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Abstract

:

Studies on inflammatory markers, endothelial activation, and bleeding during extracorporeal membrane oxygenation (ECMO) are lacking. Blood samples were prospectively collected after ECMO initiation from 150 adult patients who underwent ECMO for respiratory failure between 2018 and 2021. After excluding patients who died early (within 48 h), 132 patients were finally included. Their tumor necrosis factor-alpha (TNF-α), tissue factor (TF), soluble thrombomodulin (sTM), and E-selectin levels were measured. A Cox proportional hazards regression model was used to estimate the hazard ratio for hemorrhagic complications during ECMO. The 132 patients were divided into hemorrhagic (n = 23, H group) and non-complication (n = 109, N group) groups. The sequential organ failure assessment score, hemoglobin level, and ECMO type were included as covariates in all Cox models to exclude the effects of clinical factors. After adjusting for these factors, initial TNF-α, TF, sTM, E-selectin, and activated protein C levels were significantly associated with hemorrhagic complications (all p < 0.001). TNF-α, TF, and E-selectin better predicted hemorrhagic complications than the model that included only the aforementioned clinical factors (clinical factors only (area under the curve [AUC]: 0.804), reference; TNF-α (AUC: 0.914); TF (AUC: 0.915); E-selectin (AUC: 0.869)). Conclusions: TNF-α levels were significantly predictive of hemorrhagic complications during ECMO.
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1. Introduction


Extracorporeal membrane oxygenation (ECMO) is a life-saving therapy used in the critical care of patients with severe heart and respiratory failure [1,2,3]. Although technological advancements have reduced ECMO-related complications, hemorrhagic complications remain challenging [4,5]. The interaction between the hemostatic system and ECMO components involves complex mechanisms [6,7,8]. Despite research efforts to identify biomarkers for predicting hemorrhagic complications, accurate risk assessment remains challenging [9,10,11]. No biomarker has been established as a reliable predictor of hemostatic complications.



ECMO initiation may elicit immediate and complex inflammatory responses. This response involves the activation of the endothelium, which is the inner lining of blood vessels, and the release of proinflammatory cytokines. Consequently, the normal functioning of the coagulation cascade, which is responsible for blood clotting, can be disrupted [8,12,13,14,15]. The interaction between inflammation and coagulation dysfunction has been well-recognized in critically ill patients, including those with sepsis [16]. However, the specific interactions between inflammation and coagulation in patients undergoing ECMO, and their clinical significance, have not been fully elucidated.



Tumor necrosis factor-alpha (TNF-α) is a well-known representative proinflammatory cytokine that can contribute to bleeding by affecting the coagulation cascade and inducing endothelial activation [17,18,19,20,21,22,23,24]. Thus, this can increase the propensity for bleeding events during ECMO. Understanding the effect of initial TNF-α levels after ECMO initiation on the development of bleeding in patients undergoing ECMO is crucial for effective patient management. This study aimed to investigate whether TNF-α levels after ECMO initiation can predict the occurrence of hemorrhagic complications during ECMO and explore their relationship with endothelial activation.




2. Materials and Methods


2.1. Subjects and Study Design


From March 2018 to March 2021, blood samples were prospectively collected on day one after ECMO initiation and on day 7 after ECMO from 150 adult patients who underwent ECMO for respiratory failure at the Pusan National University Yangsan Hospital Biobank; all patients or their legal guardians provided informed consent for blood collection. The levels of serum TNF-α, other proinflammatory cytokines, and endothelial activation markers were measured using Biobank samples. The clinical data were retrospectively collected and analyzed. There were 150 eligible patients; 18 patients who died within 48 h were excluded, and 132 patients were finally included in the study. The patients were divided into two groups. Patients with hemorrhagic complications during ECMO support were assigned to the H group (n = 23), whereas those without hemorrhagic complications during ECMO support were assigned to the N group (n = 109) (Figure 1). Hemorrhagic complications were defined as retroperitoneal, pulmonary, or gastrointestinal bleeding, brain or intramuscular hematoma requiring embolization, endoscopic hemostasis, or surgery, and/or a decrease in the hemoglobin level of >2 g/dL over a 24 h period [25]. This study was approved by the Institutional Review Board of Pusan National University Yangsan Hospital (approval no. 05-2022-004).




2.2. Sample Collection


Blood samples were collected in serum separator tubes (Greiner Bio-One, Kremsmünster, Austria) or heparin plasma tubes (Greiner Bio-One, Kremsmünster, Austria) and immediately centrifuged at 3000 rpm for 10 min. Aliquots of serum were stored at −80 °C to facilitate batch analysis.




2.3. Luminex Assay and Enzyme-Linked Immunosorbent Assay


Human-premixed multianalyte kits (R&D Systems, Minneapolis, MN, USA) were used to determine the levels of the five biomarkers of interest. A kit (catalog number: LXSAHM-06) was used to analyze the coagulation factor III/tissue factor (TF), D-dimer, E-selectin/CD62E, P-selectin/CD62P, and soluble thrombomodulin/BDCA-3 levels. The samples were diluted 2-fold using the dilution buffer provided in the kit. All standards and samples were assayed in duplicates. The antibody-coupled beads were incubated with serum, biotinylated detection antibodies, and streptavidin–phycoerythrin. The samples were then evaluated using a laser-based fluorescent analytical test instrument (Luminex® 100™, Luminex Corp., Austin, TX, USA). Serum levels of interleukin-1β, TNF-α, platelet factor 4, and β-thrombogloblin were determined using enzyme immunoassays per the manufacturer’s instructions (Table S1). Plasma levels of activated protein C (APC) and thrombin–throbomodulin (thrombin-TM) complex were also determined using enzyme immunoassays per the manufacturer’s instructions (Table S1).




2.4. Heparin Protocol during ECMO


The ECMO-related protocols are shown in Supplement 2. The ECMO system consisted of a polymethylpentene fiber oxygenator system (Quadrox PLS; Maquet Inc., Hirrlingen, Germany) with simplified bioline-coated circuits (Maquet Inc., Hirrlingen, Germany). All patients were supported by centrifugal pumps (Maquet Inc.). Patients received an initial unfractionated heparin bolus of 50 U/kg body weight when the cannula was placed, and unfractionated heparin was continuously infused during ECMO. Heparin infusion was regulated to maintain an activated partial thromboplastin time (aPTT) of 80–90 s, measured every 6 h. In the event of bleeding, the aPTT target was adjusted to 60–70 s. If the bleeding persisted, anticoagulation therapy was discontinued and restarted after the bleeding stopped. If heparin-induced thrombocytopenia was suspected, a heparin-platelet factor 4 antibody test was performed; unfractionated heparin was discontinued, and argatroban administered to maintain an aPTT of 80–90 s. Moreover, our primary choice for anticoagulation in renal replacement therapy (RRT) was unfractionated heparin. The RRT filter was prepared by priming it with 1 L of heparinized saline containing 5000 U of heparin without an initial loading dose. The ongoing maintenance dose was administered at a rate of 250 U/h (or adjusted to 5 U/kg) with further adjustments based on aPTT measurements. Additionally, RRT was performed without using anticoagulants in patients with bleeding complications. Transfusions were performed when the platelet count was <80,000/μL or the hemoglobin level was <8 g/dL.




2.5. Statistical Analysis


All statistical analyses were performed using MedCalc, version 11.3.6.0 (MedCalc Software, Mariakerke, Belgium) and SPSS, version 26 (IBM Corp., Armonk, NY, USA). Categorical variables were presented as numbers with percentages, and continuous variables were presented as means and standard deviations or medians and interquartile ranges, as appropriate. Continuous variables were compared using Student’s t-test (parametric values) or the Mann–Whitney U test. Categorical variables were compared using the χ2 test or Fisher’s exact test, as appropriate. A Cox proportional hazards regression model was used to estimate the hazard ratios (HRs) and 95% confidence intervals (CIs) for the development of hemorrhagic complications during ECMO. All continuous variables were standardized to zero mean and unit variance to ensure a standard scale. The sequential organ failure assessment (SOFA) score before ECMO initiation, ECMO type, and hemoglobin level were included as covariates in all Cox models. Receiver operating characteristic (ROC) curve analysis was used to evaluate the predictive performances of the Cox regression models. The clinical-factor-only Cox model included the following factors: SOFA score before ECMO initiation, ECMO type, and hemoglobin level. A one-sided DeLong’s test [26] was conducted to compare the difference in the area under the ROC curve (AUC) between the Cox models using TNF-α and endothelial markers and the clinical-factor-only model. A one-sided test was performed because the AUC of the Cox model, including TNF-α and endothelial markers, was expected to be greater than that of the clinical-factor-only Cox model. Pearson’s correlations were calculated to evaluate the correlations between TNF-α, TF, soluble thrombomodulin (sTM), thrombin-TM complex, and APC. All tests were two-tailed, and the level of statistical significance was set at p < 0.05.





3. Results


3.1. Baseline Clinical Characteristics according to Hemorrhagic Complications


Of the 132 patients, 23 developed hemorrhagic complications. Pulmonary hemorrhage was the most common (5.3%), followed by retroperitoneal (3.8%), intramuscular (3%), gastrointestinal (3%), brain (1.5%), and cannula (0.8%) hemorrhages. The onset of hemorrhagic complications occurred after a median of 11 days (interquartile range: 6–15 days) of ECMO. The baseline clinical characteristics of patients stratified according to hemorrhagic complications are presented in Table 1. Among the 132 patients, 112 (84.8%) received venovenous ECMO, 17 (12.9%) had venoarterial ECMO, and 3 (2.3%) received venoarterial venous ECMO. There was no significant difference in ECMO modalities between the H and N groups (p = 0.580). However, the SOFA score before ECMO initiation was significantly higher in the H group than in the N group (11.5 ± 1.9 vs. 10.4 ± 3.0, p = 0.028). The Acute Physiology and Chronic Health Evaluation II score, Charlson Comorbidity Index, and the baseline laboratory results, except for D-dimer levels, did not differ significantly between the two groups. Baseline D-dimer concentration was significantly higher in the H group than in the N group (mean fluorescence intensity: 7906 vs. 6900, p = 0.005). The anticoagulation method used did not differ significantly between the two groups. RRT was performed significantly more frequently in the H group than in the N group (52.2% vs. 28.4%; p = 0.027). The mean duration of ECMO was longer in the H group than in the N group (26.0 ± 13.9 days vs. 14.6 ± 11.4 days, p < 0.001). There were no differences in heparin dose, antithrombin III activity, and platelet count between the two groups on D1 and D7 (Figure S2).




3.2. Clinical Outcomes according to Hemorrhagic Complications


There was no significant difference in the proportion of bridge to transplantation or recovery between the two groups (Table S2). The differences in intensive care unit stay and hospital mortality rates were also not significant. During ECMO, the transfusion volumes of red blood cells, fresh frozen plasma, and platelets were significantly higher in the H group than in the N group (red blood cells: 7 units vs. 2 units, p < 0.001; fresh frozen plasma: 3 units vs. 1 unit, p < 0.001; platelets: 4 units vs. 1 unit, p < 0.001). There was no significant difference in the incidence of major thrombotic complications between the two groups (26.1% vs. 17.4%, p = 0.381).




3.3. Days 1 and 7 Inflammation, Endothelial, and Platelet Activation Markers


On day 1 after ECMO initiation, TNF-α, TF, sTM, and E-selectin levels were significantly higher in the H group than in the N group (p < 0.001; Figure 2). The differences in P-selectin, interleukin-1β, platelet factor 4, and β-thromboglobulin levels between the two groups were not statistically significant (Figure S2). Similarly, on day 7, the mean TNF-α, TF, sTM, E-selectin, and P-selectin levels were significantly higher in the H group than in the N group (p < 0.001; Figure 2).




3.4. Relationship between TNF-α and Thrombomodulin/APC System after ECMO Initiation


The APC level was significantly lower in the H group than in the N group (45.3 vs. 153.7 pg/mL, p < 0.001; Figure 2). The TNF-α level was positively correlated with the TF (r = 0.660, p < 0.001, Figure 3A) and sTM (r = 0.664, p < 0.001; Figure 3B) levels. The TNF-α level was negatively correlated with the thrombin-TM complex (r = −0.774, p < 0.001; Figure 3C) and APC (r = −0.793, p < 0.001; Figure 3D) levels.




3.5. Associations of Initial TNF-α, Endothelial Markers, and Hemorrhagic Complications during ECMO


To exclude the effects of clinical factors, SOFA score, hemoglobin, and ECMO types were included as covariates in all Cox models. After adjustment for clinical factors, initial TNF-α (adjusted HR: 4.48, 95% CI: 2.40–8.36, p < 0.001), TF (adjusted HR: 2.45, 95% CI: 1.60–3.77, p < 0.001), sTM (adjusted HR: 2.02, 95% CI: 1.40–2.92, p < 0.001), E-selectin (adjusted HR: 2.35, 95% CI: 1.51–3.68, p < 0.001), and APC (adjusted HR: 0.09, 95% CI: 0.03–0.34, p < 0.001) levels were significantly associated with hemorrhagic complications during ECMO (Figure 4).




3.6. Predictive Performances of TNF-α and Endothelial Markers for Hemorrhagic Complications during ECMO


ROC curve analysis was performed to evaluate the predictive performance of the Cox regression models (Figure 5A). Significantly higher AUC values were observed for the models that included TNF-α, TF, and E-selectin levels than for the clinical-factor-only model (clinical-factor-only (AUC: 0.804, 95% CI: 0.700–0.891), reference; TNF-α (AUC: 0.914, 95% CI: 0.856–0.960, p = 0.003); TF (AUC: 0.915, 95% CI: 0.857–0.962, p = 0.001); E-selectin (AUC: 0.869, 95% CI: 0.797–0.929, p = 0.023), Figure 5B).





4. Discussion


This study evaluated the ability of proinflammatory cytokines and endothelial activation on day 1 after ECMO initiation to predict the development of hemorrhagic complications during ECMO. The levels of TNF-α and endothelial markers on day 1 were significantly correlated, indicating that coagulation cascades were activated. After adjusting for critical clinical factors, TNF-α and endothelial activation markers remained associated with hemorrhagic complications during ECMO. The levels of these markers predicted the development of hemorrhagic complications during ECMO with a predictive power better than that of the model that consisted of only clinical factors.



Patients experiencing acute respiratory failure often display hyperinflammation and endothelial activation in the lungs and other organs [27]. This dysregulation of the inflammatory response and endothelial function can significantly affect the coagulation cascade, potentially resulting in an elevated risk of bleeding [28]. Moreover, extracorporeal circulation, such as ECMO, can significantly affect these responses by interacting with the patient’s blood and artificial circuit [8,29,30]. So far, there is a lack of studies explicitly examining proinflammatory cytokines and endothelial markers in patients undergoing respiratory ECMO. A recent study observed that elevated levels of TNF-α in patients with left ventricular assist devices were associated with TF expression and nonsurgical bleeding [31]. Consistent with these observations, our findings support the notion that high levels of TNF-α after ECMO initiation may be associated with an imbalance in the endothelial-activated coagulation system. This imbalance can disrupt the delicate equilibrium of the coagulation cascade, leading to a heightened risk of bleeding during ECMO support [21].



Several biomarkers have been proposed to predict hemorrhagic complications during ECMO [32,33]. In this study, the performance of fibrinogen (AUC: 0.79, p = 0.480) and D-dimer (AUC: 0.64, p = 0.062) as biomarkers did not align with previous findings (Figure S2). This discrepancy may be related to the differences in patient characteristics, underlying diseases, and inflammatory states. In contrast to the present study, previous studies mainly included patients with myocarditis or cardiac arrest supported by venoarterial ECMO [32,33], which mainly consisted of patients with ILD (51%) and high levels of inflammation, such as acute respiratory distress syndrome and pneumonia. In this study, we aimed to evaluate the clinical significance of TNF-α as a potential biomarker, for predicting hemorrhagic complications in patients undergoing ECMO [34,35]. Our results revealed that hemorrhagic complications were independently related to TNF-α and markers of endothelial activation (Figure 4). The ability to predict hemorrhagic complications improved by approximately 11% when TNF-α or TF levels were entered into a model that consisted only of clinical factors (Figure 5B). Thus, TNF-α and TF levels may be biomarkers for identifying patients at high risk of hemorrhagic complications. These findings will help refine risk stratification strategies, optimize patient management, and guide decision making regarding anticoagulation therapy and bleeding prevention in patients undergoing ECMO. A multicenter prospective study with a larger cohort is required to validate our results in all patients undergoing ECMO, including those with cardiac failure.



This study has several limitations. First, because this was a single-center retrospective study, the possibility of selection bias cannot be ruled out. Additionally, half of the cohort had ILD, and all patients were Asian; thus, our findings may not be representative of all patients on ECMO. Second, measurements of proinflammatory and endothelial markers on day 1 did not reflect the dynamic interactions between inflammation and coagulation during ECMO support. Despite those limitations, the important clinical factors were well-calibrated in our study, such that we could convincingly demonstrate the independent performances of TNF-α and endothelial activation markers. The advantages of our study include the inclusion of a study population with severe organ dysfunction, the presence of various etiologies of respiratory failure, and a larger number of patients than in previous studies. To the best of our knowledge, this study is the first to show that inflammation-induced changes in the hemostatic system that occur after ECMO initiation can affect the onset of coagulation-related hemorrhagic complications during ECMO. Thus, the novel biomarkers identified in this study may serve as therapeutic targets for preventing hemorrhagic complications. However, further in vivo studies are needed to determine whether the inhibition of endothelial activation can reduce hemorrhagic complications during ECMO.




5. Conclusions


This study provides valuable insights into the clinical significance of initial inflammation and endothelial activation in developing hemorrhagic complications during ECMO. Specifically, the interaction between TNF-α and endothelial dysfunction may be crucial in this process. By assessing the TNF-α level after the initiation of ECMO, clinicians may be able to identify patients more susceptible to bleeding events and implement appropriate management strategies. Further research is needed to explore longitudinal changes in these biomarkers during ECMO and their correlation with hemorrhagic complications. By obtaining a more detailed and dynamic profile of inflammation, endothelial markers, and coagulation activity, clinicians can tailor interventions and optimize patient care during ECMO.
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Figure 1. Flowchart of the patient enrollment process. 
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Figure 2. Comparison of the levels of TNF-α and endothelial activation markers according to hemorrhagic complications on day 1 and 7 after initiation of extracorporeal membrane oxygenation. 
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Figure 3. Correlations between TNF-α and endothelial activation markers: (A) plasma TNF-α and TF levels; (B) plasma TNF-α and sTM levels; (C) plasma TNF-α and thrombin-TM complex levels; (D) plasma TNF-α and APC levels. 






Figure 3. Correlations between TNF-α and endothelial activation markers: (A) plasma TNF-α and TF levels; (B) plasma TNF-α and sTM levels; (C) plasma TNF-α and thrombin-TM complex levels; (D) plasma TNF-α and APC levels.



[image: Jcm 12 04520 g003]







[image: Jcm 12 04520 g004 550] 





Figure 4. Cox regression analysis adjusted for clinical factors. All variables were standardized to zero mean and unit variance to achieve a standard scale. SOFA score before ECMO initiation, hemoglobin level, and ECMO type were included as covariates in all Cox models. 
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Figure 5. Adjusted receiver operating characteristic (ROC) curves in Cox regression analyses. (A) ROC curve analysis was used to evaluate the prediction performance of the Cox regression models. (B) Compared with the model using only clinical factors, adding TF or TNF-α improved the area under the curve by ~11%. Clinical-factor-only model refers to a Cox model that includes only the following factors: sequential organ failure assessment score before ECMO initiation, hemoglobin level, and ECMO type. 
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Table 1. Baseline characteristics, stratified according to hemorrhagic complications during extracorporeal membrane oxygenation.
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Variables

	
Total (n = 132)

	
H Group (n = 23)

	
N Group (n = 109)

	
p-Value






	
Age, years

	
57 (50–63)

	
54 (51–66)

	
57 (49–62)

	
0.759




	
Male sex

	
77 (58.3%)

	
12 (52.2%)

	
65 (59.6%)

	
0.510




	
BMI, kg/m2

	
22.7 ± 4.5

	
23.6 ± 4.6

	
22.5 ± 4.5

	
0.295




	
Diagnosis

	

	

	

	
0.386




	
Viral pneumonia

	
11 (8.3%)

	
2 (8.7%)

	
9 (8.3%)

	




	
Bacterial pneumonia

	
26 (19.7%)

	
2 (8.7%)

	
24 (22.0%)

	




	
Asthma

	
1 (0.8%)

	
0 (0.0%)

	
1 (0.9%)

	




	
ILD

	
68 (51.5%)

	
11 (47.8%)

	
57 (52.3%)

	




	
Sepsis

	
20 (15.2%)

	
6 (26.1%)

	
14 (12.8%)

	




	
Others a

	
6 (4.5%)

	
2 (8.7%)

	
4 (3.7%)

	




	
ECMO modalities

	

	

	

	
0.580




	
VV

	
112 (84.8%)

	
19 (82.6%)

	
93 (85.3%)

	




	
VA

	
17 (12.9%)

	
4 (17.4%)

	
13 (11.9%)

	




	
VAV

	
3 (2.3%)

	
0 (0.0%)

	
3 (2.8%)

	




	
Mean blood flow on 1st day of ECMO (L/min)

	
3.1 ± 0.9

	
3.0 ± 1.4

	
3.2 ± 0.7

	
0.548




	
Mean sweep gas on 1st day of ECMO (L/min)

	
4.2 ± 1.4

	
4.1 ± 1.6

	
4.2 ± 1.4

	
0.926




	
SOFA score before ECMO initiation

	
10.6 ± 2.8

	
11.5 ± 1.9

	
10.4 ± 3.0

	
0.028




	
APACHE II

	
13.4 ± 6.4

	
13.0 ± 3.6

	
13.5 ± 6.9

	
0.590




	
CCI

	
1.7 ± 1.5

	
1.8 ± 1.1

	
1.7 ± 1.6

	
0.828




	
Baseline laboratory findings

	

	

	




	
Plasma Hb (mg/dL)

	
16.3 ± 13.4

	
14.9 ± 8.3

	
16.5 ± 14.0

	
0.703




	
WBC (×103/μL)

	
12.1 ± 7.4

	
12.7 ± 8.1

	
12.0 ± 7.3

	
0.664




	
PLT (×103/mm3)

	
173.6 ± 91.4

	
186.3 ± 122.5

	
171.0 ± 84.2

	
0.478




	
CRP (mg/dL)

	
12.8 ± 9.5

	
13.1 ± 10.8

	
12.7 ± 9.44

	
0.896




	
D-dimer (ng/mL)

	
6986.6 (5539–7874.6)

	
7906 (6967–7906)

	
6900 (5539–7787)

	
0.005




	
Fibrinogen (mg/dL)

	
412.1 ± 134.9

	
383.0 ± 158.0

	
417.4 ± 130.5

	
0.336




	
PT/INR

	
1.3 ± 0.3

	
1.3 ± 0.1

	
1.3 ± 0.4

	
0.972




	
aPTT (s)

	
74.9 ± 33.0

	
73.6 ± 40.5

	
75.2 ± 31.5

	
0.846




	
Anticoagulation

	

	

	

	
0.316




	
Heparin

	
117 (88.6%)

	
19 (82.6%)

	
98 (89.9%)

	




	
Argatroban

	
15 (11.4%)

	
4 (17.4%)

	
11 (10.1%)

	




	
RRT

	
43 (32.6%)

	
12 (52.2%)

	
31 (28.4%)

	
0.027




	
ECMO duration, days

	
16.6 ± 12.6

	
26.0 ± 13.9

	
14.6 ± 11.4

	
<0.001




	
Long-term ECMO b

	
67 (50.8%)

	
18 (78.3%)

	
49 (45.0%)

	
0.004








Data are presented as mean ± standard deviation or number (%). BMI: body mass index, ILD: interstitial lung disease, ECMO: extracorporeal membrane oxygenation, VV: venovenous, VA: venoarterial, VAV: venoarterial venous, SOFA: sequential organ failure assessment, APACHE II: Acute Physiology and Chronic Health Evaluation II, CCI: Charlson Comorbidity Index, WBC: white blood cells, PLT: platelets, CRP: C-reactive protein, PT/INR: prothrombin international normalized ratio, aPTT: activated partial thromboplastin time, Hb: hemoglobin, RRT: renal replacement therapy. a Pulmonary tuberculosis, bronchiolitis obliterans syndrome, primary pulmonary hypertension, Pneumocystis pneumonia, and pulmonary thromboembolism. b Use of ECMO for > 2 weeks.
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