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ABSTRACT

Objective: The primary endpoint of this study was to compare liver transplantation (LT) with
Associating Liver Partition and Portal vein ligation for Staged hepatectomy (ALPPS) in the

treatment of colorectal liver metastases (CRLM).

Summary Background Data: ALPPS is usually performed for borderline CRLM cases and

published oncological outcomes appear to be inferior to those obtained after LT.
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Methods: All consecutive patients undergoing ALPPS for CRLM across 14 centers between
September 2012 and September 2022 were considered. The selected ALPPS patients were
compared with patients receiving LT from November 2006 to June 2019 performed at a single
institution. Entropy balancing was applied to eliminate all confounding bias simulating what would

have happened if ALPPS patients had been transplanted.

Results: During the study period, 121 consecutive patients were submitted to ALPPS and 46 were
enrolled by fulfilling the inclusion criteria. These 46 cases were compared with 54 patients
submitted to LT. Median OS after ALPPS was 76 months (95% CI 28.9-123) compared to 72.7
months in patients who underwent LT (95% CI 43.4-102 months). After reweighting, the risk of
death related to ALPPS was higher when compared to LT (HR=1.40, 95%CI 0.63-3.09) but no
significant differences were found between the 2 groups (p=0.398). When splitting the ALPPS
cohort into completed and failed procedures, the median OS in failed ALPPS (31.1 months, 95% CI
0-73.3 months) was significantly lower than that of patients submitted to LT (p=0.043). When
ALPPS patients were further selected based on SECA-II criteria, the median OS was significantly
(p=0.022) higher in the LT group (not reached) compared to ALPPS (76 months, 95% CI 21-130

months).

Conclusions: LT without current stringent selection criteria did not provide a significant survival
benefit compared to ALPPS. The final choice between these two strategies seems to depend solely
on the possibility of completing stage 2 and whether the patient meets the most updated transplant

criteria.
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INTRODUCTION

Colorectal cancer is one of the most common malignancies globally, frequently spreading to
the liver which is the primary site of metastases in these patients. * Traditional management of
colorectal liver metastases (CRLM) includes surgical resection, systemic chemotherapy, and
locoregional therapies such as radiofrequency ablation. 2However, these methods often fall short for
patients with extensive or unresectable liver metastases (UCRLM). Recent advancements and
innovative research have propelled liver transplantation (LT) into the spotlight as a potentially
curative approach for selected patients with u~CRLM. *The initial results from clinical trials and
observational studies have been promising, showing survival rates that favorably compare with

those of LT for other malignant liver diseases “or with chemotherapy alone.’

Conversely, LT for borderline CRLM (bCRLM) represents a burgeoning frontier in
oncological treatment as shown also in a recent survey.® Among surgical therapies, two-stage
hepatectomies, including also portal vein embolization (PVE) and more recently Associating Liver
Partition and Portal vein ligation for Staged hepatectomy (ALPPS) have been described as the
mainstay for managing bCRLM.”  ° ®®However, these approaches have been demonstrated to lead

to a consistent number of drop-outs between stages and high mortality related to the procedures. ™

12

While oncological outcomes of ALPPS have been demonstrated to be superior to classical
two-stage hepatectomies '3, they seemed to be inferior to those obtained after LT.** For what
concerns LT, the essential efficacy evaluation in transplant oncology is known as transplant benefit,
which is the gain in survival provided by transplantation compared to standard-of-care therapy. *°

In addition, LT must achieve a survival rate at 5 years that is compatible with the allocation of liver
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grafts, thus the effect of different selection criteria on survival outcome is relevant aiming to

compare ALPPS and LT.

Considering all these aspects, the primary endpoint of our study was to compare LT and
ALPPS. The second endpoint of the study was to assess whether a survival benefit could have been
achieved if ALPPS patients had undergone transplantation. Given that a randomized trial was not
possible due to the retrospective nature of this study, a novel method called entropy balancing was

used for this purpose.'®
MATERIAL AND METHODS
Study design

Data on ALPPS patients were identified from a prospectively maintained intention-to-treat
national database, the ALPPS ltalian registry.!” Detailed characteristics of the ALPPS lItalian
Registry are described elsewhere: briefly, it is a prospective intention-to-treat Registry open to
inclusion of cases from any Italian center performing ALPPS, without any restriction criteria based
on the numerosity of ALPPS performed.*? All consecutive patients undergoing ALPPS for CRLM
between September 2012 and September 2022 were retrospectively analyzed. The selected ALPPS
patients were compared with patients receiving LT from November 2006 to June 2019 at a single
institution (Oslo University Hospital, Oslo, Norway). The inclusion criteria of the study were the
same as for the SECA-1 study *® to minimize the selection bias and to include only potentially
transplantable patients from the resection cohort. **The exclusion criteria were as follows: i) age
over 71 years, ii) liver first approach or simultaneous colorectal resection, iii) presence of
extrahepatic metastases, iv) less than 6 weeks of neoadjuvant chemotherapy, v) standard
contraindications to LT (namely active drug or alcohol abuse, acute alcoholic hepatitis, invasive
fungal infection, and less than 5-year interval from curative cancer treatment of another

malignancy), vi) concurrent other malignancy, vii) weight loss of more than 10%, viii) Eastern
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Cooperative Oncology Group (ECOG) Performance Status more than 1, and ix) follow-up shorter
than 6 months. Patients with disease progression while on preoperative chemotherapy were not

excluded. (Figure 1)

All procedures were in accordance with the ethical standards of the institutional and/or
national research committee and with the 1964 Helsinki declaration and its later amendments or

comparable ethical standards. Institutional review board gave ethical approval to perform this study.
Variables

Complications were classified according to the Dindo-Clavien classification *and grade
[11A and higher was considered as a “major” complication.”* Data on oncologic staging were
entered according to the pathology assessments at each center. The radiological tumor response was
classified according to the Response Evaluation Criteria In Solid Tumors (RECIST) in the ALPPS
cohort. In the SECA-I study progressive disease was classified according to RECIST or increasing
CEA, whereas in the SECA-II study, all patients had chemotherapy response > 10% according to
RECIST criteria.”® OSLO score *®was calculated both in resection and LT cohorts. Low OSLO
category was defined as a score ranging from 0 to 2. For each patient tumor burden score (TBS) and
respective TBS zones®* were calculated at the time of the last computed tomography (CT) or
magnetic resonance imaging (MRI) performed before surgery. In the present study, OS was defined
as the time from surgery (from the first stage in the case of ALPPS) to the date of death or last
follow-up; whereas, DFS was defined as the time from surgery (from the first stage in the case of
ALPPS) to the date of recurrence or last follow-up. The immunosuppressive protocol has previously

been reported in detail elsewhere. *
Statistical Analysis

Categorical variables were reported as percentages and compared using the Chi-squared test.

Continuous variables were summarized as means with SD or medians with IQR and compared
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using the Mann-Whitney U tests. Survival curves were calculated and compared using the log-rank
test whereas Cox regression analysis was performed to evaluate whether ALPPS or LT were
associated with OS. Entropy balancing was applied to eliminate all confounding bias simulating a
“quasi” randomized control trial.> ?° In contrast to propensity score matching, entropy balancing is
employed to obtain a weighted comparison group with similar covariate distributions maintaining
the complete cohort. Differences between the two groups (ALPPS vs. LT) of the covariates
included in the entropy balancing analysis were measured using standard mean differences (SMDs)
to demonstrate effect size, with SMD >0.1 considered significant.® All data were analyzed using
Stata version 15 (StataCorp. 2017. Stata Statistical Software: Release 15. College Station, TX:

StataCorp LP). All tests were two-sided and the significance level was set at 5%.
RESULTS

During the study period, 121 consecutive patients were submitted to ALPPS for CRLM in
14 ltalian centers and 46 were enrolled by fulfilling the inclusion criteria. Among them, 7 out of 46
(15.2%) did not undergo the second stage (disease progression in 6 patients and death from
pulmonary embolism in 1 patient) (Supplementary Table 1, Supplemental Digital Content 1,
http://links.lww.com/SLA/F593). These final 46 patients were compared with 54 patients submitted
to LT. LT patients belonged to SECA-I (n=23), SECA-I1I (n=18), SECA-II group arm D (n=10),
SECA-I1I group arm A (n=1), and RAPID (n=2) clinical trials. No patients were transplanted after

receiving ALPPS surgery.
Baseline characteristics

Median age of patients submitted to ALPPS was significantly higher compared to those who
underwent LT (61 vs. 57 years, p=0.019) (Table 1). Patients submitted to ALPPS had less
frequently synchronous disease compared to LT (63% vs. 88.9%, p=0.002), a different response to

chemotherapy according to RECIST criteria (p=0.037), larger lesions (5 cm vs. 3.3 cm, p=0.047)
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and a different distribution of Oslo score (p=0.036). The number of lesions which was in median 8
for both groups, did not differ significantly between ALPPS and LT. After surgery, the rate of
overall and major complications was not significantly different between the two groups (p=0.441
and p=0.131, respectively) as well as 90-day mortality even though in the ALPPS group was two-

fold higher (2 patients) than in the LT group (p=0.466).

Survival analysis

Median follow-up was 60.5 months (95% CI 26.4-76.4) for ALPPS and 82.2 months (95%
CI170-113.6) for LT. One, 3, and 5-year overall survival (OS) rates were 84.7%, 55.9%, and 56.3%
in the ALPPS group and 94.4%, 72.9%, and 54.5% in the LT group (Figure 2). Median OS was 76
months (95% CI 31.3-120.6 months) in patients submitted to ALPPS compared to 72.7 months
(95% CI 43.4-102 months) in patients who underwent LT, with no significant differences between
the two groups (p=0.618). Only two out of 19 deaths, both in the ALPPS group, were non-cancer-
related. Even after excluding patients who dropped out in the interstage in ALPPS cohort (n=7), no

significant differences were found between the two groups (p=0.882).

When splitting the ALPPS cohort into completed (n=39) and failed procedures (n=7), the
median OS in failed ALPPS was 31.1 months (95% CI 0-73.3 months) which was significantly

lower than patients submitted to LT (p=0.043).

In the low Oslo category (n=82), the median OS after ALPPS was 76 months (95% CI 28.9-
123) and 93.4 months after LT (p=0.063, Supplementary Figure 1a, Supplemental Digital Content
1, http://links.lww.com/SLA/F593). In the high Oslo score category (n=18), the median OS after
ALPPS was not reached whereas median OS after LT was 25 months (95% CI 22.1-29) (p=0.177,

Supplementary Figure 1b, Supplemental Digital Content 1, http://links.lww.com/SLA/F593).

Median disease-free survival (DFS) was 11.9 months (95% CI 8.7-13.7 months) in LT group

compared to 14.2 months (95% CI 8.5-23.4 months) in ALPPS group (p=0.450). Recurrence was
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higher in LT group (81.5% vs. 67.4%, p=0.105) with most of recurrences occurring in the lungs
within LT cohort (n=20/44, 45.5%). Conversely, ALPPS patients recurred more frequently in the

liver (n=11/31, 35.5%) (Table 2).
Entropy balancing

Application of entropy balancing resulted in a comparable distribution of covariates (age,
gender, synchronous disease, right-sided colon cancer, progressive disease, OSLO score and
number of lesions) between ALPPS and LT patients (Table 3). Before reweighting, the risk of
death was found to be slightly higher when patients were submitted to ALPPS compared to LT
(1.15 HR, 95% CI 0.64-2.07, p=0.640). After adjustment, risk of death related to ALPPS increased
but still, there was no statistically significant difference when comparing ALPPS to LT (HR=1.40,

95%CI 0.63-3.09, p=0.398).
SECA-II sub-group analysis

When ALPPS patients were further selected based on SECA-II criteria (i.e. at least 10%
response to systemic chemotherapy according to RECIST criteria and with an interval of at least
1 year between diagnosis of colorectal cancer and transplantation'?), a final population of 18
patients was obtained which was compared with the LT patients belonging to the SECA-II study
(n=18). Sub-group analysis showed a 1, 3, and 5-year overall survival (OS) rates of 72.2%, 58.4%,
and 46.7% in the ALPPS group and 93.3%, 86.7%, and 78% in the LT group (Figure 3). Median
OS was 76 months (95% CI 21-130 months) in patients submitted to ALPPS whereas it was not

reached in LT group (p=0.022).
DISCUSSION

In our study, for the first time, ALPPS and LT for CRLM were compared with no significant
differences in terms of OS between these two surgical strategies. Even after balancing some

covariates, LT did not show any significant survival benefit. This is in line with a previous study
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comparing liver resection and LT.™ To better reflect a “real world” scenario, a comparison between
patients satisfying the more stringent SECA-II criteria was also conducted. In patients meeting the
most updated transplant criteria, LT seemed to exhibit a significant survival benefit compared to
ALPPS. This underscores the importance of biological selection if a survival advantage is to be
expected from LT compared to standard-of-care resection. Furthermore, LT provided better
survival rates when compared to failed ALPPS procedures confirming the limited but potentially

important role of LT in this setting.

Tumor burden, given as number of lesions or TBS is a significant risk factor for inferior

survival after resection of CRLM? ?*

with a high tumor burden reflecting a more aggressive
biological phenotype or advanced stage of the disease. As previously shown, there is no difference
in OS between RO and R1 resection in patients with TBS>9 2°. A high number of lesions may also
increase the likelihood of under-staging the disease: a systematic study of explanted livers from
patients transplanted for u™CRLM demonstrated that more than 50% of the patients had undiagnosed
lesions, and that most metastases with a complete radiological response still harbored viable tumor
cells. * Imprecise staging is, therefore, a problem that could potentially disadvantage liver
resection, regardless of the technique used, when compared to LT.

Patients with resectable disease and a high tumor load are usually treated with 2-stage
strategies such as PVE or ALPPS, when parenchymal sparing techniques are not feasible. However,
in patients with TBS>9, LT has been shown to exhibit a significantly higher survival compared to
PVE suggesting that these patients may benefit from LT even if they are considered to have a
resectable disease. ** Nevertheless, both inadequate FLR and extensive tumor burden are conditions
which better define a borderline-resectable disease.* In this context, ALPPS patients may be
considered more borderline than PVE patients, given that such an accelerated strategy is usually
advocated in cases of very small FLR, bilobar disease, or for large lesions considered at high risk of

drop-out. For this reason, we sought to compare LT and ALPPS for the first time. Initially, no

differences in terms of median OS were demonstrated between the two groups. As expected, more
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than half of ALPPS patients had a baseline TBS zone > 3, which was similar to LT patients. 24
However, median tumor size and other covariates were significantly different between the two
groups. Among them, the incidence of synchronous CRLM was significantly higher in the LT
cohort, as also shown by a recent pooled-analysis. * Patients undergoing LT had predominantly
synchronous metastases, reflecting the typical pattern of unresectable CRLM disease.*

Given the retrospective nature of the study and the difficulty of performing an appropriate
RCT in this setting, we then attempted to simulate what would have happened if ALPPS patients
had been transplanted (instead of the other way around) using a statistical test called entropy
balancing.® Entropy balancing is a reweighting method used in statistical analysis and policy
evaluation to create balanced samples between treatment and control groups.” The goal is to
minimize selection bias and ensure that the comparison between groups is fair, allowing for more
accurate estimation of causal effects. Nevertheless, even after balancing some covariates no

statistically significant differences were observed when comparing ALPPS and LT.

Another relevant aspect to elucidate is what would have happened if we had transplanted
ALPPS patients who did not complete the second stage. Unfortunately, this could not be
demonstrated using entropy balancing due to the very small number of patients included in this sub-
group analysis. Nevertheless, the median OS for failed ALPPS was significantly lower than for LT
confirming that LT may be a reasonable option for these patients. However, drop-out is a rare event
in ALPPS occurring in no more than 10% of cases, limiting the potential applications of LT in this
setting *’. Also, progression of disease in ALPPS (with recurrences occurring in a very short time
after the first stage) would contraindicate LT according to updated LT selection criteria for CRLM
2" further restricting the indications to LT. Conversely, if a patient is considered at high risk for
PHLF due to insufficient FLR volume and/or functional growth after the first stage *"*¢, LT may

represent a possible bail-out strategy.
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Due to the worldwide shortage of donor grafts, stringent selection criteria are needed in
transplant oncology to avoid the futile use of a scarce resource. In this context, the SECA-I criteria
which originated from the “proof of concept study” do not fit the more stringent selection criteria
based on a low Oslo Score, as recommended in several recent publications. ** %’ To test this
hypothesis, we applied further selection criteria to our initial ALPPS cohort, including only LT
patients from the SECA-II trial. In this case, LT appeared to provide higher survival rates compared
to ALPPS, suggesting that a possible benefit could be achieved in certain subsets of patients using

updated LT criteria.

The study limitations are mainly related to the small number of patients included which may
have rendered the analysis particularly susceptible to bias and limited statistical power. However,
the final ALPPS cohort was selected by applying stringent criteria which makes this study difficult
to replicate outside prospective and multicentric registries as the ALPPS lItalian registry is. Second,
patients who dropped out from the LT waiting list were not included in the analysis potentially
improving the results of the LT group. More specifically, the Oslo group reported a 15.3% drop out
in a recent publication®: 7 patients dropped out due to lymph nodes metastatic disease found at the
time of LT, 3 patients developed extrahepatic disease, and 1 patient experienced a deterioration in
clinical condition (ECOG grade 3). On the other side, we are aware that the OS for ALPPS reported
in this study is longer compared to other published series on ALPPS for CRLM, likely due to the
selection criteria that excluded elderly patients, those with extrahepatic disease, and patients
undergoing simultaneous colorectal resections, who are known to have a worse prognosis.
However, This may also be explained by the fact that around 20% of ALPPS procedures in our
series were performed as rescue procedures after failed PVE, representing a more favorable tumor
biology proven over time. * Last but not least, we could not control for all possible confounders
using the entropy balancing method given the limited number of cases and probably other statistical

tests (e.g. target trial emulation) may have been used alternatively for this purpose.
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In conclusion, according to this study, LT without stringent selection criteria does not
provide a significant survival benefit compared to ALPPS. Any potential benefit of LT over
ALPPS is therefore dependent on the same selection criteria as those documented for u~CRLM. It is
not recommended to use the current results to guide decisions on whether patients with high tumor
burden, resectable by ALPPS, should be evaluated for LT. The final decision between these two
strategies depends solely on the possibility of completing stage 2. If the risk of PHLF and related
mortality after hepatectomy is high, and the patient meets updated transplant criteria, LT may be

considered. 3
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Figure 1 Flow-chart of the study. FU=follow up; NAT=neoadjuvant therapy.
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Figure 2 Overall survival curves of ALPPS and liver transplantation patients.
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Figure 3 Overall survival curves of ALPPS and liver transplantation patients fulfilling SECA-1I

criteria
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Age, years, median (IQR) 61 (52- 57 (51-61) 0.019 1.060 1.004-1.119

64)
Male sex, n (%) 29 (63) 30 (55.6) 0.448 1.365 0.611-3.050
Previous liver resection, n (%) 8 (17.4) 10 (18.5) 0.884 0.926 0.332-2.584
CEA, ug/L, median (IQR) 12 (5-44) 5 (2-27) 0.049 0.998 0.995-1.001
Synchronous, n (%) 29 (63) 48 (88.9) 0.002 0.213 0.075-0.602
Primary location, n (%) 0.567
- Right 14 (30.4) 10(18.5) 1.925 0.759-4.881
- Transverse 1(2.2) 1(1.9) 1.177 0.716-19.370
- Left 18 (39.1) 26 (48.1) 0.692 0.311-1.536
- Rectum 13 (28.3) 17 (31.5) 0.857 0.362-2.028
T Stage of primary, n (%) 0.178 2.193 1.038-4.631
- TO 0 3(5.6)
- Tl 1(2.2) 1(1.9)
- T2 2(4.3) 7 (13)
- T3 37(80.4) 40(74.1)
- T4 6 (13) 3(5.6)
N Stage of primary, n (%) 0.125 1419 0.869-2.319
-0 10 (21.7) 20 (37)
-1 23 (50) 17 (31.5)
-2 13(28.3) 17 (31.5)
RECIST, n (%) 0.037
- SD 8(17.4)  3(5.6) 3.131 0.759-12.906
- PR 33(71.7) 34 (63) 1.617 0.684-3.827
- CR 0 1(1.9) 0.384 0.015-9.644
- PD 5(10.9) 16 (29.6) 0.289 0.096-0.867
Previous PVO, n (%) 10 (21.7) - - -
Number of lesions, n, median 8 (3-11) 8(5-13) 0.490 0.973 0.930-1.018
(IQR)
Max diameter, cm, median (IQR) 5 (3-6) 3.3(1.6-6.5) 0.047 1.061 0.924-1.218
Imaging TBS, median (IQR) 0.740 0.980 0.935-1.027
-1 1(2.2) 1(1.9)
- 2 19 (41.3) 18(34)
-3 26 (56.5) 34 (64.2)
Oslo score, n (%) 0.036 0.272 0.825-0.897
-0 4 (8.7) 8 (14.8)
-1 21 (45.7) 24 (44.4)
-2 17 (37) 8 (14.8)
-3 3(6.5) 7 (13)
- 4 1(2.2) 7 (13)
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CEA= carcinoembryonic antigen;CR=complete response; IQR, interquartile range; PD=partial
disease; PR=partial response; PVO=portal vein occlusion; SD=stable disease; TBS=tumor burden

SCore.
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Table 2 Perioperative outcomes of Baseline features of ALPPS ad Liver Transplantation (LT) for
colorectal liver metastases.

Variable ALPPS LT p- OR 95% CI
(n=46) (n=54) value (ALPPS
vs LT)
Overall Complications, n (%) 22 (47.8) 30 (55.6) 0.441  0.733 0.333-1.614
Clavien-Dindo > 3, n (%) 7(15.2) 15 (27.8) 0.131 0.426 0.157-1.152
PHLF, n (%) 7(15.2) - - - -
90-day mortality, n (%) 2 (4.3) 1(1.9) 0.466  2.409 0.211-27.460
KRAS mutated, n (%) 13/40 (32.5) 14/53 (26.4) 0.522  1.341 0.545-3.300
BRAF mutated, n (%) 0/40 (0) 2/53(3.8) ~ 0220 0.254 0.012-5.447
Adjuvant therapy, n (%) 24 (52.2) 0 <0.001 121.930 0.007-2.096
Death, n (%) 19 (41.3) 28 (51.9) 0.292  0.653 0.295-1.444
Recurrence, n (%) 31 (67.4) 44 (81.5) 0.105  0.541 0.210-1.392
Recurrence site, n (%) 0.006
- Liver and Lung 6/31 (19.4)  8/44 (18.2) 1.080 0.333-3.497
- Liver only 11/31 (35.5)  4/44 (9.1) 5.500 1.553-19.467
- Lungonly 4/31(12.9)  20/44 (45.5) (1)- ;g g-ggg:g-igi
- Multisite 10/31 (32.3)  12/44 (27.3) ' ‘ ‘
Liver resection, n (%) 2/31(6.5)  5/44(11.4) 0471  0.538 0.097-2.970
Lung resection, n (%) 2/31(6.5) 11/44 (25) 0.037  0.207 0.042-1.012

PHLF=post-hepatectomy liver failure
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Table 3 Covariates considered for the study before and after re-weighting.

Variable ALPPS LT d-value LT* d-value*
Age, mean 58.7 553 0.423 58.7 0
Male sex, % 63 55.6 0.171 63 0
Synchronous, % 63 88.9 0.852 63 0
Right-sided primary, % 304 18.5 0.361 30.4 0
Number of lesions, mean 9.2 11.5 0.236 9.2 0
Progressive disease, % 10.9 29.6 0.683 10.9 0
Oslo criteria 3-4, % 8.7 26 0.717 8.7 0

* after balancing
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