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Background and aim: Sepsis is a syndromic response to infection and is associated with high mortality, thus imposing a significant global burden of disease. Although low-molecular-weight heparin (LMWH) has been recommended to prevent venous thromboembolism, its anticoagulant and anti-inflammatory effects in sepsis remain controversial. Owing to the modification of the Sepsis-3 definition and diagnostic criteria, further evaluation of the efficacy and benefit population of LMWH is required.

Methods: We performed a retrospective cohort study to assess whether LMWH improved the inflammation, coagulopathy, and clinical outcomes against Sepsis-3 and to identify the target patients. All patients diagnosed with sepsis at the First Affiliated Hospital of Xi'an Jiaotong University (the largest general hospital in northwest China) from January 2016 to December 2020 were recruited and re-evaluated using Sepsis-3 criteria.

Results: After 1:1 propensity score matching, 88 pairs of patients were categorized into the treatment and control groups based on subcutaneous LMWH administration. Compared with the control group, a significantly lower 28-day mortality was observed in the LMWH group (26.1 vs. 42.0%, p = 0.026) with a comparable incidence of major bleeding events (6.8 vs. 8.0%, p = 0.773). Cox regression analysis showed that LMWH administration was the independent protective factor for septic patients (aHR, 0.48; 95% CI, 0.29–0.81; p = 0.006). Correspondingly, the LMWH treatment group showed a significant improvement in inflammation and coagulopathy. Further subgroup analysis showed that LMWH therapy was associated with favorable outcomes in patients younger than 60 years and diagnosed with sepsis-induced coagulopathy (SIC), ISTH overt DIC, non-septic shock, or non-diabetics and in patients included in the moderate-risk group (APACHE II score 20–35 or SOFA score 8–12).

Conclusion: Our study results showed that LMWH improves 28-day mortality by improving inflammatory response and coagulopathy in patients meeting Sepsis-3 criteria. The SIC and ISTH overt DIC scoring systems can better identify septic patients who are likely to benefit more from LMWH administration.
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Introduction

Sepsis, with an estimated number of cases between 18 and 31.5 million per year and representing ~20% of all global deaths, remains one of the leading health burdens worldwide and is associated with high healthcare costs (1, 2). Increasing evidence indicates (3–6) that extensive coagulopathy develops due to uncontrolled inflammatory responses and endothelium injury, which is speculated to contribute to the pathogenesis of multi-organ dysfunction syndrome (MODS), disseminated intravascular coagulation (DIC), and even death. Depending on the pathogenesis of sepsis, anticoagulants can be theoretically used as a potential therapeutic agent for treating sepsis. However, the efficacy of anticoagulant therapies in sepsis continues to remain a controversial issue. Recently, anticoagulant therapy with low-molecular-height heparin (LMWH) and unfractionated heparin has been extensively recommended for non-critically ill patients with COVID-19, owing to their antithrombotic and anti-inflammatory properties (7, 8). Hence, it is necessary to reevaluate the clinical efficacy of anticoagulant therapy in sepsis.

Heparin exhibits anticoagulant properties by primarily enhancing the activity of antithrombin and causing the inactivation of factors Xa and thrombin (IIa). It is also known to inactivate other coagulation factors, such as FXIIa and FXIa, depending on the type of heparin administered (6), although to a lesser extent. During the manifestation of sepsis, thrombin generation is closely associated with inflammation. Heparin thus acts as an anti-inflammatory agent and was first applied in the treatment of sepsis in 1966 (9). Initially, unfractionated heparin, guided by activated partial thromboplastin time, particularly when administered intravenously, was recommended for the prevention of venous thromboembolism in non-surgical patients with sepsis (10). Owing to the smaller molecular weight of LMWH compared to unfractionated heparin, the administration of LMWH reduced the incidence of heparin-induced thrombocytopenia and the risk of bleeding (11). Therefore, LMWH is considered to be a more effective and safe anticoagulant option. A recent meta-analysis based on randomized controlled trials demonstrated the effectiveness of LMWH in improving coagulation dysfunction and inflammatory response and reducing the incidence of MODS and 28-day mortality (12). However, various other clinical trials evaluating the role of anticoagulants, including LMWH, did not report significant benefits for this compound (13–16). These discrepancies can be attributed to the heterogeneity of the enrolled population, including diverse causative factors, the timing of treatment, and the dosage of heparin.

Inflammation and coagulation are inextricably linked to the progression of sepsis. DIC, the severe form of coagulopathy, can induce organ dysfunction and lead to higher mortality. Although there is no uniform standard definition and diagnostic criteria for DIC, the International Society on Thrombosis and Haemostasis (ISTH) overt DIC scoring system (17), the Japanese Association for Acute Medicine (JAAM) DIC scoring system (18), and the Chinese DIC scoring system (CDSS) (19) are mainly used for the diagnosis of DIC. To facilitate early identification of DIC in sepsis, the ISTH Scientific Standardization Committee proposed a new category termed “sepsis-induced coagulopathy” (SIC) (20). It has been shown that almost all patients meeting ISTH overt DIC also meet the SIC criteria and that SIC always progresses to overt DIC. Therefore, ISTH DIC Scientific Standardization Committee recommends a two-step diagnostic approach to facilitate early recognition of DIC in patients with sepsis, that is, first assessing for SIC and then assessing for ISTH overt DIC after meeting SIC criteria (21).

Following the modification of the Sepsis-3 definition, the population of septic patients changed significantly (2). However, due to the heterogeneity of the sepsis population, conducting large clinical trials has been very difficult and time-consuming. After re-evaluating previous large clinical trials using Sepsis-3 criteria, some post-hoc studies have shown that anticoagulation therapy may improve the prognosis of specific populations of sepsis (22, 23). According to our knowledge, there is no consensus on the efficacy of LMWH in patients meeting Sepsis-3 criteria, and no universal scoring systems are available to guide anticoagulant therapy.

Therefore, the present study aimed to reassess the clinical efficacy and safety of LMWH in patients meeting the criteria for Sepsis-3 and further identify the target population that is likely to benefit more from LMWH therapy.



Materials and methods


Study design and patients

The patients diagnosed with sepsis were screened from January 2016 to December 2020 in the First Affiliated Hospital of Xi'an Jiaotong University, the largest general hospital in northwest China under the direct administration of the Chinese Ministry of Health. We collected the clinical data retrospectively. The collected data were re-evaluated for fulfilling the Sepsis-3 criteria by two independent reviewers. The critical exclusion criteria were as follows: patients aged younger than 18 years; those with hospital stay time <72 h; those who were pregnant or nursing; those with a high risk for bleeding (including active bleeding, severe traumatic brain injury, cerebral aneurysm, arteriovenous malformation, intracranial surgery within the last 3 months, and history of gastrointestinal bleeding in the last 6 weeks); those showing indications for therapeutic anticoagulation (including acute coronary syndromes, acute venous thromboembolism, and mechanical valves) or ongoing anticoagulation therapy; those having known or suspected heparin allergy or adverse reaction, such as heparin-induced thrombocytopenia; those diagnosed with the hematologic malignant disease; those diagnosed with chronic liver, kidney, heart, or lung insufficiency; recipients of organ transplants; and patients with missing data for the main analysis. We defined the day of a suspected infection combined with an available acute increase in Sequential Organ Failure Assessment (SOFA) score ≥ 2 from baseline as “Day 0”. All patients were given standard medical treatment according to the Surviving Sepsis Campaign Guidelines, which included antimicrobial therapy, fluid therapy, glucose control, supportive care, and nutrition supplements (10). The patients of the study were categorized into the treatment group and the control group based on whether they had received subcutaneous LMWH administration lasting for over 5 days.

The Ethics Committee of The First Affiliated Hospital of Xi'an Jiaotong University waived the need for informed consent because this study used a retrospective and anonymous dataset and approved this study (No. XJTU1AF2022LSK-261).



Definition of sepsis, septic shock, DIC, and SIC

According to the definition of Sepsis-3 presented at the 45th Critical Care Congress of the Society of Critical Care Medicine in 2016, sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated host response to infection. Septic shock is defined by the presence of hyperlactatemia and sepsis-induced hypotension needing vasopressors after volume resuscitation.

Disseminated intravascular coagulation (DIC) was diagnosed at the time of inclusion based on the ISTH overt DIC criteria (24). The ISTH overt DIC scoring system includes platelet counts, prothrombin time, level of FDP/D-dimer, and fibrinogen content. Since there is no gold standard for the diagnosis of DIC, we also utilized the JAAM DIC criteria and Chinese DIC scoring system to evaluate coagulopathy. SIC was defined as “infection-induced organ dysfunction and coagulopathy”, as proposed by the DIC Scientific Standardization Committee in 2017. The SIC scoring system consists of three items: platelet count, prothrombin time (PT)–international normalized ratio (INR), and the SOFA score. The SOFA score was included to confirm the presence of sepsis, but it did not reflect the severity of sepsis.



Data collection

The data on baseline characteristics of patients, including demographic information, ICU admission categories, comorbidities, complications, infection sites, severity scores, and laboratory tests, were collected. All data were dynamically recorded on days 0, 3, 7, 14, and 28. SOFA score, Acute Physiology and Chronic Health Evaluation (APACHE) II score, ISTH overt DIC score, JAAM DIC score, CDSS DIC score, and SIC score were calculated based on the values on the day patient met the inclusion criteria.



Outcome measures

The primary outcome was 28-day all-cause mortality. Secondary outcomes were 90-day mortality, ICU-free days, ventilator-free days, and improvement in inflammation and coagulopathy. ICU-free days is a composite outcome combining mortality and ICU length of stay. The number of ICU-free days was calculated as 28 minus the number of days or part-days spent in the ICU during the first 28 days after enrollment (excluding any days of ICU readmission). Patients who died were assigned the worst possible outcome of zero ICU-free days. A similar approach was applied to assess the number of ventilator-free days. The information regarding bleeding events was also extracted at the same time.



Statistical analysis

The retrospective design of this study caused baseline imbalances between the treatment and control groups. Therefore, propensity score matching (PSM) was employed to achieve a minimal confounding bias at baseline. In our study, PSM was performed by the nearest neighbor matching using a caliper of 0.02 standard deviations of the estimated propensity score. Patients were matched in a 1:1 ratio. Final covariates included age, sex, APACHE II score, SOFA score, septic shock, ISTH overt DIC, and SIC on admission.

Statistical analysis was performed using SPSS 25.0 for Windows (SPSS, Chicago, IL, USA), with graphs drawn using GraphPad Prism 8.0 (GraphPad, La Jolla, CA, USA). Continuous variables were presented as means ± standard deviation for normal distribution or medians and interquartile range for skewed distribution. Comparisons were analyzed with Student's t-test or the non-parametric Mann–Whitney U-test, respectively. Categorical data were presented as numbers (percentage) and were compared by Pearson's Chi-square or Fisher's exact test as appropriate. The 28-day survival curves were generated using the Kaplan–Meier method and compared by the log-rank test. In addition, the univariate and stepwise multivariate Cox regression analyses were used to assess the covariates that were associated with 28-day all-cause mortality, and the interactions among variables were tested. For missing variables, predictive mean matching was used to impute numeric features. Statistical significance was set as a p-value of <0.05.




Results


Baseline characteristics and clinical outcomes of participants

A total of 2,591 septic patients were reviewed from January 2016 to December 2020, as shown in Figure 1. After re-evaluating these patients according to the Sepsis-3 criteria and screening based on exclusion criteria, 209 eligible patients were included in the final cohort. Afterward, 88 pairs of patients were matched in the LMWH group and the control group by 1:1 propensity score matching.


[image: Figure 1]
FIGURE 1
 Flow diagram of the population included in the study.


The baseline characteristics of the patients at the time of admission to the ICU and major clinical outcomes were presented in Table 1. After matching, there were no significant differences between the two groups with regard to gender, age, comorbidities, infection sites, severity scores, and complications. The proportion of patients with septic shock was comparable between the two groups (51.1 vs. 52.3%, p = 0.880). It should be noted that platelet distribution width (16.50, 16.10–16.90 vs. 16.30, 14.95–16.70, p = 0.010), platelet-to-lymphocyte ratio (216.71, 97.81–426.43 vs. 139.15, 70.52–285.96, p = 0.040), and systemic immune-inflammation index (SII) (2,315.68, 846.91–3,926.46 vs. 1,160.76, 593.39–2,782.14, p = 0.031) were significantly higher in the treatment group than in the control group, which may reflect a higher baseline level of inflammation and endothelial dysfunction in the treatment group.


TABLE 1 Baseline characteristics and clinical outcomes of enrolled patients.
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Correlation between LMWH treatment and patients' clinical outcomes

The overall 28-day mortality rate was found to be 60 out of 176 (34.1%) among the enrolled patients and 44 out of 109 (40.3%) among patients with septic shock on admission. The 28-day mortality rates were 26.1 and 42.0% in the LMWH group and the control group (p = 0.026), respectively. Univariate analysis was conducted to determine the indicators associated with 28-day mortality in septic patients (Supplementary Table S1). Cox regression analysis demonstrated that diabetes mellitus (adjusted HR, 2.21; 95% CI, 1.17–4.20; p = 0.015), pneumonia (adjusted HR, 2.84; 95% CI, 1.26–6.38; p = 0.012), septic shock (adjusted HR, 1.91; 95% CI, 1.03–3.52; p = 0.040), and higher APACHE II scores (adjusted HR, 1.05; 95% CI, 1.00–1.09; p = 0.037) were independent risk factors for 28-day mortality. More importantly, LMWH administration was the only independent protective factor for sepsis 28-day mortality (adjusted HR, 0.50; 95% CI, 0.29–0.86; p = 0.013) (Table 2). Similarly, the 28-day Kaplan–Meier survival curves also revealed that patients in the LMWH group had higher survival probability when compared to those in the control group (HR, 0.49, 95%CI, 0.29–0.81; log-rank p = 0.0046) (Figure 2). There were no statistical differences between the two groups in terms of 90-day mortality, ICU-free days, and ventilator-free days.


TABLE 2 Univariate and multivariate analyses of the Cox proportional hazards model for risk of 28-day mortality.
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FIGURE 2
 Kaplan–Meier estimates of 28-day cumulative survival probabilities of septic patients in the treatment group and the control group. Treatment with LMWH was associated with a significantly higher rate of survival (Log-rank p = 0.0046 by Cox regression analysis).




Effect of LMWH on inflammation and coagulation disorders

The level of C-reactive protein (CRP), neutrophil-to-lymphocyte ratio (NLR), red blood cell distribution width (PDW), and systemic immune-inflammation index (SII) appeared to decrease with LMWH administration in the first 14 days, indicating reduced inflammatory response (Figure 3). Note that an increase in SII value was displayed in the control group. In addition, dynamic changes in CRP and SII values displayed significant differences between the two groups. Meanwhile, platelet number was increased and the international normalized ratio (INR) was decreased significantly in the treatment group, reflecting improved coagulation, compared to the control group.


[image: Figure 3]
FIGURE 3
 Dynamic changes in inflammation and coagulation indicators including CRP (A), PLT (B), NLR (C), PDW (D), SII (E), and INR (F) in the treatment group and the control group in patients with sepsis. The p-values were calculated by comparing the changes from days 0 to 14 between the two groups. CRP, C-reactive protein; PLT, platelet; NLR, neutrophil-to-lymphocyte ratio; PDW, red blood cell distribution width; SII, systemic immune-inflammation index; INR, international normalized ratio.




Effect of LMWH treatment in subgroup analysis

A close association between LMWH therapy and the preferable outcome was demonstrated in patients younger than 60 years old and diagnosed with SIC, ISTH overt DIC, non-septic shock, or non-diabetes (Figure 4). When patients were further stratified according to the APACHE II score, an obvious benefit with LMWH treatment was displayed in the moderate-risk group (APACHE II score 20–35), while no significant differences were found in the low-risk subgroup (APACHE II score ≤ 19) and the high-risk subgroup (APACHE II score ≥ 36). The hazard ratio of mortality in the LMWH group was decreased with increasing SOFA score. Similar to the APACHE II score, the SOFA score showed no significant difference in the low-risk subgroup (SOFA score ≤ 7), but a significant reduction in mortality was displayed in the moderate-risk group (SOFA score 8–12). However, a lower HR value (0.386, 95% CI: 0.134–1.114, p = 0.078) without significant difference was presented in the patients with higher SOFA score (SOFA score ≥ 13), which was inconsistent with the findings of a previous study (5), while small sample size and high heterogeneity may be attributed to this discrepancy. Further evaluation based on different coagulating score systems showed that septic patients with ISTH overt DIC (HR, 0.319; 95% CI, 0.133–0.770; p = 0.011) benefited most from LMWH therapy, followed by SIC (HR, 0.377; 95% CI, 0.202–0.702; p = 0.002) and JAAM-DIC (HR, 0.414; 95% CI, 0.201–0.856; p = 0.018). Septic patients meeting the CDSS-DIC criteria did not display beneficial effects following LMWH treatment.


[image: Figure 4]
FIGURE 4
 The association between LMWH administration and 28-day mortality in the overall population and subgroups.




Adverse events

The incidence of bleeding events was similar between the two groups (6.8 vs. 8.0%, p = 0.773) (Table 3). No significant difference was found in various bleeding sites. Furthermore, the rates of multi-site bleeding did not show significant differences between the two groups (2.3 vs. 3.4%).


TABLE 3 Bleeding complications in septic patients with or without LMWH treatment.
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Discussion

In the current study, we performed a retrospective investigation to evaluate the effect of LMWH on the prognosis of septic patients meeting Sepsis-3 criteria. Based on propensity score matching, the results demonstrated that LMWH can improve the 28-day mortality in septic patients and also improve inflammation and coagulopathy without increasing the occurrence of bleeding events. LMWH administration was the independent protective factor for septic 28-day mortality. The findings of this study indicate that patients younger than 60 years old and diagnosed with SIC, ISTH overt DIC, non-septic shock, or non-diabetes and patients included in the moderate-risk group (SOFA score, 8–12 and APACHE II score, 20–35) would benefit more from LMWH therapy.

LMWH has been administrated to prevent venous thromboembolism for over 60 years, owing to its rapid and long-lasting antithrombotic effect; however, its efficacy in treating sepsis patients remains controversial. However, with the modification of the Sepsis-3 definition and diagnostic criteria, emphasizing the need for the presence of organ dysfunction, the population of septic patients has changed significantly. Dysregulated host response to infection induces enhanced inflammatory response and coagulopathy, leading to vascular endothelial damage and microvascular thrombosis, which subsequently cause life-threatening organ dysfunction and ultimately lead to sepsis (25). It is widely accepted that inflammation and coagulopathy play an important role in the progression of sepsis. It is worth noting that LMWH, in addition to its well-known anticoagulant effects, exhibits direct and indirect anti-inflammatory properties (26). Fries et al. reported that heparin treatment improved colitis in the rat model (27). Wu et al. showed that LMWH improved the inflammatory state of acute sinusitis rats by inhibiting the TLR4-MyD88-NF-κB signaling pathway (28). Therefore, there is an urgent necessity to reassess the efficacy of LMWH under the Sepsis-3 criteria.

Previous studies have found that adjuvant treatment with LMWH could improve the prognosis of adult septic patients (12, 29), while other studies have demonstrated benefits only in specific populations, such as septic patients with SIC (30) and ISTH overt DIC (22, 30). In the current investigation, we found that LMWH significantly reduced 28-day mortality in adult patients meeting Sepsis-3 criteria. Cox regression analysis showed that LMWH was the only independent protective factor for 28-day mortality in sepsis, and the Kaplan–Meier 28-day survival curve also displayed a higher probability of survival in the LMWH group. Meanwhile, the levels of inflammatory indicators and coagulopathy in the LMWH group were reversed significantly from days 0 to 14 during the course of sepsis. These results positively demonstrated that LMWH therapy provided remarkable protection for patients with Sepsis-3. However, it is notable that, after day 14, the levels of inflammation indicators and coagulopathy began to deteriorate in both groups. The fact that the patients with disease progression remained in ICU for continued observation could be a reason for this deterioration. Furthermore, the development of Persistent Inflammation, Immunosuppression, and Catabolism Syndrome (PICS) and chronic critical illness during ICU treatment may be another explanation for this change (31, 32), which requires further prospective studies to confirm.

Moreover, multivariate regression analysis also identified that diabetes mellitus, pneumonia, septic shock, and higher APACHE II scores on admission were independent risk factors for poor prognosis in sepsis, which is generally consistent with the results of previous investigations (33–35). In consequent subgroup analysis, LMWH treatment also achieved more favorable outcomes in the non-diabetes, non-pneumonia, and non-septic shock groups, illustrating the reliability of these results.

The identification of and appropriate target population for LMWH therapy is a key issue that needs to be addressed. The current study found that LMWH improves the prognosis of all adult patients with Sepsis-3; however, identifying the population that is likely to benefit more from LMWH treatment would be more practical in a clinical setting. Consequently, we conducted a subgroup analysis stratified by factors potentially influencing clinical outcomes. Previous studies have revealed that septic patients with SIC (30), DIC (22, 30, 36–41), and more severe diseases [SOFA score, 13–17 (5) and higher APACHE II score (41)] are more likely to benefit from LMWH treatment. Similarly, our results found that septic patients younger than 60 and diagnosed with SIC, ISTH overt DIC, non-septic shock, or non-diabetes and those included in the “moderate-risk” groups would benefit more from LMWH therapy. Coagulopathy, including SIC and DIC, is a complication and risk factor for sepsis. Hence, it is reasonable that LMWH improves the outcome in septic patients with coagulopathy. We evaluated the ISTH, JAAM, and CDSS DIC scoring systems simultaneously and found that septic patients with ISTH overt DIC could benefit most from LMWH treatment, consistent with the two-step diagnostic approach of SIC and ISTH overt DIC recommended in the guidelines. Additionally, due to “inflamm-aging” and “coagul-aging”, the elderly population is more susceptible to cytokine storm, coagulation dysfunction, and organ dysfunction (42), which influence the efficacy of LMWH in elders.

Further classification of the septic population according to the APACHE II score and SOFA score demonstrated that the benefit of LMWH administration was observed only in the moderate-risk group (SOFA score, 8–12 or APACHE II score, 20–35). On the contrary, previous large clinical trials studying the effects of anticoagulation in septic patients did not find a significant benefit in the overall population, which may be attributed to heterogeneity in the population enrolled, different treatment regimens, and duration of anticoagulation. The KyberSept trial found that high-dose antithrombin III therapy had no effect on 28-day all-cause mortality in adult patients with severe sepsis and septic shock. Similarly, the OPTIMIST trial found that tifacogin treatment had no effect on all-cause mortality in patients with severe sepsis and high INR (14). A randomized, double-blind, placebo-controlled, multicenter trial of drotrecogin alfa (activated) (DrotAA) displayed that DrotAA treatment did not improve 28- and 90-day mortality in patients with septic shock when compared to placebo treatment (15). In the early stage of sepsis, immune thrombosis mediates host protection against pathogens. Hence, anticoagulation is not recommended for patients with a low-risk of sepsis because of a lack of survival benefit and the potential risk of bleeding. As the disease progresses, inflammation persists and thrombosis is activated extensively, leading to coagulopathy or even DIC, which is the optimal time to initiate anticoagulation therapy. However, in the later stage of DIC, the depletion of hemostatic agents increases the risk of bleeding with anticoagulation therapy. These observations indicate that septic patients with moderate severity and in the early stage of DIC could demonstrate survival benefits from LMWH therapy. However, an enlarged sample size is needed to confirm the precise target population, which can be subsequently implemented in clinical practice.

The safety of LMWH therapy is another noteworthy issue. The results of our observation showed that there was no difference in bleeding complications between the LMWH group and the conventional treatment group. Recently, a meta-analysis studying the effect of LMWH also displayed a comparable rate of bleeding complications in the treatment group (12), whereas several meta-analyses showed an increased risk of bleeding with LMWH therapy (43, 44). Therefore, to a certain extent, caution should be exercised when administering LMWH in septic patients, and further high-quality clinical trials are needed to confirm the efficacy and safety of LMWH.

We acknowledge some inevitable limitations in the current study. First, the retrospective nature of this study reduced the strength of the results. Hence, we conducted propensity score matching to minimize baseline confounders. It should be noted that the PDW, PLR, and SII values were still significantly higher in the LMWH group after matching, reflecting the baseline higher platelet activation, elevated host thrombotic/inflammatory response, and poorer prognosis than those observed in the control group (45–50). Nevertheless, current data demonstrated the superiority of LMWH in improving 28-day mortality in sepsis patients. Furthermore, a prospective randomized controlled study in critical patients requires many years to reach the sample size providing statistical power, and ethical issue is another constraint when pursuing randomized controlled clinical trial in such a population. Second, some variables of the patients were not available in this retrospective cohort, such as the dose of LMWH and duration of treatment, which may influence the reliability of the results. Moreover, to identify the optimal target treatment population, we performed a subgroup analysis where potential false-positive results are inevitable. Hence, the results should be interpreted with caution. Additionally, the patients were enrolled in one single medical center. When we conducted the pre-trail estimation, 88 cases in each group were sufficient to evaluate the effect. The statistical power of this study was 0.81, and the results were found to be credible.



Conclusion

LMWH exhibits a potential life-saving effect in patients meeting Sepsis-3 criteria and alleviates inflammatory response and coagulopathy. Additionally, septic patients diagnosed with SIC or ISTH overt DIC can benefit more from LMWH treatment.



Data availability statement

The raw data supporting the conclusions of this article will be made available from the corresponding author upon reasonable request.



Author contributions

ZZ, TY, and DR: study design, study identification, data collection and extraction, data analysis and interpretation, and manuscript drafting. JZ and LL: data collection and quality assessment. JLi, SF, TN, and WX: data analysis and interpretation and critical revision of the manuscript. YY, TC, and YH: study design, interpretation, and critical review of the manuscript. YZ and JLiu: study concept, study design, data analysis, interpretation of data, manuscript revision, quality control of algorithms, and study supervision. All authors contributed equally to the content of the manuscript. All authors contributed to the article and approved the submitted version.




Funding

This research was supported by the Key R&D Program of Shaanxi (2018ZDXM-SF-037 and 2020LCZX-01) and the Nature Science Foundation of Shaanxi (2020JM-394). The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2023.1157775/full#supplementary-material



Abbreviations

LMWH, low-molecular-weight heparin; SIC, sepsis-induced coagulopathy; DIC, disseminated intravascular coagulation; ISTH, International Society on Thrombosis and Haemostasis; JAAM, Japanese Association for Acute Medicine; CDSS, Chinese DIC scoring system; SOFA, Sequential Organ Failure Assessment; APACHE, Acute Physiology and Chronic Health Evaluation; PT, prothrombin time; INR, international normalized ratio; PSM, propensity score matching; SII, systemic immune-inflammation index.



References

 1. Rudd KE, Johnson SC, Agesa KM, Shackelford KA, Tsoi D, Kievlan DR, et al. Global, regional, and national sepsis incidence and mortality, 1990–2017: analysis for the global burden of disease study. Lancet. (2020) 395:200–11. doi: 10.1016/S0140-6736(19)32989-7

 2. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et al. The third international consensus definitions for sepsis and septic shock (sepsis-3). JAMA. (2016) 315:801–10. doi: 10.1001/jama.2016.0287

 3. Iba T, Levi M, Levy JH. Intracellular communication and immunothrombosis in sepsis. J Thromb Haemost. (2022) 20:2475–84. doi: 10.1111/jth.15852

 4. Yamakawa K, Fujimi S, Mohri T, Matsuda H, Nakamori Y, Hirose T, et al. Treatment effects of recombinant human soluble thrombomodulin in patients with severe sepsis: a historical control study. Crit Care. (2011) 15:R123. doi: 10.1186/cc10228

 5. Yamakawa K, Umemura Y, Hayakawa M, Kudo D, Sanui M, Takahashi H, et al. Benefit profile of anticoagulant therapy in sepsis: a nationwide multicentre registry in Japan. Crit Care. (2016) 20:229. doi: 10.1186/s13054-016-1415-1

 6. Li X, Ma X. The role of heparin in sepsis: much more than just an anticoagulant. Br J Haematol. (2017) 179:389–98. doi: 10.1111/bjh.14885

 7. Lawler PR, Goligher EC, Berger JS, Neal MD, McVerry BJ, Nicolau JC, et al. Therapeutic anticoagulation with heparin in noncritically ill patients with Covid-19. N Engl J Med. (2021) 385:790–802. doi: 10.1056/NEJMoa2105911

 8. Schulman S, Sholzberg M, Spyropoulos AC, Zarychanski R, Resnick HE, Bradbury CA, et al. Isth guidelines for antithrombotic treatment in Covid-19. J Thromb Haemost. (2022) 20:2214–25. doi: 10.1111/jth.15808

 9. Martinez JT, Fernandez G, Vazquez-Leon H. Clinical evaluation of new therapeutic concepts in septic shock. Obstet Gynecol. (1966) 27:296–301.

 10. Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, French C, et al. Surviving sepsis campaign: international guidelines for management of sepsis and septic shock 2021. Intensive Care Med. (2021) 47:1181–247. doi: 10.1007/s00134-021-06506-y

 11. Bucci C, Geerts WH, Sinclair A, Fremes SE. Comparison of the effectiveness and safety of low-molecular weight heparin versus unfractionated heparin anticoagulation after heart valve surgery. Am J Cardiol. (2011) 107:591–4. doi: 10.1016/j.amjcard.2010.10.020

 12. Li X, Liu Z, Luo M, Xi Y, Li C, Wang S, et al. Therapeutic effect of low-molecular-weight heparin on adult sepsis: a meta-analysis. Ann Palliat Med. (2021) 10:3115–27. doi: 10.21037/apm-21-169

 13. Warren BL, Eid A, Singer P, Pillay SS, Carl P, Novak I, et al. Caring for the critically ill patient. High-dose antithrombin III in severe sepsis: a randomized controlled trial. JAMA. (2001) 286:1869–78. doi: 10.1001/jama.286.15.1869

 14. Abraham E, Reinhart K, Opal S, Demeyer I, Doig C, Rodriguez AL, et al. Efficacy and safety of tifacogin (recombinant tissue factor pathway inhibitor) in severe sepsis: a randomized controlled trial. JAMA. (2003) 290:238–47. doi: 10.1001/jama.290.2.238

 15. Ranieri VM, Thompson BT, Barie PS, Dhainaut JF, Douglas IS, Finfer S, et al. Drotrecogin alfa (activated) in adults with septic shock. N Engl J Med. (2012) 366:2055–64. doi: 10.1056/NEJMoa1202290

 16. Levy M, Levi M, Williams MD, Antonelli M, Wang D, Mignini MA. Comprehensive safety analysis of concomitant drotrecogin alfa (activated) and prophylactic heparin use in patients with severe sepsis. Intens Care Med. (2009) 35:1196–203. doi: 10.1007/s00134-009-1483-7

 17. Taylor FB Jr, Toh CH, Hoots WK, Wada H, Levi M. Towards definition, clinical and laboratory criteria, and a scoring system for disseminated intravascular coagulation. Thromb Haemost. (2001) 86:1327–30. doi: 10.1055/s-0037-1616068

 18. Gando S, Iba T, Eguchi Y, Ohtomo Y, Okamoto K, Koseki K, et al. A multicenter, prospective validation of disseminated intravascular coagulation diagnostic criteria for critically ill patients: comparing current criteria. Crit Care Med. (2006) 34:625–31. doi: 10.1097/01.CCM.0000202209.42491.38

 19. Wang M, Kou H, Deng J, Wang H, Guo T, Mei H, et al. Retrospective evaluation of new chinese diagnostic scoring system for disseminated intravascular coagulation. PLoS ONE. (2015) 10:e0129170. doi: 10.1371/journal.pone.0129170

 20. Iba T, Nisio MD, Levy JH, Kitamura N, Thachil J. New criteria for sepsis-induced coagulopathy (sic) following the revised sepsis definition: a retrospective analysis of a nationwide survey. BMJ Open. (2017) 7:e017046. doi: 10.1136/bmjopen-2017-017046

 21. Iba T, Levy JH, Warkentin TE, Thachil J, van der Poll T, Levi M. Diagnosis and management of sepsis-induced coagulopathy and disseminated intravascular coagulation. J Thromb Haemost. (2019) 17:1989–94. doi: 10.1111/jth.14578

 22. Umemura Y, Yamakawa K, Ogura H, Yuhara H, Fujimi S. Efficacy and safety of anticoagulant therapy in three specific populations with sepsis: a meta-analysis of randomized controlled trials. J Thromb Haemost. (2016) 14:518–30. doi: 10.1111/jth.13230

 23. Kienast J, Juers M, Wiedermann CJ, Hoffmann JN, Ostermann H, Strauss R, et al. Treatment effects of high-dose antithrombin without concomitant heparin in patients with severe sepsis with or without disseminated intravascular coagulation. J Thromb Haemost. (2006) 4:90–7. doi: 10.1111/j.1538-7836.2005.01697.x

 24. Wada H, Thachil J, Di Nisio M, Mathew P, Kurosawa S, Gando S, et al. Guidance for diagnosis and treatment of dic from harmonization of the recommendations from three guidelines. J Thromb Haemost. (2013) 11:761–7. doi: 10.1111/jth.12155

 25. Dhainaut JF, Shorr AF, Macias WL, Kollef MJ, Levi M, Reinhart K, et al. Dynamic evolution of coagulopathy in the first day of severe sepsis: relationship with mortality and organ failure. Crit Care Med. (2005) 33:341–8. doi: 10.1097/01.CCM.0000153520.31562.48

 26. Poterucha TJ, Libby P, Goldhaber SZ. More than an anticoagulant: do heparins have direct anti-inflammatory effects? Thromb Haemost. (2017) 117:437–44. doi: 10.1160/TH16-08-0620

 27. Fries W, Pagiaro E, Canova E, Carraro P, Gasparini G, Pomerri F, et al. The effect of heparin on trinitrobenzene sulphonic acid-induced colitis in the rat. Aliment Pharmacol Ther. (1998) 12:229–36. doi: 10.1046/j.1365-2036.1998.00293.x

 28. Wu T, He S, Jiao Z, Liang X, Chen Y, Liu H, et al. Low molecular weight heparin improves the inflammatory state of acute sinusitis rats through inhibiting the Tlr4-Myd88-Nf-κb signaling pathway. Front Pharmacol. (2021) 12:726630. doi: 10.3389/fphar.2021.726630

 29. Wang C, Chi C, Guo L, Wang X, Guo L, Sun J, et al. Heparin therapy reduces 28-day mortality in adult severe sepsis patients: a systematic review and meta-analysis. Crit Care. (2014) 18:563. doi: 10.1186/s13054-014-0563-4

 30. Murao S, Yamakawa K. A systematic summary of systematic reviews on anticoagulant therapy in sepsis. J Clin Med. (2019) 8:1869. doi: 10.3390/jcm8111869

 31. Mira JC, Gentile LF, Mathias BJ, Efron PA, Brakenridge SC, Mohr AM, et al. Sepsis pathophysiology, chronic critical illness, and persistent inflammation-immunosuppression and catabolism syndrome. Crit Care Med. (2017) 45:253–62. doi: 10.1097/CCM.0000000000002074

 32. Hawkins RB, Raymond SL, Stortz JA, Horiguchi H, Brakenridge SC, Gardner A, et al. Chronic critical illness and the persistent inflammation, immunosuppression, and catabolism syndrome. Front Immunol. (2018) 9:1511. doi: 10.3389/fimmu.2018.01511

 33. Balintescu A, Lind M, Franko MA, Oldner A, Cronhjort M, Svensson AM, et al. Glycemic control and risk of sepsis and subsequent mortality in type 2 diabetes. Diabetes Care. (2022) 45:127–33. doi: 10.2337/dc21-1050

 34. Sabino S, Soares S, Ramos F, Moretti M, Zavascki AP, Rigatto MH. A cohort study of the impact of carbapenem-resistant enterobacteriaceae infections on mortality of patients presenting with sepsis. mSphere. (2019) 4:e00052-19. doi: 10.1128/mSphere.00052-19

 35. Elke G, Bloos F, Wilson DC, Brunkhorst FM, Briegel J, Reinhart K, et al. The use of mid-regional proadrenomedullin to identify disease severity and treatment response to sepsis - a secondary analysis of a large randomised controlled trial. Crit Care. (2018) 22:79. doi: 10.1186/s13054-018-2001-5

 36. Iba T, Levy JH, Raj A, Warkentin TE. Advance in the management of sepsis-induced coagulopathy and disseminated intravascular coagulation. J Clin Med. (2019) 8:728. doi: 10.3390/jcm8050728

 37. Liu XL, Wang XZ, Liu XX, Hao D, Jaladat Y, Lu F, et al. Low-dose heparin as treatment for early disseminated intravascular coagulation during sepsis: a prospective clinical study. Exp Ther Med. (2014) 7:604–8. doi: 10.3892/etm.2013.1466

 38. Kudo D, Hayakawa M, Iijima H, Yamakawa K, Saito S, Uchino S, et al. The treatment intensity of anticoagulant therapy for patients with sepsis-induced disseminated intravascular coagulation and outcomes: a multicenter cohort study. Clin Appl Thromb Hemost. (2019) 25:1076029619839154. doi: 10.1177/1076029619839154

 39. Hayakawa M, Ono K. A summary of the Japan septic disseminated intravascular coagulation study. Acute Med Surg. (2018) 5:123–8. doi: 10.1002/ams2.326

 40. Yamakawa K, Umemura Y, Murao S, Hayakawa M, Fujimi S. Optimal timing and early intervention with anticoagulant therapy for sepsis-induced disseminated intravascular coagulation. Clin Appl Thromb Hemost. (2019) 25:1076029619835055. doi: 10.1177/1076029619835055

 41. Yamakawa K, Gando S, Ogura H, Umemura Y, Kabata D, Shintani A, et al. Identifying sepsis populations benefitting from anticoagulant therapy: a prospective cohort study incorporating a restricted cubic spline regression model. Thromb Haemost. (2019) 119:1740–51. doi: 10.1055/s-0039-1693740

 42. Xu K, Wei Y, Giunta S, Zhou M, Xia S. Do inflammaging and coagul-aging play a role as conditions contributing to the co-occurrence of the severe hyper-inflammatory state and deadly coagulopathy during Covid-19 in older people? Exp Gerontol. (2021) 151:111423. doi: 10.1016/j.exger.2021.111423

 43. Fan Y, Jiang M, Gong D, Zou C. Efficacy and safety of low-molecular-weight heparin in patients with sepsis: a meta-analysis of randomized controlled trials. Sci Rep. (2016) 6:25984. doi: 10.1038/srep25984

 44. Zarychanski R, Abou-Setta AM, Kanji S, Turgeon AF, Kumar A, Houston DS, et al. The efficacy and safety of heparin in patients with sepsis: a systematic review and metaanalysis. Crit Care Med. (2015) 43:511–8. doi: 10.1097/CCM.0000000000000763

 45. Purbiya P, Golwala ZM, Manchanda A, Sreenivas V, Puliyel JM. Platelet distribution width to platelet count ratio as an index of severity of illness. Indian J Pediatr. (2018) 85:10–4. doi: 10.1007/s12098-017-2432-z

 46. Yilmaz H, Yilmaz G, Mentese A, Kostakoglu U, Karahan SC, Koksal I. Prognostic impact of platelet distribution width in patients with crimean-congo hemorrhagic fever. J Med Virol. (2016) 88:1862–6. doi: 10.1002/jmv.24547

 47. Wang G, Mivefroshan A, Yaghoobpoor S, Khanzadeh S, Siri G, Rahmani F, et al. Prognostic value of platelet to lymphocyte ratio in sepsis: a systematic review and meta-analysis. Biomed Res Int. (2022) 2022:9056363. doi: 10.1155/2022/9056363

 48. Zhao C, Wei Y, Chen D, Jin J, Chen H. Prognostic value of an inflammatory biomarker-based clinical algorithm in septic patients in the emergency department: an observational study. Int Immunopharmacol. (2020) 80:106145. doi: 10.1016/j.intimp.2019.106145

 49. Tjendra Y, Al Mana AF, Espejo AP, Akgun Y, Millan NC, Gomez-Fernandez C, et al. Predicting disease severity and outcome in covid-19 patients: a review of multiple biomarkers. Arch Pathol Lab Med. (2020) 144:1465–74. doi: 10.5858/arpa.2020-0471-SA

 50. Mangalesh S, Dudani S, Malik A. The systemic immune-inflammation index in predicting sepsis mortality. Postgrad Med. (2022) 135:345–51. doi: 10.1080/00325481.2022.2140535





OPS/images/fmed-10-1157775-t001.jpg
Variables nt group (N = 88) Control g| p (N =88)

Demographics

Men, n (%) 50 (56.8) 52(59.1) 0.760
Age, years 64.00 (49.25-74.75) 61.00 (48.00-73.00) 0719
ICU admission categories, 1 (%) 0.823
MICU 76 (86.4) 77 (87.5)

Ste 12 (13.6) 11(12.5)

Comorbidities, n (%)

Hypertension 34 (38.6) 36 (40.9) 0.758
Diabetes mellitus 26 (29.5) 30 (34.1) 0517
Infection sites, n (%)

Pneumonia 63 (71.6) 58 (65.9) 0416
Gastrointestinal 33(37.5) 36 (40.9) 0.643
Urinary tract infection 10 (11.4) 17 (19.3) 0.143
Bloodstream infection 7(8.0) 11(12.5) 0.320
Skin and soft tissue infection 9(10.2) 9(102) 1.000
Multi-site infection (>2) 36 (40.9) 39 (44.3) 0.647
Severity scores

SOFA score 9.00 (6.00-12.00) 9.00 (6.00-12.00) 0.811
APACHE II score 19.00 (15.00-26.00) 21.50 (16.00-24.00) 0.708
Laboratory tests

PCT, ng/ml 9.09 (2.53-37.61) 14.68 (4.38-46.75) 0.175
Lac, mmol/L 1.90 (1.00-2.70) 1.90 (1.33-3.75) 0.102
CRP, mg/L 143.85 (75.60-237.20) 139.80 (68.63-226.05) 0349
Hb, g/L 106.67 #27.16 99.10 + 27.05 0.066
WBC, x10°/L 11.37 (7.50-18.15) 10.57 (7.63-18.64) 0744
Neutrophil, x10°/L 9.57 (6.78-16.53) 9.20 (6.12-15.86) 0.609
Lymphocyte, x 10°/L 0.60 (0.33-0.99) 0.68 (0.33-0.99) 0.756
PDW, fL 16.50 (16.10-16.90) 16.30 (14.95-16.70) 0.010
RDW, fL. 45.40 (42.03-49.58) 45.45 (41.75-51.25) 0556
PLT, x10°/L 115.00 (70.50-171.25) 100.50 (46.00-156.75) 0.097
NLR 17.86 (10.94-30.17) 14.58 (8.27-32.10) 0552
PLR 216.71 (97.81-426.43) 139.15 (70.52-285.96) 0.040
SIT 2,315.68 (846.91-3,926.46) 1,160.76 (593.39-2,782.14) 0.031
APTT, s 45.15 (39.15-53.68) 43.70 (38.08-54.45) 0.585
INR 1.32 (1.16-1.62) 1.36 (1.19-1.62) 0518
Laboratory tests

FIB, g/L 4.63 (3.07-6.19) 439 (3.03-5.74) 0586
D-dimer, mg/L 5.50 (3.20-12.59) 4.96 (2.46-8.14) 0.071
FDP, mg/L 18.76 (7.80-38.05) 13.17 (6.09-22.35) 0.063
ALT, 1U/L 31.00 (20.25-76.00) 31.50 (18.25-61.25) 0.388
TBIL, pmol/L 18.30 (11.78-36.05) 20.70 (12.85-45.10) 0.190
ALB, g/L 27.15 (24.45-30.08) 27.20 (24.88-31.48) 0.403
Complications

Septic shock, 1 (%) 45 (51.1) 46 (52.3) 0.880
SIC, 1 (%) 64 (72.7) 67 (76.1) 0.604
ISTH-DIC, (%) 21(23.9) 22(25.0) 0.861
JAAM-DIC, 1 (%) 51 (58.0) 46 (52.3) 0.449
CDSS$-DIC, 7 (%) 16 (18.2) 20(22.7) 0.455
Clinical outcomes

28-day mortality rates, 11 (%) 23(26.1) 37 (42.0) 0.026
ICU-free days 7.00 (0-18.00) 5.50 (0-19.00) 0.736
Ventilation-free days 22.00 (0-28.00) 23.50 (0-28.00) 0914

Values reported with mean < standard deviation (SD), number (percentage), or median (interquartile range). MICU, medical intensive care unit; SICU, surgical intensive care unit; SOFA,
sequential organ failure assessment; APACHE, acute physiology and chronic health evaluation; PCT, procalcitonin; Lac, lactic acid; CRP, C-reactive protein; Hb, hemoglobin; WBC, white blood
cell; PDW, platelet distribution width; RDW, red blood cell distribution width; PLT, platelet; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; SII, systemic immune-
inflammation index; APTT, activated partial thromboplastin time; INR, international normalized ratio; FIB, fibrinogen; FDP, fibrinogen degradation products; ALT, alanine aminotransferase;
TBIL, total bilirubin; ALB, albumin; SIC, sepsis-induced coagulopathy; DIC, disseminated intravascular coagulation; ISTH, International Socicty on Thrombosis and Haemostasis; JAAM,
Japanese Association for Acute Medicine; CDSS, Chinese DIC scoring system.
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HR (95%ClI) p-value Adjusted HR (95%Cl) p-value
Age, years 1.02 (1.01-1.04) 0.011
Hypertension 1.63 (0.98-2.70) 0.059
Diabetes Mellitus 1.67 (0.98-2.84) 0.057 2.21 (1.17-4.20) 0.015
Pneumonia 2.79 (1.32-5.87) 0.007 2.84 (1.26-6.38) 0.012
SOFA score 1.11 (1.04-1.19) 0.002
APACHE II score 1.07 (1.04-1.10) <0.001 1.05 (1.00-1.09) 0.037
Lac 1.07 (1.01-1.14) 0.029
INR 133 (1.02-1.72) 0.034
Septic shock 1.88 (1.11-3.20) 0.019 1.91(1.03-3.52) 0.040
SIC 1.31 (0.72-2.40) 0373
ISTH-DIC 1.31 (0.79-2.19) 0.301
JAAM-DIC 0.94 (0.57-1.56) 0.812
CDSS-DIC 1.11 (0.60-2.05) 0.736
LMWH 0.48 (0.29-0.81) 0.006 0.50 (0.29-0.86) 0.013

SOFA, sequential organ failure assessment; APACHE, acute physiology and chronic health evaluation; Lac, lactic acid; INR, international normalized ratio; SIC, sepsis-induced coagulopathy;
DIC, disseminated intravascular coagulation; ISTH, International Society on Thrombosis and Haemostasis; JAAM, Japanese Association for Acute Medicine; CDSS, Chinese DIC scoring system;
LMWH, low-molecular weight heparin.
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group group
(n = 88) (n = 88)
Gastrointestinal bleeding 2(2.3%) 3(3.4%)
Respiratory tract bleeding 2(2.3%) 0(0.0%)
Urinary tract bleeding 0(0.0%) 1(1.1%)
Intracranial bleeding 0(0.0%) 0(0.0%)
Multi-site bleeding (>2) 2(2.3%) 3(3.4%)
Total 6 (6.8%) 7 (8.0%) 0.773
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