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Abstract
BACKGROUND
The relationship between C-reactive protein (CRP) levels and prolonged intensive care unit (ICU) length of stay (LoS) has not been well defined.

AIM
To explore the association between CRP levels at ICU admission and prolonged ICU LoS in gastrointestinal cancer (GC) patients after major surgery.

METHODS
A retrospective study was performed to quantify serum CRP levels and to establish their association with prolonged ICU LoS (≥ 72 h) in GC patients admitted to the ICU. Univariate and multivariate regression analyses were conducted, and restricted cubic spline curves with four knots (5%, 35%, 65%, 95%) were used to explore non-linearity assumptions.

RESULTS
A total of 408 patients were enrolled. Among them, 83 (20.3%) patients had an ICU LoS longer than 72 h. CRP levels were independently associated with the risk of prolonged ICU LoS [odds ratio (OR) 1.47, 95% confidence interval (CI) 1.00–2.17]. Restricted cubic spline analysis revealed a non-linear relationship between CRP levels and OR for the prolonged ICU LoS (P = 0.035 for non-linearity). After the cut-off of 2.6 (log transformed mg/L), the OR for prolonged ICU LoS significantly increased with CRP levels. The adjusted regression coefficient was 0.70 (95%CI 0.31–1.57, P = 0.384) for CRP levels less than 2.6, whereas it was 2.43 (95%CI 1.39–4.24, P = 0.002) for CRP levels higher than 2.6. 

CONCLUSION
Among the GC patients, CRP levels at ICU admission were non-linearly associated with prolonged ICU LoS in survivors. An admission CRP level > 2.6 (log transformed mg/L) was associated with increased risk of prolonged ICU LoS.
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Core Tip: Among the gastric cancer patients, C-reactive protein (CRP) levels at intensive care unit (ICU) admission were non-linearly associated with prolonged ICU length of stay (LoS) in survivors. An admission CRP level > 2.6 (log transformed mg/L) was associated with increased risk for prolonged ICU LoS. 

INTRODUCTION
Gastrointestinal cancer (GC) surgery is associated with high postoperative complications, and requires prolonged intensive care unit (ICU) length of stay (LoS), especially for high-risk patients[1]. Prolonged ICU LoS can increase the consumption of healthcare resources and often leads to adverse immediate outcomes, which increases the short-term and long-term morbidity as well as mortality[2,3]. Therefore, it is important to develop strategies to predict ICU LoS thereby improve the management of beds, staff, and identify individual patients with unexpectedly long ICU LoS[4,5]. Although multiple models for predicting case-mix–adjusted ICU LoS have been published, Verburg et al[5] indicated that no model can satisfactorily satisfy the above requirements. Moreover, attributable factors may have occurred during ICU stay or patients’ responses to ICU-associated insults.
A potential risk factor for prolonged ICU LoS is the inflammatory status of patients. Surgical intervention is associated with direct mechanical tissue injury, and can also induce the activation of innate and adaptive immune components. Excessive inflammatory responses among ICU patients are associated with prolonged LoS and increased treatment costs[6]. Inflammatory markers regulate the complex network of inflammatory responses. Mean interleukin (IL)-6 Levels in coronavirus disease 2019 (COVID-19) patients admitted for less than 7 d were significantly suppressed relative to those hospitalized for more than 7 d[7]. In our previous study, critically ill patients exhibited high levels of IL-2, IL-6, IL-8, and TNF-α in the first 24 h post-operatively, and this was associated with poor clinical outcomes[8]. Adverse outcomes are correlated with prolonged ICU LoS[3]. Therefore, serum inflammatory biomarkers are potential predictors for ICU LoS and patient outcomes. 
C-reactive protein (CRP) analysis is simple and reproducible. CRP levels are associated with ongoing organ dysfunction, and can act as a specific prognostic indicator for predicting the mortality of COVID-19 patients[9]. It may be an Acute Physiology and Chronic Health Evaluation (APACHE) independent risk factor for mortality in medical ICU populations[10]. However, the relationship between CRP levels at ICU admission and prolonged ICU LoS in GC patients after major surgery has not been well defined. 
In this study, the association between CRP levels at ICU admission and prolonged ICU LoS were evaluated. Our hypothesis was that CRP levels are potential biomarkers for predicting ICU LoS in GC patients after major surgery.

MATERIALS AND METHODS
Setting and patients 
This was a retrospective study involving adult patients subjected to gastrointestinal cancer surgery and admitted to a 28-bed surgical ICU ward between January 1, 2018 and June 30, 2021 in Zhongshan Hospital, Fudan University.
Gastrointestinal cancer patients who had been discharged from the surgical ICU ward alive were enrolled, and divided into two pre-defined groups according to their ICU LoS: Those with a prolonged ICU stay of 3 d or more and those with an ICU stay of less than 3 d[3,11]. For patients with 2 or more episodes of ICU admission, we only analyzed the first episode, and patients were divided according to the number of days spent in the ICU during admission. The exclusion criteria were: (1) Patients younger than 18 years of age; (2) Missing CRP data at ICU admission; and (3) Loss of follow-up during the ICU stay period.
Standard surgical management was performed by a team of surgeons, nurses, anesthetists in surgery center, and standard postoperative management was performed by a team of intensivists, nurses, rehabilitation therapists, and respiratory therapists in the surgical ICU ward. If the intensivist considered the disease condition to be stable enough and that the patient no longer requires ICU-specific treatment and care, the patient was transferred out of the ICU. 

CRP measurements
Blood samples were collected at the time of ICU admission and analyzed within 4 h. High-sensitivity CRP levels were analyzed using the latex-enhanced immunoturbidimetric method on a Cobas c702 analyzer (Roche Diagnostics). Normal ranges were set at 0-3 mg/L. All assays were performed in the same laboratory. 

Data collection
All patients’ data were extracted from the electronic medical records system, anonymized, and deidentiﬁed before analysis. The Ethical Committee of Human Experimentation of Zhongshan Hospital, Fudan University approved this study (No. B2020-107R).
The following data were collected on the first day after admission to the surgical ICU ward: Socio-demographic information (age, sex); type of surgery (elective or emergency surgery); cancer site; CRP levels at ICU admission, type and length of organ support [e.g., continuous renal replacement therapy (CRRT), mechanical ventilation therapy]; APACHE II scores, ICU readmission and clinical outcomes. Data were collected from admission to death or discharge from SICU by trained health providers.

Statistical analysis
For continuous variables, normally distributed data are presented as mean ± standard deviation (SD) and analyzed by the Student’s independent t-test whereas non-normally distributed data are presented as medians and interquartile ranges (IQR: 25th-75th percentile) and analyzed by the Wilcoxon rank-sum test (Mann-Whitney U test). Categorical variables are presented as numbers (percentages, %), and compared using the chi-square or Fisher’s exact tests, as appropriate. The average value was used to interpolate the missing data. 
Logistic regression models were used to investigate the association between CRP levels and prolonged ICU LoS in both univariate and multivariate analyses. Unadjusted, moderately adjusted, and fully adjusted models were established. In the moderately adjusted model, CRP levels at ICU admission were individually entered and adjusted for age, gender, and laparoscopic surgery. In the fully adjusted model, age, gender, laparoscopic surgery, emergency surgery, cancer site, ICU readmission, tracheotomy, CRRT therapy, and APACHE II variables were adjusted. 
Then, restricted cubic spline curves with four knots (5%, 35%, 65%, 95%) were used to assess linearity or non-linearity assumption between CRP levels and prolonged ICU LoS. A two-piecewise multivariable logistic regression model was used to assess the effects of CRP levels on prolonged ICU LoS. Using a tail and error approach, the cut-off level of CRP, at which level the relationship between CRP levels and prolonged ICU LoS began to change, was determined. 
A predefined analysis was conducted according to the key subgroups, and the results are presented in a forest plot.
The SPSS version 26.0 (SPSS Inc., Chicago, IL, United States) and R version 3.5.1 (R Center for Statistical Computing, Vienna, Austria) software were used for analyses. All significance tests were two-sided and P < 0.05 indicated signiﬁcance.

RESULTS
Demographic and clinical characteristics
A total of 430 gastric cancer patients were discharged alive from the surgical ICU ward. The flowchart for this study is shown in Figure 1. After exclusion, 408 patients were included in this study. Among them, 325 (79.7%) patients had an ICU LoS shorter than 72 h, while 83 (20.3%) patients had an ICU LoS longer than 72 h. The demographic and clinical characteristics of patients are presented in Table 1. Patients with ICU LoS longer than 72 h were associated with higher rates of emergency surgery (28.92% vs 15.38%, P = 0.004), tracheotomy therapy (19.28% vs 0.62%, P < 0.001), mechanical ventilation (49.40% vs 11.08%, P < 0.001), APACHE II scores (12.34 ± 5.25 vs 9.77 ± 4.31, P < 0.001), and CRP values (4.67 ± 0.88 vs 3.95 ± 1.21, P < 0.001).

Association between CRP levels and prolonged ICU LoS
The multivariable regression analysis results shown in Table 2 indicate that CRP levels at ICU admission were significantly associated with prolonged ICU LoS. Strong correlation with OR [95% confidence interval (CI)] of 2.12 (1.52–2.98) was seen in the crude model. In the moderately adjusted model, the association was more evident after adjustment for age, gender, laparoscopic surgery with OR (95%CI) of 2.30 (1.56–3.38). A significant association with OR (95%CI) of 1.47 (1.00–2.17) remained after adjustments for age, gender, laparoscopic surgery, emergency surgery, cancer site, ICU readmission, tracheotomy, CRRT therapy, mechanical ventilation therapy, and APACHE II in the fully adjusted model. A significant trend (P Trend < 0.05) across tertiles was observed among the three models.

Non-linear relationship between CRP levels and prolonged ICU LoS
Restricted cubic spline curves analysis revealed a non-linear relationship between CRP levels and odd ratio (OR) for prolonged ICU LoS (P = 0.035 for non-linearity). The OR for prolonged ICU LoS significantly increased with the CRP levels after the 2.6 (log transformed mg/L) cut-off level. The adjusted regression coefficient was 0.70 (95%CI 0.31–1.57, P = 0.384) for CRP level less than 2.6 (log transformed mg/L), while it was 2.43 (95%CI 1.39–4.24, P = 0.002) for CRP level higher than 2.6 (log transformed mg/L) (Figure 2). Results of the comparisons of the prespecified subgroups such as age, sex, laparoscopic surgery, emergency surgery, cancer site, ICU readmission, tracheotomy, mechanical ventilation, CRRT therapy, APACHE II scores are shown in Figure 3. 

DISCUSSION
In this study, we found prolonged ICU LoS in 20.3% of the patients, indicating that CRP levels at ICU admission in GC cancer patients after surgery is a strong predictor of prolonged ICU LoS. Moreover, CRP levels exhibited a non-linear relationship with prolonged ICU LoS, and the cut-off level was 2.6 (log transformed mg/L), which equals to 13.5 mg/L, implying that CRP levels higher than 13.5 mg/L are potential predictors of a higher risk of prolonged ICU LoS. 
Prolonged ICU LoS refers to a period longer than 2 d (the day of surgery + 1 d) because based on the protocol in our center, a standard ICU stay is 1 or 2 d. A short ICU stay was associated with shorter overall hospital admission time and did not negatively impact short-term surgical outcomes[12]. Prolonged ICU LoS is a risk factor for mortality[2]. We found a higher mortality rate for the prolonged ICU LoS (≥ 72 h) compared with the ICU LoS shorter than 72 h (10.0% vs 1.7%). Moreover, patients with ICU LoS ≥ 72 h had a higher rate of emergency surgery, tracheotomy therapy, mechanical ventilation, APACHE II score, and CRP values.
Patients with a prolonged ICU LoS have higher incidences of infections caused by multi-drug resistant microorganisms[13]. As a major acute phase protein, severe inflammatory induces the expression of CRP[14]. The ability of CRP to predict mortality in ICU patients has been widely investigated. In a prospective study, elevated CRP level at ICU admission was associated with increased risks of organ failure and mortality, and persistently high levels were associated with poor clinical outcomes[15]. In sepsis patients older than 75 years, CRP was found to be an independent predictor of mortality, and the additional effects of CRP to APACHE II score can significantly improve prognostication[16]. In surgical critically ill patients, APACHE II, Sequential Organ Failure Assessment (SOFA), and Simplified Acute Physiology Scores scores showed a better predictive performance with regards to mortality outcomes, compared to CRP[17]. However, in B-cell lymphoma patients treated with axicabtagene ciloleucel, there was no correlation between CRP levels at ICU admission and length of ICU stay[18].
We found that a CRP level of 2.6 (log transformed mg/L), which equals to 13.5 mg/L, could stratify the association between CRP levels and prolonged ICU LoS. The non-linear relationship showed that OR of prolonged ICU LoS increased with increasing CRP levels after the 13.5 mg/L cut-off level. Therefore, attention should be paid to patients with elevated CRP levels, especially those higher than 13.5 mg/L. Previous studies have also evaluated the clinical cut-off levels of CRP. In older population, elevated CRP level (> 3.0 mg/L) was associated with a 1.45-fold increased 10-year risk of coronary heart disease[19]. In a retrospective cohort study, elevated CRP (> 75 mg/L) at ICU discharge served as a moderate risk factor and is not recommended for individual clinical decision-making[20]. In a Swedish multicenter study, higher CRP levels (> 100 mg/L) at ICU admission were associated with increased ICU mortality and prolonged ICU LoS (> 3 d)[21]. Differences in outcomes may be attributed to the nature of the study population and test systems used. These findings imply that CRP is a potential predictor of patients at a high risk of mortality and prolonged ICU LoS.
The most important concern when assessing the relationship between CRP levels and prolonged ICU LoS is the reverse causality related to mortality. For instance, patients who died in ICU had higher levels of biomarkers (including CRP) at admission[22], and they especially died within 48 h after admission, thus, they may have falsely been included in the non-prolonged ICU LoS group because of the short ICU stay. To minimize bias, patients who died in ICU were excluded from this study. Another concern is that confounding variables may influence the association between CRP levels and prolonged ICU LoS, for example, APACHE scores. Thus, we adjusted for potential confounders in the fully adjusted model, and the results also showed a statistical difference.
In this study, we found a non-linear relationship between CRP levels and prolonged ICU LoS using restricted cubic spline curves. However, there are several limitations that should be explored. First, this was a retrospective and single-center study focused on GC cancer. It is not clear whether our findings can be generalized to other populations or ICU settings. Second, CRP levels were measured only at ICU admission, therefore, we could not investigate the effect of dynamic CRP level changes on prolonged ICU LoS. Third, although we confounded many factors through multivariate logistic regression analysis, CRP levels may still be a predictor for other unknown processes. Models based on combinations of risk factors and biomarkers may be more effective in predicting prolonged ICU LoS or mortality. Future studies should explore this aspect.  

CONCLUSION
Among GC cancer patients, CRP levels at ICU admission are non-linearly associated with prolonged ICU LoS in survivors. An admission CRP level > 2.6 (log transformed mg/L) is associated with increased risk of prolonged ICU LoS. Thus, intervention trials should be performed to confirm whether low CRP levels can decrease the risk of prolonged ICU LoS.

ARTICLE HIGHLIGHTS
Research background
C-reactive protein (CRP) levels are associated with ongoing organ dysfunction. It may be an Acute Physiology and Chronic Health Evaluation (APACHE) independent risk factor for mortality in medical intensive care unit (ICU) populations. However, the relationship between CRP levels at ICU admission and prolonged ICU length of stay (LoS) in gastric cancer patients after surgery has not been well defined. 

Research motivation
In this study, our hypothesis was that CRP levels are potential biomarkers for predicting ICU LoS in GC patients after surgery. The findings were important to develop strategies to predict ICU LoS thereby improve the management of beds, staff, and identify individual patients with unexpectedly long ICU LoS.

Research objectives
In this study, the association between CRP levels at ICU admission and prolonged ICU LoS were evaluated.  

Research methods
A retrospective study was performed to quantify serum CRP levels and to establish their association with prolonged ICU LoS (longer than 72 h) in GC patients admitted to the ICU. Univariate and multivariate regression analyses were conducted, and restricted cubic spline curves with four knots (5%, 35%, 65%, 95%) were used to explore non-linearity assumptions.

Research results
A total of 408 patients were enrolled. Among them, 83 (20.3%) patients had an ICU LoS longer than 72 h. CRP levels were independently associated with the risk of prolonged ICU LoS [odds ratio (OR) 1.47, 95% confidence interval (CI) 1.00–2.17]. Restricted cubic spline analysis revealed a non-linear relationship between CRP levels and OR for the prolonged ICU LoS (P = 0.035 for non-linearity). After the cut-off of 2.6 (log transformed mg/L), the OR for prolonged ICU LoS significantly increased with CRP levels. The adjusted regression coefficient was 0.70 (95%CI 0.31–1.57, P = 0.384) for CRP levels less than 2.6, whereas it was 2.43 (95%CI 1.39–4.24, P = 0.002) for CRP levels higher than 2.6. 

Research conclusions
Among the GC patients, CRP levels at ICU admission were non-linearly associated with prolonged ICU LoS in survivors. An admission CRP level > 2.6 (log transformed mg/L) was associated with increased risk of prolonged ICU LoS. 

Research perspectives
 CRP levels may still be a predictor for other unknown processes, models based on combinations of risk factors and biomarkers may be more effective in predicting prolonged ICU LoS or mortality. Future studies should explore this aspect.  
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Figure 1 Flowchart for patient enrollment. CRP: C-reactive protein; ICU: Intensive care unit.
[image: WJCC-10-11381-g002]
Figure 2 Non-linear relationship between C-reactive protein levels and log odds ratio of prolonged intensive care unit length of stay after controlling for potential confounding variables (age, gender, laparoscopic surgery, emergency surgery, cancer site, intensive care unit readmission, tracheotomy, continuous renal replacement therapy, and Acute Physiology and Chronic Health Evaluation II.) (multivariate odds ratio, 95% confidence intervals and P values are shown). CRP: C-reactive protein; OR: Odds ratio; ICU: Intensive care unit.
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Figure 3 Subgroup analysis of effect of C-reactive protein levels on predicting prolonged intensive care unit length of stay after gastrointestinal cancer surgery. CRRT: Continuous renal replacement therapy; APACHE: Acute Physiology and Chronic Health Evaluation.


Table 1 Demographic and clinical characteristics of patients
	Variables 
	ICU LoS < 72 h (n = 325), %
	ICU LoS ≥ 72 h (n = 83), %
	P value

	Age (yr)
	73.38 ± 11.31
	74.18 ± 10.80
	0.56

	Sex 
	
	
	0.363

	Male 
	218 (67.08)
	60 (72.29)
	

	Female 
	107 (32.92)
	23 (27.71)
	

	Laparoscopic surgery
	
	
	0.221

	No 
	250 (76.92)
	69 (83.13)
	

	Yes 
	75 (23.08)
	14 (16.87)
	

	Emergency surgery
	
	
	0.004

	No 
	275 (84.62)
	59 (71.08)
	

	Yes 
	50 (15.38)
	24 (28.92)
	

	Cancer site
	
	
	0.896

	Stomach 
	162 (49.84)
	39 (46.99)
	

	Rectum 
	41 (12.62)
	11 (13.25)
	

	Colon 
	102 (31.38)
	26 (31.33)
	

	Duodenum 
	20 (6.15)
	7 (8.43)
	

	ICU readmission
	
	
	0.775

	No 
	308 (94.77)
	78 (93.98)
	

	Yes 
	17 (5.23)
	5 (6.02)
	

	Tracheotomy 
	
	
	< 0.001

	No 
	323 (99.38)
	67 (80.72)
	

	Yes 
	2 (0.62)
	16 (19.28)
	

	Mechanical ventilation
	
	
	< 0.001

	No 
	289(88.92)
	42(50.60)
	

	Yes 
	36(11.08)
	41(49.40)
	

	CRRT therapy
	
	
	0.442

	No 
	318 (97.85)
	80 (96.39)
	

	Yes 
	7 (2.15)
	3 (3.61)
	

	APACHE II scores
	9.77 ± 4.31
	12.34 ± 5.25
	< 0.001

	CRP values
	3.95 ± 1.21
	4.67 ± 0.88
	< 0.001


ICU: Intensive care unit; CRRT: Continuous renal replacement therapy; APACHE: Acute Physiology and Chronic Health Evaluation; CRP: C-reactive protein.










Table 2 Multivariable regression analysis for associations between C-reactive protein levels and prolonged intensive care unit length of stay
	Exposure variable 
	Crude model 
	Multivariable-adjusted model 1
	Multivariable-adjusted model 2

	
	OR (95%CI)
	P value
	OR (95%CI)
	P value
	OR (95%CI)
	P value

	CRP
	2.12 (1.52, 2.98)
	< 0.001
	2.30 (1.56, 3.38)
	< 0.001
	1.47 (1.00, 2.17)
	0.014

	Tertiles
	

	T1
	1.0
	--
	1.0
	--
	1.0
	--

	T2
	2.19 (0.84, 5.74)
	0.109
	2.29 (0.78, 6.72)
	0.130
	2.43 (0.62, 9.47)
	0.200

	T3
	8.13 (3.36, 19.66)
	< 0.001
	10.03 (3.61, 27.83)
	< 0.001
	6.51 (1.74, 24.34)
	0.005

	Trend analysis
	3.02 (1.96, 4.65)
	< 0.001
	3.42 (2.07, 5.63)
	< 0.001
	2.57 (1.35, 4.88)
	0.004


Model 1: Adjusted for age, gender, laparoscopic surgery; Model 2: Adjusted for age, gender, laparoscopic surgery, emergency surgery, cancer site, intensive care unit readmission, tracheotomy, continuous renal replacement therapy, mechanical ventilation therapy, Acute Physiology and Chronic Health Evaluation II score. OR: Odds ratio; CI: Confidence interval; CRRT: Continuous renal replacement therapy; APACHE: Acute Physiology and Chronic Health Evaluation.
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