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Non-linear association between lactate and 28 days mortality in elderly patients with sepsis across different SOFA score groups: results from the eICU Collaborative Research Database
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Purpose: This study aimed to examine the correlation between lactate levels and 28 days mortality in elderly sepsis patients across different Sequential Organ Failure Assessment (SOFA) score groups following ICU admission.

Methods: A multi-center retrospective cohort study utilized data from the eICU Collaborative Research Database, encompassing elderly sepsis patients from 208 ICUs across the United States during 2014–2015. Lactate levels and SOFA scores at admission were collected, with a focus on 28 days mortality post-ICU admission. A two-piece-wise linear regression model was developed to assess the threshold effects of lactate on outcomes and its variation across SOFA score categories. Smooth curve fitting was utilized.

Results: Of the 5,150 patients with a median age of 76 years, 711 (13.8%) died within 28 days of ICU admission. A positive correlation was noted between lactate levels and mortality when lactate was < 3.7 mmol/l, with an adjusted odds ratio (OR) of 1.33 (95% CI: 1.17–1.51, P < 0.0001) for each increment in lactate. For lactate levels ≥ 3.7 mmol/L, mortality increased with an adjusted OR of 1.11 (95% CI: 1.05–1.18, P = 0.0003) for each increment in lactate. Moreover, mortality was low and rose gradually with increasing lactate levels in the SOFA score ≤ 5 group. Conversely, in the SOFA score > 5 group, mortality increased significantly, particularly when lactate levels exceeded 5 mmol/L.

Conclusion: This study reveals a non-linear positive relationship between lactate and 28 days mortality among elderly sepsis patients. Furthermore, stratification by SOFA score demonstrated that patients with higher scores exhibited a heightened risk of mortality as lactate levels increased.
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Introduction

Sepsis is defined as a systemic inflammatory response to infection (1). In-hospital mortality for sepsis patients can exceed 10% (2). In 2017, there were approximately 48.9 million global sepsis cases, with a mortality rate of 19.7% (3). The aging population has contributed to an increase in sepsis cases among the elderly (4). Compared to younger adults, the elderly are more susceptible to comorbidities, chronic diseases, and reduced functional reserves, increasing their mortality risk (5). Furthermore, elderly patients may exhibit non-specific symptoms of sepsis response, which can impede the timely diagnosis of sepsis (6). It is imperative to acknowledge the significance of certain biomarkers in facilitating the diagnosis and risk stratification of sepsis in elderly patients (7).

Lactate, a metabolite produced through glycolysis (8), is recognized as a crucial biomarker for assessing disease severity and predicting mortality in critically ill patients (9). It is particularly important in conditions such as sepsis (10), acute cardiac conditions (11), liver cancer (12) and acute pancreatitis (13).

Lactate accumulation indicates tissue hypoperfusion in septic patients (2). Utilizing the Medical Information Mart for Intensive Care-IV database, a study showed that 28 days mortality for elderly septic patients reached 32.22%. Additionally, for every 1 mmol/L increase in lactate, the risk of 28 days mortality increased by 23% (10). The importance of the Sequential Organ Failure Assessment (SOFA) score in quantifying organ dysfunction necessary for diagnosing sepsis has been emphasized (2), and research suggests that incorporating lactate levels into the SOFA scoring system can improve the prediction of in-hospital mortality for elderly patients in intensive care units (14). Assessing lactate levels in different SOFA score groups among elderly septic patients is clinically significant, aiding in prognostic predictions and informing clinical decisions (10). Despite extensive research on the correlation between lactate and mortality in septic patients, studies focusing on lactate and 28 days mortality among elderly patients with sepsis across different SOFA score groups are scarce. The 28 days mortality is widely recognized as an important indicator for assessing short-term prognosis in septic patients, reflecting the immediate impact of acute illness (15, 16). Our study aimed to identify the lactate threshold at which 28 days mortality risk significantly increases and to examine the influence of the SOFA score on this correlation. We hypothesized that elevated lactate levels in elderly sepsis patients with higher SOFA scores would correlate with an elevated risk of 28 days mortality post-ICU admission. To assess this, a multi-center retrospective cohort study was conducted using data from the eICU Collaborative Research Database (eICU-CRD), covering 208 ICUs across the United States from 2014 to 2015.



Materials and methods


Data source

The data for this study were obtained from the eICU Collaborative Research Database (eICU-CRD), which encompasses over 200,000 ICU admissions from 208 hospitals across the United States during the period from 2014 to 2015. Data were automatically recorded through the Philips Healthcare eICU program and retrieved electronically for research purposes. The eICU-CRD is widely utilized in observational studies and has been validated for various clinical investigations (17, 18). Data access was granted by the institutional review boards of the Massachusetts Institute of Technology (MIT), Cambridge, MA, United States. The access was secured by Xinglin Chen, who performed data extraction (certification number: 40859994). All study procedures complied with the ethical guidelines and regulations of the eICU-CRD. As the study was retrospective and involved de-identified data, informed consent was waived.



Study population

This study was designed as a multicenter, retrospective cohort investigation. Initially, the dataset contained 200,859 ICU admissions. After applying the pre-specified exclusion criteria, 195,709 participants were excluded, resulting in a final cohort of 5,150 patients eligible for analysis. The exclusion criteria included: (1) ICU stays shorter than 24 h; (2) patients aged less than 65 years; (3) absence of a sepsis diagnosis; and (4) fewer than one serum lactate measurement recorded within 24 h post-ICU admission. Similar exclusion criteria have been widely adopted in numerous relevant studies, demonstrating the generalizability of this approach in clinical research (19, 20). A detailed flow diagram outlining the study selection process is shown in Figure 1.
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FIGURE 1
Flow chart of the study population. This flowchart illustrates the selection process of participants for the multicenter retrospective cohort study, showing the initial number of participants, exclusion criteria, and the final cohort of patients included in the analysis. ICU, intensive care unit.




Data variables and covariates

The eICU-CRD provides a comprehensive array of data, including demographic details, physiological parameters recorded via bedside monitors, diagnoses coded according to the International Classification of Diseases, 9th Edition, Clinical Modification (ICD-9CM), and laboratory test results from routine clinical care. For this study, data were collected from the first 24 h following ICU admission. The primary exposure variable was the first serum lactate measurement recorded within 24 h of ICU admission, expressed in millimoles per liter (mmol/L). Several covariates were selected based on their clinical relevance and support from the literature, including: age (recorded at the time of admission), sex (male or female), and the presence of chronic conditions such as chronic obstructive pulmonary disease (COPD), chronic heart failure (CHF), acute myocardial infarction (AMI), and diabetes mellitus (DM). These conditions were categorized as either present or absent. Other variables included heart rate (HR), body temperature, hemoglobin concentration, potassium, red blood cells (RBC), sodium, white blood cells (WBC), bicarbonate levels, red cell distribution width (RDW), blood urea nitrogen (BUN), and the ICU unit type. Disease severity was quantified using the Acute Physiology and Chronic Health Evaluation (APACHE) score and the Sequential Organ Failure Assessment (SOFA) score, with higher scores reflecting greater severity. The primary outcome of interest was 28 days mortality, defined as death within 28 days of ICU admission.



Statistical analysis

Descriptive statistics were employed to summarize the baseline characteristics of the study population. Continuous variables were expressed as means with standard deviations (SD) for normally distributed data or medians with interquartile ranges (IQR) for non-normally distributed data. Categorical variables were presented as frequencies and percentages. To compare variables across lactate level quartiles, one-way analysis of variance (ANOVA) was used for normally distributed continuous variables, the Kruskal-Wallis H test for skewed continuous variables, and the chi-squared test for categorical variables. A generalized additive model (GAM) was performed to explore the dose-response relationship between serum lactate levels and 28 days mortality. Univariate and multivariate binary logistic regression models were employed to assess the association between serum lactate levels and 28 days mortality. To adjust for potential confounders, two adjustment models were implemented, incorporating covariates such as age, sex, COPD, CHF, AMI, DM, HR, temperature, hemoglobin, potassium, RBC, sodium, WBC, bicarbonate, RDW, BUN, APACHE IV score, SOFA score, and ICU unit type. Subgroup analyses were conducted for several clinical variables, including HR, temperature, potassium, WBC, bicarbonate, RDW, BUN, APACHE IV score, and SOFA score, to further investigate the impact of these variables on the association between lactate levels and mortality. Results were presented as odds ratios (ORs) with corresponding 95% confidence intervals (CIs). To assess the threshold effect of lactate on 28 days mortality, a two-piece-wise linear regression model was applied. The turning point for lactate was identified through “exploratory” analyses, wherein the turning point was varied within a predetermined range to identify the value that maximized the model’s likelihood. Additionally, a log-likelihood ratio test was performed to compare the fit of the one-line linear regression model with the two-piecewise linear model. The bootstrap resampling method was employed to calculate the 95% CI for the turning point (21), as outlined in the previous analysis (22). To ascertain the robustness of the results, sensitivity analyses were conducted. All statistical analyses were carried out using R software version 4.0.01 and Empower Stats (X&Y Solutions, Inc., Boston, MA). A two-sided p-value of less than 0.05 was considered statistically significant.




Results


Demographic and clinical characteristics

Data from 5,150 patients were analyzed. The median age was 76 years (IQR 70–83 years), 2,495 patients were males (48.45%). No significant difference in age was noted among the groups (P = 0.085), while a significant difference in gender distribution was observed (P = 0.020). HR increased significantly with higher lactate levels (P < 0.001), and the group Q4 recorded the lowest temperature (P < 0.001). Significant differences were also noted in other covariates, including hemoglobin, potassium, RBC, WBC, bicarbonate, RDW, BUN, APACHE IV score, and SOFA score (P < 0.001). The detailed baseline characteristics and associations between lactate and clinical variables are summarized in Table 1.


TABLE 1 Baseline characteristics of participants (N = 5,150).


	Lactate (mmol/L) (quartiles)





	Characteristics
	Q1 < 1.5 n = 1,274
	Q2 1.5–2.0 n = 1,238
	Q3 2.1–3.27 n = 1,350
	Q4 > 3.27 n = 1,288
	P-value



	Age (years)
	76.37 ± 7.52
	76.78 ± 7.58
	77.12 ± 7.67
	76.92 ± 7.73
	0.085



	Gender, n (%)
	
	
	
	
	0.020



	Male
	662 (51.96)
	576 (46.53)
	630 (46.70)
	627 (48.68)
	–



	Female
	612 (48.04)
	662 (53.47)
	719 (53.30)
	661 (51.32)
	–



	COPD, n (%)
	
	
	
	
	0.022



	No
	1,144 (89.80)
	1,118 (90.31)
	1,217 (90.15)
	1,197 (92.93)
	–



	Yes
	130 (10.20)
	120 (9.69)
	133 (9.85)
	91 (7.07)
	–



	CHF, n (%)
	
	
	
	
	0.013



	No
	1,150 (90.27)
	1,099 (88.77)
	1,202 (89.04)
	1188 (92.24)
	–



	Yes
	124 (9.73)
	139 (11.23)
	148 (10.96)
	100 (7.76)
	–



	AMI, n (%)
	
	
	
	
	



	No
	1,224 (96.08)
	1,173 (94.75)
	1,282 (94.96)
	1,228 (95.34)
	–



	Yes
	50 (3.92)
	65 (5.25)
	68 (5.04)
	60 (4.66)
	–



	DM, n (%)
	
	
	
	
	0.725



	No
	1,100 (86.34)
	1,066 (86.11)
	1,150 (85.19)
	1,116 (86.65)
	–



	Yes
	174 (13.66)
	172 (13.89)
	200 (14.81)
	172 (13.35)
	–



	HR (beats/min)
	107.26 ± 28.52
	111.91 ± 28.51
	114.05 ± 28.35
	117.09 ± 28.79
	< 0.001



	Temperature (°C)
	36.56 ± 1.10
	36.54 ± 1.30
	36.56 ± 1.13
	36.38 ± 1.45
	< 0.001



	Hemoglobin (g/dL)
	10.08 ± 1.94
	10.49 ± 2.09
	10.56 ± 2.17
	10.57 ± 2.28
	< 0.001



	Potassium (mmol/L)
	4.03 ± 0.67
	4.08 ± 0.74
	4.13 ± 0.74
	4.27 ± 0.87
	< 0.001



	RBC (M/mcl)
	3.40 ± 0.64
	3.55 ± 0.70
	3.56 ± 0.75
	3.56 ± 0.78
	< 0.001



	Sodium (mmol/L)
	138.56 ± 6.00
	139.15 ± 6.48
	139.04 ± 6.41
	139.09 ± 6.50
	0.082



	WBC (× 109/L)
	13.40 (9.10–18.72)
	14.30 (9.60–21.05)
	15.20 (10.00–22.10)
	15.47 (9.70–22.50)
	< 0.001



	Bicarbonate (mmol/L)
	23.12 ± 5.11
	22.67 ± 4.87
	22.05 ± 4.94
	19.00 ± 4.95
	< 0.001



	RDW (%)
	15.93 ± 2.33
	16.07 ± 2.50
	16.14 ± 2.55
	16.40 ± 2.73
	< 0.001



	BUN (mg/dL)
	29.00 (19.00–47.00)
	31.00 (21.00–49.00)
	33.00 (22.00–49.00)
	34.00 (24.00–51.00)
	< 0.001



	Apache IV score
	71.53 ± 20.05
	76.18 ± 22.74
	79.36 ± 23.24
	90.89 ± 27.85
	< 0.001



	SOFA score
	4.00 (2.00–6.00)
	4.00 (2.00–6.00)
	5.00 (2.00–7.00)
	6.00 (4.00–8.00)
	< 0.001



	Unittype
	
	
	
	
	0.571



	Medical surgical ICU
	856 (67.19)
	876 (70.76)
	901 (66.74)
	865 (67.16)
	–



	Neurological ICU
	167 (13.11)
	129 (10.42)
	187 (13.85)
	171 (13.28)
	–



	Coronary care
	
	
	
	
	–



	Unit/cardiot horacic ICU
	86 (6.75)
	80 (6.46)
	80 (5.93)
	75 (5.82)
	–



	Cardiothorac ic ICU
	85 (6.67)
	75 (6.06)
	97 (7.19)
	82 (6.37)
	–



	Medical ICU
	30 (2.35)
	31 (2.50)
	33 (2.44)
	42 (3.26)
	–



	Surgical ICU
	27 (2.12)
	17 (1.37)
	18 (1.33)
	23 (1.79)
	–



	Cardiac surgery ICU
	7 (0.55)
	8 (0.65)
	9 (0.67)
	9 (0.70)
	–



	Cardiac ICU
	16 (1.26)
	22 (1.78)
	25 (1.85)
	21 (1.63)
	–



	Time ICU 28 days
	2.87 (1.85–4.88)
	2.92 (1.84–5.13)
	2.87 (1.84–5.01)
	3.03 (1.81–5.50)
	0.291



	Mortality
	
	
	
	
	< 0.001



	No
	1,177 (92.39)
	1,127 (91.03)
	1,176 (87.11)
	959 (74.46)
	–



	Yes
	97 (7.61)
	111 (8.97)
	174 (12.89)
	329 (25.54)
	–






Results in table: Mean (SD) Median (Q1−Q3)/n (%). Among the 5,150 patients, the amount of missing values for the covariates were 1 (0.02%) for gender; 127 (2.47%) for HR; 357 (6.93%) for temperature; 175 (3.40%) for hemoglobin; 96 (1.86%) for potassium; 201 (3.90%) for RBC; 107 (2.08%) for sodium; 191 (3.71%) for WBC; 326 (6.33%) for Bicarbonate; 482 (9.36%) for RDW; 116 (2.25%) for BUN; 607 (11.79%) for APACH IV score; 2 (0.04%) for SOFA score. COPD, chronic obstructive pulmonary disease; CHF, chronic heart failure; AMI, acute myocardial infarction; DM, diabetes mellitus; HR, heart rate; RBC, red blood cells; WBC, white blood cells; RDW, red cell distribution width; BUN, blood urea nitrogen; APACHE, acute physiology and chronic health evaluation; SOFA, sequential organ failure assessment; ICU, intensive care unit.






28 days mortality rates by lactate quartiles

The 28 days ICU mortality rate was 13.8% (711/5,150) with a 95% CI of 12.86–14.75 in our cohort. Mortality increased significantly with rising lactate levels, from 7.61% in the group Q1 to 25.54% in group Q4 (P < 0.001) (Table 1). The lower mortality compared to previous literature may be attributable to discrepancies in care practice and the severity of the disease.



Univariate analysis for 28 days mortality

For each 1 mmol/L increase in lactate, mortality risk increased by 27% (OR = 1.27, 95% CI: 1.23–1.31, P < 0.0001). Quartile analysis revealed that patients in group Q4 (> 3.27 mmol/L) faced a significantly higher mortality risk (OR = 4.16, 95% CI: 3.27–5.30, P < 0.0001). Additionally, potassium (OR = 1.34, 95% CI: 1.21–1.47, P < 0.0001), RDW (OR = 1.12, 95% CI: 1.09–1.16, P < 0.0001), and SOFA score (OR = 1.24, 95% CI: 1.21–1.28, P < 0.0001) were significantly associated with increased mortality (Table 2).


TABLE 2 Univariate analysis for 28 days mortality in critically ill patients.


	Exposure
	Statistics
	OR (95% CI)
	P-value





	Lactate (mmol/L)
	2.10 (1.50–3.27)
	1.27 (1.23, 1.31)
	< 0.0001



	Lactate quartiles (mmol/L)



	Q1 (< 1.5)
	1,274 (24.74)
	Reference
	–



	Q2 (1.5–2.0)
	1,238 (24.04)
	1.20 (0.90, 1.59)
	0.2193



	Q3 (2.1–3.27)
	1,350 (26.21)
	1.80 (1.38, 2.33)
	< 0.0001



	Q4 (> 3.27)
	1,288 (25.01)
	4.16 (3.27, 5.30)
	< 0.0001



	Age (years)
	76.80 ± 7.63
	0.99 (0.98, 1.00)
	0.1846



	Gender, n (%)



	Male
	2,495 (48.46)
	Reference
	–



	Female
	2,654 (51.54)
	1.01 (0.86, 1.18)
	0.9021



	COPD, n (%)



	No
	4,676 (90.80)
	Reference
	–



	Yes
	474 (9.20)
	0.88 (0.66, 1.17)
	0.3685



	CHF, n (%)



	No
	4,639 (90.08)
	Reference
	–



	Yes
	511 (9.92)
	1.20 (0.93, 1.54)
	0.1584



	AMI, n (%)



	No
	4907 (95.28)
	Reference
	–



	Yes
	243 (4.72)
	1.28 (0.91, 1.81)
	0.1567



	DM, n (%)



	No
	4,432 (86.06)
	Reference
	–



	Yes
	718 (13.94)
	0.79 (0.62, 1.01)
	0.0605



	HR (beats/min)
	112.63 ± 28.76
	1.01 (1.01, 1.01)
	< 0.0001



	Temperature (°C)
	36.51 ± 1.25
	0.84 (0.79, 0.90)
	< 0.0001



	Hemoglobin (g/dL)
	10.43 ± 2.14
	0.97 (0.93, 1.00)
	0.0715



	Potassium (mmol/L)
	4.13 ± 0.76
	1.34 (1.21, 1.47)
	< 0.0001



	RBC (M/mcl)
	3.52 ± 0.72
	0.91 (0.81, 1.02)
	0.0946



	Sodium (mmol/L)
	138.96 ± 6.35
	1.00 (0.99, 1.01)
	0.8846



	WBC (× 109/L)
	14.40 (9.60–21.18)
	1.01 (1.00, 1.01)
	0.0149



	Bicarbonate (mmol/L)
	21.69 ± 5.22
	0.93 (0.91, 0.95)
	< 0.0001



	RDW (%)
	16.14 ± 2.54
	1.12 (1.09, 1.16)
	< 0.0001



	BUN (mg/dL)
	16.14 ± 2.54
	1.01 (1.01, 1.01)
	< 0.0001



	Apache IV score
	79.56 ± 24.71
	1.03 (1.03, 1.04)
	< 0.0001



	SOFA score
	5.00 (2.00–7.00)
	1.24 (1.21, 1.28)
	< 0.0001






Results in table: Mean (SD) Median (Q1−Q3)/n (%). COPD, chronic obstructive pulmonary disease; CHF, chronic heart failure; AMI, acute myocardial infarction; DM, diabetes mellitus; HR, heart rate; RBC, red blood cells; WBC, white blood cells; RDW, red cell distribution width; BUN, blood urea nitrogen; APACHE, acute physiology and chronic health evaluation; SOFA, sequential organ failure assessment.






Relationship between lactate and 28 days mortality

In the unadjusted model, a 1 mmol/L increase in lactate was related to a 27% increase in mortality risk (OR = 1.27, 95% CI: 1.23–1.31, P < 0.0001). In Model II, after adjusting for covariates, the OR was reduced to 1.16 (95% CI: 1.11–1.21, P < 0.0001), demonstrating that high lactate levels are independently associated with an increased mortality risk. Quartile analysis showed that patients in group Q4 (> 3.27 mmol/L) faced a notably higher mortality risk across all models, especially in Model II (OR = 2.27, 95% CI: 1.66–3.10, P < 0.0001) (Table 3). Supplementary analysis yielded similar results, even when considering the impact of missing data (Supplementary Table 1).


TABLE 3 Relationship between lactate and 28°days mortality.


	Outcome
	Crude model
	Model I
	Model II





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



	Lactate (mmol/L)
	1.27 (1.23, 1.31)
	< 0.0001
	1.27 (1.23, 1.31)
	< 0.0001
	1.16 (1.11, 1.21)
	< 0.0001



	Lactate quartiles (mmol/L)



	Q1 (< 1.5)
	Reference
	–
	Reference
	–
	Reference
	–



	Q2 (1.5– 2.0)
	1.20 (0.90, 1.59)
	0.2193
	1.20 (0.90, 1.59)
	0.2107
	0.92 (0.65, 1.30)
	0.6355



	Q3 (2.1–3.27)
	1.80 (1.38, 2.33)
	< 0.0001
	1.81 (1.39, 2.35)
	< 0.0001
	1.35 (0.98, 1.86)
	0.0623



	Q4 (> 3.27)
	4.16 (3.27, 5.30)
	< 0.0001
	4.19 (3.29, 5.33)
	< 0.0001
	2.27 (1.66, 3.10)
	< 0.0001






Model I adjusted for age and gender. Model II adjusted for age, gender, chronic obstructive pulmonary disease (COPD), chronic heart failure (CHF), acute myocardial infarction (AMI), diabetes mellitus (DM), heart rate (HR), temperature, hemoglobin, potassium, red blood cells (RBC), sodium, white blood cells (WBC), bicarbonate, red cell distribution width (RDW), blood urea nitrogen (BUN), acute physiology and chronic health evaluation (APACHE) IV score, sequential organ failure assessment (SOFA) score, unit type. OR, odds ratio; CI, confidence interval.






Effect size of lactate on 28 days mortality in prespecified and exploratory subgroups

Stratified analysis according to HR, temperature, potassium, WBC, bicarbonate, RDW, BUN, Apache IV, and SOFA scores confirmed lactate as a significant predictor of 28 days mortality, particularly in subgroups with low HR (OR = 1.22, 95% CI: 1.14–1.32, P < 0.0001), high potassium (OR = 1.19, 95% CI: 1.13–1.25, P < 0.0001), low WBC (OR = 1.19, 95% CI: 1.12–1.27, P < 0.0001), and low RDW (OR = 1.20, 95% CI: 1.11–1.29, P < 0.0001). Interaction analysis indicated that covariates did not significantly alter the correlation between lactate and mortality, suggesting lactate’s independent predictive value for mortality (Figure 2). These findings underscore the robust detrimental effect of lactate on 28 days mortality across various patient characteristics and clinical conditions.


[image: Figure 2]
FIGURE 2
Effect size of lactate on 28 days mortality in prespecified and exploratory subgroups. HR, heart rate; WBC, white blood cells; RDW, red cell distribution width; BUN, blood urea nitrogen; APACHE, acute physiology and chronic health evaluation; SOFA, sequential organ failure Assessment; OR, odds ratio; CI, confidence interval.





Identification of non-linear relationship


The threshold effect of lactate level on 28 days ICU mortality in elderly patients with sepsis

A non-linear dose–response relationship was represented between lactate and mortality (Figure 3 and Table 4). A positive correlation was identified when lactate was < 3.7 mmol/L, with an adjusted OR of 1.33 (95% CI: 1.17–1.51, P < 0.0001) for every 1 mmol/L increase. For lactate ≥ 3.7 mmol/L, mortality increased with an adjusted OR of 1.11 (95% CI: 1.05–1.18, P = 0.0003) per 1 mmol/L increase (Table 4). Using a generalized additive model, a non-linear association was revealed between lactate and 28 days mortality (Table 4). A comparison between the linear regression model and a two-piece-wise linear regression model was conducted, and the log-likelihood ratio test yielded a P-value of less than 0.026. These results present that the two-piece-wise linear regression model is more suitable for modeling the data. Supplementary analysis yielded similar results, even after considering the impact of missing data (Supplementary Figure 1 and Supplementary Table 2).


[image: Figure 3]
FIGURE 3
Associations between the lactate and 28 days mortality in elderly patients with sepsis. A threshold, non-linear association between the lactate and 28 days mortality was found in a generalized additive model (GAM). Solid rad line represents the smooth curve fit between variables. Blue bands represent the 95% of confidence interval from the fit. Adjusted for age, gender, chronic obstructive pulmonary disease (COPD), chronic heart failure (CHF), acute myocardial infarction (AMI), diabetes mellitus (DM), heart rate, temperature, hemoglobin, potassium, red blood cells (RBC), sodium, white blood cells (WBC), bicarbonate, red cell distribution width (RDW), blood urea nitrogen (BUN), acute physiology and chronic health evaluation (APACHE) IV score, sequential organ failure assessment (SOFA) score, unit type.



TABLE 4 Threshold effect analysis of the lactate and 28 days mortality.


	Models
	OR (95% CI)
	P-value





	Model I



	 One line effect
	1.16 (1.11, 1.21)
	< 0.0001



	Model II



	 Turning point (K)
	3.7
	–



	 Lactate < K
	1.33 (1.17, 1.51)
	< 0.0001



	 Lactate ≥ K
	1.11 (1.05, 1.18)
	0.0003



	 P-value for LRT test*
	–
	0.026






Data were presented as OR (95% CI), P-value; Model I, linear analysis; Model II, non-linear analysis. Adjusted for age, gender, chronic obstructive pulmonary disease (COPD), chronic heart failure (CHF), acute myocardial infarction (AMI), diabetes mellitus (DM), heart rate, temperature, hemoglobin, potassium, red blood cells (RBC), sodium, white blood cells (WBC), bicarbonate, red cell distribution width (RDW), blood urea nitrogen (BUN), acute physiology and chronic health evaluation (APACHE) IV score, sequential organ failure assessment (SOFA) score, unit type.

*P < 0.05 indicates that model II is significantly different from Model I. OR, odds ratio; CI, confidence interval; LRT, logarithm likelihood ratio test.







The relationship between lactate and 28 days ICU mortality in sofa score categories

Figure 4 illustrates the correlation between lactate and 28 days ICU mortality across different SOFA score categories. This study performed statistical analysis using lactate levels as the exposure variable, 28 days ICU mortality as the outcome variable, and SOFA score as the stratification factor. In the SOFA score ≤ 5 group, mortality was low but increased gradually with rising lactate levels. Conversely, in the SOFA score > 5 group, mortality rose significantly, especially when lactate levels exceeded 5 mmol/L. Patients with higher SOFA scores exhibited a greater mortality risk as lactate levels increased. The distinct separation of the curves emphasizes the critical role of lactate levels and SOFA scores in assessing patient prognosis. Supplementary analysis yielded similar results, even after considering the impact of missing data (Supplementary Figure 2).
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FIGURE 4
Associations between lactate and 28 days intensive care unit (ICU) mortality across different sequential organ failure assessment (SOFA) score categories. A statistical analysis of the data with lactate levels as the exposure variable, ICU 28 days mortality as the outcome variable, and SOFA score as the stratification factor.


The sensitivity analysis results aligned consistently with those of the main analysis. In the supplementary analysis, we further excluded patients who died within 24 h, and the findings remained largely consistent with the main results (Supplementary Figures 3, 4 and Supplementary
Table 3). Moreover, time-dependent analyses were conducted, yielding outcomes that were generally consistent with the main findings (Supplementary Figures 5, 6 and Supplementary
Table 4).


Discussion

In this study, a clear positive correlation was identified between lactate levels and 28 days mortality in elder patients with sepsis across different SOFA score groups. A non-linear relationship with a threshold effect was noted: below 3.7 mmol/L, each increment in lactate was related to a significant increase in mortality risk (OR = 1.33, 95% CI: 1.17–1.51, P < 0.0001). Above 3.7 mmol/L, the increase in mortality risk was less pronounced (OR = 1.11, 95% CI: 1.05–1.18, P = 0.0003). Stratification by SOFA score revealed that patients with higher scores faced a heightened mortality risk as lactate levels increased. To our knowledge, this is the first research to extensively explore the relationship between lactate levels and 28 days mortality in elderly sepsis patients across different SOFA score groups.

Elevated lactate levels were positively associated with mortality in patients with sepsis, as supported by several studies that highlight the significance of lactate as a prognostic marker in this cohort. One investigation found that a baseline blood lactate level exceeding 2.5 mmol/L was associated with a notably higher mortality rate (16.9% vs. 5.8%, P < 0.001) among patients with severe sepsis and septic shock (23). Additionally, research indicated that initial lactate levels exceeding 36 mg/dL were significantly associated with increased mortality in pediatric sepsis (adjusted OR: 3.26; 95% CI: 1.16–9.16) (24). Moreover, another study investigated the prognostic significance of lactate levels in patients with septic shock, revealing that lactate levels of ≥ 2 mmol/L exhibited the highest sensitivity of 85.3% (25). In summary, while variations in lactate thresholds exist across different studies, the collective evidence indicate that increased lactate levels are significantly correlated with the 28 days mortality in elderly septic patients. Furthermore, a study involving 1,371 patients with septic shock identified the normalized lactate load as a risk factor for mortality, further corroborating the relationship between lactate levels and mortality, with higher levels linked to increased 28 days mortality (26). However, this study differs from previous research as it encompasses a larger sample size, and specifically focuses on elderly patients with sepsis in the ICU.

Another study involving 4,199 elderly patients with sepsis demonstrated that for each 1 mmol/L increase in lactate, the OR for 28 days mortality was 1.23 (95% CI: 1.18–1.28, P < 0.0001) (10). The study also identified a non-linear positive correlation between lactate and 28 days mortality, with a turning point at 5.7 mmol/l. Below this level, a 32% increase in the risk of 28 days mortality was observed for each 1 mmol/L increase in lactate (OR: 1.32, 95%CI: 1.25–1.38, P < 0.0001). This significant positive relationship persisted at lactate levels above 5.7 mmol/L (OR: 1.10, 95% CI: 1.04–1.18, P = 0.0019). In our study, the 28 days ICU mortality was lower at 13.8% and the turning point was significantly different (3.7 mmol/l compared to 5.7 mmol/l). Discrepancies in outcomes may be attributed to the larger sample size of this study, use of data from different databases across different countries, and inclusion of different covariates. Moreover, this study employed the SOFA score as a stratification factor for the analysis, enabling a more detailed examination of the relationship between lactate and mortality in different SOFA score groups.

The Surviving Sepsis Campaign underscores the pivotal role of expeditious identification of elevated lactate levels in facilitating timely intervention and enhancing prognoses, particularly in high-risk patients (27). The non-linear relationship observed between lactate levels and mortality in this study further supports the clinical application of lactate as a prognostic indicator. Furthermore, this study suggests the potential need to establish more stringent intervention thresholds in future clinical practice. This aligns with the guidelines’ principle of “timely identification and management of elevated lactate levels.”

A study with inconsistent results reported that elderly patients with sepsis had significantly lower lactate levels, approximately 1 mmol/L lower (6.6 vs. 5.5, P < 0.01), in the non-survival group compared to non-elderly patients (6). Discrepancies in findings might be attributed to variations in study populations, sample sizes, selection of covariates, and data analysis strategies. The earlier study focused on adult Asian patients in the emergency department who received intravenous antibiotic treatment. In contrast, our research targeted elderly patients in the ICU, including a more diverse racial background and a larger sample size. Distinct populations may exhibit unique physiological states and mortality risk factors, and racial differences could also be significant (6). Furthermore, the covariates in the two studies differed. Previous research did not include factors relevant to septic patients, such as the SOFA score, and was primarily concerned with major sources of infection. Conversely, our study included the SOFA score, the Apache IV score, and multiple laboratory parameters, which are particularly important for elderly patients with sepsis in the ICU setting. Lastly, the statistical methods applied varied. The previous study used receiver operating characteristic (ROC) curve analysis to identify optimal clinical cut-off points, while our research conducted a threshold effect analysis to assess the non-linear impact of lactate levels on mortality and to identify its turning point. These methodological differences may affect the interpretation of results, especially concerning non-linear relationships and threshold effects (28).

The elevation of lactate levels in sepsis is primarily due to several mechanisms. Microcirculation disorders and tissue hypoxia induce cells to produce lactate through the anaerobic metabolic pathway to meet energy demands (29). Additionally, elevated levels of stress hormones (such as adrenaline and cortisol) enhance glycogenolysis and lactate production (30). Bacterial infections may also release metabolites, impacting the metabolic status of the host (31). Moreover, local underperfusion of the liver reduces lactate clearance efficiency, leading to increased lactate levels in the blood (32, 33). The interaction of these mechanisms heightens the mortality risk associated with elevated lactate levels in elderly patients with sepsis. The stratification of SOFA scores significantly impacts the prognostic value of lactate, with this relationship potentially being related to organ function status, inflammatory burden, and microcirculation (34, 35). In patients exhibiting low SOFA scores (≤ 5), despite elevated lactate levels, the maintenance of adequate organ function results in a slower increase in mortality, indicating strong metabolic adaptation and lactate clearance capabilities. Conversely, in patients with high SOFA scores (> 5), organ dysfunction leads to decreased lactate metabolism and clearance. Additionally, reduced hepatic perfusion and increased inflammatory burden further exacerbate metabolic abnormalities, thereby elevating the mortality risk in patients with high lactate levels.

This study fills a notable gap in the literature by highlighting the role of lactate in predicting 28 days mortality risk among elderly patients with sepsis across different SOFA score groups. Results demonstrate that lactate levels are independently associated with 28 days mortality risk in these patients, even after adjusting for established factors. Stratification by SOFA score showed that patients with higher scores faced elevated mortality risks as lactate levels increased, suggesting varying impacts of lactate on mortality risk depending on SOFA scores. One study found that the SOFA score could effectively predict 28 days mortality in elderly sepsis patients, revealing significantly higher mortality rates for those with a SOFA score of 2 compared to those with lower scores (36). It is recommended that clinicians consider lactate thresholds as early warning indicators for identifying high-risk patients. For patients with a SOFA score > 5 and lactate > 5 mmol/L, priority should be given to ICU admission, while patients with an initial lactate ≥ 3.7 mmol/L require close observation. Furthermore, it is recommended that lactate thresholds be incorporated into existing early warning scores, particularly for the elderly sepsis patients. In conclusion, the present study highlights the intricate relationship between lactate levels and mortality risk in elderly sepsis patients, emphasizing the significance of personalized lactate evaluation and intervention based on SOFA scores in clinical management.

Moreover, future research, encompassing prospective studies and randomized controlled trials, is essential to explore the underlying mechanisms of the correlation between lactate and mortality. Such research would provide more substantial evidence for clinical practice. A principal strength of this study is its utilization of multicenter data, which ensures a nationally representative cohort of elderly sepsis patients and enhances the generalizability of the findings. The study employed OR and 95% CI, adjusted for multiple covariates, and conducted stratified analyses to ascertain the robustness and variability of the results. Besides, the threshold effect of lactate on 28 days mortality was examined applying a two-piece-wise linear regression model, identifying notable turning points in lactate levels. The introduction of stratifying factors allowed for the identification of significant differences between groups. These findings suggest that future studies should include a broader range of stratifying factors to fully understand their potential impact on outcomes.

Nevertheless, the present study is subject to limitations due to potential unmeasured confounding factors, including fluid resuscitation, the application of vasopressors, and variations in ICU care variations. Despite the challenges associated with quantification, their overall impact is relatively limited and insufficient to undermine the validity of the study’s conclusion (37, 38). Another limitation involves missing data for certain variables; to tackle this and minimize bias, the median imputation were applied. Furthermore, the study focused exclusively on 28 days mortality, without evaluating long-term outcomes. Additionally, this study included only the initial lactate measurement within 24 h of ICU admission, which does not reflect temporal variation in lactate levels or their impact on prognosis. Besides, the exclusion of patients with ICU stays under 24 h may result in bias, including the potential underestimation of mortality among patients with early, severe hyperlactatemia. Despite this, it is the contention of the present study that the conclusions drawn remain applicable to the target population. The data in the eICU database were collected from 2014 to 2015. Significant advancements in the management of sepsis have occurred in recent years, including the Sepsis-3 definition and updated treatment guidelines (2, 27). However, these historical data provide important insights into the characteristics and management of sepsis. As an observational study, the relationship between lactate and 28 days mortality is correlational rather than causal. Furthermore, as the inclusion criteria were restricted to elderly patients with sepsis, the findings may not be generalizable to younger sepsis patients. Moreover, this is a retrospective study according to a US public database, and the conclusions may not apply to non-United States healthcare settings, thereby limiting the generalizability of the findings.



Conclusion

Data from the eICU-CRD were utilized to identify 5,150 elderly patients with sepsis. This study reveals a non-linear positive relationship between lactate levels and 28 days mortality among elderly sepsis patients. Furthermore, stratification by SOFA score demonstrated that patients with higher scores exhibited a heightened risk of mortality as lactate levels increased.
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