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INTRODUCTION - Cholangiocarcinoma (CCA) - an Overview

1 INTRODUCTION

1.1 CHOLANGIOCARCINOMA (CCA) - AN OVERVIEW

Cholangiocarcinoma (CCA) remains a major challenge among liver tumors. It is

defined as a tumor that arises from bile ducts.

1.1.1 Anatomical classification

Based on location, it can be classified into intrahepatic (ICCA), perihilar
(phCCA) and distal cholangiocarcinoma (dCCA). From a surgical point of view,
the first two involve the liver, while the last one is mostly isolated or involves the

pancreas, therefore only the first two will be discussed here.

phCCA can be further anatomically classified according to the Bismuth-Corlette
classification (see Fig. 1). It differentiates four types of tumor by focusing on bile

duct invasion (1, 2).

TH9T99

Type 1 Type 2 Type 3a Type 3b Type 4
CHD below Type 1 to Type 2 + RHD Type 2 + LHD Type 3a+3b
the confluence the confluence or more

Figure 1 - The Bismuth-Corlette classification for phCCA. CHD: Common
Hepatic Duct; LHD: main Left Hepatic Duct; phCCA: perihilar
Cholangiocarcinoma; RHD: main Right Hepatic Duct.
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1.1.2 Etiology

CCA develops in a context of chronic inflammation, with many different known
genetic or epigenetic risk factors causing chronic liver disease (see Table 1) (1,
3). In Western countries, however, a specific cause can only be identified in
about 50% of cases (3, 4).

Strong association Weak or moderate association
e Bile duct cysts e Hemochromatosis
Risk factors e Caroli's disease e IBD
Jor CCA e PSC/Cholangitis e Chronic pancreatitis**
e Hepatolithiasis* ¢ Duodenal/gastric ulcer
e Cholelithiasis/ e Diabetes type Il
choledocholithiasis e Obesity
e Cirrhosis e Alcohol
o HBV* e Cigarette smoking
e HCV*
e Opisthorchis viverrini
e Clonorchis sinensis
e NAFLD/NASH
e Thorotrast
e 1,2-dichloropropane
e Asbestos*

Table 1 - Risk factors associated with CCA. *strong association only for iCCA;
** weak association for iCCA but strong for extrahepatic CCA (including phCCA
and dCCA). Table adapted from Khan et al. (3). CCA: Cholangiocarcinoma;
HBV: Hepatitis B Virus; HCV: Hepatitis C Virus; IBD: Inflammatory Bowel
Diseases; NAFLD/NASH: Non-Alcoholic Fatty Liver Disease / Non-Alcoholic
Steatohepatitis; PSC: Primary Sclerosing Cholangitis.

1.1.3 Epidemiology

The distribution of CCA varies widely worldwide, reflecting a different
distribution of risk factors, with an incidence ranging from 0.3-3.4 per 100,000
inhabitants in Western countries to 3.1-15 per 100,000 in Asian countries (with
a peak of 85 per 100,000 reported in North East Thailand!)(3).


https://en.wikipedia.org/wiki/Hepatitis_B_virus
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phCCA represents 50-70% of all CCAs, while iCCA represents 10% (1, 4-6).
However, an increasing incidence of iCCA has been repeatedly reported in

recent decades (3, 7-9).

1.1.4 Diagnosis and Therapy

The diagnosis of CCA, both for iCCA and phCCA, is often late, mainly due to
lack of symptoms in the early stages, and proper preoperative staging is

challenging.

To date, no systemic therapy has demonstrated clear efficacy (10, 11) and

surgery, if radical resection is possible, remains the only curative option (12).

1.1.5 Overall Survival

Median Overall Survival (OS) after surgery for both phCCA and iCCA is about
20-45 months (11, 13-17) with 1-, 3- and 5- year OS rates of 80-86%, 50-60%
and 15-60% for iICCA and 70-80%, 27-42% and 13-40% (11, 17-25) for phCCA

respectively (see Fig. 2).

These results vary depending on the type and size of the tumor, biology,
localization, vascular and perineural invasion, nodal involvement, comorbidities,
type of surgery and related complications (11, 16, 21). In advanced stages, 5-

year survival falls below 25% (20, 26).

Unfortunately, about half of the patients are not resectable at the time of
laparotomy due to an advanced disease not previously detected (27). Untreated
CCA, whether phCCA or iCCA, is rapidly fatal with a median survival rate of 5-
12 months (13, 16, 17, 28, 29) (see Fig. 2).
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Figure 2 - Overall survival curves of surgically treated iICCA and phCCA, as well
as untreated CCA (whether iCCA or phCCA), based on literature data. CCA:
cholangiocarcinoma; iCCA: intrahepatic cholangiocarcinoma; phCCA: perihilar
cholangiocarcinoma.

1.1.6 Surgery and complications

On the other hand, most patients undergoing surgery, particularly those with
phCCA, require an extended liver resection, defined as resection of 5 or more

liver segments according to the Brisbane’s classification (see Fig. 3)(1, 30).

This type of resections are associated with a major morbidity (defined as = llla
according to Dindo-Clavien classification (31)) ranging from 17% to 66% and a
mortality rate ranging from 5 to 16% (32-36).
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Figure 3 - Representation of major hepatectomy (right and left

hemihepatectomy) and extended hepatectomy (right and left) according to
Brisbane's classification (30).

Hemi
Hepatectomy

Extended
Hepatectomy

An insufficient liver remnant after resection (also known as Future Liver
Remnant, FLR), either in volume or quality, is a main limit to surgery due to the
risk of Post-Hepatectomy Liver Failure (PHLF) and patient mortality (see
chapter 1.2 Post-Hepatectomy Liver Failure (PHLF)). PHLF rates are reported
up to 35% (37, 38). Mortality in case of PHLF is reported to be over 60% (39).

As mentioned earlier, however, in many cases major hepatectomy is the only

therapeutic option for the CCA patient.

Particularly in the case of extended hepatectomy, clinical success depends on
the ability of the remnant liver to regenerate through hypertrophy. The
regenerative capacity of the liver is a complex interaction between liver
condition and pathology, general conditions of the patient and type of
augmentation technique used (see Fig. 4). As a result, the clinician is often
caught between deciding to give the patient a chance, with a high risk of failure,

or to throw in the towel.

10
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Figure 4 — The 5 main factors influencing Post-Hepatectomy Liver Failure
(PHLF).

1.1.7 Augmentation Techniques

Novel techniques have been developed to increase the FLR before resection,
trying to avoiding a futile outcome and to expand the pool of possible treated
patients (see chapter 1.3 Augmentation Techniques).

Currently the gold standard in CCA is the portal vein embolization (PVE) which
achieves sufficient hypertrophy of the FLR in about 3-4 weeks after intervention
(40). However, a dropout of almost 23% has also been observed in CCA after

PVE, mainly due to disease progression (40-42).

Associating Liver Partition and Portal vein ligation for Staged hepatectomy
(ALPPS) is a new surgical augmentation technique introduced in 2007 and
consists of a two-stage hepatectomy with right portal vein ligation and
parenchymal transection during the first stage, and finalization of the resection

11
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after FLR hypertrophy, usually within two weeks after Stage 1 (see chapter 1.4
ALPPS)(34). The FLR growth rate of this novel technique exceeds any other
procedure and opens up the possibility of extended resections with the lowest
risk of dropout (34).

However, the high post-operative morbidity (56-73%) and mortality (11-14%)
initially reported have led to a fervent debate around the world (34). Following
the general consideration, ALPPS is a relative safe and accepted surgical
procedure when performed in colorectal liver metastasis (CRLM) (43, 44) but
remains controversial for other type of tumors, especially CCA (45, 46). A
recent matched control study comparing ALPPS with standard major liver
resection for phCCA concluded that ALPPS is not recommended in these high-

risk patients (47).

In addition, little is known about long-term oncological results in patients

undergoing ALPPS and in particular in patients with CCA.

1.1.8 Aim

This study reviews our single center experience with ALPPS applied to
extended hepatectomy (i.e. right trisectionectomy) with the aim of investigating
short and long-term outcomes in patients with phCCA and iCCA.

The first part of this Introduction is dedicated to Post-Hepatectomy Liver Failure
(PHLF) (see chapter 1.2 Post-Hepatectomy Liver Failure (PHLF)) and
augmentation techniques (see chapter 1.3 Augmentation Techniques), the
second part presents in particular the ALPPS procedure, its characteristics as
well as the perioperative assessment and management of the patient and the
liver (see chapter 1.4 ALPPS).

12
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1.2 POST-HEPATECTOMY LIVER FAILURE (PHLF)
According to the International Study Group of Liver Surgery (ISGLS), PHLF is

defined as “a post-operatively acquired deterioration in the ability of the liver to
maintain its synthetic, excretory, and detoxifying functions, which are
characterized by an increased INR and concomitant hyperbilirubinemia on or
after postoperative day 5” (48).

Clinically, patients may present from mild liver failure (Grade A) to multiorgan

failure requiring of intensive care (Grade C) (see Table 2).
The PHLF can be alternatively reported using:

- the “50-50” criteria, defined as prothrombin time <50% and serum
bilirubin >50 micromol/L on postoperative (POD) day 5 (49)
- the postoperative peak bilirubin > 7 mg/dl proposed by Mullen, but

applicable only in non-cirrhotic and non-cholestatic patients (50).

Grade Clinical Treatment Diagnosis Clinical symptoms Location for
description care
A | Deterioration in None e UOP > 0,5 mL/kg/h None Surgical ward
liver function e BUN < 150 mg/dI
* >90% O2 saturation
e INR<1,5
e X . e Ascites
B | Deviation from Non-invasive: fresh e UOP = 0,5 mL/kg/h « Weight gain IMC or ICU
expected post- frozen plasma; e BUN < 150 mg/dl « Mild respiratory
operative albumin; diuretics; non- e <90% O2 saturation insufficiency
course witho;n invasiv:a vei;ztilator)/I despite 02 « Confusion
requirement for support; abdominal supplementation
invasive ultrasound; CT scan . |ng21y5 <2 * Encephalopathy
procedures
. . o ¢ Renal failure
C | Multi-system Invasive: hemodialysis; e UOP =< 0,5 mL/kg/h « Hemodynamic Instability ICU
failure requiring intubation; e BUN = 150 mg/dl « Respiratory failure
invatsive . extraccirporleal liver o <85% O2 saturation « Large-volume ascites
reatmen support; salvage despite high fraction of
hepatectomy; insp'?red o?(ygen support * Encephalopathy
vasopressor; glucose; e INR22
ICP monitor

Table 2 — ISGLS definition and grading of PHLF (48). BUN: Blood Urea
Nitrogen test; IMC: InterMediate Care unit; ICU: Intensive Care Unit; INR:
International Normalized Ratio; UOP: Urine Output.

13
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1.3 AUGMENTATION TECHNIQUES

As introduced above, to improve surgical resectability and reduce PHLF,
augmentation procedures have been developed to increase the volume and
function of the FLR.

They are recommended in patients with marginally resectable or primarily non-
resectable locally advanced liver tumors of any origin, which have shown
insufficient FLR either in volume or quality in the preoperative workup (see
chapter 1.4.3 Preoperative Workup).

Currently, these include portal vein embolization (PVE) and ligature (PVL),
extended liver venous deprivation (eLVD), two-stage hepatectomy (TSH), and
Associating Liver Partition and Portal vein Ligation for Staged hepatectomy
(ALPPS). The latter will be discussed in the chapter 1.4 ALPPS.

Before presenting each procedure in detail with the specific potentials of
hypertrophy and the associated morbidity and mortality rates,

pathophysiological considerations of liver regeneration are described.

1.3.1 Pathophysiology of liver regeneration

The pathophysiology of liver regeneration after portal obstruction and/or
hepatectomy is a complex process involving mainly vascular flow (shear stress),
buffer response and release of cytokines and other inflammations factors. Each
augmentation technique is based on one or more of the following pathways.

It has been shown that in minor liver resections, the contribution to liver
regeneration comes from cellular hypertrophy without division, while in
extended liver resections, most, but not all, of the initially hypertrophied cells
later proliferate (see Fig. 5)(51).

14
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1) Inflammatory response

Hypertrophy  Proliferation

Kuppfer cell

ﬁ Hepatocyte

Stellate cell

ndothelial cells

2) Shear stress

3) Buffer response

4) Portal System:

- Pancreas (Insulin)

- Adrenal gland (Norepinephrine)
- Duodenum (EGF)

Figure 5 — Pathways of liver regeneration: 1) inflammatory response, 2) shear
stress, 3) buffer response and 4) hepatotrophic factors coming from the portal
system. HA: hepatic artery; LHA: left hepatic artery; LPV: left portal vein; PV:
portal vein; RHA: right hepatic artery; RPV: right portal vein.

1.3.1.1 Inflammatory response and cytokine release

An acute liver injury, such as a parenchyma transection, triggers an
inflammatory response and cytokine release. Many stimulating factors have
been identified. Mainly, an early response of the innate immune system, an
increase of interleukin (IL)-6, tumor necrosis factor (TNF)-a and cytokine-
induced neutrophil chemoattractant (CINC)-1 activate the IL-6-TNF-a-STAT3-
pathway and induce liver hypertrophy (52-55). In addition, the activation of
Kupffer cells and the release of Vascular Endothelial Growth Factor (VEGF) and
interferon gamma (IFNy) expression has also been detected (56).

15
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The different kinetic of compensatory hypertrophy observed in the various
augmentation techniques is attributed to distinct expression in quantity and
duration of these factors (52, 57).

In ALPPS an early liver regeneration was shown within 24-48 hours, while in
PVL the effect was delayed to 48-72 hours caused by a differential expression
of activin and its receptor (58). In a rodent model of ALPPS an increase of IL-6
and TNF-a was observed in the liver tissue already one hour after Stage 1 (53,
59). A hypersecretion of TNF-a leads, however, to apoptosis and irreversible
cell damage (37). Therefore, overactivation of inflammatory mediators is not
always productive. This partly explains the difference in morbidity and mortality

found in different techniques.

1.3.1.2 Portal hyperflow and shear stress

Following a portal obstruction, such as in the case of PVE, PVL or partial
hepatectomy, there is a sudden increase in portal pressure and flow per gram of
tissue in the still portalized liver segments. This generates shear stress on the
vascular endothelium (see Fig. 5). Liver sinusoidal endothelial cells (LSECs) are
activated to release nitric oxide (NO) and other hepatotrophic factors (such as
hepatocyte growth factor (HGF) and transforming growth factor (TGF)a
produced from the hepatic stellate cells), which in turn initiates the liver

regeneration cascade (60-62).

In addition, the deviation of the portal flow to the FLR causes the redistribution
of hepatotrophic factors present in the portal circulation system, such as insulin,
norepinephrine and epidermal growth factor (EGF) produced by the pancreas,

adrenal glands and duodenum respectively (see Fig. 6)(55).

However, studies on partial graft liver transplantation have shown that an
extraordinary increase of the portal vein pressure (PVP) greater than 20 mmHg

can damage the liver and cause PHLF even in non-cirrhotic livers (63-66).

16
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Schadde et al. showed that in a group of 15 patients undergoing an ALPPS
procedure, portal hyperflow led to an increase in PVP with values that rose from
12 £ 5 mmHg to 18 £ 4 mmHg after ligation of the portal vein and transection of
the hepatic parenchyma, and the pressure remained elevated almost up to
Stage 2 (67). In addition, Tomassini et al. showed in another cohort of 23
patients that patients with a moderate hemodynamic stress (defined as portal
vein pressure (PVP) < 20 mmHg and hepatic to portal vein gradients (HVPG) <
15 mmHg after Stage 1) showed higher FLR regeneration and function that
patients above this cutoffs (68).

Finally, the parenchyma partition in ALPPS prevents the formation of collateral
during Interstage, as seen on contrary in ex situ angiography on pig model after
PVE and PVL (69), which would compromise the effect of portal hyperflow and
the redistribution of hepatotrophic factors.

Figure 6 — Representation of the portal flow situation (e.g. in ALPPS) after
obstruction of the right portal vein and the Segment 4-branches: all portal flow is
diverted to Segment 2 and 3. Il, I, IV: Portal Vein (PV)-branches of Segment II,
[l and IV LPV: Left PV; RA: right anterior branch of the PV, RP: right posterior
branch of the PV; RPV: right PV.

17
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1.3.1.3 Buffer response

The signals activated by hypoxia can also accelerate liver regeneration and
contribute to the integrity of sinusoidal morphology (67, 70). Portal hyperflow
directed to the FLR causes a reduction in arterial flow in this part of the liver,
due to the so-called hepatic arterial buffer response, and induces hypoxia in the
FLR (see Fig. 5). In addition, Alvarez et al. demonstrated that hepatic artery

clamping increased the PVP during Stage 1 (59, 71).

1.3.1.4 Role of the deportalized hemiliver

The role of the deportalized hemiliver is crucial to the success of an
augmentation procedure. In fact, while the FLR grows, the deportalized
hemiliver acts as a transitory auxiliary liver assisting metabolic, synthetic and
detoxifying function for the first and critical week after Stage 1 (72, 73). This
knowledge is already applied in liver transplantation in the Auxiliary Partial
Orthotopic Liver Transplantation (APOLT) and the recently introduced concept
of RAPID (Resection And Partial Liver Segment 2/3 Transplantation With
Delayed Total Hepatectomy)(74-77).

If the deportalized hemiliver actively supports the hypertrophy of the FLR by
releasing growth factors into the circulation is still under discussion (78, 79).

1.3.2 Portal Vein Embolization (PVE)

Introduced by Makuuchi in the early 1980s (80), embolization of the main
branches of the portal vein induces hypertrophy of the remnant liver, due to

deviation of the total portal vein flow to the FLR (see chapter 1.3.1
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Pathophysiology of liver regeneration)(80, 81). An average increase of the FLR
up to 40-50% in 4-8 weeks has been reported (82-87) (see Table 3).

In case of planned right trisectionectomy, additional embolization of Segment 4
PV-branches is mandatory to further improve FLR hypertrophy. However, this
approach is technically challenging (88), and the success rate is still
underreported (89-91).

Similarly, additional embolization of the ipsilateral hepatic vein may force the
growth of the FLR in case of insufficient FLR hypertrophy (see chapter 1.3.4
Extended Liver Venous Deprivation (eLVD))(92, 93).

PVE can be performed using transileocolic or percutaneous (transhepatic),
ipsilateral or contralateral approaches (94). The transepathic ipsilateral
approach should be preferred to the contralateral approach to avoid a lesion of
the FLR (1).

Once the PVE is successfully completed, the resectability of the FLR is reached
in more than 70%, with an overall dropout due tumor progress in 23-30% of
cases (40, 95). PVE is associated with low morbidity, mostly cholangiosepsis,
and almost no mortality (see Table 3)(87, 96-99).

Procedure Hypertrophy  Time Dropout  Morbidity Mortality
rate period
PVE | 40-50% 4-8 weeks 23-30% 0-6%* ~4-7%**
PVL | 40-50% 4-8 weeks nr 0-6%* ~3%**
eLVD | ~55% 14 days 10-15% 0%p* *** 0%
TSH | 27% to 39% 4 weeks ~30% 40%*** 6%
ALPPS | 61-93% 9-14 days 0-14% 40%*** ~10-14%**

Table 3 - Comparison of different augmentation techniques concerning
hypertrophy rate, dropout, morbidity and mortality rate. ALPPS: Associating
Liver Partition and Portal vein ligation for Staged hepatectomy; eLVD: extended
Liver Venous Deprivation; nr: not reported; PVE: Portal Vein Embolization; PVL:
Portal Vein Ligation; TSH: Two-Stage Hepatectomy. * After single procedure /
Stage 1 but before resection; **After completed procedure / Stage 2 with
hepatic resection; *** major morbidity (defined as = llla according to Dindo-
Clavien).
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1.3.3 Portal Vein Ligation (PVL)

Portal vein ligation (PVL) is similar to PVE, except that PVL requires a surgical
approach. While Capussotti showed that PVL is better than PVE (100) and
Broering an inferiority of PVL in inducing hypertrophy (88), the results remain
broadly comparable and are much lower than ALPPS in terms of rate and pace
of regeneration of FLR (see Table 3)(101, 102).

The morbidity and mortality of the PVL are comparable to the PVE (100-102).
Since a laparotomy is necessary, PVL is more demanding for the patient and

can cause peritoneal adhesions (100).

On the other hand, PVL can be performed 1) laparoscopically in case of
diagnostic laparoscopy (if necessary for the diagnosis and staging of the tumor),
2) simultaneously with surgical exploration, or it can be performed as a 3)
rescue procedure in case of insufficient FLR due to unexpected (or
undetermined preoperative) poor quality of the parenchyma at exploration or 4)

simultaneously with other surgical procedures.

1.3.4 Extended Liver Venous Deprivation (eLVD)

Extended Liver Venous Deprivation (eLVD) consists of simultaneous
embolization of the portal vein (PVE) and the ipsilateral hepatic vein (HVE)
(103). It is a recent augmentation technique with promising preliminary results in
terms of hypertrophy and low morbidity (see Table 3). However, due to its

novelty, insufficient data are available.

This concept, introduced by Hwang in 2009 as a rescue from failed PVE in 12
patients, showed a further increase in FLR of 44.2% in 14 days after HVE, with
a 12.5% mortality (one patient with phCCA)(103). These data were updated in
2015, after 42 completed patients, mostly with CCA (33 patients with phCCA
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and 3 with iICCA), but showed a hypertrophy of 29% after PVE-HVE, and a 3-
year survival after resection of 45% (92). Already in this experience, a lower

regeneration rate was observed in patients with cirrhosis of the liver.

Recently this concept has been improved with combined, instead of sequential,
PVE and right and middle HVE in the same procedure (104, 105). The name
Extended liver venous deprivation (eLVD) refers to this latter procedure with

simultaneously embolization of the portal and hepatic veins.

The first experience in 10 non-cirrhotic patients (with only one phCCA), showed
53.4% hypertrophy of FLR on day 7 and 64.3% function on day 21, with only
10% dropout, no PHLF or major complications and no mortality (105).
Interestingly, another report with similar outcome results (hypertrophy of 40.9%
at day 23, 15% dropout, no complications after Stage 1) showed the presence
of necrosis of the venous deprived parenchyma. Unfortunately, there are no
data reporting the outcome of not resected patients, and if the necrosis lead to

other complications (106).

An experience comparing 6 phCCA patients undergoing eLVD with 6 PVE
patients showed a median FLR of 58% in 14 days and no adverse events and
no mortality in the eLVD group. However, the authors report a dropout of 33%
(2 patients) due to extrahepatic progression of the disease (107).

1.3.5 Two-Stage-Hepatectomy (TSH)

Introduced by Bismuth for bilobar CRLM, this two-stage surgical technique
consists of one or more liver resections in the FLR at the first-stage and a
postponed extended hepatectomy to allow regeneration of the liver (108, 109).
Jaeck and colleagues introduced the right PVE or PVL at the first operation to
further stimulate hypertrophy (110, 111). In addition, chemotherapy can be

performed in the Interstage to reduce the risk of progression (112-114).
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The LIGRO Trial, a prospective multicentric RCT, compares TSH with ALPPS
and reports an average FLR hypertrophy in the TSH group of 26% in 1 week
and up to 39% in 1 month (115). Major morbidity (defined as = llla according to
Dindo-Clavien) and mortality, respectively 43% and 6,1%, were comparable
with the ALPPS group.

TSH allows resection of 20% of patients otherwise unresectable (108, 110, 114,
116), despite a 30% dropout after Stage 1 due to disease progression or
insufficient hypertrophy of FLR (113, 114, 117).

It has also been suggested to perform chemotherapy during the Interstage to

reduce the risk of progression (112-114).
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1.4 ALPPS

Associating Liver Partition and Portal vein ligation for Staged hepatectomy
(ALPPS) is a two-stage surgical procedure (for details see chapters 1.4.2

Operative Technigue and 2.4 Surgery) consisting in (84, 118-120):

e Stage 1: occlusion of the portal vein (usually on the right side) and
transection of the liver (without removal!) with maintenance of arterial
inflow in both hemilivers.

e Stage 2: completion of the hepatectomy with removal of the diseased
deportalized liver after adequate volumetric and functional regeneration
of the FLR (see Fig. 7).

This technique allows a very fast and unique hypertrophy of the FLR of 61-93%
on a median of 9-14 days (119-123). This effect is attributed to a combination of
all the growth pathways discussed above (see chapter 1.3.1 Pathophysiology of
liver regeneration)(37, 124). ALPPS allows extended liver resection, should
reduce the risk of PHLF in a short time and therefore avoids dropout due to
tumor growth in the Interstage (115). In fact, the dropout after Stage 1 by
ALPPS is observed in 0-15% (115, 121, 125). In addition, ALPPS has been
reported to ensure greater radicality. In this context, the achievement of an RO
resection in CRLM was observed in 86-100% of cases (121). Moreover, ALPPS
could be applied as rescue option after failed PVE (see chapter 6.1.2.6 Rescue
ALPPS)(84).

However, ALPPS is also associated with high morbidity rate and postoperative
mortality of almost 10% (124), even higher (up to 48%!) in patients with phCCA
(see Table 3 and chapter 4.5 Morbidity and Mortality)(34, 47). Since the
indications and surgical techniques are not standardized, ALPPS is still

considered at an early stage of development (126).

In addition, there is still a lack of solid long-term results, especially when
referring to patients with phCCA. For this reason, ALPPS is actually only
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recommended for patients with CRLM and should only be indicated in highly

selected patients with HCC and CCA (43-46).

Stage 1

Stage 2

Portal vein and its segmental
branches

X Portal ligation or transection site

= = Transection line

Figure 7 - Rappresentation of the surgical key points for Stages 1 and 2.
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1.4.1 History of ALPPS

The first case was performed at the University Hospital Regensburg in 2007 in a
patient with phCCA. During the liver transection the remnant liver volume
appeared too small and a right trisectionectomy too risky (127). As rescue, a
ligation of the right portal vein was performed, following the already known
concept of PVE and PVL. Surprisingly a control CT scan after 7 days showed a
volume gain of over 90% and the procedure could be completed the next day
(127).

After that, 3 more cases were made in the same center and, through oral
presentations, this strategy spreads first in Germany and Europe. Only in 2011,
after the first formal presentation of Baumgart at the 9th Congress of the
European-African Hepato-Pancreato-Biliary Association (E-AHPBA Cape Town
2011), did the technique become known worldwide (128).

The first publication arrived in 2011 as a case report (129) and the first
multicentric experience was published in 2012 (119). The procedure, until now
known as “in-situ-split’, has been renamed in the same issue of Annals of
Surgery as ALPPS (130), an acronym that, as already previously explained,
stands for “Associating Liver Partition and Portal Vein Ligation for Staged
Hepatectomy”.

On the wave of the first results, with no or mild PHLF reported, ALPPS spread
rapidly around the world (129, 131, 132).

In the same year, the international ALPPS Registry (www.alpps.net) was

introduced and the interest in this surgical procedure increased exponentially.
The first report of the Registry, however, described another picture, with high
morbidity and mortality (M&M), although 50% of cases were performed with
right hemihepatectomy, and criticism shifted to the intolerable postoperative
M&M (133, 134).

At the beginning of 2015, the first international meeting on ALPPS was
organized in Hamburg and concluded with eight recommendation then

highlighted in an consensus paper (see Table 4)(45).
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Other international Meetings (i.e. E-AHPB Mainz 2017, IHPB Genf 2018)
dedicated one day specifically to ALPPS.

Nr. Recommendation

1 | Preserve hepatic inflow and outflow by mean of preoperative knowledge of hepatic
anatomy and avoiding unnecessary manipulation of the hilum.

2 | No technical variation of the ALPPS transection technique can be recommended as
superior.

A cholangiogram, bile leak-tests and tagging anatomical structures may be useful.

The first CT scan after Stage 1 should be done on days 8 to 10 and repeated weekly for 4
weeks, if sFLR is insufficient.

Functional tests may become routine in the future, once convincingly validated.

5 | ALPPS can be proposed as personalized treatment strategy in CRLM with high tumor
load. Caution in case of ALPPS for HCC and CCA.

6 | ALPPS is an option in selected cases with very small FLR or bilobar lesions, as dropout
rates seem to be lower compared with PVE or TSH.

Ensure top quality PVE using modern embolic materials/Seg IV embolization. In case of
failure after PVE, a “rescue’” ALPPS can be considered.

7 | In case of signs of liver failure (e.g. MELD >10), Stage 2 should be delayed.

Patients >60 years are at higher risk of poor outcome, consider longer Interstage.

8 | ALPPS in CRLM should only be performed after state-of-the-art neoadjuvant systemic
therapy. Tumor progression on chemotherapy is a contraindication for ALPPS.

In presence of synchronous CRLM, the liver-first approach can be a good option.
Caution to performing synchronous bowel resections during Stage 1.

Table 4 - Adaptation of the Eight Recommendations from the First International
Expert Meeting, 2015 (45). CCA: Cholangiocarcinoma; CRLM: colorectal liver
metastases; HCC: Hepatocellular carcinoma: MELD: Model of End stage Liver
Disease score; sFLR: standardized Future Liver Remnant.

Currently, ALPPS is performed in various techniques all over the world, with a
main interest in Europe, South America (Argentina and Brazil) and Asia (127,
135). The big exception is North America, with only a few reports from Canada
and some centers performing it in the USA (127, 135, 136).

There are actually more than 350 papers dedicated to this procedure. However,
the vast majority of them are letters, single center experiences (with a median of
10 patients per paper and heterogeneous cohort with different tumor types) and

case reports (135).
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As high volume centres also reported about 5 procedures per year (data from

ALPPS Registry, www.alpps.net), the number of multicentric studies is

increasing. Most of them, however, rely on the ALPPS Register, which is based
on voluntary data reporting and a trend towards underreporting has already
been highlighted (135, 137).

Reviews and Meta-Analysis are also appearing, but are limited by duplication of
data, as single-center, multicenter, registry-based studies often report the same
patients (135).

Currently, only two randomised controlled trials have been published, among
the 11 recorded in clinical trials: a Scandinavian multicentric trial showing the
superiority of ALPPS to two-stage hepatectomy (TSH) in terms of feasibility
(115), and a British trial (REBIRTH) showing the superiority of Radiofrequency-
assisted ALPPS (see chapter 6.1.1.2 Radiofrequency-assisted ALPPS
(RALPPS)) to PVE in term of feasibility and hypertrophy of the FLR (42).

ALPPS Milestones

2007 - First Case (Regensburg)

2010 - First Case in Tibingen (Prof. Konigsrainer und Prof. Nadalin)(118)

2011 - First formal presentation at 9th European-African Hepato-Panreato-Biliary
Association Congress (E-AHPBA Cape Town)(128)

2012 - First published experience on 3 patients with right hemipatectomy (129)
2012 - First Case Series with 25 patients (119)

2012 - ALPPS Registry in Zurich (www.alpps.net)

2012 - Name ALPPS was proposed (130)

2015 - First Meeting (Hamburg)

2017 - ALPPS “Update” at E-HPBA (Mainz)
2018 - ALPPS “Update” at IHPBA (Genf)

Table 5 — The ALPPS Milestones.
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1.4.2 Operative Technique

The first proposed ALPPS procedure consisted of a right trisectionectomy
(otherwise known as extended right hemipatectomy (erHH)) with right portal
ligation (or dissection) and complete parenchymal transection. This technique,

also known as classic-ALPPS and shown in Fig. 7, will be explained in detail in

the chapter 2.4 Surgery.

In addition, in recent years, several technical variants have been proposed to
reduce operative morbidity and mortality or to extend resectability (138). Among

these we remember:

- partial-ALPPS (p-ALPPS), with incomplete transection of the parenchyma
(139, 140)

- mini-ALPPS (or PVE-ALPPS), minimizing Stage 1 (combining intraoperative

PVE and partial-ALPPS), and a more aggressive Stage 2 (with hylar

preparation and completion of parenchymal transection) (139).

- Radiofrequency-assisted ALPPS (RALPPS), using radiofrequency (RFA) to

induce parenchymal necrosis along the planed transection line (141, 142).

- Tourniquet-ALPPS, using a Vicryl Tourniquet placed and tightened along the
section line (143-145).

- ALPPS applied to other type of hepatectomies with insufficient FLR (i.e. right-
ALPPS, left-ALPPS and segmental-ALPPS) (121, 131, 138, 146-150)

- Rescue-ALPPS, in case of failed PVE (59, 86, 131, 151-156).

The technical variants to the classical procedure are described in detail in the

Appendix (see chapter 6.1 Technical variants and details).
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1.4.3 Preoperative Workup

Preoperative workup is essential in major liver surgery, and particularly in
ALPPS, to correctly select the patient, assess the risk, improve settings and

plan the operation. It consists of 1) patient assessment and 2) liver assessment.

1.4.3.1 Patient selection and risk factors

A correct patient evaluation is always necessary before any major liver
procedure to 1) avoid false selection and expose the patient to unnecessary risk
as well as, when possible, 2) improve the patient's condition.

Many different risk factors have been analyzed to predict 90-day mortality (124,
137, 157-159). They can be classified in 1) modifiable and non-modifiable or 2)
time of appearance (preoperatively, i.e. before Stage 1, or in Interstage, i.e.

before Stage 2). They are summarized in Table 6.

Risk Factors Preoperative Interstage
(Before Stage 1) (Before Stage 2)
e Cholestasis e Biochemistry
e Nutritional and parameters (Serum
Modifiable physical condition Bilirubin or Creatinin)
(or partly modifiable) and MELD-Score

e FLR volumetry and
functionality

o Age e Complications in
e Tumor Type Interstage
e Comorbidities

Non- or hardly modifiable e Center experience

e FLR quality (fibrosis
and cirrhosis) and
volumetry

Table 6 - Risk factors for 90-days mortality arranged in modifiable and non-
modifiable, as well as before Stage 1 and before Stage 2. FLR: Future Liver
Remnant.
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Two risk scores are currently available. Both scores predict the 90-day mortality
before Stage 1 and before Stage 2.

1. The ALPPS risk score, developed in 2016 by the ALPPS Registry group

and several centers outside the ALPPS Registry, and then validated in

2019 in a cohort of subsequent cases (137, 160). It is applicable to all
candidate patients.

The ALPPS Risk Score before Stage 1 (ALPPS-RS 1) is based on: 1)
age = 67 and 2) type of tumor; while before Stage 2 (ALPPS-RS 2) on: 1)
value of ALPPS-RS 1, 2) Interstage Complication = Illb and 3) serum
bilirubin and 4) creatinine before Stage 2.

2. The newly proposed Risk Score for CRLM was developed specifically on

this type of cancer (161).

The CRLM Risk Score before Stage 1 is based on: 1) age 267, 2)
FLR/BW ratio <0.40 and 3) if the center is a high volume-center; while
before Stage 2 is based on 1) age 267 2) FLR/BW ratio <0.40 3) serum
bilirubin >50 umol/L on POD 5 after Stage 1 4) and Interstage morbidity =
Ila.

The predictivity of the two scores, measured by c-statistics, is for ALPPS Risk
Score 1 and 2 after validation of 0.64 and 0.77 and for CRLM Risk Score 1 and
2 0of 0.70 and 0.72, respectively.

1.4.3.2 Volumetry

Several studies have shown that the volumetric assessment of the future liver
remnant (FLR) is related to the liver function of the FLR and the risk of PHLF
(162).

FLR, defined as the remaining liver volume after completed hepatectomy, could
be computed as:

1) percentage of future liver remnant volume to total liver volume (FLR/TLV)
2) future liver remnant volume to body weigh ratio (FLR/BW) (163, 164).
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Following intervals have been suggested for a safe hepatectomy (38, 87, 146,
162, 165-172):

1) in patients with a normal liver: FLR/TLV > 25% or FLR/BW > 0,5 %
2) in patients with cholestasis or suspected poor liver quality: FLR/TLV >
30-40% or FLR/BW 0,8 %.

Volumetry can be based on be both CT and MRI (1, 173-176) and can be
evaluated either manually, semi-automatically or automatically with software-
assisted image postprocessing liver volumetry (SAIP) (177-179). The TLV can
be measured analogically or standardized on the BSA (sTLV) (180, 181).

However, interdisciplinary workup between the HPB-surgeon and the radiologist
is mandatory to determine the transection line in case of complex resection (e.g.
extended left) (182).

1.4.3.3 Liver Quality

The performance of the FLR is not only a matter of liver volume, but is directly
related to the quality of the liver parenchyma, which in turn is mainly dictated by
underlying diseases such as fibrosis, steatosis, cholestasis or cirrhosis (1, 183-
186).

1.4.3.3.1 Fibrosis and cirrhosis

Any chronic liver lesion leads to a continuous regeneration of the parenchyma
associated with the deposition of fibrous bands and finally ends with cirrhosis of

the liver (1, 187, 188). The main consequences are:

e portal hypertension and end stage liver disease due to deposition of
fibrous tissue overwhelming the normal parenchyma (6, 187-189).

e intrahepatic direct shunting of portal and arterial blood flow into the
hepatic venous outflow with an altered exchange of hepatotrophic factors

between hepatic sinuisoids and hepatocytes (6, 49, 188, 190).
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¢ loss of endothelial fenestrations limits the delivery of regeneration factors
to the hepatocytes, resulting in an increased risk of PHLF up to 10% and
a higher mortality rate (6, 49, 188, 190, 191).

1.4.3.3.2 Steatosis and Steatohepatitis

Steatosis is defined as an accumulation of lipids within the liver cells of more

than 5% of the wet weight of the liver.

It is mainly caused by obesity (Non-Alcoholic Fatty Liver Disease, NAFLD),
alcohol (Alcoholic Liver Disease, ALD), diabetes mellitus and other toxins (i.e.

chemotherapy) (186).

20-40% of the population in Western countries is affected by steatosis, with an
even higher prevalence (30-50%) in patients who have undergone
chemotherapy (192, 193).

Steatosis decreases hepatic microcirculatory flow causing chronic hypoxia. As a
result, there is an intensified inflammatory response due to dysfunction of the
Kupffer cells and the damage of the hepatocytes compromises liver
regeneration. This situation is called steatohepatitis. This is especially important

in case of ischemia-reperfusion injury during surgery.

In these patients an increase in the risk of PHLF of about 15% has been
observed, compared to 4% in patients without steatosis (6, 189, 194). In
addition, the presence of steatosis is often associated with insulin resistance,
which further reduces liver regeneration and increases the rate of post-

operative infections (186, 195).

As already mentioned, steatosis and steatohepatitis may also be related to
chemotherapy (chemotherapy associated steatohepatitis, CASH). However,
there are still conflicting results regarding the type and duration of

chemotherapy and whether this affects the postoperative outcome (196-200).
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1.4.3.3.3 Cholestasis

The presence of cholestasis is associated with reduced liver regeneration and
increased morbidity (particularly PHLF) and mortality by up to 50%, 17% and
13%, respectively, compared to patients without cholestasis (6, 190, 201).

This is mainly due to a decrease in portal venous flow and liver production of
proliferation factors, impaired enterohepatic circulation and increased apoptosis
(202).

1.4.3.4 Liver Function

Volumetric and qualitative assessment of the liver, particularly in high-risk
patients, should always be associated with specific assays for liver function.

Various methods have been proposed.
Liver function can be assessed globally or segmentally.

A global assessment of liver function can be obtained by means of:

1. blood tests (such as coagulation parameters, proteins, cholinesterase
(CHE) (203, 204) and cholestasis parameters)

2. imaging procedures as Indocyanine green clearance test (ICG) (205,
206) or 13C-Methacetin Breath Test (LIMAX) (1, 207).

A segmental liver function can be determined by hepatobiliary scintigraphy
(HBS) or MR as:

1. 99mTc-Galactosyl Serum Albumin Scintigraphy (99mTc-GSA), which
shows the uptake capacity of the liver (208);

2. 99mTc-Mebrofenin Hepatobiliary Scintigraphy (HIDA), which shows the
excretion capacity of the liver (68, 209-215);

3. MRI with gadolinium ethoxybenzyl diethylenetriaminepentaacetic acid
(gd-eob-dtpa) (216-224).
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This tests are discussed in detail in the Appendix (see chapter 6.3 Assessment
of Liver Function).

1.4.3.5 In- and Out-Flow Assessment

The assessment of In- and Out-Flow is fundamental to avoid the impairment of
macro- and microcirculation after surgery and, consequently, PHLF (225-227). It
involves not only liver anatomy, but also regional territorial liver mapping,

functional volumes and outflow congestion volumes (228, 229).

Three-dimensional Computer-Assisted Surgical Planning (3D-CASP) software,
based on information derived from CT and MRI scans, could be useful in
determining safely perfused and drained liver volumes and consequently the
resection plane (228, 230). In case of extended liver resection, knowing that
outflow obstruction could lead to PHLF (225, 226), this technique could provide

information on the territory of the middle hepatic vein (227).

Furthermore, it has been clearly demonstrated in hepatic surgery and
segmental transplantation that an increase in portal vein pressure (PVP) up to
20 mmHg stimulates liver regeneration (231) but greater than 20 mmHg
correlates with PHLF (232). In this latter case, portal vein inflow modulation can
be achieved either radiologically (splenic artery embolization), surgically
(splenic arterial ligation or splenectomy) or pharmacologically (233). A recent
pilot study showed that somatostatin use decreases significantly PVP in
patients with PVP > 20 mmHg after hemheipatectomy (234). However, as
cirrhosis and high portal pressure are usually a contraindication for ALPPS (see
chapter 4.2.2 Liver Quality), there are no reports about this in ALPPS-Literature.
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2 MATERIAL AND METHODS

2.1 PLAN AND AIM

A retrospective study was planned to analyze the short and long-term outcomes
in all cholangiocarcinoma (CCA) patients who underwent the ALPPS procedure
at the Department of General, Visceral and Transplantation Surgery of the

University Hospital Tubingen between November 2010 and November 2019.

Ethical consent was obtained from the Ethics Committee of the University
Hospital Tubingen (Project No. 680/2018B02).

Patient demographics, comorbidities, tumor type, surgical details, liver
volumetry and quality, perioperative liver function, complications, survival and

recurrence of the tumor have been recorded.

Informed consent was obtained for all patients prior to surgery.

2.2 PLANNING OF THE PROCEDURE AND PATIENTS

SELECTION

All patients with liver tumors of any origin have been preoperatively discussed
at our multidisciplinary tumor board. The evaluation includes abdominal MRI

and/or CT scan.

The ALPPS procedure was considered for patients requiring a right
trisectionectomy (i.e. extended right hepatectomy) with an insufficient expected
Future Remnant Liver (FLR) Volume defined as (166):

- FLR to standardized Total Liver Volume ratio (FLR/TLV) <25% or as FLR to
Body Weight Ratio (FLR/BW) < 0,5% in patients with a normal liver;
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- FLR/TLV <30% and FLR/BW <0,8% in patients with cholestasis or suspected

poor liver quality.

2.3 DEMOGRAPHICS AND COMORBIDITIES

Patient characteristics such as age, weight, height, BMI, BSA (according to the

Mosteller’s formula (181)) were recorded.

The comorbidity status of the patients was evaluated with the American Society
of Anesthesiologists (ASA) physical status (235) and Age-adjusted Charlson
Comorbidity Index (ACCI)(236) at Stage 1.

The ALPPS Risk Score (RS) at Stage 1 and 2 was calculated retrospectively
(137).

2.4 SURGERY

The procedure, as performed at the University Hospital Tibingen for right
trisectionectomy, is described in detail below (118, 119, 166).

2.4.1 Stagel

Stage 1 consists of:

1. Explorative Laparotomy to determine the extent of the tumor and its

resectability.
An intraabdominal swab is performed for microbiological analysis (118).

2. Intraoperative ultrasound (IOUS) of the liver to:

a) assess the localization and size of all lesions
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b)

c)

determine their anatomical relationship to vascular and biliary
structures
determine the inflow and outflow of the FLR (118, 146).

3. Liver mobilization:

a)

b)

Left liver usually remains untouched. However, to further explore
the FLR, mobilization by dissection of the falciform with left
triangular, coronary and gastrohepatic ligament can be done at
this point.

Mobilization of the right liver, including the right coronary,
triangular and hepatocolic ligament, can be perfomed before
parenchymal transection, to highlight the posterior line of
transection (146, 237).

4. Clean-up of the FLR: if necessary and feasible, a complete resection of

the tumor within the FLR can be performed under IOUS control (126,

146).

5. Oncological lymphadenectomy and hilar preparation with identification of

the branches of segment IV at origin along the right side of the Rex-
Recessus (237).
6. Preparation of the bile ducts (particularly important in case of phCCA, i.e.

Bismuth 3a and 4) to achieve a negative surgical margin.

o

After cholecystectomy, the cystic duct is identified and can be
prepared for further transcystic exploration of anatomical
variations by probing or cholangiography (146), if not prevented by
tumor infiltration or previous stenting (as in most in cases of CCA,

and phCCA in particular)

7. Portal Vein Occlusion (PVO):

a)

b)

The right branch of the portal vein branch is freed. If there is a

separate entry of the right anterior and posterior branches (PV),
these are divided separately (118).
The branches of segment IV (237) are dissected along the right

side of the Rex-Recessus.
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8. The parenchymal dissection (total or almost total) is performed along the
falciform ligament anteriorly (or the umbilical fissure posteriorly) up to the
level of the inferior vena cava (118, 146, 237).

a) In case of total transection, the MHV is usually left intact.
b) Partial transection (p-ALPPS) is defined as 50-80% of the
transection surface until intrahepatic detection of MHV (238).

9. A IOUS with Doppler is performed at the end of the operation to

determine residual blood flow after parenchymal dissection and confirm
the absence of right portal flow (118, 146).
10. An anti-adhesion sheet is applied between the two hemilivers.

11.Placement of closed drainage (usually between the hemilivers at the

resection surface and/or in the liver hilum)

2.4.2 Interstage

Postoperatively, patients were initially monitored in intensive care (ICU).

One week after Stage 1 an abdominal CT scan is performed to assess the FLR
volume (239). If FLR/TLV and FLR/BW have increased sufficiently, as above
defined (see chapter 1.4.3.2 Volumetry), and the patient is in good clinical
condition (see chapters 1.4.3.1 Patient selection and risk factors and 4.1 Patient
selection) the second step of the procedure is planned. Otherwise, a CT scan
was repeated weekly until the above targets were fulfilled.

2.4.3 Stage 2

Stage 2 consists of the following steps:

1. The abdominal cavity is entered using the previous incision (146).

2. Release of inflammatory adhesions (118, 126).
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3. An lOUS is performed to control the inflow and outflow of the FLR and to
detect growing lesions, which may still be resected (146).

4. In case of p-ALPPS the transection is completed.

5. ldentification of the vasculobiliary previously tagged structures and
transection of the right hepatic artery, right bile duct and right hepatic
vein (118, 146).

6. If not performed during the first step, resection of the bile duct in case of

neoplastic involvement of BD bifurcation and creation of a biliodigestive
anastomosis (BDA) complete the reconstruction (146).
7. FEixation of the FLR at the diaphragmatic dome and placement of closed

drainage (usually in the liver hilum, at the resection surface and/or an
ascites drainage) (118, 146, 237).

2.5 PERIOPERATIVE MANAGEMENT

Standard Operating Procedures (SOPs) were introduced at the University
Hospital Tubingen in 2016 concerning major liver surgery and the management
of patients with liver failure (in particular prevention of PHLF), based on
continuous consultation between intensivist and surgeon. These SOPs are

summarized in Table 7.
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SOP Liver Surgery and PHLF at University Hospital Tiibingen

Daily patient examination (including drainage and signs of encephalopathy)
Lab tests on POD 1,2, 3 and then every 2 days (or if requested), particularly:
o Liver/pancreas/renal values
Coagulation
Inflammation values (CRP and/or procalcitonin (PCT))
Albumin
o Cholinesterase (CHE)
Ultrasound (US) on POD 0,1,2,3 and then if case of need
Cardiopulmonary goals:
o MAP 65-90 mmHg
o ScvO2 > 70%
o intravascular normovolemia (cardiac index > 2,5I/min/m?)
o Hb>8mg/dl
o Thrombocytes > 50.000/ul
Urine output (UOP) = 0,5 ml/kg/h
Prevention of thrombosis starting with prophylaxis 6 h postoperative, afterwards
depending on patient’s risk and coagulation situation
Antibiotics and antifungal therapy until POD 3, than revaluation based on
course, risk factors (i.e. stent) and microbiological findings
Nutrition: enteral nutrition starting at POD 1 by means of nasogastric-tube
o Initial phase: 20-25 kcal/kg/d
o Recovery phase 25-30 kcal/kg/d
o With high-grand encephalopathy (Grade IlI+IV): protein restriction
Prevention of postoperative adynamic ileus with laxative drugs daily starting at
POD 1
Pain control by means of epidural medication or patient-controlled analgesia
Liver function supportive measures:
o Vitamin K supplement daily (i.e. Phytomenadione / Konakion 10 mg 1-0-
0) until POD 5
o Prophylaxis of hepatic encephalopathy with oral Lactulose (i.e. Bifiteral
3x20ml), Rifaximin (i.e. Xifaxan 2x 550mg) and avoid Benzodiazepine.
o Vitamin and trace-element supplementation (i.e. Vitamin B1 und B6,
Zinc, eventually Cernevit und Addel)
o Hypoalbuminemia correction (from <2.5 g/dI)
o Avoidance of hepatotoxic substances (i.e. Paracetamol and Quinolone
antibiotics)
o Ursodeoxycholic acid (UDCA) daily (i.e. Ursofalk 250 mg 1-0-2)
o Glucose substitution if insufficient gluconeogenesis present

o O O

Table 7 - Standard Operating Procedure (SOP) for major liver surgery and
therefore ALPPS:. CRP: C-reactive protein; Hb: hemoglobin; MAP: middle
arterial pressure; PHLF: posthepatectomy liver failure; POD: postoperative day;
ScvO2: Central venous oxygen saturation.
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2.6 VOLUMETRY

Volumetric measurements applied to CT scans or MRIs were performed prior to
surgery and after Stage 1, at POD 7, using analogic image post-processing
software (Vitrea R2, Vital Images Inc., Plymouth, Minnesota, USA). In case of
insufficient growth, the measurement was repeated with an additional weekly
CT scan until sufficient volume was reached. The volume of any FLR lesion was

subtracted from the FRL volume estimate.

We evaluated the standardized TLV (sTLV) according to the Vaughtey formula,
FLR volume, FLR/TLV, FLR/BW and the Kinetic Growth Rate (KGR). The KGR

was calculated as daily volume increase in cc and percentage of FLR (240).

2.7 LIVER QUALITY

Preoperative assessment of liver quality and function using imaging techniques
(see chapter 6.2 Assessment of Liver Quality und 6.3 Assessment of Liver

Function) was not performed routinely.

The histology was evaluated from the tissue blocks provided after Stage 2.
Fibrosis, steatosis, hemochromatosis and cholestasis were recorded. We
classified fibrosis and steatosis according to Ishak’s Score (241) and Dixon’s

classification scale (242) respectively (see Table 8).
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Ishak
Score

Fibrosis

it & W N = O

No fibrosis

Fibrous expansion in some portal areas, with or without short fibrous septa

Fibrous expansion in most portal areas, with or without short fibrous septa

Fibrous expansion in most portal areas, with occasional portal to portal bridging
Fibrous expansion in most portal areas with marked bridging as well as portal-central

Marked bridging (portal to portal and/or portal-central) with occasional nodules
(incomplete cirrhosis)

Cirrhosis, probable or definitive

Dixon
Scale

% of hepatocytes affected from steatosis

R W N N O

Table

No steatosis
<5%

5-25%
25-75%
>75%

8 - The Ishak Score (241) and Dixon Scale (242) for classification of

fibrosis and steatosis, respectively.

2.8 LIVER FUNCTION

Blood samples for functional evaluation were taken the day before Stage 1, on
POD 1, 3, 7 and 10, before Stage 2, and again after Stage 2 on POD 2 1, 3, 7,

10, 14, 30 and 90. These included transaminases, bilirubin, creatinine, INR and

cholinesterase (CHE). The overall functional evaluation of the liver was based
on MELD-Score and CHE.
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2.9 MORBIDITY & MORTALITY

Postoperative complications after Stage 1 and 2 are reported and classified

according to the Dindo—Clavien classification (243).

Major complications have been defined as grade = llla and severe

complications grade 2 lllb (see Table 9).

Post-Hepatectomy Liver Failure (PHLF) has been classified according to the
International Study Group of Liver Surgery (ISGLS) (see Table 2 in chapter 1.2
Post-Hepatectomy Liver Failure (PHLF))(244).

Mortality has been defined as death during postoperative hospital stay or within
90 days after Stage 2.

Grades Definition

Grade I | Any deviation from the normal postoperative course without the need for
pharmacological treatment or surgical, endoscopic and radiological
interventions.

Allowed therapeutic regimens are drugs as antiemetics, antipyretics,
analgetics, diuretics and electrolytes and physiotherapy. This grade also
includes wound infections opened at the bedside.

Grade 2 | Requiring pharmacological treatment with drugs other than such allowed
for grade | complications. Blood transfusions and total parenteral nutrition
are also included.

Grade 3 | Requiring surgical, endoscopic or radiological intervention.
- 3a | Intervention not under general anesthesia.
- 3b | Intervention under general anesthesia.

Grade 4 | Life-threatening complication (including CNS complications)* requiring
IC/ICU-management.

Grade 5 | Death.

Table 9 - Dindo-Clavien Classification (31). CNS: central nervous system;
IC/ICU: intermediate care/intensive care unit.
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2.10STAGING

TNM staging system, Grading, R-, Pn-, V- and L-Status are reported.

Tumor staging has been assessed according to staging system of the 7t
American Joint Committee on Cancer/Union for International Cancer Control
(AJCC/UICC) edition (245). A stage greater than 2 has been defined as

advanced.

2.11FoLLow-UP

Follow-up (FUP) with clinical, laboratory and imaging evaluation was regularly
conducted following the national standardized S3-guidelines. Patient survival,
late complications and recurrence of the disease were recorded. Disease-free

survival (DFS) and overall survival (OS) are reported after Stage 2.

2.12 STATISTICAL ANALISYS

Descriptive analyses were carried out for sociodemographic and clinical

outcome parameters.

The categorical variables are described using absolute numbers and

percentages. The continuous variables are expressed as median and range.

In order to assess the possible risk factors for mortality, a comparison was

made between the two different outcome groups.

The P values were calculated using the x2 test for the categorical variables and
the Mann-Whitney U test for the continuous variables. P values below 0.05

were considered statistically significant.

All variables, which proved statistically significant in the comparison, were

considered for univariate regression analysis. Due to limited mortality events

44



MATERIAL AND METHODS - Statistical analisys

and according to 1-in-10 rule (1 covariate for every 10 observations), a

multivariate analysis was not performed (180).

The Kaplan-Meier method has been used for the analysis of disease-free and

overall survival evaluated from Stage 2.

The statistical analysis was performed using SPSS version 22 (Armonk, NY:
IBM Corp.).
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3 RESULTS

3.1 DEMOGRAPHICS

Between November 2010 and November 2019, we performed 53 ALPPS
procedures, including 23 patients who were given ALPPS indication for
suspected CCA (13 iCCA and 10 phCCA).

The final histology showed, however, only 21 true CCAs, of which 11 iCCA (2
were reclassified as phCCA) and 10 phCCA, which were included in the final
cohort of this study.

Two other patients, originally considered as phCCA, had a Klatskin-mimicking
tumors (1 intraductal papillary neoplasm (IPN) and 1 autoimmune cholangitis
IgG4) and are discussed separately. The selection process is shown in Table
10.

Selection
period Indication Final cohort
2010-2019
P
21 true CCAs
included:
- 11iCCA
- - 10 phCCA
23 Indication for \
suspected CCA: - ~N
- 13iCCA 2 Klatskin-mimicking tumors
- 10 phCCA (included only in the 90-day
53 patients mortality risk analysis):
‘ p -
undergoing ALPPS 30 other indications: 1a tjrrlfrr’:lm ne
- 1 automimmu
- 21 CRLM cholangitis IgG4
-7HCC \ y,
- 3 other

Table 10 - Cohort selection process. CCA: Cholangiocarcinoma; CRLM:
Colorectal Liver Metastasis; HCC: Hepatocellularcarcinoma; iCCA: intrahepatic
Cholangiocarcinoma; IPN: intraductal papillary neoplasm; phCCA: perihilar
Cholangiocarcinoma.
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The characteristics of the 21 patients included are summarized in Table 11.

A preoperative histology was available only in 10 (47%) cases (7 iCCA (63%)
and 3 phCCA (30%)), but without distinguishing between the two subgroups,
and in one phCCA without tumor detection.

Among the phCCA, three were preoperatively classified as Bismuth 3a, one as

3b and the others as type 4 (see Table 11).

Moreover, one patient had a recurrence after distal CCA (dCCA) five years after
pancreatoduodenectomy at the confluence of the right and left bile ducts. Due

to the localization of the recurrence it was classified as phCCA.

The overall median age was 69.3 years (range: 45.8-79.4), and for iCCA and
phCCA it was 68.3 years (45.8-79.4) and 70.3 years (49.8-77.1) respectively.
Most patients were over 60 years old (64% for iCCA and and 70% for phCCA)
and 47% over 70 years old (45.5% for iCCA and and 50% for phCCA).

A multifocal tumor was found preoperatively in one patient with phCCA (10%)

and one iCCA (9%). All other tumors were unifocal.

No patient has undergone preoperative systemic chemotherapy or any other

tfreatment.

Three patients with phCCA (30%) and the patient with the Klatskin-mimicking
IgG4-autoimmune cholangitis underwent ERCP and bile duct stenting (BD)
before referral to our center. No patients received PTCD placement
preoperatively.

Two patients with phCCA underwent Rescue-ALPPS after right PVE failure (see
chapter 6.1.2.6 Rescue ALPPS)(246).

An ASA-score of 3 was observed in 10 patients (54.7%) (6 phCCA (60%), and 4
ICCA (36%)). The median age-adjusted Charlson Morbidity Score was 5 (0-6)
(4.5 for phCCA (range: 0-6), and 5 for iCCA (2-6).
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Median ALPPS-Risk Score at Stage 1 (ALPPS-RS 1) was the same for phCCA
and iCCA, namely 5 (2-5). At Stage 2 the overall median ALPPS-RS 2 was 5.5
(3-7.6) (5.9 (3.8-7.3) for phCCA and 5.2 (3-7.6) for iCCA).

No patient was malnourished, defined as BMI <18.5 according to the World
Health Organization classification. Overweighed patients (i.e. BMI:25-30) were
12 (57.1%) (7 (64%) iCCA and 5 (50%) phCCA), while obese patients (i.e.
BMI=30) were 3 (14.3%) (1 (9%) iCCA and 2 (20%) phCCA).

Patients characteristics phCCA iCCA
(n=10) (n=11)
Age, median (range) | 70.3 (49.8-77.1) 68.3 (45.8-79.4)
Sexmale, n (%) | 7 (70%) 3 (27.3 %)
BMI | 28.9 (21.9-31.6) 27 (24-30)
ASA
1,n(%) | O 1 (9%)
2,n(%) 4 (40%) 6 (54.4%)
3,n(%) 6 (60%) 4 (36.4%)
ACCI, median (range) @ 4,5 (0-6) 5 (2-6)
ALPPS-RS 1, median (range) | 5 (2-5) 5 (2-5)
ALPPS-RS 2, median (range) | 5,9 (3.8-73) 5.2 (3-7.6)
Preoperative biliary stent | 3 (30%) -
Rescue-ALPPS | 2 (20%) -
Bismuth Classification (preoperative)
1.0 -
210 -
3a | 2 (20%) -
3b | 3 (30% -
4 | 4 (40%) -

Table 11 — Patients characteristics and preoperative Bismuth Classification for
patients with phCCA (one patient was preoperatively assessed as iCCA). ACCI:
age-adjusted Charlson Comorbidity Index; ASA: American Society of
Anesthesiologists (ASA) physical status; ALPPS-RS 1 and 2: ALPPS Risk
Score at Stage 1 and 2.
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3.2 OPERATIVE RESULTS

3.2.1 Stage 1l

In all cases the extension of hepatectomy consisted of a right trisectionectomy

according to the Brisbane’s classification (30).

The overall median operation time was 246 minutes (134-515), while for phCCA
and iCCA it was 258.5 (134-408) and 246 minutes (154-515) respectively. In
most cases (19 out of 21) a classic ALPPS was performed. A partial ALPPS
was performed in 2 (9,5%) cases (1 phCCA (10%) and 1 iCCA (9%)).

Vascular resection and reconstruction was performed at Stage 1 in one phCCA
and one iCCA due to tumor invasion of the portal vein and right hepatic artery,
respectively. MHV was dissected at this Stage in 5 cases (3 phCCA (30%) and
2 iCCA (18%)).

Three patients with phCCA (30%) underwent extrahepatic bile duct resection
and biliodigestive anastomosis (BDA) already at Stage 1.

A T-tube was used intraoperatively to decompress the bile duct into two
patients, one with phCCA and one with iCCA. The left lobe of two patients with
phCCA (20%) had already been decompressed before surgery with a biliary

stent (ERCD), while the other cases did not need decompression.

Systematic lymphadenectomy was performed at Stage 1 in 8 phCCA (80%) and
9 ICCA (82%). In the case with recurrence of dCCA, lymphadenectomy has

already been performed during pancreatoduodenectomy.

In 1 case with iCCA a pancreatoduodenectomy was performed simultaneously
due to enlarged retroperitoneal lymph nodes and a suspected extension of the

tumor to the pancreas head. No additional resection was performed at Stage 1.

Only one patient with iCCA reported significant bleeding during Stage 1 due to a
lesion in the right hepatic vein, which could be sutured immediately without

further consequences.
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3.2.2 Interstage

The overall median time interval (Interstage) between Stages 1 and 2 was 13
days (3-43), while specifically for iCCA and phCCA was 10 days (3-14) and
13.5 days (11-43), respectively.

Occurred complications and ICU-Stay in Interstage are reported in detail below
(see chapter 3.6 Morbidity & Mortality). In one case the 2nd stage was
performed already at POD 3 due to liver necrosis after right hepatic artery
thrombosis (HAT).

3.2.3 Stage 2

All patients included in this cohort have completed the ALPPS procedure (100%

feasibility rate).

The overall median operation length was 204.5 minutes (59-395), while for
phCCA and iCCA were 226 minutes (59-395) and 204 minutes (91-290)

respectively.

Only three patients with phCCA (30%) underwent portal resection and
reconstruction at Stage 2: in two patients due to portal thrombosis of unknown
origin and in the other due to tumor invasion. In the latter case, the

reconstruction was performed with the interposition of a venous gratft.

At this Stage, a BDA was performed in 15 cases: the remaining 7 cases with
phCCA (70%) and 8 iCCA (73%) due to tumor involvement of the biliary
bifurcation.

No other oncological resection was necessary at this Stage. Segment 1 was
removed in 9 cases (42.9%) (5 phCCA (50%) and 4 iCCA (36.4%)).

Systematic lymphadenectomy was completed in the remaining 3 cases (1
phCCA and 2 iCCA).
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3.3 LIVER QUALITY

Postoperative histological data on liver quality were available for 20 patients (10
phCCA (100%) and 10 iCCA (91%)) and are shown in Table 12.

Patients with phCCA (Median Ishak Score 2.5) revealed a more fibrotic liver
than patients with ICCA (Median Ishak Score 0.5). 8 patients (40%) (7 phCCA
(70%) and 1 iCCA (10%) revealed a Fibrosis-Ishak score of 1 or more. None of

the patients had cirrhosis.

According to the Steatosis-Dixon scale, 3 (15%) patients were Grade Il (5-25%
of hepatocytes affected) and only one iCCA (10%) grade lll (25-75% affected).
12 patients (60%), 6 iCCA (60%) and 6 phCCA (60%), showed no steatosis.

Two patients with phCCA (20%) showed severe intrahepatic cholestasis. Only
one of them was stented. The patient with Klatskin-mimicking lgG4-autoimmune

cholangitis also showed severe intrahepatic cholestasis and was stented.

One patient with iCCA (10%) and 4 with phCCA (40%) had moderate siderosis.

Histology Tumor Type

Fibrosis (Ishak Score) | phCCA (n=10) n (%) iCCA (n=10)*

0,n(%) | 2 (20%) 5 (50%)
1,n(%) | 1(10%) 4 (40%)
2,n(% | 2 (20%) 1 (9%)
3,n(%) | 4 (40%) -
4,n(%) | 1 (10%) -
Steatosis (Dixon Scale) | phCCA (n=10) n (%) iCCA (n=10)*
0,n(%) | 6 (60%) 6 (60%)
1,n(%) 2 (20%) 1 (10%)
2,n(%) | 2 (20%) 1 (10%)
3,n(%) | - 1 (10%)
4,n(%) | - -
Cholestasis, n (%) @ 2 (20%) -
Siderosis, n (%) | 4 (40%) 1 (10%)

Table 12 — Liver quality based on postoperative speciments.* In one patient with
ICCA no data were available.
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3.4 LIVER LABORATORY VALUES AND FUNCTION

The course of laboratory values is subclassified in cholestasis, transaminases

and functional parameters. These data are summarized below in Figure 8.

3.4.1 Cholestasis parameters

Severe cholestasis was present in 4 patients (19%) before Stage 1 or 2.

Before Stage 1, it was observed in three patients with phCCA (30%) (total
bilirubin: 21, 5.4 and 4.4 mg/dl respectively), while before Stage 2 in two
patients with phCCA (20%) (6.1 and 4.6 mg/dl) and one with iCCA (3.7 mg/dl).
Two of them (one phCCA and one iCCA) died from PHLF after Stage 2.

3.4.2 Transaminase

Transaminase increased dramatically after Stage 1 (up to 100 fold normal
values), probably due to parenchymal resection and deportalization or necrosis

of Segment 4, but not after Stage 2.

3.4.3 Function parameters

Five patients (23.8%) had a MELD greater than 10 before either Stage 1 or 2.
Before Stage 1, a MELD >10 was observed in three patients with phCCA (30%)
(MELD 19, 16 and 13), and before Stage 2 in two patients with phCCA (20%)
(MELD 17 and 12) and two with iCCA (18%) (both with MELD 22). Two of them
(one phCCA and one iCCA) died due to PHLF after Stage 2.

Analysis of overall function using median MELD and Cholinesterase (CHE)
showed preserved function after Stage 1 and decreased function after Stage 2.
MELD was elevated mainly due to the increase in Bilirubin, while Creatinine and

INR remained at normal levels.
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MELD and Cholinesterase, once unbalanced, need almost one month after

Stage 2 to normalize again, while the volumetry has already been recovered.

Bilirubin
Stage 1 Stage 2
25
20
s 15 \_/"\
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~— iCCA
0,5
0,0
4 -2 0 2 4 6 81012 0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30

Days after Stage 1 Days after Stage 2

Creatinin
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Figure 8 - Course of laboratory values before and after Stage 1 and 2. INR:
International Normalized Ration; ALT: Alanine Transaminase also known as
serum Glutamic-Pyruvic Transaminase (GPT), MELD: Model for End-Stage

Liver Disease.
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3.5 VOLUMETRY

The volumetric parameters are summarized in Table 13.

The overall preoperative median FLR volume before Stage 1 was 310 ml (105-
440), while specifically for phCCA and iCCA it was 280 ml (155-440) and 319
(105-380) respectively

The overall FLR/TLV was before Stage 1 18.8% (11-31), and for phCCA and
ICCA, 17.9% (12-25.3) and 18.8 (8.1-31.6) respectively

The overall median FLR/BW was before Stage 1 0.40 (0.2 - 0.7), while
specifically for phCCA and iCCA it was 0.4 (0.25-0.6) and 0.4 (0.2-0.7),

respectively.

After a median of 8 days after Stage 1 (range: 6 - 27d) sufficient hypertrophy
was achieved. Only in one phCCA the second Stage was postponed at POD 43
due to primary insufficient FLR growth.

The overall median of FLR/TLV and FLR/BW increased from 18.8% (11-31.6)
and 0.40 (0.2 - 0.7) to 32.5% (16.7-56.7) and 0.7 (0.4-1.2). Specifically by type
of tumor, the median FLR/TLV and FLR/BW increased to 32.5% (27.2 - 43.5)
and 0.7 (0.6 - 0.9) for phCCA, and 32.5% (16.7-56.7) and 0.7 (0.4-1.2) for iCCA,

respectively (see Table 13).

The overall Median Volume Gain (MVG) was 76% (23.8-264.5), in particular
65.9% (23.8-264.5) for phCCA and 76% (26.5% - 142%) for iCCA.

The overall Kinetic Growth Ratio (KGR) as ml of FLR increase per day was 25.2
ml/d (8.7-71), specifically 21,6 ml/d (8,7-58,6) and 28,6 ml/d (12,7-71) for
phCCA and iCCA, respectively.

The overall KGR as % of FLR increase per day was 8.4 %/d (2.4-37.8), while
for phCCA and iCCA was 6,9 %/d (2,4-37,8) for phCCA and 10,9 %/d (3,8-20,7)
for iCCA, respectively

The median KGR (as ml/day and %/day) in patients with different histological
characteristics is given in Table 14.
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Median volumetric parameter iCCA phCCA
Before Stage 1
e FLRvolume, ml 319 (105-380) 280 (155-440)
e FLR/TLV before Stage 1, % | 18.8(8.1-31.6) 17.9 (12-25,3)
(range)
e FLR/BW before Stage 1, range 0.4 (0.2-0.7) 0.4 (0.25-0.6)
Before Stage 2
e FLR/TLV before Stage 2, % | 32.5(16.7-56.7) 32.5(27.2 - 43.5)
(range)
e FLR/BW before Stage 2, range 0.7 (0.4-1.2) 0.7 (0.6 -0.9)
e KGR, ml/day (range) 28.6 (12.7-71) 21.6 (8.7-58.6)
e KGR, %/day (range) 10.9 (3.8-20.7) 6.9 (2.4-37.8)

Table 13 - Median volumetric parameters. KGR: Kinetic Growth Ratio; FLR:
Future Liver Remnant; FLR/BW: FLR to Body Weight Ratio; FLR/TLV: FLR to
standardized Total Liver Volume.

Histological characteristic, n patients KGR, ml/day (range) KGR, %/day (range)

Fibrosis (Ishak Score 22), n=8 | 20.8 (10-58.6) 6.7 (2.4-37.8)
Steatosis (Dixon Scale 22), n=4 | 23.8 (8.7-43.6) 6.9 (4.3-13.7)
Cholestasis, n=2 | 16.3 (8.7-58.6) 7.4 (4.3-37.8)

Siderosis, n=5 | 19.1 (8.7-65) 6.7 (4.3-17.1)

Table 14 - Median KGR (as ml/day and %/day) in patients with different
histological characteristics. KGR: Kinetic Growth Ratio; Ishak Score and Dixon
Scale are reported in Table 8.
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3.6 MORBIDITY & MORTALITY

The median ICU-stay after Stage 1 was 3 days for both phCCA (range 1-11)
and ICCA (1-6). After Stage 2 the overall median ICU-stay was 5 days (1-40),
while in particular 6 days (1-24) for phCCA and 4 days (1-40) for iCCA. The
overall median hospital-stay was 34 days (22-78), specifically 36.5 days (22-78)
for phCCA and 33 days (23-67) for iCCA.

3.6.1 Morbidity

Overall morbidity across the cohort was 85.7%, while for phCCA it was 80%
with 27 complications in 8 patients and for iCCA 91% with 27 complications in
10 patients.

The majority of events occurred after the second Stage for both phCCA (56%)
and iCCA (70%).

Overall severe complications (grade 2lllb) occurred in 6 phCCA (60%), 5 iICCA
(45%) and in the patient with Klatskin-mimicking lgG4-autoimmune cholangitis.

3.6.1.1 Biliary leakage

Biliary leakage from the resected surface was observed in two patients with
phCCA (20%) after Stage 2 and from the BDA in one iCCA (9%). All occurred
after Stage 2 and where surgically treated. No mechanical cholestatic

complications were observed.

3.6.1.2 Vascular complications

Vascular events occurred in 5 patients and are classified as follows.
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3.6.1.2.1 Hepatic artery thrombosis (HAT)

A thrombosis of the right hepatic artery (HAT) in a patient with iCCA, in which a
reconstruction of the right HA was performed, occurred after Stage 1 due to
tumor invasion with consecutive necrosis of the right deportalized liver and

sepsis. In this case, the second Stage was anticipated at POD 3.

One left HAT in phCCA and one in iCCA were observed after Stage 2 at POD
10 and 1, respectively, and were both successfully treated surgically with

thrombectomy.

3.6.1.2.2 Portal vein thrombosis (PVT)

A patrtial portal vein thrombosis (PVT) was observed in a patient with iCCA on
POD 7 after Stage 1 and was treated initially with a therapeutic dose of heparin

and finally with thrombectomy and portal reconstruction at Stage 2.

A partial PVT in phCCA on POD 17 after Stage 2 was successfully treated with

anticoagulants with no need of other intervention.

3.6.1.2.3 Venous outflow complications

Complication of left hepatic venous outflow with consecutive SFSS after Stage
2 was observed in a patient with iCCA on POD 25. Initially a radiologically
percutaneous angioplasty was carried out and then, due to persistent kinking,
the definitive radiological stenting was performed on POD 28.

3.6.1.2.4 Bleeding

A severe bleeding of unknown origin occurred in a patient with iCCA on POD 1
after Stage 2 and was successfully treated surgically with hematoma removal.
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3.6.1.2.5 Pulmonary embolism (PE)

Two cases of pulmonary embolism (PE) were observed. One in a patient with
ICCA occured on POD 5 after Stage 1 and was medically treated and
subsequently had an uneventful course. Another PE in a patient with iCCA on
POD 7 after Stage 2 required readmission to ICU due to cardiogenic shock. The

patient died of septic shock on POD 32.

3.6.1.3 Post-Hepatectomy Liver Failure (PHLF)

Post-Hepatectomy Liver Failure (PHLF) after Stage 1 was observed in only one

ICCA, due to right HAT and right liver necrosis.

After Stage 2, PHLF was observed in 5 phCCA (50%) and 4 iCCA (55%). PHLF
Grade C was observed in 3 phCCA (30%) and 2 iCCA (18%).

3.6.2 Mortality

Four patients (19%) (2 phCCA and 2 iCCA) died within 90 days after Stage 2.
Their characteristics are summarized in Table 15.

Overall in-hospital mortality was 20% for phCCA and 18% for iCCA.

Two patients with phCCA and one iCCA died after Stage 2 due to septic shock
at POD 20, 37 and 32, respectively. Another patient with iCCA died from septic
shock and liver failure at POD 19.

In addition, the patient with Klatskin-mimicking lgG4-autoimmune cholangitis

died from severe acquired pneumonia at POD 36.

58



RESULTS - Morbidity & Mortality

o ©
< 'c
N~ © O o
S o @
s £ 2% £ - L8 g5 5
S§ 58 58 58 2258 58
S = Nn® Nnao Nn® S8 n® N ca
2 ~
vg N
v
5889
o ~ N o ©
S&TH I ™ ™ et ™
s
xS
SE D
=S S
e
TES
S o8 © ©
QU‘E\ 2 = 2 = =
~
s 2
SRS
S
8 <
¥
~
= - ™ ™
SR — — ™ — :
b
) = L = = =
=
o S
RN o N o) ® ~
<D © ~ © ~ ~
.
S o
)
S S 8] ©
~ @ N ™ N ™ '
Su
< & — N ™ < —
ISEY — — — — —
S~ o o o o o
~ < N N N N N
%)
2} =
%)
g < s ES
) O O < < <35
Q o o Q o D3 0
= ~ N o) <+ )

Table 15 - Characteristics of patients that experienced postoperative mortality.
ICCA: intrahepatic Cholangiocarcinoma; F: female; M: male; phCCA: perihilar
Cholangiocarcinoma; Tumor stage according to 7th American Joint Committee
on Cancer/Union for International Cancer Control (AJCC/UICC) edition (245).
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3.6.3 Learning Curve

The learning curve is shown in Table 16.

The ALPPS for phCCA, and CCA in general, has been performed regularly in
the first 5 years after the introduction of the procedure itself at University
Hospital Tubingen. The indication for CCA has been revised after our early
single center experience (118), as well as the publications of the initial ALPPS
Registry results (125, 240) and the first ALPPS Meeting (Hamburg 2015) (see
chapter 1.4.1 History of ALPPS) (45).

A careful return to ALPPS for phCCA has been recorded in the last 3 years,
with 4 cases since 2017. On the other hand, ALPPS for iCCA has been mostly
performed between 2012 and 2016.

While overall morbidity remains consistently high throughout the observed
period (only in 2013 it was < 50%), severe morbidity reaches peaks of 100% in
2011, as well as in 2018 and 20109.

Mortality is present only in the first 5 years of experience, while since 2015 no
mortality has been recorded in patients undergoing ALPPS for CCA.

While in the first years severe morbidity is also related to mortality (red and
black curves), in recent years no mortality has been observed even in the

presence of severe morbidity.
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Learning Curve
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Table 16 - Learning curve of 10 years of ALPPS experience at University
Hospital Tubingen. iCCA: intrahepatic Cholangiocarcinoma; phCCA: perihilar
Cholangiocarcinoma.

61



RESULTS - Morbidity & Mortality

3.6.4 Risk Analysis

The comparison of patients with and without death event and risk analysis are

summarized in Tables 17 and 18.

Considering that the definitive diagnosis of CCA is made usually postoperatively
and that the risk factors must be known preoperatively (regardless of whether
the diagnosis of CCA will be confirmed later), we have considered here all
patients with suspected preoperative cholangiocarcinoma to improve the
statistical power of this analysis, i.e. also the two patients with Klatskin tumors
mimicking tumors (one intraductal papillary neoplasia (IPN) and one

autoimmune cholangitis 1gG4).

Patients with postoperative mortality have significantly more comorbidity and
fibrosis, a lower KGR in the Interstage, as well as a higher MELD and ALPPS-
RS 2. They also experience more major complications (=3a according to the
Dindo-Clavien classification) during Interstage and more severe complications

(=3b according to the Dindo-Clavien classification) after Stage 2.

In the univariate risk analysis, however, no parameters available at Stage 1
have reached a significance, except histology, which in our case was collected
after the completion of the procedure. Patients with an Ishak-Score of 3 or more
have a 2.75 fold higher probability of postoperative mortality than patients with

less or no liver fibrosis.

A MELD above 10 and a higher ALPPS-RS 2 should be risk-aware and possibly
an indicator to postpone Stage 2. The presence of major complications after
Stage 1 and severe complications after Stage 2 are associated with a significant
risk of death.

The small number of cases results in a wide or non-measurable confidence
interval at univariate analysis. For this reason, the results should be taken as

indicative.
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Risk Factor No mortality With mortality P
(n=18) (n=5)
Stage 1
BMI, median (range) | 27.2 (21.9-30.1) 25.5 (20.4-31.6) 0.655
Sex male, n (%) | 7 (39%) 4 (80%) 0.131
Age, median (range) | 69.25 (45.8-79.4) 72.2 (68.3-78.7) 0.264
ASA =3,n(%) | 7 (39%) 4 (80%) 0.131
ACCI, median (range) | 4.5 (0-6) 6 (4-7) 0.035*
Bilirubin before Stage 1, median (range) | 0.6 (0.3-5.4) 0.8 (0.5-21) 0.114
MELD before Stage 1, median (range) | 6 (6-16) 9 (6-19) 0.282
MELD > 10 before Stage 1, n (%) | 2 (11%) 2 (40%) 0.194
ALPPS-RS 1, median (range) | 5 (2-5) 5 (5-5) 0.071
Biliary stent, n (%) | 2 (11%) 2 (50%) 0.194
Stage 2
Bilirubin before Stage 2, median (range) | 0.5 (0.2-6.1) 0.8 (0.3-4.6) 0.133
MELD before Stage 2, median (range) | 7 (6-22) 12 (7-22) 0.057
MELD 2 10 before Stage 2, n (%) | 2 (11%) 3 (60%) 0.048*
Major Complication before Stage 2, n (%) | 3 (16.7%) 4 (80%) 0.017*
Severe Complication before Stage 2, n (%) | 2 (11.1%) 2 (40%) 0.194
ALPPS-RS 2, median (range) | 5.3 (3-6.50) 6.4 (5.5-7.3) 0.007*
Major Complication after Stage 2, n (%) | 10 (55.6%) 5 (100%) 0.089
Severe Complication after Stage 2, n (%) | 6 (33.3%) 5 (100%) 0.014*
Overall Major Complication, n (%) | 12 (66.7%) 5 (100%) 0.184
Overall Severe Complication, n (%) | 7 (38.9%) 5 (100%) 0.024*
Volumetry and Histology*
KGR (ml/day), median (range) @ 27.1 (8.7-71) 15.5 (10-19) 0.032*
Ishak Score (Fibrosis), median (range) | 1 (0-3) 3(1-4) 0.027*
Ishak Score > 3,n (%) | 3 (17%) 3 (75%) 0.046*
Dixon Scale (Steatosis) , median (range) | 0 (0-3) 0 (0-1) 0.361
Dixon Scale 22 | 5 (27.8%) - 0.535
Cholestasis, n (%) | 2 (11.1%) 1 (20.0%) 0.470
Siderosis, n (%) | 3 (16.7%) 2 (40.0%) 0.210

Table 17 — Comparison of patients with and without death event. ACCI: Age
adjusted Charlson Comorbidity Index; ALPPS-RS: ALPPS Risk Score; KGR:
Kinetic Growth Ratio *for 1 patient with ICCA and postoperative mortality no
histological data were available.
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Risk Factor Regression Odds Ratio (95% CI) P
coefficient
Stage 1
ACCI | 1.166 3.210 (0.875-11.775) 0.079
Stage 2
MELD before Stage 2 | 0.165 1.180 (0.972-1.431) 0.094
MELD = 10 before Stage 2, n (%) | 2.485 12 (1.184-121.573) 0.035*
Major Complication before Stage | 2.996 20 (1.613-247.981) 0.020*
2
ALPPS-RS 2 | 2.550 12.8 (1.059-154.880) 0.045*
Severe Complication after Stage 2 | 21 high -
Overall Severe Complication | 20.8 high -
Volumetry and Histology
KGR (ml/day) | -0.178 0.837 (0.677-1.035) 0.100
Ishak Score | 1.209 3.349 (0.984-11.403) 0.053
Ishak Score >3 | 2.708 15 (1.136-198.039) 0.040*

Table 18 — Univariate Analysis of the Risk Factors. ACCI. Age adjusted
Charlson Comorbidity Index; ALPPS-RS: ALPPS Risk Score; KGR: Kinetic

Growth Ratio
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3.7 ONCOLOGICAL SURGICAL RESULTS AND TUMOR

STAGING

The oncological results are shown in Table 19.

An RO resection was achieved in 15 patients (71.4%) (6 phCCA (60%) and 9
iICCA (82%)).

60% of patients with phCCA revealed a T-Stage of 2 and 20% greater than 2,
while the majority of iCCA (55%) were in Stage 2b and 3 (64%).

Lymph node positivity (N) was found in 3 phCCA (30%) and 7 iCCA (64%).
Vascular invasion (V) was found in 1 phCCA (10%) and 1 iCCA (9%).
Perineural invasion (Pn) was found in 7 phCCA (70%) and 2 iCCA (18%).
Lymphatic-vascular invasion (L) was found in only 1 iCCA (9%).

40% of the phCCA had a grading of 2 and only 20% of 3. On the other hand,
70% of the ICCA had a grading of 3.

Histology of the pancreas in the patient with iICCA who underwent a
concomitant pancreatoduodenectomy at Stage 1 revealed a benign cystic

tumor.

According to the AJCC/UICC classification, 50% and 73% of patients with
phCCA and iCCA, respectively, presented advanced stage (defined as Stage
greater than 2).

Tumor multifocality was present in 2 iICCA (18%) and, unlike preoperative

imaging, in none of the phCCA.

The median tumor size was 5.4 cm (1.5-11.7) (4.2 cm (1.5-6.6) for phCCA and
8.5 cm (2.8-11.7) for iCCA).
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T phCcA I(ﬁ(,:; Y v phCcA I(ﬁc:; Y Staging phCcA I(ﬁ(,:; »
(n=10) (n=10) (n=10)
Insitu | 1(10%) O 0 | 9(90%) 10 (90%) 0 | 1(10%) 0
1| 1(10%) 4 (45%) 1]1(10%) 1 (9%) 1| 1(10%)
2 |- 1 (9%) X|0 0 la 1 (9%)
2a | 2(20%) 1(9%) Pn 1b 0
2b | 4(40%) 3(27%) 0 | 3(30%) 1 (9%) 2 | 3(30%) 2 (18%)
3| 2(20%) 3(27%) 1] 7(70%) 2 (18%) 3
4,0 0 X|0 8 (73%) 3a | 1(10%) 1 (9%)
N G 3b | 1(10%) 1 (9%)
0 | 6(60%) 4 (36%) 0| 1(10%) 0 3c | 3(30%)
1| 3(30%) 7 (64%) 1] 1(10%) 0 4a 6 (55%)
X|1(10%) O 2 | 4 (40%) 3 (27%)
M 3 | 2 (20%) 7 (50%)
0| 10 10 (90%) X| 0 1 (9%)
(100%)
1|0 1 (9%) R
X|O0 0 0 | 6(60%) 9 (82%)
L 1| 4(40%) 2 (20%)
0| 10 10 (90%) X|0 0
(100%)
1{0 1 (9%)
X|O0 0

Table 19 - Staging base on 7th American Joint Committee on Cancer/Union for
International Cancer Control (AJCC/UICC) edition staging system (245). G:
grading; L: Lymphatic-vascular invasion; M: distant metastasis; N: Lymph node
positivity; Pn: Perineural invasion; R: Residual tumor; T: tumor size; V: Vascular

invasion.
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3.8 FoLLOW-UP AND

RESULTS

ONCOLOGICAL

LONG-TERM

A total of 17 patients, 8 with phCCA and 9 with iCCA, were included in the

follow-up (FUP).

The median FUP time was 38.3 months (1.4-104.1) for phCCA and 36.4 months

(2.5-63.4) for iCCA.

The Kaplan-Meier curves for Disease-Free Survival (DFS) and Overall Survival

(OS) are shown in Fig. 9 and 10.
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Figure 9 — Kaplan-Meier Curve of the Overall Disease-Free Survival (DFS).
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Figure 10 — Kaplan-Meier Curve of the Overall Survival (OS).

3.8.1 Tumor recurrence and DFS

A tumor recurrence was observed in only one patient with phCCA (12.5%) and
in 7 patients with iCCA (77.8%) (see Table 20).

The median Disease-Free Survival (DFS) time was 29.5 months for the phCCA
and 7.8 months (1-41.6) for iCCA.

The localization of tumor recurrence was intrahepatic for the phCCA and 5
(46%) iCCA.

Extrahepatic localization was detected in 5 iCCA patients (46%): in one case

(9%) as lymph node metastasis, in two cases (18%) as bone metastasis and in
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3 other cases (27%) as peritoneal carcinomatosis (one of these also with

simultaneous bone metastasis).
The recurrence of phCCA was treated with chemotherapy.

ICCA recurrences were treated with chemotherapy in 5 cases (46%) and, one
each, with radio frequency ablation (RFA), microwave ablation (MWA), selective
internal radiotherapy (SIRT), surgery and Pressurized IntraPeritoneal Aerosol
Chemotherapy (PIPAC).

At last FUP, updated to December 2019, 7 patients with phCCA (88% of
patients included in the FUP) and 3 with iCCA (33%) were tumor free. Among
these, one iICCA was previously successfully treated with RFA after recurrence.

Among patients with recurrence, a R1 status was observed in 1 phCCA (25% of
phCCA with R1) and 2 iCCA (100% of iCCA with R1), a N1 status in 1 phCCA
(33% of phCCA with N1) and 6 iCCA (86% of iCCA with N1), a Pnl status in 1
phCCA (14.3% of phCCA with Pnl) and 1 iCCA (50% of iCCA with Pn1).

The patient with iCCA and L1- and V1-status developed a recurrence (100% of
ICCA with V1 and L1), while the phCCA with V1 did not. Only one patient with
multifocal iCCA entered FUP and had a recurrence in the 21st postoperative
month (POM) (see Table 20).

One patient with iICCA recurrence received another oncological resection
(pancreaticoduodenectomy at Stage 1 due to enlarged retroperitoneal lymph
nodes and suspected extension of the tumor to the pancreas head) and another

ICCA a vascular reconstruction due to tumor invasion of the left hepatic vein.

The phCCA with recurrence was in Stage 3c while 6 of 7 patients (86%) with
recurrence in ICCA groups were in Stage 3 (n = 1) and 4a (n = 5).

Median tumor size in patient with recurrence was 6.9 cm (3.9-11.7) (phCCA 4.2
cm and iCCA 9.2 cm (3.9-11.7)).
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Table 20 - Characteristics of patients who have experienced recurrence in the
FUP. Chemo: Chemotherapy; iCCA: intrahepatic Cholangiocarcinoma; MWA:
microwave ablation; phCCA: perihilar Cholangiocarcinoma; PIPAC: Pressurized
IntraPeritoneal Aerosol Chemotherapy; Recurr.: Recurrence; RFA: radio
frequency ablation; SIRT: selective internal radiotherapy

3.8.2 Overall Survival

Overall mortality after relapse was observed in one patient with phCCA (12.5%)
and 4 patients with iCCA (44%)).

The Overall Survival (OS) among patients who entered FUP was 88% for
phCCA and 55% for iCCA.

The median OS was 36.8 months (1.4-104.1) and 36.4 months (2.5-63.4) for
phCCA and iCCA respectively.

The 1-, 3- and 5-years cumulative survival was respectively 80%, 80% and 60%
for phCCA, 64%, 55% and 40% for iCCA (see Fig. 10).

71



DISCUSSION - Patient selection

4 DISCUSSION

Late diagnosis, limited treatment options and poor prognosis make

cholangiocarcinoma (CCA) a major challenge among liver tumors.

The introduction of the Associating Liver Partition and Portal Vein Ligation for
Staged Hepatectomy (ALPPS) has encouraged the surgical community with a
promising new surgical strategy to resect patients who would otherwise have no
curative options (119, 125, 129, 130, 166).

However, early reports on deplorable morbidity and mortality (M&M), particularly
in patients with CCA, cool the enthusiasm (47, 240).

Consequently, the indication to perform an ALPPS procedure in CCA remains

hesitant, also because strong long-term oncological results are still lacking.

Our experience shows that ALPPS applied to CCA, in particular phCCA, could
significantly extend the overall survival (OS) in selected patients otherwise
condemned to a poor outcome. Here we will gradually discuss the different
aspects of such a complex procedure, from patient selection to long-term

outcomes.

4.1 PATIENT SELECTION

A great effort has been undertaken in ALPPS to identify the main risk factors, as
well as to develop predictive scores in order to improve patient selection and
reduce M&M (137, 158, 159).

4.1.1 Age and Comorbidities

A recent analysis by Linecker et al. showed that patient selection based, among

other factors, on younger age and a shift in the indication towards colorectal
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liver metastases (CRLM), has reduced mortality from about 17% to less than
5% in recent years (34, 159).

The demographic analysis of our study showed that patients with CCA, in
particular with phCCA, were, as already known (247), older than reported in the
general population undergoing ALPPS, including therefore mainly patients with
CRLM (137, 240).

There is already evidence of an association between old age and increased rate
of perioperative complications and postoperative mortality in ALPPS (45, 124,
137, 158, 240, 248).

Several cutoffs above the age of 60 have been arbitrarily proposed and
analyzed (158, 240). Schadde et al. have shown that patients under 60 years of
age have just 2% of mortality compared to 14% of patients over 60 years of age
(158). The study supporting the ALPPS Risk Score, based on an accuracy
analysis, reported the age of 67 as the optimal cutoff for predicting

postoperative mortality (137).

De Santibaries et al. have shown that in elderly patients less hepatocytes enter
the cell cycle and begin to replicate, suggesting a limited regenerative capacity
in this subgroup (249). In addition, elderly patients present significantly more

comorbidities and fibrosis (see chapter 4.2.2 Liver Quality).

In our study, 60% of patients with phCCA and 36% of patients with iCCA (and in
particular 4 out of 5 patients with postoperative mortality!) had an ASA score of
3 and a higher comorbidity index before Stage 1, revealing that the comorbidity

condition could play an important role in the final outcome.

Comorbidities, even if not manifest, are a well-known risk factor for a poor
outcome in major liver surgery, as they can unbalance and complicate the
postoperative course with PHLF and mortality (235, 250-257). Diabetes,
obesity, malnutrition and frailty, hepatitis, renal dysfunction and age over 65 are
associated with PHLF (235, 251-257). Severe comorbidities such as congestive
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heart failure, severe kidney or lung disease are already considered a
contraindication for a major liver resection (250).

However, comorbidities in ALPPS are still subject to debate and are not yet
recognized as significant, either individually and globally (137, 158).
Cardiovascular disease marginally failed statistical significance in some reports
(137), while the global measure of comorbidities, usually evaluated with the
age-adjusted Charlson Comorbidity Index (aCCl)(236, 258), has systematically
failed any predictivity in ALPPS when used in mixed cohorts with primary and
secondary liver tumors, probably due to an overestimation of secondary tumors,
such as CRLM (137, 158, 161). For other scores, such as ECOG (Eastern
Cooperative Oncology Group) and the Karnofski performance index, there is no
consensus in the HPB-literature and they are not found in the ALPPS literature
(255, 259-261).

Our risk analysis, however, despite based on just few events, showed that
patients that experience postoperative mortality present significantly more
comorbidities.

4.1.1.1 Risk scores

Currently two predictive scores are available: 1) the already validated ALPPS
Risk Score (160) and 2) the proposed new Risk Score for the CRLM, which
however can only be applied in this type of tumor (161). As mentioned above
(see chapter 1.4.3.1 Patient selection and risk factors), both scores can be

applied before both Stage 1 and Stage 2.

The ALPPS Risk Score (ALPPS-RS) was developed in 2016 (137), to help
select patients before an ALPPS procedure (ALPPS-RS 1) or to decide the
timing of the second Stage (ALPPS-RS 2). The ALPPS RS-1, which currently
remains the only tool for skimming CCA patients preoperatively, will be
discussed below, whereas the ALPPS-RS 2 in the chapter 4.5.2 Mortality.
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The ALPPS-RS 1, based only on patient age and tumour type, can be applied
to patients with CCA. However, it is not really suitable to differentiate between
patients with this diagnosis, as these patients already receive the maximal

points, if they are over 67 years of age.

The median preoperative 90-days risk in our population, evaluated with the
ALPPS-RS-1 and based on the data of the original manuscript (137), was 37%
in both phCCA and iCCA, and that would have contraindicated the operation in

most patients.

For this reason, we still do not know how to clearly address the characteristics
of patients, apart from their advanced age and tumor type. Once again it should
be stressed that these two factors mainly exclude patients with primary tumors,
such as HCC or CCA, from ALPPS.

A multicenter study has been planned by our institution to develop a score to
better assess the risk of 90-day mortality. The data of 451 patients who
underwent ALPPS from 13 high volume centers worldwide were analyzed and
discussed with experts at the E-AHPBA Meeting 2019 in Amsterdam (Personal
communication of Capobianco, Nadalin et al.). A risk score based on age, BSA,
primary tumor, presence of renal disease, severe cardiovascular disease
(defined as any of congestive heart disease, myocardial infarction and
peripheral vascular disease), moderate or severe diabetes mellitus was
developed and showed a better predictivity than ALPPS-RS-1 and -2. The new
score now allows a much better selection of patients based, among other
factors, on comorbidities, without excluding a priori patients with primary

tumors.

4.1.2 Nutritional impairment and physical condition

Nutritional and physical conditions also play an important role in patients
undergoing surgery, however there is little data in patients undergoing major

liver resection. The improvement of the patient's condition at the time of surgery
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IS mandatory to optimize the outcome, and further studies on this aspect are to
be expected in the future.

4.1.2.1 Nutritional impairment

Although there are no data on ALPPS, malnutrition is an important modifiable
risk factor for a negative outcome after hepatectomy. It impaires the immune

system and the capacity for liver synthesis and regeneration (188, 262).

It is known that 50-90% of patients with cirrhosis or cholestasis suffers from
malnutrition (263-266). Similarly, patients with obesity often have liver steatosis
(267) and sarcopenia. The latter, defined as depletion of lean muscle mass,
was measured up to 43% of these patients (268), reflecting increased morbidity
and mortality (186, 198, 269, 270).

4.1.2.2 Physical condition

A patient's physical condition includes all physiological parameters of body
composition such as muscle strength, flexibility and exercise capacity (195,
271). Muscle strength is essential for recovery from major surgery. It depends
on overall nutritional status and declines with age (195), while reduced exercise
capacity has been associated with increased mortality after transplantation,
regardless of liver function (195, 272-274).
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4.2 LIVER ASSESSMENT

Liver volumetry, quality and function are the main factors influencing PHLF.

4.2.1 Volumetry

The median volume gain over the 13.5-day median Interstage time was 76%
(26.5 - 142) and 65.9% (23.8 - 264.5) for iICCA and phCCA respectively,
therefore comparable to the hypertrophic potential of ALPPS reported in the
literature (see chapter 1.4 ALPPS and Table 3).

However, when analysing the liver hypertrophic potential rate by means of the
KGR, the median KGR of the iCCA group was 28.6 ml/day (10.9 %/day) and
thus further comparable with the literature (123, 275), whereas the KGR of the
phCCA was only 21.6 ml/day (6.3 %/day). Kambakamba et al. have already
demonstrated that a KGR <6 %/day was associated with a significantly higher
risk of PHLF, showing an intrinsic property of the phCCA population (276).
Furthermore, according to our experience, patients who experienced
postoperative mortality showed a significantly lower KGR in the Interstage (15.5
ml/day (10-19) VS 27.1 ml/day (8.7-71)).

Li et al. found in an iICCA population that patients aged < 65 years have a

higher KGR than patients aged > 65 years (123).

In addition, Huiskens et al., based on CRLM data alone, suggested that
FLR/BW < 0.4 prior to Stage 1 could be predictive of 90-day mortality and
proposed to perform PVE in these patients (161). It should not be forgotten that
the common cutoff to perform a primary liver resection in healthy liver is 0.5
(146, 166, 172) and no information on liver quality, e.g. the presence of CASH,
was provided in the study. Moreover, the cutoff of 0.4 would have excluded
most patients, since 66% of the cohort and 64% of the patients who did not
experience mortality reported a FLR/BW <0.4 (161). Furthermore, Linecker et
al. found no predictive value for preoperative volumetry in the assessment of
the ALPPS Risk Score (137).
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Above all, an adequate FLR should be achieved before proceeding to the
second Stage. Li has demonstrated that an insufficient FLR at Stage 2 (defined
as FLR/BW <0.80) is a risk factor for severe complications and consequently for
mortality (123).

Although, to the best of our knowledge, there are insufficient data or diagnostic
possibilities to predict the exact regeneration potential of the liver, much more
can be done to assess the quality and function of the liver preoperatively, as

illustrated below.

4.2.2 Liver Quality

4.2.2.1 Fibrosis and Cirrhosis

Cirrhosis is a relative contraindication for ALPPS, as it limits the regeneration
capacity of the liver. A comparison with published data is not always possible,
as liver quality is often underreported and different scores are used.

Schadde et al. described, in one of the first reports from ALPPS Registry, a
prevalence of fibrosis in patients undergoing ALPPS of 27% (158), while Li et al.
reported a prevalence of fibrosis and cirrhosis in patients with iCCA of 26.2%
and 2.4% respectively (123). Interestingly, Linecker et al. pointed out a
decrease in the selection of patients with fibrosis from 21% before 2011 to 14%
in 2015 (124).

However, the main data on this topic are based on HCC patients. In highly
selected patients with HCC, ALPPS was already used in the presence of

cirrhosis.

D'Haese et al. reported a significantly higher degree of fibrosis and a lower rate
of hypertrophy (47 vs 76%) in patients with HCC compared to patients with
CRLM (248). Chan et al. described similar results in patients with HCC in
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cirrhosis compared to patients with chronic hepatitis (hypertrophy rate: 33% vs
53%, respectively) (277). Surprisingly, however, Vennarecci et al. found no
difference at POD 7 between cirrhotic patients and normal liver (71.7% vs
64.8%)(278).

Histological analysis in our population showed that none of the patients
presented cirrhosis. However, 90% of iCCA have low or non-fibrotic liver, while
in phCCA 70% of patients presented a grade 2 or higher fibrosis, probably due
to prolonged cholestasis. This point may also explain the reduced KGR in these
patients, as already shown (see Table 14)(248).

In addition, in our cohort, patients with postoperative mortality presented
significantly more fibrosis and, in the entire population, an Ishak-Score of 3 or
more significantly increased the probability of postoperative mortality by 2.75

fold compared to patients with less or no liver fibrosis.

4.2.2.2 Steatosis and Steatohepatitis

The main steatohepatitis data are based on CRLM patients.

Schadde et al. reported a prevalence of 32% macrosteatosis and 9%
microsteatosis in the ALPPS-Registry population (158), while Linecker et al.
showed again a decrease in the selection of steatohepatitis patients from 22%
before 2011 to 12% in 2015 (124). Interestingly the prevalence of
macrosteatosis increased from 18% before 2012 to 25% in 2015 (124).
Probably, this is mainly attributable to the switch of the indication to CRLM,
namely patients who have mostly undergone preoperative chemotherapy.
However, macrosteatosis alone does not seem to have a negative impact on
the outcome. Li et al., considering steatosis as >30% of hepatocytes affected
(approximately Grade 3 and 4 of the Dixon scale, see Table 8 in chapter 2.7
Liver Quality), reported a prevalence of 7.1% in patients with iCCA (123).

In our population, steatosis has been reported in about 40% of patients with
either phCCA or iCCA, but has not been associated with increased mortality,
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probably because only one iCCA had a Dixon =3. However, the four patients
who presented a Dixon Scale = 2 reported a lower median hypetrophy rate
(KGR 23.8 ml/day and 6.9 %/day) than the general cohort.

This confirms the importance of assessing liver quality preoperatively,
particularly in at-risk patients selected on the basis of age and comorbidity. This
could be done by means of a biopsy, while other imaging approaches (e.g. US.
Elastography, MRI and CT) have yet to be validated (see chapter 6.2
Assessment of Liver Quality). Promising results using elastography to predict
PHLF were already published (279-281), while MRI allows segmental
assessment of steatosis and can also be used to assess fibrosis, making it a
potential one-stop-shop mode for both liver anatomy and quality and, ultimately,
function (1, 216-224).

4.2.2.3 Cholestasis

The presence of histological cholestasis in ALPPS literature is not found or
omitted. This is probably due to the fact that patients with cholestasis are
usually patients with phCCA, and these are a minority in the ALPPS literature

as well as patients with severe cholestasis are not indicated for ALPPS.

In our cohort, two patients with phCCA showed severe intrahepatic cholestasis
and only one of them was stented. The patient with Klatskin-mimicking 1gG4-
autoimmune cholangitis also showed severe intrahepatic cholestasis and was

stented.

The hypertrophy rate of these patients was lower than the general cohort (KGR
16.3 ml/day and 7.4 %/day).

4.2.2.4 Siderosis

Other types of pathological findings are also not analyzed in the literature. In our

cohort, five patients presented with siderosis. Although this characteristic has
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not been associated with increased mortality, these patients have a lower
hypetrophy rate (KGR 19.1 ml/day and 6.7 %/day) than the general cohort.

4.2.3 Liver Function

In this retrospective study, liver function was considered only through laboratory

findings, in particular by MELD-Score.

The first small series regarding ALPPS reported normalization of Bilirubin, INR
or Prothrombin time (PT) and Creatinine within 12 days after completion of
surgery in patients without complications (71, 119, 282) and, clinically, 20% of
patients developed a new onset ascites, defined as more than 200 ml/g of
abdominal fluid, and persisted for a median of 4 weeks (119).

In addition to this, our study reports that MELD and CHE, once unbalanced,
need almost a month after Stage 2 to normalize again, while the volume has
already been recovered.

A MELD-Score of more than 10 had already been recognized as a risk factor for

90-day mortality in the first analysis based on the ALPPS Registry (158).

Our findings confirm this statement, but only before Stage 2. Nevertheless,
patients with in-hospital mortality had a higher MELD-Score at Stage 1 and 2

than the others.

However, a more recent analysis based on a larger data pool did not confirm
these observations (137). This does not avoid that an unconserved liver

function should be considered carefully before proceeding to the second Stage.

Several Interstage serological factors have been analyzed to understand the
safety of proceeding to the second Stage or postponing it. The ALPPS-RS 2
focused on serum bilirubin and creatinine before Stage 2 as highly predictive of

postoperative mortality, while the CRLM Risk Score focused only on creatinine
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(see chapter 1.4.3.1 Patient selection and risk factors). In the presence of these
serological risk factors the second Stage should be postponed until recovery.

One of the most exciting innovations is the ability to measure and visualize the
precise function of the FLR by hepatobiliary scintigraphy (HBS) (see chapters
1.4.3.4 Liver Function and 6.3 Assessment of Liver Function).

Many authors have pointed out that the volume increase does not correspond to
the function (68, 73, 180, 204, 212-214, 283). This may partly explain the high
morbidity and mortality associated with ALPPS despite the unprecedented

hypertrophy.

In addition, segmental function determination can help establish the correct
interval in each two-stage procedure, such as PVE, TSH or ALPPS, before
performing extensive resections and exposing patients to PHLF risk (213, 283-
285). It is already known that the deportalized liver in the Interstage still
contributes to total liver function (73), allowing the FLR to grow with low liver
failure risk. Global function assessment techniques cannot differentiate between
the deportalized hemiliver and the FLR (205), with the risk of overestimating the
function of the latter. For this reason, knowing the exact functionality of the FLR
should be mandatory (129).

One of the main advantages of HBS is that, in addition to showing segmental
function, it is less affected by hyperbilirubinemia, and therefore it is applicable in
cholestatic patients, as patients with CCA could be (286-288).

The use of HBS as 99mTc-Mebrophenine Hepatobiliary Scintigraphy (HIDA)
had already been suggested in the first paper on ALPPS (see chapter 6.3
Assessment of Liver Function)(119).

However, there are only a few studies with small cohorts and even fewer
mortality events (68, 213, 283, 289), so there is no consensus on the cutoff to
be used in the different HBS techniques, limiting the interpretation of the data

and their application.

HIDA was introduced at the University Hospital Tubingen at the end of 2016
and used only in two phCCA preoperatively and three phCCA in the Interstage.
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We cannot therefore refer to any conclusions, as these evaluations are still

ongoing.

Stockmann et al. suggested the use of LIMAx (see chapter 6.3.3 13C-
Methacetin Breath Test (LIMAX)) considering the percentage of FLR to total liver
volume as the percentage of FLR functionality (i.e. predicted Future Liver
Remnant Function, pFLRF). The normal cutoff value is set to 311-575 ug/kg/h
(207). Stockmann et al. have applied LIMAX to ALPPS and showed a drop in
function after Stage 1 and, after Interstage recovery, after Stage 2.
Furthermore, the authors showed an excellent correlation between pFLRF and
measured postoperative liver function after Stage 2, insisting that pFLRF could
be used to predict segmental function (73). Nevertheless, this ignores the lack
of uniformity of hepatic function throughout the liver and in particular between
the deportalized hemiliver and the FLR (205). In addition to the slight availability
of the device, several factors such as smoking, nutrition and visceral

hemodynamics can influence the results (290).

4.3 BILIARY DRAINAGE

Biliary drainage (BD) is usually indicated preoperatively in case of cholestasis in
(1, 291-293):

1. patients with congestive cholangitis, severe malnutrition or liver or kidney
failure induced by hyperbilirubinemia

2. patients undergoing preoperative augmentation procedure with long
Interstage (i.e. PVE) or before neoadjuvant chemotherapy.

The aim of BD is to relieve jaundice and improve liver function and, secondly, to
increase the regeneration capacity of the liver (1, 293). A preoperative total
bilirubin level of <2—-3 mg/dl is recommended (292, 294).
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The BD can be placed by means of a retrograde cholangiopancreatography
(ERCD or nasobiliary) or percutaneously by mean of transhepatic
cholangiography (PTCD)(292, 295).

In our experience, three patients with phCCA (30%) and the patient with the
Klatskin-mimicking 1gG4-autoimmune cholangitis underwent ERCP and bile
duct stenting (ERCD) before referral to our center, while no patients received

PTCD placement preoperatively.

PTCD is superior to ERCD because it allows biliary sampling, does not need to
be changed regularly and could also be used as a diagnostic tool to
cholangiographically delineate the endobiliary tumor (296-298). On the other
hand, PTCD can cause cholangitis and tumor seeding along the catheter tract
(1). For this reason PTCD should be avoided in patients with an adequate
nutritional status, slightly elevated bilirubin and without cholangitis (299). In
case of bilateral cholestasis the drainage should be placed on the FLR site to
improve recovery and regeneration of the liver (255). However, due to
transhepatic insertion, the risk of implant metastasis and FLR lesions increases
(1, 296-298).

Moreover, a recently published randomized controlled trial comparing phCCA
patients who had undergone PTCD or ERCD prior to surgery showed that
although the postinterventional complications rate was similar between the two
groups, the mortality rate in the ERCD group was extremely higher (46% VS
11%) (300).

An additional benefit of the ERCD is that there is no risk of tumor seeding.
However, in patients undergoing PVE or chemotherapy it should be changed
regularly, it can trigger ascending cholangitis in the FLR and bile cannot be

sampled for microbiological information.

An alternative could be a nasobiliary drainage, associated with a lower risk of
cholangitis than ERCD and allowing sampling. Some eastern groups

recommend it as the ideal method (301-303). However, patient discomfort is
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higher (301, 304). In addition, over 50% of ERCD patients subsequently require
a PTCD to achieve the required therapeutic effect (305).

For this reason the use of BD is still widely debated and there is a lack of

studies demonstrating its unconditional effectiveness (294, 306, 307).

The use of BD in ALPPS has been criticized by Li et al. after the first experience
in our center due to sepsis-related mortality in three patients after biliary
drainage by ERCD (118, 308). The current cohort risk analysis, however, does

not confirm this assumption.

In conclusion, a BD should only be used in case of strict indication and possibly
after performed imaging to avoid artifacts.

4.4 SURGICAL TECHNIQUE

4.4.1 Stagel

4.4.1.1 Explorative Laparotomy and IOUS

After laparotomy, abdominal exploration is of primary importance to determine
the extent of the tumor and its resectability. Particularly in the case of CCA, CT
and MRI are unable to detect a low volume of peritoneal metastases (1).
Despite the improvement in imaging techniques in recent years (99, 306, 309,
310), 20 to 50% of patients still have liver or peritoneal metastases at the time
of surgical exploration (27, 311-313). In addition, an intraoperative ultrasound
(IOUS) of the liver can be performed to locate lesions and determine FLR inflow
and outflow (118, 146).
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In all cases, the procedure has remained in our experience, as planned, a right
trisectionectomy. The first major reports based on the registry, showed that
worldwide ALPPS was performed for right hemihepatectomy in most cases
(52%)(158, 240), introducing BIAS and questions about the correctness of the
indication in patients who may not have needed a two-stage hepatectomy. A
study by Schnitzbauer et al. based on volumetric, liver quality and hypertrophy
rate analysis compared patients undergoing ALPPS for right hemihepatectomy
and extended right hemipatectomy (314). It was shown that in 15% of cases
there was an overindication to ALPPS, especially in the group of patients with
right hemihepatectomy (314).

4.4.1.2 Mobilisation and approach to main structures

Since in our CCA cohort there were no metastases in the left lateral segments,
the left liver remained untouched at Stage 1. On the contrary, mobilization of the
right liver was always performed before parenchymal transection to light out the
posterior resection line (146, 237). Some groups, however, suggested that the
right liver should not be mobilized at all at Stage 1 for oncological reasons and
to reduce the surgical impact (see chapter 6.1.1.6 Anterior Approach) (126,
315).

4.4.1.2.1 Lymphadenectomy

In most cases, lymphadenectomy was performed at Stage 1 to better approach
the liver hilum and to better expose the biliar, arterial and portal structures close
to their bifurcations (118, 146, 237).

4.4.1.2.2 Approach to vasculobiliary structures

The invasion of vasculobiliary structures in CCA, particularly in phCCA, is

common. In our series, while biliary structures were regularly resected due to
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tumor involvement, two patients (one phCCA and one iCCA) required vascular
reconstruction due to tumor invasion of the portal vein and right hepatic artery,

respectively.

4.4.1.2.2.1 Bile duct

The right hepatic duct (RHD) is more often affected by the tumor up to its
second-order branches because it is short and bifurcates early (1). In addition,
possible anatomical variations (e.g. supra-portal right posterior sectorial duct,
RPSD) may limit the extent of resection or require further resection of vascular
structures (1). On the other hand, the left hepatic duct (LHD) is long and
branches off in the second- order ducts far away from the hilum in the umbilical
fissure (1). However, the bile ducts of the caudate lobe drain close to the biliary
bifurcation and are invariably affected by the tumor in case of phCCA with a
Bismuth-Corlette Stage of 3 or 4 (1, 295, 310, 316-320).

In this context, the improvement in RO resection rates and overall survival
associated with caudate lobectomy have been demonstrated in several
retrospective series (1, 321-323). In addition, caudate lobe resection has also

been proposed to reduce the potential bile leakage (324).

4.4.1.2.2.2 Portal vein

If the tumor adheres or infiltrates the right PV at its bifurcation, a resection of the
bifurcation is necessary to obtain a negative margin (1, 310, 325, 326). For
larger PV resections (approx. more than 5 cm) an interposition graft may be

required (1).

At the University Hospital Tibingen the PV bifurcation was resected only if
necessary and not, as proposed by the Neuhaus School, a priori (316, 317,
327-330).
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4.4.1.2.2.3 Hepatic artery

Arterial perfusion of both hemiliver (FLR and deportalized liver) must be
maintained until Stage 2. Infiltration of the hepatic artery requires its resection
and reconstruction (particularly for left trisectionectomy as in case of phCCA
Bismuth 3b) (1). Reconstruction with or without the use of several interposition

grafts is technically demanding and requires a high degree of expertise (331).

If the arterial reconstructions can be performed correctly and safely, the
oncological results are more than excellent. The results reported in the literature
are very different in terms of patency, morbidity and mortality rates (332-336).
However, in a study focused on patients with advanced phCCA undergoing
simultaneous portal and hepatic artery resection after hepatectomy, the 1-, 3-

and 5-year survival rates were 78.9, 36.3 and 30.3 % respectively (337).

4.4.1.3 Parenchymal dissection

Since all the cases were right trisectionectomies, the parenchymal dissection
was performed along the falciform ligament anteriorly and the umbilical fissure
posteriorly at the level of the inferior vena cava (118, 146, 237).

The dissection was always performed using cavitronic ultrasound surgical
aspirator (CUSA), while other groups reported the use of harmonic scalpel,
ultrasound dissector and bipolar forceps irrigated with saline solution (119, 126,
131, 237). Moreover, contrary to what proposed from some groups (71, 119,

146), the Pringle-maneuver was not used at this Stage in our series.

Despite a worldwide shift towards less invasive techniques (124) that minimize
the Stage 1 procedure (139), the vast majority of our patients were performed
with classic ALPPS technique, in particular to avoid a more challenging
approach to the main structures at Stage 2 due to adhesions, and only two
cases were performed with a partial parenchyma transection (partial ALPPS).
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Similarly, no other minimally invasive technique or other variation (e.g.

intraoperative PVE) has been applied in this series.

4.4.1.4 Biliodigestive anastomosis and drainage of the right bile duct

There is no agreement whether the bile digestive anastomosis, when
necessary, should be performed during Stage 1 or Stage 2. Some authors
suggest that it should be performed at Stage 1 for better access to the bile duct
and to achieve better positioning and suturing of the BDA, together with
drainage of the right bile duct (RHD) of the deportalized right liver (133).
However, this may make the second Stage more challenging, as the BDA will
rely on the hilar structures that should still be dissected, and the possible need

for a longer Interstage would lead to adhesion formation.

In our series, only three patients received a BDA already at Stage 1, while 15

(71.4%) cases at stage 2.

In any case, the bile duct of both hemilivers must remain drained until the
procedure is completed to avoid cholestasis, bile leaks and consequent
contamination of the surgical site and infectious complications. In this regard,
different strategies can be adopted depending on the biliary tree tumor
involvement: 1) keep the BD bifurcation intact, 2) keep both lobes drained via
PTCD or ERCD or 3) perform a BDA on the FLR and keep the right lobe

drained or in continuity with the main BD.

RHD ligation to further increase FLR hypertrophy, as suggested by some
authors (129, 134, 146, 237), showed no benefit and, on the contrary, increased
bile leaks up to 88% (134, 143).
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4.4.1.5 Preparation of second Stage

4.4.15.1 Vessel loops

The use of vessel loops can facilitate the identification of isolated structures
during the second Stage, particularly in case of adhesions (126, 338, 339). It
consists in encircling the different main structures (or its branches) using

different color-coded silastic vessel loops (126, 150).

44152 Anti-adhesion sheet

In addition, to avoid adhesions between the two hemilivers it was proposed to
wrap the deportalized lobe with a plastic bag (118, 131, 237, 340). Alvarez et al.
also proposed to place a drain into the bag to avoid the collection of fluids (146).
However, it has been pointed out that this could increase the rate of infection
and, in case of dropout, a laparotomy would be necessary for the removal of the
foreign body (146, 341, 342). For this reason, Belghiti proposed the use of a
type-l acellular collagen membrane on the transection surface, which does not
increase morbidity (315). Other groups alternatively use a silicone sheet (118,
343) or an omentoplasty (344). At the University Hospital Ttbingen we regularly
used a bioresorbable membrane based on sodium hyaluronate. Whenever it is
removed, the plastic bag or sheet should be submitted to microbiological
examination (146).

4.41.5.3 Fibrin sealants

Finally, to prevent bleeding from resection plane, fibrin sealants or glue can be
used on the transection surface (147, 154, 308, 345-347), which, unlike the
plastic bag and sheet, must not be removed (237). However, they have no
effect on biliary loss and it is not clear whether they reduce the adhesion rate,

so these techniques can be combined (348).
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4.4.2 Stage 2

All patients of our cohort have completed the ALPPS procedure (100%
feasibility rate), confirming the lower dropout in the Interstage for ALPPS
compared to other augmentation techniques (in particular PVE and TSH),
where the dropout reaches 30% (see also Table 3 in chapter 1.3 Augmentation
Techniques)(40, 95, 113, 114, 117).

It is interesting to note that the median lenght of the operation for both phCCA
and iCCA in Stage 2 (226 minutes (59-395) and 204 minutes (91-290),
respectively) was shorter than Stage 1 (258.5 (134-408) and 246 minutes (154-
515), but still comparable. This is probably due to the making of the BDA in
most cases (71.4%) at this Stage. In addition, a systematic lymphadenectomy
was completed in three remaining cases (1 phCCA and 2 iCCA), while in three
cases of phCCA (30%) a portal resection and reconstruction was performed at

second Stage.

In one case, with tumor invasion of the PV, reconstruction with the interposition
of a venous graft was postponed to Stage 2 to reduce the possible morbidity in

the Interstage.

Despite the larger resection, radicality could be achieved in 60% of patients with
phCCA and 82% of patients with iCCA, comparable to literature data on
extended resections (15, 349). It should be borne in mind that without this
procedure none of these patients would have had a radical resection option and

a better chance of survival.

Finally, at the end of the second Stage it is crucial to secure the liver outflow.

Therefore, an IOUS must be performed at the end of the procedure.

In addition, to avoid the twisting of the hepatic vein of the FLR (especially if it
corresponds to the left lateral lobe) the falciform ligament can be used to fix the
FLR to the abdominal wall (118, 119, 146, 147, 237).
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4.5 MORBIDITY AND MORTALITY

4.5.1 Morbidity

The big debate on ALPPS is focused on morbidity and mortality with the
detractors that stress the high prevalence of complications and mortality and the
supporters that see it as a necessary (but still improvable!) sacrifice to break

down the limits of the actual therapeutical possibilities.

Due to subclassification in two Stages, definition of morbidity (major or severe)
and different indications, reports on morbidity in ALPPS is heterogeneous.

The overall major morbidity (defined as = llla according to Dindo-Clavien
classification) and overall severe morbidity (= lllb according to Dindo-Clavien

classification) are reported at about 40% and 27%, respectively (71, 119, 240).

The overall morbidity after Stage 1 and 2 is reported between 11-78% and 61-
83%, respectively (71, 82, 124, 125, 350-352), while the severe morbidity after
Stage 1 and 2 is reported between 3-15% and 25-31%, respectively (124, 125).

The high variability in the different studies also depends on the year of the
report, the technique performed and the type of tumor.

Morbidity significantly decreased in the last years due to better patient selection
from 77 to 61% (major 82 to 64% and severe morbidity 31 to 25%) (123, 124,
159).

Patients with CRLM have less morbidity (overall 29-66%, major 29-39% and
severe 13-21%) compared to HCC (overall 21-63%, major 44% and severe
27%), iICCA (overall major 38%, with Stage 1 and Stage 2 overall morbidity,
respectively, of 25% (severe 6%) and 76.8% (severe 41.4%)) and phCCA
(overall major morbidity 64%, with 13% at Stage 1 and 22% at Stage 2) (47,
123, 125, 161, 240, 248, 277, 351).

In our cohort the overall morbidity remains higher than 80% for all the

considered groups, and therefore higher as what reported in literature both for
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ALPPS (34) as well as for major hepatectomies in CCA (19, 353, 354).
However, severe morbidity in phCCA in our cohort resulted of 60%, inferior to
the study of Olthof et al. based on phCCA and comparable with standard one
stage extended right hepatectomy (59%) (47). Moreover, our reported severe
morbidity in iCCA of 45.5% was comparable with the study of Li in ALPPS and a
couple of studies about major hepatectomies that report a severe morbidity
between 30 and 50% (123, 349, 353), depending on extent of resection,

presence of comorbidities and liver quality at time of surgery (36, 355-358).

The most important observation in our cohort is the split-up between severe
complications and mortality seen in the second half of the learning curve, where
no mortality was observed despite persisting high and severe morbidity. It is
interesting to note that this point in time corresponds to the introduction in 2016
of Standard Operating Procedures (SOPs) for major liver surgery and
management of patients with liver failure (particularly prevention and treatment
of PHLF).

This suggests that current success lies not only in the selection of the right
patients and the evolution of surgical technique, but also in perioperative

management.

Morbidity after Stage 1 is a known risk factor for postoperative mortality
following complete resection (see chapter 1.4.3.1 Patient selection and risk

factors).

PHLF on day 5 (158), complication = Illa (161) or = lllb (137) were all high
significant risk factors in different analysis. Our study confirms these finding in
our CCA cohort, since the presence of major complications in the Interstage as
well as severe complications, after Stage 2 or overall, increases the risk of

postoperative mortality.

Therefore, perioperative management is as important as the operating
procedure to achieve a good result, particularly in avoiding or managing
morbidity in the Interstage. This topic is still underrepresented in the ALPPS

literature and no structured studies are available.
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For example, the need for prophylactic antibiotics in the Interstage to prevent
sepsis is unknown, while several groups use it regularly under conditions such
as the presence of right ischemic hemiliver (and/or ischemic segment 1V), the
presence of a plastic bag/sheet in the abdominal cavity, and the presence of
biliary stents (59, 146, 166, 282, 346, 359).

In addition, early enteral (or at least parenteral) nutrition and patient mobilization
from the first POD to avoid weight and muscle loss is critical for FLR

regeneration (293).

For all this reasons, ALPPS should only be offered in experienced centers to
select patients accurately and for optimal perioperative management. It has
already been pointed out that also this policy, among others, has significantly
reduced morbidity in recent years (124, 159).

4.5.1.1 Post-Hepatectomy Liver Failure (PHLF)

Notwithstanding one of the main purposes of ALPPS is to reduce the incidence
of PHLF by means of unparalleled hypertrophy in a short time, PHLF after
Stage 1 is reported between 0-36% and after Stage 2 12.5%-36% (125, 137,
213, 248, 276, 350). Similarly to overall morbidity, PHLF is lower for CRLM
(26%) than for HCC (34-40%), iCCA (35-38%) and phCCA (57%) (73, 123, 158,
162, 213, 248, 283, 360).

This persistent high incidence is often caused by an imbalance between the
extremely high volumetric recovery and a slower functional recovery (68, 162,
170, 204, 212, 213, 276, 283). Histological analysis showed the immaturity of
hepatocytes and bile canalicular network after rapid hypertrophy (360-362).

Overall PHLF in our cohort was observed in 5 phCCA (50%) and 6 iCCA (55%)
after Stage 2, but a PHLF grade C was experienced in 3 phCCA (30%) and 2
ICCA (18%). These results are better than the overall incidence of PHLF seen
in the ALPPS literature for phCCA (57%) but worse for iCCA (38%).
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4.5.1.2 Biliary leakage

Biliary leakage is a known complication of extended liver resection, with an
incidence up to 15% (119, 123, 357, 363-366).

In our experience it was observed in two patients with phCCA (20%) and in one
ICCA (9%). All of them occurred after Stage 2. In the first two cases the leak
was from the resected surface, while in the ICCA from the BDA.

In ALPPS, Schnitzbauer et al. have already reported a biliary leakage rate of
24% treated radiologically or endoscopically (119). This data have been
recently confirm by Spetzler et al. with a bile leakage rate in ALPPS of 23%,

comparable to that of a major liver resection (363).

Intraoperative identification of bile leaks can reduce postoperative morbidity.
Different test have been used in the ALPPS Literature. These are mainly the
“‘white test” (118, 166), the methylene blue test (341, 367, 368) and the
hydraulic test (71, 146, 150, 369, 370), as well as intraoperative
cholangiography (146, 150, 282).

The localization of the leakage, i.e. from parenchyma or from the BDA, is

however underreported.

Also timing of the BDA is controversial, Schadde et al. reported the incidence of
bile leak higher after Stage 2 (20.8%) than after Stage 1 (2.1%), as the
parenchyma is resected, indirectly suggesting a higher prevalence of leakage
from the BDA, that usually is created at Stage 2 (125). Similarly, Li et al., in a
multicentric study based on only iCCA, reported a higher bile leak rate after
Stage 2 than Stage 1 (12.6% after Stage 1 and quite 31% after Stage 2)(123).

On the other hand, Truant et al., in a franco-belgian experience with 62 patients
undergoing ALPPS reported an exceptional cumulative rate of biliary leakage of
40%, equally distributed between Stage 1 and 2. Interestingly this cohort have a
low prevalence of BDA (10%). More importantly, this work pointed out that a
contamination of the biliary system can alter the regeneration capacity of the
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liver and consequently the postoperative outcome, indifferently from the leak
localization (151).

Finally, Nagino emphasizes that bile leaks should be avoided, in particular to
prevent peritoneal spread, since bile in phCCA may contain floating cancer cells
(46, 371).

4.5.1.3 Vascular complications

Vascular events can also have a relevant impact on the outcome. Fortunately,
these events are rare and are not systematically reported in the ALPPS
Literature (151).

45.1.3.1 Portal Vein Thrombosis (PVT)

Truant et al. reported a cumulative portal vein thrombosis (PVT) of 3.2% (2
patients out of 62)(151).

In our study we had two partial PVT, one in a patient with iCCA after Stage 1
and one in patient with phCCA after Stage 2. Both could be bridged or treated
with anticoagulants and only the first, at the planed Stage 2, was further treated

definitively by thrombectomy.

4.5.1.3.2 Hepatic Artery Thrombosis (HAT)

The role of a hepatic artery thrombosis (HAT) of the deportalized liver in the

Interstage, although underreported, is controversially discussed.

In our experience, a patient with iCCA, that required a reconstruction of the right
hepatic artery due to tumor invasion at Stage 1, experienced a HAT in the
Interstage at POD 3, with acute liver failure and sepsis due to necrosis of the

right deportalized liver. Despite the second Stage was preponed to remove the
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necrotized liver, the patient died at POD 18 after Stage 2 due to liver

insufficiency.

Sanjeevi et at., however, reported a case of a HAT at POD 3 after Stage 1 in a
male patient with CRLM, who suffered a deterioration of liver function, but still
with a volumetric increase in FLR of 138% already at POD 3 (372). In this
patient, where it was possible to stabilize the reduced liver function in the
Interstage, the second Stage took place at POD 7 with a further uneventful

postoperative history.

A study on rats confirms this observations, showing that liver hypertrophy is
more pronounced when, at the splitting of the liver, the portal vein and the
hepatic artery are simultaneously ligated than the portal vein alone (373).
However, this was also associated to higher injury of the hepatocytes of the
deportalized and dearterialized liver, reducing the supporting function of the
right hemiliver at the time of functional recovery of the FLR. For this reason, a
HAT in the Interstage must be carefully considered and the patient's condition
and liver function must be continuously monitored. In this case, the timing of the
second Stage must be carefully balanced between deterioration of the
devascularized hemiliver and recovery of the FLR. On the contrary, a left HAT

should always be treated quickly to avoid FLR injury and liver failure.

4.51.3.3 Veno-Occlusive Disease

Two Veno-Occlusive Disease occurred after Stage 2 in our cohort.

One patient with phCCA and one patient with iCCA were successfully treated by

means of radiological stenting on POD 28 and 25 respectively.

A Veno-Occlusive Disease as an Interstage complication is not reported in the
ALPPS literature. It is possible that such an event in the Interstage on the right
side, however, may lead to accelerated hypertrophy similar to extended liver
venous deprivation (eLVD) (see chapter 1.3.4 Extended Liver Venous
Deprivation (eLVD)). Again, intensive monitoring of liver function should be

carried out.
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4.5.2 Mortality

Postoperative mortality remains the Achilles heel of the ALPPS. 90-days
mortality after completed ALPPS was initially reported up to 45%, depending on
study cohort, with an average of 9-14.5% in the registry studies (82, 118, 125,
158, 159, 240, 352).

Furthermore, as already mentioned, Schadde et al. showed in patients younger
than 60 years of age a mortality of 2% compared to 14% in patients older than
60 years of age (158). Similarly, the mortality was less in CRLM (5-8%), than in
HCC (5.8-31.4%), iICCA (13-21%) and particularly phCCA (27-48%) (47, 123,
158, 161, 240, 248, 277, 351).

As for morbidity, a decrease in mortality from 17-45% to 3.8-16% has been
observed in recent years, both in registries and single-centre studies (123, 124,
159).

Mortality following a major resection for CCA has been reported to range from 5
to 16% in larger series (12, 20, 36, 353, 374), compared to 5.6% in patients

undergoing any liver resection (50, 375).

However, two recent studies on phCCA have found a mortality rate of 24-28%
among patients who have undergone a major resection with an FLR of less than
30% (47, 255) and up to 25.5% if a BDA is required (36). Finally, the mortality
among patients undergoing ALPPS for iCCA was about 13-21% and for phCCA
up to 48% (47, 123, 158, 240).

In our study in-Hospital mortality was observed in two patients with phCCA
(20%) and two with iCCA (18%). Moreover, another patient with Klatskin's 1gG4-
autoimmune cholangitis autoimmune, whose indication was given for suspected

phCCA, died after surgery.

The main thing is to underline that all the futile events of our cohort are
concentrated in the first years of our experience (see Table 16), namely at a
time when the selection criteria were not clear and the results in the literature

were still limited to small positive series. Once the learning curve has been
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completed and the indication and selection has been redefined, no mortality
event has been observed since 2015.

Once more, we should stress that patients who underwent an ALPPS procedure
were untreatable with any other therapy and therefore condemned to a poor

outcome.

The main cause of postoperative death, in the literature as in our study, is septic
shock, usually after the development of PHLF (123, 158, 166, 360).

A major effort has been undertaken to identify main risk factors, as well as to
develop predictive scores, in order to improve patient selection (124, 137, 157-
159).

Age, volumetry, liver function, Interstage complications are already discussed
above. In addition, patients with a secondary liver tumor, particularly CRLM,
experience less postoperative mortality. For this reason, HCC and particularly
biliary tumors are widely seen as a risk factor per se for ALPPS and often
classified as a contraindication (47, 124, 137, 158).

There are currently two risk scores available which include the risk factors
mentioned above and attempt to assess the risk for each patient before (see
chapter 1.4.3.1 Patient selection and risk factors) (137, 161). However, their
predictivity is barely acceptable, with a c-statistic of ALPPS Risk Score 1 and 2
after validation of 0.64 and 0.77 and a c-statistic of CRLM Risk Score 1 and 2 of

0.70 and 0.72, making the patient selection not always obvious (160).

In a CCA population, as the cohort of this study, just the ALPPS Risk Score
(ALPPS-RS) is applicable (137), since the CRLM risk score was only developed
for this type of cancer (161).

As already mentioned, the ALPPS-RS 1 (based on age = 67 and type of tumor)
does not seem to be really useful for screening patients preoperatively, since
biliary tumor already receives the maximum points and age is the only variable.
It should not be forgotten, however, that cholangiocarcinoma patients are older
and the average age at diagnosis is = 67 years for both phCCA and iCCA (247),
as also confirmed by the population in our study.
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The ALPPS Risk Score 2 is currently the best tool to decide the timing of Stage
2, since the score summarizes non-modifiable (ALPPS-RS 1 and presence of
severe complications in Interstage) and modifiable (serum creatinine and
bilirubin before Stage 2) variables. In our study the ALPPS-RS 2, differently
from ALPPS-RS 1, applied to a CCA population was significantly higher in
patients that experienced postoperative mortality and still highly predictive of

90-days mortality at univariate analysis.

As already mentioned above, in addition to identifying the risk factors, it is also
useful to classify them in modifiable and non-modifiable (see Table 6 in chapter
1.4.3.1 Patient selection and risk factors). Non-modifiable variables such as
age, tumor type and presence of comorbidities, as well as complications in
Interstage, should be evaluated to decide whether or not to proceed to ALPPS
Stage 1 or 2, respectively. On the other hand, modifiable variables such as
MELD and other biochemical parameters, or partially liver volume, quality and

function, could influence the timing of the procedure.

For this reason, if proper patient selection is made based on age, comorbidity,
liver function and quality, and less invasive techniques are applied, we believe

that post-operative mortality could be further reduced in patients with CCA.

4.6 ONcoLoGICAL OUTCOMES

The mortality reduction applied to ALPPS opens the discussion on oncological
results. Solid long-term outcomes are still lacking, particularly if referred to
patients with phCCA.

Olthof et al. reported a 3-year survival after ALPPS in patients with phCCA of
about 45% (47).

Based on a few patients, 1y-DFS and -OS for iCCA were initially reported at 31-
75% and 60-73% respectively (144, 240). Li et al. in a new multicentric study of
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patients undergoing ALPPS for iCCA, report an overall 1- and 3-year recurrence
rate of 55.1% and 92%, respectively, with a median recurrence time of 9
months (123). In the same study the median OS was 26 months, with a 1-, 3-
and 5-year OS rate of 64.3%, 38.8% and 22.0%, respectively (123).

4.6.1 Disease-free Survival

Median overall DFS of patients undergoing any type of resection reported in the
literature vary widely from 7 to 32 months for both phCCA and iCCA with a 5-
year DFS ranging from 2 to 40% (11, 12, 16, 20, 376, 377). Our study confirms
these observations with a median DFS for phCCA of 29.5 months, but a still
limited DFS for iCCA of 7.8 months. The main site of recurrence was the liver
and the majority of them were further treated with chemotherapy.

The known negative prognostic factors for phCCA are age, T stage, lymph node
involvement, positive surgical margins, perineural and microvascular invasion
and poor differentiation (378-380), while for iCCA they are age, the large size
and multifocality of the tumor, tumor stage = 3, lymph node involvement,
positive surgical margin, perineural, macro- and microvascular invasion,

presence of metastases and poor tumor differentiation (11, 28, 381).

According to the AJCC/UICC classification, 50% of patients in our cohort with
phCCA and 73% of patients with iCCA were at an advanced stage.

Interestingly, the missed radicality does not seem to affect the result for the
phCCA. Although RO was achieved in 60% of phCCA, only one in four patients
with R1 had a relapse after 30 months and died after 42 months. The same
patient, however, had advanced stage 3c and had nodal and perineural
invasion. According to literature data, such a patient should have a life

expectancy of a few months if not resected (16, 17, 29).

The incidence of recurrence in iCCA is 66%. Most of them, however, presented
an advanced stage 4a. All patients with R1, L1 and V1 status, as well as 86% of

patients with nodal positivity, developed a recurrence.
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4.6.2 Overall survival

Median OS for phCCA and iCCA in our study was 36.8 and 36.4 months,
respectively, comparable with the literature (11, 13-17, 123).

However, the 3- and 5-year cumulative survival for phCCA at 80 and 60% is
considerably better than in the literature, although only four patients have

currently achieved a 3 year FUP.

On the other hand, patients with advanced iCCA, due to early recurrence, do
not seem to have a significant advantage from the ALPPS procedure. However,
it should be noted that most of them are patients with advanced stage cancer
with R1 resection and lymph node positivity and therefore an expected 5-year
survival < 20%, if resectable with traditional techniques (11, 17-25, 28).

In addition, Li et al. compared in a propensity score analysis patients with a
locally advanced, initially non-resectable, iICCA undergoing ALPPS with
chemotherapy patients (123). The study showed a greater 3-year OS in the
ALPPS group. However, the authors also pointed out that this benefit is limited
to single focal lesions, while multifocal lesions, due to high M&M and short OS,
do not benefit from this procedure when compared to chemotherapy alone
(123).

While the benefit for chemotherapy is unclear as primary therapy, the use of
adjuvant systemic therapy in patients with high risk of recurrence (e.g. R1
resection) shows an improved 5-year OS (23), and this may partly clarify good
OS in patients with iCCA despite poor DFS.

In addition, it should be stressed that the biggest drop in the survival curve is
within the first 90 days. Avoiding postoperative mortality in CCA through better

patient selection could lead to excellent oncological results.
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4.6.3 Does ALPPS stimulate tumor growth?

It has already been hypothesized that ALPPS could stimulate tumor growth,
since regenerative stimuli in the Interstage could also act on the remaining
tumor in the diseased hemiliver (382). However, many studies on rodent

models, as well as on humans, have not confirmed these results.

Although tumor progression was observed in the Interstage, this was not

parallel to FLR hypertrophy and did not outgrow other augmentation techniques.

The group from Chiba, Japan, found no significant change in tumor volume
when comparing ALPPS patients with TSH patients (383). In another cohort
comparing ALPPS and TSH, the same group also observed a difference in Ki67
expression in liver cancer cells at Stage 1, but at Stage 2 it was greater in the
TSH group than in ALPPS (352). Similar results have been described in mouse
models, also in the comparison between ALPPS and PVL or standard liver
resection (384-386).

A sub-study of the LIGRO-trial comparing 13 patients undergoing ALPPS with
11 patients undergoing radical resection after PVE for CRLM did not observe a
higher rate of rapid recurrence in ALPPS (387). The authors, who also
performed the genetic analysis of metastases, concluded that tumor
recurrences are most likely caused by gene mutations, such as KRAS, NRAS,
BRAF, PIC3CA and TP53, that from the procedure itself (387).

A better biological knowledge of tumors is also emerging with regard to CCA
(388-391). This could be integrated into the patient selection flowchart in the
future to determine which patient has the best chance of having a good

prognosis and thus counterbalancing the perioperative risk.
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4.7 ALPPS OR PVE FOR CCA?

ALPPS detractors for Cholangiocarcinoma suggest that PVE can achieve the

same results with with significantly less M&M.

The longer time to move to Stage 2 in PVE is not seen as a problem in phCCA.
as this tumor is usually a slow-growing cancer (46, 392). If a dropout caused by

insufficient hypertrophy occurs, one might always consider a Rescue-ALPPS.

However, if this is not possible or if the dropout is caused by tumor growth,

these patients are condemned to palliative treatment and a miserable outcome.

Moreover, it should be noted that PVE of the right portal vein alone is
technically feasible with low complications, but would stimulate hypertrophy of
the entire left liver. These patients, therefore, without Segment IV embolization,
should be compared with patients undergoing a classic right hemipatectomy
and probably do not need a right trisectomy with the ALPPS procedure, as
usually required in a phCCA. For this reason they cannot be compared.

On the other hand, a further PVE of the branches of Segment IV, as proposed
by Nagino (46, 393, 394), is a demanding technical procedure which requires
experienced radiologists, as the possible accidental embolization of the
Segment 2-3 branches would deportalize the entire liver without FLR

hypertrophy (89).

Mise et al. reported that an additional embolization of Segment IV increases the
degree of hypertrophy in the left lateral segments by only 2% (395). Moreover,
Madoff still reported a dropout of 29%, mainly due to extrahepatic spread (90).

Morbidity after further embolization of segment IV is reported up to 10%, with
complications as PVT, coil migration to the left PV and subcapsular hematoma.
(396).

Mortality was reported about 3-7% after completion of resection considering the
entire population that underwent PVE + segment IV embolization. However, the

incidence of mortality increases to 7-10% excluding patients who did not
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complete the surgery due to previous dropout (89, 90, 394, 396), compared to a
current mortality in ALPPS of 3.8-16% (123, 124, 159)

Olthof et al. compared the mortality rate of 29 patients with phCCA from 23
centers included in the ALPPS Registry who underwent ALPPS with 29 patients
from only two centers (the Amsterdam Medical Centre and the Memorial Sloan
Kettering Cancer Center, New York) with a similar FLR that underwent standard
primary resection (221). This study reported that mortality in patients
undergoing ALPPS was twice as high (48% vs 24%). However, the matching of
two different cohorts (Register VS two selected centers) has a huge BIAS. The
median preoperative standard FLR/TLV was similar, but still greater, in the
matched group (20 (16-26) VS 25 (19-29), p 0.079). Since the conventional
cutoff for an augmentation technique with good liver quality is FLR/TLV > 25%
(see chapter 1.4.3.2 Volumetry), and the data about liver quality are missing in
this study, most patients in the paired group would probably not have needed
ALPPS anyway. Still the morbidity rate in the matched group was 76% (47). For
this reason, these results should be interpreted carefully.

Finally, Nagino reported a 5-year survival rate of almost 70% in phCCA patients
undergoing PVE with RO resection and NO disease (46, 310). However, as soon
as any type of positivity (nodal, perineural or surgical margins) is present, 5-
year survival drops to 20% (310).

In summary, PVE involves a lower perioperative risk, however some preliminary
data suggest a superiority of ALPPS in terms of procedure completion, radicality
and therefore oncological results. Since clear guidelines are lacking, the
decision between the different techniques requires a multidisciplinary approach

including surgeons, hepatologists, radiologists and oncologists.
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4.8 STRENGTH AND LIMITS

To the best of our knowledge, this series is the first to focus on ALPPS for right
trisectionectomy in CCA patients and suggests promising long-term results,
provided that postoperative mortality can be limited through careful patient

selection.

However, the main limitations of this study are its retrospective nature and the
small group of patients. Since the knowledge of ALPPS is still evolving, in

parallel with the evolution of this cohort, many BIAS are present.

Many data concerning ALPPS, especially about liver regeneration, patient
selection, perioperative patient management and long-term outcome, are
scarce or mostly missing, and could be compared just with other liver

augmentation and resection techniques.
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S5 SUMMARY AND CONCLUSION

Among liver tumors, cholangiocarcinoma (CCA) has still limited therapeutic
possibilities, as surgery is the only option to achieve long-term survival,
provided resection is possible.

In addition, because extended resection is required in most cases, the risk of
Post-Hepatectomy Liver Failure (PHLF) and consequently mortality is high,
sometimes subjecting the clinician to a difficult choice between giving the
patient a risky chance or leaving him/her with a palliative situation and limited

life expectancy.

Several two-step augmentation techniques have been developed to decrease
the risk of PHLF and are currently available. However, while the PHLF problem
may be limited by these techniques, morbidity and mortality after completion of
the procedures are not to be ignored, and especially the problem of dropout due
to tumor growth during Interstage remains high, with almost a quarter of

patients unable to complete the procedure.

Associating Liver Partition and Portal vein ligation for Staged hepatectomy
(ALPPS) was introduced in 2007 as a new two-stage augmentation technique
with unprecedented hypertrophy in the shortest possible time, promising to

reduce PHLF and dropout in one fell swoop.

It consists of ligation of the right portal vein and parenchymal transection during
the first Stage, and finalization of the resection after Future Liver Remant (FLR)

hypertrophy, usually within two weeks after Stage 1.

Although the ALPPS-related dropout is close to zero, allowing the resection of
patients previously inoperable, the initially reported high morbidity and
postoperative mortality quickly cooled down the initial enthusiasm. The
morbidity is linked to the complexity of the procedure, but above all the risk of
PHLF cannot be completely forgotten, as functional recovery is slower than

hypertrophy, resulting in high mortality.
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However, studies in recent years have shown that a careful selection of patients
for ALPPS (mainly by age, tumor type and presence of comorbidity), the
improvement of operating techniqgues and the introduction of less invasive
alternatives have greatly reduced the mortality associated with this procedure
from 17-45% to 3.8-16%, and therefore comparable to other major surgical
procedures applied to the same type of tumor (12, 20, 36, 124, 353, 374).

Much can still be done with regard to preoperative liver assessment, especially

with regard to quality and function.

This study includes 21 patients with CCA (10 phCCA and 11 iCCA) undergoing
ALPPS between November 2010 and November 2019.

We have shown how any pathology of the liver parenchyma, particularly
fibrosis, can slow down hypertrophy and the functional recovery, increasing the
risk of PHLF. A preoperative assessment of histology by means of biopsy or
imaging techniques should be mandatory in older and high risk patients.

In addition, the introduction of hepatobiliary scintigraphy (HBS) is a promising
technique to study the exact segmental function of the liver, establish
perioperative risk and identify the exact timing for the second Stage.

Our study has also shown how proper perioperative management can address

morbidity and consequently reduce the mortality even in extended resection.

The long-term oncological results that can be obtained are very promising and
game-changing for a type of patient, presenting CCA tumor in advanced-stage,
who is currently otherwise sentenced to a very short life expectancy.
Furthermore, increased knowledge about the biology of CCA can help to
achieve even better results and balance perioperative risk with long-term

benefit.

As a conclusion ALPPS in CCA is not a surgical Play-Doh but another card to
play in patients with advanced cancer stages and without other treatment
options. Excellent oncological results require a multidisciplinary approach
including surgeons, hepatologists, radiologists and oncologists. For this reason

the procedure should only be proposed in high volume centers.
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5.1 ZUSAMMENFASSUNG (DE)

Unter den Lebertumoren weist das Cholangiokarzinom (CCA) nach wie vor nur
begrenzte therapeutische Optionen auf. Sofern eine Resektion moglich ist,
bietet eine Operation die einzige Moglichkeit, um ein langfristiges Uberleben zu

erreichen.

Da in den meisten Féallen eine erweiterte Resektion erforderlich ist, ist das
Risiko eines Leberversagens nach Hepatektomie (Post-Hepatectomy Liver
Failure, PHLF) und der damit verbundenen Mortalitdt hoch. Das stellt den
Kliniker mitunter vor die schwierige Wahl, dem Patienten entweder eine riskante
Chance zu geben oder ihn in einer palliativen Situation mit begrenzter

Lebenserwartung zu belassen.

Um das Risiko von PHLF zu verringern, wurden mehrere zweizeitige
Augmentationstechniken entwickelt und stehen derzeit zur Verfugung. Doch
auch wenn das PHLF-Problem durch diese Techniken begrenzt werden kann,
durfen Morbiditat und Mortalitat nach Abschluss der Verfahren nicht ignoriert
werden. Insbesondere das Problem des Abbruchs aufgrund von
Tumorwachstum wahrend der Interphase ist nach wie vor hoch, da fast ein
Viertel der Patienten das Verfahren nicht abschliel3en kann.

Die Associating Liver Partition and Portal vein ligation for Staged hepatectomy
(ALPPS) wurde 2007 als neue zweizeitige Augmentationstechnik mit
beispielloser Hypertrophie in kirzester Zeit eingefuhrt. Sie verspricht die

schlagartige Reduktion von PHLF und Dropout.

Sie besteht aus einer Ligatur der rechten Pfortader und einer Transektion des
Parenchyms wahrend der ersten Phase und dem Abschluss der Resektion
nach einer Hypertrophie des zukinftigen Leberrests (Future Liver Remnant,

FLR), normalerweise innerhalb von zwei Wochen nach der ersten Phase.

Obwohl der ALPPS-bedingte Abbruch beinahe bei Null liegt und damit die
Resektion von zuvor inoperablen Patienten erméglicht, dampfte die zu Beginn

berichtete hohe Morbiditdt und postoperative Mortalitat zunéchst die
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anfangliche Begeisterung. Die Morbiditat hangt mit der Komplexitat des Eingriffs
zusammen. Vor allem aber kann das Risiko von PHLF nicht vollig aul3er Acht
gelassen werden, da die funktionelle Erholung langsamer ist als bei einer

Hypertrophie, was wiederum zu einer hohen Mortalitat fihrt.

Studien der letzten Jahre haben jedoch gezeigt, dass eine sorgfaltige Auswabhl
der Patienten fir ALPPS (hauptséachlich nach Alter, Tumorart und
Vorhandensein einer Komorbiditat), die Verbesserung der Operationstechniken
und die Einfuhrung weniger invasiver Alternativen die mit diesem Verfahren
verbundene Sterblichkeit von 17-45% auf 3,8-16% stark reduziert haben. Somit
sind sie mit anderen wichtigen chirurgischen Verfahren vergleichbar, die bei
gleicher Tumorart angewandt werden (12, 20, 36, 124, 353, 374).

Hinsichtlich der préaoperativen Beurteilung der Leber kann noch viel getan

werden, inshesondere im Hinblick auf die Qualitat und Funktion.

Diese Studie umfasst 21 Patienten mit CCA (10 phCCA und 11 iCCA), die
zwischen November 2010 und November 2019 einer ALPPS unterzogen

wurden.

Wir haben gezeigt, wie jede Pathologie des Leberparenchyms, insbesondere
die Fibrose, die Hypertrophie und die funktionelle Erholung verlangsamen kann,
wodurch sich das Risiko von PHLF erhdht. Eine praoperative Beurteilung der
Histologie mittels Biopsie oder bildgebender Verfahren sollte daher bei alteren
und Hochrisikopatienten obligatorisch sein.

Darlber hinaus ist die Einfuhrung der hepatobiliaren Szintigraphie (HBS) eine
vielversprechende Technik, um die exakte Segmentfunktion der Leber zu
untersuchen, das perioperative Risiko zu ermitteln und den genauen Zeitpunkt

fur den zweiten Schritt zu bestimmen.

Unsere Studie hat zudem gezeigt, wie durch ein geeignetes perioperatives
Vorgehen die Morbiditat angegangen und folglich die Mortalitat auch bei einer

ausgedehnten Resektion gesenkt werden kann.

Die langfristigen onkologischen Ergebnisse, die erzielt werden kdnnen, sind
sehr vielversprechend und grundlegend fir einen Patiententyp, der einen CCA-
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Tumor im fortgeschrittenen Stadium aufweist und der ansonsten mit einer sehr
kurzen Lebenserwartung zu rechnen hatte. Dartiber hinaus kann ein erweitertes
Wissen Uber die Biologie von CCA dazu beitragen, noch bessere Ergebnisse zu
erzielen und ein Gleichgewicht zwischen perioperativem Risiko und

langfristigem Gewinn herzustellen.

Zusammenfassend lasst sich sagen, dass ALPPS bei CCA kein chirurgisches
Play-Doh ist, sondern eine weitere Karte, die bei Patienten mit fortgeschrittenen
Krebsstadien und ohne andere Behandlungsmdglichkeiten ausgespielt werden
kann.  Ausgezeichnete  onkologische  Ergebnisse  erfordern  einen
multidisziplinaren Ansatz, der Chirurgen, Hepatologen, Radiologen und
Onkologen mit einschlie3t. Aus diesem Grund sollte das Verfahren nur in

hochvolumigen Zentren vorgeschlagen werden.
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6 APPENDIX

6.1 TECHNICAL VARIANTS AND DETAILS

Several technical variants have been proposed. Lau and Lai divided the
technical variants as follows (138):

1) Variants to decrease operative morbidity and mortality

2) Variants to extend resectability.

6.1.1 Variants to decrease operative morbidity and mortality

6.1.1.1 Partial ALPPS (p-ALPPS)

The partial ALPPS (p-ALPPS) was introduced in 2015 with the aim of reducing

surgical invasiveness and thus reducing Interstage complication (139, 140).

It has been defined as an incomplete parenchymal transection up to the middle
hepatic vein (MHV) or as a transection between 50 and 80% of the total

parenchyma, preserving the liver veins, especially MHV.

No significant difference was reported regarding FLR hypertrophy between
partial and classic ALPPS when applied in non-fibrotic livers, but a significant
reduction in Interstage morbidity from 33-89% to 0-38%. It has been
hypothesized that avoiding MHV transection reduced venous congestion within
the FLR (59, 71, 140, 397). Some authors have pointed out that the complete
devascularization of segment IV (portal + venous), as it happens in the classic
ALPPS, causes ischemic necrosis of segment IV, complicating the Interstage
and the postoperative course (136, 146, 308, 398).

However, other groups showed less hypertrophy in p-ALPPS than classic

ALPPS in patients with chronic liver disease (238). Deal et al. showed in a pig
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model that the growth rate is inversely proportional to the number of collaterals
(399).

Currently p-ALPPS, alone or in combination with other techniques as described
below, is the most widely used technical variant associated with a reduction in
postoperative mortality (124, 400, 401).

6.1.1.2 Radiofrequency-assisted ALPPS (RALPPS)

Radio frequency ablation (RFA) is applied regularly for the treatment of hepatic
tumors and leads to coagulative necrosis of the liver parenchyma by rapid
alternating currents (59, 402).

Gall et al. reported for the first time the use of RFA during the first laparoscopic
Stage to induce parenchymal necrosis along the planed transection line,
ceasing blood flow between the FLR and the deportalized liver, associated with
ligation of the right portal vein (141, 142). They reported a median hypertrophy
of 62% in 22 days with 20% morbidity and no mortality (141).

The same group, in a case-controlled study comparing RALPPS with PVE and
ALPPS, confirms a rate of hypertrophy comparable with ALPPS and less severe
complications (in particular biliary leaks) in the RALPPS group (59).

This technique has already been successfully applied in open surgery in
patients with HCC with cirrhotic liver (403, 404) and, in a modified technique
with  RFA and extracorporal PVE, in phCCA (Alhikanov R, personal
communication at E-AHPBA 2019, Amsterdam).

The REBIRTH trial (Rapid Induction of Liver Regeneration for Major
Hepatectomy (REBIRTH) trial), a registered, randomized controlled trial by the
Imperial College of London comparing RALPPS vs PVE, showed a superiority
of RALPPS in terms of hypertrophy and proceed to Stage 2, without any
difference in morbidity (only three patients, 11.5%, in the RALPPS group

experienced a complication = IlIb) and one patient (3.8%) with 90-day mortality
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after RALPPS (42). However, no patients with CCA and only one with HCC
were included in the RALPPS group.

6.1.1.3 Laparoscopic microwave ablation and portal vein ligation for staged

hepatectomy (LAPS).

Microwave ablation (MWA) also produces coagulative necrosis (59) and can be
used as an alternative to RFA in RALPPS. Two Italian groups, respectively from
Padua and Pisa, reported the use of LAPS in a first laparoscopic or robotic
Stage (and in one case also at Stage 2) with results similar to RALPPS, i.e.

hypertrophy comparable to ALPPS with a lower complication rate (405-407).

6.1.1.4 Associating Liver Tourniquet and Portal ligation for Stage hepatectomy (ALTPS or
Tourniquet ALPPS)

In Tourniquet-ALPPS a 1 cm deep groove is made along the section line and a
3 mm Vicryl Tourniquet (V152; Ethicon, Somerville, New Jersey, USA) is placed
and then narrowed over the transection line using an extraglissonian approach
to prevent occlusion of the hepatic artery and bile duct. The main purpose of
this technique is to reduce blood loss and surgical time during Stage 1.

The hypertrophy in this technigue of 61-69% in 7 days was also comparable
with classic ALPPS, and the overall morbidity of 0-27% and 22-36% after Stage
1 and 2, respectively, was lower than classic ALPPS (143-145).

The same principle was proposed in a laparoscopic variation by Cai et al (408).
In this case a nasogastric tube was used as Tourniquet. However, the reported
hypertrophy was only 37.9% (59, 408).

Finally, Tourniquet-ALPPS has also been successfully proposed associated
with a delayed PVE (369).
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6.1.1.5 Mini-ALPPS or PVE-ALPPS

Noting that the Interstage course and in particular the presence of comorbidities
were a limiting factor for the success of ALPPS (see chapter 1.4.3.1 Patient
selection and risk factors), De Santibafies proposed at the first ALPPS Meeting
in Hamburg in 2015, and then published in 2016, a change in the whole ALPPS
strategy: minimizing Stage 1, with the aim of reducing Interstage complications,
and a longer and more aggressive Stage 2, with hylar preparation and

completion of the parenchymal transection (139).

The Buenos Aires group has published a series with 4 patients who have
undergone a p-ALPPS combined with intraoperative portal vein embolization
(PVE) (139). Also in this case the median hypertrophy of 62.6% in 11 days was
comparable to classic ALPPS. Moreover, a 100% feasibility with RO margins

was reported and any PHLF or major complications were observed (139).

6.1.1.6 Anterior Approach

In order to avoid liver mobilization (resulting in perihepatic and paracaval
adhesions) and tumor dissemination (due to iatrogenic rupture of the tumor
during right liver mobilization), the anterior approach for ALPPS for the first
Stage was proposed (45, 315, 341, 368).

In the first Stage the parenchyma transection and portal occlusion are

performed and the mobilization of the right liver is postponed to Stage 2 (341).

Li et al., strengthening the concept of minimizing Stage 1 (139), reported a "no-
touch" approach in a patient with portal vein tumor infiltration due to advanced
gallbladder cancer (45). In this case the parenchyma was transected with an
anterior approach and the portal occlusion was postponed. A PVE was

performed on POD 2, achieving 65% hypertrophy in 6 days (45).
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6.1.1.7 Laparoscopic and robotic procedure

Laparoscopy has been repeatedly performed successfully in Stage 1 or both
stages of ALPPS in many case reports and small series (59, 71, 126, 141, 142,
151, 156, 340, 348, 403, 405-414).

Although this technique was initially criticized because of its technical difficulties
and limitations in detecting and palpating occult lesions (126, 146), its
application is increasing due to its lower invasiveness and has reported fewer
complications and adhesions after Stage 1 (406, 414). Two cases are reported
using a robotic approach with similar results (415, 416). However, at the
moment it is not possible to draw definitive conclusions on minimally invasive
ALPPS (414).

6.1.1.8 Resection of Segment IV

As already mentioned above (see chapter 5.1.1.1 partial ALPPS) some authors
have highlighted how the complete devascularization of Segment IV, as it
happens in classic ALPPS, causes ischemic necrosis of Segment 1V,
complicating the Interstage and the postoperative course with the development
of biliary leaks (136, 146, 308, 398). To avoid this, Andriani et al. proposed the

simultaneous resection of Segment IV at Stage 1 (417).

116



APPENDIX - Technical variants and details

6.1.2 Variants to extend resectability

6.1.2.1 Left-ALPPS

This procedure applies to left hepatectomy to preserve Segments 5-8. It may be
necessary in case of small volume of the right hemiliver after removal of the
tumor load (121, 131, 138). In Stage 1, after performing the wedge resection of
the right hemiliver, the left portal vein is ligated and the transection is performed
through the Cantlie’s line (121, 131, 138).

6.1.2.2 Right-ALPPS

In this hemihepatectomy, Segments 2-4 are preserved. It is indicated in case of
small FLR after removal of the tumor from the left hemiliver or in case of poor
quality of the liver parenchyma. In Stage 1, after dissection of the right portal

vein, the parenchyma is dissected along the main portal fissure (131, 138, 146).

6.1.2.3 Segment 4, 5, 8-ALPPS

The indication to Segment 4,5,8-ALPPS may be given in the case of
pronounced tumor load, which requires resection of the lateral segments with
possible preservation of the central liver sector after wedge resection in
Segments 4, 5 and 8 (138).

In Stage 1 the sectionectomy of Segments 2-3 is performed, the right posterior
portal vein is ligated to deportalize the right posterior segments and finally the
multiple wedge resections in Segments 4, 5 and 8 are followed by the liver

transection between the right anterior and posterior section (138).
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6.1.2.4 Double in situ split for stage mesohepatectomy

This technique is used in patients with central tumor, limited FLR and low liver
quality, who require resection of central segments and preservation of lateral
segments 2-3 and 6-7 (138, 147).

6.1.2.5 Monosegmental ALPPS

Different types of monosegmental ALPPS have been proposed. It has been
defined as any hepatectomy performed with the ALPPS procedure when the
FLR consists of a single segment with or without the caudate lobe (149). This
technique has been performed in patients with bilateral disease and high tumor

load, where only one segment could be preserved.
In the literature are described (131, 138, 148-150):

e Segment 2 ALPPS

e Segment 2 with half Segment 4 ALPPS
e Segment 3 ALPPS

e Segment 3-1 ALPPS

e Segment 4 ALPPS

e Segment 4-1 ALPPS

e Segment 4 with half Segment 2 ALPPS
e Segment 6 ALPPS

e Segment 6-1 ALPPS

The intraoperative details have already been described by Schadde and de
Santibafes (149, 150).
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6.1.2.6 Rescue ALPPS

In case of failed or insufficient hypertrophy after PVE, or in case of insufficient
intraoperative volume or quality after tumor removal by planned resection,
ALPPS can be performed as a rescue technique. In this case the only thing
necessary is the in-situ splitting along the preselected line, since the right portal

vein is already obliterated.

In the literature there are many case studies or small series with reported
clinical outcomes comparable to "planned” ALPPS (59, 86, 131, 151-156),
underlining, once again, the innovative characteristics of ALPPS given by

parenchymal transection.

6.2 ASSESSMENT OF LIVER QUALITY

The quality of the liver can be assessed preoperatively through the following

procedures:

e Biopsy: liver biopsy is the gold standard and can provide exact
information on liver quality (1, 184). However, it is an invasive procedure
with possible complications, such as bleeding or infection, and may be
associated with false negative results due to sampling errors or irregular
distribution of intrahepatic disease (418-421).

e Ultrasonography (US): High frequency ultrasonography is a feasible and
inexpensive tool that may suggest poor liver quality due to attenuation
parameters (422). However, it shows a moderate sensitivity and need for
clinical expertise (423).

o Elastography: Several ultrasound elastography techniques have been
developed to detect liver fibrosis (Transient elastography, Real Time
Elastography (RTE) or Acoustic Radiation Force Impulse Imaging (ARFI)
and Shear Wave Elastography (SWE)). The European Federation of
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Societies for Ultrasound in Medicine and Biology guidelines suggests
that values above 6.8-7.6 kPa indicate the presence of significant
fibrosis and that those ranging between 11.0-13.6 kPa may indicate
cirrhosis (424).

e MRI: since conventional MRI can only evaluate indirect information in

case of cirrhosis or portal hypertension, different techniques based on
MR (MR Elastography, Diffusion-weighted MR (DWI), disodium
glydoxetic acid (Gd-EOB-DTPA)) are now available to assess liver
steatosis and fibrosis. The results are comparable to US-based
elastography techniques.
In addition, these MRI-based techniques are the most accurate to
measure the fat content in the liver and, unlike US-based imaging, are
also feasible in obese patients or individuals with ascites, and also allow
for whole liver assessment (425-428). On the other side, this methods
are expensive, associated to long examination time, patient compliance
and could be limited by hepatic iron overload, vascular and biliary
congestion (428-431).

e CT: the attenuation of the liver obtained by CT compared to that
observed in the spleen may indicate liver steatosis (162, 432). However,
CT has a low sensitivity in detecting fibrosis.

6.3 ASSESSMENT OF LIVER FUNCTION

Various methods can be used to assess global or segmental liver function. As
already explained in the Introduction (see chapter 1.4.3.4 Liver Function), a
global assessment can be obtained by blood analysis and imaging procedures
(such as Indocyanine green clearance test (ICG) (205, 206) or 13C-Methacetin
Breath Test (LIMAX)) (1, 207), while a segmental assessment can be
determined by hepatobiliary scintigraphy (HBS) and MRI with gadolinium
ethoxybenzyl diethylenetriaminepentaacetic acid (gd-eob-dtpa) (216-224).
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6.3.1 Biochemistry

Various laboratory parameters show the liver's capacity for synthesis or
excretion. They include coagulation parameters (Prothrombin time
(PT)/Quick/INR as well as coagulation factors), protein (albumin, total protein),
cholinesterase (CHE) (203, 204) and cholestasis parameters (Bilirubin. gamma-
Glutamyl Transferase (gGT), Alkaline Phosphatase (ALP)). Several series have
shown inconsistent results when these parameters, individually or in

combination, are taken as predictors of PHLF (433-437).

Indeed, these parameters can be influenced by several other factors (e.g.
protein loss, deficiency state, substitution) as well as comorbidity such as
systemic inflammation, nephrotic syndrome, malnutrition, or protein-losing
enteropathy (1, 293).

6.3.2 Indocyanine green clearance test (ICG)

The ICG test is the most widely used test in liver surgery worldwide (205). It is
based on the ability of ICG to be excreted, after intravenous administration,
exclusively from the liver without biotransformation (ICG-15)(206, 438, 439).

The safety limit in predicting safe liver resection of ICG-15 varies between 15
and 20% in different studies (440-444). However, in approximately 20% of
patients the severity of the liver disease is underestimated due to
hyperbilirubinemia, since absorption is facilitated by common liver transporters,

and impaired blood flow, as in the case of intrahepatic shunting (443).

Sparrelid et al. used ICG-15 in a cohort of 9 CRLM patients undergoing ALPPS
(212). ICG-15 did not increase after Stage 1, suggesting that deportalized liver
still contributes to overall liver function, but there was a significant increase in
ICG-15 after Stage 2 and persisted for about 1 month, although no liver failure

was reported.
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The authors interpreted this result as a possible consequence of increased
global blood flow (portal and arterial) to the FLR after completion of resection.
However, due to the lack of Interstage increase, ICG-15 cannot yet be proposed

to plan the second Stage.

6.3.3 13C-Methacetin Breath Test (LiIMAX)

The LIMAX breath test is based on the metabolism of 13C-methacetin by the
liver cytochrome CYP1A2. It evaluates the global liver function. However, it has
been suggested to use the percentage of FLR to total liver volume as the
percentage of function of the FLR (predicted future liver remnant function,
pFLRF) (see chapter 4.2.3 Liver Function) (73, 207).

6.3.4 Hepatobiliary Scintigraphy (HBS)

Hepatobiliary Scintigraphy (HBS) can finally show the sectoriality of the liver
function. The most discussed are **™Tc-Galactosyl Serum Albumin Scintigraphy
(>"Tc-GSA) and °°™Tc-Mebrofenin Hepatobiliary Scintigraphy (HIDA), which show
the absorption and excretion capacity of the liver respectively.

6.3.4.1 99mTc-Galactosyl Serum Albumin Scintigraphy (99mTc-GSA)

99MTc-GSA is uptaken only in the liver and is not affected by
hyperbilirubinemia (208). In combination with dynamic single photon emission
CT scan (SPECT-CT) it allows an accurate three-dimensional measurement of

preoperative FLR even in cholestatic patients (286, 287).
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Several studies have already shown that the FLR uptake ratio correlates well
with the parameters of postoperative liver function and this method can be used
to predict the postoperative outcome (287, 445-450).

The applicability of 99mTc-GSA SPECT-CT in monitoring the FLR after PVE
has been assessed several time. The increase of the FLR function after PVE
was more pronounced than the volumetric increase (284, 285). To the best of

our knowledge, there is no report in the ALPPS literature.

6.3.4.2 99mTc-Mebrofenin Hepatobiliary Scintigraphy (HIDA)

Mebrophenin is a lidocaine analogue which, similar to ICG, is uptaken and
excreted from the liver without undergoing any biotransformation (209-211). In
addition, 99mTc-mebrophenin shows the lowest bilirubin displacement in case
of hyperbilirubinemia. For this reason, it is particularly indicated in biliary
diseases (288).

Since the results are similar to the ICG clearance test (451), HIDA correlates
with the postoperative FLR function but allows a segmental view of it (211, 452-
455). An uptake of 99mTc-mebrophenin in the FLR <2.69%/min/m2 is

suggested to associate with high postoperative liver failure (454, 456).

HIDA has been applied a few times in case reports or small series in ALPPS, all
with a disproportion between increasing the FLR function and volume (68, 212-
215). Serenari et al. proposed a cutoff at 15%, however it should be noted that
this analysis was done in only 20 patients of which only 4 developed PHLF
(213). In addition, HIDA has so far been applied in the Interstage to determine
the best time point to proceed to Stage 2, and not to select patients before
Stage 1.
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6.3.5 MRI with gadolinium ethoxybenzyl

diethylenetriaminepentaacetic acid (gd-eob-dtpa)

Gd-EOB-DTPA is a liver-specific contrast agent. About 50% is excreted by
hepatocytes and the rest by the kidneys. The data on the evaluation of liver
function with Gd-EOB-DTPA, proposed for the first time in 1993, confirmed the
possibility of segmental liver function evaluation with MRI, however, again, there
is no report in ALPPS (216-224).
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