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Objectives: Diquat poisoning is an important public health and social security agency. This study aimed to develop a prognostic model and evaluate the prognostic value of plasma diquat concentration in patients with acute oral diquat poisoning, focusing on how its impact changes over time after poisoning.

Methods: This was a retrospective cohort study using electronic healthcare reports from the Second Hospital of Hebei Medical University. The study sample included 80 patients with acute oral Diquat poisoning who were admitted to the hospital between January 2019 and May 2022. Time-to-event analyses were performed to assess the risk of all-cause mortality (30 days and 90 days), controlling for demographics, comorbidities, vital signs, and other laboratory measurements. The prognostic value of plasma DQ concentration on admission was assessed by computing the area under a time-dependent receiver operating characteristic curve (ROC).

Results: Among the 80 patients, 29 (36.25%) patients died, and 51 (63.75%) patients survived in the hospital. Non-survivors had a median survival time (IQR) of 1.3(1.0) days and the longest survival time of 4.5 days after DQ poisoning. Compared with non-survivors, survivors had significantly lower amounts of ingestion, plasma DQ concentration on admission, lungs injury within 24 h after admission, liver injury within 24 h after admission, kidney injury within 24 h after admission, and CNS injury within 36 h after admission, higher APACHE II score and PSS within 24 h after admission (all p < 0.05). Plasma Diquat concentration at admission (HR = Exp (0.032–0.059 × ln (t))) and PSS within 24 h after admission (HR: 4.470, 95%CI: 1.604 ~ 12.452, p = 0.004) were independent prognostic factors in the time-dependent Cox regression model.

Conclusion: Plasma DQ concentration at admission and PSS within 24 h after admission are independent prognostic factors for the in-hospital case fatality rate in patients with acute oral DQ poisoning. The prognostic value of plasma DQ concentration decreased with time.
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1 Introduction

Diquat (1,1′-ethylene-2,2′-bipyridinium ion; DQ) is a type of bipyridinium herbicide that acts similarly to paraquat (PQ) but has distinct poisoning mechanisms and clinical effects. Diquat is a highly toxic herbicide that is commonly used to control weeds in agricultural and non-agricultural settings. Its usage has increased, particularly in developing countries where paraquat has been banned, leading to a steady increase in DQ poisoning cases (1, 2). DQ poisoning is often caused by unintentional or deliberate ingestion of concentrated liquid products containing DQ, leading to multiple organ dysfunction and even death. Based on previous studies, in some cases, the fatality rate for DQ poisoning can be as high as 52.5% (3). After PQ poisoning, timely treating DQ poisoning has become another problematic task for clinicians. Therefore, effective evaluation of clinical outcomes and risk assessment for critically ill DQ poisoning patients is crucial for the optimal allocation of medical resources and for improving public health and social security. This requires timely diagnosis, monitoring, and treatment to prevent serious complications and improve survival rates. Clinicians should have access to updated guidelines, treatment protocols, and appropriate resources and equipment to manage DQ poisoning cases. Education and awareness programs for the public can also help to prevent DQ poisoning and promote early intervention.

The severity of DQ poisoning is divided into mild poisoning, moderate to severe poisoning, and fulminant poisoning. The survival probability of the patients is roughly evaluated based on the dose ingested (DQ2+) and different clinical manifestations (3, 4). Ingestion of diquat in large amounts can lead to severe toxicity and life-threatening complications. Although the exact lethal dose of DQ in humans is not well-defined, it is estimated to be around 20–30 mg/kg of body weight. Ingestion of a significant amount of DQ, such as 20–50 mL of a concentrated formulation, can cause severe toxic effects on various organs, including the liver, kidney, and lungs. For example, patients with higher plasma DQ concentrations on admission have been shown to have a significantly higher mortality rate and longer hospital stay. Ingestion of a large amount of DQ can lead to multi-organ failure and cardiogenic shock within 1–4 days, which can result in death. Previous studies have found that the plasma DQ concentration can be a useful biomarker for predicting the severity of DQ poisoning and monitoring the efficacy of treatment. However, the total dose absorbed (DQ2+) varies widely due to subjective expression, variable gastrointestinal absorption function, and different gastric lavage and catharsis intervention timings. Poison detection is a crucial component of acute poisoning clinical diagnosis. Plasma poison concentration has great value in evaluating the prognosis and guiding treatment. By analyzing the plasma DQ concentration in patients with DQ poisoning, healthcare professionals can determine the appropriate dosage of antioxidant therapy and adjust treatment strategies accordingly. Additionally, measuring plasma diquat concentration can provide important information for medical professionals to assess the prognosis of patients with acute DQ poisoning. Previous studies indicated, even smaller quantities of diquat ingestion, such as 10–20 mL, can cause irreversible lung fibrosis and renal failure that would result in death within several weeks. Therefore, the ingestion volume and plasma concentration of diquat are often used as important indicators of patients’ prognosis. These studies also highlight the importance of monitoring plasma diquat concentration in patients with acute DQ poisoning to optimize treatment and improve patient outcomes. For example, Hart et al. created concentration-time curves to represent estimates of the survival probability of acute PQ poisoning (5). Hampson et al. found that when plasma PQ concentrations were higher than 3 mg/L, the patient had a poor prognosis despite hemoperfusion (6).

However, the prognostic value of plasma DQ concentration in patients with acute DQ poisoning is still lacking solid evidence due to the various limitations, such as sample size, methodology, etc. For example, statistical techniques like regression analysis, survival analysis, or logistic regression may be used to determine if there’s a significant relationship between plasma diquat levels and patient prognosis, such as mortality rates, severity of poisoning, or recovery times. However, traditional models might implicitly assume that this condition is met, which can lead to biased or incorrect results if the assumption is violated. Therefore, this study aimed to identify prognostic factors of patients with acute oral DQ poisoning and evaluate the prognostic value of plasma DQ concentration at admission using statistical tests and graphical diagnostics based on scaled Schoenfeld residuals, which could contribute to clinical evaluation and treatment. In addition, this approach could provide a more rigorous and objective assessment of whether the proportional hazards assumption holds true for the data. By using scaled Schoenfeld residuals, researchers can visually inspect and statistically test for any time-dependent covariates, ensuring the model’s assumptions are valid and its conclusions are more reliable (7).



2 Materials and methods


2.1 Study sample

We performed a retrospective cohort study with a population from the Second Hospital of Hebei Medical University electronic healthcare records (HER) dataset to identify all patients who were treated as DQ poison from January 1, 2019, to May 31, 2022. The EHR dataset includes information on socioeconomic characteristics, diagnoses, medications, procedures, laboratory and imaging reports, vital signs, the length of hospitalizations, and death date. Plasma samples were collected at admission. Plasma DQ concentration was measured by high-performance liquid chromatographic tandem mass spectrometry (HPLC-MS/MS, Shimadzu, Japan; AB Sciex, United States). Separation of analytes was achieved on a Pc Hilic S5 column (5 μm, 2.0 mm × 150 mm) (Osaka Soda, Beijing) at 35°C. The mobile phase consisted of a mixture of solvent A (20 mM ammonium formate in water containing 0.1% formic acid) and solvent B (acetonitrile) delivered with a gradient at a flow rate of 0.3 mL/min. The standard curve was linear over a plasma concentration range of 10–1,000 ng/mL. The study followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline (8). The exemption from obtaining written informed consent was granted due to the retrospective observational nature of our study. The data analysis was performed from June 1, 2022, to July 31, 2022. The Hebei Medical University Institutional Review Board reviewed and approved the study (IRB: 2020-C043).

This study analyzed admitted patients at the Second Hospital of Hebei Medical University who were diagnosed with DQ poisoning. To be included, patients had to have a documented history of oral DQ ingestion, be at least 14 years old, have DQ detected in plasma and/or urine samples taken upon admission, and have a time interval from DQ ingestion to ED admission of no more than 36 h. Patients were excluded if they had mixed toxicant poisoning, non-oral exposure routes, blood purification in local hospitals, or a history of severe lung disease or severely impaired liver or kidney function. The final study sample consisted of 392 adults.

All patients received immediate gastric lavage, activated charcoal absorption, and diarrhea induction with purgative and/or high enemas to prevent DQ absorption. Forced diuresis, hemoperfusion (HP), and/or hemofiltration were applied to promote DQ excretion. Blood purification was administered to patients within 1–2 h after admission. The old therapeutic regimen referred to patients who received 2 h of HP at 6 to 8 h interval time. The HP frequency was adjusted according to the plasma DQ concentration. The new therapeutic regimen adopts the model of “HP + Continuous Veno-Venous Hemofiltration (CVVH) +” The interval between two HP was 9 to 10 h, during which a CVVH was applied. The HP and CVVH frequencies were adjusted according to the plasma DQ concentration. Antioxidants (vitamin C and melatonin) and low-dose glucocorticoids were used to scavenge free radicals and inflammatory mediators. Other clinical treatments included maintaining fluid and electrolyte balance, organ function support, etc. (3, 4).



2.2 Measurements

The primary outcome of interest was all-cause in-hospital mortality. To identify the overall mortality rate among patients with acute DQ poisoning, and considering a null hypothesis proportion of 0.3, a true proportion of 0.5, a type I error rate of 5%, and a desired power of 80%, a sample size of 49 patients was required for this study.

The secondary outcomes of interest were the occurrence of complications after acute DQ poisoning, including DQ induced lung injury, liver injury, kidney injury, and central nervous system (CNS) injury. Specifically, the lung injury was identified based on the following criteria for (9), (1) history of DQ ingestion that is known to induce lung injury, (2) clinical manifestations have been reported to be induced by DQ, (3) Other causes of clinical manifestations could be ruled out, (4) partial pressure oxygen (PaO2) < 80 mmHg on room air. The liver injury was proposed if one of the following thresholds was met (10) (1) alanine aminotransferase (ALT) ≥ 5 × upper limits of normal (ULN), (2) alkaline phosphatase (ALP) ≥ 2 × ULN (especially with the elevation of gamma-glutamyl transferase (GGT) or after ruling out primary bone pathology in cases of isolated elevation of ALP), (3) ALT ≥3 × ULN plus total bilirubin (TB) > 2 × ULN. The kidney injury was proposed if one of the following thresholds was met (11, 12) (1) serum creatinine increased 1.5 times baseline, (2) urine output <0.5 mL/kg/h during a 6-h block. The CNS injury was proposed if one of the following thresholds was met (3, 13) (1) Clinical manifestations with headache, dizziness, disturbance of consciousness (drowsiness, confusion of consciousness, delirium, lethargy, coma), focal or generalized epileptiform seizures, etc., (2) Brain imaging can manifest as cerebral edema, brain stem infarction, and bleeding.



2.3 Covariates

The covariates of patients with DQ poisoning included baseline demographics (age and sex), the length of gastric lavage, ED stay, and blood purification. We also measured the scores of the Acute Physiology and Chronic Health Evaluation (APACHE II) and poisoning severity score (PSS) within 24 h of admission (14, 15), treatment regimens, frequency of hemoperfusion (HP), frequency of continuous veno-venous hemofiltration (CVVH) and hospital days.



2.4 Statistical analyses

Baseline patient characteristics were compared using the Chi-square test for categorical variables and student t-test for continuous variables across survival and non-survival patients with DQ poisoning.

Then we conducted two univariate Cox proportional hazards regression was used to assess associations, measured as hazard ratios (HRs), between covariates and time. Variables that showed a p value less than 0.1 were included in multivariate Cox proportional hazards regression analyzes. The proportional hazards assumption was checked using the Schoenfeld residuals method (16). The linearity of continuous covariates was checked using the Martingale residuals method. In situations when the proportional hazards assumption of the Cox regression model does not hold, introducing a time-dependent variable (T_COV_) in Cox proportional hazards regression analyzes provided a flexible method to evaluate non-proportionality. Specifically, the Schoenfeld residuals were used to verify the assumption of proportional hazards. Considering that time variation generally corresponds to a skewed distribution, the natural logarithm of the time variable was used to build time-dependent covariates in the time-dependent Cox regression model to reduce the influence of extreme values [26]. The hazard ratio (HR) and the 95% confidence interval (95% CI) were calculated.

The prognostic value of plasma DQ concentration on admission was assessed by computing the area under a time-dependent receiver operating characteristic curve (ROC). The optimal cutoff value represented the highest Youden index (sensitivity + specificity-1). Survival curves were generated using the Kaplan–Meier method and compared using the log-rank test. A p value less than 0.05 was considered statistically significant. SPSS 22.0 software (SPSS, Inc., Chicago, IL, United States) and R software (version 3.3.0, R Foundation for Statistical Computing, Vienna, Austria) were used for statistical analysis.




3 Results

A total of 80 patients who met the criteria were included in the study (Figure 1). Seventy-eight patients took concentrated liquid products containing 200 g/L of DQ and 2 patients took concentrated liquid products containing 100 g/L of DQ. For recording, all patients who reproduced the amount of ingestion were converted into concentrated liquid products containing 200 g/L of DQ. The baseline demographics and clinical characteristics of patients with acute oral DQ poisoning are shown in Table 1. Among the 80 patients, 29 (36.25%) patients died, and 51 (63.75%) patients survived in the hospital. Non-survivors had a median survival time (IQR) of 1.3(1.0) days and the longest survival time of 4.5 days after DQ poisoning. Between survivors and non-survivors, there were no significant differences in gender, age, time interval from DQ ingestion to gastric lavage, time interval from DQ ingestion to ED, time interval from DQ ingestion to blood purification, treatment regimens (all p > 0.05). But survivors had significantly lower amounts of ingestion, plasma DQ concentration on admission, lungs injury within 24 h after admission, liver injury within 24 h after admission, kidney injury within 24 h after admission, and CNS injury within 36 h after admission (all p < 0.05). Furthermore, traditional score comparisons between survivors and non-survivors also showed that non-survivors had a significantly higher APACHE II score and PSS within 24 h after admission (all p < 0.05).
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FIGURE 1
 Flowchart of the study cohorts.




TABLE 1 Baseline demographics and clinical characteristics of the diquat poisoning.
[image: Table1]


3.1 Proportional hazards assumption verification

The proportional hazards assumption is verified using statistical tests and graphical diagnostics based on scaled Schoenfeld residuals. As shown in Figure 2, the Schoenfeld individual test is not statistically significant (p > 0.05) for the amount of ingestion, the time interval from DQ ingestion to gastric lavage, the time interval from DQ ingestion to the ED, lung injury within 24 h after admission, liver injury within 24 h after admission, kidney injury within 24 h after admission and CNS injury within 36 h after admission, but statistically significant (p < 0.05) for plasma DQ concentration at admission. The Schoenfeld residual of plasma DQ concentration at admission is evidence of a violation of the proportional hazard assumption. Furthermore, the global test shows a statistically significant (χ2 = 35.247, p = <0.001) correlation between the Schoenfeld residuals and the time variation, indicating that the Cox proportional hazards model has been shown to be inappropriate in multivariate analysis.

[image: Figure 2]

FIGURE 2
 Proportional hazards assumption based on scaled schoenfeld residuals.




3.2 Univariate Cox proportional hazards regression analyses

According to the verification of the proportional hazards assumption, plasma DQ concentration at admission is a time-dependent covariate. Therefore, the time-dependent Cox regression model is appropriate for dissecting the influences of these time-dependent covariates. The results of the univariate Cox regression analysis are presented in Table 2. Univariate Cox regression analysis revealed that the amount of ingestion, plasma DQ concentration on admission, lung injury within 24 h after admission, liver injury within 24 h after admission, kidney injury within 24 h after admission, CNS injury within 36 h after admission, APACHE II score and PSS within 24 h of admission had statistical differences (all p < 0.01).



TABLE 2 Univariate Cox regression analysis.
[image: Table2]



3.3 Multivariate Cox proportional hazards regression analyses

According to the univariate Cox regression analysis, ingestion amount, plasma DQ concentration at admission, lungs injury within 24 h after admission, liver injury within 24 h after admission, kidney injury within 24 h after admission, CNS injury within 36 h after admission, APACHE II score and PSS within 24 h after admission are included in the multivariate Cox regression analysis. The time interval from DQ ingestion to gastric lavage and the time interval from DQ ingestion to the emergency department are critical in assessing in-hospital deaths from acute DQ poisoning and are therefore also included in the multivariate Cox regression analysis. There was no multicollinearity among the above indicators. This study satisfies the hypothesis of a linear relationship between continuous variables and the outcome.

Time-dependent multivariate Cox proportional hazards regression analyzes revealed that plasma DQ concentration at admission, T_COV_PDQ, and PSS within 24 h after admission are statistically significant (p < 0.05), as shown in Table 3. Plasma DQ concentration at admission and T_COV_PDQ are statistically significant, implying that the effect of plasma DQ concentration at admission varies with time. The time-varying effect of plasma DQ concentration at admission can be written as β (t) =0.032–0.059 × ln (t) and HR (t) = Exp (0.032–0.059 × ln (t)). With 1.5 days (36 h) after poisoning, the HR of plasma DQ concentration on admission gradually decreased with time.



TABLE 3 Multivariate Cox proportional hazards regression analyses.
[image: Table3]



3.4 Comparison of the impact of plasma DQ concentration on admission and ingestion amount on prognosis using time-dependent ROC analysis

The cumulative survival probability in all cases was shown in Figure 3A. The cumulative survival probability of 1, 2, 4 and 4.5 days in all cases was 87.5, 70.5, 63.7 and 62.3%, respectively. The median survival time was 19.33 days (95%CI 16.256–22.410). No events occurred beyond 5 days in this study. We conducted a time-dependent ROC analysis to assess the impact of plasma DQ concentration on admission and the amount of ingestion on the prediction of survival or death from DQ poisoning in patients. In this study, according to the time characteristics of the death event, we computed the time dependent AUCs (95%CI) to evaluate their predictive precision at 1, 2, 5, 7, and 14 days, respectively (Table 4). Continuously changing AUCs and confidence intervals as days after poisoning were drawn using the plotAUCcurve function, as shown in Figure 3B. These results revealed that the AUROC of the plasma DQ concentration on admission and ingestion amount decreased with days after poisoning. In contrast, the AUROC of the plasma DQ concentration at admission was higher than the amount of ingestion at each time point. There were statistically significant (p < 0.05) at 5 days after poisoning. The optimal cutoff point was 1.05 ug/mL (AUROC = 0.971, sensitivity = 100%, specificity = 62.69%) of plasma DQ concentration at admission at 5 days. But the prognostic value of both decreased significantly 7 days after poisoning。.

[image: Figure 3]

FIGURE 3
 (A, B) The cumulative survival probability in all cases after diquat poisoning (primary analyses).




TABLE 4 Prognostic value of plasma DQ concentration on admission and ingestion amount on prognosis.
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4 Discussion

DQ, as a non-selective bipyridinium herbicide, belongs to moderately hazardous (class II) technical grade active ingredients in pesticides according to the WHO recommended classification of pesticides by hazard and guidelines for classification (2019) (17). In the present study, the mortality rate for acute DQ poisoning in hospitalized patients was 36.25% (29/80). The longest survival time of 4.5 days after DQ poisoning, with 23 of the 29 patients dying in 2 days.

In the present study, blood purification was used to promote the excretion of absorbed poisons, but there were no significant differences in different treatment regimens, which is consistent with previous studies (18–21). Only one study indicated that early, repeated hemoperfusion combined with hemodialysis significantly improves blood-gas indices and liver and kidney function in patients with PQ poisoning, also extending their short-term survival. This finding suggests that combining these two purification methods could be more effective than using either method alone, particularly when initiated early and repeated as needed (22). However, it’s important to note that the overall effectiveness of these treatments can vary based on several factors, including the severity of the poisoning, the amount of DQ ingested, and the timing of the treatment initiation. For a comprehensive understanding of their comparative effectiveness, more targeted research specifically comparing hemoperfusion, hemodialysis, and hemoperfusion plus hemodialysis in DQ poisoning would be needed.

The result showed that the plasma DQ concentration on admission is a time-dependent covariate. As a result, we present a time-dependent Cox regression model for the estimate of DQ poisoning prognosis. According to multivariate Cox analysis, plasma DQ concentration at admission and PSS within 24 h after admission were independent prognostic factors for in-hospital death in patients with acute oral DQ poisoning. Plasma DQ concentration at admission and T_COV_PDQ were statistically significant, indirectly suggesting its departure from the proportional hazards assumption. We found that the HR of plasma DQ concentration decreases with varying time (≤1.5 days) due to the negative values of the regression coefficients (coef) of T_COV_PDQ. This result is probably related to the toxicokinetic characteristics of DQ in patients (3). PSS is a simple, less time-consuming, and effective evaluation scale to predict the severity and mortality of poisoning in emergency (23). In the present study, PSS was treated as a continuous variable. For each increase in PSS units, the rate of in hospital fatality hazard increased by 3.47 on the original scale.

The amount of ingestion is often used as an indicator to determine the degree and prognosis of the disease (3, 4, 22). However, the amount of ingestion is often greatly affected by subjective wishes of patients and doctors. To obtain relatively accurate ingestion amounts, this study was performed by two specially trained staff members to assist patients in reproducing the ingestion amount of DQ. The amount of DQ ingestion was 50 (80) mL. Furthermore, ingestion amounts from non-survivors were significantly higher than those of survivors (p < 0.001). However, it was not an independent prognostic factor in the multivariate Cox regression analysis. According to time-dependent ROC analysis, plasma DQ AUROC concentration at admission was greater than the amount of ingestion at each time point and was statistically significant (p < 0.05) at 5 days after poisoning. These results indicate that the plasma concentration of DQ on admission was higher than the amount of ingestion to predict the survival or death of the patient with DQ poisoning. In this study, the longest survival time was 4.5 days after DQ poisoning and no events occurred beyond 5 days. This may be related to the fact that most of the non-survivors were fulminant poisoning.

Using a cut-off value (1.05 ug / mL, AUROC = 0.971, sensitivity = 100%, specificity = 62.69%) of plasma DQ concentration at admission 5 days after poisoning, the cumulative survival rate of the high concentration group (≥1.05 ug / mL) was only 17.1%. Therefore, in patients with a plasma DQ concentration greater than 1.05 ug/mL taken within 36 h after ingestion, the prognosis is poor. And neither HP nor HP combined with CVVH could improve target organ damage. However, for patients with plasma DQ concentrations below 1.05 ug/mL taken within 36 h after ingestion, HP and (or) CVVH should be actively administered early to increase toxicant excretion, reduce target organ damage, and improve patient prognosis.



5 Limitations

There are several limitations and strengths in our study. First, selection bias or unmeasurable confounding factors may exist in the observational study. For example, we could not measure other factors potentially associated with mortality, such as other medications use, imaging reports, or genetic biomarkers that might affect a provider’s treatment decision-making. Second, the present study is a single-center retrospective study. The sample size is rather small for patients with acute oral DQ poisoning for statistical analysis. A multi-center clinical study is required. Third, most of the non-survivors were fulminant poisoning and died within 2 days after poisoning, potentially leading to bias. Finally, due to ethical considerations, all patients included in this study were treated with blood purification. Although this study does not prove that blood purification can affect the prognosis of patients, its efficacy still needs to be further explored.



6 Conclusion

By using statistical tests and graphical diagnostics based on scaled Schoenfeld residuals, the plasma DQ concentration at admission and poisoning severity score within 24 h after admission are independent prognostic factors for the in-hospital case fatality rate in patients with acute oral DQ poisoning. The prognostic value of plasma DQ concentration decreased with time. These findings, in conjunction with the results of other studies showing associations of the plasma DQ concentration with the prognosis, may help physicians make better decisions for acute DQ poison treatment.
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