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Abstract

Background: This study aimed to externally validate and upgrade the recent difficulty scoring system (DSS)
proposed by Halls et al. to predict intraoperative complications (IOC) during laparoscopic liver resection (LLR).

Methods: The DSS was validated in a cohort of 128 consecutive patients undergoing pure LLRs between 2008 and
2019 at a single tertiary referral center. The validated DSS includes four difficulty levels based on five risk factors
(neoadjuvant chemotherapy, previous open liver resection, lesion type, lesion size and classification of resection). As
established by the validated DSS, I0C was defined as excessive blood loss (> 775 mL), conversion to an open
approach and unintentional damage to surrounding structures. Additionally, intra- and postoperative outcomes
were compared according to the difficulty levels with usual statistic methods. The same five risk factors were used
for validation done by linear and advanced nonlinear (artificial neural network) models. The study was supported by
mathematical computations to obtain a mean risk curve predicting the probability of IOC for every difficulty score.

Results: The difficulty level of LLR was rated as low, moderate, high and extremely high in 36 (28.1%), 63 (49.2%),
27 (21.1%) and 2 (1.6%) patients, respectively. IOC was present in 23 (17.9%) patients. Blood loss of >775 mL
occurred in 8 (6.2%) patients. Conversion to open approach was required in 18 (14.0%) patients. No patients
suffered from unintentional damage to surrounding structures. Rates of 10C (0, 9.5, 55.5 and 100%) increased
gradually with statistically significant value among difficulty levels (P < 0.001). The relations between the difficulty
level, need for transfusion, operative time, hepatic pedicle clamping, and major postoperative morbidity were
statistically significant (P < 0.05). Linear and nonlinear validation models showed a strong correlation (correlation
coefficients 0.914 and 0.948, respectively) with the validated DSS. The Weibull cumulative distribution function was
used for predicting the mean risk probability curve of I0C.

Conclusion: This external validation proved this DSS based on patient’s, tumor and surgical factors enables us to
estimate the risk of intra- and postoperative complications. A surgeon should be aware of an increased risk of
complications before starting with more complex procedures.
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Background

Since the first report of laparoscopic liver resection
(LLR) in 1991, the laparoscopic feasibility of all liver re-
sections has been demonstrated [1-3]. The use of min-
imally invasive liver surgery has been supported by
consensus conferences in 2008 and 2014 [4, 5]. Recently,
the number of LLRs performed worldwide has increased
exponentially [6]. Moreover, its benefits over traditional
open liver surgery have been proved by prospective ran-
domized trials [7, 8].

However, population-based studies show LLR is still
limited to a few specialists in tertiary liver centers [9].
The technical complexity of procedures namely varies
from peripheral wedge resections to major hepatecto-
mies and a considerable learning curve must be over-
come [10, 11]. The European Guidelines Meeting for
Laparoscopic Liver Surgery in 2017 highlighted the need
for a stepwise progression through the learning curve to
minimize morbidity [12]. Therefore, preoperative assess-
ment of the difficulty of LLR is important in selecting
appropriate patients according to a surgeon’s skills and
experience at each stage of the learning curve [12].

Different scores have been proposed to rate the diffi-
culty of LLR and the need for validations of existing
tools before the clinical application has been highlighted
[13-16]. Some of the proposed surgical difficulty scoring
systems (DSS) have been subjected to several external
validations [17-25]. Recently, Halls et al. used a large
multicenter European database to develop and internally
validate a DSS estimating the risk of intraoperative com-
plications (IOC) during LLR [26]. To our knowledge, it
has not been externally validated to date.

The study aims to externally validate this DSS [26] in
terms of the original outcome — IOC. Furthermore,
some intra- and postoperative outcomes are going to be
studied according to the proposed difficulty levels.

Patients and methods

The aim of the study and patients

This study aimed to externally validate the DSS by Halls
et all [26]. and to upgrade it by proposing the risk curve
for predicting the probability of IOC.

A retrospective review of a prospectively maintained
database of patients who underwent liver surgery at the
Department of Abdominal and General Surgery of
University Medical Center Maribor in Slovenia was
performed. This is a specialized referral center for
hepato-pancreato-biliary surgery.

The study period lasts from April 2008 until 28 Febru-
ary 2019. The study was based on the intention-to-treat
principle. Consecutive patients undergoing a planned
pure LLR were chosen. Liver resection planned to be
completed laparoscopically was included, except cyst
fenestration, liver biopsies, and radiofrequency ablation.
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Short-term outcomes of several patients from this co-
hort have been published previously [27-29].

Several routinely available variables were reviewed from
the database and analyzed since the patients underwent
routine diagnostic workup consisted of blood count, chest
radiography, abdominal computed tomographic scans
with contrast enhancement, and/or liver-specific contrast
magnetic resonance imaging. Their preoperative liver
function was assessed according to the Child-Pugh classi-
fication [30]. In some cases, the indocyanine green reten-
tion test and computed tomographic volumetric analysis
were needed.

The indications for LLR were the same as for open liver
resections. Contraindications for the laparoscopic ap-
proach were modified over time. The absolute contraindi-
cations included the need for biliary or vascular resection
and reconstruction, the need for multi-visceral en-bloc re-
section and resections for hilar cholangiocarcinoma [26].

All patients were operated on by the same surgeon
(AI) who is responsible for a laparoscopic liver program.
Only pure LLR has been performed, no hand-assisted or
hybrid procedures were used. Surgical techniques were
applied as reported [27]. Briefly, patients were placed in
the supine position, except for the resection of postero-
superior segments of the liver when the left lateral
decubitus position was used. The placement of trocars
was based on tumor location. Laparoscopic ultrasonog-
raphy of the liver was mandatory. A pneumoperitoneum
of 12-14 mmHg and a central venous pressure less than
5cm H,O was maintained during hepatic parenchymal
transection. A hepatic pedicle clamping (Pringle’s maneu-
ver) was applied selectively and intermittently, following
the rule of 15-min clamp and 5-min release. For the hep-
atic parenchymal transections different high energy de-
vices (a cavitron ultrasonic surgical aspirator, harmonic
scalpel or an electrothermal bipolar tissue sealing system)
were used. Larger structures were controlled with endo-
clips. Endoscopic linear stapler devices were used for tran-
section of large pedicles and hepatic veins. The resected
liver specimen was placed in a plastic bag and removed
through an enlarged port site or through a suprapubic
Pfannenstiel incision without muscular section.

Patients had given consent that anonymous data can
be used for research purposes at the time of the oper-
ation. Their records were anonymized and de-identified
before analysis. Ethical approval for this study was ob-
tained from the institutional review board.

Data collection and definitions

Basic patient demographics and clinical factors were exam-
ined. It included age, sex, body mass index, performance
status defined according to the American Society of Anes-
thesiologists (ASA) score and presence of liver cirrhosis
(Child-Pugh score/grade).
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For the requirements of the study, neoadjuvant chemo-
therapy, tumor characteristics (malignant or benign, its
size), and previous abdominal surgical history were exam-
ined. The location of the tumor was defined as anterolateral
in segments 2, 3, 4b, 5, 6 and posterosuperior in segments
1, 4a, 7, and 8 [31]. The type of resection was categorized
into three groups (minor, technically major, and anatomic-
ally major) [17]. Anatomically major resections involve 3 or
more adjacent liver segments. Technically major resections
are those that would be considered minor resections ana-
tomically but are located in posterosuperior liver segments
that are difficult to access laparoscopically [12].

External validation of the difficulty scoring system and a
mean risk curve

The DSS of LLR introduced by Halls et al. [26] was used
and externally validated. Its parameters (neoadjuvant
chemotherapy, previous open liver resection, benign or
malignant lesion, lesion size and classification of resec-
tion) were captured from the institutional database. Each
LLR was retrospectively scored from 0 to 15. Scores of
0-2, 3-5, 6-9 and 10-15 were then translated into
respective difficulty levels: low, moderate, high, and ex-
tremely high. On the base of this scoring, these difficulty
levels predict the likelihood of IOC as follows: < 10% for
low, 10-20% for moderate, 20-50% for high and >50%
for extremely high levels [26] (Table 1).

Table 1 Difficulty scoring system by Halls et al. [26] at a glance

Risk factor and assigned points

Risk factor Risk factor Points assigned
category
Neoadjuvant No neoadjuvant 0
chemotherapy chemotherapy
Received 1
Previous open No 0
liver resection Yes 5
Lesion type Benign 0
Malignant 2
Lesion size (cm) < 3 0
3-5 2
>5 3
Classification Minor 0
of resection Technically 5
major

Anatomically 4
major

Points translated into difficulty scores

Difficulty scores ~ 0-2 3-5 6-9 10-15
Difficulty levels Low Moderate High Extremely high
Probability of IOC < 10% 10-20%  20-50% > 50%

10C intraoperative complication
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As a primary validator was used I0C, described as
an objective marker of a complex operation [26]. Key
markers of IOC were blood loss over 775 mL, unin-
tentional damage to the surrounding structures and
conversion to open approach [26]. The conversion
was defined as the requirement for laparotomy at any
time of the procedure, except for the extraction of
the resected specimen, because no hand-assisted or
hybrid procedures were used [26].

Established surrogates of the technical difficulty, namely
blood transfusion requirements, operative time, the need
for the hepatic pedicle clamping and its duration were
used as secondary validators. Postoperative morbidity was
graded according to the Clavien-Dindo classification [32]
and used as a secondary validator. Grades from 3a to 4b
represent a major complication requiring invasive inter-
vention and the use of organ support [32].

Two original models were built for the external
validation: a linear model and a model based on a
conditional average estimator artificial neural network
(CAE ANN) [33, 34].

To obtain the mean risk curve for predicting the
probability of IOC, Weibull cumulative distribution
function (CDF) [35] and the Kolmogorov-Smirnov test
[36] were used.

Statistical analysis
The IBM SPSS for Windows Version 21.0 (IBM Corp.,
Armonk, NY, USA) was used for basic statistical analysis.
Univariable analysis for binary data was performed using
the chi-square test for categorical variables. The contin-
gency table chi-square tests were performed for a = 0.05
and the P-value for the null hypothesis of no relationship
between groups is present. The analysis of variance
(ANOVA) was used to determine statistically significant
differences among the means of three independent
groups. The P-values are related to the one-way ANOVA
test with the null hypothesis that the means of the groups
are equal. There are only 2 patients in the category »Ex-
tremely high, therefore all corresponding chi-square and
ANOVA tests considered just the first three groups.
Wolfram Mathematica for Windows Version 10.4
(Wolfram Research, Inc., Champaign, IL, USA) was used
for statistical computations and basic validation of the
linear DSS introduced by Halls et al. [26]. Multivariate
analysis of the data was performed by LinearModelFit
command of Mathematica. The correlation between the
independent variables was analyzed by the command
Correlation of Mathematica. Percentages are reported at
1 decimal place, coefficients of the multivariate analysis
are presented at 3 decimal places and the P-value < 0.05
was considered statistically significant. In addition, a
CAE ANN (33, 34] was used as a statistical tool for non-
linear regression.
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To determine the risk of IOC and obtain the continu-
ous (theoretical) risk curve, the original data was tested

to CDF for the Weibull [35] distribution y,, = l-e®",
Values of A and k were calculated using the FindFit
command of Mathematica.

The Kolmogorov-Smirnov test [36] tests is a nonpara-
metric test that tests whether the given data originates
from a proposed (i.e. Weibull) distribution. Testing was
performed by using the command DistributionFitTest of
Mathematica. The test statistics are defined in terms of a
CDF of the hypothesized (in this case the Weibull) dis-
tribution. The Kolmogorov-Smirnov statistics represent
the supremum distance between the hypothesized CDF
and the CDF of the sample. The closer this number is to
zero the more likely it is that the sample was drawn
from the hypothesized distribution.

Results

Study population

From April 2008 to February 2019, a total of 128 con-
secutive patients underwent pure LLR and were enrolled
in the study. The baseline characteristics of the patients
are as follows: the average age was 63 (20—86) years, 76
(59.4%) patients were male, the average body mass index
was 26.7 (18.0-50.1) kg/m> ASA fitness grade distribu-
tion of patients was as follows: 33 (25.8%) of ASA I, 56
(43.8%) of ASA 1I, 36 (28.1%) of ASA III and 3 (2.3%)
patients of ASA IV. Liver cirrhosis Child-Pugh A or B
was present in 25 (19.5%) patients.

Indications for liver resection were malignant disease
in 89 (69.5%) patients; namely colorectal liver metastases
in 42 (32.8%), hepatocellular carcinoma in 28 (21.9%),
intrahepatic cholangiocarcinoma in 11 (8.6%), and other
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types of malignancy in 8 (6.2%). Other variables,
expressed as risk factors, are shown in Table 2.

Basic validation of a difficulty scoring system

The same five risk factors predicting IOC as proposed
by Halls et al. [26] and their assigned points were in-
cluded in an initial analysis. The results are presented in
Table 2.

The statistical significance for IOC was reached for
neoadjuvant chemotherapy, lesion type, lesion size >5
cm and classification of resection, but not for previous
open liver resection.

The LLR difficulty scores (DS) were calculated for
every patient. Based on the score, patients were divided
into four risk groups to estimate the risk of IOC as a pri-
mary validator. The surrogates of technical operative dif-
ficulty were analyzed as secondary validators. Grouping
of patients into four difficulty levels and outcomes are
shown in Table 3.

The difficulty level of LLR was rated as low, moderate,
high and extremely high in 36 (28.1%), 63 (49.2%), 27
(21.1%) and 2 (1.6%) patients, respectively. IOC was
present in 23 (17.9%) patients. The median blood loss
was 110 mL (range 0 to 2200 mL). Blood loss of >775
mL occurred in 8 (6.2%) patients. The conversion was
required in 18 (14.0%) patients, but in none cases due to
life-threatening bleeding. The need for conversion in-
cluded unfavorable intra-operative findings ((inability to
proceed due to dense adhesions (1 =2), difficult expos-
ure of large, fatty liver (n=2), inability to locate the
tumor (n =1), and slow progression of liver transection
(n=2)) or events (oncological concern due to uncertain
localization of tumor margins (n=9), need for dia-
phragm resection to assure radical resection (n = 1), and

Table 2 Risk factors for the intraoperative complication, assigned points and statistical analysis [26]

Risk factors Overall Points Intraoperative complication P-value®
assigned Yes NO
Number of patients 128 / 23 (17.9%) 105 (82.1%) /
Neoadjuvant chemotherapy 22 (17.2%) 1 7 15 0.073
Previous open liver resection 2 (1.6%) 5 1 1 0.328
Malignant lesion 89 (69.5%) 2 22 67 0.003
Lesion size
Lesion size <3 cm 48 (37.5%) 0 1 47 0.938
Lesion size 3-5cm 44 (34.4%) 2 9 35 0.596
Lesion size >5cm 36 (28.1%) 3 13 23 0.001
Classification of laparoscopic liver resection
Minor 93 (72.6%) 0 9 84 <0.001
Technically major 18 (14.1%) 2 6 12 0.094
Anatomically major 17 (13.3%) 4 8 9 0.003

2Chi-square test
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Table 3 Grouping of patients into difficulty levels and outcomes
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Overall Low Moderate High Extremely high P-value®
N (%) 0-2) (3-5) (6-9) (10-15)

Number of patients 128 36 63 27 2 /

(28.1%) (49.2%) (21.1%) (1.6%)

Intraoperative complication [26] 23 0 6 15 2 <0.001
(17.9%) (09%) (9.5%) (55.5%) (100%)

Transfusion required 17 1 11 4 1 0.042
(13.2%) (2.7%) (17.5%) (14.8%) (50.0%)

Operative time (min)” 155 120 150 210 310 <0.001
(25-360) (45-240) (25-360) (120-350) (260-360)

Hepatic pedicle clamping 30 2 19 9 0 0.009
(23.4%) (5.6%) (30.2%) (33.3%) (0.0%)

Total hepatic pedicle clamping (min)’ 30 375 30 40 0 0.033
(10-75) (35-40) (10-75) (10-60) (0-0)

Postoperative morbidity (Clavien-Dindo 3a < 4b) [32] 12 1 4 6 1 0.028
(93%) (2.7%) (6.3%) (22.2%) (50.0%)

“Continuous variables are reported as median (range); ANOVA test. 2P-values were calculated by chi-square test or ANOVA, in both cases without considering the

extremely high-risk group

diffuse parenchymal bleeding (# = 1)). There has been no
unintentional damage to the surrounding structures in
any of the patients.

The rates of I0OC (0, 9.5, 55.5 and 100%) increased
gradually with statistically significant values among diffi-
culty levels (P <0.001). The rate of complications in the
high-risk group (55.5% vs. 20—50%) slightly exceeded the
proposed value.

Analysis of surrogate outcomes showed that transfu-
sion was required in 17 (13.2%) patients. The median
operative time was 155 min (range 25 to 360 min). Ped-
icle clamping was used in 30 (23.4%) patients. Total hep-
atic pedicle clamping time was 30 min (range 10 to 75
min). P-value among difficulty levels was < 0.05.

90-day major morbidity (Clavien-Dindo grades from 3a to
4b) occurred in 12 (9.4%) patients. Seven patients experi-
enced grade 3a complications and were treated successfully
by percutaneous drainage of pleural effusions and bile col-
lections. Four patients required reoperations (grade 3b com-
plication). Indications were postoperative bleeding from the
port site (1 = 1), anastomotic leakage from colorectal anasto-
mosis after simultaneous laparoscopic liver and colorectal
surgery (n=1), port site omental protrusion (n=1) and
biliary leak with diffuse biliary peritonitis (7 =1). One cir-
rhotic (Child-Pugh A) patient who underwent resection of
HCC experienced grade 4b complication with multi-organ
dysfunction and prolonged intensive care unit admission.

The rates of postoperative complications (2.7, 6.3, 22.2
and 50%) increased gradually with statistically significant
values among difficulty levels (P < 0.001).

The mortality rate was 0.8% with one postoperative
death within 90 days. The patient (moderate difficulty
level) had an alcoholic liver cirrhosis Child-Pugh B and
died on a postoperative day 10 because of an unstop-
pable bleeding from ruptured esophageal varices.

Multivariate linear and CAE ANN-based validation of a
difficulty scoring system

An original data set consisting of a cohort of 128 patients
were used for validating the 15 points criteria (Table 1) for
predicting the risk of IOC as introduced by Halls et al.
[26]. The dependent variable (y) is the 0—15 points risk
prediction of IOC during LLR. The independent variables
were considered as follows: x; (neoadjuvant chemother-
apy), x, (previous open liver resection), x3 (lesion type), x4
(lesion size), and x5 (classification of resection).

The correlation between independent variables was found
to be very weak (in the absolute range from 0.005 to 0.321).
The P-values (for the null hypothesis that the correspond-
ing coefficient is equal to zero) for the linear model

y = —-1.85180 + 0.67232x; + 1.48669x, + 2.12691x3

+0.35112x, + 1.88364xs
(1)

were found to be all <0.01 (the highest P-value 0.002
was found for variable x;) . Standard errors for the inter-
cept and the coefficients of x;, ..., x5 are found to be
0.258, 0.213, 0.435, 0.201, 0.033, 0.126, respectively.

For any patient from our cohort, we denote the 15-
score-value, y,4;, obtained by the proposed linear model
defined by eq. (1). It was compared to the scoring intro-
duced by Halls et al. [26], denoted by yg. The linear
(Pearson) correlation coefficient between y,; and yy was
found to be very strong (0.914).

Linear relations of the form y4; = ky and yar =ayg+ b
were found to be y4; =0.95937yy and y4; = 0.83530y +
0.64983, respectively, with P-value <0.001 for all coeffi-
cients. The scoring according to the proposed linear
model vs. the scoring introduced by Halls et al. [26] (at
the abscissa) are presented in Fig. 1 (a). The range of the
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Fig. 1 Correlation between DSS [26] and (a) linear as well as (b) nonlinear models, respectively. The regression lines with no intercepts: (a) ya =
0.95937y;; and (b) yay =0.95913yy, respectively. The correlation coefficients: (a) 0.914 (b) 0.948

1 2 3 4 5 6 7 8 9

0 a
(b) Y

10 11

data considered in the present study is 0 — 10. The reason
is that only two patients in our cohort had previous open
liver resection (see Table 2), and this variable has the high-
est score (five).

Note that the coefficient of determination R* for the
linear model was found to be 0.83531, the mode (com-
monest) of the errors was found to be 0.86101, the me-
dian of the errors was found to be 0.09551, the
(arithmetic) mean of the errors was found to be
-0.00002. The graph of residuals for all 128 patients is
presented in Fig. 2 (a).

Furthermore, the same procedure as described above
was performed by CAE ANN. The 15-score value ob-
tained by the proposed nonlinear model obtained by
CAE ANN is denoted by yan-

The linear correlation (Pearson coefficient) between
yan and yg was found to be very strong (0.948263). Lin-
ear relations of the form ysn=kyy and yan=ayg+b

were found to be y4n = 0.95913yy and yan = 0.84079y +
0.61983, respectively, with P value < 0.001. The scoring
according to the proposed linear model vs. the scoring
according to Halls et al. [26] (at the abscissa) are pre-
sented in Fig. 1(b).

Note that the coefficient of determination R* for the
nonlinear model was found to be 0.97443, the mode
(commonest) of the errors was found to be -0.16540,
the median of the errors was found to be 0.15560, the
(arithmetic) mean of the errors was found to be
0.152934. The graph of residuals for all 128 patients is
presented in Fig. 2 (b).

In this research the CAE ANN was used as a statistical
tool for nonlinear regression. Basically, the procedure of
estimating the nonlinear regression consists of two (in-
dependent) numerical parts. The first part corresponds
to the self-organization of the artificial neurons (storing
empirical information) and describes the observed

S il |Illl ||..n,l.d. IuL MI
e ']||'|||H'm ”'||H||'“rr i
-4
? 1 21 41 61 81 101 121
(a) # patient

~N

Nthart L ol ll|L "

=
=
'
Z : "
S B RN
S,
-4
: 1 21 41 61 81 101 121
) # patient

Fig. 2 The graph of residuals for all 128 patients. The residuals are representing the discrepancy between original scoring by Halls et al. (y4) and
our linear and nonlinear models denoted by y4, and yay, respectively. The maximal discrepancy for linear model (a), ya; — yu, was found to be —
4.27 and for nonlinear model (b), yan — yx, was found to be —3.76. In both cases the mean error is close to zero, which confirms high matching
of models
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phenomenon (i.e. observed Halls et al. score), while the
second part corresponds to the optimal estimation of
unknown parameters of the same phenomenon. Both
parts are essential for automatic modeling of various
(natural) phenomena [34, 37].

The mean risk curve for predicting the probability of
intraoperative complications

To determine the risk of IOC and obtain the continuous
(theoretical) risk curve, the original data (see the blue
dots in Fig. 3) was tested to CDF for the Weibull [35]

distribution y,, = 1-e @ Using FindFit command of
Mathematica, values of A =8.085 and k = 2.871 were cal-
culated. The discrete results are presented in Table 4.

The Kolmogorov-Smirnov statistics and the corre-
sponding P-value were found to be 0.375, and 0.215,
respectively. At the level of significance of 0.05, we can-
not reject the null hypothesis that the sample was drawn
from the Weibull distribution with parameters A=
8.085 and k=2.871. The graphical results are pre-
sented in Fig. 3.

Discussion

During LLR, surgeons face difficulties due to patient,
tumor, and surgery-related factors [26]. Classification
systems for assessing the surgical difficulty of LLR have
been proposed because they have turned qualitative
judgments into quantitative assessments [13—-16]. Re-
cently, Halls et al. developed and internally validate a
new DSS (Table 1) [26]. The present study was designed
specifically to externally validate it [16] and it was per-
formed on the original data set consisting of 128 patients
treated at University Medical Center Maribor.
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The validation started with a binary analysis of pro-
posed risk factors (Table 2). Four out five parameters
used in the scoring by Halls et al. [26] were associated
with IOC, but one could not be adequately analyzed —
only two patients had previous open liver resection.

Then, points have been assigned to the proposed five
risk factors related to a patient, disease, and surgery. The
DSs were calculated and classified into four proposed
levels (Table 3) [26]. Since the variable of previous liver
resection added the highest score in the ranking into
four different difficulty levels [26], the lack of patients in
the extremely high difficulty group became evident.

The rates of IOC (0, 9.5, 55.5 and 100%) increased
gradually with statistically significant values among diffi-
culty levels (P <0.001). This study additionally validated
DSS by Halls et al. with various surrogates of technical
operative difficulty. The difficulty level related well with
transfusion requirements, operative time, the need for
the hepatic pedicle clamping and its duration, and post-
operative major morbidity (P-value among difficulty
levels < 0.05) (Table 3).

However, the human mind tends to simplify matters
and is not yet adapted to multidimensional reasoning,
therefore artificial neural networks were developed [33,
34]. They are non-linear statistical data modeling tools
[33, 34]. As such, they can be used to model complex,
highly non-linear relationships between input and out-
put variables of the observed phenomena [34, 37].

Using the same five independent variables (parameters) as
introduced in the DSS by Halls et al. [26], a linear and non-
linear multivariate model were considered. Their correlation
coefficients were 0.914 and 0.948, respectively. They repre-
sent high correlation between the validated DSS [26] and
proposed linear and nonlinear multivariate models.

Risk

1.0

0.8

0.6

0.4

0.2

5

complication; DS, difficulty score; CDF, cumulative distribution function

Fig. 3 The continuous mean risk curve of I0C as a function of the DS. The blue dots are representing the discrete data from Table 4. The red
dots are representing the assumed values. The solid black curve depicts a corresponding Weibull CDF [42], which represents the continuous
mean risk curve of IOC. Different background colors are denoting the four-level scale (Low, Moderate, High, Extremely high).[OC, intraoperative

! : : : ! Score
10 15
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Table 4 The risk of the intraoperative complication for each
difficulty score

DS 0-2 3 4 5 6 7 8 9
Riskof IOC 0% 7% 11% 13% 50% 57% 50% 67%

10-15
100%

The validated DSS [26] has suggested four difficulty
levels predicting the likelihood of IOC [26]. Based on
the data originating from our center, a CDF representing
the conditional (according to the validated DSS) prob-
ability of IOC during LLR was introduced. The mathem-
atical background of the proposed CDF is based on the
Weibull distribution which is used to model a variety of
life behaviors [35]. Assuming the surgeon is experienced
[10, 11], proposed CDF and a mean risk curve of I0C
represent an objective risk estimation of an LLR at
present (Fig. 3).

Currently, our center can perform LLR with an accept-
able rate of IOC and postoperative morbidity when the
patients are stratified in the low, moderate or high diffi-
culty levels. On the contrary, LLR is still associated with
obstacles and challenges for the extremely high-risk group
of patients. When defining the mean risk curve, we as-
sumed the risk for IOC to be equal to 1 for DS higher
than 10. We believe that the assumption is justified as
both patients with the highest DC had significant IOC.

Notably, the shape of the risk curve is defined based
on all [26] and not just local data [35]. Therefore, we
cannot expect any significant changes in the shape of
the curve in the case of new data. Although two patients
with DS =10 experienced IOC, the mean risk curve pre-
dicts the probability of risk with 90%. Theoretically, this
means that at least one in ten patients with DS =10
would not experience any IOC during the LLR. Is there
still enough room for improving the mean risk curve of
IOC? Is it possible to perform liver surgery (laparoscopic
or open) without any complications, especially as the
limits of resectability are continually being pushed? Un-
likely, but our main goal should be reducing rates of
IOC and postoperative morbidity not only in the ex-
tremely high but in all risk groups.

Several implications of the proposed mean risk curve
of IOC are possible. First, surgeons may familiarize
themselves before surgery with an objective risk for IOC.
Regarding the patient’s DS, the value in the proposed
mean curve can serve as objective assistance in deciding
on the type of liver surgery (laparoscopic or open). Sec-
ondly, the surgeon can objectively explain the risks of a
surgical procedure and provide the patient with the risk
probability of IOC. Thirdly, the hospital management
can estimate the rate of expected IOC and related costs
based on the CDF of patients. Fourth, the higher risk
might be expected for surgeons just starting with these
procedures and the steep learning curve of LLR should
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be recognized [10-12]. However, results can be always
improved with specific training and mentoring [10, 11].

To the best of our knowledge, this study is the first ex-
ternal validation of the DSS proposed by Halls et al.
done by an application of an artificial neural network.
However, this study has some limitations associated with
its retrospective nature. Another limitation is the low
rate (1.6%) of LLRs in the extremely high difficulty
group. This stresses the precise selection of patients con-
sidered for the laparoscopic approach, but the small
sample size has statistical disadvantages. Moreover, the
study is built on one surgeon’s procedures solely. It con-
comitantly increases the quality of the statements and
decreases the statistical significance due to the number
of the analyzed cases. Furthermore, our data were col-
lected at a big academic center and may not reflect the
risk of complications when surgeons perform LLR in
smaller hospitals. Nonetheless, in our conviction LLR
can develop only within the regular practice of liver sur-
gery in high-volume centers.

Conclusions

This external validation proved this DSS [26], based on
patient’s, tumor, and surgical factors, enables us to esti-
mate the risk of intra- and postoperative complications.
The DSS was not only externally validated but upgraded
with the proposition of the mean risk probability curve
of IOC. It enables unprejudiced estimation of the prob-
ability of IOC considering the patients’ DS. Such object-
ive information is of paramount importance for the
patient, the surgeon, and hospital management as well.
A surgeon should be aware of an increased risk of com-
plications before starting with more complex proce-
dures. To enhance skills safely, surgeons should start
performing low difficulty procedures and gradually ap-
proach LLRs of higher difficulty.
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