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ABSTRACT

Background. Colorectal cancer liver metastasis (CRLM)

is a determining factor affecting the survival of colorectal

cancer (CRC) patients. This study aims at developing a

novel prognostic stratification tool for CRLM resection.

Methods. In this retrospective study, 666 CRC patients

who underwent complete CRLM resection from two Chi-

nese medical institutions between 2001 and 2016 were

classified into the training (341 patients) and validation

(325 patients) cohorts. The primary endpoint was overall

survival (OS). Associations between clinicopathological

variables, circulating lipid and inflammation biomarkers,

and OS were explored. The five most significant prognostic

factors were incorporated into the Circulating Lipid- and

Inflammation-based Risk (CLIR) score. The predictive

ability of the CLIR score and Fong’s Clinical Risk Score

(CRS) was compared by time-dependent receiver operating

characteristic (ROC) analysis.

Results. Five independent predictors associated with

worse OS were identified in the training cohort: number of

CRLMs [4, maximum diameter of CRLM [4.4 cm, pri-

mary lymph node-positive, serum lactate dehydrogenase

(LDH) level [250.5 U/L, and serum low-density lipopro-

tein-cholesterol (LDL-C)/high-density lipoprotein-

cholesterol (HDL-C) ratio [2.9. These predictors were

included in the CLIR score and each factor was assigned

one point. Median OS for the low (score 0–1)-, interme-

diate (score 2–3)-, and high (score 4–5)-risk groups was

134.0 months, 39.9 months, and 18.7 months in the pooled

cohort. The CLIR score outperformed the Fong score with

superior discriminatory capacities for OS and RFS, both in

the training and validation cohorts.

Conclusions. The CLIR score demonstrated a promising

ability to predict the long-term survival of CRC patients

after complete hepatic resection.
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Colorectal cancer (CRC) is the third most diagnosed

malignancy and the second cause of cancer-related deaths

worldwide.1,2 Furthermore, the 5-year survival rate for

CRC is only 14% for those with distant-stage disease.3,4

The liver is the most common and most prognostically

relevant site of distant metastasis and is often the only

organ involved.5,6 Over half of CRC patients eventually

develop liver metastasis in the process of the disease.7–9

Although hepatic resection of colorectal liver metastasis

(CRLM) offers the best chance of cure or long-term sur-

vival,10–12 postoperative recurrence still occurs in 70–80%

of patients.13–15

The selection of patients likely to benefit from CRLM

resection remains controversial and subjective, highlight-

ing the urgent need to develop prognostic scoring models

that can help identify different risk groups. Several prog-

nostic models have been proposed,16 including the

Nordlinger score,17 the Fong Clinical Risk Score (CRS),18

and the Genetic And Morphological Evaluation (GAME)

score.19 Although broadly adopted over time, the utility of

these models has been called into question in recent

years.20–23 Although the importance of the tumor

microenvironment (TME) is well recognized,24,25 most

prior models have focused on risk factors that determine

how tumor cells (‘seeds’) develop metastases and have

neglected the role of the tumor environment (‘soil’).

Hence, the clinical applicability of these models has been

limited as they do not consider the tumor biological

behavior.26,27

Chronic low-grade inflammation is a prevalent ongoing

perturbation within the TME.28–30 Circulating inflamma-

tory markers such as lymphocyte-to-neutrophil ratio

(LNR), lymphocyte-to-monocyte ratio (LMR), and lactate

dehydrogenase (LDH) can reflect the complex interplay

between tumors and the immune state and have been

gaining momentum as prognostic indicators in multiple

cancer entities.31,32 Previous work from our group

demonstrated that preoperative serum LDH levels could

assist in the prognostication of curative-intent CRLM

resection.33 LDH is a key enzyme in anaerobic glycolysis,

regulated by tumor hypoxia/necrosis, and plays a pivotal

role in the crosstalk between tumor and TME.34 By culti-

vating an immunodepression microenvironment, LDH can

induce resistance to chemo/radio/targeted/immune

therapy.35,36

The prevalence of obesity is rapidly increasing glob-

ally,37 and the understanding of the underlying links

between obesity and cancer has evolved over the past

decades.38–40 Unchecked adiposity commonly leads to

chronic subclinical inflammation, a central mechanism

through which adiposity promotes aggressive tumor

behavior.41,42 Locally, adipose tissue inflammation can

dramatically alter tissue compositions, thereby creating

fertile soil for cancer development. Systematically, dys-

lipidemia, mainly comprising of raised triglyceridemia and

lowered high-density lipoprotein-cholesterol (HDL-C), can

sustain the inflamed microenvironment via circulating

metabolic and inflammatory mediators in turn.43–45 In light

of these findings, alterations in circulating lipid composi-

tion may reflect the TME polarization governing tumor

biology. Published studies evaluating the prognostic value

of lipid markers in CRC have been heterogeneous and were

mainly conducted in patients with early-stage or receiving

palliative systematic therapy.44,46,47 At the time of publi-

cation of this article, available related literature lacks

evidence to link lipid metabolism with the recurrence risk

of CRLM resection.

Based on these premises, we performed this two-center

cohort study to systematically explore the preoperative

circulating lipid and inflammation profiles in CRLM

patients, aiming at developing a comprehensive prognostic

scoring system for estimating the survival after complete

hepatic resection.

METHODS

Study Population

The data of consecutive CRC patients who underwent

complete primary and liver metastases resection at the Sun

Yat-sen University Cancer Center (SYSUCC; Guangzhou,

China) and Peking University Cancer Hospital (PUCH;

Beijing, China) between January 2001 and December 2016

were retrospectively assessed. Patients from SYSUCC

were grouped as the training cohort and those from PUCH

were grouped as the validation cohort. Detailed informa-

tion, including demography, primary and metastatic tumor

characteristics, pre- and postoperative treatment, blood

examination, and follow-up data, were retrieved from each

center’s electronic medical database.

The inclusion criteria were (1) histologically confirmed

CRC; (2) evaluated as having resectable CRLM at initial

diagnosis or after preoperative conversion therapy by a

multidisciplinary team (MDT); (3) R0 resection of CRLM;

(4) had blood biochemical examination data within

1 month before hepatectomy; and (5) were postoperatively

followed up for at least 3 months. The exclusion criteria

were (1) previous history of hepatectomy; (2) presence of

peritoneal metastasis; (3) ablation of metastatic sites or

transcatheter hepatic arterial chemoembolization (TACE)

within 1 month of hepatectomy; (4) incomplete medical

records; and (5) previous history of a malignant tumor.

The investigation project was examined and certified by

the Ethics Committees of both centers following the Dec-

laration of Helsinki. All patients provided written consent
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for the use of their data at the time of hospitalization. Since

this was a non-interventional, observational, and retro-

spective study in which the patient data used were kept

strictly confidential, informed consent was waived due to

the study’s observational nature.

Preoperative Chemotherapy

The MDT provided individualized therapeutic decisions

for preoperative chemotherapy. For instance, patients with

unresectable tumors or surgically unfit CRLM (approxi-

mately a Fong CRS of [2) usually received preoperative

conversion therapies. The MDT evaluated treatment

response to assess the feasibility of surgery.

Blood Sample Analysis

Data from blood examination (blood routine tests, blood

chemistry tests, and tumor marker tests) were eligible for

analysis if performed within 1 month before hepatectomy.

Each participating center’s laboratory performed the blood

examination. LDH levels were classified as under or over

the upper limit of normal (ULN) according to each center

(250 U/L in SYSUCC and 240 U/L in PUCH). The LDL-

C/HDL-C ratio (LHR) was defined as low-density

lipoprotein-cholesterol divided by high-density lipoprotein-

cholesterol.

Surgery

The previously proposed definition of technical

resectability mandated ‘‘a margin negative removal of all

viable tumours leaving a minimum of two contiguous

segments of hepatic parenchyma with adequate vascular

inflow and outflow and adequate biliary drainage’’.48 In

general, patients with a normal liver can tolerate a reduc-

tion in the liver volume of up to 20%. Those with

chemotherapy-induced liver injury require a future liver

remnant volume of approximately 30%, and those with

cirrhosis require at least a 40% residual volume.49 In this

study, all enrolled patients completed primary tumor

resection and liver metastasectomy. All the surgery speci-

mens were confirmed by pathologic diagnosis.

Follow-Up

Patients were followed up mainly through the outpatient

clinic (or via telephone) every 3 months for the first

2 years after surgery, every 6 months for the next 3 years,

and yearly after that, if there were no signs of recurrence.

Physical examination, serum carcinoembryonic antigen

(CEA) tests, chest computed tomography (CT) scan, and

abdominal pelvic CT or magnetic resonance imaging were

routinely performed at each follow-up and colonoscopy

once per year after surgery. Overall survival (OS) was

defined as the time from hepatic resection to death from

any cause or latest follow-up, and recurrence-free survival

(RFS) was defined as the time from hepatic resection to

recurrence or death from any cause or latest follow-up.

Subjects who were lost to follow-up or still alive at the date

of the last contact were censored.

Prognostic Scoring Model Establishment

and Validation

The Circulating Lipid- and Inflammation-based Risk

(CLIR) scoring model was developed in the training

cohort. In order to identify independent prognostic factors,

we performed univariate and multivariate Cox proportional

hazards regression analyses. OS was the primary endpoint

and RFS was the secondary endpoint. We explored the

prognostic impacts of baseline clinicopathology variables

(age, sex, hepatitis, primary tumor characteristics, RAS/

BRAF mutation, extrahepatic disease, preoperative

chemotherapy, preoperative CEA levels, characteristics of

CRLM, etc.), preoperative lipid markers (body mass index

[BMI], fatty liver, triglyceride levels, total cholesterol

levels, LDL-C levels, HDL-C levels, and LDL-C/HDL-C

levels), and preoperative inflammation markers (C-reactive

protein levels and LDH levels) by the Cox regression

model. Hazard ratios (HRs) and 95% confidence intervals

(CIs) were calculated. Parameters with a p value\0.10 in

the univariate analysis were selected into the multivariate

analysis. Relying on the backward algorithm with a

selected p value of 0.05, the five most significant predictors

in the multivariable analysis were finally included in the

CLIR score. The five variables were assigned one point for

each, and total scores were defined as the CLIR score.

Afterward, external validation was performed to confirm

the predictive ability of CLIR score in the PUCH cohort.

Fong’s CRS was calculated as follows: number of liver

metastases more than 1 (1 point); maximum diameter of

liver metastases more than 5 cm (1 point); preoperative

CEA level [200 ng/mL (1 point); primary lymph node-

positive (1 point); and disease-free interval of fewer than

12 months after the diagnosis of primary CRC (1 point).18

The GAME score was calculated as follows: KRAS

mutation (1 point); preoperative CEA level C20 ng/mL (1

point); primary lymph node-positive (1 point); tumor bur-

den score (TBS) between 3 and 8 (1 point) or C9 (2

points); and extrahepatic disease (2 points).19

The models’ discriminatory ability was assessed by the

area under the curve (AUC) in the time-dependent receiver

operating characteristic (ROC) analysis. The accuracy of

the models was further verified by Harrell’s discrimination
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concordance index (C-index, which is defined as the

probability that predictions and outcomes are concordant)

at 5 years.

Statistical Analysis

The difference in the patient characteristics between

groups was assessed by Student’s t tests, Mann–Whitney

U tests, Chi-square tests, or Fisher’s exact tests, as statis-

tically suitable. Survival curves were generated using the

Kaplan–Meier method and compared using the log-rank

test. For the comparison of time-dependent AUC between

different models, the Wilcoxon matched-pair signed-rank

test was employed.

IBM SPSS software version 20 (IBM Corporation,

Armonk, NY, USA) and R software (https://www.r-project.

org) were used for statistical analysis. The time-dependent

AUC was calculated using the timeROC package (version

0.3; CRAN.R-project.org/package = timeROC), and the

C-index was calculated using the rms package (version

5.1–3.1). To identify the threshold of continuous variables

(such as serum biomarker levels) to discriminate patients

according to OS, X-tile software (version 1.9) was applied

to determine the best cut-off values.50 P values\0.05 were

considered statistically significant, and two-tailed tests

were used.

RESULTS

Patient Characteristics

Overall, the data of 380 consecutive patients from

SYSUCC and 354 patients from PUCH, treated between

January 2001 and December 2016, were retrospectively

assessed. Of these patients, 39 from SYSUCC and 29 from

PUCH were excluded based on the following exclusion

criteria: preoperative peritoneal metastasis (n = 12); R1 or

R2 resection (n = 27); loss to follow-up (n = 11); previ-

ous history of hepatectomy (n = 2); ablation of metastatic

sites or TACE within 4 weeks of hepatectomy (n = 14);

and previous history of malignant tumor (n = 2). Finally,

341 patients from SYSUCC were included in the training

cohort and 325 from PUCH were included in the validation

cohort.

The demographic and clinicopathological characteristics

of the patients are summarized in Table 1. All enrolled

patients were Chinese. The training cohort consisted of 228

males and 113 females, with a median age of 57 years.

After a median follow-up time of 62.9 months, the median

OS was 63.3 months (95% CI 49.8–76.1 months); the 1-,

3-, and 5-year OS rates were 92.9%, 66.9%, and 51.7%,

respectively. The median RFS was 21.1 months (95% CI

16.6–25.7 months). In the training cohort, 78 (22.9%)

patients had right-sided primary tumor, 188 (55.1%)

patients had primary lymph node-positive, 230 (67.4%)

patients had synchronous CRLM, 34 (10.0%) patients had

extrahepatic disease, 194 (53.1%) patients had multiple

liver metastases, 59 (17.3%) patients had CRLM [5 cm,

176 (51.6%) patients received preoperative chemotherapy,

and 240 (70.4%) patients received postoperative adjuvant

chemotherapy. The proportion of patients with Fong scores

of 0–1, 2–3, and 4–5 were 24.9%, 68.9%, and 5.6%,

respectively.

The validation cohort consisted of 214 males and 111

females, with a median age of 57 years. The median fol-

low-up time was 76.0 months and the median OS was 57.0

months (95% CI 44.1–69.9 months). The 1-, 3-, and 5-year

OS rates were 96.3%, 61.4%, and 47.2%, respectively. The

median RFS was 17.0 months (95% CI 0.87–33.1 months).

The demographic data, tumor characteristics, and treatment

patterns were well comparable between the two cohorts,

except that patients in the validation cohort had a higher

proportion of left-sided primary tumor (84.0% vs. 75.6%),

metachronous CRLM (46.5% vs. 31.6%), primary lymph

node metastases (66.2% vs. 56.0%), and preoperative

chemotherapy (63.7% vs. 52.5%) than patients in the

training cohort.

Identification of Risk Factors for Overall Survival

in the Training Cohort

Univariate and multivariable Cox regression analyses

revealed the relationship between clinicopathology vari-

ables and OS in the training cohort (Table 2). In the

univariate analysis, sex, primary lymph node metastases,

pathology differentiation, preoperative chemotherapy, size

of CRLMs, number of CRLMs, preoperative CEA levels,

total cholesterol levels, LDL-C levels, LHRs, and LDH

levels were identified as potential prognostic markers

(p\ 0.10). These variables were subsequently introduced

in the multivariate analysis.

Finally, seven independent predictors of OS were

identified: female sex (HR 0.75, 95% CI 0.51–0.93;

p = 0.028), primary node-positive (HR 1.88, 95% CI

1.35–2.61; p\ 0.001), number of CRLMs (HR 1.12, 95%

CI 1.03–1.21; p =0.006), maximum diameter of CRLM

(HR 1.17, 95% CI 1.08–1.26; p\ 0.001), preoperative

chemotherapy (HR 1.44, 95% CI 1.02–2.03; p = 0.039),

preoperative serum LDH levels (HR 1.001, 95% CI

1.00–1.003; p = 0.026), and preoperative serum LHRs

(HR 1.23, 95% CI 1.04–1.45; p = 0.015). Subsequently,

we chose the five most significant predictors (with the

lowest p-values) to comprise the CLIR score.
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TABLE 1 Patient

clinicopathologic characteristics
Characteristics Training cohort [n = 341] Validation cohort [n = 325]

Median follow-up, months (95% CI) 62.9 (59.0–66.8) 76.0 (71.7–80.3)

Median OS, months (95% CI) 63.3 (44.2–81.3) 57.0 (44.1–69.9)

Median RFS, months (95% CI) 21.1 (16.6–25.7) 17.0 (0.87–33.1)

Patient characteristics

Age [median (range)] 57 (26–82) 57 (24–80)

Sex

Male 228 (66.9) 214 (65.8)

Female 113 (33.1) 111 (34.2)

Preoperative CEA, ng/mL

[ 5 129 (37.8) 105 (32.3)

B 5 211 (61.9) 220 (67.7)

Missing data 1 (0.7) 0 (0)

Preoperative LDH

[ULN 36 (10.6) 35 (10.8)

B ULN 305 (89.4) 290 (89.2)

Primary tumor characteristics

Locationa

Right-sided 78 (22.9) 52 (16.0)

Left-sided 263 (77.1) 273 (84.0)

Pathology

Adenocarcinoma 318 (93.3) 318 (97.8)

Non-adenocarcinoma 21 (6.2) 7 (2.2)

Missing 2 (0.6) 0 (0)

Lymph node metastases

Absent 153 (44.9) 110 (33.8)

Present 188 (55.1) 215 (66.2)

CRLM characteristics

Maximum diameter of CRLM, cm

B 5 295 (82.7) 275 (84.6)

[ 5 59 (17.3) 50 (15.4)

Number of metastases

1 167 (46.9) 140 (43.1)

Data are expressed as n (%) unless otherwise specified
aColorectal cancer arising in or proximal to the splenic flexure was defined as right-sided, and that arising

distal to the splenic flexure were defined as left-sided

OS overall survival, RFS recurrence-free survival, CEA carcinoembryonic antigen, CRLM colorectal liver

metastases, LDH lactate dehydrogenase, ULN upper limit of normal, 250 U/L in the training cohort and

240 U/L in the validation cohort
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Establishment of the Circulating Lipid-

and Inflammation-Based Risk (CLIR) Score

The X-tile software was used to identify the best cut-off

values of LHRs, LDH levels, number of CRLMs, and size

of CRLMs. The results showed that the best cut-off value

of LHR was 2.9, LDH level was 250.5 U/L, number of

CRLMs was four, and size of CRLMs was 4.4 cm.

Therefore, the five independent predictors of poor OS,

namely primary node-positive, number of CRLMs more

than four, maximum diameter of CRLMs more than

4.4 cm, preoperative LDH levels above 250.5 U/L, and

LHR over 2.9 were incorporated into the CLIR score. Each

factor was assigned one point and the total score (0–5) was

calculated.

Model Internal Validation: Survival Outcomes Assessed

by the Fong and CLIR Scores

In the training cohort, OS stratified by different risk

scores (0–5) as defined by CRS and CLIR is shown in

Fig. 1. The survival curves were more discriminated in the

CLIR model than in the CRS model. In the CRS model, the

median OSs for scores 0–5 were not reached, not reached,

94.2 months, 44.3 months, 24.2 months, and 14.6 months,

respectively, while in the CLIR model, the median OSs for

scores 0–4 were not reached, 94.3 months, 44.3 months,

31.8 months, and 24.1 months, respectively (Figs. 1a, b).

In the Fong score, the median RFS for scores 0–5 were

not reached, 31.2 months, 24.9 months, 12.2 months, 6.9

months, and 4.5 months, respectively, while in the CLIR

TABLE 2 Univariate and

multivariate analyses for

predictors of overall survival in

the training cohort

Variables Univariate analysis Multivariate analysis

HR (95% CI) p Value HR (95% CI) p Value

Age 1.26 (0.96–1.66) 0.104

Female sex 0.72 (0.51–1.01) 0.057 0.75 (0.52–0.93) 0.028*

BMI 1.04 (0.98–1.10) 0.190

Diabetes 1.52 (0.89–2.58) 0.124

Fatty liver 0.77 (0.48–1.24) 0.289

Hepatitisa 0.88 (0.50–1.56) 0.669

Sidedness, left vs. rightb 0.94 (0.65–1.36) 0.760

Pathology

Poor differentiation 1.40 (0.98–2.00) 0.064 1.39 (0.96–2.00) 0.078

Adenocarcinoma 0.93 (0.49–1.77) 0.834

Primary T4 stage 1.18 (0.85–1.65) 0.328

Node-positive primary 1.77 (1.27–2.47) 0.001 1.88 (1.35–2.61) \0.001*

CEA levels 1.00 (0.99–1.00) 0.302

Metachronous CRLM 0.81 (0.59–1.12) 0.202

Number of CRLMs 1.19 (1.11–1.27) \0.001 1.12 (1.03–1.21) 0.006*

Maximum diameter of CRLM 1.17 (1.09–1.25) \0.001 1.17 (1.08–1.26) \0.001*

KRAS/NRAS/BRAF mutated 0.96 (0.58-1.57) 0.865

Extrahepatic disease 1.46 (0.90–2.35) 0.124

Preoperative chemotherapy 1.77 (1.28–2.43) 0.001 1.44 (1.02–2.03) 0.039*

LDH levels 1.002 (1.001–1.003) \0.001 1.001 (1.00–1.003) 0.026*

C-reactive protein 1.01 (1.00–1.02) 0.156

Triglyceride levels 0.96 (0.83–1.11) 0.592

Total cholesterol 1.15 (1.01–1.32) 0.039 1.08 (0.78–1.50) 0.646

LDL-C 1.22 (1.06–1.42) 0.007 0.91 (0.58–1.43) 0.673

HDL-C 0.84 (0.54–1.31) 0.447

LDL-C/HDL-C 1.27 (1.08–1.50) 0.004 1.23 (1.04–1.45) 0.015*

aIncluding hepatitis A, B, C, and E
bColorectal cancer arising in or proximal to the splenic flexure was defined as right-sided; arising distal to

the splenic flexure was defined as left-sided

HR hazard ratio, CI confidence interval, CEA carcinoembryonic antigen, CRLM colorectal liver metastases,

BMI body mass index, LDH lactate dehydrogenase, LDL-C low-density lipoprotein cholesterol, HDL-C
high-density lipoprotein cholesterol, * indicates statistical significance
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score, the median RFS for scores 0–4 were not reached,

26.9 months, 15.1 months, 9.0 months, and 3.7 months,

respectively (Fig. 3a, b).

The CRS and CLIR scores were further divided into low

(0–1 points)-, intermediate (2–3 points)-, and high (4–5

points)-risk groups. In the CRS and CLIR scores, the

median OSs of the high-risk group were 24.2 months and

24.1 months, respectively, and those of the intermediate-

risk group were 60.6 months and 39.2 months, respectively,

while those of the low-risk group were both not reached

(Fig. 1c, d). In the CLIR score, the 5-year survival rates in

the low-, intermediate-, and high-risk groups were 64.8%,

33.7%, and 9.2%, respectively, while in the Fong score, the

5-year survival rates were 66.3%, 49.3%, and 16.7% in the

corresponding risk groups.

In the Fong score, the median RFS were 59.3 months,

18.4 months, and 6.9 months in the low-, intermediate-, and

high-risk groups, respectively. In the CLIR score, the

median RFS in the corresponding groups was 39.4 months,

15.2 months, and 8.3 months, respectively (electronic

supplementary Fig. S1).

Model External Validation: Survival Outcomes

Assessed by the Fong and CLIR Scores

In the validation cohort, the Kaplan–Meier analysis of

OS for different scores is shown in Fig. 2. The median OS

in the CRS and CLIR models was score 0 (76.0 months vs.

134.0 months), score 1 (100.0 months vs. 80.0 months),

score 2 (59.0 months vs. 42.0 months), score 3 (45.0

months vs. 31.0 months), score 4 (37.0 months vs. 16.0

months), and score 5 (15.0 months vs. 13.0 months)

(Fig. 2a, b). The median RFS in the CRS and CLIR models

was score 0 (31.0 months vs. 26.0 months), score 1 (13.0

months vs. 13.0 months), score 2 (13.0 months vs. 11.0

months), score 3 (11.0 months vs. 7.0 months), score 4 (6.0

months vs. 4.0 months), and score 5 (4.0 months vs. 5.0

months) (Fig. 3c, d).

Different risk groups were also evaluated by the two

scoring systems. Median OSs of the low-risk group in the

CRS and CLIR scores were 76.0 months and 100.0 months,

respectively, and those of the intermediate-risk group were

53.0 months and 40.0 months, respectively, while those in

the high-risk group were 33.0 months and 15.0 months,

respectively (Fig. 2c, d). In the CLIR score, the 5-year
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FIG. 1 Kaplan–Meier analysis of overall survival of patients in the

training cohort stratified according to different scoring systems. (a, b)

Overall survival was stratified by different scores of CRS or CLIR in

the training cohort. (c, d) Overall survival was stratified by different

risk groups of CRS or CLIR score in the training cohort; three

categories: score 0–1, score 2–3, and score 4–5. CRS clinical risk

score, CLIR Circulating Lipid- and Inflammation-based Risk score
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survival rates in different risk groups were low-risk

(58.8%), intermediate-risk (35.3%), and high risk (18.8%).

In the Fong score, the 5-year survival rates in the three risk

groups were 58.1%, 46.1%, and 24.0%, respectively.

In the Fong score, the median RFS of the low-, inter-

mediate-, and high-risk groups were 17.0 months, 12.0

months, and 6.0 months, respectively. The median RFS in

the corresponding groups were 17.0 months, 10.0 months,

and 4.0 months in the CLIR score (electronic supplemen-

tary Fig. S1). The above results indicated that the CLIR

score’s better prognostic discriminatory ability was also

confirmed in the validation cohort.

Comparison of the CLIR Score with the Fong Score

in Prediction Ability

In the training cohort, the time-dependent ROC analysis

displayed that the CLIR score exhibited a distinctly better

predictive value for OS than the Fong score (Wilcoxon

matched-pair signed-rank p = 0.004) (Fig. 4a). The AUC

of the CLIR score was significantly more extensive than

the Fong score at a series of time points. For instance, the

C-index of the 5-year OS probability forecast in the CLIR

score was 0.721 (95% CI 0.691–0.751), which was sig-

nificantly higher than that of the Fong score (C-index

0.640, 95% CI 0.607–0.673).

In the validation cohort (Fig. 4b), the time-dependent

AUCs of the CLIR score model were significantly larger

than those of the Fong score at a series of time points

(p = 0.004). The 5-year OS C-index of the CLIR score was

0.665 (95% CI 0.634–0.696), which was also larger than

that of the Fong score (0.603, 95% CI 0.570–0.636).

The CLIR score also exhibited better predictive values

for RFS than the Fong score in the training (p = 0.031) and

validation (p = 0.031) cohorts. The 2-year RFS C-index of

the CLIR score was 0.728 (95% CI 0.699–0.757) in the

training cohort and 0.640 (95% CI 0.608–0.672) in the

validation cohort (Fig. 4c, d). These results suggested that

the CLIR score was superior to the Fong score as it had

better predictive discriminatory capacity for both OS and

RFS.
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FIG. 2 Kaplan–Meier analysis of overall survival of patients in the

validation cohort stratified according to different scoring systems.

(a, b) Overall survival was stratified by different scores of CRS or

CLIR in the validation cohort. (c, d) Overall survival was stratified by

different risk groups of CRS or CLIR score in the validation cohort;

three categories: score 0–1, score 2–3, and score 4–5. CRS clinical

risk score, CLIR Circulating Lipid- and Inflammation-based Risk

score

CLIR: A Prognostic Signature for CRLM Resection 4315



Survival Outcomes According to the Fong, CLIR,

and Genetic And Morphological Evaluation (GAME)

Scores in the Pooled Cohort and Subgroup Analysis

When applying the Fong and CLIR scores to the pooled

cohort, the survival distributions showed the same trends as

the training and validation cohorts (electronic supplemen-

tary Fig. S2). In the CRS model, the median OS for scores

0–5 was not reached, 100.0 months, 70.0 months, 45.0

months, 33.0 months, and 15.0 months, respectively, while

in the CLIR model, the median OS in the corresponding

scores was 134.0 months, 94.3 months, 43.0 months, 31.0

months, 18.7 months, and 13.0 months, respectively. The

proportion of patients in the low-, intermediate-, and high-

risk groups was 24.7%, 68.7%, and 6.6% for the Fong

score, respectively, and 57.1%, 38.6%, and 4.3% for the

CLIR score, respectively. The median OSs in the CRS and

CLIR models were both 134.0 months for the low-risk

group, 58.1 months and 39.9 months for the intermediate-

risk group, and 29.0 months and 18.7 months for the high-

risk group, respectively.

As for the GAME score, the survival curve distributions

were not as good as the CLIR score (electronic supple-

mentary Fig. S2). Median OS for scores 0–7 was not

reached, 70.0 months, 63.6 months, 58.0 months, 44.0

months, 25.0 months, 38.6 months, and 10.0 months,

respectively. Notably, the GAME score did not show

adequate discrimination ability between the intermediate-

and high-risk groups. Median OS was not reached in the

low-risk group (score 0–1), 59.5 months in the intermedi-

ate-risk group (score 2–3), and 34.9 months in the high-risk

group (score 4–7), respectively. The time-dependent ROC

analysis demonstrated that the CLIR score exhibited a

better predictive value for OS than the GAME score

(p = 0.016) [electronic supplementary Fig. S3].

Besides, the CLIR score could better distinguish the

intergroup survival of patients than the Fong score in the

presence of extrahepatic diseases (electronic supplemen-

tary Fig. S4). Specifically, among patients with

extrahepatic disease, the OS was distinguishable by dif-

ferent values in the CLIR score (p\ 0.001), while the

survival curves in the Fong score intersected (p = 0.117).

Correlation Between Low-Density Lipoprotein–

Cholesterol/High-Density Lipoprotein–Cholesterol

Ratio and Clinical Characteristics

Next, we performed an exploratory analysis to investi-

gate the correlation between the LHR and clinical

characteristics. Our results showed that patients with
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FIG. 3 Kaplan–Meier analysis of recurrence-free survival stratified

according to different scoring systems. (a, b) Recurrence-free

survival stratified by different scores of CRS or CLIR in the

training cohort. (c, d) Recurrence-free survival stratified by different

scores of CRS or CLIR in the validation cohort. CRS clinical risk

score, CLIR Circulating Lipid- and Inflammation-based Risk score
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elevated LHR ([2.9) had higher BMI (p = 0.016) and

C-reaction protein levels (p\ 0.001) [electronic supple-

mentary Fig. S4]. We also observed that patients with

CRLM [5 cm had a higher proportion of elevated LHR

than patients with CRLM B5 cm (49.5% vs. 36.0%;

p = 0.009) [electronic supplementary Table S1].

However, it was interesting to note that LHR did not

vary with the majority of clinicopathology variables. First,

LHR was not associated with preoperative serum

biomarkers such as CEA levels. Second, LHR showed no

statistical difference when stratified by demography char-

acteristics (age and sex), primary tumor characteristics

(tumor location, type or differentiation of pathology, T and

N stage, and KRAS mutation), metastatic site characteris-

tics (presence of extrahepatic disease, number of CRLMs,

and Fong score), or systematic inflammation biomarkers

(LDH levels, LNR, LMR, and lymphocyte-to-platelet ratio;

p-values [0.05 for all) [electronic supplementary

Table S1]. These findings suggested that high LHR may

denote aggressive biology in a way that was independent of

common clinicopathologic factors.

DISCUSSION

The current study proposed new insights into the asso-

ciation between systematic lipid, inflammation state, and

CRLM resection. The results identified preoperative serum

LHR and LDH levels as reliable and independent labora-

tory biomarkers for predicting the outcomes of complete

CRLM resection. The newly developed CLIR score is an

ideal prognostic signature that is inexpensive, simplified,

clinically feasible, and independent of conventional clas-

sifications (i.e., time of occurrence of CRLM and tumor

markers). Furthermore, the CLIR score demonstrated a

better discrimination ability than the GAME score, which

comprised KRAS mutation status (electronic supplementary

Figs. S2 and S3). This finding is of great interest as LHR

and LDH are readily available at a much lower cost than

genomic markers.

In the pooled cohort, the CLIR score classified nearly

two-thirds of patients with very distinct behaviors: 57.1%

with outstanding outcomes (score 0–1), as opposed to 4.3%

with poor outcomes (score 4–5). Remarkably, the median

OS of patients in the high-risk group was numerically more

discriminative in the CLIR score than in the Fong score

(18.7 months vs. 29.0 months). On the other hand, the

CLIR score could identify a higher proportion of patients in
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the low-risk group (score 0–1) than the Fong score (57.1%

vs. 24.7%), with the same OS of 134.0 months (electronic

supplementary Fig. S2). Furthermore, the CLIR score

could better distinguish survival than the Fong score in the

presence of extrahepatic disease (electronic supplementary

Fig. S4). Summing up the above, compared with the Fong

score, the CLIR score could better define a portrait of the

optimal candidates for CRLM resection with long-term

survivals who might be suitable for less intensive periop-

erative chemotherapy regimens. The CLIR score also

refined the selection of patients in whom hepatectomy

could be less beneficial, while a multimodal therapy (sys-

temic therapy or locoregional therapies such as ablation/

radiotherapy/hepatic artery infusion chemotherapy) would

be preferable. Therefore, the CLIR score might contribute

to optimizing the combination of conversion therapy,

neoadjuvant/adjuvant chemotherapy, and hepatectomy for

CRLM patients (Fig. 5).

Our findings suggested that the preoperative LDL-C to

HDL-C ratio measurement might inform the clinical

decision making of CRLM resection. LDL-C was often

called the ‘bad’ cholesterol, whereas HDL-C was termed

the ‘good’ cholesterol.51 A higher LHR has been shown to

predict heart attack, stroke, and atherosclerotic cardiovas-

cular diseases.52,53 Increased cholesterol synthesis and

uptake commonly characterize sustained cellular prolifer-

ation.54,55 Accumulating data have indicated the crucial

role of endogenous cholesterol in the pathobiology of

neoplasia, such as colorectal adenoma, breast cancer, and

prostate cancer.56–58 Notably, decreased circulating HDL-

C levels were identified as risk factors of gastrointestinal

cancers.59,60 However, to the best of our knowledge, this

present study is the first to address the impact of circulating

lipids profile on predicting the long-term outcomes of

complete CRLM resection.

Clinically, obesity is crudely estimated by the BMI

(body mass/height2); however, available evidence suggests

that BMI may have no significant prognostic relevance on

CRLM resection.61–63 Patients with increased BMI even

reportedly have prolonged OS after hepatectomy in various

cancer types.64 One of the challenging aspects of using

BMI is that lipid metabolism dysfunction does not exclu-

sively occur in patients who are currently defined as

obese.65 Approximately 50% of obese individuals remain

metabolically healthy, while one-third of normal-weight

individuals display metabolic ‘obesity’.66–68 Although

elevated LHR was associated with higher BMI in the

present study (electronic supplementary Fig. S5), BMI and

other lipid markers were not robust predictive factors in

multivariate analysis.

Adipocyte–tumor cell cross-talk is a vital process within

the microenvironment that can promote tumor progression.

Prior studies noted conflicting findings on the association

of hepatic steatosis and recurrence following CRLM

resection.69 Some studies outlined that non-alcoholic fatty

liver disease (NAFLD) reduced the risk of recurrence,70,71

while others had opposite conclusions.72–74 Indeed,

NAFLD was not a prognostic factor for CRLM resection in

our dataset. Therefore, accurately characterizing the lipid

metabolism state would likely require more precise

assessments than BMI and NAFLD.

Cholesterol metabolism is regulated by a series of

biosynthetic and transport mechanisms that rely on a con-

tinuous exchange between tissues and systemic

circulation.75 A relationship between intracellular choles-

terol content and cholesterol distribution in the plasma

compartment has been previously detected.76 It is thus

conceivable that the local and systemic environments are

reprogramed together in individuals with poor adipose

health, and alteration of cholesterol metabolism at the

cellular level may entail changes in circulating cholesterol

amounts. Therefore, assessing LHR derived from the

peripheral blood may represent an appropriate method for

defining the pathophysiologic consequences of cholesterol

metabolism disorder.

In the present study, LHR was an independently sig-

nificant predictor for OS. Of note, LHR was not associated

with most clinicopathologic factors except for the maxi-

mum diameter of CRLM (electronic supplementary

Table S1). Furthermore, LHR was neither significantly

related to tumor markers (CEA levels) nor systematic

inflammation markers (LDH levels, lymphocyte-to-platelet

ratio, LMR, and LNR; p[ 0.05 for all) [electronic sup-

plementary Fig. S5]. These observations may suggest that

LHR denotes a mechanistic pathway that we did not

investigate before.

In this study, we propose several hypotheses to explain

why circulating lipid profile may confer prognostic infor-

mation. (1) It was reported that dyslipidemia could alter the

composition of energy balance-related host factors in the

tumor site to provide a non-stop energy supply. Tumors

that evolve within an obese microenvironment may exhibit

‘obesity addiction’, which depends on hypernutrition.77 (2)

Circulating cholesterol metabolites could induce epithelial-

to-mesenchymal transition (EMT), a cellular process

associated with enhanced metastatic proficiency.78 Hence,

it is convincible that enhanced cholesterol metabolism may

create a favorable milieu for extrahepatic metastases

growth. (3) Increased intracellular oxidative stress is

involved in tumor development.79 HDL-C displays

antioxidative activity and confers protection against oxi-

dation of LDL-C. Conversely, low concentrations of HDL-

C lead to more oxidized LDL-C, which is a cause of

increased oxidative stress.80,81 (4) As adipose tissue out-

grows its blood supply, hypoxia, adipocyte death, and

ensuing adipose inflammation may occur.41 Adipose-
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associated inflammation fosters a tumor-supportive envi-

ronment through local and systemic effects. By

transforming the local landscape to closely resemble a

healing wound, adipose inflammation may accelerate

tumor growth.82 On the other hand, adipose inflammation

and low-grade systemic inflammation are coupled, and

each perpetuates the other.83 For instance, LDL-C can

indirectly upregulate proinflammatory cytokines such as

interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-a
in the TME, while downregulating the anti-inflammatory

cytokines such as IL-10.84,85 Additionally, numerous

cytokines and growth factors synthesized by adipocytes

have a direct carcinogenic effect.38–40,86 Consistently, our

study revealed that LHR correlates with the serum levels of

C-reactive protein (electronic supplementary Fig. S5),

which is the most representative marker reflecting systemic

inflammatory responses in clinical settings.87–89 This

ongoing inflammation can ultimately generate a pro-neo-

plastic environment by recruiting the immunosuppressive

neutrophils to the TME.31,90,91 (5) HDL-C and LDL-C

have been indicated as potential immunomodulators.60,92

Alterations in intracellular cholesterol homeostasis will

affect immune cell function.93 LDL-C has been reported to

enhance the function of immune-suppressive cells, such as

myeloid-derived suppressor cells (MDSCs) and T-regula-

tory cells (Tregs), and inhibit the cytotoxic T-lymphocytes

(CTLs), natural killer (NK) cells, and antigen-presenting

cells such as dendritic cells (DCs).94,95 On the contrary,

HDL-C involves converting the tumor-associated macro-

phages (TAMs) from a tumor-promoting phenotype (M2

type) to an anti-tumor phenotype (M1 type).93,96 Conse-

quently, dyslipidemia contributes significantly to an

immune-suppressive microenvironment within the tumor

beds by regulating the activity of innate and adaptive

immunity. Taken together, LHR could be more informative

than single LDL-C or HDL-C, potentially providing a

surrogate marker of a tumor-permissive microenvironment

and worse tumor biology.

The metabolism of neoplastic cells is shifted toward

high glucose uptake and lactate production. Elevated LDH

levels are the product of enhanced glycolytic activity and

tumor necrosis due to hypoxia.97,98 LDH serves as a neg-

ative prognostic biomarker not only because it is involved

in metabolic adaptation but also because it blunts the tumor

immunosurveillance by altering the TME.36,99 The current

study reaffirms the reproducibility of LDH’s predictive

value across differing populations. Considering the above

evidence, we assumed that the CLIR score reflects the state

of lipid metabolism and systemic inflammation, which both

held value in assessing the immunity status.

Collectively, our findings provide a referable clinical

basis for exploring the liver microenvironment changes in

CRLM and suggest numerous avenues for follow-up

studies. (1) Our study established the rationale for

improving lipid metabolic health as a novel therapeutic

target. Cholesterol-lowering medications such as statins
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might mitigate the pro-tumorigenic effects of dyslipi-

demia.86 (2) Agents such as metformin and vitamin D3 that

target the intracellular energy balance pathways (e.g.,

P13K/Akt/mTOR) might hold great promise to reverse the

obesity-driven aggressiveness.100,101 (3) In theory, nons-

teroidal anti-inflammatory drugs such as aspirin could be

beneficial in treating local and systemic inflammation.

Despite the promising results of this study, some limi-

tations should be clarified. First, although the large cohort

and independent external validation performed in this study

may increase the reliability of our findings, the study is

nonetheless limited by its retrospective nature. A long time

span of patient inclusion could have induced some bias in

OS analysis. Second, we did not propose a mechanistic

understanding of why LDH and LHR could be associated

with additional prognostic information; therefore, the

question remains whether they were intermediate factors or

true risk factors initiating specific detrimental pathways.

Third, we did not have access to all medical files of the

included subjects, therefore the exact influence of medi-

cations such as lipid-lowering drugs on our findings

remains uncertain.

CONCLUSIONS

The newly developed CLIR score demonstrated

promising ability for predicting the long-term survival of

CRC patients after complete hepatic resection, thereby

signifying that lipid metabolism disorder and systemic

inflammation could be potential targets in CRLM treatment

that warrant further research.
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Montalvo-Javé EE. Hepatic metastasis from colorectal cancer.

Eur J Hepato-Gastroenterol. 2017;7(2):166–75.

4320 L. Bai et al.

https://doi.org/10.1245/s10434-021-11234-0
https://doi.org/10.1245/s10434-021-11234-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


7. van der Geest LG, Lam-Boer J, Koopman M, Verhoef C,

Elferink MA, de Wilt JH. Nationwide trends in incidence,

treatment and survival of colorectal cancer patients with syn-

chronous metastases. Clin Exp Metastasis. 2015;32(5):457–65.

8. Manfredi S, Lepage C, Hatem C, Coatmeur O, Faivre J, Bouvier

AM. Epidemiology and management of liver metastases from

colorectal cancer. Ann Surg. 2006;244(2):254–9.

9. Mella J, Biffin A, Radcliffe AG, Stamatakis JD, Steele RJ.

Population-based audit of colorectal cancer management in two

UK health regions. Colorectal Cancer Working Group, Royal

College of Surgeons of England Clinical Epidemiology and

Audit Unit. Br J Surg. 1997;84(12):1731–6.

10. Van Cutsem E, Nordlinger B, Cervantes A, ESMO Guidelines

Working Group. Advanced colorectal cancer: ESMO Clinical

Practice Guidelines for treatment. Ann Oncol. 2010;21 Suppl

5:v93-97.

11. Adam R, Wicherts DA, de Haas RJ, et al. Patients with initially

unresectable colorectal liver metastases: Is there a possibility of

cure? J Clin Oncol. 2009;27(11):1829–35.

12. Masi G, Loupakis F, Pollina L, et al. Long-term outcome of

initially unresectable metastatic colorectal cancer patients trea-

ted with 5-fluorouracil/leucovorin, oxaliplatin, and irinotecan

(FOLFOXIRI) followed by radical surgery of metastases. Ann
Surg. 2009;249(3):420–5.

13. Nordlinger B, Guiguet M, Vaillant JC, et al. Surgical resection

of colorectal carcinoma metastases to the liver. A prognostic

scoring system to improve case selection, based on 1568

patients. Association Francaise de Chirurgie. Cancer.
1996;77(7):1254–62.

14. de Jong MC, Pulitano C, Ribero D, et al. Rates and patterns of

recurrence following curative intent surgery for colorectal liver

metastasis: an international multi-institutional analysis of 1669

patients. Ann Surg. 2009;250(3):440–8.

15. Adam R, Avisar E, Ariche A, et al. Five-year survival following

hepatic resection after neoadjuvant therapy for nonre-

sectable colorectal. Ann Surg Oncol. 2001;8(4):347–53.

16. Adam R, Delvart V, Pascal G, et al. Rescue surgery for unre-

sectable colorectal liver metastases downstaged by

chemotherapy: a model to predict long-term survival. Ann Surg.
2004;240(4):644-657; discussion 657-648.

17. Nordlinger B, Guiguet M, Vaillant J, et al. Surgical resection of

colorectal carcinoma metastases to the liver. A prognostic

scoring system to improve case selection, based on 1568

patients. Association Française de Chirurgie. Cancer.
1996;77(7):1254–62.

18. Fong Y, Fortner J, Sun RL, Brennan MF, Blumgart LH. Clinical

score for predicting recurrence after hepatic resection for

metastatic colorectal cancer: analysis of 1001 consecutive cases.

Ann Surg. 1999;230(3):309-318; discussion 318-321.

19. Margonis GA, Sasaki K, Gholami S, et al. Genetic And Mor-

phological Evaluation (GAME) score for patients with

colorectal liver metastases. Br J Surg. 2018;105(9):1210–20.

20. Chen Y, Chang W, Ren L, et al. Comprehensive Evaluation of

Relapse Risk (CERR) Score for Colorectal Liver Metastases:

Development and Validation. Oncologist. 2020;25(7):e1031–41.

21. Gomez D, Cameron IC. Prognostic scores for colorectal liver

metastasis: clinically important or an academic exercise? HPB
(Oxford). 2010;12(4):227–38.

22. Ito K, Govindarajan A, Ito H, Fong Y. Surgical treatment of

hepatic colorectal metastasis: evolving role in the setting of

improving systemic therapies and ablative treatments in the 21st

century. Cancer J. 2010;16(2):103–10.

23. Beamish P, Lemke M, Li J, et al. Validation of clinical risk score

for colorectal liver metastases resected in a contemporary mul-

ticenter cohort. HPB (Oxford). 2017;19(8):675–81.

24. De Palma M, Biziato D, Petrova TV. Microenvironmental reg-

ulation of tumour angiogenesis. Nature Rev Cancer.
2017;17(8):457–74.

25. Michieli P, Mazzone M, Basilico C, et al. Targeting the tumor

and its microenvironment by a dual-function decoy Met recep-

tor. Cancer Cell. 2004;6(1):61–73.

26. Iwatsuki S, Dvorchik I, Madariaga JR, et al. Hepatic resection

for metastatic colorectal adenocarcinoma: a proposal of a

prognostic scoring system. J Am College Surg.

1999;189(3):291–9.

27. Margonis GA, Spolverato G, Kim Y, Karagkounis G, Choti MA,

Pawlik TM. Effect of KRAS mutation on long-term outcomes of

patients undergoing hepatic resection for colorectal liver

metastases. Ann Surg Oncol. 2015;22(13):4158–65.

28. Balkwill F, Charles K, Mantovani A. Smoldering and polarized

inflammation in the initiation and promotion of malignant dis-

ease. Cancer Cell. 2005;7(3):211–7.

29. Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related

inflammation. Nature. 2008;454(7203):436–44.

30. Ernst P, Gold B. The disease spectrum of Helicobacter pylori:

the immunopathogenesis of gastroduodenal ulcer and gastric

cancer. Annu Rev Microbiol. 2000;54:615–40.

31. Diakos CI, Charles KA, McMillan DC, Clarke SJ. Cancer-re-

lated inflammation and treatment effectiveness. Lancet Oncol.
2014;15(11):e493-503.

32. Crusz SM, Balkwill FR. Inflammation and cancer: advances and

new agents. Nat Rev Clin Oncol. 2015;12(10):584–96.

33. Bai L, Lin Z, Lu Y, et al. The prognostic value of preoperative

serum lactate dehydrogenase levels in patients underwent

curative-intent hepatectomy for colorectal liver metastases: a

two-center cohort study. Cancer Med. 2021;10(22):8005–19.

34. Ding J, Karp J, Emadi A. Elevated lactate dehydrogenase (LDH)

can be a marker of immune suppression in cancer: Interplay

between hematologic and solid neoplastic clones and their

microenvironments. Cancer Biomark. 2017;19(4):353–63.

35. Serganova I, Cohen IJ, Vemuri K, et al. LDH-A regulates the

tumor microenvironment via HIF-signaling and modulates the

immune response. PLoS One. 2018;13(9):e0203965.

36. Ding J, Karp JE, Emadi A. Elevated lactate dehydrogenase

(LDH) can be a marker of immune suppression in cancer:

interplay between hematologic and solid neoplastic clones and

their microenvironments. Cancer Biomark. 2017;19(4):353–63.

37. Wong M, Huang J, Wang J, et al. Global, regional and time-

trend prevalence of central obesity: a systematic review and

meta-analysis of 13.2 million subjects. Eur J Epidemiol.
2020;35(7):673–83.

38. Pathak S, Pandanaboyana S, Daniels I, Smart N, Prasad KR.

Obesity and colorectal liver metastases: mechanisms and man-

agement. Surg Oncol. 2016;25(3):246–51.

39. Rashid A, Pizer ES, Moga M, et al. Elevated expression of fatty

acid synthase and fatty acid synthetic activity in colorectal

neoplasia. Am J Pathol. 1997;150(1):201–8.

40. Murata S, Yanagisawa K, Fukunaga K, et al. Fatty acid synthase

inhibitor cerulenin suppresses liver metastasis of colon cancer in

mice. Cancer Sci. 2010;101(8):1861–5.

41. Rosen E, Spiegelman B. What we talk about when we talk about

fat. Cell. 2014;156:20–44.

42. Howe L, Subbaramaiah K, Hudis C, Dannenberg A. Molecular

pathways: adipose inflammation as a mediator of obesity-asso-

ciated cancer. Clin Cancer Res. 2013;19(22):6074–83.

43. Tan JT, Ng MK, Bursill CA. The role of high-density lipopro-

teins in the regulation of angiogenesis. Cardiovasc Res.
2015;106(2):184–93.

44. van Vledder MG, Levolger S, Ayez N, Verhoef C, Tran TC,

Ijzermans JN. Body composition and outcome in patients

CLIR: A Prognostic Signature for CRLM Resection 4321



undergoing resection of colorectal liver metastases. Br J Surg.

2012;99(4):550–7.

45. Chen H, Chu LY, Li XH, et al. ApoB/ApoA-1 ratio as a novel

prognostic predictor in patients with primary small cell carci-

noma of the esophagus. Front Oncol. 2020;10:610.

46. van Duijnhoven FJ, Bas Bueno-De-Mesquit H, Calligaro M,

et al. Blood lipid and lipoprotein concentrations and colorectal

cancer risk in the European Prospective Investigation into

Cancer and Nutrition. Gut. 2011;60(8):1094–102.

47. Liao F, He W, Jiang C, et al. A high LDL-C to HDL-C ratio

predicts poor prognosis for initially metastatic colorectal cancer

patients with elevations in LDL-C. Onco Targets Ther.
2015;8:3135–42.

48. Charnsangavej C, Clary B, Fong Y, Grothey A, Pawlik TM,

Choti MA. Selection of patients for resection of hepatic col-

orectal metastases: expert consensus statement. Ann Surg Oncol.
2006;13(10):1261–8.

49. Adams RB, Aloia TA, Loyer E, Pawlik TM, Taouli B, Vauthey

JN. Selection for hepatic resection of colorectal liver metastases:

expert consensus statement. HPB (Oxford). 2013;15(2):91–103.

50. Camp R, Dolled-Filhart M, Rimm D. X-tile: a new bio-infor-

matics tool for biomarker assessment and outcome-based cut-

point optimization. Clin Cancer Res. 2004;10(21):7252–9.

51. Greenfeder S. Emerging strategies and agents to lower cardio-

vascular risk by increasing high density lipoprotein cholesterol

levels. Curr Med Chem. 2009;16(2):144–56.

52. Gerl M, Klose C, Surma M, et al. Machine learning of human

plasma lipidomes for obesity estimation in a large population

cohort. PLoS Biol. 2019;17(10):e3000443.

53. Neaton JD, Blackburn H, Jacobs D, et al. Serum cholesterol

level and mortality findings for men screened in the Multiple

Risk Factor Intervention Trial. Multiple Risk Factor Intervention

Trial Research Group. Arch Intern Med. 1992;152(7):1490–500.

54. Ray G, Husain SA. Role of lipids, lipoproteins and vitamins in

women with breast cancer. Clin Biochem. 2001;34(1):71–6.

55. Mulas MF, Abete C, Pulisci D, et al. Cholesterol esters as

growth regulators of lymphocytic leukaemia cells. Cell Prolif.
2011;44(4):360–71.

56. Bayerdörffer E, Mannes G, Richter W, et al. Decreased high-

density lipoprotein cholesterol and increased low-density

cholesterol levels in patients with colorectal adenomas. Ann
Internal Med. 1993;118(7):481–7.

57. Johnson K, Siewert K, Klarin D, et al. The relationship between

circulating lipids and breast cancer risk: a Mendelian random-

ization study. PLoS Med. 2020;17(9):e1003302.

58. Andreassen O, Zuber V, Thompson W, et al. Shared common

variants in prostate cancer and blood lipids. Int J Epidemiol.
2014;43(4):1205–14.

59. Choi YJ, Lee DH, Han KD, Shin CM, Kim N. Abdominal

obesity, glucose intolerance and decreased high-density

lipoprotein cholesterol as components of the metabolic syn-

drome are associated with the development of colorectal cancer.

Eur J Epidemiol. 2018;33(11):1077–85.

60. Tamura T, Inagawa S, Hisakura K, Enomoto T, Ohkohchi N.

Evaluation of serum high-density lipoprotein cholesterol levels

as a prognostic factor in gastric cancer patients. J Gastroenterol
Hepatol. 2012;27(10):1635–40.

61. Amptoulach S, Gross G, Kalaitzakis E. Differential impact of

obesity and diabetes mellitus on survival after liver resection for

colorectal cancer metastases. J Surg Res. 2015;199(2):378–85.

62. Lodewick T, van Nijnatten T, van Dam R, et al. Are sarcopenia,

obesity and sarcopenic obesity predictive of outcome in patients

with colorectal liver metastases? HPB. 2015;17(5):438–46.

63. Pathak S, Tang J, Terlizzo M, Poston G, Malik H. Hepatic

steatosis, body mass index and long term outcome in patients

undergoing hepatectomy for colorectal liver metastases. Eur J
Surg Oncol. 2010;36(1):52–7.

64. Mathur AK, Ghaferi AA, Sell K, Sonnenday CJ, Englesbe MJ,

Welling TH. Influence of body mass index on complications and

oncologic outcomes following hepatectomy for malignancy. J
Gastrointest Surg. 2010;14(5):849–57.

65. Jiang H, Zhu L, Xu D, Lu Z. A newly discovered role of

metabolic enzyme PCK1 as a protein kinase to promote cancer

lipogenesis. Cancer Commun. 2020;40(9):389–94.

66. Denis G, Obin M. ‘‘Metabolically healthy obesity’’: origins and

implications. Mol Aspects Med. 2013;34(1):59–70.

67. Poirier P. The many paradoxes of our modern world: Is there

really an obesity paradox or is it only a matter of adiposity

assessment? Ann Intern Med. 2015;163(11):880–1.

68. Sahakyan K, Somers V, Rodriguez-Escudero J, et al. Normal-

weight central obesity: implications for total and cardiovascular

mortality. Ann Intern Med. 2015;163(11):827–35.

69. Molla NW, Hassanain MM, Fadel Z, et al. Effect of non-alco-

holic liver disease on recurrence rate and liver regeneration after

liver resection for colorectal liver metastases. Curr Oncol.
2017;24(3):e233–43.

70. Murono K, Kitayama J, Tsuno NH, et al. Hepatic steatosis is

associated with lower incidence of liver metastasis from col-

orectal cancer. Int J Colorectal Dis. 2013;28(8):1065–72.

71. Hayashi S, Masuda H, Shigematsu M. Liver metastasis rare in

colorectal cancer patients with fatty liver. Hepatogastroen-
terology. 1997;44(16):1069–75.

72. Kondo T, Okabayashi K, Hasegawa H, Tsuruta M, Shigeta K,

Kitagawa Y. The impact of hepatic fibrosis on the incidence of

liver metastasis from colorectal cancer. Br J Cancer.
2016;115(1):34–9.

73. Hamady ZZ, Rees M, Welsh FK, et al. Fatty liver disease as a

predictor of local recurrence following resection of colorectal

liver metastases. Br J Surg. 2013;100(6):820–6.

74. Brouquet A, Nordlinger B. Metastatic colorectal cancer outcome

and fatty liver disease. Nat Rev Gastroenterol Hepatol.
2013;10(5):266–7.

75. Dessı̀ S, Batetta B, Pulisci D, et al. Cholesterol content in tumor

tissues is inversely associated with high-density lipoprotein

cholesterol in serum in patients with gastrointestinal cancer.

Cancer. 1994;73(2):253–8.

76. Dessı́ S, Batetta B, Carrucciu A, et al. Variations of serum

lipoproteins during cell proliferation induced by lead nitrate.

Exp Mol Pathol. 1989;51(2):97–102.

77. Hursting SD, Berger NA. Energy balance, host-related factors,

and cancer progression. J Clin Oncol. 2010;28(26):4058–65.

78. Nelson ER, Wardell SE, Jasper JS, et al. 27-Hydroxycholesterol

links hypercholesterolemia and breast cancer pathophysiology.

Science. 2013;342(6162):1094–8.

79. Valko M, Izakovic M, Mazur M, Rhodes CJ, Telser J. Role of

oxygen radicals in DNA damage and cancer incidence. Mol
Cellular Biochem. 2004;266(1–2):37–56.

80. Kontush A, de Faria EC, Chantepie S, Chapman MJ. A nor-

motriglyceridemic, low HDL-cholesterol phenotype is

characterised by elevated oxidative stress and HDL particles

with attenuated antioxidative activity. Atherosclerosis.
2005;182(2):277–85.

81. Vekic J, Kotur-Stevuljevic J, Jelic-Ivanovic Z, et al. Association

of oxidative stress and PON1 with LDL and HDL particle size in

middle-aged subjects. Eur J Clin Investig. 2007;37(9):715–23.

82. Iyengar N, Hudis C, Dannenberg A. Obesity and cancer: local

and systemic mechanisms. Annu Rev Med. 2015;66:297–309.

83. Iyengar NM, Zhou XK, Gucalp A, et al. Systemic correlates of

white adipose tissue inflammation in early-stage breast cancer.

Clin Cancer Res. 2016;22(9):2283–9.

4322 L. Bai et al.



84. Penson PE, Long DL, Howard G, et al. Associations between

very low concentrations of low density lipoprotein cholesterol,

high sensitivity C-reactive protein, and health outcomes in the

Reasons for Geographical and Racial Differences in Stroke

(REGARDS) study. Eur Heart J. 2018;39(40):3641–53.

85. Esteve E, Ricart W, Fernández-Real JM. Dyslipidemia and

inflammation: an evolutionary conserved mechanism. Clin Nutr.
2005;24(1):16–31.

86. Pizer ES, Chrest FJ, DiGiuseppe JA, Han WF. Pharmacological

inhibitors of mammalian fatty acid synthase suppress DNA

replication and induce apoptosis in tumor cell lines. Cancer Res.
1998;58(20):4611–5.

87. Haruki K, Shiba H, Horiuchi T, et al. Impact of the C-reactive

protein to albumin ratio on long-term outcomes after hepatic

resection for colorectal liver metastases. Am J Surg.

2017;214(4):752–6.
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