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Abstract 

Introduction: For patients with colorectal liver metastases (CRLM), the only treatment with a 

possibility for long-term survival and cure is radical resection. The majority of patients are at the 

time of diagnosis not assessed as resectable because they have advanced disease in the liver or 

unresectable extrahepatic disease or are too frail to withstand liver surgery. 

Patients who at the time of diagnosis are not assessed as resectable may be treated with conversion 

chemotherapy to downsize the tumor burden and render the patient eligible for resection. One 

concern with chemotherapy administered preoperatively has been the potential negative effect on 

the future liver remnant (FLR), especially for patients with a low volume of the FLR who are 

undergoing techniques to increase the volume. Established techniques to increase the volume are 

portal vein occlusion (PVO) and two-staged hepatectomy (TSH). A more recent method is Associating 

Liver Partition and Portal Vein Ligation for Staged Hepatectomy (ALPPS). Due to the relative novelty 

of ALPPS, the long-term oncological results are not known. 

For patients with CRLM, resection of liver metastases is more favorable from a health economic 

perspective than palliative treatment and results in a higher quality of life than palliative 

chemotherapy. For patients undergoing ALPPS as well as TSH, the data are scarce. 

Aim: The aim of the first study was to determine whether preoperative chemotherapy has a 

negative impact on the volume increase for patients undergoing ALPPS. The aim of the second study 

was to analyze the temporal course of the volume increase in the FLR for patients undergoing PVO. 

The aim of the third study was to study the long-term outcome for patients randomized to ALPPS or 

TSH. The aim of the fourth study was to perform a health economic analysis of patients randomized 

to ALPPS or TSH. 

Methods: The first study was based on data from the ALPPS registry, which is an international 

registry initiated 2012. All patients included in the registry between 2012 and 2016 were included. 
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The patients were divided into the following four groups: no preoperative chemotherapy, 1 regimen 

of neoadjuvant chemotherapy, more than 1 regimen, and more than 1 regimen with the addition of 

monoclonal antibodies. The volume increase between interventions 1 and 2 was analyzed. In the 

second study, a retrospective analysis was performed of patients randomized to TSH. Forty-eight 

patients were included. The volume increase of the FLR was analyzed as the kinetic growth rate 

(KGR). The KGR was calculated from PVO until radical hepatectomy or exclusion, as well as between 

the first and second radiological evaluations. In the third and fourth studies, patients randomized to 

ALPPS and TSH were included. In the third study, survival, as well as factors affecting the outcome, 

were analyzed. In the fourth study, a calculation of resource use was performed, as was an analysis 

of health-related quality of life (HRQoL) for the groups. 

Results: In the first study, it was found that chemotherapy had no negative impact on the volume 

increase for patients undergoing ALPPS. In the second study, it was found that the volume increase 

of the FLR was largest the first week after ALPPS. In the third study, it was found that patients 

randomized to ALPPS had a longer survival than those randomized to TSH. Of the factors affecting 

the outcome, resection of liver metastases had a significant impact. In the fourth study, no 

significant difference could be found in resource use or HRQoL for patients randomized to ALPPS 

over TSH. 

Conclusion: Patients with advanced CRLM undergoing ALPPS should receive preoperative 

chemotherapy, if indicated. For those undergoing PVO, early evaluation is crucial to evaluate the 

volume increase, and for those with insufficient increase, additional techniques to increase the 

volume should be considered. Resection of liver metastases is an important factor to improve the 

outcome. Further studies are warranted to conclude whether ALPPS or TSH is most effective from a 

health economic perspective. 
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Abbreviations 

ALPSS - associating liver partition and portal vein ligation in staged hepatectomy 

ALTPS - associating liver tourniquet and portal ligation for staged hepatectomy 

BSA – body surface area 
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K-RAS - Kirsten rat sarcoma viral oncogene 

LVD – liver venous deprivation 

MRI – magnetic resonance imaging 

NBCA - N-butyl-cyanoacrylate  

OS – overall survival 

PET – positron emission tomography 

PHLF – posthepatectomy liver failure 

PVA - polyvinyl alcohol 

PVE - portal vein embolization 

PVL - portal vein ligation 

PVO - portal vein occlusion 

RCT – randomized controlled trial 

RFA - radiofrequency ablation 

R0 – microscopic radical resection 

R1 – microscopic residual disease 

SD - sinusoidal dilatation 

sFLR - standardized future liver remnant 

TBS – tumor burden score 

TGF-β – transforming growth factor beta 

TNF – tumor necrosis factor  
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TLV – total liver volume 

TSH - two-staged hepatectomy 

US - ultrasound 
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1. Colorectal liver metastases 

Incidence  

Colorectal cancer is one of the most common malignant diseases in the Western world, with 

approximately 1.8 million new cases each year [1]. Fifteen to twenty percent of patients with 

colorectal cancer present with synchronous (within 6 months from the diagnosis of the primary 

tumor) liver metastases [2, 3]. Approximately 30 % of patients who have undergone resection of the 

primary tumor will develop metachronous liver metastases up to 10 years from the diagnosis of the 

primary tumor [4]. 

 

Prognostic scoring systems and prognostic factors 

Patients with colorectal liver metastases (CRLM) are diverse, and hence, their prognoses differ. The 

most crucial factor is whether resection is possible. Although no randomized controlled trial has 

been performed regarding resection, resection is stated as the only treatment with the possibility for 

cure and long-term survival. 

The need for scoring systems is due to the high recurrence rate, which is reported to be up to nearly 

50 % [5]; the scoring systems aim to predict which patients will benefit from liver resection and 

which patients may not benefit. 

For patients treated with resection, there are several scoring systems. The scoring systems compile 

various factors, and it is thus possible to estimate the prognosis. One of the first scoring systems was 

developed by Nordlinger et al [6]. It is based on data from 85 centers and on patients resected 

between the late 1960s and the 1990s. It consists of 7 factors that were used to create three risk 

groups [6]. Another of the earliest scoring systems was the Fong score. The Fong score was 

developed in the 1990s and is based on patients who underwent resection during the latter half of 

the 1980s and 1990s. Seven factors were found to be significantly associated with prognosis. 
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Radicality of the resection, occurrence of EHD (extrahepatic disease), nodal status of the primary 

tumor, disease-free interval less than 12 months, number of liver metastases, largest CRLM > 5 cm 

and CEA (carcinoembryonic antigen) > 200 ng/l. Of those, nodal status, disease-free interval, number 

of liver metastases, size of the largest liver metastasis and CEA were combined into a clinical risk 

score [7]. One advantage of the Fong score is that preoperative known clinical factors are included. 

An objection against such scoring systems is that they were developed before modern 

chemotherapy [8, 9]. 

Since then, a wide range of prognostic factors and scoring systems have been investigated. They can 

broadly be divided into those employing clinical factors and those employing molecular factors. 

The location of the primary tumor appears to have prognostic significance, and right-sided primary 

tumors have a worse prognosis than left-sided primary tumors [10, 11]. Regarding the impact of 

time of diagnosis of CRLM in relation to the primary tumor on prognosis, data indicate that 

synchronous CRLM has a worse prognosis than metachronous CRLM, while other studies could not 

demonstrate an impact on the prognosis [12, 13]. Furthermore, data indicate a difference in 

molecular markers for synchronous compared to metachronous CRLM, which would indicate a 

difference in tumor biology [14]. 

The number of liver metastases appears to have prognostic significance, although there is no clear 

cut-off value [15, 16], as does the size of the metastases [17]. A relatively new scoring system, 

named the tumor burden score (TBS), in which the number of tumors as well as the maximum tumor 

size is incorporated into one value has been proposed [18]. 

The radicality of liver resection is of prognostic significance, and patients who undergo R1 resection 

(microscopic residual disease) have a worse outcome than those who undergo R0 resection [19-21]. 

The results regarding the impact of the width of the tumor-free margin on survival are conflicting, 

and it has been shown that a 1 mm margin results in comparable long-term survival to a wider 

resection margin [22] and that a tumor-free margin of more than 1 mm is associated with improved 
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outcome [21]. Factors associated with R1 resection are factors associated with more advanced 

tumor burden in the liver, such as long operating time, more than tree tumors, larger metastases 

and bilobar metastases [23]. 

CEA is a widely accepted and clinically used tumor marker. In the 1970s, elevated CEA was used to 

predict recurrence of colorectal cancer, among recurrence of other tumors [24]. CEA is recognized as 

a prognostic marker, although the cut-off value remains to be established [19, 25]. 

In terms of molecular factors and oncogenes, KRAS (Kirsten rat sarcoma viral oncogene) is one of the 

most studied and one of the most frequently mutated oncogenes in CRLM. A mutation in KRAS is 

associated with shorter overall survival (OS) and disease free survival (DFS) [26-28]. KRAS has also 

been incorporated into a clinical risk score [29]. 

Two fundamentally different growth patterns are seen on histopathological examination and are 

described as desmoplastic and pushing. Of those, the pushing growth pattern is associated with 

inferior outcomes [30]. 

Furthermore, data indicate that the same factors cannot be used for predicting the prognosis for 

patients with recurrent disease in the liver [31], and there is a difference in the weight of prognostic 

factors for patients with synchronous compared to metachronous tumors [32]. 

It has also been recognized that the postoperative course impacts the outcome. Postoperative 

infectious complications have been found to be associated with decreased long-term survival. Risk 

factors for infectious complications include major liver resections [33]. 

The research field is rapidly expanding, although there is currently no answer to which factors 

determine the outcome. There is a consensus that for patients for whom radical resection is 

possible, liver resection should be considered. 
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Recurrent disease 

Up to nearly 50 % of patients previously treated with liver resection will develop recurrent disease in 

the liver during follow-up [5]. Approximately 70 % of patients with recurrent disease limited to the 

liver are eligible for curative intent resection or ablation. For those treated with resection, survival is 

comparable with survival after primary hepatectomy [34]. 

For patients with advanced CRLM, who require a two-stage approach to achieve radical resection, 

the recurrence rate is higher; approximately 77 % develop recurrent disease during follow-up. This 

category of patients has bilobar CRLM, and upfront resection would result in a too low of a volume 

of the future liver remnant (FLR). A lower proportion (53 %) of patients are treated with repeat 

resection, and the outcome for those patients is more favorable than that for those not treated with 

repeat resection [35]. 

Risk factors for recurrence are a more advanced T stage of the primary tumor, synchronous CRLM, 

more than 3 CRLMs and bilobar metastases [16]. 

 

 

 

 

 

 

 

 

 



23 
 

2. Chemotherapy 

Progress in oncological therapy has rapidly increased in recent decades. It was nearly 50 years ago 

that one of the first descriptions of the use of a combination of multiple cytotoxic agents, including 

fluorouracil, was published [36]. Irinotecan was developed in the 1990s and was initially used as a 

second-line treatment for patients with stage IV colorectal cancer for which treatment with 

fluorouracil failed [37]. Oxaliplatin was introduced in the 1990s for patients with metastatic 

colorectal cancer [38]. 

Today, chemotherapy has become important in the multimodal treatment of patients with CRLM. 

Chemotherapy may be given preoperatively, either for neoadjuvant purposes or with the intent to 

convert the metastases to resectable. To be assessed as resectable, the future liver remnant must be 

of sufficient volume, eventual extrahepatic disease must be resectable, and the patient’s 

performance status and eventual comorbidities must allow for liver resection to be performed with 

an acceptable risk of postoperative complications [39]. 

Chemotherapy may also be given postoperatively for adjuvant purposes. It may also be administered 

to patients who are assessed as requiring palliative care. 

 

Neoadjuvant chemotherapy 

It is not completely clear whether all patients benefit from preoperative chemotherapy. Patients 

who are assessed as eligible for resection may not benefit from neoadjuvant chemotherapy [40], 

although it may result in longer progression-free survival [41, 42]. For patients with single 

metachronous metastases, no difference in survival has been shown when compared to those 

resected up front [43]. For patients with more advanced disease, although assessed as eligible for 

resection, they have been shown to have an improved survival if treated with neoadjuvant 

chemotherapy compared to those with a similar tumor burden who undergo upfront resection [44]. 
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In summary, no firm evidence exists regarding whether patients who are technically assessed as 

eligible for resection benefit from neoadjuvant chemotherapy. 

 

Conversion chemotherapy 

Conversion chemotherapy refers to chemotherapy administered to patients with unresectable liver 

metastases with the purpose of attaining resectability [45].  

Approximately 13 to 40 % of patients who are assessed as ineligible for resection at presentation 

may become eligible for resection after conversion chemotherapy [39, 46]. The five-year survival 

ranges from 33 to 47 % in resected patients [39, 46]. Some studies indicate that the survival for 

patients who undergo resection after conversion chemotherapy is comparable with the survival for 

those who undergo up front resection [47-50]. However, the DFS is shorter in the conversion group 

[48-50]. 

The groups are, however, disparate; in one study, no patients had EHD, and no patients were treated 

with PVO (portal venous occlusion) prior liver resection [49, 50], compared to another study in which 

a fifth of the patients were treated for PVO and approximately 15 % had irresectable EHD at 

diagnosis, before the start of conversion chemotherapy [48]. In another study, no patient with EHD 

at diagnosis became eligible for resection [47]. 
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Monoclonal antibodies 

Monoclonal antibodies have been used as therapeutic agents since the 1980s and are used in a wide 

array of different diseases. The monoclonal antibodies used in CRLM are mainly bevacizumab, 

cetuximab and panitumumab, and they were developed in the beginning of the 2000s [51]. 

Bevacizumab is a monoclonal antibody targeting vascular endothelial growth factor (VEGF). VEGF is a 

key factor in the development of blood vessels, including tumor blood vessels. By inhibiting VEGF, 

the formation of new blood vessels in tumors is impeded, and it is also believed that existing blood 

vessels may regress [52]. For patients with advanced CRLM who are initially assessed as ineligible for 

resection, the addition of bevacizumab to chemotherapy increases the resectability rate and 

therefore the proportion of patients potentially eligible for treatment with curative intent [53]. 

Cetuximab and panitumumab are monoclonal antibodies targeting epidermal growth factor 

receptor. EGFR is essential for cell proliferation, and activation of the receptor initiates the process. 

Cetuximab and panitumumab are indicated in those with no mutation in KRAS (wild-type) [54]. In 

patients with mutations in KRAS, proliferation is not dependent on EGFR activation [55]. For patients 

with wild-type KRAS who are ineligible for resection at diagnosis, the addition of cetuximab or 

panitumumab increases the resection rate [56, 57]. 

 

Chemotherapy and postoperative complications 

There is a general concern that preoperative chemotherapy is associated with an increased risk of 

postoperative complications. Whether the risk is increased for all patients treated with preoperative 

chemotherapy and regardless of the extent of liver resection is not fully established. There are data 

indicating that the risk is not increased for patients treated with preoperative chemotherapy [58]. 

However, the majority of patients in that study did not undergo major liver resection. 
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The risk of posthepatectomy liver failure (PHLF) is increased for patients treated with preoperative 

chemotherapy [59], especially patients undergoing major liver resection and with a low volume of 

the FLR (future liver remnant) if treated with long-term preoperative chemotherapy [60]. FLR is the 

remaining part of the liver after liver resection. The addition of monoclonal antibodies does not 

seem to increase the risk of postoperative complications, provided a sufficient interval, in general 

about 6 weeks, between the last dose and liver resection exists [61, 62]. 

Preoperative chemotherapy may also induce histological alterations in the liver and even 

chemotherapy-associated liver injury (CALI). CALI can further be divided into sinusoidal obstruction 

syndrome, which is associated with oxaliplatin [63], and steatohepatitis, which is associated with 

irinotecan [64]. Severe SD (sinusoidal dilatation) is associated with an increased risk of severe 

postoperative complications, and steatohepatitis increases the risk of liver-specific postoperative 

complications [65]. 

 

Chemotherapy and its impact on increased future liver remnant volume 

Patients with an estimated low volume of the FLR are often treated with preoperative chemotherapy 

since they often have advanced disease. Whether oncological therapy, including monoclonal 

antibodies, has a negative impact on the volume increase for patients treated with techniques to 

increase the volume of the FLR has been contested. 

Previous studies show conflicting results and are furthermore based on a relatively small number of 

patients, making it difficult to draw a firm conclusion. In some studies, oncological therapy, including 

bevacizumab, resulted in a smaller increase in the volume of the FLR after PVO, especially for older 

patients and for patients treated with more than 6 cycles of bevacizumab [66]. These results were 

confirmed by another study, in which longer chemotherapy resulted in a lower increase of the FLR. 

These results are, however, slightly difficult to generalize since nearly 50 % of the patients were re-
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embolized, indicating that a part of the insufficient volume increase was due to suboptimal PVE [67]. 

Other studies show no difference in volume increase when comparing patients treated with 

chemotherapy lasting until a few weeks before hepatectomy, with interruption a few weeks before 

and after PVO, to those who ended the treatment 1 month before PVO [68]. However, it cannot be 

denied that an eventual negative impact of chemotherapy may exist more than a month prior to 

completion of treatment. In another study, no difference in volume increase could be found. 

However, the chemotherapy group had a significantly higher frequency of liver steatosis, indicating 

that the impact of chemotherapy remained but not to such an extent that a difference in volume 

increase could be found [69]. 
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3. Liver Surgery 

Developments in liver surgery 

One of the first liver resections in a nontrauma setting was performed in 1888 by the German 

surgeon Carl Johann August Langenbuch [70]. One of the first descriptions of major liver surgery for 

a malignant indication was published in 1899. What appears to be a left hemihepatectomy was 

performed, and the patient was described to recover from the surgery, although some of the 

surgical techniques and postoperative measurements would not be accepted today. Other 

techniques, albeit further developed, remain today, such as the use of a heat source (diathermy) and 

the application of pressure to the liver to control bleeding [71]. During the first half of the twentieth 

century, there were only sporadic publications regarding liver surgery. During the 1950s, the 

segmental liver anatomy was described, mainly by Claude Couinaud, which is fundamental to 

modern liver surgery [72]. 

With the development of radiological imaging techniques, starting with ultrasound and computed 

tomography during the 1980s, it became possible to detect small lesions [73]. Intraoperative 

ultrasound is a further milestone in liver surgery [74]. During the 1980s, liver resection based on liver 

anatomy resulted in further improvements [75].  

Many techniques for transection of the liver parenchyma have been described, including the finger 

fracture technique, which was subsequently developed into Kelly’s technique (the clamp crush 

technique), ultrasonic dissection (of which CUSA (cavitron ultrasonic aspirator) was the first), the 

Hydrojet dissector and the radiofrequency dissection sealer [76, 77]. Larger blood vessels, especially 

the hepatic veins, are generally divided with staples [78]. There is no evidence that any method is 

superior in terms of postoperative morbidity or in terms of reducing perioperative blood loss. 
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Control of the inflow to the liver and with temporal occlusion (Pringle maneuver) can further reduce 

bleeding [79]. Another important advance to reduce blood loss during liver resection is the 

application of controlled, low venous pressure during liver surgery [80]. 

 

Liver anatomy 

A fundamental understanding of the liver anatomy is crucial for the liver surgeon, both in 

preoperative planning and during liver resection. A challenge in truly comprehending the liver 

anatomy is that there are few visible landmarks on the surface, but even more challenging is that 

two-dimensional cross-sectional images must be translated into the three-dimensional human liver. 

The French surgeon and anatomist Claude Couinaud, and he developed an anatomical model that 

has been considered the basis of understanding liver anatomy. The Couinaud model is based on the 

portal veins, which generate the right and left hemilivers. The hemilivers are divided into sectors, 

and the sectors are divided into segments. Thus, the liver consists of 8 segments. In the right 

hemiliver exist segments 5 to 8, and in the left hemiliver exist segments 2 to 4. Segment 1 is located 

between the inferior vena cava and the portal vein bifurcation [72]. 

The Couinaud model was further developed to the now widely accepted Brisbane classification. For 

the second-order division, the term section was adopted, while the term segments remained for the 

third-order divisions. According to the Brisbane classification, the left lateral segment constitutes 

segments 2 and 3, the left medial section constitutes segment 4, the right posterior section 

constitutes segments 6 and 7, and the right anterior section constitutes segments 5 and 8 [81]. 
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Liver imaging 

In liver surgery, preoperative imaging is of paramount importance to detect all lesions and to plan 

the resection. The development of different imaging modalities has rapidly increased. The 

importance of follow-up and early detection of eventual liver metastases was acknowledged in 

parallel with the advances in liver surgery [82, 83]. 

There have been several meta-analyses comparing the different imaging modalities. It has become 

recognized that magnetic resonance imaging (MRI), with liver-specific contrast, and especially 

combined with diffusion-weighted imaging, is the preferred modality due to its high sensitivity in 

detecting even small CRLMs [84-90]. 

Despite the high sensitivity of MRI with liver-specific contrast, intraoperative ultra sound (US) is still 

important since it may detect CRLMs not detected on MRI and hence change the planned treatment 

strategy [91]. 

It is well recognized that preoperative chemotherapy may be hepatotoxic and induce changes to the 

liver parenchyma, making it more difficult to accurately diagnosis the disease and hence to plan the 

surgical strategy [92]. A meta-analysis comparing computed tomography (CT), positron emission 

tomography (PET) and MRI revealed that MRI had the highest sensitivity [93]. 

 

Resectability 

Approximately 70 % of patients are at the time of diagnosis of CRLM not assessed as eligible for 

resection. The reason may be an extensive tumor burden in the liver or unresectable extrahepatic 

disease or that the patient is not suitable for liver resection, due to either a low performance status 

or comorbidities [39]. 

The general consensus today is that patients with CRLM should be considered for liver resection, 

provided that radical resection is possible, that at least two adjacent liver segments remain and that 
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the patient status allows for liver surgery [94]. It is also generally acknowledged that patients with 

CRLM should be managed by a multidisciplinary team consisting of liver surgeons, medical 

oncologists and radiologists [45]. 

 

Liver regeneration 

The liver is the only solid organ in the human body with the ability to regenerate and regain function 

after a substantial part has been resected. The ability to regain volume and function after major liver 

resection is crucial for the patient to recuperate. The regeneration process is complex and involves a 

broad range of growth factors. The majority of models studying liver regeneration after liver 

resection are based on animal models and may therefore not completely translate to human liver 

regeneration and may not fully explain the regeneration process after associating liver partition and 

portal vein ligation for staged hepatectomy (ALPPS) or PVO. 

Liver regeneration can broadly be divided into the following phases: initiation stage, proliferation 

stage and termination stage. During these phases, the regeneration process aims to restore the liver 

volume, structure and function [95]. 

After major liver resection, the regeneration process is believed to be initiated with the increased 

flow of portal blood to the remaining part of the liver, which results in a migration of factors 

associated with gene transcription, such as β-catenin, to the hepatocyte nuclei. The exact 

mechanism by which the increase in portal blood flow starts the process is not fully understood [96]. 

At the initiation stage, there is also an increase in proinflammatory cytokines, of which tumor 

necrosis factor (TNF) and interleukin 6 (IL-6) have been found to be important in the regulation of 

transcription factors [95, 96]. 

During the proliferation phase, hepatocyte proliferation is stimulated by growth factors, of which 

hepatocyte growth factor (HGF) and epidermal growth factor (EGF) are important. Activation of HGF 
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follows remodeling of the extracellular matrix, which results in the activation of HGF. HGF is a 

transcription factor for hepatocytes [96]. EGF, which is a growth factor found in many tissues, 

including the liver, is synthesized in the duodenum and moves to the liver via the portal vein. An 

increase in norepinephrine in plasma follows hepatectomy. Norepinephrine results in increased 

synthesis of EGF and contributes to activation of the HGF receptor [96]. 

Equally important as the proliferation phase is the termination phase. Transforming growth factor 

beta (TGF-β) is believed to terminate mitosis and the return of hepatocytes to the quiescent G phase 

via interaction with its receptor [95]. 

The regeneration process starts with hepatocytes and in the periportal location and proceeds to the 

pericentral location in the hepatic lobule [96]. The different cell types reciprocally stimulate 

regeneration [95, 96]. Kupfer cells, which are hepatic macrophages and hence inflammatory cells, 

promote the proliferation of hepatocytes via the synthesis of TNF and IL-6. Hepatic stellate cells and 

sinusoidal endothelial cells are both stimulated by the inflammatory response. Both cell types 

synthesize HGF and participate in the remodeling and stabilization of regenerating hepatic tissue 

[95]. 

Replication starts within 24 hours after liver resection but is not completed for another 3 to 6 

months in humans. The regeneration process may be impaired in a damaged liver, for example, in 

steatohepatitis [95] or cirrhosis. In the complex process of liver regeneration, no single factor has 

been found to be necessary on its own, and all are important and cooperate through complex 

mechanisms [96]. 

The regeneration process appears to differ after ALPPS and two-stage hepatectomy (TSH), which was 

recognized from a clinical perspective given the faster and higher degree of volume increase after 

ALPPS compared to after TSH. It has been shown in animal studies that growth factors, including 

HGF, are higher in ALPPS groups than in PVL groups [97, 98]. Furthermore, hepatocytes enter the cell 
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cycle earlier after ALPPS than after PVL and hepatectomy, and the signaling pathways that regulate 

transcription may differ in ALPPS [99]. 

Some clinical factors may potentially decrease the regeneration capacity after major liver resection. 

Higher age (defined as above 65 years) has in some studies been shown to be associated with a 

decreased regeneration capacity [100], whereas others could not demonstrate such a correlation 

[101]. Most likely, age alone is not the only deciding factor, and comorbidities and liver disease could 

also influence the regeneration capacity. 

Data regarding the impact of obesity on the regeneration capacity of the liver are conflicting. In 

some studies, no connection between obesity and impaired regeneration, expressed as the KGR, was 

found [102], whereas others found an increased risk for lower postoperative volume, expressed as 

the RLV/TLV for obese patients [103]. However, volume was used as a surrogate of regeneration 

capacity and may therefore not fully reflect the ability. Furthermore, the regeneration capacity is 

also most likely associated with the eventual occurrence of liver steatosis and steatohepatitis, as 

well as the size of the resection. 

Sarcopenia, which is a depletion of skeletal muscle mass, is more commonly associated with 

advanced age and/or chronic disease. Sarcopenia has gained interest in recent years as a factor 

associated with worse outcome after liver resection. Sarcopenia is also associated with decreased 

volume increase after PVE [104, 105]. 

The process that regulates liver regeneration after liver surgery is complex, not fully understood and 

affected by a variety of factors, indicating that patient selection and preoperative planning are 

crucial in the attempt to decrease the risk of insufficient regeneration and thereby PHLF. 
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Volume of the future liver remnant 

Some patients are not assessed as eligible for resection due to the low volume of the FLR. Major 

hepatectomy in these cases would result in a too large of a risk of postoperative morbidity, including 

PHLF, and mortality. 

There are different definitions of PHLF. One broadly accepted definition is the one established by the 

International Study Group of Liver Surgery (ISGLS). In this definition, it is concluded that if the 

international normalized ratio (INR) and bilirubin values have not returned to the normal 

preoperative values on postoperative day five, liver failure exists [106]. Another accepted definition 

is called the 50-50 criteria. In this definition, liver failure exists if bilirubin is higher than 50 µmol/L 

and the prothrombin level is below 50 % of the normal value on postoperative day five. PHLF, 

according to the 50-50 criteria, increases the risk of postoperative mortality to 59 %, compared to 1 

% if no PHLF exists [107]. 

With a low postoperative volume of the FLR, up to 23 % of patients suffer a major postoperative 

complication, including PHLF, with a 90-day mortality of up to 6 %. The risk is increased for those 

with a postoperative volume of the FLR below 20 %. In patients with normal livers,  no increased risk 

was observed between those with a postoperative volume between 20 and 30 %, compared to those 

with a volume over 30 % [108, 109]. 

For patients with CRLM who are treated with at least 6 cycles of preoperative chemotherapy, the 

risk of PHLF is increased for those with a volume below 40 % [110]. For patients treated with over 12 

weeks of chemotherapy, the risk of PHLF increased if the volume of the FLR was below 30 % [60]. 

The volume limit has varied over time and varies with the eventual occurrence of compromised liver 

function and, to a certain extent, also between different hepatobiliary centers. In some early 

reports, the volume of the FLR was assessed as too low for resection upfront if it was lower than 45 

% of the total liver volume, and PVE was performed before resection. The volume was calculated 
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from cross-sectional imaging [111]. During the same time period, a different center estimated the 

volume based on body surface area (BSA) and the volume of the FLR was assessed as too low for 

resection up front if it was below 25 % [112]. 

The estimation of liver volume and the volume of the FLR are not equivalent. The liver volume can 

be measured directly from cross-sectional imaging. The volume of the FLR is calculated from the 

nontumoral total liver volume [113]. Another commonly used technique to estimate TLV (total liver 

volume) is based on the body surface area [114]. The volume of the FLR is calculated from cross-

sectional imaging and yields the standardized future liver remnant (sFLR). These two estimates can 

differ by over 5 % in approximately one-third of patients [115]. 

It is now a general consensus that the volume of the FLR is too small to be resected up front if it is 

below 20 % in a normal liver, below 30 % in steatosis and steatohepatitis and after chemotherapy, 

and below 40 % in cirrhosis [116]. 

The relationship between volume increase and time is demonstrated by the concept of the kinetic 

growth rate (KGR). The KGR is defined as the increase in sFLR divided by the number of weeks 

between PVE and volume evaluation [117]. The volume increase in the FLR the first weeks after PVO 

has not been previously studied. 
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Techniques to increase the volume of the future liver remnant 

Two-stage hepatectomy 

The term TSH was initially used to describe a strategy for patients with advanced, bilobar CRLM and 

for whom resection at one stage would result in a too low volume of the FLR and hence liver failure. 

During the first procedure, all tumors in the FLR are resected. After an interval during which the FLR 

regains sufficient volume, the second resection is performed, which generally constitutes a major 

hepatectomy [118], and for some patients, PVO was added [118, 119]. 

For TSH, including PVO if indicated, over 70 % of patients complete both stages of TSH [120, 121]. 

The majority of patients that do not proceed to the second intervention cannot do so because of 

tumor progression [120, 121]. The interval between intervention 1 and intervention 2 was up to 4.5 

months [120]. For those who completed both interventions, the 3-year survival was between 45 and 

58 % [120, 122]. 

TSH, without techniques for augmentation of the volume of the FLR, is now seldom practiced. 

Interval chemotherapy, with chemotherapy administered in the interval between intervention 1 and 

intervention 2, is even rarer [123]. 

 

Portal vein embolization 

PVE was first described in the 1980s and was applied in patients with Klatskin tumors (liver hilar 

cholangiocarcinoma). The technique was developed after the observation that patients with a low 

volume of the FLR were at risk of developing liver failure and that patients with tumor growth in the 

portal vein and the lobe that required resection had an increase in the volume of the FLR [124]. 

PVE can be performed with different embolic agents, and none has been clearly shown to be 

superior in terms of an increase in the volume of the FLR and resection rate. Furthermore, most 
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studies are retrospective in nature, often comparing just two or three different agents and including 

patients with primary tumors as well as metastatic disease. 

The embolic agent can be administered as a liquid, as in the case of N-butyl-cyanoacrylate (NBCA) or 

ethylene vinyl alcohol (EVOH), or in microparticles, as in the case of polyvinyl alcohol (PVA). PVA can 

be combined with a liquid agent such as lipiodol. Both liquid and microparticle forms can be 

combined with plugs such as Amplatzer vascular plugs. PVE can also be accomplished by coils. 

In one study, lipiodol combined with PVA and EVOH resulted in a higher KGR than PVA combined 

with an Amplatzer plug, although the difference in the increase in volume was not significant [125]. 

Another study found that NBCA combined with lipiodol was more effective than PVA combined with 

coils [126]. PVA combined with coils was also inferior to NBCA combined with an Amplatzer plug 

[127]. However, another study found that NBCA resulted in a higher volume increase than 

microparticles combined with coils [128]. No study found any difference in the complication rate 

after PVE or the resection rate. It is therefore difficult to draw a firm conclusion regarding which 

agent or combination of agents is superior. 

The use of PVE has also been adopted for patients with CRLM, either in the setting of two-stage 

resection or prior major hepatectomy. In the latter case, PVE is initially performed for patients with 

an estimated volume of the FLR below 35 % [129]. The volume of the FLR in which PVE was applied 

decreases, thereby resulting in an increase in the number of patients potentially eligible for 

resection.  

The indication for PVE is a low volume of the FLR, and resection without augmentation of the 

volume of the FLR would thereby bring a substantial risk of PHLF. A general consensus is that if the 

volume of the FLR is below 30 % and the patient has been treated with preoperative chemotherapy, 

PVE is indicated [130]. 
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PVE is generally performed percutaneously, ipsilaterally or contralaterally to the portal vein that is to 

be embolized. The technical success rate is reported to be between 98 and 100 % [131-133]. The 

complication rate after PVE is generally low, and complications are not severe for the majority of 

patients [133]. However, up to 3 % of patients suffer a complication precluding the planned 

hepatectomy [131, 132]. 

Evaluation of the volume increase after PVE is performed after 4 to 8 weeks [132, 134], and the 

interval between PVE and resection is from approximately 7 to 9 weeks [131, 135]. The volume of 

the FLR, expressed as the standardized FLR (sFLR), increases from approximately 25 to 40 % [131, 

135]. sFLR is the percentage volume of the total liver volume, which is calculated from a formula 

based on body surface area (BSA) [114]. 

The resection rate after PVE is approximately 63 - 76 % [131-133]. For patients undergoing PVE 

before radical hepatectomy as the only surgical procedure, the resection rate is higher than that for 

those undergoing TSH [134]. Up to 63 % of the patients who do not proceed to radical hepatectomy 

are unable to do so due to tumor progression [132]. If chemotherapy is stopped some weeks before 

PVE, up to 68 % of patients have tumor progression, and over half of those patients are unable to 

proceed to radical hepatectomy [136]. However, if chemotherapy is administered in the interval 

between PVE and resection, the outcome is improved without preventing a sufficient volume 

increase [137]. Approximately 6 to 9 % of patients have an insufficient volume increase to proceed 

to radical hepatectomy [132, 136]. 

The long interval between PVE and radical hepatectomy is to ensure a sufficient volume increase in 

the FLR. However, data from studies of liver function indicate that function precedes the volume 

increase [138]. It would therefore be possible to shorten the interval and enable more patients to 

proceed to radical hepatectomy.  
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The three-year survival for patients with CRLM resected after PVE was 54 to 67 % [131, 132], and the 

three-year DFS was 14 % [132]. For patients who experience progression after PVE, but can still 

proceed to intervention 2, they had a similar long-term outcome as those with stable disease [136]. 

The need for PVE due to a low volume of the FLR does not seem to result in worse long-term 

survival. In addition to a low volume of the FLR, undergoing major hepatectomy, including PVE for 

those with a low volume of the FLR, can result in a 5-year survival of 43 % for those treated with PVE 

compared to 42 % for those with sufficient volume of the FLR treated with upfront hepatectomy 

[135]. There is no difference in survival if the analysis is performed considering an intention to treat 

principle or considering bilobar disease in patients. The resection rate in the PVE group was 80 %, 

and the median survival in the PVE group was 45 months, compared to 49 months in the group 

resected up front [139]. This result was confirmed by a matched comparison of patients resected 

after PVE with patients who resected upfront, as a 5-year survival of 14 % was seen in both groups 

[140]. 

 

Portal vein ligation 

Data showing that ligation of a branch of the portal vein subsequently results in increased volume of 

the nonligated lobe were published nearly 100 years ago [141]. It then took almost 80 years before 

PVL became a recognized technique to increase the volume of the FLR before major liver resection 

[142]. One of the first studies of PVL and TSH in patients with advanced liver metastases was 

published in 2003 [143]. 

There have been some questions regarding whether PVL is as effective as PVE for inducing a volume 

increase in the FLR [144, 145], but studies have concluded that PVL results in a similar increase in the 

volume of the FLR as PVE [146]. 
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Concerns regarding portal vein occlusion 

One of the main concerns regarding PVO is the relatively long interval between PVO and radical 

hepatectomy. Consequently, a rather high proportion of patients do not reach the second stage, 

mainly due to progression or an insufficient volume increase in the FLR [17, 132, 147]. 

 

 Associated liver partition and portal vein ligation for staged hepatectomy 

The first article describing ALPPS was published in 2012 [148], and the first ALPPS procedure was 

performed in 2007. In this first published article, the procedure was performed on patients with 

primary hepatobiliary tumors as well as on patients with metastatic disease, including CRLM. All 

patients had tumors requiring extended right hepatectomy to achieve radical resection. On the 

preoperative volumetric evaluation, the FLR/body weight ratio was below 0.5. During the first 

intervention, the right portal vein was divided, and the parenchyma was completely or nearly 

completely transected. After a median of 9 days, the volume of the FLR had increased 74 %. During 

the second intervention, the artery and bile duct leading to the right lobe were transected, and the 

hepatectomy was completed. For some patients (40 %), the biliary system was reconstructed with 

hepaticojejunostomy. All patients had sufficient volume increase, and all patients proceeded to the 

second intervention. During the postoperative course, no patient experienced PHLF. The total 

frequency of complications was 64 %, 44 % of the complications were grade III or IV according to the 

Clavien-Dindo classification, and the mortality rate was 12 %. The median follow-up was rather 

short, 180 days, and the estimated median survival at 6 months was 86 % [148]. 

The ALPPS procedure rapidly gained interest, and in 2012, the ALPPS registry was initiated 

(www.alpps.net). The purpose of the registry was to centralize data for all patients undergoing 

ALPPS. The registry serves to centralize collected data for all patients undergoing ALPPS worldwide.  
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After the first description of ALPPS, several centers adopted the technique, and the number of 

publications rapidly increased. Most were retrospective studies; the indication for ALPPS was a low 

volume of the FLR, and ALPPS was conducted for patients with primary hepatobiliary tumors as well 

as metastatic disease. The preoperative volume of the FLR ranged from 23 to 28 % [149-152], and 

the volume of the FLR increased between 40 and 87 % from days 6 – 8 [149-153]. The interval 

between intervention 1 and intervention 2 ranged between 7 and 13 days [149, 150, 152, 153]. In 

the initial reports, all patients completed both interventions. The overall complication rate was 

between 33 and 67 %, including a mortality rate between 0 and 29 % [149-153]. 

The technique evolved, and less invasive methods were proposed to decrease postoperative 

morbidity and mortality while still aiming to achieve the same volume increase and resection rate. 

Compared with traditional ALPPS, partial ALPPS, in which the parenchyma transection during 

intervention 1 is not completed, resulted in an equal volume increase and resection rate but with no 

postoperative mortality and a decreased complication rate [154]. 

Associating liver tourniquet and portal ligation for staged hepatectomy (ALTPS) was suggested to be 

a less invasive method. In ALTPS, a tourniquet is placed in the planned transection line during 

intervention 1 instead of transection of the parenchyma. ALTPS seemed to result in a similar volume 

increase as ALPPS, but in the initial reports, the complication rate was similar, including the mortality 

rate [155]. Other minimally invasive versions of ALPPS have been described. Some are completely 

laparoscopic, including transection of the parenchyma [156]. Other techniques consist of either 

microwave or radiofrequency ablation along the planned transection line [157, 158]. There has also 

been a description of patients undergoing robotic ALPPS [159]. 

The indications for ALPPS expanded to include patients with an insufficient volume increase after 

PVO (rescue ALPPS). The studies consisted of rather small series of patients with only CRLM [160, 

161] or, in one study, or with other diagnoses than as well as CRLM [162, 163]. 
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Patients with potential eligibility for resection were further included with the description of 

monosegment ALPPS, in which the FLR consisted of a single liver segment [164]. 

The results regarding oncological results for some of the first patients undergoing ALPPS showed 

that the median OS was 26 months in a series of patients with primary hepatobiliary tumors as well 

as metastatic disease including CRLM. The survival for patients with CRLM was higher than that for 

patients with other diagnoses, although the median survival was not stated for the subgroups [165]. 

The first large study regarding perioperative morbidity and mortality, risk factors for complications 

and oncological outcome was based on data from the ALPPS registry [166]. In this study, it was 

shown that there was a difference in outcome depending on diagnosis and age; patients younger 

than 60 years and patients with CRLM had better long-term outcomes than older patients and 

patients with other diagnoses. It was also found that risk factors for severe complications were 

diagnoses other than CRLM, age over 60 years, blood transfusion and long operating time during 

intervention 1. Furthermore, the overall postoperative mortality was shown to be 9 %, indicating an 

improvement in patient selection in the participating centers [166]. 

The focus on and interest in expanding indications, improving patient selection and reducing 

perioperative morbidity and mortality have increased. Another study based on data from the ALPPS 

registry revealed that the indication had shifted increasingly toward CRLM, and the patient 

population shifted towards younger patients. [167]. Furthermore, the interval between intervention 

1 and intervention 2 increased, and complications in the interval between stage 1 and stage 2 

became recognized as a factor determining the risk of mortality after ALPPS [167, 168]. 

There were concerns that a rapid increase in volume may not be correlated to an equal increase in 

function, which could, at least partly, explain the higher morbidity for ALPPS than for TSH. This 

possibility was highlighted in that the increase in the volume of the FLR exceeded the increase in 

function [169-171]. Furthermore, data indicated that the total liver function was lower between 

intervention 1 and intervention 2 due to reduced function in the deportalized lobe [172]. 
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The long-term oncological result related to ALPPS remained less certain than those related to TSH, 

and there have been several retrospective analyses of ALPPS and TSH. Some included only patients 

with CRLM [173-175], whereas some included patients with primary hepatobiliary tumors as well as 

metastatic disease [176]. The resection rate was higher for patients treated with ALPPS than for 

those treated with TSH [174-176]. Regarding complications, some studies found a higher 

complication rate after ALPPS than after TSH [173, 176], whereas in other studies, no difference 

could be found [174, 175]. In the survival analysis, some studies demonstrated improved survival for 

patients treated with TSH, but in the analysis, only patients who completed both interventions were 

included [174]. Other studies could not find a difference in OS but did find a shorter DFS for patients 

treated with ALPPS than for those treated with TSH [173, 175]. 

There was also a comparison between ALPPS and palliative chemotherapy for patients with 

advanced CRLM. The survival for patients undergoing ALPPS was longer, but the difference did not 

reach statistical significance [177]. 

Although there is still debate as to whether ALPPS has a role in the treatment of patients with 

advanced liver tumors, the general consensus has increasingly recognized that ALPPS is most suited 

for patients with CRLM and that the resection rate of ALPPS is higher than that of TSH. There is still 

some uncertainty regarding the effect of preoperative chemotherapy on the volume increase and 

the postoperative outcome. Whether ALPPS has superior in oncological outcomes remains 

unanswered. The data thus far are based on retrospective analyses and single center studies. In the 

first RCT randomizing patients with advanced CRLM to ALPPS or TSH, it was shown that the resection 

rate for patients randomized to ALPPS was significantly higher than that for patients randomized to 

TSH and that there was no significant difference in the complication rate, as well as no difference in 

mortality [178]. 
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After the introduction of ALPPS as a technique for patients with a low volume of the FLR and given 

the initially high complication rate for patients treated with ALPPS, there was a retrospective 

analysis of PVE compared to ALPPS in which the authors argued that PVE was superior to ALPPS in 

terms of a lower complication rate and a relatively favorable long-term outcome [147]. However, it 

was a retrospective study comparing data from one center with previously published data. 

Furthermore, diagnoses other than CRLM were included in both groups. Finally, the authors did not 

consider that ALPPS was at the time a relatively new method, whereas PVE was a well-developed 

technique. 

 

Other techniques to achieve radical resection for patients with advanced colorectal liver 

metastases 

The resection rate is high for patients treated with ALPPS, but due to the still rather high 

postoperative morbidity, ALPPS has been criticized, and there have been efforts to develop other 

less invasive methods. 

One drawback with PVE is that a relatively large proportion of patients will not proceed to radical 

hepatectomy, either due to tumor progression during the interval between PVE and resection or due 

to an insufficient volume increase in the FLR. 

One technique that has been proposed to be associated with a lower frequency of postoperative 

complications is enhanced one-stage ultrasound-guided hepatectomy (e-OSH). e-OSH consists of the 

following principles: the tumors are located with ultrasound guidance; R1 resection is performed for 

those tumors that are located close to large blood vessels; hepatic vein resection and reconstruction 

are performed when a tumor marginally infiltrates the vein; and finally, the outflow is preserved. In 

one retrospective study comparing the outcomes of patients treated with ALPPS and e-OSH, the OS 

did not differ between patients treated with ALPPS and patients treated with e-OSH. The number of 
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patients who received R1 resection was higher in the e-OHS group, and the DFS was shorter, but the 

differences did not reach statistical significance [179]. 

Other techniques, which are similar to and sometimes considered variations of ALPPS, consist of 

either microwave or radiofrequency ablation performed along the planned transection line (RALPPS) 

instead of transection of the parenchyma [157, 158]. Some studies have indicated that RALPPS 

results in a significantly higher resection rate than PVE without an increased complication rate [180]. 
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4. Health economics 

Health economics is a subdiscipline of economics and started to emerge as a separate discipline 

during the 1960s. One of the first articles on the subject was written by Kenneth J Arrow, a professor 

of economics at Stanford University, USA. In one article, he discussed how the economics of the 

medical care industry are unique compared with other types of economics [181]. It was, however, 

recognized approximately a century earlier by Karl Marx that a relationship existed between the 

economic status of an individual and their health [182]. 

Health economics analyzes the economic aspects of health care and can also influence decisions on 

health politics. Health economics also addresses the issue of how much societal members are 

prepared to pay to achieve a certain level of health. Furthermore, health economics considers how 

the limited resources of health care systems can be allocated and used in health care [183]. 

Since the 1960s, health economics has been applied to study the effect of interventions, for 

example, pharmacological or surgical interventions, on health as well as on the cost of health care. In 

health economics, two alternative treatments for the same condition are compared in terms of 

outcome and cost. The analyses are performed systematically, and a new treatment is compared to 

an old treatment. The costs as well as the effects can be combined in the analyses and are often 

considered as an incremental cost effectiveness ratio (ICER). The difference in costs for two 

alternative treatments is divided by the difference in effect by the same treatments [184]. 

ICER = Cost treatment A- Cost treatment B / Effect treatment A- Effect treatment B 

The effect of the treatment is often expressed as either the quality of life years (QALYs) or life years 

(LYs). In both estimates, survival is included from a predefined starting point until the end of follow-

up [185]. To estimate quality of life, a questionnaire is often used, which can be disease-specific or 

generic [186]. 
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One commonly used questionnaire is the EQ-5D, which was developed during the 1980s [186]. The 

intention was to develop a tool that was not disease-specific that could be used internationally, and 

the EQ-5D has been validated and translated into Scandinavian languages. The questionnaire 

includes 5 different dimensions. These are mobility, self-care, ability to perform usual activities, 

pain/discomfort and anxiety/depression. For each dimension, there are 3 levels, ranging from no 

symptoms/problems to severe symptoms/problems. Hence, there are 243 possible health states 

[187]. 

When QALYs are used, the analysis is described as a cost utility analysis (CUA), and when LYs are 

used, the analysis is described as a cost effectiveness analysis (CEA) [188]. 

 

Health economic evaluation of patients with colorectal liver metastases 

There are relatively few previous health economy analyses of patients with CRLM undergoing 

resection. The number is even more scarce regarding patients with advanced disease undergoing 

ALPPS, and there is no comparison of the health economic outcome for patients randomized to 

ALPPS or TSH. 

For patients with CRLM and different tumor burdens in the liver undergoing resection, with methods 

ranging from wedge resection to hemihepatectomy, it was found that the HRQoL was reduced in the 

early postoperative period but improved, and after 6 months, it was almost restored to the 

preoperative level [189]. However, there was no subgroup analysis during the follow-up, and it is 

therefore not possible to conclude whether there was any difference in HRQoL for patients 

depending on the extent of the resection. Neither was it possible to conclude whether the HRQoL 

differed between patients with recurrent disease and those who remained tumor free. 

For patients with CRLM undergoing ALPPS, one previous study evaluated HRQoL. The evaluation was 

performed approximately 2 years after intervention 2, and the HRQoL at that time was comparable 

with the QoL for the general population. No difference in QoL could be found for those with 
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recurrent disease [190]. The number of patients alive at the time of the evaluation was, however, 

relatively small, and the recurrence rate was rather high, with some 79 % of the patients 

experiencing recurrence during the follow-up, which was a median of 35 months. This could indicate 

that the majority of the patients had recurrent disease at the time of the evaluation. Furthermore, 

the questionnaire was completed via telephone, and a possible bias toward a higher rating cannot 

be excluded. 

There are some data indicating that resection of CRLM is more cost effective than palliative 

treatment, including palliative chemotherapy [191, 192]. For patients treated with resection, 

adjuvant chemotherapy was however not included in the analysis In another model, resection was 

also shown to be more cost effective if postoperative follow-up and resection of eventual recurrent 

disease were included in the analysis [193]. 

Accordingly, available data indicate that resection is more cost effective than palliative treatment 

and that QoL after liver resection may return to the preoperative level. Given the limited resources 

in health care systems, the evaluation of costs and outcomes is of paramount importance. 
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5. Aims of the thesis 

The overall aim of the thesis was to study different aspects of and outcomes after surgical treatment 

for patients with advanced CRLM treated with ALPPS or TSH. 

Specific aims for studies I-IV 

I. To study whether preoperative chemotherapy had a negative impact on the volume 

increase for patients undergoing ALPPS. 

II. To study the temporal volume increase of the FLR after PVO. 

III. To study the oncological outcome for patients with CRLM randomized to ALPPS or TSH. 

IV. To study the health economic outcome for patients with CRLM randomized to ALPPS or 

TSH. 
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6. Material and methods 

Ethical permissions 

Study I was approved by the Cantonal Ethics Committee, Zurich, Switzerland, (KEK 2013-0326). 

Study II-IV was approved by the Regional Ethics Committee, Gothenburg, Sweden, (ref 098-14). 

 

Study I 

Study I was based on data from the ALPPS registry (www.alpps.net). The registry started in 2012, 

with the intent to collect data in a standardized dataset for patients undergoing ALPPS. In study 1, 

442 patients from 91 centers from 30 countries participated. All patients with CRLM who were 

registered from the start of the registry until May 13, 2016 were included. The inclusion criteria 

were CRLM, and the exclusion criteria were diagnoses other than CRLM. 

In the registry, the data were organized into the following main categories: demographics, current 

disease, comorbidity, intervention 1, intervention 2, liver function and postoperative complications 

during the hospital stay. From the registry, it was possible to obtain data on which liver segments 

were affected by the tumor and which segments were part of the FLR. It was also possible to obtain 

data regarding the surgical procedures and whether wedge resections were performed due to 

metastases in the FLR. 

To calculate the time for the volume increase in the FLR, the number of days between intervention 1 

and the last radiological examination before intervention 2 was used. The volume increase was 

calculated in three ways: as the absolute increase, expressed in milliliters; as the percentage 

increase; and as the KGR. For all methods, the clean volume of the FLR was used, which is the tumor-

free volume of the FLR. The formula for calculating the KGR was from a previously published method 
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[117]: KGR = DH/number of weeks. DH was calculated by subtracting sFLRpre from sFLRpost. The 

number of weeks was the duration from PVO to the volume evaluation. 

The study population was divided into four groups based on preoperative chemotherapy:  no 

preoperative chemotherapy; one chemotherapy regimen; more than one chemotherapy regimen; 

and chemotherapy and monoclonal antibodies. 

 

Statistical method study I 

To compare the volume increases for patients in the four different groups, analysis of variance was 

used. To evaluate the eventual effect of covariates, analysis of covariance was used. The following 

factors were covariates: age, body mass index, duration of preoperative chemotherapy, Charlson 

comorbidity index, sex and complications after intervention 1. 

 

Study population study II-IV 

The study population in studies II – IV consisted of patients included in the Scandinavian randomized 

controlled trial LIGRO (ClinicalTrials.gov, NCT02215577). Six hepatobiliary centers from Sweden, 

Norway and Denmark participated. In the LIGRO trial, patients with CRLM and low volume of the FLR 

were randomized to ALPPS or TSH. The inclusion criteria were CRLM, sFLR < 30 %, at least stable 

disease on preoperative chemotherapy and resectability with a two-stage approach. The exclusion 

criteria were liver cirrhosis, age below 18 years and severe comorbidity. Extrahepatic disease was 

not an exclusion criterion if assessed as resectable. Patients with progressive disease on 

preoperative chemotherapy at evaluation were excluded. One hundred patients were included, and 

50 patients each were randomized to ALPPS and TSH. Two patients randomized to ALPPS were 

excluded due to severe comorbidity and sFRL > 30 %. One patient randomized to TSH was excluded 

due to progressive disease. 
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For all patients randomized to ALPPS, classic ALPPS was performed, which indicates that complete 

transection of the parenchyma was performed at intervention 1. 

There was no formal criteria in the study protocol for patients randomized to TSH and for whether 

they were treated with PVE or PVL. For patients treated with PVE, the procedure was performed 

according to the practice at each center and was consistent during the study period. Thirty-five 

patients underwent PVE, and fourteen patients underwent PVL. Rescue ALPPS was accepted within 

the protocol for patients randomized to TSH and with insufficient volume increase at radiological 

evaluation. 

Volume evaluation was performed with either CT or MRI according to the discretion and clinical 

routine of each participating center. 

Patients with metastases in the FLR were treated with either ablation or wedge resection, in 

conjunction with either intervention 1 or intervention 2, at the discretion of the participating center. 

The date of diagnosis of liver metastasis was determined as the date of the first regional tumor 

board before the start of neoadjuvant chemotherapy. 

 

Follow-up study III and IV 

The follow-up time in the protocol was established as 2 years after the last intervention. Follow-up 

after this time period occurred according to clinical practice at each participating center and was 

therefore not included in the analysis in study IV. The first follow-up was approximately 4 weeks 

after the last intervention and then after approximately 4, 8, 12, 18 and 24 months. At the first 

follow-up, adjuvant/palliative chemotherapy was considered. For those patients with the primary 

tumor not resected prior to liver surgery or with EHD, resection was planned, provided that the 

patient was suitable for an additional surgical procedure. 
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At each time point, either CT or MRI was performed, and the tumor status was noted. A patient was 

assessed as tumor free (if no tumor was evident on the radiological examination), as having 

recurrence or as having residual tumor. For patients with recurrent disease, resection, ablation or 

palliative chemotherapy was considered according to tumor burden and the general condition of the 

patient. 

 

Statistical methods study I-IV 

The results are expressed as the mean ± standard deviation or as the median (range), as appropriate. 

Continuous data were compared with a t-test or analysis of variance, and categorical data were 

compared with the chi-square test. 

 

Study II 

The study population in study II consisted of patients randomized to TSH. The first radiological 

evaluation of the volume increase was performed within the first week after PVO. For those with 

insufficient volume increase, additional evaluation was performed within 2 to 4 weeks, depending 

on the volume of the FLR and the KGR at the first evaluation. The radiological evaluation was 

performed with either CT or MRI. The volume of the FLR was expressed as the sFLR. To estimate the 

volume increase, the KGR was used according to a previously published formula [117]: KGR = 

DH/number of weeks. DH was calculated by subtracting the sFLRpre from the sFLRpost. The KGR was 

calculated over the duration from PVO to last evaluation before radical hepatectomy but also over 

the intervals between PVO and radiological evaluation and between radiological evaluations. 
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Statistical method study II 

The KGR was expressed as %/week. A t-test or ANOVA was used to compare continuous data, and 

post hoc analyses were performed with Bonferroni correction. For categorical data, the chi-square 

test was used. A p-value < 0.05 was considered statistically significant. 

 

Study III 

The first patient was included in August 2014, and the last patient was included in June 2016. All 

patients had an at least two-year follow-up. The date for censoring survival was between September 

and December 2018 because the LIGRO trial was a multicenter study. 

 

Statistical method study III 

To estimate the length of follow-up, a reversed Kaplan-Meier method was used, and the starting 

point was the date of ALPPS intervention 1 or PVO. To estimate survival, the Kaplan-Meier and log-

rank tests were applied. Survival analysis was performed both according to the intention-to-treat 

(ITT) principle and per protocol (PP). In the ITT analysis, all randomized patients were included, and 

in the PP analysis, the patients who underwent liver resection were included. As the starting point in 

the survival analysis, the date of diagnosis of CRLM and the date of the first intervention were used. 

Disease-free survival was assessed from the date of the surgical procedure by which the patient was 

rendered tumor free until the date of recurrent disease. 

Subgroup survival analysis was performed for patients randomized to TSH but treated with rescue 

ALPPS and for patients in both groups that did not undergo radical hepatectomy. 

Cox regression analysis was performed in the survival analysis. In the multivariable Cox regression 

analysis, factors with p-values < 0.1 in the univariable analysis were included. 
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Study IV 

Economic evaluation 

Resource use, costs and health outcomes were compared for all patients randomized to ALPPS or 

TSH. The starting time for analysis was the date of the first intervention (ALPPS intervention 1, PVE 

or PVL) and continued for two years or until death, whichever came first. 

Cost-effectiveness analysis was performed. In this analysis, the incremental health care costs were 

related to the incremental health outcome for patients randomized to ALPPS compared to patients 

randomized to TSH. The reported incremental cost-effectiveness ratio (ICER) should be considered 

the additional cost of achieving additional health outcomes if a patient is treated with ALPPS rather 

than TSH [194]. 

The costs were reported for the entire study period but also in three intervals. Period 1 was the 

perioperative period, started with intervention 1 and ended 30 days after the last intervention. 

Period 2 continued after period 1 until 12 months, and period 3 started at 13 months and continued 

until 24 months. 

 

Resource use 

All surgical interventions for ALPPS and TSH were included, and the length of stay after the 

interventions was noted. During follow-up, resection of the primary tumor and EHD were included. 

During the follow-up, radiological examinations and chemotherapy were also included. 

In the concept of resource use, the following interventions and events were included: surgical 

interventions, hospitalization, diagnostic procedures and chemotherapy. The included surgical 

procedures were ALPPS intervention 1 and ALPPS intervention 2 for patients randomized to ALPPS. 

For patients randomized to TSH, PVE, PVL and rescue ALPPS were included procedures. For both 

groups, ablation of metastases in the FLR and radical hepatectomy were included as well as 
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postoperative complications ≥ 3a according to the Clavien-Dindo classification. The microscopic 

examination results after ALPPS and TSH were included. Surgical procedures included during follow-

up were resection of the primary tumor, resection of EHD or recurrent liver metastasis and ablation 

of recurrent liver metastasis. Regarding hospitalization, the length of stay after ALPPS/TSH, 

readmissions within 30 days and the length of stay after resection of the primary tumor, recurrent 

disease and EHD were included. Included diagnostic procedures during follow-up were CT and MRI. 

The type and number of cycles of adjuvant and palliative chemotherapy were included. 

 

Unit costs 

To obtain a health care cost for each included patient, the resource use was multiplied by the unit 

cost. Calculated and estimated costs were based on costs at Linköping University Hospital, Sweden, 

in 2018. The conversion to euros was based on the exchange rate set by the Swedish National Bank 

in October 2018 (1 euro = 10,71 SEK). It was assumed that the costs did not differ for the other 

participating countries. 

The unit cost of surgical interventions was based on the mean operating time for the respective 

procedure. Included in the cost of each surgical procedure were the preoperative preparation, 

operating time in minutes, the surgical equipment required for the respective procedure, recovery at 

the postoperative ward and the attendance of anesthesiologist, nurses and surgeons. 

 The cost of the microscopic histopathological examination was based on the number and types of 

resections. 

The unit costs of the hospitalizations were based on a fixed cost for each care event and a cost per 

day for care at the intensive care unit’s respective surgical ward. 

The unit cost of radiological examinations was based on the number and type of examinations. 
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The unit cost of chemotherapy was estimated from the cost of the respective agent and the number 

of cycles. 

 

Health outcomes 

To assess quality of life, the EQ-5D was used. The EQ-5D was administered prior to intervention 1, 

approximately 1 month after intervention 2 and then after approximately 6, 12 and 24 months. 

Missing data were imputed with the median value from corresponding patients at the same time of 

measurement: patients randomized to the same treatment and with the same tumor status. Patients 

who did not proceed to intervention 2 were not followed up with the EQ-5D. It was assumed that 

they had the same QoL as patients with recurrent disease. 

The UK EQ-5D value set was applied to obtain a single value of health [195]. QALYs were calculated 

from the area under the curve with the assumption that a linear relationship existed between two 

measurement points. The calculation started at the date of intervention 1, and it was assumed that 

the HRQoL was the same as that at inclusion. For patients dying during the study period, the last 

value was assumed to decline linearly to zero at the time of death. 

 

Statistical method study IV 

All included patients were included in the analyses, and the analyses were performed according to 

the intention-to-treat principle (ITT). The results are expressed as the mean (95 % CI). The t-test was 

used for continuous data, and the chi-square test was used for comparison of categorical data. 

Nonparametric bootstrapping was performed to display the joint distribution of the mean 

incremental costs, QALYs, and life years (LYs). 
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Results 

Study I 

During the study period, 442 patients were registered, and for 404 patients, it was stated that both 

interventions were undertaken. For ten patients (2 %), it was stated that they did not proceed to 

intervention 2, and the reason was stated for 3 patients. For two patients, it was due to 

complications, and for one patient, it was due to tumor progression. For the remaining 28 patients, 

data were lacking regarding whether they did proceed to intervention 2 or not. For a detailed 

description regarding preoperative clinical information and preoperative volumes, see table 1. 

 

 No neoadjuvant 
therapy (n=45) 

One regimen of 
chemotherapy 
(n=185) 

More than on 
regimen of 
chemotherapy 
(n=16) 

Monoclonal 
antibodies 
(n=196) 

Age (mean ± 1 SD)  62 ± 12 (n=43) 60 ± 10 (n=182) 60±10 (n=16) 58±12 (n=196) 

Sex: female/male 19/25 69/114 4/12 65/129 

BMI (mean ± 1 SD) 27 ± 4 (n=43) 26±7 (n=184) 26±6 (n=16) 26 ±4 (n=195) 

Charlson score (mean ± 1 
SD) 

6 ± 1  6 ±1 7 ±1 6 ±1 

Synchronous presentation 51 % (n=23) 65 % (n=120) 56 % (n=9) 80 % (n=157) 

Metachronous presentation 40 % (n=18) 21 % (n=38) 38 % (n=6) 15 % (n=31) 

Number of tumors 
preoperatively (mean ± 1 
SD) 

4 ± 3 (n=31) 6 ± 5 (86) 4 ± 3 (n=8) 5 ± 4 (n=115) 

Preoperative volume of the 
FLR 

 
 

sFRL (mean ± 1 SD) 21 % ±7 (n=35) 
 

25 %±9 (n=150) 21 %±7 (n=15) 23 % ±8 (n=155) 

clean FLR/TLV (mean ± 1 
SD) 
 

26 % ±6 (n=31) 26 % ±8 (n=113) 27 % ±11 (n=11) 27 % ±9 (n=111) 

clean volume FLR in ml 
(mean ± 1 SD) 

331 ±110 (n=36) 384 ±152 (n=153) 342 ml ±141(n=15) 362 ±135 (n=161) 

Duration of neoadjuvant 
therapy in months (mean, 
95 % CI) 

 5 (4-6) (n=113) 8 (6-10) (n=13) 6 (5-7) (n=172) 

Table 1. Clinical and preoperative volumes (study 1). sFRL: standardized future liver remnant, FLR: 

future liver remnant, TLV: total liver volume, SD: standard deviation, CI: confidence interval 
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Forty-five (10 %) of the included patients were not treated with preoperative chemotherapy. Of the 

patients with oncological treatment, 185 (42 %) received 1 regimen, 16 (4 %) received more than 1 

regimen, and 196 (44 %) received monoclonal antibodies in addition to chemotherapy. In all three 

groups treated with preoperative chemotherapy, oxaliplatin-based regimens were the most 

frequent chemotherapy. In the group treated with monoclonal antibodies, bevacizumab was the 

most frequent monoclonal antibody. For a detailed description of the preoperative oncological 

treatment, see table 2. 
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Table with 
neoadjuvant 
chemotherapy  

Name of the 
regimen 

First regimen Second regimen Third regimen Fourth and fifth 
regimens 

One chemotherapy 
regimen (n=188) 

     

 FOLFOX 48 % (n= 90)    

 FOLFIRI 11 % (n=21)    

 XELOX (7 % n=13)    

 Other*  10 % (n=19)    

 Regimen not 
specified 

24 % (n=45)    

More than one 
chemotherapy 
regimen (n=16) 

      

 FOLFOX 
 

44 % (n=7) 
 

6 % (n=1)   

 FOLFIRI  
 

13 % (n=2) 25 % (n=4) 6 % (n=1) 
 

 

 XELOX 13 % (n=2) 
 

6 % (n=1)   

 Other 31 % (n=5) 63 % (n=10) 13 % (n=2)  

Chemotherapy and 
antibodies (n=196) 

     

 FOLFOX and 
bevacizumab 

33 % (n=64) 2 % (n=4)   

 FOLFOX and 
cetuximab 

12 % (n=23) 1 % (n=2)  5th regimen 0.5 
% n=1 

 FOLFOX and 
panitumumab 

7 % (n=13)    

 FOLFIRI and 
bevacizumab 

19 % (n=38) 6 % (n=12) 1.5 % (n=3)  

 FOLFIRI and 
cetuximab 

 11 % (n=22) 2 % (n=4)  4th regimen 1.5 
% n=3 

 FOLFIRI and 
panitumumab 

0.5 % (n=1)  1 % (n=2) 0.5 % (n=1)  

 XELOX and 
bevacizumab 

4 % (n=8)    

 XELOX and 
cetuximab 

 1 % (n=2)    

 Xeloda and 
bevacizumab 

 1 % (n=2)    

 Xeloda and 
cetuximab 

 1 % (n=2)    

 Other*  11 % (n=21) 
 

10 % (n=19) 
 
 

7 % (n=13) 
 
 

1 % (n=2) 

Table 2. Description of preoperative chemotherapy and number of patients receiving the respective 
agent. FOLFOX: fluorouracil, oxaliplatin and folinic acid; FOLFIRI: fluorouracil, irinotecan and folinic 
acid; XELOX: capecitabine and oxaliplatin 

 

For the entire cohort, the mean interval between intervention 1 and intervention 2 was 11 days, and 

during this interval, FLR increased 263 ± 139 ml (82 ± 24 %), and the KGR was 15 ± 10 %/week. 

The volume increase, expressed as ml, was highest for patients treated with 1 regimen of 

chemotherapy and was 306 ml, compared to 301 ml for patients not treated with chemotherapy and 
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287 ml for the group treated with monoclonal antibodies. The volume increase was lowest for the 

group treated with more than 1 regimen and was 241 ml (Figure 1). 

 

 

Figure 1. Volume increase of the FLR expressed as a percent. The FLR increased 91 % (95 CI 66-115) 

for the group not treated with chemotherapy, 92 % (95 CI 73-112) for the group treated with one 

regimen of chemotherapy, 74 % for the group treated with more than one regimen of chemotherapy 

(95 CI 41-107) and 84 % (95 CI 68-100) for the group treated with monoclonal antibodies (Study 1). 

 

The percentage increase was highest in the group treated with 1 regimen and was 92 %, and the 

lowest increase, expressed as a percent, was seen in the group treated with more than 1 regimen 

and was 74 %. For patients treated with the addition of monoclonal antibodies, the percentage 

increase was 84 %, and in the group with no chemotherapy, it was 91 % (Figure 2). 
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Figure 2. Volume increase in the FLR expressed in milliliters (ml). The FLR increased 301 ml (95 CI 

238-364) for the group not treated with chemotherapy, 306 ml (95 CI 255-356) for the group treated 

with one regimen of chemotherapy, 241 ml (95 CI 150-331) for the group treated with more than 

one regimen of chemotherapy and 287 (95 CI 244-330) in the group treated with monoclonal 

antibodies (Study 1). 

 

The volume increase expressed as the KGR was 18 in the group treated with 1 regimen and lowest in 

the group treated with more than 1 regimen, with a KGR of 14. The KGR was 16 in the group treated 

with no preoperative chemotherapy and in the group treated with monoclonal antibodies (Figure 3). 
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Figure 3. Volume increase in the FLR expressed as the KGR. The KGR was 16 (95 CI 12-20) for the 

group not treated with chemotherapy, 18 (95 CI 15-22) for the group treated with one regimen of 

chemotherapy, 14 (95 CI 8-20) for the group treated with more than one regimen of chemotherapy 

and 16 (95 CI 13-19) in the group treated with monoclonal antibodies (Study 1). 

 

Neither of the techniques to estimate the volume increase showed any significant difference.  

 When the volume increase was estimated as a percent or expressed as the KGR, there was no 

significant difference for irinotecan- or oxaliplatin-based chemotherapy. Patients treated with 

irinotecan-based chemotherapy had a significantly larger volume increase than those treated with 

oxaliplatin-based chemotherapy, as expressed in ml. 

In the group treated with monoclonal antibodies in addition to chemotherapy, no difference was 

demonstrated, regardless of whether the volume increase was estimated as a percent, in ml or 

expressed as the KGR. 
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Study 2 

Forty-eight patients were analyzed in the study due to the exclusion of two patients. One was 

excluded due to too advanced disease at inclusion, and one was excluded due to missing data. 

Thirty-four patients (71 %) underwent PVE, and 14 (29 %) patients underwent PVL, and they were 

analyzed together. The clinical data and preoperative variables are presented in table 3. 

Number of patients 48 

Male/female 36/12 

Age (mean, ± 1 SD) 65 ± 12 

BMI (mean, ± 1 SD) 26 ± 4 

ASA (median, range) 2 (1-3) 

ECOG (median, range) 0 (0-1) 

Cortisone treatment 1 (2 %) 

Diabetes mellitus 6 (13 %) 

Primary tumor resected/not resected 30/18 

Chemotherapy cycles (mean, ± 1 SD) 7 ± 4 

Response to chemotherapy/stable disease 37/9* 

Time (days) between last dose of 
chemotherapy and first intervention (median, 
range) 

35 (7-412) 

Liver metastases at time of surgery (median, 
range) 

8 (1-23) 

Size (mm) of the largest liver metastasis 
(mean, ± 1 SD) 

48 ± 38 

Metastases in the FLR 30 (63 %) 

Extra hepatic disease 7 (15 %) 

Local lymph node enlargement 2 (4 %) 

Complications after PVO 8 (17 %)** 

Table 3. Clinical variables and preoperative data (study 2). *One patient did not receive 

chemotherapy, and for one patient, the response to the given chemotherapy was difficult to 

evaluate. ** Data were lacking for one patient. Complications were grade 1 or 2 according to the 

Clavien-Dindo classification. 

 

For the entire study population, the preoperative sFRL was 21 % (± 5). The KGR during the time until 

either radical hepatectomy or exclusion, which in median was 4 weeks, was 2.8 (±2). During the first 

week after PVO, the KGR was 5.4 (± 4), compared to a KGR of 1.5 (±2) between the first and second 

volume evaluations (p< 0.05). Thirty patients (63 %) underwent the first volume evaluation within 1 

week after PVO, and 13 (27 %) patients underwent the first volume evaluation between 8 and 15 
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days after PVO. The second volume evaluation was performed for 23 patients (48 %) within 3 weeks 

after the first, and 11 (23 %) underwent the second volume evaluation after more than 3 weeks 

(Figure 4). 

 

 

Figure 4. Temporal course of the increase in the FLR, with intervals of one to seven days between 

stage 1/PVE and the first CT and one to twenty-one or twenty-two days or more between the first 

and second CT. The KGR was 5.4 (±4), 3.8 (± 2), 1.8 (±2) and 0.9 (±1), respectively. The differences 

between the KGR for the interval of one to seven days and those for the intervals of one to twenty-

one days and twenty-two days or more between the first and second CT evaluations were 

statistically significant at p<0.005 (Study 2). 

 

The KGR values in patients proceeding to radical hepatectomy and in those with insufficient volume 

increase were 3.4 (±2) and 1.5 (±1), respectively (p=0.015). During the first week after PVO, the KGR 

for the patients who did proceed to radical hepatectomy was 7 (± 4), compared to 4.3 (±2) for those 

who failed to reach sufficient volume. However, the difference did not reach statistical significance 
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(p=0.4). During the intervals between the first and second volume evaluations, the KGR was 2.2 (± 2) 

and 0.1 (± 0.9), respectively, p=0.017. 

Of the patients who did proceed to radical hepatectomy, 29 % reached a sufficient volume of the FLR 

within the first week. Additionally, 18 % reached a sufficient volume within 15 days, and 7 % reached 

a sufficient volume within one month from PVO. 

Those patients who reached a sufficient volume of the FLR to proceed to radical hepatectomy had a 

larger prePVO volume of the FLR than those who failed to reach sufficient volume. The sFRL was 23 

% ± 4 compared to 17 % ± 5, but the difference did not reach statistical significance. When analyzing 

factors that could potentially affect the volume increase, no significant differences could be found, 

such as differences in prePVO bilirubin levels or BMI. There was no difference in the number of 

cycles of preoperative chemotherapy. 

Radical hepatectomy was performed after 6 (4-14) weeks, and the resection rate was 56 %. 
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Study 3 

In the study, 48 patients randomized to ALPPS were included, and 49 were randomized to TSH. 

Regarding baseline characteristics and preoperative data, there was no significant difference 

between the groups, and the data are presented in table 4. There were no differences in 

postoperative complications, including 90-day mortality. Four and 3 patients died within 90 days of 

intervention 2 with ALPPS or TSH, respectively. 
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Table 4. Preoperative clinical data 

 ALPPS (n = 48) TSH (n = 49) p-value 

Age (years) at the diagnosis of 
CRLM 

64 ± 9 63 ± 12 0.68 

Sex (male/female) 32/16 36/13 0.46 

ASA 1/2/3 12/32/4 12/28/9 0.34 

ECOG 0/1/2 28/17/3 30/19/0 0.20 

Synchronous/metachronous 38/10 44/5 0.148 

Primary tumor rectum/right 
colon/left colon 

16/11/16 14/10/18 0.729 

Number of liver metastases 8 ± 4 8 ± 5 0.48 

Size of the largest liver 
metastasis (mm) 

56 ± 42 49 ± 39 0.405 

Number of patients with 
metastases in the FLR on 
preoperative CT/MRI 

29 (60 %) 30 (63 %) 0.84 

Number of metastases in the 
FLR 

2 ± 1 3 ± 2 0.36 

Primary tumor resected at 
inclusion (yes/no) 

29/19 31/18 0.77 

CEA level (ng/ml), before 
preoperative chemotherapy 

81 ± 156 190 ± 540 0.226 

EHD   11* 7 0.59  

Number of cycles of 
preoperative chemotherapy 

6 ± 4 7 ± 4 0.20 

Response to chemotherapy 
(stable disease/regression) 

9/38 10/38 0.80 

FOLFIRI 10 8  

5-FU 1 2  

FOLFOX 19 20  

XELOX 1 2  

FOLFOX + ab 3 4  

XELOX + ab 3 3  

FOLFIRI + ab 10 8  

Xeloda + ab 0 1  

Table 4. Clinical and preoperative data (study 3 and study 4). *Including two patients who had lung 

metastases resected prior to inclusion in the trial. ab=monoclonal antibody. 

 

 

Follow-up for all included patients after intervention 1 was 38 months (95 % CI 34-42). At the end of 

follow-up, 27 patients (56 %) randomized to ALPPS were alive, compared to 16 (33 %) of those 

randomized to TSH (p=0.025). Patients who died during follow-up all had either recurrent or residual 

tumors. 
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Analyses of all included patients, according to the intention-to-treat principle (ITT), revealed that the 

resection rate for patients randomized to ALPPS was 92 %, compared to 80 % for patients 

randomized to TSH (p=0.091). Significantly more patients randomized to ALPPS than to TSH were 

assessed as tumor free in the liver at the first postoperative time point: 37 (77 %) and 28 (57 %), 

respectively (p=0.028). The median survival values were 46 and 26 months, respectively (p=0.028). 

Subgroup analysis of the patients randomized to TSH and who received resection with TSH and of 

those randomized to TSH but treated with rescue ALPPS revealed that 27 patients received resection 

with TSH, and 12 received rescue ALPPS. The survival values were 35 months and 27 months, 

respectively (p=0.076). 

For patients not proceeding to intervention 2, no difference in survival could be found with regard to 

group allocation. The median survival for nonresected patients was 13 months (2-24). See figure 5 

for the estimated median survival values for patients who received resection with ALPPS, TSH, or 

rescue ALPPS and for those who did not undergo resection in both groups. 
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Figure 5. Estimated median survival for patients who received resection with ALPPS, TSH, or rescue 

ALPPS and for those who did not receive resection in both groups. The survival values were 46 and 

32 months for patients who received resection with ALPPS or TSH, respectively, 27 months for those 

treated with rescue ALPPS, and 13 months for those who did not receive resection (95 % CI 36-54, 

29-41, and 14-39 respectively 2-24) (Study 3). 

 

The disease-free survival (DFS) for patients allocated to ALPPS was 11 (95 % CI 9-12) months, and the 

DFS for patients randomized to TSH was 8 (95 % CI 4-13) months (p=0.43). The most common site for 

recurrent disease was in the liver for patients randomized to ALPPS and in multiple sites for patients 

randomized to TSH (p=0.224). The median time to recurrence for patients assessed as tumor free, 
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either after radical hepatectomy or after resection of the primary tumor, was 18 months in both 

groups (p=0.89). 

Regarding postoperative chemotherapy, 19 (40 %) patients randomized to ALPPS and 24 (49 %) 

patients randomized to TSH received postoperative oncological therapy. The most common agent in 

both groups was a fluorouracil-based treatment, which 18 (38 respective 37 %) patients in both 

groups received (p=0.209). For those patients who completed both interventions, fluorouracil-based 

treatment was also the most common agent, administered to 16 (33 %) and 19 (39 %) patients, 

respectively. 

 

Univariable and Multivariable Survival Analyses 

Univariable analysis was performed, and the following factors had a significant impact on outcome. 

Allocation to ALPPS was associated with improved outcome, as was resection of liver metastases, 

lower age, small size of the largest metastasis, absence of postoperative complications ≥ 3a 

according to the Clavien-Dindo classification and being assessed as tumor free in the liver at the first 

postoperative time point. 

On multivariable analysis, the following factors remained significantly associated with improved 

outcome, allocation to ALPPS, resection of liver metastases, small size of the largest liver metastasis 

and absence of postoperative complications ≥ 3a. A lower ASA classification was also significantly 

associated with improved outcome in the multivariable analysis (table 5). 
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Table 5. Cox regression analysis of factors with an impact on survival according to ITT 

 Univariable analysis Multivariable analysis* 

Covariate Coefficient  HR  95 % CI p-
value 

Coefficient HR 95 % 
CI 

p-
value 

Allocated 
treatment 
(ALPPS/TSH) 

-0.656 0.519 0.3-
0.91 

0.022 -0.908 0.403 0.18-
0.9 

0.026 

Response to 
chemotherapy 
(regression/stable) 

-0.32 0.72 0.38-
1.4 

0.335     

Number of cycles 
of preoperative 
chemotherapy 

-0.004 1 0.92-
1.1 

0.915     

No EHD -0.375 0.69 0.36-
1.31 

0.257     

Liver metastases 
not resected 

1.29 3.64 1.82-
7.29 

<0.001 1.782 5.94 1.63-
21.64 

0.007 

Age (decades) at 
diagnosis of liver 
metastases 

0.329 1.39 1.02-
1.9 

0.035     

ASA 0.41 1.51 0.96-
2.39 

0.078 1.121 3.1 1.4-
6.8 

0.006 

ECOG 0.209 1.23 0.79-
1.93 

0.36     

Size (cm) of the 
largest liver 
metastases 

0.12 1.13 1.1-1.2 <0.001 0.179 1.2 1.1-
1.3 

<0.001 

Number of liver 
metastases 

0.037 1.04 0.99-
1.09 

0.152     

Time (weeks) 
between 
intervention 1 and 
intervention 2 

-0.021 0.979 0.93-
1.04 

0.474     

Postoperative 
complications ≥ 
3a** 

1.26 3.54 1.65-
7.59 

0.001 1.244 3.47 0.12-
0.69 

0.005 

Tumor free in the 
liver at first 
postoperative 
follow-up 

-1.12 0.30 0.16-
0.56 

<0.001     

Table 5. Univariable and multivariable Cox regression analyses (study 3). *Only variables with p≤0.05 
are reported **Highest grade of complication after intervention 1 or intervention 2 

 

 

 



76 
 

Study 4 

In the analysis, 48 patients randomized to ALPPS were included, and 49 were randomized to TSH. No 

significant difference was found regarding clinical and preoperative data (table 4). 

 

Summary of costs and resource use during the entire study period 

During the entire study period, the mean cost for patients randomized to ALPPS was 77,530 EUR (95 

% 58,602-96,459) compared to 64,868 EUR (95 % CI 50,654-79,082) for those randomized to TSH 

(p=0.283). See table 6 for costs during periods 1-3. 
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Table 6. Included costs (study 4). All costs are expressed as the mean (95 % CI) and in euros. * 

Including one patient resected in violation of the protocol. ** Including 12 patients who crossed over 

to rescue ALPPS and one patient who had carcinomatosis discovered during explorative laparotomy. 

***Including the costs for the surgical procedures, care at the recovery ward, and care at the 

surgical ward and the cost for the microscopic histopathological examination. ¶Number of patients 

alive at approximately 4 weeks after discharge after the last intervention, including patients not 

proceeding to intervention 2 ¶¶Excluding the costs for intervention 1 and intervention 2 and the first 

30 days after discharge from intervention 2 ¶¶¶Number of patients alive at the start of periods 2 and 

3, respectively. 

 ALPPS TSH Mean difference P-value 

Period 1     

Intervention 1, number of patients 48 49   

Cost, surgical procedure and care at 
the recovery ward 

7,714 (7,501-7,926) 7,566 (6906-8226) 148 0.671 

Total cost of intervention 1 11,685 (11,305-12,064) 12,269 (10,981-13,557) -584 0.388 

Intervention 2, number of patients  45* 40**   

Cost, surgical procedure and care at 
the recovery ward 

7,114 (6,830-7,397) 9,882 (8,799-10,966) -2,769 <0.001 

Total cost of intervention 2 17,973 (16,015-19,930) 22,367 (17,266-27,467) -4,394 0.096 

Total cost of interventions 1 and 
2*** 

29,017 (26,729-31,305) 31,388 (26,238-36,538) -2,371 0.403 

Postoperative complications 3a-3b, 
number of patients 

16 15   

Cost, postoperative complications 1,480 (653-2,307) 797 (220-1,373) 684 0.163 

Care at the intensive care unit, 
number of patients 

5 5   

Cost, intensive care unit 18,207 18,207 0  

Readmitted, number of patients 10 12   

Cost, readmitted 9,388 (3,554-15,223) 5,835 (4,182-7,487) 3554 0.168 

Total cost of period 1 54,311 (36,224-72,398) 50,222 (38,510-61,935) 4089 0.702 

Period 2      

Number of patients¶ 47 48   

Resection of primary tumor (13/10) 8,202 (7,776-8,629) 8,527 (8,057-8,997) -325 0.273 

Resection EHD (8/9) 9,715 (8,357-11,073) 9,701 (6,601-12,796) 14 0.993 

Diagnostic procedure (42/38) 1,806 (1,653-1,959) 1,405 (1,214-1,596) 401 0.001 

Chemotherapy (28/27) 18,431 (9,811-27,051) 10,922 (4,269-17,575) 7,509 0.165 

Total cost of period 2¶¶ 18,053 (11,950-24,156)  12,114 (7,247-16,980) 5,940 0.128 

Period 3     

Number of patients¶¶¶ 40 36  0.325 

Resection EHD (4/4) 7,284 (4,080-10,489) 10,287 (3,110-17,463) -3,002 0.270 

Diagnostic procedure (32/27) 982 (817-1,146) 1,201 (1,021-1,382) -220 0.071 

Chemotherapy (10/5) 27,768 (13,679-41,857) 24,637 (585-48,690) 3,131  0.775 

Total cost of period 3 10,249 (4,284-16,215) 7,028 (4,886-12,655) 3,222 0.413 

Total cost of periods 1-3 77,530 (58,602-96,459) 64,868 (50,654-79,082) 12,662 0.283 

Number of patients alive at the end 
of period 3 

35 23  0.021 
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Cost and resource use for period one 

All included patients underwent intervention 1, which consisted of ALPPS intervention 1 for patients 

randomized to ALPPS and PVE or PVL for patients randomized to TSH. The mean cost of intervention 

1 did not differ between the groups. The mean cost for the subgroup of patients treated with PVE 

was higher than that for the patients treated with ALPPS intervention 1. In addition, some patients 

treated with PVE had metastases in the FLR resected, which further increased the cost. If the costs of 

length of stay and radiological exams before intervention 2 were included, there was no significant 

difference in costs (p=0.388). 

Forty-four patients randomized to ALPPS underwent intervention 2, and one patient underwent 

intervention 2 in violation of the protocol but was included in the cost analysis. Forty patients 

randomized to TSH underwent intervention 2, including 12 patients treated with rescue ALPPS and 1 

patient who only underwent exploratory laparotomy due to the finding of carcinomatosis, and 

hence, no resection was performed. The cost for the surgical procedures of intervention 2 was 

significantly higher for patients randomized to TSH than for patients randomized to ALPPS (p<0.001). 

The total cost of intervention 2, including length of stay, was still higher for patients randomized to 

TSH than for those randomized to ALPPS, but the difference did not reach statistical significance 

(p=0.096). 

The total cost of intervention 1 and intervention 2 did not differ between patients randomized to 

ALPPS or TSH (p=0.403). 

 

Cost and resource use during period two 

Forty-seven patients randomized to ALPPS and 48 patients randomized to TSH were alive at the 

beginning of period 2. 
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Nineteen (40 %) of the patients randomized to ALPPS and 18 (37 %) of the patients randomized to 

TSH had the primary tumor still in situ at the beginning of period 2. During this time period, 13 (27 

%) and 10 (20 %) had the primary tumor resected. 

During period 2, 28 (58 %) patients randomized to ALPPS and 27 (56 %) randomized to TSH were 

treated with chemotherapy, and the difference in costs for chemotherapy did not differ. 

Eight patients randomized to ALPPS were treated for recurrent disease with either resection or 

ablation, compared to 2 patients randomized to TSH, with no significant difference in associated 

costs (p=0.218). 

During period 2, there was no significant difference in cost and resource use between patients 

randomized to ALPPS compared to TSH (p=0.128). 

 

Cost and resource use during period three 

Forty patients randomized to ALPPS and 36 (73 %) patients randomized to TSH were alive at the 

beginning of period 3 (p=0.325). Of those, 9 patients and 23 patients (25 %) were assessed as tumor 

free in the ALPPS and TSH groups, respectively, p=0.665. 

No patient had the primary tumor resected after period 2. Four (13 %) patients randomized to ALPPS 

had recurrent tumor in the liver and underwent resection or ablation, compared to 4 (15 %) patients 

randomized to TSH (p=0.80). Ten (25 %) and 5 (14 %) patients, respectively, received chemotherapy 

during period 3 (p=0.775). 

During period 3, the costs for patients randomized to ALPPS were higher than the costs for patients 

randomized to TSH, but the difference did not reach statistical significance (p=0.413). 
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Health outcomes 

The response rate was highest in both groups before intervention 1 and was for patients randomized 

to ALPPS 85 % and 90 % for patients randomized to TSH. The response rate declined during the study 

period and was lowest at 24 months. 

There was no significant difference in mean quality-adjusted survival, estimated with the EQ-5D, for 

patients randomized to ALPPS or TSH (1.25 (95 % CI 1.08-1.42) and 1.11 (95 % CI 0.94-1.27), 

respectively, p=0.234). There was no difference in life years for patients randomized to ALPPS and 

TSH (1.68 (95 % CI 1.5-1.87) and 1.55 (95 % CI 1.37-1.73), respectively, p=0.314). 

 

Cost effectiveness 

The mean cost difference between ALPPS and TSH was 12,662 EUR (95 % CI -10,728-36,051). The 

mean difference in QALYs was 0.1285 (95% CI -0.11-0.36; p=0.28), and the mean difference in LYs 

was 0.1296 (95% CI -0.12-0.38, p=0.314). The ICER was therefore 93,186 for QALYs and 92,414 for 

LYs. 

The cost effectiveness analysis revealed that the mean cost difference between ALPPS and TSH was 

12,662€ (95% CI -10,728-36,051, p=0.283). The mean difference in life years was 0.1296 (95% CI -

0.12-0.38, p=0.314), and the mean difference in QALYs was 0.1285 (95% CI -0.11-0.36, p=0.28). 

Accordingly, the ICER for life years was 92,414, and the ICER for QALYs was 93,186. 

The joint distributions of costs and outcomes, expressed as QALYs and LYs, are shown in figures 6 

and 7. 
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Figure 6. Incremental cost and QALYs for ALPPS compared to TSH. Result from the probabilistic 

analysis on a cost-effectiveness plane. Incremental cost and effect, expressed as QALYs, are 

calculated as ALPPS minus TSH. 
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Figure 7. Incremental cost and life years for ALPPS compared to TSH. Result from the probabilistic 

analysis on a cost-effectiveness plane. Incremental cost and effect, expressed as life years, are 

calculated as ALPPS minus TSH. 
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8. Discussion 

The focus of this thesis was to study different aspects of ALPPS and PVO in patients with advanced 

CRLM. Those patients receiving such treatments represent a rather small proportion of patients with 

CRLM undergoing resection. Due to the rapid development of surgical techniques and oncological 

treatment, the number of such patients might increase. It is therefore important to study the 

different aspects of the treatments as well as the outcomes, including outcomes related to survival 

but also related to health-related quality of life and the health economic outcomes. 

Study 1 is so far the largest study conducted on patients undergoing ALPPS and treated with 

preoperative chemotherapy; no negative impact on the volume increase of the FLR could be found. 

Patients who are considered for ALPPS have advanced disease. They are often assessed as borderline 

resectable or even unresectable without conversion chemotherapy. For this category of patients 

with advanced CRLM, the resection rate increases if chemotherapy is administered preoperatively 

[50]. The outcome, in terms of progression-free survival (PFS) and overall survival (OS), is also 

improved [44]. Furthermore, preoperative chemotherapy may provide some indication of tumor 

biology. Patients with progressive disease on the first line of chemotherapy may have a more 

aggressive disease and may therefore not benefit from undergoing the ALPPS procedure. This has 

previously been shown to be a risk factor for not proceeding to the second interventions for patients 

undergoing TSH [17] and is most likely also applicable for patients who are considered for ALPPS. 

One previous concern has been that preoperative chemotherapy may negatively affect the volume 

increase. The subject has previously not been well studied for patients undergoing ALPPS. In one 

study performed on patients with other diagnoses as well as CRLM, it was found that the volume 

increase was lower for those treated with chemotherapy [196]. However, the volume increase was 

sufficient to proceed to intervention 2. 
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The effect on volume increase for patients undergoing TSH is more extensively studied. The results 

have also been conflicting in this setting, and some studies have shown an impaired volume 

increase, especially with longer preoperative chemotherapy [197, 198]. Other studies could not find 

a difference in volume increase [68, 69]. The results have also been conflicting for patients treated 

with monoclonal antibodies in addition to chemotherapy. Some studies found a decreased volume 

increase [66], and other studies, in contrast, found no negative impact on the volume increase [199]. 

The exact cellular and molecular mechanism through which chemotherapy and monoclonal 

antibodies impair the volume increase is not fully understood. Most studies regarding 

chemotherapy-associated liver injury (CALI) are based on animal models. 

Whether steatohepatitis caused by irinotecan impairs volume increases is not fully known, neither if 

the mechanism would be the same as other causes of steatohepatitis 

The regeneration process is complex, and there are therefore many mechanisms that could be 

affected. One could speculate that the steatohepatitis caused by irinotecan could potentially affect 

the expression of inflammatory cytokines, such as TNF-α and IL-6, which participate in liver 

regeneration by regulating the expression of transcription factors [95, 96]. Oxaliplatin, another 

commonly used chemotherapy agent for patients with advanced CRLM, may affect the cell cycle by 

inducing signal pathways that force the cell into the senescent phase, in which the cell does not 

regenerate [200]. 

Although some data indicate that preoperative chemotherapy may impair the regeneration process, 

we could not find any clinical impact on the volume increase in the FRL. There was no significant 

difference in volume increase between the groups. Furthermore, none of the patients who did not 

proceed to intervention 2 were unable to because of an insufficient volume increase. Most likely, the 

regeneration stimulus induced by ALPPS is so large that eventual impairment is not detectable in the 

clinical setting. This is partly supported by data indicating that the regeneration response in ALPPS is 

earlier and more pronounced than that in TSH [97-99]. 
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There were some limitations to this study. First, it did not explore whether there was any difference 

in liver function between the groups. Some previous studies indicated that the volume increase 

preceded the increase in function for patients undergoing ALPPS [170]. However, there were no data 

that suggested that liver function differed between the groups. 

Another limitation is that the proportion of patients who did not receive preoperative chemotherapy 

was only 10 % of the cohort, which may weaken the statistical analyses. 

Finally, there may be a bias in the data in the registry, given that the registry is voluntary and not 

validated. 

However, even with these objectives and limitations, our conclusion is that chemotherapy does not 

negatively affect the volume increase for patients undergoing ALPPS and that it should be 

considered for all patients undergoing ALPPS. 

 

In study 2, it was found that the volume increase after PVO was largest in the first week, which has 

not previously been shown. Furthermore, it was shown that patients with a very low volume of the 

FLR did not reach a sufficient volume to proceed to radical hepatectomy. Finally, patients with a low 

KGR at the first week were at risk to not gain sufficient volume of the FLR. 

The gradual decline in volume increase was evident in both the group that did proceed to radical 

hepatectomy and the group that failed to achieve sufficient volume. However, it was more 

pronounced in the group that did not proceed to radical hepatectomy; during the first week, the 

KGR was 1.5, but during the interval between the first and second volume evaluations, it declined to 

0.1. The fact that patients with a low KGR are at high risk of failing to achieve sufficient volume of 

the FLR has previously been shown by Vauthey et al [117], but their study included a longer interval 

between PVE and radiological evaluation of approximately 1 month. If the first evaluation is 

performed approximately one week after PVE, it is likely to identify those that will reach sufficient 



86 
 

volume and may shortly thereafter proceed to radical hepatectomy, as well as those that are at high 

risk to fail to reach sufficient volume, even with longer waiting time. 

In this study, it was also found that patients with a presFLR ≤ 17 did not reach sufficient volume after 

PVO. One strategy for such patients may be to consistently also embolize segment 4. In a previous 

study comparing patients undergoing right PVE and right + segment 4 PVE [201], it was found that 

the prePVE volume was significantly lower in the latter group, but the postPVE volume did not differ 

between the two groups, nor did the resection rate. These findings indicate that with the inclusion 

of segment 4 branches, the hypertrophy stimulus is more pronounced. Furthermore, no difference 

in the complication rate could be found, suggesting that the procedure is safe. 

One limitation of this study is that liver function was not analyzed. It is therefore not possible to 

conclude whether there was an underlying difference in liver function that could explain the 

difference in volume increase. Some data indicate that for patients treated with PVE, liver function 

increases before the volume increase [138]. It is, however, unlikely that the patients who failed to 

reach sufficient volume would have had sufficient function to proceed to radical hepatectomy 

without a significant risk of PHLF given that the volume at the last evaluation was only 21 %. 

Study 3 was a preplanned study based on data from the first randomized controlled study in which 

patients with CRLM were randomized to ALPPS or TSH. It was found that patients randomized to 

ALPPS had a significantly longer survival than patients randomized to TSH: 46 compared to 26 

months, respectively. 

In the comparison of the patients from the ALPPS and TSH groups that completed the treatments, 

there was no significant difference, although the survival for patients randomized to ALPPS was still 

longer and was 46 months, compared to 32 months for patients randomized to TSH.  
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The resection rate was higher for patients randomized to ALPPS than for those randomized to TSH, 

which may be a contributing factor to the improved outcome. That the resection of liver metastases 

was an important factor in determining the outcome was supported by the regression analysis. 

The survival of patients treated with rescue ALPPS was lower than that of patients resected in both 

the ALPPS group and the TSH group. This may, at least partly, be explained by the long interval from 

the first intervention until ALPPS intervention 2. The study was not designed to analyze factors that 

may affect the outcome. One possible explanation may be the longer interval between preoperative 

and postoperative chemotherapy, since a shorter chemotherapy-free interval may improve the 

outcome, as previously shown [202]. However, in line with our previous results, one factor that may 

improve the outcome for this group of patients is an early decision to proceed to rescue ALPPS for 

those patients treated with PVO and who have an insufficient volume increase of the FLR and a low 

KGR at the first radiological evaluation. 

It has been argued that ALPPS as a surgical procedure should not be applied due to the high rate of 

postoperative complications [203]. In the LIGRO trial [178], there was no difference in postoperative 

morbidity and mortality for patients randomized to ALPPS or TSH, and the overall complication rates 

were comparable with those in previous results [174]. Another argument against the ALPPS 

procedure has been that its outcome is comparable with the outcome if this category of patients 

was treated with palliative chemotherapy [177]. However, the survival for the included patients in 

the LIGRO trial study was longer. 

One relatively new technique is LVD (liver venous deprivation). It was initially described as a 

sequential technique in which PVE was performed first, and after 1-2 weeks, LVD was performed 

[204]. During the procedure, both the portal and hepatic vein to the lobe to be resected are 

embolized. The technique has since evolved to be performed as one procedure, with a resection rate 

from 86 to 100 % and a low frequency of postoperative complications [205-207]. Whether LVD can 

replace ALPPS remains to be seen, and further studies are warranted. 
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An argument for treating patients with advanced CRLM with resection instead of palliative 

chemotherapy can be made from a health economic perspective. In a previous health economic 

analysis of patients with CRLM, patients who underwent resection had a higher quality of life than 

those treated with palliative chemotherapy [189]. Furthermore, resection was superior to palliative 

chemotherapy in terms of resource use [191, 192]. However, the study populations in those studies 

included patients undergoing smaller resections, including wedge resections and segmentectomies, 

and it is therefore not possible to conclude that this result also applies to patients undergoing ALPPS 

and TSH. 

In the health economic analysis, no significant differences could be found between patients 

randomized to ALPPS and TSH in terms of QoL, costs or resource use. However, there was a 

tendency toward a higher cost for patients randomized to ALPPS than for those randomized to TSH, 

including costs during follow-up. This may reflect that a larger proportion of patients randomized to 

ALPPS than randomized to TSH were treated with chemotherapy. To draw a conclusion regarding 

cost effectiveness, further studies beyond 2 years are needed. However, given the improved 

survival, and at least not inferior cost effectiveness, ALPPS is still a method to consider for patients 

with advanced CRLM and a low volume of the FLR, although less invasive methods should be 

explored. 
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9. Conclusion 

In conclusion, the main results from this thesis are that for patients undergoing ALPPS, preoperative 

chemotherapy does not negatively impact the volume increase of the FLR and should therefore be 

considered if indicated. Furthermore, for patients undergoing TSH, it is important to perform the 

first radiological volume evaluation early to detect those at risk for insufficient volume increase and 

therefore not delay the eventual need for another technique to increase the volume of the FLR. For 

this group of patients, resection of liver metastases results in improved survival, and the resection 

rate was higher for patients randomized to ALPPS than for those randomized to TSH. Finally, no 

significant difference from a health economic perspective could be found between patients 

randomized to ALPPS or TSH, and neither technique could, based on these results, be determined to 

be inferior. 
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10. Future perspectives 

Due to advances in liver surgery and oncological therapy in recent decades, the number of patients 

who are considered for surgery is increasing. There is still a significant proportion of patients who, at 

the time of diagnosis, have advanced disease. It is encouraging to think that this group of patients 

will be reduced with increased screening for colorectal cancer. However, it is unlikely, at least within 

the foreseeable future, that there will be no patients with CRLM or, including those with advanced 

tumors burden. 

Research surrounding less invasive methods to increase the volume of the FLR is expanding. The 

optimal technique, with a low procedural complication rate, a high technical success rate, and a 

predicable increase in the volume of the FLR, has yet to be discovered. Perhaps LVD will prove to be 

that technique, but further research is warranted. 

The development of minimally invasive surgery, including robotic surgery, will most likely continue 

and, to a further degree, such surgeries will be applied in large and technically challenging 

resections. Minimally invasive surgery has been shown to reduce the rate of postoperative 

complications [208]. Although major liver surgery today has a relatively low morbidity and mortality 

rate compared with the surgeries of the past, the rates can still be further decreased. 

One of the large challenges is to accurately predict which patients will benefit from liver resection 

and which are at a high risk of early recurrence. Given the rapid development and understanding of 

oncogenes, it might be better to estimate the prognosis of each patient and individualize the 

treatment. This may also lead to further development and individualization of oncological therapy. 

Finally, further health economic studies are warranted, both to study the effects of major liver 

surgery and oncological therapy on quality of life and to ensure that the surgical procedures are 

economically effective. 
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