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Sepsis management includes intravenous fluid (IVF) resuscitation, but patients with pre-existing congestive heart failure (CHF) have a higher risk of fluid overload. Further, patients with sepsis with concomitant CHF present worse clinical outcomes. Nevertheless, there is limited evidence of the association between fluid management and the outcomes of patients with concomitant sepsis and CHF. This retrospective cohort study aimed to evaluate the association between fluid management and in-hospital mortality in patients with sepsis and concomitant heart failure (HF). The patients' data were extracted from the Multi-parameter Intelligent Monitoring in Intensive Care III Database. The primary outcome was in-hospital mortality. A restricted cubic spline model was used to explore the relationship between variables and in-hospital mortality. Logistic models were built using the linear spline function and design variables to investigate the association of fluid balance (FB), fluid intake (FI), and fluid accumulation index (FAI, calculated as the FB/FI ratio) with mortality. Overall, 1,801 patients were included. The overall mortality rate was 27.7%. After adjusting for confounding variables, FAI was found to be associated with in-hospital mortality, whereas FB and FI were not. With FAI values of 0–0.42 set as references, FAI values <0 were not associated with in-hospital mortality [odds ratio (OR): 1.078; 95% confidence interval (CI): 0.774–1.503], whereas FAI values > 0.42 were significantly associated with higher in-hospital mortality (OR: 1.461; 95% CI: 1.099–1.954). High FAI values (>0.42) were associated with high in-hospital mortality in patients with sepsis with HF, while FB and FI were not. Proper fluid management may improve the outcomes of patients with sepsis and concomitant HF.
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INTRODUCTION

Sepsis is a complex clinical disorder with a high risk of death due to acute organ dysfunction arising from dysregulated host response to an infection (1). The guidelines for sepsis management recommend early administration of antibiotics, source control, and intravenous fluid (IVF) resuscitation (2). However, a sustained positive fluid balance (FB) during intensive care unit (ICU) stay is also associated with higher mortality rates in patients with sepsis (3–6). In addition, patients with congestive heart failure (CHF) may be more sensitive to IVF administration and therefore, are at risk of fluid overload (7, 8). However, current evidence on the influence of fluid resuscitation on the outcomes of patients with sepsis with pre-existing heart failure (HF) is mainly focused on the outcomes of sepsis bundle implementation. The method to evaluate the status of fluid overload and how fluid accumulation is associated with outcomes remains unknown in these patients.

This retrospective cohort study aimed to explore the association between fluid management and in-hospital mortality in patients with sepsis and concomitant HF, as well as to find a better indicator to guide fluid management among FB, fluid intake (FI), and the fluid intake ratio (FB/FI), which is called the fluid accumulation index (FAI) and was first introduced by Shen et al. (9). We focused on fluid management within the first 48 h after admission to the ICU and explored the relationship of FI, FB, and FAI with in-hospital mortality in sepsis patients with pre-existing HF.



MATERIALS AND METHODS


Study Design and Database

The participants were patients identified from the Medical Information Mart for Intensive Care III (MIMIC-III) database (10, 11), which is a large, freely-available database containing de-identified health-related data of >40,000 patients who were admitted to the critical care units of the Beth Israel Deaconess Medical Center between 2001 and 2012. The database includes information concerning demographic characteristics, bedside vital signs (approximately one data point per hour), laboratory test results, procedures, medications, caregiver notes, imaging reports, and mortality (both in and out of the hospital).

The database is accessible to researchers who have completed a protecting human subjects training. The institutional review boards of the Massachusetts Institute of Technology (Cambridge, MA) and Beth Israel Deaconess Medical Center (Boston, MA) approved the establishment of the database. Thus, consent was obtained for the original data collection but not specifically for this study. Ning Dong, the first author of this study, extracted the data, as he had completed the online training course by the National Institutes of Health (certification number: 9135690).



Patient Selection

The inclusion criteria were as follows: 1) age >18 years; 2) ICU admission for >48 h; and 3) meeting the sepsis diagnostic criteria stipulated by the recommendation in the Surviving Sepsis Campaign 2016 (12). This was defined as life-threatening organ dysfunction [total Sequential Organ Failure Assessment (SOFA) score ≥2 points], caused by a dysregulated host response infection. Accordingly, patients were considered to have sepsis if they were suspected of having infection at admission and had a SOFA score ≥2 points (evaluated within 24 h after admission). Suspected infection, which was defined as the acquisition of a body fluid culture temporally contiguous to the administration of antibiotics shortly after ICU admission (13), was used to refer to cases with an identified infection. CHF was identified using the International Classification of Diseases code 9, following the study by Quan et al. (14) (Supplementary Table 1).

The exclusion criteria were as follows: 1) no fluid/output records within the first 48 h of admission, 2) initiation of renal replacement therapy within 48 h after ICU admission, and 3) cardiac surgery under cardiopulmonary bypass.

For patients who were admitted to the ICU more than once, only data from the first ICU stay were analyzed. A schematic illustration of the study design is presented in Supplementary Figure 1.



Data Extraction

Data were extracted using pgAdmin 4 version 4.26 (Copyright 2013–2020, The pgAdmin Development Team). To improve the reproducibility of our study, we used the MIMIC Code Repository (15), which provides an open-source code alongside the freely accessible MIMIC-III database, to identify study cohorts and outcomes. This included calculation of the SOFA score, identification of suspected infection, classification of chronic comorbidities, and identification of in-hospital mortality. Other extracted data included demographic characteristics; vital signs (on day 1 after admission to the ICU); laboratory outcomes (on day 1 after admission to the ICU); vasopressor use (if any, after admission to the ICU); FI and fluid output; FB, calculated as fluid intake minus fluid output; and FAI, calculated as fluid balance divided by fluid intake (more information is presented in the Supplementary File concerning the Structured Query Language (SQL) codes used in the extraction of fluid management), as well as the types of ICU (e.g., coronary care unit, surgical ICU). Because of the retrospective design of the present study, the onset time of sepsis was not known; therefore, fluid management before admission was not included in the analysis.



Statistical Analysis

Continuous variables are presented as means (standard deviations) or medians (interquartile ranges), as appropriate. Meanwhile, categorical variables are presented as proportions. Student's t-test, the Wilcoxon rank-sum test, or Pearson's chi-square test was used as appropriate. The primary endpoint was in-hospital mortality. The percentages of missing values are presented in Supplementary Table 2. Variables with missing rates >10% were removed from the final analysis. Lactic acid was excluded from the final analysis because >20% of the patients had missing data. Other missing values of variables were imputed using the R package “missForest” (R Foundation for Statistical Computing, Vienna, Austria) (16). Boxplots were used to detect the outliers of FI and fluid output. A total of 133 (133/1,934, 6.9%) cases with outliers were identified and removed from the logistic regression analysis. Univariate logistic regression was used to identify variables associated with in-hospital mortality. Further, a stepwise backward elimination method was used to remove variables with p > 0.2. We kept removing and adding variables according to their impact on the coefficient of the other variables until all variables that remained in the model were clinically and statistically significant, and the fit of these models was then tested using the partial likelihood ratio test (17). Multivariate logistic regression using the “backward” stepwise method was performed to adjust for confounding factors. Linear spline (LSP) and restricted cubic spline (RCS) functions were used to explore the relationship between in-hospital mortality and continuous confounding variables. The number of knots (knots = 3, 4, or 5) of RCS-transformed models was selected using the minimum Akaike information criterion (AIC) (18) (Supplementary Figure 2, Supplementary Table 3). Multi-collinearity was checked against the variance inflation factor (Supplementary Tables 4, 5). All statistical analyses were performed using R software version 4.0.3. R packages “missForest (16),” “rms (19),” and “Hmsic (20)” were used during analyses. A two-tailed p < 0.05 was considered statistically significant.



Ethics Approval and Consent to Participate

The institutional review boards of the Massachusetts Institute of Technology (Cambridge, MA) and Beth Israel Deaconess Medical Center (Boston, MA) approved the establishment of the database. Thus, consent was obtained for the original data collection but not specifically for this study.




RESULTS


Patient Characteristics

A total of 1,801 patients with sepsis with CHF, including 1,302 survivors and 499 non-survivors, were included in this analysis (Table 1). The in-hospital mortality rate was 27.7%. The comparison of baseline characteristics between survivors and non-survivors is presented in Table 1. Non-survivors showed significantly higher FB (3.2 L/48 h vs. 1.7 L/48 h, p < 0.001), FI (5.8 L/48 h vs. 5.2 L/48 h, p < 0.001), and FAI (0.55 vs. 0.34, p < 0.001) and a significantly lower urine output (2.2 L/48 h vs. 3 L/48 h, p < 0.001) than survivors.


Table 1. Comparison of patient characteristics between survivors and non-survivors.
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Univariable Logistic Regression Analysis of the Association Among FI, FB, FAI, and In-hospital Mortality

The relationship of FI, FB, and FAI with in-hospital mortality is presented in Figure 1. The number of knots of the RCS function of FAI, FI, and FB, which had a minimum AIC, was 3, 5, and 5, respectively (Supplementary Table 3). For better interpretation of the coefficients in the regression model, we used the LSP function and the designed variables in the univariable logistic regression. The knot selection of the LSP function and the designed variables were according to the shape of the RCS regression curve, and the knots were detected using the RCS function (Table 2). The unadjusted odds ratios (ORs) of FI, FB, and FAI are presented in Table 2. Compared with moderate FI (45–100 mL/kg/48 h), low FI (<45 mL/kg/48 h) was significantly associated with in-hospital mortality [OR: 0.682, 95% confidence interval (CI): 0.523–0.887]. However, there was no significant association between FI and in-hospital mortality according to the LSP function. With moderate FB (0–60 mL/kg/48 h) as reference, low FB (≤ 0 mL/kg/48 h) was significantly associated with a lower in-hospital mortality (OR: 0.694; 95% CI: 0.529–0.905), while high FB (>60 mL/kg/48 h) was associated with a higher in-hospital mortality (OR: 1.427; 95% CI: 1.123–1.813). When using the LSP function, FB ≤ 0 mL/kg/48 h (OR: 1.012; 95% CI 1.002–1.023) and 0–60 mL/kg/48 h (OR: 1.007; 95% CI: 1.002–1.013) were significantly associated with a high in-hospital mortality. With FAI 0–0.42 as reference, FAI >0.42 was significantly associated with a high in-hospital mortality (OR: 1.725; 95% CI: 1.322–2.266). When using the LSP function, FAI ≤ 0 (OR: 1.454; 95% CI: 1.117–1.989) and FAI >0.42 (OR: 8.859; 95% CI: 4.002–19.775) were significantly associated with a high in-hospital mortality.


[image: Figure 1]
FIGURE 1. Estimated spline transformation of FI, FB, and FAI for in-hospital mortality. AIC, Akaike information criterion; FAI, fluid accumulation index; FB, fluid balance; FI, fluid intake.



Table 2. Univariable logistic regression analysis for in-hospital mortality using linear spline function and the designed variables.
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Association Between Other Confounders and In-hospital Mortality

The association between other confounders and in-hospital mortality was explored using RCS transformation. The linear Wald test showed that only platelet counts needed transformation (p < 0.001, Supplementary Table 3, Supplementary Figure 3). The ORs and 95% CIs of other confounding variables in the univariable logistic regression are presented in Supplementary Table 4.



Association Among FI, FB, FAI, and In-hospital Mortality After Adjusting for Other Confounding Factors

We pooled FI, FB, FAI, and other confounders together into a stepwise multivariable logistic regression model using the LSP function and the designed variables (Supplementary Tables 5, 6). FAI, but not FB and FI, was significantly associated with in-hospital mortality in these two multivariable logistic regression models. After adjusting for the related confounders listed in Figure 2, with FAI 0–0.42 as reference, FAI values >0.42 were significantly associated with in-hospital mortality (OR: 1.472; 95% CI: 1.111–1.963). We found a similar association between FAI and in-hospital mortality in the LSP-transformed multivariable logistic regression analysis. Values of FAI ≤ 0 (OR: 1.408; 95% CI: 1.088–1.915) and FAI >0.42 (OR: 4.683; 95% CI: 2.018–10.927) were significantly associated with a higher in-hospital mortality (Supplementary Table 5). To further explore the association among FI, FB, and in-hospital mortality, we forced FI or FB and other confounders into stepwise multivariable regression and found that FB and FI were not significantly associated with in-hospital mortality after adjusting for other related confounders (Supplementary Tables 7, 8).


[image: Figure 2]
FIGURE 2. Multivariable logistic regression using designed variables. SAPS II, Simplified Acute Physiology Score II; FAI, fluid accumulation index; OR, odds ratio; CI, confidence interval.





DISCUSSION

In this study, we retrospectively analyzed the association between fluid management (FI, FB and FAI) and in-hospital mortality in sepsis patients with HF. After adjusting for related confounders in multivariable logistic regression, we found that a high FAI (>0.42 per 48 h), but not FI and FB, was significantly associated with a high in-hospital mortality in patients with sepsis with HF.

To the best of our knowledge, this is the first study on the association between fluid accumulation and in-hospital mortality in a large cohort of patients with sepsis with HF. The core management of sepsis seems to be a paradox in patients with HF as the fluid bolus and vasoactive agents required in sepsis raise concerns in the context of cardiac dysfunction in such cases (21). These patients have worse clinical outcomes (22), even after hospital discharge (23). However, there is limited evidence on the influence of fluid resuscitation on the outcomes of patients with sepsis with pre-existing HF (21). Currently, no guideline recommendations are available for the management of patients with co-existing sepsis/septic shock and HF.

The 2016 Surviving Sepsis Campaign guideline issued a recommendation for using a minimum of 30 mL/kg (ideal body weight) of intravenous crystalloids in initial fluid resuscitation (2). Previous studies on fluid management in patients with sepsis with HF have mainly focused on this bundle implementation (24–26). Most sepsis patients require continued fluid administration following initial resuscitation. Such administration needs to be balanced with the risk of fluid accumulation and potential harm associated with fluid overload, including prolonged ventilation, progression of acute kidney injury, and increased mortality (27). However, the association between fluid accumulation and in-hospital mortality in patients with sepsis with HF remains unclear to date.

Fluid accumulation is associated with high mortality in patients with sepsis. Kelm et al. evaluated patients with severe sepsis and septic shock (with or without HF) treated with early goal-directed therapy and found that persistent fluid overload is common and associated with a higher use of medical interventions (thoracentesis and diuretics) and hospital mortality (28). Persistence of a positive daily FB over time is strongly associated with a high mortality rate in patients with sepsis (3). Early negative FB is independently associated with a better prognosis of patients with sepsis complicated with acute respiratory distress syndrome (29). FB and FI are usually analyzed separately when investigating the association between fluid management and outcomes in such patients. However, these two variables may be correlated to each other; thus, their separate analysis without adjustment might result in the overestimation of their significance. The definition of FAI was first introduced in the analysis of fluid management by Shen et al., who consequently found that the impact of FB on mortality is mediated by FAI in patients with sepsis (9). Our pooled FB, FI, and FAI analysis using multivariable logistic regression also showed that FAI, but not FB, was significantly associated with in-hospital mortality, after adjusting for confounding factors. This finding indicated that FAI may be a new clinical indicator for fluid management in patients with sepsis with CHF. With values of FAI ≤ 0 as reference, FAI values >0.42 were associated with a higher in-hospital mortality, whereas FAI values of 0–0.42 were not. Collectively, our results support that a meaningful level of fluid accumulation is associated with in-hospital mortality in patients with sepsis with HF. This finding provided useful preliminary evidence for fluid management in these patients.

Our study had some limitations. First, our retrospective study design may lead to a certain degree of information bias. For example, the value of lactic acid was removed from the final analysis due to the high rate of missing data. Second, this was a single-center study, and the applicability of the cutoff value of FAI remains unclear and needs to be validated in future prospectively designed studies. Third, fluid management before admission was not included in the data analysis, which could be a potential bias of this study. Fourth, the International Classification of Diseases codes, instead of the actual left ventricular ejection fraction, were used in identifying patients with HF. The association between compensatory or stage of heart function and patients' outcomes could not be evaluated in the study. Thus, the cutoff value of our study needs to be validated in future studies. Finally, MIMIC-III recorded data across 12 years (2001–2012), during which major changes have been made in sepsis guidelines (i.e., the fluid management might have been more liberal in those years). Thus, therapeutic bias should be considered when interpreting our findings. Subgroup analyses based on cardiac function may help us to further understand FAI and patients' outcomes. Further studies are required to investigate the underlying mechanisms and to validate our findings.



CONCLUSION

A high FAI (FB/FI ratio) was found to be associated with high in-hospital mortality in patients with sepsis with HF. Thus, proper fluid management in these patients may improve outcomes.
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259 (61.9)
37(7.4)
88(17.6)
176 (35.9)
119 (23.8)
78(15.6)

14.2(9.7-19.3)
97 86-11)
180 (118-254)
1.50 (1.1-22)
39 (24.3-59.5)
37.8(24.6-60.2)
137 (134-140)
38(35-4.9)
106 (102-111)
1.4(1.2-2)
2.3(1.6-3.70)

88.3(75.3-100)
53 (46-60)

58(38-85)
22(1.4-85)
32(4.5-6)
055 (0.14-0.78)

91(18.2)
31(6.2)
179 (35.9)
3(0.6)
7.5(4.5-13.2)

p-value

0.002
0.489
0.052

0.646

<0.001
<0.001

0.033
0.535
0.511
0.68
0.466
<0.001

0.264
0.026
<0.001
<0.001
<0.001
<0.001
0.093
0.012
0.249
0.012
<0.001

0.089
0.002

0.001
<0.001
<0.001
<0.001

<0.001
0.013
<0.001
051
<0.001

CCU, coronary care unit; CSRU, cardiac surgery recovery unit; MICU, medical intensive care unit; SICU, surgicalintensive care unit; TSICU, trauma/surgical intensive care unit; SOFA,

Sequential Organ Failure Assessment; SAPS ll, Simplified Acute Physiology Score Ii: COPD, chronic obstructive pulmonary disease; ICU, intensive care unit
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ratio interval
Fluid intake (mL/kg/48 h)
Using linear spline function
<45 1014 0.998-1.032 0.086
45-100 1.006 1-1.013 0.062
>100 1 0.996-1.003 0825
As designed variables
<45 0.682 0523-0.887 0,005
45-100 as reference
>100 1.249 0981-1.589 0071
Fluid balance (mL/kg/48 h)
Using linear spline function
<0 1012 1.002-1.023 0025
0-60 1.007 1.002-1.013 0012
>60 1.002 0.998-1.006 0237
As designed variable
<0 0.604 0.520-0.905 0.007
0-60 as reference
>60 1.427 1.123-1813 0.004

Fluid accumulation index (per 48h)
Using linear spline function

<0 1.454 1.117-1.989 0011
0-0.42 0.724 0.294-1.774 0.48
>0.42 8.859 4.002-19.775 <0.001

As designed variables
=<0 0.886 0.645-1.218 0.455
0-0.42 as reference
>0.42 1.725 1.322-2.266 <0.001
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