patients are suitable for radical resection. Since Dr. Hans Schlitt first performed the associating liver partition and portal vein ligation for staged hepatectomy (ALPPS) for CRLM in 2012, ALPPS has received considerable attention and has continually evolved in recent years. This review explains the technical origin of the ALPPS procedure for CRLM and evaluates its efficacy, pointing to its favorable postoperative outcomes. We also discuss the patient screening strategies and optimization of ALPPS to ensure long-term survival of patients with CRLM in whom surgery cannot be performed. Finally, further directions in both basic and clinical research regarding ALPPS have been proposed. Although ALPPS surgery is a difficult and high-risk technique, it is still worth exploration by experienced surgeons.
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[bookmark: _Hlk77062532]Core Tip: Several previous reviews have discussed the associating liver partition and portal vein ligation for staged hepatectomy (ALPPS) technique and its applications. However, this is the first review on ALPPS in colorectal liver cancer metastasis, in which the technical evolution of the procedure is described, its safety and efficacy are evaluated, patient selection process and technique improvement are discussed, and further directions are proposed.

INTRODUCTION
Colorectal cancer (CRC) is a common malignancy of the digestive system and is the third and second most common cancer in males and females, respectively. CRC forms metastases in the liver in 50% of patients, and approximately 15% to 25% of patients have concurrent colorectal liver cancer metastases (CRLM) at initial diagnosis, while nearly 25% of the patients have metachronous CRLM after colectomy. The median survival time in untreated patients is less than 6.9 mo[1,2]. Surgical resection is currently recognized as the most effective treatment for CRLM. Complete resection of the liver metastases improves patient outcomes, with the median survival time increasing to 35 mo and the 5-year survival rate ranging from 30% to 57%[3]. Therefore, a comprehensive evaluation of the technique by a multidisciplinary team followed by an increase in the rate of surgical resection could effectively improve the survival rate of patients suffering from CRLM[4]. 
Patients with multiple liver metastases located on one side of the liver usually require extensive hepatectomy; however, a sufficient volume of the remnant liver must be preserved in these patients, making radical resection virtually impossible in patients with CRLM[5,6]. Associating liver partition and portal vein ligation for staged hepatectomy (ALPPS) was first reported in 2012 in the context of resection of advanced tumors. The procedure is considered a revolutionary breakthrough in hepatobiliary surgery because of its remarkable curative effect by inducing hypertrophy of the liver in a short time[7]. The application of ALPPS in patients with CRC, who were considered unsuitable for radical surgery in the past, has shown therapeutic promise. Although ALPPS has been used in patients with cholangiocarcinoma, hepatocellular carcinoma, and neuroendocrine tumors with liver metastasis, ALPPS is most commonly performed in patients with CRLM. 
As a new surgical technique, and despite its encouraging efficacy, ALPPS has been the subject of debate. In the early years of the ALPPS procedure, the surgical complications and mortality rates ranged from 40% to 64% and 22% to 29%, respectively. These high rates were considered to be primarily due to the evolving surgical technique and improper case selection. More recently, questions about whether improvement in the quality of life and survival benefits of the procedure balance the risks of complications and death have been raised[8]. However, with the development of the ALPPS procedure, an increasing number of patients with CRLM have undergone radical resection and survived for a long time afterwards; this has provided new hope to patients considered unsuitable for surgery. Thus, it is necessary to further standardize the technical methodology of ALPPS, summarize the technical points and preventive measures for complications, and optimize patient selection strategies. In this study, we will evaluate and review the current therapeutic value of ALPPS for CRLM.

BACKGROUND AND ORIGIN
Portal vein embolization or ligation (PVE/PVL) is used to increase the volume of the future remnant lobe of the liver to a safe range before two-stage hepatectomy (TSH). This increases the liver volume so that more patients can undergo radical hepatectomy. Following the PVE procedure, it takes approximately 6–8 wk for the liver to regenerate by 20%–46%. However, due to the spread or progression of the tumor during the waiting period, one-third of patients become ineligible for second-stage radical resection[7]. As a result, most patients have to undergo interventional therapy, radiofrequency ablation, or other non-surgical methods. 
In 2007, Dr. Hans Schlitt from Regensburg, Germany, planned to perform right hepatectomy for a patient with hilar cholangiocarcinoma[9]. During the surgery, he found that the future remnant liver volume would be inadequate and temporarily decided to perform selective hepaticojejunostomy on the left biliary system. To completely expose the left hepatic duct to facilitate hepaticojejunostomy, he had to split the liver parenchyma between the left medial lobe and the left lateral lobe along the falciform ligament and ligate the right portal vein to induce hypertrophy of the left lobe of the liver. On the 8th d after surgery, computed tomography indicated that the left lobe had significantly enlarged; thus, the right lobe could be resected. Based on this finding, Dr. Hans Schlitt attempted to implement this new strategy in a CRLM patient with inadequate liver volume for radical tumor resection. This was the earliest record of the application of ALPPS to treat CRLM. In 2012, Schnitzbauer et al[10] reported 25 cases of patients who underwent this procedure, which attracted widespread interest and attention. This technique was later abbreviated as ALPPS.

TECHNIQUE AND IMPROVEMENT
ALPPS is mainly performed in patients with CRLM, primary liver cancer, hilar cholangiocarcinoma, breast cancer liver metastasis, and neuroendocrine cancer liver metastasis; however, it has been mainly used for CRLM due to its favorable oncological characteristics. The initial reported incidence of postoperative complications and mortality was 40%–64% and 22%–29%, respectively[8]. Analyses of postoperative complications revealed that the liver section is prone to cause bile leakage and that secondary infection is the main cause of mortality after surgery[11,12]. Hence, further technical improvements mainly focused on reducing cross-sectional bile leakage and infection, simplifying the surgery, and facilitating second-stage surgery. Currently, at the initial stage, the liver is wrapped with sterile plastic bags to collect bile and prevent bile peritonitis[13]. Moreover, some surgeons use radiofrequency and microwave ablation to complete liver parenchymal isolation in the first step of the surgery, which promotes hypertrophy of the future remnant liver, increasing its size by 62.3%[14]. Petrowsky et al[15] reported that ligation of at least 50% of the liver parenchyma could result in considerable liver proliferation. Favorable liver proliferation can also be achieved by intraoperative ultrasound confirmation that the blood flow between the segments is completely cut off and by placing a circumferential hepatic belt around the liver to block the blood vessels between the two segments[16].
The application of the anterior approach method to cut off the liver or to use the “hybrid ALPPS” method for postsurgical PVE when the portal vein is difficult to separate is more in line with the “No Touch” principle, thereby reducing the probability of tumor spread[17,18]. To adapt the procedure for tumor removal on the left side or even other parts of the liver, traditional hepatectomy has been modified to left-sided ALPPS and monosegment future liver remnant ALPPS. Many scholars believe that patients can benefit from laparoscopic ALPPS, stage 1 laparoscopy ALPPS, stage 2 open surgery, and full laparoscopic ALPPS[19,20]. However, currently, ALPPS is mainly performed by open surgery. Due to differences between various surgical facilities, the current development of ALPPS technology is mainly focused on achieving portal vein branch blockade and liver isolation and on simplifying the surgery. Thus, the surgical method is selected according to the tumor growth characteristics and expertise of the performing surgeon (Table 1).

EFFICACY OF ALPPS IN THE TREATMENT OF CRLM
In recent years, continuous technical optimization of ALPPS has significantly reduced the incidence of associated postoperative complications and mortality. Hernandez-Alejandro et al[21] reported 14 patients with CRLM who underwent the first stage of ALPPS, and all patients successfully underwent the second stage of surgery. The incidence of postoperative complications above Clavien–Dindo grade IIIB was 14%, and no perioperative deaths were reported. In 2014, Schadde et al[22] analyzed the data of 202 patients who underwent ALPPS and who were registered in the international ALPPS.net database (including 141 patients with CRLM). The results revealed that the median interval between the two steps of the surgery was 7 d, median growth of the remnant liver volume was 80%, incidence of serious complications (Clavien–Dindo grade ≥ IIIB) was 27%, and mortality rate was 9%. All 141 cases with CRLM had good oncological results, which demonstrated that CRLM patients under 60 years of age were most likely to benefit from ALPPS. A study on the postoperative quality of life found that patients had an excellent quality of life after ALPPS, equivalent to that of healthy people[23]. 
The comparative results between ALPPS and traditional TSH for the treatment of CRLM are remarkable. A study compared 48 patients who underwent ALPPS and 83 who underwent TSH for initially unresectable advanced CRLM. The proportion of patients who underwent second-stage surgical resection was significantly higher in the ALPPS group than in the TSH group, and there was no increase in the recurrence of early-stage tumors[22]. The LIGRO Trial, a high-quality randomized controlled trial, further proved that ALPPS could achieve higher resectability than TSH in patients with advanced CRLM, with a comparable perioperative complication rate[24]. In 2020, Petrowsky et al[25] retrospectively analyzed the efficacy of ALPPS in 510 patients with CRLM in 22 centers over the past 10 years. The median cancer-specific survival (CSS) time, overall survival time, and recurrence-free survival time were 42, 37, and 11 mo, respectively (Figure 1). This large cohort provided the first convincing evidence that patients with unresectable CRLM who underwent ALPPS not only had low perioperative mortality but also achieved satisfactory long-term oncological outcomes. This was especially seen in patients with good tumor biobehavior and response to chemotherapy (Table 2). Moreover, on multivariate analysis, tumor characteristics (primary T4, right colon), biological characteristics (K/N-RAS status), and chemotherapy response (solid tumor response evaluation criteria) were found to be independent predictors of CSS, while the occurrence of serious surgical complications indicated a poor prognosis. These findings stress the importance of proper patient screening and the selection of suitable surgical methods. However, the comparability of data is limited as there are considerable differences in indications and patient selection methods between TSH and ALPPS in various therapeutic centers. Whether ALPPS should be an auxiliary tool for patients with unsuccessful TSH or a more optimal choice for patients with TSH requires long-term and systematic studies and evaluation. 

PATIENT SCREENING STRATEGY
Strict and uniform patient selection and optimization of surgical methods could effectively reduce the complication and mortality rates of ALPPS in the treatment of CRLM. In light of the high 90-d mortality rate of simultaneous ALPPS and colorectal resection (15%), Wanis et al[26] recommended against simultaneous ALPPS and colorectal resection. However, a study on a large cohort of patients found that resection of primary colorectal lesions during primary ALPPS surgery did not increase the perioperative mortality rate[25]. Thus, ALPPS can be considered in simultaneous or heterogeneous CRLM with the likelihood of inadequate future remnant liver volume. Current clinical trials have not conclusively shown whether preoperative chemotherapy or direct surgery is beneficial for the survival of CRLM patients; nevertheless, preoperative chemotherapy remains an option for patients with poor tumor biology and surgical tolerance.
We believe that empirical surgical indications for ALPPS in the treatment of CRLM should be limited to the following situations: patients with good overall condition, with good liver function, and ability to tolerate large-volume liver resection; patients with extensive left/right liver metastases that require large hemihepatic or hepatic trilobe resection with the future remnant liver volume likely to be less than 30% of that before surgery; patients with no evidence of metastasis to organs other than the liver, in whom surgery could technically achieve an R0 resection; cases in which the tumor does not invade the main portal vein of the liver and there is no tumor thrombus; and patients who are fully or partially sensitive to systemic chemotherapy and have stopped chemotherapy for more than 4 wk. Before the second ALPPS stage, careful attention should be paid to the functional evaluation of the hyperplastic liver and the overall condition of the patient after first-stage ALPPS, including recovery from serious complications and the patient’s nutritional status. A model for end-stage liver disease score of less than 10 is the deciding indication for stage 2 surgery. The majority of CRLM patients reportedly have a history of chemotherapy prior to undergoing ALPPS. Existing evidence suggests that chemotherapy has no significant inhibitory effect on the hypertrophy of the future remnant liver. However, it is important to rule out sinusoidal obstruction syndrome and decreased liver reserve ability caused by chemotherapeutic drugs such as oxaliplatin.
For patients with CRLM in whom ALPPS is being considered, the first step is to determine whether they have technically resectable tumors. The oncological characteristics of the tumor are used to determine whether tumors suitable for resection should be treated with direct surgery or neoadjuvant chemotherapy, while conversion therapy can be used for unresectable tumors. It should be noted that resectability is a partially subjective judgment made by hepatobiliary surgeons; therefore, differences in opinion as well as significant differences in methods and efficacy are seen across surgical centers worldwide. Individualized technical judgments should be made based on the technical ability of the surgeon and following a joint discussion on oncological characteristics of a given case by a multidisciplinary surgical team.

PROSPECT
[bookmark: OLE_LINK35][bookmark: OLE_LINK34]In a comparison of liver proliferation in clinical and pre-clinical trials, the liver growth rate following ALPPS was 11 times higher than that after pulmonary vein obstruction (PVO)[22], and the hepatocyte proliferation rate was 10 times higher than that after portal vein ligation (PLV)[27]. Thus, the combination of portal vein branch ligation and liver isolation appears to trigger rapid growth of the remnant liver by an unknown mechanism. It has been hypothesized that this rapid growth could be due to the following factors: hemodynamic changes after PVO[28,29], inflammatory stimulation as a result of local trauma caused by liver separation[27,30], and activation of specific signaling pathways that lead to significant liver regeneration after ALPPS[31-33]. The results of early research have partially confirmed the importance of the abovementioned factors, which are likely to jointly contribute to hepatic growth. Results of a breakthrough research on the mechanism of liver regeneration and CRLM metastasis could simplify the surgery, reduce the rapid increase in the size of the remnant liver induced by surgery, or inhibit malignant progression during the process of liver regeneration. Treatment of CRLM using ALPPS has created an excellent research platform, which provides the possibility for an in-depth study of tumor growth and metastasis patterns during liver regeneration. 
The favorable outcomes of ALPPS in the treatment of CRLM encourage surgeons to attempt technical optimization strategies. However, given the small number of ALPPS cases performed in a single center and differences in technical preferences of surgeons, standardized surgical procedures require long-term exploration and optimization. A large-scale comparative study of different ALPPS methods and a more detailed meta-analysis of the data of registered cases in the ALPPS.net database might facilitate the ongoing process of ALPPS evaluation. ALPPS remains a complex and challenging surgery and most surgeons consider it an auxiliary tool in the treatment of CRLM rather than as the first choice. Selecting CRLM patients who can achieve maximum benefit from this approach is challenging, but important. Currently, the ALPPS risk score can be used to predict the risk of related complications. Based on the oncological outcomes of ALPPS treatment for CRLM, the standardization of other evaluation indicators or grading systems can help avoid the unnecessary use of ALPPS. 
CONCLUSION
CRLM with the likelihood of a low future remnant liver volume is considered a good indication for ALPPS. Existing research on ALPPS has proven the technique to be safe, effective, and associated with favorable therapeutic outcomes. It is expected that with meticulous patient screening and optimization of surgical methods, ALPPS will be considered appropriate for a large number of patients with CRLM who are considered ineligible for surgery. Although ALPPS is a difficult and high-risk technique, it is still worth exploration by experienced surgeons.
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[bookmark: OLE_LINK55]Figure 1 First long-term oncologic results of the associating liver partition and portal vein ligation for staged hepatectomy procedure in a large cohort of patients with colorectal liver metastases[25]. Kaplan–Meier plots for cancer-specific survival (CSS), overall survival (OS), and recurrence-free survival (RFS). The median CSS, OS, and RFS were 42, 37, and 11 mo, respectively. The 3- and 5-year CSS, OS, and RFS were 59%, 52%, and 19%, and 33%, 27%, and 12%, respectively. Citation: Petrowsky H, Linecker M, Raptis DA, Kuemmerli C, Fritsch R, Kirimker OE, Balci D, Ratti F, Aldrighetti L, Voskanyan S, Tomassini F, Troisi RI, Bednarsch J, Lurje G, Fard-Aghaie MH, Reese T, Oldhafer KJ, Ghamarnejad O, Mehrabi A, Abraham MET, Truant S, Pruvot FR, Hoti E, Kambakamba P, Capobianco I, Nadalin S, Fernandes ESM, Kron P, Lodge P, Olthof PB, van Gulik T, Castro-Benitez C, Adam R, Machado MA, Teutsch M, Li J, Scherer MN, Schlitt HJ, Ardiles V, de Santibañes E, Brusadin R, Lopez-Lopez V, Robles-Campos R, Malagó M, Hernandez-Alejandro R, Clavien PA. First long-term oncologic results of the ALPPS procedure in a large cohort of patients with colorectal liver metastases. Annals of surgery 2020; 272: 793-800. Copyright© 2020 Wolters Kluwer Health, Inc. 









Table 1 Key modalities of the associating liver partition and portal vein ligation for staged hepatectomy technique
	ALPPS strategies
	Technical points

	Classical ALPPS
	Right portal vein ligation and right trisectionectomy

	Rescue ALPPS
	Failure of PVE with subsequent ALPPS

	Laparoscopic ALPPS
	Laparoscopy for stage 1 or both stages 1 and 2

	PVE ALPPS
	The intentional use of PVE as part of the first stage is stated by using PVE-ALPPS

	Partial ALPPS
	Transection at least 50% of the future transection plane at stage 1

	Left ALPPS
	Left portal vein ligation, left trisectionectomy

	Tourniquet ALPPS
	Tourniquet in the umbilical fissure and portal vein occlusion

	Radiofrequency ALPPS
	Radio-frequency-assisted liver partition

	Microwave ALPPS
	Microwave transection of the liver

	Monosegment ALPPS
	Extending hepatectomy, only sparing a single or adjacent segment


[bookmark: OLE_LINK61][bookmark: OLE_LINK60][bookmark: OLE_LINK59][bookmark: OLE_LINK58]ALPPS: Associating liver partition and portal vein ligation for staged hepatectomy; PVE: Portal vein embolization.

Table 2 Outcome characteristics[25]
	Variable
	Number of patients
	Data completion
	Value

	Interstage interval, d
	468
	92%
	13 (9–21)

	Stage 2 performed, n (%)
	510
	100%
	492 (96)

	R0 resection at stage 2, n (%)
	302
	59%
	220 (73)

	90-d mortality, n (%)
	510
	100%
	25 (5)

	Complications ≥ 3B stage 1, n (%)
	501
	98%
	37 (7)

	Complications ≥ 3B stage 2, n (%)
	485
	95%
	100 (21)


The cohort included 510 patients with colorectal liver cancer metastasis who underwent associating liver partition and portal vein ligation for staged hepatectomy during the 10-year period from 2009 to 2019 in 22 international centers. Citation: Petrowsky H, Linecker M, Raptis DA, Kuemmerli C, Fritsch R, Kirimker OE, Balci D, Ratti F, Aldrighetti L, Voskanyan S, Tomassini F, Troisi RI, Bednarsch J, Lurje G, Fard-Aghaie MH, Reese T, Oldhafer KJ, Ghamarnejad O, Mehrabi A, Abraham MET, Truant S, Pruvot FR, Hoti E, Kambakamba P, Capobianco I, Nadalin S, Fernandes ESM, Kron P, Lodge P, Olthof PB, van Gulik T, Castro-Benitez C, Adam R, Machado MA, Teutsch M, Li J, Scherer MN, Schlitt HJ, Ardiles V, de Santibañes E, Brusadin R, Lopez-Lopez V, Robles-Campos R, Malagó M, Hernandez-Alejandro R, Clavien PA. First Long-term oncologic results of the ALPPS procedure in a large cohort of patients with colorectal liver metastases. Annals of surgery 2020; 272: 793-800. Copyright© 2020 Wolters Kluwer Health, Inc.
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