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The goal of this study was to investigate the association between total epinephrine dosage during resuscitation and acute kidney injury after return of spontaneous circulation in patients with cardiac arrest. We performed a secondary analysis of previously published data on the resuscitation of cardiac arrest patients. Bivariate, multivariate logistic regression, and subgroup analyses were conducted to investigate the association between total epinephrine dosage during resuscitation and acute kidney injury after return of spontaneous circulation. A total of 312 eligible patients were included. The mean age of the patients was 60.8 ± 15.2 years. More than half of the patients were male (73.4%) and had an out-of-hospital cardiac arrest (61.9%). During resuscitation, 125, 81, and 106 patients received ≤2, 3 - 4, and ≥5 mg epinephrine, respectively. After return of spontaneous circulation, there were 165 patients (52.9%) and 147 patients (47.1%) with and without acute kidney injury, respectively. Both bivariate and multivariate analysis showed a statistically significant association between total epinephrine dosage and acute kidney injury. The subgroup analysis showed that the strength of the association between epinephrine dosage and acute kidney injury varied by location of cardiac arrest. Further multivariate regression analysis found that the association between epinephrine dosage and acute kidney injury was only observed in patients with in-hospital cardiac arrest after adjusting for multiple confounding factors. Compared with in-hospital cardiac arrest patients who received ≤2 mg of epinephrine, patients with 3–4 mg of epinephrine or ≥5 mg of epinephrine had adjusted odds ratios of 4.2 (95% confidence interval 1.0–18.4) and 11.3 (95% confidence interval 2.0–63.0), respectively, to develop acute kidney injury. Therefore, we concluded that a higher epinephrine dosage during resuscitation was associated with an increased incidence of acute kidney injury after return of spontaneous circulation in adult patients with in-hospital cardiac arrest.
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INTRODUCTION
Cardiac arrest (CA) is defined as the sudden cessation of myocardial contractions and circulation to the cardiac tissue, which is determined by a lack of pulse and loss of consciousness (Cummins et al., 1991). CA is an important public health issue (Stecker et al., 2014). It was estimated that 356,500 people had out-of-hospital cardiac arrest and 209,000 had in-hospital cardiac arrest per year in America (Benjamin et al., 2017). The overall prognosis after CA is poor with an approximate 20% survival rate (Sandroni et al., 2016). Patients who survive CA can suffer from multiorgan failure and increased long-term morbidity (Pekkarinen et al., 2019; Yan et al., 2020). These outcomes can greatly impact an individual patient and generate a societal burden. Thus, it is important to explore the underlying pathophysiological changes during CA in order to improve prognosis in the affected patients.
Previous studies have shown that the pathological process of return to spontaneous circulation (ROSC) after CA involves hypoxic-ischemic encephalopathy, myocardial dysfunction, and ischemia-reperfusion injury (Stub et al., 2011), all of which can cause tissue hypoperfusion and multiple organ damage. Due to its sensitivity to ischemia-reperfusion injury and low perfusion, the kidney is easily damaged during the resuscitation process. Even in CA survivors, the incidence of acute kidney injury (AKI) is reported to be approximately 40.3% (range 32.9–47.8%) (Prasitlumkum et al., 2021). Previous studies have shown that AKI following CA was independently related to poor outcomes, including mortality, neurological dysfunction, and cognitive impairment (Sandroni et al., 2016). Sandroni et al. reported that the mortality of patients with AKI was higher than that of patients without AKI (Sandroni et al., 2016). Worsening neurological function was also found in patients with AKI compared to patients without AKI (Brain Resuscitation Clinical Trial I Study Group, 1986).
Compared with the number of studies focused on mortality and neurological function following CA (Sasson et al., 2010), the number of studies concerning acute kidney injury (AKI) following cardiopulmonary resuscitation (CPR) are relatively small (Patyna et al., 2021; Prasitlumkum et al., 2021). Therefore, there is an urgent need to investigate AKI following CA.
Epinephrine is the most important medication used during CPR. Based on the recommendation from the American Heart Association and European Resuscitation Council guidelines for adult patients with CA, the standard dose of epinephrine administration is 1 mg per 3–5 min (Panchal et al., 2020). Epinephrine can increase aortic blood pressure and coronary flow and perfusion pressure during resuscitation (Paradis et al., 1991). However, an increasing number of studies have shown associations between epinephrine administration and severe neurologic defects (Perkins et al., 2018), a lower rate of ROSC, and a decreased survival chance of hospital discharge (Olasveengen et al., 2012). These poor outcomes might relate to the total epinephrine dosage administered during the resuscitation (Sigal et al., 2019). Since AKI frequently occurs and is associated with other organ injuries after ROSC, there is a need to investigate association between epinephrine administration and AKI following CA. In addition, this association might be confounded by other variables. Therefore, we performed the present study to investigate the independent association between the total epinephrine dosage during resuscitation and AKI following resuscitation.
METHODS
Study Population
We performed a secondary analysis of a previously published retrospective study that was conducted in the intensive care unit (ICU) at Erasme Hospital, Brussels, Belgium, and was approved by the local Ethical Committee (Comite´ d’Ethique Hospitalo-Facultaire Erasme-ULB). The original data from that study are stored in a public domain (https://datadryad.org/) for free access and analysis (https://doi.org/10.5061/dryad.qv6fp83) (Iesu et al., 2018). The initial study included comatose patients (Glasgow Coma Scale, GCS <9) after in-hospital CA or out-of-hospital CA from January 2007 to December 2015. Patients with incomplete data on liver function or death within 24 h after ICU admission were excluded.
In the present study, we further excluded patients <18 years old, with history of chronic kidney failure, or having missing data on the AKI diagnosis. The definition of AKI was based on the Acute Kidney Injury Network criteria. Briefly, the diagnostic criteria of AKI was defined as an absolute increase of serum creatinine more than or equal to 0.3 mg/dl, a 1.5-fold increase in serum creatinine level from baseline, or a reduction in urine output to less than 0.5 ml/kg per hour for more than 6 hours (Mehta et al., 2007).
Cardiopulmonary Resuscitation and Post-resuscitation Care
CPR was performed following the standard recommendations (Travers et al., 2010). The post-resuscitation treatments were described previously (Tujjar et al., 2015; Iesu et al., 2018). Briefly, targeted temperature management (TTM, target body temperature 32–34 °C) was applied to all comatose patients. Midazolam and morphine were used to maintain deep sedation. A PiCCO machine (Pulsion, Munich, Germany) was used to monitor the hemodynamic status. Trans-oesophageal and/or transthoracic echocardiography were used to evaluate the cardiac function. The mean arterial pressure was maintained at > 65–70 mmHg via volume resuscitation and dobutamine and/or noradrenaline infusion. Intra-aortic balloon counterpulsation (IABP) or extracorporeal membrane oxygenation (ECMO) was applied in patients with severe cardiogenic shock. The normocapnia and SpO2 > 94% was supported by mechanical ventilation. Blood glucose was controlled between 110 and 150 mg/dl. Enteral nutrition was started during TTM and adjusted according to the gastric tolerance.
Data Collection
Data included demographics (age, sex, and weight), comorbidities (chronic heart failure, hypertension, coronary heart disease, diabetes, chronic obstructive pulmonary disease, previous neurological diseases, and liver cirrhosis), CPR information (in-hospital CA or out-of-hospital CA, bystander CPR, time to ROSC, total epinephrine dosage, non-shockable rhythm, witness arrest, cardiac etiology), and lactate and C-reactive protein (CRP) levels at admission.
Statistical Analysis
Mean ± standard deviation (normal distribution) or median Q1-Q3 (skewed distribution) was used for continuous variables. Numerical values and percentages were used for categorical variables. To determine significant differences among groups with different epinephrine dosages, the Chi-square test was applied for the categorical variables and one-way ANOVA or the Mann-Whitney U test was applied for continuous variables when appropriate.
The association between different variables and AKI was first investigated using bivariate analysis. The effect of epinephrine dosage on AKI under other potential confounders was evaluated using multivariate logistic regression analysis. The criteria of selecting confounding variables were as follows: 1) There were 165 patients diagnosed with AKI. We selected less than 16 variables to avoid over-fitting the model. 2) Clinical significance of variables was related to AKI after CA. The clinical significance was determined by searching the literature (Sandroni et al., 2016; Neumayr et al., 2017; Cornell et al., 2018; Mah et al., 2021; Patyna et al., 2021) and our clinical experience. 3) Specific variables were selected as potential confounders if they changed the estimates of epinephrine dosage on AKI by more than 10% or were significantly associated with the AKI.
Interaction and stratified analysis were conducted according to age (<50 years; ≥ 50 years, < 60 years; ≥ 60 years, < 70 years; ≥ 70 years), shock, and out-of-hospital cardiac arrest. The test for linear trend was also performed by entering the median value of each category of selected variables as continuous variables in the models.
All analyses were conducted in statistical software packages R (http://www.R-project.org, The R Foundation) and EmpowerStats (http://www.empowerstats.com, X&Y Solutions, Inc., Boston, MA). A p-value < 0.05 in a two-tailed test was considered statistically significant.
RESULTS
A total of 435 patients were screened for inclusion in this study. After excluding 51, 62, and 10 patients due to early death (<24 h), history of chronic kidney failure, and missing data, respectively, 312 patients met the inclusion criteria of the present study (Figure 1). There were 165 patients (52.9%) with AKI and 147 patients (47.1%) without AKI.
[image: Figure 1]FIGURE 1 | Study participant selection.
Clinical Characteristics of Study Participants
Table 1 presents the descriptive statistics for the study participants. The mean age of the patients was 60.8 ± 15.2 years. The majority of patients were male (229, 73.4%) and 193 patients (61.9%) had out-of-hospital CA. A total of 165 patients (52.9%) had AKI during the ICU stay.
TABLE 1 | Characteristics of patients with different epinephrine dosages.
[image: Table 1]Bivariate Analysis
The results of bivariate analysis are presented in Table 2. Compared with patients without AKI, patients with AKI were more likely to have longer ROSC time, higher epinephrine dosage, elevated lactate and CRP levels, and more frequent use of ECMO, shock, vasopressor, and inotropic agents. AKI patients were also more likely to have abnormal baseline creatinine. In addition, AKI patients had a higher ICU mortality and a higher hospital mortality, with poorer neurological outcomes compared to non-AKI patients.
TABLE 2 | Bivariate analysis of associations between different variables and AKI.
[image: Table 2]Multivariate Logistic Regression Analysis
Multivariate logistic regression was applied to construct three models to investigate the independent effect of epinephrine dosage on AKI after CA. The results are listed in Table 3. In the unadjusted model, compared with ≤2 mg epinephrine, the estimate effect value for 3–4 mg epinephrine was 1.9, suggesting that the likelihood of developing AKI increased by 90% in patients who received 3–4 mg epinephrine compared with patients who received ≤2 mg epinephrine. However, to minimize the confounding effects from other variables, two more models were constructed after adjusting for different confounding factors. In the fully adjusted model (model II), the patients who received >5 mg of epinephrine were 260% more likely to develop AKI than those who received ≤2 mg epinephrine.
TABLE 3 | Multivariate logistic regression analyses.
[image: Table 3]Subgroup Analysis
As shown in Table 4, subgroup analysis showed that the strength of the association between the epinephrine dosage and AKI varied with the location of CA (p value for interaction <0.05). For in-hospital CA patients, an increase in the epinephrine dose was significantly correlated with an increased incidence of AKI (p value for the trend <0.05).
TABLE 4 | Subgroup analyses.
[image: Table 4]DISCUSSION
Epinephrine is the most important medication used during CPR in CA patients. Epinephrine administration during CPR has been recommended by the current American Heart Association and European Resuscitation Council guidelines for adult CA (Travers et al., 2010) and numerous large cohort studies (Perkins et al., 2018). Compared with placebo, epinephrine resulted in a better chance of ROSC, more frequent transport to hospital, a higher rate of ICU treatments, and improved 30-day survival outcomes (Huan et al., 2019). Compared with a standard dosage of epinephrine, a higher dosage might favor ROSC (Vandycke and Martens, 2000) or change to a beneficial rhythm (Woodhouse et al., 1995). However, the side effects of epinephrine, especially a high-dosage epinephrine, have been reported to cause adverse outcomes. For instance, epinephrine could decrease cerebral microcirculation and lung air exchange, as well as increase post-resuscitation myocardial dysfunction (Ristagno et al., 2009). A high epinephrine dosage could also induce coronary artery spasm (Karch, 1989). Epinephrine was also an independent risk factor for unfavorable functional outcomes and in-hospital mortality of CA patients with asystole and pulseless electric activity (Arrich et al., 2012). Tujjar et al. and Domanovits et al. reported that a high epinephrine dosage was an independent risk factor for developing AKI in adult CA survivors (Domanovits et al., 2001; Tujjar et al., 2015). Similar results were also reported in a study that exclusively enrolled infants and children (Neumayr et al., 2017). In the present study, after adjusting for potential confounding variables and stratifying patients by age, shock, and location of cardiac arrest, the multivariate logistic regression demonstrated an association between epinephrine dosage and AKI for patients with in-hospital CA.
Kidney vascular spasms and disrupted intra-kidney hemodynamics (Mauk et al., 1977) or changes in post-resuscitation circulation may underlie the association between epinephrine and AKI might (Chua et al., 2012; Tujjar et al., 2015). However, Chua and others examined the risk associations of AKI after CA in 106 patients aged >16 years. They found that total epinephrine dosage was not independently associated with kidney outcome (Chua et al., 2012). AKI was prone to occur in patients with complex post-resuscitation diseases. They proposed that post-resuscitation cardiogenic shock played a key role in AKI development after CA rather than epinephrine dosage. The chance of developing AKI was rare in patients without post-resuscitation cardiogenic shock. Ischemia-reperfusion injury might not be the main cause of AKI due to the robust capacity of human kidney resistance to warm ischemia and reperfusion injury (Chua et al., 2012). However, in the subgroup analysis of shock, the likelihood of AKI increased with increased epinephrine dosage, as the odds ratio was >1, although this was not statistically significant (p values in each group and for the trend and interaction were >0.05). Chua’s study claimed that more than half (51.7%) of the patients with post-resuscitation cardiogenic shock had AKI, while only 6.4% of patients without post-resuscitation cardiogenic shock developed AKI (Chua et al., 2012). However, in the present study, the incidence of patients without post-resuscitation cardiogenic shock who developed AKI was 36.4% (60/165), which was almost 6 times of the 6.4% in Chua’s reports. We believe the pathophysiological process related to AKI development after resuscitation was multi-factorial. In addition to myocardial dysfunction and insufficient tissue perfusion, systemic inflammatory response (Adrie et al., 2002), extensive subcapsular hemorrhages (Hutchens et al., 2010), glomerular barrier dysfunction, and vascular hyperpermeability contributed to AKI (Chang et al., 2013). All of these changes might be directly or indirectly related to epinephrine administration, which was supported by the present study. We minimized the influence from baseline abnormal kidney function since we excluded patients with previous chronic kidney failure in the present study.
The association between epinephrine dose and AKI was varied by CA location (p value for interaction >0.05). In-hospital CA patients received more epinephrine, and their chance of developing AKI was higher accordingly (Supplementary Table S1). However, for out-of-hospital CA patients, the trend of getting AKI was disturbed (p value for trend >0.05) (Supplementary Table S2). Theoretically, once the CA occurred in the hospital, the rescue treatment was more rapid and effective than in the out-of-hospital setting. There were other factors that might have influenced the rescue outcomes of out-of-hospital CA patients. For example, the exact heart arrest time was unclear. The time for the emergency group arrival varied significantly and the presence of physicians was uncertain (Hatakeyama et al., 2021). Thus, more prospective studies should be designed to clarify the association of AKI and epinephrine dose for out-of-hospital CA patients.
Strengths and Limitations
We performed a multivariate regression analysis and considered the influences of multiple potential confounders on the relationship between epinephrine use and AKI. However, our study was limited by the observational study design, which was hard to establish a causal relationship between epinephrine dosage and AKI. We performed secondary analysis using a previously collected dataset and were not able to access detailed information, such as the duration of shock and quality or duration of resuscitation, which might be potential confounding factors. The diagnosis of kidney failure was based on the AKIN criteria, but not on the latest Kidney Disease: Improving Global Outcomes (KDIGO) guideline. Further prospective studies should be conducted to verify our results. In addition, although the standard dose of epinephrine administration is 1 mg per 3–5 min, the actual situation might be different due to complexities in the clinical practice, especially under emergent situations. The relationship between epinephrine administration and AKI might vary with each dose and interval during CPR. Unfortunately, the original data did not provide information about these factors. Further studies should focus on the epinephrine dose and interval during resuscitation and investigate their effects on AKI.
In conclusion, after adjusting for multiple confounding factors, a higher epinephrine dosage during resuscitation was associated with an increased incidence of AKI after ROSC in adult patients with in-hospital CA. As epinephrine is an essential medication during CPR, more dedicated studies to optimize epinephrine dosage, frequency, or timing during resuscitation are warranted.
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