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The diagnostic and prognostic
value of antithrombin III activity
for sepsis-induced coagulopathy
in septic patients: a prospective
observational study
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Youquan Wang and Dong Zhang*

Department of Critical Care Medicine, The First Hospital of Jilin University, Changchun, Jilin, China

Background: There are currently no suitable biomarkers for early diagnosis and

prognostic evaluation of sepsis-induced coagulopathy (SIC), therefore, studying

the diagnostic and prognostic value of antithrombin III (AT-III) activity in SIC may

be useful for early identification and intervention of SIC.

Methods: This study is a single-center cohort study, prospectively enrolling

patients with sepsis admitted to the ICU from March 2023 to March 2024.

Based on whether the SIC score was greater than or equal to 4, the enrolled

sepsis patients were divided into the SIC group and the non-SIC group. The

SIC scoring system consists of three parameters: International normalized ratio

(INR), platelet count, and Sequential Organ Failure Assessment (SOFA) score.

The measurement of AT-III activity was completed within 12 h of the patient

being admitted to the ICU. The receiver operating characteristic (ROC) curve

analysis and area under the ROC curve (AUC) were used to evaluate the

accuracy of different biomarkers in the diagnosis and prognostic assessment

of SIC. The DeLong Test was employed to compare whether there was a

significant difference between AUCs. Kaplan-Meier survival curve was plotted

and Log-rank test was performed to compare the 28-day survival rates among

different groups.

Results: This study included a total of 366 patients with sepsis, among which 235

(64.2%) were in the SIC group and 131 (35.8%) were in the non-SIC group. The

AT-III activity in the SIC group was significantly lower than that in the non-SIC

group (P < 0.001). ROC curve analysis showed that the AUC for AT-III activity

was 0.799 (P < 0.001), the AUC for platelets was 0.806 (P < 0.001), the AUC for

Sequential Organ Failure Assessment (SOFA) score was 0.746 (P< 0.001), and the

AUC for international normalized ratio (INR) was 0.765 (P < 0.001). The results

of the DeLong Test showed that the AUC for AT-III activity in diagnosing SIC had

no statistically significant difference compared with the AUCs of the traditional

diagnostic indicators, including platelets, SOFA score, and INR (P > 0.05). The

cut-off value of AT-III activity for diagnosing SIC is 59.7%, with a sensitivity

of 79.91%, specificity of 69.77%, positive predictive value (PPV) of 82.59%, and

negative predictive value (NPV) of 65.94%. There was no statistical difference

in AT-III activity between the survival and non-survival groups of SIC patients

(P > 0.05). The proportion of shock and the duration of vasopressor use were

Frontiers in Medicine 01 frontiersin.org

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2025.1645146
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2025.1645146&domain=pdf&date_stamp=2025-12-03
mailto:zhangdong@jlu.edu.cn
https://doi.org/10.3389/fmed.2025.1645146
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmed.2025.1645146/full
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-12-1645146 November 28, 2025 Time: 20:10 # 2

Li et al. 10.3389/fmed.2025.1645146 

both lower in the high AT-III group (≥ 59.7%) than in the low AT-III group < 59.7%) 

(P < 0.05). Kaplan-Meier survival curves showed that there was no statistically 

significant difference in the 28-day survival probability between the high AT-III 

group and the low AT-III group (P = 0.350). 

Conclusion: AT-III activity is a potentially helpful adjunctive biomarker for 

diagnosing SIC that performs similarly to the biomarkers and scores currently 

used to diagnose SIC. 

KEYWORDS 

sepsis-induced coagulopathy, sepsis, antithrombin III activity, diagnosis, prognostic 
assessment 

1 Background 

Sepsis is defined as life-threatening organ dysfunction caused 
by a dysregulated host response to infection (1). It poses a 
significant threat to the survival of patients admitted to the 
intensive care unit (ICU). The incidence and mortality of sepsis 
remain high, making it one of the leading causes of death 
in the ICU worldwide (2). The underlying pathophysiological 
mechanisms of sepsis appear to be complicated and involve 
disorders in excessive inflammation, immune dysfunction, and 
multiple organ systems (3, 4). Among all patients with sepsis, 
those who develop coagulopathy are at higher risk of death (5). 
Sepsis-induced coagulopathy (SIC) is a serious complication of 
sepsis, often leading to multiple organ dysfunction syndrome 
(MODS) and poor prognosis (6, 7). The SIC criteria and its scoring 
system were constructed in 2017 to categorize coagulopathy in 
sepsis (8). Subsequently, the Scientific Standardization Committee 
(SSC) on Disseminated Intravascular Coagulopathy (DIC) of 
the International Society on Thrombosis and Haemostasis 
(ISTH) adopted SIC for the diagnosis of early phase DIC in 
2019 (9). SIC is characterized by a prolonged international 
normalized ratio (INR) and reduced platelet counts, which 
can be attributed to the elevated level of tissue factor on 
the surface of circulating endothelial cells and the impaired 
balance between anticoagulant and fibrinolytic pathways when 
exposed to sepsis (10). Activation of the coagulation system 
and ensuing thrombin generation is dependent on expression 
of tissue factor and the simultaneous down-regulation of 
endothelial-bound anticoagulant mechanisms and endogenous 
fibrinolysis. Early detection of coagulation disorders is crucial 
for assessing the severity and predicting the prognosis of sepsis 
(11). Recent studies have demonstrated that inflammation and 
coagulation collaboratively contribute to the pathogenesis of organ 
dysfunction (12). 

Antithrombin III (AT-III) is a serine protease inhibitor 
synthesized in the liver. As a natural anticoagulant, AT-III 
maintains the balance of coagulation and anticoagulation in 
the body by irreversibly inhibiting the activity of thrombin 
and other coagulation factors (13). AT-III, as an important 
physiological anticoagulant protein in the human body, plays 
a crucial role in maintaining the balance between coagulation 
and anticoagulation. In addition, AT-III also has an independent 

antagonistic eect on inflammatory response, which can promote 
the synthesis and release of anti-inflammatory mediators, inhibit 
the synthesis of inflammatory mediators, reduce the adhesion 
between white blood cells and endothelial cells, alleviate vascular 
damage, and inhibit the activation of pro-inflammatory cytokines 
(14). In the pathophysiological process of sepsis, the measured 
activity of AT-III is significantly reduced, and its mechanism 
includes excessive thrombin production, increased vascular 
leakage, impaired synthesis ability, and protease degradation (15). 
A study by Matsubara and colleagues reported that the activity 
of AT-III may have potential as a unique biomarker for sepsis 
and sepsis induced DIC (16). The activity changes of AT-III are 
closely related to the coagulation status and prognosis of sepsis 
patients (17–19). The measured activity of AT-III is significantly 
reduced in patients with sepsis and coagulation dysfunction, 
which not only helps to identify coagulation dysfunction early, 
but may also serve as an important indicator for predicting 
patient prognosis. 

Despite the deepening understanding of coagulation 
dysfunction in sepsis, there are currently no suitable biomarkers 
for early diagnosis and prognostic evaluation of SIC. Therefore, 
studying the diagnostic and prognostic value of AT-III activity in 
SIC may be useful for early identification and intervention of SIC. 
The aim of this study is to explore the value of AT-III activity in 
diagnosing SIC and predicting 28- day mortality in SIC patients, 
in order to provide evidence for early diagnosis and treatment 
of SIC. 

2 Materials and methods 

2.1 Study design 

This study was a single-center cohort study, prospectively 
enrolling patients with sepsis admitted to the ICU of a tertiary 
general hospital (The First Hospital of Jilin University in 
Changchun, China) from March 2023 to March 2024. Clinical data 
of septic patients were collected through the electronic medical 
records system. All participants in this study provided informed 
consent forms. This study has been approved by the Ethics 
Committee of the First Hospital of Jilin University (Approval 
number: 2022-013). 
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2.2 Study population 

Adult patients fulfilling the diagnostic criteria for sepsis stated 
in the third international consensus definitions for sepsis and septic 
shock (Sepsis-3) (1) were enrolled. 

The inclusion criteria were: (1) adult (≥ 18 years old); (2) met 
the definition of Sepsis 3.0 criteria, which is defined as a suspected 
infection combined with an acute increase in Sequential Organ 
Failure Assessment (SOFA) score ≥ 2. 

The exclusion criteria were: (1) age < 18 years; (2) patients 
in the acute phase of trauma or with active bleeding (such as flail 
chest, obvious contusions of the lungs, liver, spleen, retroperitoneal 
bleeding, pelvic fractures, gastrointestinal bleeding, etc.); (3) those 
with a history of congenital bleeding diathesis, such as hemophilia; 
(4) patients with fulminant hepatitis, decompensated cirrhosis, or 
other severe liver diseases; (5) patients who had been administered 
heparin and heparin-like substances (including low molecular 
weight heparin, dalteparin, etc.) within 12 h before admission to the 
ICU; (6) patients who were on warfarin and had an INR exceeding 
the normal range within 7 days before admission to the ICU; (7) 
patients who had undergone thrombolytic therapy within 3 days 
before admission; (8) patients who had been on platelet inhibitors 
(such as aspirin, clopidogrel, tirofiban, dipyridamole, etc.) within 
7 days before admission to the ICU; (9) patients who were on other 
new anticoagulant drugs (Xa factor inhibitors such as apixaban, 
rivaroxaban, edoxaban, etc., and direct thrombin inhibitors such 
as dabigatran); (10) patients with thrombotic microangiopathy; 
(11) patients who did not provide informed consent or withdrew 
consent during the study. The patients were divided into SIC group 
and non-SIC group according to whether the SIC score ≥ 4 (8). Two 
investigators determined eligibility and patient allocation to the two 
groups based on SIC score. The score system for SIC is shown in 
Supplementary Table 1. 

2.3 Data collection 

Within 12 h of ICU admission, patients had the following 
measured: (1) AT-III activity; (2) creatinine, blood urea nitrogen, 
total bilirubin, platelets, and lactate to reflect end-organ function; 
(3) leukocyte count, procalcitonin (PCT), and high-sensitivity 
C-reactive protein (CRP) to indicate inflammation; and (4) 
prothrombin time (PT), activated partial thromboplastin time 
(aPTT), thrombin time (TT), INR, fibrinogen (FBG), D-dimer, and 
fibrin degradation products (FDP) to reflect coagulation status. In 
addition, we collected patient demographic information, infection 
site, underlying diseases, disease severity indicators such as SOFA 
score, the Acute Physiology and Chronic Health Evaluation 
(APACHE) II score, and clinical outcomes such as mechanical 
ventilation duration, ICU length of stay, hospital length of stay, in-
hospital mortality, and 28-day mortality. According to the Sepsis-3 
criteria, patients with septic shock were identified by a vasopressor 
requirement to maintain a mean arterial pressure of 65 mmHg or 
greater and serum lactate level > 2 mmol/L (> 18 mg/dL) in the 
absence of hypovolemia (1). 

The method for measuring AT-III activity was the chromogenic 
(synthetic substrate) assay. The test was performed on a sample of 
the patient’s citrated plasma by hospital clinical laboratory. The test 

measured how well a patient’s AT-III can inhibit a known amount 
of a clotting enzyme. The amount of uninhibited enzyme left was 
measured by its ability to cleave a color-producing substrate. The 
result is reported was a percentage of normal AT-III activity. 

2.4 Statistical analysis 

Continuous variables that follow a normal distribution were 
expressed as the mean ± standard deviation (SD) and compared 
using an independent-samples t-test. Continuous variables that did 
not follow a normal distribution were expressed as the median 
(interquartile range) and compared using the Mann-Whitney 
U test. The Kolmogorov-Smirnov test was used to assess the 
normality of data distribution. Categorical variables were presented 
as numbers and percentages and compared using the chi-squared 
test. Receiver operating characteristic (ROC) curves were used 
to analyze the accuracy of AT-III activity in the diagnosis and 
prognostic evaluation of SIC (20), and the Youden index was 
calculated (21). The optimal threshold for diagnosis and prognostic 
evaluation was determined when the Youden index was maximized. 
An area under the ROC curve (AUC) of 70–90% indicated 
good accuracy in diagnosis and evaluation, the DeLong Test was 
employed to compare whether there was a significant dierence 
between AUCs. Kaplan-Meier survival curves were plotted and 
compared using the Log-rank test to assess 28-day survival rates 
across groups. All comparisons were 2-sided at an alpha level of 
0.05, and a P-value < 0.05 was considered statistically significant. 
All statistical analyses were performed using SPSS version 25.0 
(IBM, Armonk, NY, United States) and R version 4.2.1 (RStudio, 
PBC, Boston, MA). 

3 Results 

3.1 Comparison of baseline data in SIC 
and non-SIC patients 

This study included a total of 366 patients with sepsis, among 
which 235 (64.2%) were in the SIC group and 131 (35.8%) were 
in the non-SIC group (Figure 1A). There were no statistically 
significant dierences between the two groups in terms of gender, 
weight, white blood cell count and high-sensitivity C-reactive 
protein (P = 0.186, P = 0.941, P = 0.103, and P = 0.826, respectively). 
However, SOFA score (P < 0.001), INR (P < 0.001), procalcitonin 
(P < 0.001), lactic acid (P < 0.001), and APACHE III score 
(P = 0.020) were significantly higher in the SIC group compared 
to the non-SIC group on ICU admission, while platelet count 
(P < 0.001) was significantly lower, and other indicators (P < 0.05) 
between the two groups at the time of admission, as shown in 
Table 1. 

3.2 ROC curve analysis for the diagnosis 
of SIC using AT-III activity 

In this study, the results of AT-III activity in the SIC group 
were significantly lower than those in the non-SIC group (44.40 
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FIGURE 1 

Flowchart for patient inclusion (A) and box plot of AT-III activity results (B). ∗∗∗ Represents P < 0.001; Mann-Whitney U-test was used to compare the 
levels of AT-III activity between the two groups. AT-III, antithrombin III; ICU, intensive care unit; SIC, sepsis-induced coagulopathy. 

vs. 67.60%, respectively; P < 0.001) (Figure 1B). Therefore, we 
used ROC curve analysis to evaluate the value of AT-III in 
the diagnosis of SIC. The current diagnostic indicators for SIC 
include SOFA score, INR, and platelet count. To evaluate the 
diagnostic eÿcacy of AT-III activity, we compared its ROC curve 
area under the curve (AUC) with that of SOFA score, INR, 
and platelet count. Since the higher the SOFA score and INR, 
the greater the possibility of diagnosing SIC, which is dierent 
from the trend of changes in platelet count and AT-III activity, 
we performed reciprocal processing on SOFA score and INR in 
the ROC curve analysis. The results showed that the AUC for 
AT-III activity was 0.799 (P < 0.001), the AUC for platelets 
was 0.806 (P < 0.001), the AUC for SOFA score was 0.746 
(P < 0.001), and the AUC for INR was 0.765 (P < 0.001) 
(Figure 2). An AUC of 70–90% indicates good accuracy of 
diagnostic and evaluation results, so AT-III activity has good 
accuracy in diagnosing SIC. The results of the DeLong Test 
showed that the AUC for AT-III activity in diagnosing SIC had 
no statistically significant dierence compared with the AUCs of 
the traditional diagnostic indicators (8), including platelets, SOFA 
score, and INR (P = 0.928, P = 0.104, and P = 0.211, respectively) 
(Supplementary Table 2). 

3.3 Cut-off value analysis for diagnosing 
SIC using AT-III activity 

Our findings suggest that AT-III activity showed a decreasing 
trend in the SIC group. When the Youden index is at its 
maximum, the activity of AT-III is 59.7%, suggesting that the 
cut-o value of AT-III activity for diagnosing SIC is 59.7%, 
with a sensitivity of 79.91%, specificity of 69.77%, positive 
predictive value (PPV) of 82.59%, and negative predictive value 
(NPV) of 65.94%. 

3.4 Analysis of AT-III activity in 28-day 
survival and non-survival groups of SIC 
patients 

The age, APACHE II score, and lactate levels of patients with 
SIC were all significantly higher in the 28-day non-survival group 
compared to the survival group (P = 0.029, P = 0.004, and P = 0.004, 
respectively). There were no statistically significant dierences 
between the two groups in terms of AT-III activity, SOFA score, 
INR, and platelet count (P = 0.114, P = 0.055, P = 0.650, and 
P = 0.811, respectively). There was also no statistical dierence in 
AT-III activity between the survival and non-survival groups of SIC 
patients (P = 0.114) (Table 2). Therefore, AT-III activity may not 
serve as a predictive indicator for the 28-day mortality rate of SIC 
patients. 

3.5 Analysis of clinical outcomes in septic 
patients with high and low AT-III groups 

Based on the cut-o value of AT-III activity for diagnosing 
SIC, septic patients were divided into a high AT-III group (AT-III 
activity ≥ 59.7%) and a low AT-III group (AT-III activity < 59.7%). 
There were 138 patients in the high AT-III group and 228 
patients in the low AT-III group. The proportion of shock and 
the duration of vasopressor use were both lower in the high AT-
III group than in the low AT-III group (P < 0.001). There were 
no statistically significant dierences between the two groups in 
terms of mechanical ventilation time, 28-day survival time, ICU 
length of stay, hospital length of stay, hospital mortality rate, and 
28-day mortality rate (P = 0.719, P = 0.308, P = 0.051, P = 0.056, 
P = 0.188, and P = 0.338, respectively) (Table 3). Kaplan-Meier 
survival curves were plotted and Log-rank tests were performed 
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TABLE 1 Baseline data of SIC and non-SIC patients. 

Characteristic Non-SIC group (n = 131) SIC group (n = 235) P-value 

Male 75(57.25) 151 (64.25) 0.186 

Age (years) 71.000 (61.00, 74.00) 65.00 (54.00, 73.00) 0.001 

Weight (kg) 68.00 (60.00, 70.00) 67.00 (60.00, 75.00) 0.941 

SOFA 5.00 (3.00, 7.00) 9.00 (6.00, 11.00) < 0.001 

APACHE II 13.00 (9.00, 16.00) 15.00 (12.00, 18.00) 0.020 

Past medical history 

Hypertension 40 (30.53) 82 (4.89) 0.396 

Diabetes mellitus 20 (15.27) 51 (21.70) 0.136 

Coronary artery disease 6 (4.58) 25 (10.63) 0.046 

Cancer 7 (5.34) 18 (7.66) 0.380 

Cerebral infarction/hemorrhage 13 (9.92) 21 (8.94) 0.755 

CRE(µmol/L) 88.70 (58.40, 144.00) 140.10 (85.80, 234.80) < 0.001 

TBIL (µmol/L) 13.50 (9.70, 20.00) 18.00 (12.20, 35.70) < 0.001 

WBC (× 109/L) 12.01 (8.63, 16.48) 11.37 (7.12, 17.37) 0.103 

PLT (× 109/L) 218.00 (170.00, 292.00) 120.00 (71.00, 194.00) < 0.001 

PCT (ng/ml) 2.90 (0.48, 14.25) 16.00 (3.35, 70.00) < 0.001 

CRP (mg/L) 170.00 (91.60, 264.73) 158.89 (88.87, 252.17) 0.826 

Lactic acid (mmol/L) 1.40 (1.10, 2.00) 2.30 (1.50, 3.50) < 0.001 

PT(s) 12.25 (11.43, 13.70) 14.75 (13.40, 16.70) < 0.001 

aPTT (s) 29.90 (27.60, 32.80) 33.80 (28.90, 41.00) < 0.001 

INR 1.15 (1.05, 1.25) 1.33 (1.18, 1.53) < 0.001 

FBG (g/L) 5.06 (3.86, 6.62) 4.40 (2.65, 6.24) < 0.001 

D-dimer (mg/L) 3.50 (2.01, 7.80) 7.35 (3.50, 13.73) < 0.001 

FDP (µg/mL) 10.57 (6.00, 24.04) 20.50 (10.25, 40.56) < 0.001 

Site of infection 

Pulmonary 53 (40.46) 78 (33.19) 0.164 

Intra-abdominal 57 (43.51) 107 (45.53) 0.709 

Genitourinary 6 (4.58) 26 (11.06) 0.182 

Skin/soft tissue infection 11 (8.40) 15 (6.38) 0.472 

Blood 4 (3.05) 9 (3.83) 0.700 

APACHE II, Acute Physiology and Chronic Health Evaluation II; aPTT, activated partial thromboplastin time; CRP, C-reactive protein; CRE, creatinine; FBG, fibrinogen; FDP, fibrin 
degradation product; INR, international normalized ratio; PCT, procalcitonin; PLT, platelets; PT, prothrombin time; SOFA, Sequential Organ Failure Assessment; TBIL, total bilirubin; WBC, 
white blood cells; Continuous variables (non-normal distribution) are expressed as median (interquartile range) and compared using the Mann-Whitney U-test. Categorical variables are 
expressed as number (percentage) and compared using the chi-squared test. 

to further clarify the impact of AT-III activity on the 28-day 
survival rate of septic patients. The results showed that there was no 
statistically significant dierence in the 28-day survival probability 
between the high AT-III group and the low AT-III group (P = 0.350) 
(Figure 3). 

4 Discussion 

This study found that AT-III activity has good accuracy in 
diagnosing SIC, and AT-III activity may be a potential biomarker 
for the diagnosis of SIC. However, AT-III activity is not a 
significant predictor of mortality in septic patients. AT-III is a 

58 kDa plasma glycoprotein synthesized in the liver and belongs 
to the serine protease inhibitor family. AT-III irreversibly inhibits 
activated factor X and thrombin in a 1:1 ratio, forming a protease-
AT complex. In addition to inhibiting inflammation induced 
by activated factor X and thrombin, AT-III also participates in 
the inhibition of vascular endothelial inflammatory responses 
(22). Sepsis and septic shock often lead to the activation of the 
coagulation system and the disruption of one of the components 
of the anticoagulation system, AT-III, resulting in a decrease in 
AT-III activity. 

In our study, we observed a significant reduction in AT-III 
activity among patients with SIC. The mechanism of reduced 
AT-III activity in SIC patients has not been fully elucidated and 

Frontiers in Medicine 05 frontiersin.org 

https://doi.org/10.3389/fmed.2025.1645146
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-12-1645146 November 28, 2025 Time: 20:10 # 6

Li et al. 10.3389/fmed.2025.1645146 

FIGURE 2 

ROC curve analysis of SIC diagnosis. AT-III, antithrombin III; AUC, area under the curve; CI, confidence interval; INR, international normalized ratio; 
PLT, platelet; ROC, receiver operating characteristic. 

may be related to the following three potential mechanisms (23). 
First, since the physiological function of AT-III is to neutralize 
thrombin and other coagulation factors, AT-III is consumed in 
patients with activated coagulation (24). Second, during sepsis, the 
synthesis of AT-III in the liver is inhibited, and AT-III activity 
gradually decreases with the reduced production of AT-III (25). 
Third, due to the endothelial damage in sepsis leading to increased 
capillary permeability, circulating AT-III can rapidly leak from the 
intravascular to the extravascular space. These factors together lead 
to the reduced AT-III activity in SIC patients (26). 

AT-III activity is an important physiological anticoagulant, 
capable of inhibiting about 80% of the coagulant activity of 
thrombin and coagulation factors VII, IX, X, XI, and XII. 
We believe that the reduction in AT-III activity is a critical 
factor contributing to the worsening of coagulation function in 
sepsis patients. Specifically, in coagulation dysfunction caused 
by sepsis, AT-III activity usually decreases and is associated 
with disease severity and high mortality. The reduction of AT-
III activity leads to a decrease in the ability to inactivate 
thrombin, resulting in further deterioration of coagulation function 
and even the occurrence of multiple organ dysfunction. Iba 
et al. (27) reported that in infected patients without organ 
dysfunction, AT-III activity dropped to about 80% of the 
normal level, while in sepsis patients with organ dysfunction, 
it dropped to about 60%, and in sepsis patients with DIC, 

it dropped to about 40%. In our cohort, we established a 
threshold of 59.7% for AT-III activity to diagnose SIC. This 
threshold reflects the progressive decline in AT-III activity as 
organ dysfunction and coagulation dysfunction advance in sepsis. 
Our results suggest that monitoring AT-III activity could serve 
as a valuable tool for early identification and management 
of SIC, potentially improving clinical outcomes by guiding 
timely interventions. 

Our study results not only validate the findings of previous 
studies but also provide more specific evidence for the application 
of AT treatment in patients with sepsis-induced DIC. A nationwide 
multicenter retrospective observational study showed that patients 
with sepsis-induced DIC and very low AT-III activity (≤ 43%) 
are the best indication for AT treatment (28). In addition, no 
increase in bleeding complications due to AT treatment was found 
in this patient subgroup. In previous clinical trials, even septic 
patients with AT-III activity of 70% were approved to start AT 
treatment. The results of these trials did not clarify the threshold 
of AT activity at the onset of treatment for sepsis-induced DIC, 
but these thresholds are likely based on the normal range of AT 
activity (70–120%) (29). The post hoc analysis of the KyberSept 
study showed that patients with sepsis-induced DIC were more 
likely to have AT-III activity < 60% than non-sepsis-induced DIC 
patients (72 vs. 15%) (30). Moreover, AT treatment can significantly 
improve the survival rate of patients with sepsis-induced DIC (31), 

Frontiers in Medicine 06 frontiersin.org 

https://doi.org/10.3389/fmed.2025.1645146
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-12-1645146 November 28, 2025 Time: 20:10 # 7

Li et al. 10.3389/fmed.2025.1645146 

TABLE 2 Baseline data of SIC patients in the 28-day survival and non-survival groups. 

Characteristic Survival group (n = 189) Non-survival group 
(n = 46) 

P-value 

Male, 126 (66.67) 25 (54.35) 0.118 

Age (years) 65.00 (53.00, 72.00) 68.50 (60.50, 74.25) 0.029 

Weight (kg) 67.45 ± 0.87 66.48 ± 1.38 0.608 

SOFA 8.56 ± 0.29 9.80 ± 0.55 0.055 

APACHE II 14.00 (11.00, 18.00) 16.00 (14.00, 20.00) 0.004 

CRE (µmol/L) 140.10 (83.30, 232.25) 139.40 (90.98, 252.23) 0.774 

TBIL (µmol/L) 18.00 (12.30, 35.70) 19.90 (10.40, 38.25) 0.904 

WBC (× 109/L) 13.01 ± 0.67 12.83 ± 1.12 0.904 

PLT (× 109/L) 121.00 (72.50, 192.50) 117.50 (67.75, 194.00) 0.811 

PCT (ng/mL) 17.00 (4.81, 72.40) 10.95 (1.80, 48.50) 0.190 

CRP (mg/L) 179.57 ± 7.91 156.73 ± 16.31 0.204 

Lactic acid (mmol/L) 2.20 (1.40, 3.30) 2.95 (1.88, 4.75) 0.004 

PT (s) 14.30 (13.30, 16.60) 15.30 (13.55, 17.00) 0.604 

aPTT (s) 34.00 (30.00, 40.80) 32.95 (27.98, 43.00) 0.661 

INR 1.32 (1.20, 1.53) 1.37 (1.16, 1.58) 0.650 

FBG (g/L) 4.87 ± 0.24 4.13 ± 0.33 0.148 

D-Dimer (mg/L) 7.62 (3.27, 13.37) 7.06 (3.54, 14.36) 0.901 

FDP (µg/mL) 20.95 (9.60, 41.66) 19.00 (13.29, 39.98) 0.677 

AT-III activity (%) 45.30 (34.00, 57.10) 38.30 (32.70, 57.40) 0.114 

APACHE II, Acute Physiology and Chronic Health Evaluation II; aPTT, activated partial thromboplastin time; AT-III, antithrombin III; CRE, creatinine; CRP, C-reactive protein; FBG, 
fibrinogen; FDP, fibrin degradation product; INR, international normalized ratio; PCT, procalcitonin; PLT, platelets; PT, prothrombin time; SOFA, Sequential Organ Failure Assessment; TBIL, 
total bilirubin; WBC, white blood cells; Continuous variables (normal distribution) are expressed as the mean ± standard deviation (SD) and compared using an independent-samples t-test. 
Continuous variables (non-normal distribution) are expressed as the median (interquartile range) and compared using the Mann-Whitney U test. Categorical variables are expressed as number 
(percentage) and compared using the chi-squared test. 

TABLE 3 Comparison of clinical outcomes between septic patients in the high AT-III group and the low AT-III group. 

Clinical outcomes High AT-III group (n = 138) Low AT-III group 
(n = 228) 

P-value 

Mechanical ventilation time (h) 73.00 (4.00, 168.50) 68.50 (16.00, 157.00) 0.719 

Shock proportion 50 (36.23) 158 (69.30) < 0.001 

Duration of vasopressor use (d) 0 (0, 2.00) 2.00 (0, 5.00) < 0.001 

28-day survival time (d) 28.00 (5.00, 28.00) 28.00 (13.00, 28.00) 0.308 

ICU length of stay (d) 6.50 (4.00, 13.25) 6.00 (4.00, 11.00) 0.051 

Hospital length of stay (d) 9.00 (6.00, 17.25) 8.00 (5.00, 15.00) 0.056 

Hospital mortality 8 (5.80) 13 (5.70) 0.188 

28-day mortality 20 (14.49) 41 (17.98) 0.338 

AT-III, antithrombin III; ICU, intensive care unit; Continuous variables (non-normal distribution) are expressed as median (interquartile range) and compared using the Mann-Whitney 
U-test. Categorical variables are expressed as number (percentage) and compared using the chi-squared test, the cut-o value of AT-III activity is 59.7%. 

and AT treatment may be more eective for patients with lower 

AT-III activity. 
In our study, we further explored the pathophysiological 

mechanisms of SIC and the value of its diagnostic markers. 
SIC is considered to be caused by the activation of systemic 

intravascular coagulation and microvascular endothelial injury, 
leading to extensive microvascular thrombosis and organ failure. 
Many studies have shown that the coagulation dysfunction in sepsis 
is associated with organ failure and is a risk factor for clinical death 

(32, 33). Therefore, in order to accurately assess the coagulation 

function in sepsis, various coagulation markers are clinically 

measured in sepsis patients, such as fibrin/fibrinogen degradation 

products (FDP), prothrombin time, platelet count, fibrinogen, INR, 
and AT-III activity. However, in the complex pathophysiology of 
sepsis and its accompanying coagulation dysfunction, traditional 
coagulation markers cannot reflect the full picture of coagulation 

function and it is also diÿcult to verify the validity of the markers. 
Therefore, the clinical significance and eectiveness of various 
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FIGURE 3 

Kaplan-Meier survival curve of 28-day survival rate in patients with 
sepsis between the high AT-III group and the low AT-III group. 

coagulation indicators for the treatment of sepsis are still unclear. 
Although the results of our study showed no statistical dierence 
in AT-III activity between the 28-day survival group and the 
death group of SIC patients, and AT-III activity cannot be used 
as a predictive indicator of 28-day mortality in SIC patients, as 
a diagnostic indicator for SIC, AT-III has a good performance in 
both sensitivity and specificity for the diagnosis of SIC. In addition, 
the results of our study showed that the proportion of shock and 
the duration of vasopressor use in the high AT-III group (AT-
III activity ≥ 59.7%) were lower than those in the low AT-III 
group (AT-III activity < 59.7%), suggesting that there is a close 
relationship between decreased AT-III activity and the occurrence 
of shock in sepsis patients. 

In our study, we further validated the significance of AT-III 
activity detection in the diagnosis of SIC and proposed new insights 
based on our research findings. On the one hand, abnormal levels 
of AT-III can serve as an important diagnostic basis for SIC. When 
the level of AT-III is too low, it may indicate that the body is 
more prone to forming uncontrollable thrombi, which is consistent 
with the pathological process of SIC. On the other hand, our 
study also explored the potential role of AT-III activity in guiding 
clinical treatment. We found that by monitoring changes in AT-
III activity, we can more accurately assess the coagulation status 
of patients, thereby guiding anticoagulant therapy. For instance, 
heparin can increase the activity of AT-III by 1,000 times through 
competitive binding to AT-III and preventing its interaction with 
heparan sulfate on endothelial cells (34). Since the anticoagulant 
eect of heparin depends on the activity of AT-III, monitoring the 
changes in AT-III levels can also assess the coagulation status of 
patients, guide clinical anticoagulant therapy, and thereby improve 
the prognosis of patients. In the future, with the continuous 
progress of medical technology and in-depth research on AT-III, 
its role in the diagnosis, treatment, and prognostic assessment of 

SIC will become clearer and more important. Based on our research 
findings, we believe that developing more sensitive and specific 
AT-III detection technologies can detect coagulation abnormalities 
earlier, providing strong support for clinical intervention. At the 
same time, establishing a comprehensive diagnostic model by 
combining other biomarkers and clinical information will further 
improve the diagnostic accuracy and therapeutic eÿciency of 
SIC. In summary, as an indicator that is easy to detect, readily 
available, and highly universal, AT-III activity has broad application 
prospects and important clinical value in the diagnosis of SIC. 
In the future, with ongoing in-depth research and technological 
development, AT-III activity is expected to play a more important 
role in the diagnosis and treatment of SIC. 

There are several limitations in our study. First, since it is a 
single-center study, the sample size is relatively small. Second, the 
dynamic changes of AT-III activity during the sepsis process were 
not continuously monitored. Third, due to the single-center nature 
and small heterogeneous patient population, the generalizability 
of our results is limited. Therefore, larger-scale and multicenter 
research is still required in the future. 

5 Conclusion 

AT-III activity decreases during SIC, and AT-III activity is a 
potential biomarker for diagnosing SIC with diagnostic eÿcacy 
similar to current indicators of SOFA score, INR and platelets. 

Data availability statement 

The raw data supporting the conclusions of this article will be 
made available by the authors, without undue reservation. 

Ethics statement 

The studies involving humans were approved by Ethics 
Committee of the First Hospital of Jilin University. The studies 
were conducted in accordance with the local legislation and 
institutional requirements. The participants provided their written 
informed consent to participate in this study. 

Author contributions 

YL: Writing – original draft. FZ: Writing – review & editing, 
Data curation. HL: Data curation, Writing – review & editing. YF: 
Data curation, Writing – review & editing. YC: Formal analysis, 
Writing – review & editing, Software. YW: Writing – review 
& editing, Data curation. DZ: Supervision, Writing – review & 
editing, Conceptualization, Validation. 

Funding 

The author(s) declare financial support was received for 
the research and/or publication of this article. This work 

Frontiers in Medicine 08 frontiersin.org 

https://doi.org/10.3389/fmed.2025.1645146
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-12-1645146 November 28, 2025 Time: 20:10 # 9

Li et al. 10.3389/fmed.2025.1645146 

was supported by National Key R&D Program of China, 
Ministry of Science and Technology of the People’s Republic of 
China (2022YFC2304604, 2022YFC2304605) and Zhongguancun 
Precision Medicine Foundation (2024-JZYX-6435). 

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. 

Generative AI statement 

The authors declare that no Generative AI was used in the 
creation of this manuscript. 

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable eorts have been made to 

ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us. 

Publisher’s note 

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their aÿliated 
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.2025. 
1645146/full#supplementary-material 

References 

1. 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 

2. Cecconi M, Evans L, Levy M, Rhodes A. Sepsis and septic shock. Lancet. (2018) 
392:75–87. doi: 10.1016/S0140-6736(18)30696-2 

3. Zhang H, Dong N, Yao Y. Optimal strategy for treatment of sepsis based on the 
host inflammatory reaction and immune response. J Intensive Med. (2023) 4:175–80. 
doi: 10.1016/j.jointm.2023.10.002 

4. He Q, Wei Y, Qian Y, Zhong M. Pathophysiological dynamics in the contact, 
coagulation, and complement systems during sepsis: Potential targets for nafamostat 
mesilate. J Intensive Med. (2024) 4:453–67. doi: 10.1016/j.jointm.2024.02.003 

5. Lyons PG, Micek ST, Hampton N, Kollef MH. Sepsis-associated coagulopathy 
severity predicts hospital mortality. Crit Care Med. (2018) 46:736–42. doi: 10.1097/ 
CCM.0000000000002997 

6. Simmons J, Pittet JF. The coagulopathy of acute sepsis. Curr Opin Anaesthesiol. 
(2015) 28:227–36. doi: 10.1097/ACO.0000000000000163 

7. Lipinska-Gediga M. Coagulopathy in sepsis-a new look at an old problem. 
Anaesthesiol Intensive Ther. (2016) 48:352–9. doi: 10.5603/AIT.a2016.0051 

8. 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 

9. Iba T, Levy JH, Yamakawa K, Thachil J, Warkentin TE, Levi M, et al. Proposal 
of a two-step process for the diagnosis of sepsis-induced disseminated intravascular 
coagulation. J Thromb Haemost. (2019) 17:1265–8. doi: 10.1111/jth.14482 

10. Levi M, van der Poll T. Inflammation and coagulation. Crit Care Med. (2010) 
38:S26–34. doi: 10.1097/CCM.0b013e3181c98d21 

11. Matsuoka T, Yamakawa K, Iba T, Homma K, Sasaki J. Persistent and late-onset 
disseminated intravascular coagulation are closely related to poor prognosis in patients 
with sepsis. Thromb Haemost. (2024) 124:399–407. doi: 10.1055/a-2196-3630 

12. Helms J, Iba T, Connors JM, Gando S, Levi M, Meziani F, et al. How to manage 
coagulopathies in critically ill patients. Intensive Care Med. (2023) 49:273–90. doi: 
10.1007/s00134-023-06980-6 

13. Léon M, Aiach M, Coezy E, Guennec JY, Fiessinger JN. Antithrombin III 
synthesis in rat liver parenchymal cells. Thromb Res. (1983) 30:369–75. doi: 10.1016/ 
0049-3848(83)90228-1 

14. Ostrovsky L, Woodman RC, Payne D, Teoh D, Kubes P. Antithrombin 
III prevents and rapidly reverses leukocyte recruitment in ischemia/reperfusion. 
Circulation. (1997) 96:2302–10. doi: 10.1161/01.cir.96.7.2302 

15. Aibiki M, Fukuoka N, Umakoshi K, Ohtsubo S, Kikuchi S. Serum albumin 
levels anticipate antithrombin III activities before and after antithrombin III agent in 

critical patients with disseminated intravascular coagulation. Shock. (2007) 27:139–44. 
doi: 10.1097/01.shk.0000239762.90335.68 

16. Matsubara T, Yamakawa K, Umemura Y, Gando S, Ogura H, Shiraishi A, 
et al. Significance of plasma fibrinogen level and antithrombin activity in sepsis: A 
multicenter cohort study using a cubic spline model. Thromb Res. (2019) 181:17–23. 
doi: 10.1016/j.thromres.2019.07.002 

17. Azuhata T, Hayakwa M, Maekawa K, Komatsu T, Kuwana T, Kawano D, 
et al. Supernormal antithrombin activity is an independent predictor of in-hospital 
mortality in patients with sepsis: A retrospective observational study. Clin Appl 
Thromb Hemost. (2020) 26:1076029620912827. doi: 10.1177/1076029620912827 

18. Iba T, Tanigawa T, Wada H, Levy JH. The antithrombin activity recovery after 
substitution therapy is associated with improved 28-day mortality in patients with 
sepsis-associated disseminated intravascular coagulation. Thromb J. (2023) 21:112. 
doi: 10.1186/s12959-023-00556-6 

19. Iba T, Saitoh D, Gando S, Thachil J. The usefulness of antithrombin activity 
monitoring during antithrombin supplementation in patients with sepsis-associated 
disseminated intravascular coagulation. Thromb Res. (2015) 135:897–901. doi: 10. 
1016/j.thromres.2015.03.007 

20. Hanley JA, McNeil BJ. A method of comparing the areas under receiver operating 
characteristic curves derived from the same cases. Radiology. (1983) 148:839–43. doi: 
10.1148/radiology.148.3.6878708 

21. Youden WJ. Index for rating diagnostic tests. Cancer. (1950) 3:32–5. doi: 10. 
1002/1097-014219503:13.0.co;2-3. 

22. Ornaghi S, Barnhart KT, Frieling J, Streisand J, Paidas MJ. Clinical syndromes 
associated with acquired antithrombin deficiency via microvascular leakage and the 
related risk of thrombosis. Thromb Res. (2014) 133:972–84. 

23. Iba T, Levy JH, Susen S, Levi M, Scarlatescu E. Communication from the 
scientifc standardization committees of the international society on thrombosis and 
haemostasis on vascular endothelium related biomarkers in disseminated intravascular 
coagulation. J Thromb Haemost. (2023) 21:691–9. doi: 10.1016/j.jtha.2022.11.032 

24. Mammen EF. Antithrombin: its physiological importance and role in DIC. 
Semin Thromb Hemost. (1998) 24:19–25. doi: 10.1055/s-2007-995819 

25. Dhainaut JF, Marin N, Mignon A, Vinsonneau C. Hepatic response to sepsis: 
interaction between coagulation and infammatory processes. Crit Care Med. (2001) 
29:S42–7. doi: 10.1097/00003246-200107001-00016 

26. Kuroda H, Masuda Y. Comparison of protective eects of recombinant 
antithrombin gamma and plasma-derived antithrombin on sepsis-induced 
disseminated intravascular coagulation and multiple organ failure. Clin Appl 
Thromb Hemost. (2020) 26:1076029620981630. doi: 10.1177/1076029620981630 

27. Iba T, Kidokoro A, Yagi Y. The role of the endothelium in changes in 
procoagulant activity in sepsis. J Am Coll Surg. (1998) 187:321–9. doi: 10.1016/s1072-
7515(98)00177-x 

Frontiers in Medicine 09 frontiersin.org 

https://doi.org/10.3389/fmed.2025.1645146
https://www.frontiersin.org/articles/10.3389/fmed.2025.1645146/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2025.1645146/full#supplementary-material
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1016/S0140-6736(18)30696-2
https://doi.org/10.1016/j.jointm.2023.10.002
https://doi.org/10.1016/j.jointm.2024.02.003
https://doi.org/10.1097/CCM.0000000000002997
https://doi.org/10.1097/CCM.0000000000002997
https://doi.org/10.1097/ACO.0000000000000163
https://doi.org/10.5603/AIT.a2016.0051
https://doi.org/10.1136/bmjopen-2017-017046
https://doi.org/10.1136/bmjopen-2017-017046
https://doi.org/10.1111/jth.14482
https://doi.org/10.1097/CCM.0b013e3181c98d21
https://doi.org/10.1055/a-2196-3630
https://doi.org/10.1007/s00134-023-06980-6
https://doi.org/10.1007/s00134-023-06980-6
https://doi.org/10.1016/0049-3848(83)90228-1
https://doi.org/10.1016/0049-3848(83)90228-1
https://doi.org/10.1161/01.cir.96.7.2302
https://doi.org/10.1097/01.shk.0000239762.90335.68
https://doi.org/10.1016/j.thromres.2019.07.002
https://doi.org/10.1177/1076029620912827
https://doi.org/10.1186/s12959-023-00556-6
https://doi.org/10.1016/j.thromres.2015.03.007
https://doi.org/10.1016/j.thromres.2015.03.007
https://doi.org/10.1148/radiology.148.3.6878708
https://doi.org/10.1148/radiology.148.3.6878708
https://doi.org/10.1002/1097-014219503:13.0.co;2-3.
https://doi.org/10.1002/1097-014219503:13.0.co;2-3.
https://doi.org/10.1016/j.jtha.2022.11.032
https://doi.org/10.1055/s-2007-995819
https://doi.org/10.1097/00003246-200107001-00016
https://doi.org/10.1177/1076029620981630
https://doi.org/10.1016/s1072-7515(98)00177-x
https://doi.org/10.1016/s1072-7515(98)00177-x
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-12-1645146 November 28, 2025 Time: 20:10 # 10

Li et al. 10.3389/fmed.2025.1645146 

28. Hayakawa M, Yamakawa K, Kudo D, Ono K. Optimal antithrombin activity 
threshold for initiating antithrombin supplementation in patients with sepsis-induced 
disseminated intravascular coagulation: a multicenter retrospective observational 
study. Clin Appl Thromb Hemost. (2018) 24:874–83. doi: 10.1177/10760296187 
57346 

29. Khor B, Van Cott EM. Laboratory tests for antithrombin deficiency. Am J 
Hematol. (2010) 85:947–50. doi: 10.1002/ajh.21893 

30. 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 

31. Kienast J, Juers M, Wiedermann CJ, Homann JN, Ostermann H, Strauss R, et al. 
Treatment eects 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 

32. Kelly BJ, Lautenbach E, Nachamkin I, Coÿn SE, Gerber JS, Fuchs BD, 
et al. Combined biomarkers predict acute mortality among critically ill patients 
with suspected sepsis. Crit Care Med. (2018) 46:1106–13. doi: 10.1097/CCM. 
0000000000003137 

33. Moore JX, Zakai NA, Mahalingam M, Griÿn RL, Irvin MR, Saord MM, et al. 
Hemostasis biomarkers and risk of sepsis: the REGARDS cohort. J Thromb Haemost. 
(2016) 14:2169–76. doi: 10.1111/jth.13446 

34. Opal SM, Kessler CM, Roemisch J, Knaub S. Antithrombin, heparin, and 
heparan sulfate. Crit Care Med. (2002) 30:S325–31. doi: 10.1097/00003246-
200205001-00024 

Frontiers in Medicine 10 frontiersin.org 

https://doi.org/10.3389/fmed.2025.1645146
https://doi.org/10.1177/1076029618757346
https://doi.org/10.1177/1076029618757346
https://doi.org/10.1002/ajh.21893
https://doi.org/10.1001/jama.286.15.1869
https://doi.org/10.1111/j.1538-7836.2005.01697.x
https://doi.org/10.1097/CCM.0000000000003137
https://doi.org/10.1097/CCM.0000000000003137
https://doi.org/10.1111/jth.13446
https://doi.org/10.1097/00003246-200205001-00024
https://doi.org/10.1097/00003246-200205001-00024
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

	The diagnostic and prognostic value of antithrombin III activity for sepsis-induced coagulopathy in septic patients: a prospective observational study
	1 Background
	2 Materials and methods
	2.1 Study design
	2.2 Study population
	2.3 Data collection
	2.4 Statistical analysis

	3 Results
	3.1 Comparison of baseline data in SIC and non-SIC patients
	3.2 ROC curve analysis for the diagnosis of SIC using AT-III activity
	3.3 Cut-off value analysis for diagnosing SIC using AT-III activity
	3.4 Analysis of AT-III activity in 28-day survival and non-survival groups of SIC patients
	3.5 Analysis of clinical outcomes in septic patients with high and low AT-III groups

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


