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a b s t r a c t

Background: Differences in patient demographics and disease burden can influence comparison of
hospital performances. This study aimed to provide a case-mix model to compare short-term post-
operative outcomes for patients undergoing liver resection for colorectal liver metastases (CRLM).
Methods: This retrospective, population-based study included all patients who underwent liver resection
for CRLM between 2014 and 2018 in the Netherlands. Variation in case-mix variables between hospitals
and influence on postoperative outcomes was assessed using multivariable logistic regression. Primary
outcomes were 30-day major morbidity and 30-day mortality. Validation of results was performed on
the data from 2019.
Results: In total, 4639 patients were included in 28 hospitals. Major morbidity was 6.2% and mortality
was 1.4%. Uncorrected major morbidity ranged from 3.3% to 13.7% and mortality ranged from 0.0% to
5.0%. between hospitals. Significant differences between hospitals were observed for age higher than 80
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(0.0%e17.1%, p < 0.001), ASA 3 or higher (3.3%e36.3%, p< 0.001), histopathological parenchymal liver
disease (0.0%e47.1%, p< 0.001), history of liver resection (8.1%e36.3%, p< 0.001), major liver resection
(6.7%e38.0%, p< 0.001) and synchronous metastases (35.5%e62.1%, p < 0.001). Expected 30-day major
morbidity between hospitals ranged from 6.4% to 11.9% and expected 30-day mortality ranged from 0.6%
to 2.9%. After case-mix correction no significant outliers concerning major morbidity and mortality
remained. Validation on patients who underwent liver resection for CRLM in 2019 affirmed these
outcomes.
Conclusion: Case-mix adjustment is a prerequisite to allow for institutional comparison of short-term
postoperative outcomes after liver resection for CRLM.
© 2020 University Medical Center Groningen. Published by Elsevier Ltd. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

Colorectal liver metastases occur in 25e50% of patients with
colorectal cancer [1,2]. Resection is still the cornerstone of curative
treatment of CRLM but is accompanied by considerable morbidity
and mortality [3e6]. Strategies to further improve postoperative
outcomes after liver resection are therefore still needed.

Clinical auditing of surgical procedures has been described as a
powerful tool to assess and improve quality of care [7]. In clinical
auditing, the first step is to determine endpoints such as post-
operative outcomes. After data collection on the endpoints one is
able to reflect on these in order to improve them afterwards [8e10].
The Dutch HepatoBiliary Audit (DHBA) was founded by the board of
the Dutch Liver Study Group, representing more than 75% of all
Dutch liver surgeons in 2013. From 2013 a minimal required annual
volume of 20 liver resections per hospital was mandatory in order
to pursue liver surgery, which resulted from new insights during
centralization of liver surgery in the Netherlands between 2005
and 2013 [11]. From 2014 onwards, registration of all liver re-
sections in the DHBA was mandatory for all hospitals performing
liver surgery. The DHBA was explicitly designed to monitor and
compare quality of care between hospitals performing liver surgery
in the Netherlands [12].

Quality of care in the DHBA is monitored and compared using
several quality indicators [13], which can cover structure of care,
process of care or (short-term) postoperative outcomes. Patient-
and tumour characteristics that may influence outcomes are often
referred to as case-mix factors. Together they show the population
treated in a hospital. The case-mix of a hospital can positively or
negatively impact the comparison of outcomes as observed in other
fields of surgery [14e16]. Case-mix adjustment therefore seems
obligatory to produce a reliable and valid comparison of outcomes
between hospitals. Contrasting other oncological surgical proced-
ures which are straight forward, for CRLM numerous types of liver
resection can be performed [17]. All these anatomical variations of
liver resection have their own technical difficulty and associated
postoperative outcomes [18,19]. This makes that case-mix adjust-
ment for liver resection is heterogeneous and has not been
described earlier.

The aim of this study was to address variation in patient de-
mographics and disease burden between hospitals and to develop
and validate a case-mix adjustment model to compare the dif-
ferences in 30-day major morbidity and 30-day mortality after
liver resection for CRLM between hospitals in the Netherlands.
Methods

This was a population-based study performed in the
Netherlands. Data were retrieved from the DHBA, a mandatory
nationwide audit in which all Dutch hospitals performing liver
surgery register all liver resections. The DHBA is an opt-out registry.
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Data verificationwas performed to provide insight in completeness
and accuracy of the DHBA when compared to the Dutch Cancer
Registry [12,20]. No ethical approval was needed under Dutch law
as the DHBA is part of the Dutch Inspectorate of health care and
research is carried out with an anonymized dataset.

Patient selection

All patients who underwent liver resection for CRLM between
the January 1, 2014 and December 31, 2018 in the Netherlands and
who were registered in the DHBA before March 22, 2019 were
included in this study. Patients were excluded if date of birth, date
of surgery type of tumour, type of surgical intervention, and
occurrence of major morbidity or mortality was missing. All pa-
tients who only underwent thermal ablation without resection for
CRLM were excluded.

As a sensitivity analysis, the variation in case-mix factors and
final case-mix correction model in the 2014 to 2018 study period
was validated on the complete 2019 cohort of the DHBA. Inclusion
of patients and analysis were the same for the core set of
2014e2018 and for the validation on the 2019 cohort.

Main outcomes

Main outcomes were major morbidity and mortality after liver
resection. Both are existing quality indicators in the DHBA calcu-
lated per hospital for the last two consecutive years of full regis-
tration in the DHBA. Major morbidity was defined as a
complication grade 3a or higher according to Clavien-Dindo
classification, within 30 days of the liver resection [21]. Mortal-
ity was defined as death during hospitalization or within 30 days
of the liver resection. Both quality indicators are public for all
hospitals registering in the DHBA both for all resections and
stratified for minor and major liver resection. Case-mix corrected
funnelplots are calculated for both quality indicators over two
consecutive years in the DHBA its daily practice and were calcu-
lated over 2018 and 2019 for the validation.

Case-mix factors

Several categories of variables were assessed to represent the
case-mix in the DHBA. Variables were selected on the basis of
expert opinion. The DHBA scientific committee, consisting of 23
liver surgeons and interventional radiologists from the
Netherlands, acted as experts. Patient characteristics included sex,
age, American Society of Anesthesiologist (ASA) classification, Body
Mass Index (BMI), comorbidity scores according the Charlson Co-
morbidity Score (CCI), histopathological classification of liver pa-
renchyma adjacent to tumour tissue and previous liver surgery.
Tumour characteristics included number of CRLM, diameter of the
largest CRLM before the initiation of tumour-specific treatment

http://creativecommons.org/licenses/by/4.0/
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such as preoperative chemotherapy and synchronous (within 6
months of detection of the primary tumour) or metachronous
diagnosis of the CRLM. Treatment characteristics included use of
preoperative chemotherapy, use of thermal ablation in combina-
tion with resection, minor or major liver resection, and type of
hospital where resection was performed. Latter was either a
regional hospital or a tertiary referral center. Major liver resection
was defined as resection of three or more adjacent Couinaud
segments.
Statistical analysis

The mean percentage accompanied by the minimum and
maximum percentage for every variable in every hospital was
calculated to assess between hospital variation regarding possible
case-mix factors. These percentages and ranges were displayed in a
violin graph. Using univariable logistic regression models with
case-mix factors as dependent variable and hospitals as indepen-
dent variable the significance of this variation between hospitals
was calculated.

The association of case-mix factors with major morbidity and
mortality was investigated using two separate multivariable lo-
gistic regression models. For this multivariable model, all possible
case-mix factors were selected. Case-mix factors were included
through univariable logistic regression (p< 0.10) after checking for
multicollinearity when a restriction of the multivariable logistic
regression model was needed due to the number of degrees of
freedom. For major morbidity, all possible case-mix factors were
included as no restriction was needed because of high number of
events. For mortality restriction of case-mix factors was performed,
due to low number of events.

Based on the case-mix of all patients, the expected morbidity
and mortality was calculated per patient using a multivariable lo-
gistic regression model. As a result of all patients operated on in a
hospital, the expected morbidity and mortality per hospital was
calculated. To visualize the difference in quality indicators between
hospitals, the observed/expected ratio (O/E ratio) was used. By
dividing the observed morbidity of every hospital by the expected
morbidity of that same hospital, the O/E ratiowas calculated. This is
the case-mix adjusted ratio indicating the performance of a hos-
pital. An O/E ratio above 1 indicated that a hospital performed
worse than expected, an O/E ratio below 1 indicated that a hospital
performed better than expected. The 95% confidence intervals (CI)
were calculated to indicate whether the O/E ratio of a hospital was
statistically different from the other hospitals.

Multicollinearity was tested through the Variance Inflation
Factor (VIF). A VIF of 3 or more was the cut-off value indicating
multicollinearity. Patients with missing values were analysed as a
separate group in multivariable logistic regression if these excee-
ded 5% of the total included number of patients. If the missing
values in a variable was below 5%, the missing patients were
excluded from the analysis.

As a sensitivity analysis, the association of annual hospital vol-
ume (<20, 20e39, 40e59, 60e79, and >80) with postoperative
major morbidity and mortality was assessed. This variable was
added in bothmultivariable logistic regressionmodels (not shown).

All analyses were performed in R version 3.2.2® (R Core Team
(2018): A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria).
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Results

Population characteristics

In total 4776 patients who underwent liver resection for CRLM
were included during the study period (Table 1). One hundred and
thirty-seven patients were excluded because of missing informa-
tion regarding critical variables. In the remaining 4639 patients, 30-
day major morbidity was 6.2% and 30-day mortality was 1.4%.

Between-hospital variation in case-mix factors

Considerable differences in the case-mix variables between
hospitals were observed (Fig. 1, Supplementary Table 1). Differ-
ences between hospitals in the range of mean percentages were
observed in age higher than 80 (0.0%e17.1%, p< 0.001), ASA 3 or
higher (3.3%e36.3%, p< 0.001), a CCI of 2 or higher (19.7%e63.3%,
p< 0.001), histopathological parenchymal liver disease (0.0%e
47.1%, p< 0.001), history of liver resection (8.1%e36.3%, p< 0.001),
preoperative chemotherapy (1.5%e55.1%, p< 0.001), resection of
more than 3 CRLM in one surgical session (7.0%e36.9%, p< 0.001),
resection of largest CRLM with a diameter of 55mm or larger
(0.0%e26.4%, p< 0.001), major liver resection (6.7%e38.0%,
p< 0.001), bilobar disease (5.0%e60.6%, p< 0.001), synchronous
metastases (35.5%e62.1%, p< 0.001) and rectal primary tumour
(20.4%e46.6%, p< 0.001) and extra-hepatic disease (3.9%e38.5%,
p< 0.001). The proportion of female patients did not differ between
hospitals (25.0%e47.0%, p¼ 0.232).

Case-mix factors for 30-day major morbidity and 30-day mortality

Several case-mix factors were associated with the occurrence of
30-day major morbidity. The factors male sex, age above 65, ASA
classification 3 or higher, histopathological steato-hepatitis or si-
nusoidal dilatation, major liver resection, synchronous diagnosis of
metastases, extra-hepatic disease and treatment in a tertiary
referral center were all statistically significant case-mix factors for
30-day major morbidity (Table 2a). Rectal primary tumour was
associated with lower 30-day major morbidity. Based on Table 2a
we observe that age, ASA classification and major liver resection
were most important to correct for concerning 30-day morbidity.

Charlson Comorbidity index, Body Mass Index, histopatholog-
ical steatosis or cirrhosis, history of liver resection, history of pre-
operative chemotherapy, number of CRLM, diameter of largest
CRLM and bilobar disease were also included in the 30-day
morbidity case-mix model but were not significant case-mix fac-
tors. No restriction in the case-mix model was needed due to the
high number of events (n¼ 286).

Several case-mix factors were significantly associated with 30-
day mortality. These case-mix factors included age above 80, ASA
classification 3 or higher, histopathological steato-hepatitis or si-
nusoidal dilatation, history of liver resection, and major liver
resection (Table 2b). Based on Table 2b we observe that age above
80, ASA classification 3 or higher, history of liver resection and
major liver resectionweremost important to correct for concerning
30-day mortality.

Sex, BMI, preoperative chemotherapy, number of CRLM and type
of hospital were all non-significant case-mix factors for 30-day
mortality. Due to the low number of events (n¼ 66), Body Mass
Index, Charlson comorbidity index, maximum diameter of largest
CRLM, bilobar disease, location of primary tumour, synchronous or
metachronous diagnosis of the metastases and extra-hepatic



Table 1
Baseline characteristics of patients diagnosed with colorectal liver metastases
(CRLM) between 2014 and 2018 in the Netherlands.

Factor

N (%)

Total 4639
Patient characteristics
Sex

Male 2926 (63)
Female 1713 (37)

Age (years)
<50 329 (7)
50e64 1593 (34)
65e79 2375 (51)
�80 333 (7)
Missing 9 (0)

Charlson Comorbidity Index (CCI)
0/1 3393 (73)
�2 1113 (24)
Missing 133 (3)

Body Mass Index (BMI) Mean (sd) 26.3 (4.4)

American Society of Anesthesiology (ASA) classification
ASA I/II 3638 (78)
ASA IIIþ 870 (19)
Missing 131 (3)

History of liver resection
No 3713 (80)
Yes 815 (18)
Missing 111 (2)

Histopathology liver parenchymaa

Normal liver 2907 (63)
Steatosis 720 (16)
Steato-hepatitis 76 (2)
Cirrhosis 35 (1)
Sinusoidal dilatation 51 (1)
Missing 850 (18)

Preoperative chemotherapy
No 3009 (70)
Yes 1314 (30)

Tumour characteristics
Number of lesions

1 1978 (43)
2 969 (21)
3 512 (11)
4 316 (6)
�5 668 (15)
Missing 196 (4)

Maximum diameter of largest CRLM (mmb)
<20 1230 (27)
20e34 1508 (33)
35e54 746 (16)
�55 456 (9)
Missing 699 (15)

Location primary tumour
Colon 2966 (64)
Rectal 1657 (46)
Missing 16 (0)

Major liver resection
No 3620 (78)
Yes 1019 (22)

Bilobar disease
No 2472 (53)
Yes 2015 (44)
Missing 152 (3)

Timing of metastases
Metachronous 2361 (51)
Synchronous 2064 (45)
Missing 214 (4)

Extra-hepatic disease
No 3799 (82)
Yes 543 (12)
Missing 297 (6)

Type of hospitalc

Regional hospitals 2557 (55)

Table 1 (continued )

Factor

N (%)

Tertiary referral centers 2082 (45)
Year of surgery

2014 854 (19)
2015 896 (19)
2016 984 (21)
2017 986 (21)
2018 919 (20)

a Histopathology of the liver on the basis of pathological examination.
b Millimeter.
c Type of hospital: tertiary referral centre is defined as hospitals with highest

expertise on oncologic surgery
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disease were not included in the case-mix model for 30-day
mortality.

The sensitivity analysis concerning inclusion of annual hospital
volume (<20, 20e39, 40e59, 60e79, >80) did not reveal significant
differences concerning 30-day major morbidity and 30-day mor-
tality and was therefore not reported here.

Also, multicollinearity was assessed in all models and was ruled
out as the VIF was below 2.0 in all models for all variables.
Hospital comparison of 30-day major morbidity and 30-day
mortality

Uncorrected 30-day major morbidity between hospitals ranged
from 3.3% to 13.7% (Supplementary Fig. 1a). Uncorrected 30-day
mortality between hospitals ranged from 0.0% to 5.0%
(Supplementary Fig. 1b). Expected 30-day major morbidity be-
tween hospitals ranged from 6.4% to 11.9% (Fig. 2a). Expected 30-
day mortality between hospitals ranged from 0.6% to 2.9% (Fig. 2b).

After adjustment for case-mix factors, O/E ratios for 30-day
morbidity ranged from 0.41 to 1.42 (Table 2a). None of the hospi-
tals performing liver surgery had a significantly higher 30-day
major morbidity rate than expected (Fig. 3a). Two hospitals had
significantly lower 30-day major morbidity rates than expected.

After correction for case-mix factors, O/E ratios for 30-day
mortality ranged from 0.0 to 5.18 (Table 2b). None of the hospi-
tals performing liver surgery had a significantly higher 30-day
mortality rate than expected (Fig. 3b). In four hospitals a signifi-
cantly lower 30-day mortality rate than expected was observed.
Validation on patients who underwent liver resection for CRLM in
2019 in the Netherlands

778 patients who underwent liver resection for CRLM in the
Netherlands in 2019 were included from all 23 hospitals still per-
forming liver surgery (Supplementary Table 2). Significant differ-
ences between hospitals in the range of mean percentages were
observed in ASA 3 or higher (11.9%e86.1%, p< 0.001), a CCI of 2 or
higher (6.7%e100%, p< 0.001), histopathological parenchymal liver
disease (0.0%e100%, p< 0.001), preoperative chemotherapy (0.0%e
72.2%, p< 0.001), resection of more than 3 CRLM in one surgical
session (0.0%e57.1%, p< 0.001), major liver resection (0.0%e40.3%,
p< 0.001), bilobar disease (6.7%e65.0%, p< 0.001), synchronous
metastases (20.4%e80.0%, p< 0.001) and rectal primary tumour
(12.5%e58.2%, p< 0.001). No differences in sex, age higher than 80,
history of liver resection, resection of largest diameter CRLMwith a
diameter of 55mm and extra-hepatic disease were observed in this
validation cohort. Uncorrected 30-day morbidity ranged from 0.0%
to 28.6% uncorrected 30-daymortality ranged from 0.0%% to 8.6% in
2019. Expected 30-day morbidity ranged from 2.9% to 13.3%



Fig. 1. a Violin graph showing the distribution of mean percentages (range) of case-mix variables per hospital in the Netherlands in patients who underwent liver resection for
colorectal liver metastases between 2014 and 2018.
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between hospitals. Expected 30-day mortality ranged from 0.1% to
2.6% between hospitals.

Case-mix corrected funnelplots based on data from 2018 to 2019
combined showed that one hospital performed significantly worse
than expected and one hospital performed significantly better than
expected concerning 30-day major morbidity (Supplementary
Fig. 2a). No significant outliers were observed regarding 30-day
mortality in after case-mix correction (Supplementary Fig. 2b).
However, validation of the case-mix corrected funnelplot con-
cerning 30-day mortality was performed on a underpowered
cohort with only 29 events.
Discussion

This study confirms that adjustment for several patient de-
mographics and disease burden in hospitals (i.e. case-mix factors) is
required when comparing postoperative outcomes between hos-
pitals after liver resection for CRLM. Significant differences
observed in the distribution of mean percentages of case-mix fac-
tors between hospitals in the Netherlands result in expected 30-
day major morbidity which ranged between hospitals 6.4%e11.9%
and expected 30-day mortality which ranged from 0.6% to 2.9%
respectively. After adjustment for case-mix factors, no significant
outliers were observed. Moreover, uncorrected 30-day mortality
ranged between hospitals from 0% to 5% and no significant outliers
were observed after case-mix correction. Validation on the 2019
cohort in the Netherlands confirmed significant variation in case-
mix, variation in expected outcomes and need for case-mix
correction to compare postoperative outcomes between hospitals.
Age above 80, high ASA classification, presence of steato-hepatitis
or sinusoidal dilatation, previous history of liver resection and
major liver resection were the most important case-mix factors for
30-day major morbidity and for 30-day mortality.

Oncological liver resection is heterogeneous compared to other
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oncological resections. This is due the large variety in localization of
tumours within the liver and different surgical approaches that
exist each having their own technical difficulty. As a result, daily
practice of case-mix correction for liver surgery has not been
described to date. However, risk factors for adverse postoperative
outcomes have been described earlier. One study on major liver
surgery in the USA that focused on case-mix correction for major
morbidity and mortality showed that cardiac and renal comorbid-
ities negatively impacted postoperative outcomes, which is
concordant with results in this study [22]. Several studies observed
comparable case-mix factors such as higher number of CRLM,
synchronous detection of CRLM, and major resection being risk
factors for major morbidity and mortality [23,24]. Recently, an
Italian study showed that complexity of the resection, earlier liver
resection and concomitant liver disease influenced postoperative
outcomes in benchmarking laparoscopic liver resections [25]. The
current study shows that variation in major morbidity from 3.3% to
13.7% and variation in mortality from 0% to 5% between hospitals in
the Netherlands was deemed non-significant after case-mix
correction. This underlines the importance of case-mix adjust-
ment when comparing outcomes after resection of CRLM.

The observed variation in distribution of percentages of patient
demographics and disease burden between hospitals found in this
study is not unexpected given the referral patterns in oncological
networks that have been established in the Netherlands over the
last years. There are seven oncological networks. Each consists of
one or two tertiary referral centers which perform liver surgery and
several regionals hospitals of which a few perform liver surgery
[26]. This structure of oncological care can be a reason for the
variation in case-mix between hospitals and this variation in case-
mix is in concordance with earlier studies on colorectal cancer and
thoracic surgery in the Netherlands [15,27].

The primary objective of this study was to create a case-mix
model to perform a valid comparison of hospital performances



Table 2a
Univariable and multivariable logistic regression model to assess the association of patient and tumour characteristics with 30-day morbidity in patients with colorectal liver
metastasis (CRLM) in the Netherlands between 2014 and 2018.

Univariable analysis Multivariable analysis

Factor N OR CI (95%) P-value aOR CI (95%) P-value

Sex 0.001 <0.001
Male 2926 1 1
Female 1713 0.69 0.55e0.86 0.63 0.49e0.81

Age (years) 0.030 0.049
<50 329 1 1
50 - 64 1593 1.56 0.96e2.68 0.085 1.68 0.91e3.25 0.083
65 - 79 2375 1.76 1.11e2.99 0.025 1.73 1.02e3.37 0.048
�80 333 2.23 1.26e4.07 0.007 2.27 1.21e4.97 0.015
Missing* 9

Charlson Comorbidity Index (CCI) 0.015 0.315
0/1 3393 1 1
�2 1113 1.32 1.05e1.65 1.15 0.88e1.48
Missing* 133

Body Mass Index 1.01 0.98e1.03 0.545 1.00 0.97e1.03 0.813
American Society of Anesthesiology (ASA) classification <0.001 <0.001

I/II 3638 1 1
III þ 870 1.80 1.42e2.26 1.76 1.36e2.31
Missing* 131

Histopathology liver parenchymax <0.001 0.134
Normal liver 2907 1 1
Steatosis 720 1.35 1.02e1.75 0.028 1.19 0.88e1.62 0.300
Steato-hepatitis 76 1.80 0.89e3.31 0.078 2.02 1.02e3.94 0.042
Cirrhosis 35 1.00 0.24e2.80 1.000 0.51 0.03e2.37 0.479
Sinusoidal dilatation 51 2.59 1.21e5.03 0.008 2.35 1.00e4.67 0.050
Missing 850 0.71 0.52e0.95 0.027 0.91 0.60e1.30 0.581

History of liver resection 0.495 0.804
No 3713 1 1
Yes 815 1.10 0.84e1.41 1.03 0.75e1.52
Missing* 111

Preoperative chemotherapy 0.124 0.672
No 3009 1 1
Yes 1315 1.19 0.95e1.49 1.03 0.71e1.25
Missing* 316

Number of lesions 0.312 0.702
1 1978 1 1
2 969 0.97 0.73e1.29 0.857 0.92 0.62e1.23 0.458
3 512 1.30 0.93e1.80 0.112 1.28 0.80e1.76 0.385
4 316 1.23 0.81e1.81 0.320 1.31 0.63e1.66 0.872
�5 668 1.24 0.91e1.66 0.165 1.09 0.65e1.50 0.965
Missing* 196

Maximum diameter largest CRLM (mm)* <0.001 0.233
<20 1230 1 1
20 - 34 1508 1.13 0.85e1.50 0.420 1.05 0.67e1.25 0.566
35 - 54 746 1.47 1.06e2.03 0.020 1.09 0.78e1.58 0.564
�55 465 2.26 1.61e3.17 <0.001 1.41 0.93e2.06 0.105
Missing 699 1.23 0.87e1.73 0.230 1.22 0.80e1.87 0.343

Major liver resection <0.001 <0.001
No 3620 1 1
Yes 1019 2.20 1.77e2.72 2.04 1.54e2.60

Bilobar disease 0.344 0.942
No 2472 1 1
Yes 2015 1.10 0.90e1.36 1.11 0.75e1.31
Missing* 152

Location primary tumour <0.001 <0.001
Colon 2966 1 1
Rectal 1657 0.63 0.50e0.77 0.64 0.50e0.83
Missing* 16

Timing of metastasis 0.001 0.002
Metachronous 2361 1 1
Synchronous 2064 1.41 1.15e1.73 1.50 1.16e1.94
Missing* 214

Extra-hepatic disease 0.083 0.023
No 3799 1 1
Yes 543 1.29 0.96e1.72 1.46 1.05e2.00
Missing 297

Type of hospital∞ 0.030 0.041
Regional centers 2557 1 1
Tertiary referral centers 2082 1.25 1.02e1.54 1.29 1.02e1.64

*Missing not included in analyses based on relatively small group.
xHistory of liver disease containing liver cirrhosis, esophageal variceal disease, hepatorenal syndrome, liver failure, alcoholic liver disease, toxic liver disease (mild), (chronic)
hepatitis or liver fibrosis.
Mm¼millimeter.
∞ Type of hospital: tertiary referral centre is defined as hospitals with highest expertise on oncologic surgery
$Unclear why percentage missing is so high.
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Table 2b
Univariable and multivariable logistic regression model to assess the association of patient and tumour characteristics with 30-day mortality in patients with colorectal liver
metastasis (CRLM) in the Netherlands between 2014 and 2018.

Univariable analysis Multivariable analysis

Factor N OR CI (95%) P-value aOR CI (95%) P-value

Sex 0.034 0.200
Male 2926 1 1
Female 1713 0.54 0.30e0.93 0.68 0.37e1.20

Age (years) 0.044 0.122
<50 329 1 1
50 - 64 1593 3.54 0.72e63.9 0.220 3.11 0.62e57.4 0.280
65 - 79 2375 5.90 1.28e105 0.080 4.81 0.97e87.8 0.131
�80 333 6.02 1.02e114 0.010 6.73 1.03e133 0.049
Missing* 9

Charlson Comorbidity Index (CCI) 0.179
0/1 3393 1
�2 1113 1.43 0.83e2.38
Missing* 133

Body Mass Index 1.05 1.00e1.10 0.046 1.03 0.97e1.09 0.264
American Society of Anesthesiology (ASA) classification <0.001 <0.001

I/II 3638 1 1
III þ 870 4.58 2.81e7.50 4.30 2.51e7.40
Missing* 131

Histopathology liver parenchymax 0.011 0.078
Normal liver 2907 1 1
Steatosis 720 1.73 0.89e3.18 0.089 1.62 0.84e3.10 0.161
Steato-hepatitis 76 4.84 1.42e12.6 0.004 4.93 1.46e14.1 0.007
Cirrhosis 35 5.28 0.83e18.4 0.026 2.77 0.14e16.8 0.361
Sinusoidal dilatation 51 5.44 1.28e15.9 0.006 4.29 1.13e14.2 0.041
Missing 850 1.04 0.48e2.04 0.921 1.39 0.63e2.82 0.382

History of liver resection 0.004 0.022
No 3713 1 1
Yes 815 2.16 1.25e3.59 1.96 1.18e3.72
Missing* 111

History of preoperative chemotherapy 0.156 0.873
No 3009 1 1
Yes 1315 1.44 0.86e2.37 1.05 0.57e1.91
Missing* 316

Number of CRLM 0.072 0.231
1 1978 1 1
2 969 1.33 0.64e2.66 0.425 1.29 0.61e2.65 0.487
3 512 2.35 1.11e4.77 0.021 2.26 1.03e4.77 0.071
4 316 0.94 0.22e2.76 0.919 0.74 0.18e2.26 0.639
�5 668 2.26 1.13e4.40 0.019 1.54 0.73e3.16 0.245
Missing* 196

Maximum diameter largest CRLM (mm)* 0.103
<20 1230 1
20 - 34 1508 1.64 0.78e3.67 0.204
35 - 54 746 2.33 1.04e5.44 0.042
�55 465 3.02 1.26e7.29 0.012
Missing 699 1.95 0.82e4.70 0.129

Major liver resection <0.001 <0.001
No 3620 1 1
Yes 1019 6.03 3.67e10.1 6.08 3.56e10.6

Bilobar disease 0.115
No 2472 1
Yes 2015 1.49 0.91e2.46
Missing* 152

Location primary tumour 0.146
Colon 2966 1
Rectal 1657 0.67 0.38e1.13
Missing* 16

Timing of metastasis 0.814
Metachronous 2361 1
Synchronous 2064 0.94 0.57e1.56
Missing* 214

Extra-hepatic disease 0.593
No 3799 1
Yes 543 1.21 0.56e2.36
Missing 297

Type of hospital∞ 0.068 0.219
Regional 2557 1 1
Tertiary referral centers 2082 1.58 0.97e2.59 1.39 0.82e2.37

*Missing not included in analyses based on relatively small group.
x History of liver disease containing liver cirrhosis, esophageal variceal disease, hepatorenal syndrome, liver failure, alcoholic liver disease, toxic liver disease (mild), (chronic)
hepatitis or liver fibrosis
Mm ¼ millimeter
∞ Type of hospital: tertiary referral centre is defined as hospitals with highest expertise on oncologic surgery
$ Unclear why percentage missing is so high.
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Fig. 2a. Expected percentage of 30-day major morbidity in hospitals in performing liver resection for colorectal liver metastases in the Netherlands between 2014 and 2018.
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regarding major morbidity and mortality after CRLM resection. A
case-mix model should include only not patient- and tumor char-
acteristics that are not in the preoperative decisional pathway and
that cannot be influenced. Including decisions from the treating
team that are in the preoperative decisional pathway would distort
or nullify the measurement of quality of surgical care in a hospital
as one would correct for decisions made by the treating physician
or its team [28].

In this study we included tertiary referral centre as a case-mix
factor because patient characteristics and disease burden in these
centers can be different from regional hospitals due to specific
tertiary care. These differences between tertiary and regional hos-
pitals include more patients with abnormalities regarding anatomy
or histological liver parenchyma such as liver cirrhosis, centrally
located, CRLM located diffuse in the liver and themore frequent use
of two-stage procedures which have been proven a risk for worse
postoperative outcomes as these procedures are technically more
Fig. 2b. Expected percentage of 30-day mortality in hospitals in performing liver rese
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demanding and cannot be easily captured in the existing case-mix
variables available in the DHBA [29,30]. In the Netherlands patients
are also referred to tertiary centers if a treating physician in a
regional hospital is unsure about the capability to perform a certain
surgical procedure. However, this type of detailed information is
lacking in the DHBA which is the reason for instead including ter-
tiary centre as factor in the case-mix.

Also included in the case-mix model was synchronous diagnosis
of the primary colorectal tumour and CRLM. This variable was
associatedwith highermajor morbidity but notwithmortality. This
association was not found in earlier studies [31,32]. The negative
effect from synchronous diagnosis of primary colorectal tumour
and CRLM is possibly a result of patients in this group who un-
derwent simultaneous resection of both the colorectal primary
tumour and CRLM in one surgical session. Earlier studies have
shown a negative effect on postoperative outcomes of this treat-
ment regime [33,34].
ction for colorectal liver metastases in the Netherlands between 2014 and 2018.



Fig. 3a. Case-mix adjusted funnel-plot of between-hospital variation in 30-day major morbidity in patients with colorectal liver metastases in the Netherlands between 2014 and
2018.
Case-mix adjusted for: sex, age in years, ASA III/IV, Charlson Comorbidity Index, histopathology of liver parenchyma, history of liver resection, preoperative chemotherapy, number
of CRLM, maximum diameter of the largest CRLM prior to treatment, major liver resection, location of the primary tumour, Bilobar disease, synchronous metastases, extra-hepatic
disease and type of hospital.
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Not included in the case-mix model was a minimally invasive
approach. Several studies showed less postoperative morbidity
after minimally invasive liver resection compared to open liver
resection and it is increasingly used [9,35,36]. However, whether a
liver resection is performed minimally invasive and is successful
depends mainly on patient selection by the surgical team and their
technical capability. For this reason, minimally invasive approach
finds itself in the decisional pathway and was not included in the
case-mix model.

Comparing postoperative outcomes is the main purpose of the
DHBA and several other clinical audits affiliated to the Dutch
Institute of Clinical Auditing. The authors think that it is important
to also provide unadjusted outcomes to caregivers as every op-
portunity should be given to reflect and improve on adverse events.
This is important to address possible outliers that have been posi-
tively or negatively been affected by case-mix correction inde-
pendent from patient characteristics and disease burden. Some
hospitals ‘choose’ to operate only patient with certain character-
istics. This can reflect on outcomes before and after case-mix
correction and is the main reason for showing both uncorrected
657
and corrected outcomes to caregivers. After adjusting for case-mix
factors, several hospitals showed to perform better (Fig. 3a and b)
than expected on the basis of their case-mix. It is reassuring that
none of the centers had higher morbidity and mortality than ex-
pected in the overall cohort. It is intriguing that some had signifi-
cantly lower rates, and other centers should try to learn from their
decisional process in order to improve their own process and
outcomes.

Limitations of the study include the lack of 90-day morbidity
and mortality data as these could be a better estimate of post-
operative outcomes as well as the possible heterogeneity in the
reporting of complications between hospitals [37e39]. Also, as this
study was performed from an auditing database several possible
case-mix factors that might influence postoperative outcomes such
as technical difficulty of the procedure and patients’ muscle mass
index could not be included in the case-mix model. It should be
noted that the case-mix corrected funnelplots are underpowered
mainly for the 30-day mortality, which could cloud the absence of
significance of hospitals who suffered higher or lower mortality
than expected. Future studies should also evaluate oncological



Fig. 3b. Case-mix adjusted funnel-plot of between-hospital variation in 30-day mortality in patients with colorectal liver metastases in the Netherlands between 2014 and 2018.
Case-mix adjusted for: sex, age in years, ASA III/IV, histopathology of liver parenchyma, preoperative chemotherapy, history of liver resection, number of CRLM, major liver resection
and type of hospital.
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long-term outcomes which are not present in our audit. Finally,
external validation of the presented case-mix model is lacking.
Internal validation proved that this case-mix model based on CRLM
patients who underwent surgery between 2014 and 2018 in the
Netherlands was valid, but external validation should be performed
in another country to establish the model and prove its use in
practice.

In conclusion, the large between-hospital variation in popula-
tion demographics and disease burden of patients who underwent
liver resection for CRLM results in a wide range of expected 30-day
major morbidity and expected 30-day mortality. This emphasizes
the use of a case-mix adjustment model in order to properly
compare postoperative outcomes between Dutch hospitals in a
national audit.

Funding

None.

Credit author statement

Study concepts: AE, EZ, MW, NK, DG, JK, Study design: AE, EZ,
658
MW, NK, DG, JK, Data acquisition: AE, EZ, MD, PB, SM, WR, GP, WL,
DL, AR, CV, KK, CB, KB, EB, MV, TH, SO, HT, HE, EC, HM, MW, NK, DG,
JM, Quality control of data and algorithms: AE, EZ, MW, NK, DG, JK,
Data analysis and interpretation: AE, EZ, MW, NK, DG, JK, Statistical
analysis: AE, EZ, MW, NK, DG, JK, Manuscript preparation: AE, EZ,
MD, PB, SM, WR, GP, WL, DL, AR, CV, KK, CB, KB, EB, MV, TH, SO, HT,
HE, EC, HM,MW, NK, DG, JMManuscript editing: AE, EZ, MD, PB, SM,
WR, GP, WL, DL, AR, CV, KK, CB, KB, EB, MV, TH, SO, HT, HE, EC, HM,
MW, NK, DG, JM Manuscript review: AE, EZ, MD, PB, SM, WR, GP,
WL, DL, AR, CV, KK, CB, KB, EB, MV, TH, SO, HT, HE, EC, HM, MW, NK,
DG, JM.

Declaration of conpeting interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

The authors would like to thank all surgeons, interventional
radiologists and administrative nurses for data registration in the



A.K.E. Elfrink, E.W. van Zwet, R.-J. Swijnenburg et al. European Journal of Surgical Oncology 47 (2021) 649e659
DHBA database, as well as the Dutch Hepato Biliary Audit Group for
scientific input.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jafrearsci.2020.104001.

References

[1] Hackl C, Neumann P, Gerken M, Loss M, Klinkhammer-Schalke M, Schlitt HJ.
Treatment of colorectal liver metastases in Germany: a ten-year population-
based analysis of 5772 cases of primary colorectal adenocarcinoma. BMC Canc
2014;14:810.

[2] Manfredi S, Lepage C, Hatem C, Coatmeur O, Faivre J, Bouvier AM. Epidemi-
ology and management of liver metastases from colorectal cancer. Ann Surg
2006;244(2):254e9.

[3] Angelsen JH, Horn A, Sorbye H, Eide GE, Loes IM, Viste A. Population-based
study on resection rates and survival in patients with colorectal liver metas-
tasis in Norway. Br J Surg 2017;104(5):580e9.

[4] Olthof PBE, Klaase AKEJM, Marra EM, Kok NFM, Grunhagen D. Volume
outcome association for liver surgery: a nationwide analysis. Br J Surg
2020;107(7):917e26.

[5] Farges O, Goutte N, Bendersky N, Falissard B, Group AC-FHS. Incidence and
risks of liver resection: an all-inclusive French nationwide study. Ann Surg
2012;256(5):697e704. discussion 704-695.

[6] Filmann N, Walter D, Schadde E, et al. Mortality after liver surgery in Ger-
many. Br J Surg 2019;106(11):1523e9.

[7] Dreyer NA, Garner S. Registries for robust evidence. J Am Med Assoc
2009;302(7):790e1.

[8] Van Leersum NJ, Snijders HS, Henneman D, et al. The Dutch surgical colorectal
audit. Eur J Surg Oncol 2013;39(10):1063e70.

[9] Pahlman L, Bohe M, Cedermark B, et al. The Swedish rectal cancer registry. Br J
Surg 2007;94(10):1285e92.

[10] Wouters MW, Jansen-Landheer ML, van de Velde CJ. The quality of cancer care
initiative in The Netherlands. Eur J Surg Oncol 2010;36(Suppl 1):S3e13.

[11] SONCOS. Requirements for oncological liver surgery in The Netherlands. 2017.
[12] van der Werf LR, Kok NFM, Buis CI, et al. Implementation and first results of a

mandatory, nationwide audit on liver surgery. HPB 2019;21(10):1400e10.
[13] Mainz J, Hansen AM, Palshof T, Bartels PD. National quality measurement

using clinical indicators: the Danish National Indicator Project. J Surg Oncol
2009;99(8):500e4.

[14] Lijftogt N, Vahl AC, Wilschut ED, et al. Adjusted hospital outcomes of
abdominal aortic aneurysm surgery reported in the Dutch surgical aneurysm
audit. Eur J Vasc Endovasc Surg 2017;53(4):520e32.

[15] Beck N, Hoeijmakers F, van der Willik EM, et al. National comparison of
hospital performances in lung cancer surgery: the role of case mix adjust-
ment. Ann Thorac Surg 2018;106(2):412e20.

[16] Fischer C, Lingsma HF, van Leersum N, Tollenaar RA, Wouters MW,
Steyerberg EW. Comparing colon cancer outcomes: the impact of low hospital
case volume and case-mix adjustment. Eur J Surg Oncol 2015;41(8):1045e53.

[17] DeMatteo RP, Palese C, Jarnagin WR, Sun RL, Blumgart LH, Fong Y. Anatomic
segmental hepatic resection is superior to wedge resection as an oncologic
operation for colorectal liver metastases. J Gastrointest Surg 2000;4(2):
178e84.

[18] Lee MKt, Gao F, Strasberg SM. Perceived complexity of various liver re-
sections: results of a survey of experts with development of a complexity
score and classification. J Am Coll Surg 2015;220(1):64e9.

[19] Lee MKt, Gao F, Strasberg SM. Completion of a liver surgery complexity score
and classification based on an international survey of experts. J Am Coll Surg
2016;223(2):332e42.
659
[20] van der Werf LR, Voeten SC, van Loe CMM, Karthaus EG, Wouters M, Prins HA.
Data verification of nationwide clinical quality registries. BJS Open 2019;3(6):
857e64.

[21] Clavien PA, Barkun J, de Oliveira ML, et al. The Clavien-Dindo classification of
surgical complications: five-year experience. Ann Surg 2009;250(2):187e96.

[22] Dimick JB, Pronovost PJ, Cowan Jr JA, Lipsett PA. Postoperative complication
rates after hepatic resection in Maryland hospitals. Arch Surg 2003;138(1):
41e6.

[23] Vigano L, Ferrero A, Lo Tesoriere R, Capussotti L. Liver surgery for colorectal
metastases: results after 10 years of follow-up. Long-term survivors, late re-
currences, and prognostic role of morbidity. Ann Surg Oncol 2008;15(9):
2458e64.

[24] Gilg S, Sparrelid E, Isaksson B, Lundell L, Nowak G, Stromberg C. Mortality-
related risk factors and long-term survival after 4460 liver resections in
Sweden-a population-based study. Langenbeck's Arch Surg 2017;402(1):
105e13.

[25] Russolillo N, Aldrighetti L, Cillo U, et al. Risk-adjusted benchmarks in lapa-
roscopic liver surgery in a national cohort. Br J Surg 2020;107(7):845e53.

[26] Elfrink AKE, Kok NFM, van der Werf LR, et al. Population-based study on
practice variation regarding preoperative systemic chemotherapy in patients
with colorectal liver metastases and impact on short-term outcomes. Eur J
Surg Oncol 2020;46(9):1742e55.

[27] Kolfschoten NE, Marang van de Mheen PJ, Gooiker GA, et al. Variation in case-
mix between hospitals treating colorectal cancer patients in The Netherlands.
Eur J Surg Oncol 2011;37(11):956e63.

[28] Fischer C, Lingsma H, Hardwick R, Cromwell DA, Steyerberg E, Groene O. Risk
adjustment models for short-term outcomes after surgical resection for
oesophagogastric cancer. Br J Surg 2016;103(1):105e16.

[29] Linecker M, Bjornsson B, Stavrou GA, et al. Risk adjustment in ALPPS is
associated with a dramatic decrease in early mortality and morbidity. Ann
Surg 2017;266(5):779e86.

[30] Moris D, Ronnekleiv-Kelly S, Kostakis ID, et al. Operative results and oncologic
outcomes of associating liver partition and portal vein ligation for staged
hepatectomy (alpps) versus two-stage hepatectomy (tsh) in patients with
unresectable colorectal liver metastases: a systematic review and meta-
analysis. World J Surg 2018;42(3):806e15.

[31] Kelly ME, Spolverato G, Le GN, et al. Synchronous colorectal liver metastasis: a
network meta-analysis review comparing classical, combined, and liver-first
surgical strategies. J Surg Oncol 2015;111(3):341e51.

[32] Wang K, Liu W, Yan XL, Xing BC. Role of a liver-first approach for synchronous
colorectal liver metastases. World J Gastroenterol 2016;22(6):2126e32.

[33] Jones TJ, Murphy AE, Tameron A, et al. Trends and outcomes of synchronous
resection of colorectal metastasis in the modern era-analysis of targeted he-
patic NSQIP database. J Surg Res 2019;238:35e40.

[34] Snyder RA, Hao S, Irish W, Zervos EE, Tuttle-Newhall JE, Parikh AA. Thirty-day
morbidity after simultaneous resection of colorectal cancer and colorectal
liver metastasis: American college of surgeons NSQIP analysis. J Am Coll Surg
2020;267(2):199e207.

[35] Fretland AA, Dagenborg VJ, Bjornelv GMW, et al. Laparoscopic versus open
resection for colorectal liver metastases: the OSLO-COMET randomized
controlled trial. Ann Surg 2018;267(2):199e207.

[36] Abu Hilal M, Aldrighetti L, Dagher I, et al. The southampton consensus
guidelines for laparoscopic liver surgery: from indication to implementation.
Ann Surg 2018;268(1):11e8.

[37] Mayo SC, Shore AD, Nathan H, et al. Refining the definition of perioperative
mortality following hepatectomy using death within 90 days as the standard
criterion. HPB 2011;13(7):473e82.

[38] Mise Y, Vauthey JN, Zimmitti G, et al. Ninety-day postoperative mortality is a
legitimate measure of hepatopancreatobiliary surgical quality. Ann Surg
2015;262(6):1071e8.

[39] Schiergens TS, Dorsch M, Mittermeier L, et al. Thirty-day mortality leads to
underestimation of postoperative death after liver resection: a novel method
to define the acute postoperative period. Surgery 2015;158(6):1530e7.

https://doi.org/10.1016/j.jafrearsci.2020.104001
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref1
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref1
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref1
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref1
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref2
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref2
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref2
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref2
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref3
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref3
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref3
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref3
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref4
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref4
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref4
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref4
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref5
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref5
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref5
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref5
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref6
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref6
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref6
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref7
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref7
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref7
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref8
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref8
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref8
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref9
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref9
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref9
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref10
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref10
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref10
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref11
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref12
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref12
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref12
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref13
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref13
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref13
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref13
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref14
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref14
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref14
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref14
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref15
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref15
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref15
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref15
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref16
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref16
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref16
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref16
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref17
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref17
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref17
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref17
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref17
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref18
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref18
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref18
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref18
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref19
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref19
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref19
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref19
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref20
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref20
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref20
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref20
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref21
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref21
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref21
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref22
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref22
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref22
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref22
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref23
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref23
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref23
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref23
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref23
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref24
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref24
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref24
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref24
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref24
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref25
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref25
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref25
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref26
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref26
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref26
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref26
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref26
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref27
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref27
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref27
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref27
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref28
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref28
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref28
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref28
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref29
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref29
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref29
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref29
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref30
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref30
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref30
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref30
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref30
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref30
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref31
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref31
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref31
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref31
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref32
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref32
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref32
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref33
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref33
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref33
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref33
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref34
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref34
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref34
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref34
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref34
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref35
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref35
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref35
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref35
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref36
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref36
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref36
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref36
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref37
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref37
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref37
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref37
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref38
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref38
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref38
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref38
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref39
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref39
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref39
http://refhub.elsevier.com/S0748-7983(20)30848-9/sref39

	Case-mix adjustment to compare nationwide hospital performances after resection of colorectal liver metastases
	Introduction
	Methods
	Patient selection
	Main outcomes
	Case-mix factors
	Statistical analysis

	Results
	Population characteristics
	Between-hospital variation in case-mix factors
	Case-mix factors for 30-day major morbidity and 30-day mortality
	Hospital comparison of 30-day major morbidity and 30-day mortality
	Validation on patients who underwent liver resection for CRLM in 2019 in the Netherlands

	Discussion
	Funding
	Credit author statement
	Declaration of conpeting interest
	Acknowledgments
	Appendix A. Supplementary data
	References


