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Objective and Background: Clinically significant posthepatectomy liver
failure (PHLF B+C) remains the main cause of mortality after major
hepatic resection. This study aimed to establish an aspartate amino-
transferase to platelet ratio combined with an albumin-bilirubin grade
(APRI+ALBI), based multivariable model (MVM) to predict PHLF and
compare its performance to indocyanine green clearance (ICG-R15 or
ICG-PDR) and albumin-ICG evaluation (ALICE).

Methods: A total of 12,056 patients from the National Surgical Quality
Improvement Program database were used to generate a MVM to pre-
dict PHLF B+C. The model was determined using stepwise backwards
elimination. The performance of the model was tested using receiver
operating characteristic curve analysis and validated in an international
cohort of 2525 patients. In 620 patients, the APRI+ALBI MVM, trained

in the National Surgical Quality Improvement Program cohort, was
compared with the MVM’s based on other liver function tests (ICG
clearance, ALICE) by comparing the areas under the curve (AUC).
Results: A MVM including APRI+ALBI, age, sex, tumor type, and
extent of resection was found to predict PHLF B+C with an AUC of
0.77, with comparable performance in the validation cohort (AUC: 0.74).
In direct comparison with other MVM’s based on more expensive and
time-consuming liver function tests (ICG clearance, ALICE), the APRI+
ALBI MVM demonstrated equal predictive potential for PHLF B+C. A
smartphone application for the calculation of the APRI+ALBI MVM
was designed.

Conclusion: Risk assessment through the APRI+ALBI MVM for PHLF
B+C increases preoperative predictive accuracy and represents a
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universally available and cost-effective risk assessment before hep-
atectomy, facilitated by a freely available smartphone app.

Keywords: 90-day mortality, ALICE grade, APRI+ALBI, ICG clear-
ance, liver surgery

(Ann Surg 2025;281:861-871)

ith an average incidence of 10% to 15%, posthepatectomy

liver failure (PHLF) poses a significant risk for patients
undergoing liver surgery. Responsible for nearly 50% of short-
term postoperative (postOP) mortality after major liver resec-
tion, PHLF is the main cause of death after hepatic resection.!
Besides simple volumetric analyses, the main challenge for pre-
operative (preOP) risk assessment is the significant heterogeneity of
underlying liver diseases and concomitantly affected liver function in
patients evaluated for hepatic resection, especially in patients with
primary liver cancer. Further, in patients with metastatic disease of the
liver, liver function is critically affected by neoadjuvant chemotherapy,
causing chemotherapy-associated liver injury (CALI).2> Character-
istics of CALI can vary in severity between patients, from steatosis to
sinusoidal obstruction syndrome or chemotherapy-associated
steatohepatitis.® PostOP liver function is also challenged by the recent
rise in nonalcoholic steatohepatitis and subsequent nonalcoholic fatty
liver disease, now frequently observed in patients undergoing hepatic
resection.”® The particular co-incidence of these liver diseases and
injuries adds further complexity to preOP liver function assessment
and PHLF risk assessment. Measurement and metric expression of
these conditions remain a major challenge, as we recently concluded in
the European Consensus Guidelines for preoperative liver function
testing.” Dynamic liver function measurement through indocyanine
green (ICG) clearance and, building upon ICG clearance, the albu-
min-indocyanine green evaluation (ALICE) grade or noninvasive tests
like fibrosis-4 (FIB-4) index and aspartate aminotransferase to platelet
ratio combined with albumin-bilirubin grade (APRI+ALBI) have all
been evaluated for their ability to predict PHLF.!%13 On the basis of
routine laboratory parameters, APRI+ALBI, the summative combi-
nation of the aspartate aminotransferase (AST) to platelet ratio
(APRI) and the albumin-bilirubin (ALBI) grade, has been evaluated
for its correlation with chronic liver disease and CALIL!® APRI+
ALBI could be shown to closely reflect the development of CALI after
neoadjuvant chemotherapy as well as the subsequent recovery of liver
function in patients with colorectal cancer liver metastases (CRCLM)
during the chemotherapy break before surgery.'” Also, APRI+ALBI
could predict postOP liver dysfunction after liver surgery in both
patients with primary liver cancer and CRCLM, outperforming both
APRI and ALBI alone.!%14

The aim of this study was to develop an APRI+ALBI-
based preoperative multivariable model (MVM) to predict
PHLF and validate its performance in an independent interna-
tional multicenter cohort. Further, we aimed to compare the
predictive potential of this model to models based on more
expensive, time-consuming and sometimes even invasive tests
such as ICG clearance, the ALICE score, or the FIB-4 score.
Ultimately, we aimed to develop a clinically accessible tool to
allow accurate preoperative risk assessment.

METHODS

Study Cohort

For this study, 12,056 patients from the American National
Surgery Quality Improvement Program (NSQIP) database who
underwent elective hepatic resection and had preOP APRI+ALBI
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scores available were included to calculate a multivariable prediction
model, predicting clinically relevant PHLF grades B and C (PHLF
B+C). This model was then validated in an international multicenter
cohort of 2525 patients from 10 different institutions. Participating
institutions were Clinic Favoriten (Vienna, Austria), General Hos-
pital Vienna (Vienna, Austria), Clinic Landstraf3e (Vienna, Austria),
Mayo Clinic Rochester (Minnesota, USA), Karolinska Institute
(Stockholm, Sweden), University Hospital Heidelberg (Heidelberg,
Germany), University Hospital Mannheim (Mannheim, Germany),
Inselspital University Hospital Bern (Bern, Switzerland), University
Hospital Innsbruck (Innsbruck, Austria), and State Hospital Wiener
Neustadt (Wiener Neustadt, Austria). Lastly, in 620 patients in our
international multicenter cohort, the multivariable APRI+ALBI
score model (as trained in the NSQIP cohort) was directly compared
with 4 different MVMs. These models included other liver function
tests, namely ICG clearance, the ALICE grade, and the FIB-4 index.
These were trained on 620 patients from 10 different international
centers. The characteristics of all cohorts are summarized in Tables 1
and 2. A flow chart of the study design can be found in the sup-
plement (Supplemental Fig. 1, Supplemental Digital Content 1,
http://links.lww.com/SLA/E919)

All patients underwent elective minor or major hepatic
resection between 2000 and 2021. Patient data were collected
from prospectively maintained institutional databases or col-
lected retrospectively. All patients had preoperative APRI+
ALBI scores available. Underlying tumor entities included
CRCLM, primary liver cancer [hepatocellular carcinoma

TABLE 1. Patient Demographics for the National Surgical
Quality Improvement Program (NSQIP) Cohort

NSQIP cohort
Entire cohort (N = 12,056)

Parameter Median (IQR)/N (%)
Age (y) 60 (50-68)
Sex

Female 5997 (49.7)

Male 6059 (50.3)
Tumor entity

CRCLM 5227 (43.4)

HCC 2271 (18.8)

CCA 1343 (11.1)

Benign 1269 (10.5)

Other 1666 (13.8)
Hepatic resection

Minor 7377 (61.2)

Major 4679 (38.8)
Morbidity*

No morbidity 9924 (82.3)

Morbidity 2131 (17.7)
Posthepatectomy liver failure

No PHLF 11,515 (95.5)

PHLF total 540 (4.5)

ISGLS A 228 (1.9)

ISGLS B 178 (1.5)

ISGLS C 134 (1.1)

Preoperative parameters

APRI+ALBI score —4.17 (—4.46 to —3.80)

SB in mg/dl 8.55 (5.1-12.0)
AST in U/l 26 (20-37)
Albumin in g/l 4.10 (3.7-4.3)

Platelets in G/1 219 (174-272)

*The NSQIP database lacks granularity regarding specific grades of post-
operative morbidity.
CCA indicates cholangiocellular carcinoma; IQR, interquartile range.
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TABLE 2. Patient Demographics for the International Multicenter Cohort, the Validation Cohort (N=2525), and Patient Demographics for 620 Patients Out of the

Validation Cohort Used for Comparison of Different Liver Function Tests

Validation cohort

Validation cohort (N =2525)

Validation cohort, direct comparison of liver funciton tests (N = 620)

Entire cohort (N = 2525) No PHLF (N =2226) PHLF B-C (N=229)

Entire cohort (N = 620)

No PHLF B+C (N =584)

PHLF B+C (N =36)

Parameters Median (IQR)/N (%) Median (IQR)/N (%) Median (IQR)/N (%) Median (IQR)/N (%) Median (IQR)/N (%) Median (IQR)/N (%)
Age (y) 64 (56-72) 64 (55-572) 65 (58-72) 63.05 (55.41-70.47) 62.93 (55.11-70.15) 66.66 (57.56-74.75)
Sex

Female 1056 (41.9) 957 (43) 99 (33.1) 258 (41.6) 247 (42.3) 11 (30.6)

Male 1469 (58.2) 1269 (57.0) 200 (66.9) 362 (58.4) 337 (57.7) 25 (69.4)
Tumor entity

CRCLM 1251 (49.6) 1147 (51.4) 104 (34.8) 402 (64.8) 383 (65.6) 19 (52.8)

HCC 340 (13.5) 295 (13.2) 45 (15.1) 53 (8.5) 47 (8) 6 (16.7)

CCA 450 (17.8) 340 (15.4) 110 (36.8) 43 (6.9) 37 (6.3) 6 (16.7)

Benign tumors 197 (7.8) 184 (8.2) 16 (5.4) 28 (4.5) 27 (4.6) 1(2.8)

Other malignancies 284 (11.3) 259 (11.7) 24 (8.0) 94 (15.2) 90 (15.4) 4 (11.1)
Hepatic resection

Minor 711 (27.6) 687 (30.5) 24 (7.7) 213 (34.4) 208 (35.6) 5(13.9)

Major 1814 (72.4) 1539 (68.5) 275 (92.3) 390 (62.9) 359 (61.5) 31 (86.1)
Histology

No fibrosis 221 (35.6) 204 (34.9) 17 (47.2)

Fibrosis grade I 280 (45.2) 268 (45.9) 12 (33.3)

Fibrosis grade II 63 (10.2) 61 (10.4) 2 (5.6)

Fibrosis grade I11 15 (2.4) 14 (2.4) 1(2.8)

Fibrosis grade IV 28 (4.5) 25 (4.3) 3(8.3)
Morbidity

No morbidity 1025 (40.3) 1007 (45.2) 15 (5.1) 326 (52.5) 326 (55.8) 0

Morbidity any 1500 (59.6) 1219 (54.8) 284 (94.9)

| 65 (10.5) 62 (10.6) 3(8.3)

11 80 (12.9) 73 (12.5) 7 (19.4)

II1la 54 (8.7) 49 (8.4) 5(13.9)

IITb 60 (9.7) 51 (8.7) 9 (25)

IVa 6 (1.0) 3(0.5) 3(8.3)

IVb 0 0 0

v 29 4.7) 20 (3.4) 9 (25)
Severe morbidity

No severe morbidity 1786 (71.0) 1709 (76.7) 77 (25.3) 471 (75.9) 461 (78.9) 10 (27.8)

Severe morbidity 739 (29.3) 517 (23.3) 222 (74.7) 149 (24.1) 123 (21.1) 26 (72.2)
90-day mortality

No 90-day mortality 2410 (94.9) 2167 (97.3) 235 (78.4) 591 (95.3) 564 (96.6) 27 (75)

90-day mortality 121 (5.1) 59 (2.7) 64 (21.6) 29 (4.7) 20 (3.4) 9 (25)
Posthepatectomy liver failure

No PHLF 2034 (80.6) 553 (89.2)

PHLF total 483 (19.1) 66 (10.6)

ISGLS A 163 (7.4) 31 (5.0)

ISGLS B 118 (5.4) 22 (3.5)

ISGLS C 136 (6.2) 13 (2.1)
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TABLE 3. Multivariable Analysis Calculated in the NSQIP Cohort and Comparison of Different Multivariable Models in 620 Patients
Out of the International Multicenter Cohort

Name Outcome Explaining variable(s) AUC 95% CIt AIC  Pseudo R%*}
NSQIP Cohort
MVM PHLF B+C Sex**** Age** Resection**** Tumor type**** APRI+ALBI**** 0.771  0.743-0.796 2278.9 0.114
Coefficient P OR OR 95% CI
Intercept —-4.3256  <0.0001 0.01 0.00-63.6
Sex (male) 0.4415 0.00081 1.56  0.65-3.69
Age (Y) 0.0116 0.027 1.01  0.99-1.04
Tumor type (primary liver cancer) 0.0074 0.96 1.01  0.99-1.02
Tumor type (benign) 0.7602 < 0.0001 2.14 0.48-9.49
Tumor type (other malignancies) —-0.2981 0.52 0.74 0.41-1.33
Resection (major) 1.3518  <0.0001 3.86 0.27-54.6
APRI+ALBI 0.5037  <0.0001 1.66 0.62-4.44
Name Outcomes Explaining variable(s) AUC 95% CIt AIC Pseudo R}
UVM PHLF B+C APRI+ALBI**** 0.698  0.666-0.730 2426.2 0.044
Coefficient P OR OR 95% CI
APRI+ALBI 0.5536  <0.0001 1.74  0.59-5.15
Name Outcomes Explaining variable(s) AUC 95% CIt AIC Pseudo R}
International multicenter cohort
MVM§ PHLF B+C Sex, Age, Resection, Tumor type, APRI+ALBI 0.725  0.634-0.810 - -
MVNI1 PHLF B+C Sex, Age, Resection, Tumor type*, ALICE**** 0.790  0.692-0.873 176.04 0.171
MVN2 PHLF B+C Sex, Age, Resection, Tumor type*, ICG-R15%* 0.744  0.651-0.826 183.75 0.122
MVN3 PHLF B+C Sex, Age, Resection, Tumor type**, ICG-PDR 0.726  0.627-0.815 185.73 0.109
MVN4 PHLF B+C Sex, Age, Resection, Tumor type*, FIB-4** 0.723 0.627-0.813 182.34 0.131
APRI+ALBI PHLF B+C APRI+ALBI*** 0.781  0.695-0.856 181.64 0.056
ALICE PHLF B+C ALICE**** 0.732  0.623-0.831 173.08 0.113
ICG-R15 PHLF B+C ICG-R15** 0.638  0.501-0.759 184.08 0.039
ICG-PDR PHLF B+C ICG-PDR** 0.639  0.508-0.762 185.41 0.030
FIB-4 PHLF B+C FIB-4*** 0.668  0.544-0.781 181.70 0.055

The APRI+ALBI multivariable model was calculated using all available parameters from the NSQIP cohort. The model was created using backwards feature
elimination, parameters proving nonsignificant were excluded without compromising quality of the model. Brier score for the APRI+ALBI multivariable model was 0.025.
The APRI+ALBI multivariable model, trained in the NSQIP cohort was then compared with multivariable models tested in the international multicenter cohort (N = 620).
These models included the same parameters as the APRI+ALBI multivariable model (age, sex, tumor type, and extent of resection), as well as other liver function tests
(ALICE, ICG-R15, ICG-PDR, FIB-4). For a descriptive analysis models of established liver function tests alone were compared separately. Tumor type reference
level =CRCLM.

AIC indicates Akaike information criterion; OR, odds ratio; UVM, univariate model.

FConfidence interval by bootstrap analysis with 2000 iterations.

tPseudo R? based on Nagelkerke (Cragg and Uhler).

SFinal model trained on the NSQIP cohort.

*P<0.1.

**P<0.05.

*#%4P <0.01.

**kk P <0.001.

determined, and nonsignificant parameters were excluded from the
model without compromising quality. The predicted PHLF B+C
probabilities were compared with observed PHL B+C probabilities,
and model fit and performance parameters such as Nagelkerke
pseudo R? and Brier score were calculated using R packages rms,
companion. The prediction performance of the final model was
assessed using receiver operating characteristics (ROC), and the
area under the curve (AUC) was calculated not only in the NSQIP
cohort but also in the international multicenter validation cohort,
which included 2525 patients using the R package ROCR. In 620
patients of these 2525 patients (validation cohort), the prediction
performance of the final model, trained in the NSQIP cohort, for
PHLF B+C (PHLF C, 90-day mortality) were compared with
MVMs including the identical variables (sex, age, extent of resec-
tion, and tumor type) but instead of APRI+ALBI including one of
the liver function tests (ICG-R15, ICG-PDR, ALICE grade, or
FIB-4 index). For direct comparison, a univariate logistic regression
model was trained for each of these parameters individually in the

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.

same cohort (620 patients). The R package pROC was used to
calculate the 95% ClIs for AUCs and to test differences between
AUC: based on a resampling strategy using bootstrap analysis with
2000 repetitions. The performance of the trained models were tested
in different subgroups, such as major resection or the respective
tumor type. All analyses were performed using the statistical soft-
ware environment R [R Core Team (2022). R: A language and
environment for statistical computing R Foundation for Statistical
Computing, Vienna, Austria; https://www.R-project.org/; v4.3.0]
and SPSS (IBM Corp. Released 2016. IBM SPSS Statistics for
Windows, Version 24.0. IBM Corp., Armonk, NY).

RESULTS

APRI+ALBI Increases in Nonlinear Manner and
Reflects Risk Increase for PHLF B+C

To evaluate the dynamic risk increase for PHLF B+C, a
MVM for the prediction of clinically relevant PHLF B+C based

www.annalsofsurgery.com | 865
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on the APRI+ALBI score was calculated (Fig. 1). All available
parameters from the NSQIP cohort were used for the calculation
of the model. Stepwise backwards feature elimination was used to
determine the optimal model. The parameters included in the final
model were the APRI+ALBI score as well as sex, age, tumor type,
and extent of resection (Table 3). The model was trained using the
NSQIP cohort (N=12,056, Table 1) and then validated using an
international multicenter cohort of 2525 patients (Table 2). While
the observed PHLF B+C probability was higher in the validation
cohort, it closely followed the risk increase predicted by the model
(Fig. 1A). We could observe that a higher APRI+ALBI score was
associated with a concomitant exponentially increasing risk for
PHLF B+C. As major liver resections pose a particular high risk
of developing PHLF, the model was tested specifically in the
patient subgroup undergoing major liver resection (Fig. 1B). A
comparable nonlinear risk increase with rising APRI+ALBI
scores could be demonstrated. As expected, in comparison to the
entire cohort, the probability for PHLF B+C was higher in the
major resection subgroup at lower APRI+ALBI deciles.

PHLF B+C risk is highly dependent on tumor type and
extent of resection. To visualize this, the probability for PHLF B+C
development calculated by the MVM and the associated APRI+
ALBI score in deciles are illustrated in Figure 1C. Patients are
grouped by extent of resection (complete cohort, major resection
subgroups) and tumor type (CRCLM, primary liver cancer, and

APRI+ALBI values lead to a different probability for the occur-
rence of PHLF B+C calculated by the MVM (Fig. 1C).

An APRI+ALBI Multivariable Model Accurately
Predicts Development of PHLF B+C

Next, we aimed to evaluate the MVM’s performance in
predicting PHLF B+C. The performance of the model was tested
using ROC curve analysis and the area under the curve (AUC)
(Fig. 2A). To validate the APRI+ALBI MVM trained in the
NSQIP cohort, we tested the PHLF B+C prediction (AUC) of
the MVM in the international multicenter cohort. The model
showed comparable predictive performance for the development
of PHLF B+C in the validation cohort (Fig. 2B).

The APRI+ALBI Score Shows Comparable Results
With Established Liver Function Tests in the
Prediction of Adverse Outcome After Liver Resection
In 620 patients in our international multicenter cohort
(validation cohort), ICG clearance, ALICE grade, and the FIB-4
index, as well as 3 established liver function tests, were available
for direct comparison to the APRI+ALBI score. For a descrip-
tive comparison of the predictive potential of the different liver
function tests, univariate models for the prediction of PHLF B
+C were trained in these 620 patients for APRI+ALBI, ICG-

other malignancies). Depending on the patient group, comparable R15, ICG-PDR, ALICE grade, and FIB-4 index. The
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FIGURE 1. A multivariable model based on the APRI+ALBI score, APRI combined with ALBI, for the prediction of PHLF grade B and
C (B+C). The model is tested in the entire cohort (A) and tested in only patients undergoing major resection (B), documenting the
nonlinear increase of PHLF B+C with a rising APRI+ALBI score. The model was calculated using the NSQIP cohort (predicted). The
predictive performance of the model was validated using the validation cohort (international multicenter cohort, observed). APRI
+ALBI score is given in deciles on the x-axis. PHLF B+C risk is given in % on the y-axis (A and B). To visualize the probability for PHLF
B+C development for the complete cohort, a major resection subgroup, a CRCLM, primary liver cancer, and other malignancies
with metastases in the liver subgroup and, respectively, subgroups for patients undergoing major liver resection in the different
tumor subgroups, a bubble plot was generated (C). APRI+ALBI score is given in deciles and bubble size at each decile and for each
patient groups indicates number of patients. The PHLF B+C probability is reflected in the bubble color and is calculated by the APRI
+ALBI-based multivariable model. The associated PHLF B+C probability for each bubble is explained in the figure legend (C).
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performance of all models for predicting PHLF B+C was eval-
uated using ROC curve analysis. The AUC for APRI-ALBI was
then tested against the AUC of all other parameters by bootstrap
analyses (Fig. 3A). To evaluate the discriminatory potential of
all models for fulminant PHLF and short-term postOP mortal-
ity, ROC curve analysis was performed for PHLF grade C and
90-day mortality as well (Figs. 3B—C). The performance (AUC)
of the APRI+ALBI model for prediction of PHLF B+C (and
also prediction of PHLF C and 90-day mortality) was higher
compared with that of ALICE, ICG-R15, ICG-PDR, and FIB-4
index when tested in the same training data but were not sig-
nificantly different when using resampling (Figs. 3A—C), indi-
cating that APRI+ALBI showed at least equal performance to
the other liver function tests. While predominantly not statisti-
cally significant, there was a tendency for superior predictive
potential for PHLF B+C when comparing APRI+ALBI with
ICG-R15, ICG-PDR, and FIB-4 index (Fig. 3A). Similarly,
while not statistically significant, APRI+ALBI also showed a
tendency for superior discriminatory potential for PHLF C and
90-day mortality when compared with ICG-R15 and ICG-PDR
(Figs. 3B-C).

An APRI+ALBI Score-Based Multivariable Model
Shows Equal Performance for Prediction of Adverse
Outcome After Liver Resection in Comparison With
Other Multivariable Models Associated With More
Time-Consuming Liver Function Tests

In the 620 patients with detailed liver function assessments
we further aimed to compare our established APRI+ALBI
model with models based on available liver function tests.
Accordingly, we trained MVMs utilizing ALICE, ICG-R15,
ICG-PDR, and FIB-4, respectively, as well as the same param-
eters used in the APRI+ALBI MVM (age, sex, tumor type, and
extent of resection) for their predictive potential for PHLF B+C.
A detailed description of the different models can be found in
Table 3. ROC curve analysis was calculated, and AUC was
compared between the models using bootstrap analysis
(Figs. 4A-C). The APRI+ALBI model trained in the NSQIP
cohort showed similar performance in the prediction of PHLF B
+C when compared with the models based on the other liver
function tests (Fig. 4A). Similar results were observed for PHLF
C (Fig. 4B) as well as 90-day mortality (Fig. 4C).

As different tumor types are associated with different risk for
development of PHLF B+C, we also evaluated predictive potential
for PHLF B+C in different tumor subgroups. In direct comparison

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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False positive rate (1-Specificity)

with the models based on other liver function tests the APRI+ALBI
MVM showed similar predictive performance for PHLF B+C
diagnosis in patients with CRCLM, primary liver cancer and liver
metastases from other malignancies (Supplementary Fig. 2, Sup-
plemental Digital Content 1, http:/links.lww.com/SLA/E919).

Design of a Smartphone Application Toward Clinical
Implementation of the APRI+ALBI PHLF B+C
Multivariable Model

Using the APRI+ALBI score-based multivariable prediction
model for PHLF B+C, a freely available smartphone-first appli-
cation was designed (TELLAPRIALBI, https:/tellaprialbi.howto.
health). TELLAPRIALBI allows the calculation of the APRI
+ALBI score-based multivariable prediction model upon input of
the underlying parameters. Based on the APRI+ALBI score, age,
sex, corresponding tumor subgroup, and extent of resection, a
patient-specific PHLF B+C probability is identified (%0).

DISCUSSION

PHLF B+C remains the most common immediate cause
of death after liver resection, with almost 50% of 90-day mor-
tality after surgery related to PHLF.!?! With no postOP treat-
ment available, preOP risk stratification is critical. Aiming at
moving toward personalized risk assessment for patients under-
going hepatic resection, we calculated a multivariable prediction
model for clinically significant PHLF B+C in 12,056 patients
from the NSQIP database (model generation cohort). The APRI
+ALBI MVM was then validated using an international cohort
of 2525 patients of 10 different centers (validation cohort).
Individual scores and dynamic liver function tests have often
been evaluated for their ability to accurately predict PHLF, but
rarely have they been directly compared. Therefore, in a sub-
cohort of 620 patients, similar models were trained based on
ICG clearance, ALICE, and FIB-4, respectively, and compared
with the APRI+ALBI MVM for PHLF B+C prediction. Despite
the APRI+ALBI score being calculated using simple routine
laboratory tests and the APRI+ALBI MVM being trained in a
much larger patient cohort (NSQIP cohort), the APRI+ALBI
model showed comparable predictive potential for PHLF B+C,
PHLF grade C, and 90-day mortality. As ICG clearance is time
consuming, more expensive and not universally available, we
believe that these very robust results are critically relevant for
preoperative PHLF prediction. We ultimately developed a smart
phone application to allow for easy calculation of the APRI
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FIGURE 3. Descriptive comparison of the performance of several univariate models for prediction of PHLF B+C (A), PHLF C (B) and
90-day mortality (C). The different models are calculated using APRI+ALBI, APRI combined with ALBI, ICG clearance retention 15

min after administration (ICG-R15) and plasma disappearance rate (ICG-PDR), ALICE grade, and FIB-4 index. Models are calcu-
lated for 620 patients from an international multicenter cohort. The performance of each model is indicated as the AUC from ROC
curve analysis. 95% Cl and tests between the AUC of APRI+ALBI versus the AUC of each of the other parameters have been

performed by a bootstrap resampling analysis (lower panels).

+ALBI MVM and clinically meaningful patient-specific risk
assessment.

APRI and ALBI scores have both been associated with a
variety of different liver pathologies. The APRI score was
originally developed in the setting of chronic liver disease as a
noninvasive test for fibrosis and cirrhosis in hepatitis C
patients.”? Further, APRI has been shown to closely correlate
with CALI. In particular, several studies have shown APRI to
reflect sinusoidal obstruction syndrome after oxaliplatin-based
chemotherapy regimens.2»?* The ALBI score was initially
compared with the Child-Pugh score for the assessment of liver
function in HCC patients, with similar results.?® It shows a close
correlation with fibrosis and cirrhosis in HCC patients.2® Both
scores have previously been evaluated for their ability to predict
PHLF, demonstrating the significant predictive potential of the
individual parameters on their own.2”-23-28 Recently, in several
studies, we compared the predictive potential of the combined
APRI+ALBI score to APRI and ALBI alone for their predictive
potential for PHLF or postOP mortality, documenting the
improved predictive potential of the combined score.!®!* This
might be caused by the broad detection of the multiple liver
pathologies seen in patients undergoing hepatic resection. The
development of PHLF has different causes, depending on the
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underlying liver disease and tumor type. PHLF risk is usually
increased due to CALI in CRCLM patients after neoadjuvant
chemotherapy.’ HCC patients, on the other hand, are more
likely to suffer from chronic liver disease caused by alcoholic
steatohepatitis, nonalcoholic steatohepatitis, or viral hepatitis.?
The reason why APRI+ALBI could reflect chronic liver disease
or liver injury might be due to the parameters APRI+ALBI is
comprised of, which provide a comprehensive evaluation of liver
function. Hepatocyte demise is represented by AST, liver func-
tion is reflected in albumin and bilirubin, and the inclusion of
platelets mirrors the endocrine function of the liver as well
as portal hypertension. It is important to note that the APRI
+ALBI multivariable mode introduced in this study includes,
among other parameters, tumor type and planned extent of
resection. Both factors are known to significantly affect
postoperative outcomes, which could also be observed in our
analyses. In combination with the holistic assessment of liver
function through the APRI+ALBI score, this model was found
to be suitable to predict postOP outcome for multiple patient
subgroups, suggesting its relevance in a variety of different
indications for hepatic resection.

While volumetric analyses are critical to avoid PHLF,
postOP liver function recovery is also critically affected by

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 4. Comparison of different multivariable models for the prediction of PHLF B+C, PHLF grade C (PHLF C), and 90-day
mortality in 620 patients out of an international multicenter cohort. Models included in the comparison are an APRI+ALBI score-
based multivariable model trained in the NSQIP cohort, as well as models trained in 620 patients from 10 international centers and
based on ICG clearance retention 15 min after administration (ICG-R15) and plasma disappearance rate (ICG-PDR), ALICE grade,
and FIB-4 index, respectively. All models include age, sex, tumor type, and extent of resection as variables, as well as one of the
respective liver function tests (APRI+ALBI, ICG-R15, ICG-PDR, ALICE, and FIB-4). The performance of each model is indicated as the
AUC from ROC. 95% CI and tests between the AUC of APRI+ALBI versus the AUC of each of the other parameters have been

performed by a bootstrap resampling analysis (lower panels).

underlying liver disease.>® While we rely on crude and poorly
validated cutoffs for volumetry (eg, 20%-25% in a healthy liver,
30% after chemotherapy, and 40% for cirrhotic livers), we
underestimate the relevance of quantifying hepatic function.®3!
We believe that our analyses provide a very strong basis to move
forward with integrative models, including volumetry, possibly
enabling a patient-specific assessment of the required future liver
remnant volume.

Previous research has assessed a multitude of different
metrics for their ability to reliably predict PHLF. Within our
analyses, 4 MVMs based on established preOP liver function
tests (ICG clearance, the ALICE score, and the FIB-4 index)
were compared with an APRI+ALBI model. All models were
found to have a similar predictive potential for PHLF B+C,
PHLF C, and 90-day mortality as compared with the APRI
+ALBI model. Equal performance of the APRI+ALBI model in
comparison with the models based on the other liver function
tests was especially remarkable, as the APRI+ALBI model was
trained in another cohort (N =12,056) eliminating the risk of
overfitting.

ICG clearance, a dynamic liver function test, has shown
association with PHLF and postOP mortality preoperatively and
intraoperatively and, for many, represents the gold standard for
liver function testing before hepatic resection.!!233 Several
studies could show a direct correlation of ICG clearance with
portal hypertension and cirrhosis.>*3> Importantly, liver perfu-
sion critically affects ICG clearance, as ICG-R15 has been
shown to be directly influenced by changes in portal flow as well

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.

as cholestasis, making its assessment challenging in patients with
preOP hyperbilirubinemia and changes in portal venous flow.3
In regards to CALI, data on the effects of neoadjuvant chemo-
therapy on ICG clearance is limited.3” This lack of association of
ICG clearance with CALI might in part explain why the APRI
+ALBI score appeared to have a higher predictive potential than
ICG clearance for PHLF B+C in our analyses. In this context,
we do believe that the association of APRI+ALBI with a wide
range of different etiologies of liver disease represents one of the
key elements for its excellent predictive potential for PHLF and
postOP 90-day mortality. Further, the APRI+ALBI score is
available at a fraction of the cost of ICG clearance measurement,
exhibits none of its invasive features, and eliminates the risk of
an allergic reaction to ICG dye components.

A combination of ICG clearance and albumin, the so-
called ALICE grade, has been evaluated for its associations with
short-term postOP outcomes in patients with HCC, chol-
angiocellular carcinoma, CRCLM, and hepatic alveolar
echinococcosis.'>173%3% However, studies directly comparing
ICG clearance with ALICE grade are rare and limited in sample
size.’® The inclusion of ICG-R15 in the formula for the calcu-
lation of the ALICE grade introduces the limitations of ICG
clearance, described above. While the predictive ability is clearly
improved through the inclusion of albumin, as seen in an overall
increase of the AUCs in our ROC curve analysis, the calculation
of the ALICE grade remains an invasive test and is more
expensive than a parameter solely based on routine laboratory
values, like the APRI+ALBI score.
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The FIB-4 index was originally developed and validated
as a noninvasive test for significant fibrosis in human immuno-
deficiency or hepatitis C virus-related chronic liver disease.!340
In the current literature, only a few studies have examined FIB-4
in a preOP setting, mainly in HCC patients.*! Very rarely have
studies assessed the outcome after liver surgery in CRCLM
patients depending on FIB-4 scores.*? The predictive potential of
FIB-4 has been compared with the Child-Pugh score and APRI,
showing improved or comparable results.*'*> When compared
with APRI+ALBI, FIB-4 appeared to show similar predictive
potential for PHLF B+C. It is, however, worth mentioning that
the predictive performance of the FIB-4 MVM and, respectively,
the performance of the models utilizing ALICE and ICG
clearance is limited by the size of their training cohort. Also, the
APRI+ALBI model was validated using an independent patient
cohort. To accurately assess the predictive performance of the
models based on ALICE, ICG clearance, and the FIB-4 index,
going beyond a descriptive comparison of the models, further
validation is needed.

It was previously documented that risk assessment for
PHLF strikingly depends on underlying tumor types. For
example, a certain APRI+ALBI value might be associated with
moderate risk for CRCLM patients but with high risk in HCC
patients. This phenomenon can be observed for basically every
preOP liver function test and poses a very relevant challenge for
the application of cutoffs in clinical routine. To address this
issue, we developed a novel MVM for the prediction of PHLF B
+C probability, with different tumor subgroups as well as the
APRI+ALBI score, age, sex, and planned type of resection
included as variables. This tool, built on more than 12,000
patients and now integrated in the TELLAPRIALBI smart
phone application, will allow for the first time to perform risk
assessment of PHLF B+C in different patient subgroups. This
MVM is based solely on routinely available blood parameters
and basic patient characteristics available before every planned
liver resection.

Interestingly, observed PHLF risk was higher in the
international multicenter cohort when compared with pre-
dicted risk in the NSQIP database. PHLF incidence in NSQIP
analyses has been reported at about 5%, in comparison to the
reported incidence of approximately 10% in prospective
international multicenter studies.!*** PHLF incidence
increases in low-volume centers and major liver resections.*>:4¢
Our study included high-volume as well as low-volume cen-
ters, but more importantly, approximately 70% of the patients
underwent major liver resection (Table 2), 30% more than in
the NSQIP database cohort (Table 1). This could in part
explain a difference in observed and predicted PHLF inci-
dence in the logistic regression-based prediction model
(Fig. 1A). However, while significantly reduced, this increase
could also be observed when we only assessed patients
undergoing major resection, suggesting that there are clearly
other factors involved in this increase in PHLF in the inter-
national multicenter cohort. Obviously, the limited gran-
ularity of nationwide databases (NSQIP cohort) as compared
with prospectively maintained databases (international mul-
ticenter cohort) might be an important aspect accounting for
these differences as well.

In conclusion, we were able to document and validate the
high predictive potential of a novel APRI+ALBI score-based
preOP MVM for multiple postOP outcome measures, partic-
ularly clinically significant PHLF and 90-day mortality, in a
cohort of > 14,000 patients. Importantly, this routine laboratory
parameter-based score showed equal performance to other
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MVMs based on well established, costly, and time-consuming
tests, such as ICG clearance or ALICE grade, in the prediction
of clinically significant PHLF. We also created a freely available
smartphone application to calculate the MVM and patient-
specific individual PHLF B+C probability.
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