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Abstract: Objective: Serum ferritin has been identified as a prognostic marker in patients with a variety of diseases. In the present study we aim to determine the prevalence of risk factors and outcomes for hyperferritinemia in children undergoing cardiac surgery with cardiopulmonary bypass for congenital heart defects. Methods: The serum ferritin levels of 457 children between the ages of twenty-eight days and three years undergoing cardiopulmonary bypass surgery between June 1, 2017 and June 1, 2018 were analyzed. The prevalence of early postoperative hyperferritinemia was investigated; hyperferritinemia was defined as a ferritin level ≥250 ng/ml. Multivariable regression models including candidate risk factors were constructed to determine the independent predictors of serum ferritin levels post-bypass, analyzed as continuous variables (linear regression) and categorized variables (logistic regression). Multivariable logistic regression was applied to assess the relationship between postoperative hyperferritinemia and a composite of in-hospital mortality, acute kidney injury, extracorporeal life support, prolonged postoperative hospital length of stay and prolonged postoperative mechanical ventilation. Results: Of the 457 included patients, frequency of post-cardiopulmonary bypass hyperferritinemia was 59/457 (10.9%). In multivariate logistic analyses, age [odds ratio (OR) 0.776/90 days], maximum cardiopulmonary bypass flow [OR 1.031/(1 ml/kg)], cardiopulmonary bypass duration (OR 1.095/10 mins) and preoperative hemoglobin [OR 1.207/(10 g/L)] were significantly associated with early postoperative day 1 hyperferritinemia. After risk adjustment, hyperferritinemia was independently associated with the composite outcome (OR 6.373; 95%CI 2.863~14.184, p < 0.001), and improved model discrimination, (AUC 0.868; 95%CI 0.821∼0.916) compared with basic clinical prediction alone (AUC 0.840; 95%CI, 0.790∼0.890; ΔAUC = 0.0279, p = 0.0218). Conclusion: In this study, we found early postoperative hyperferritinemia was relatively common in pediatric patients after cardiopulmonary bypass. The occurrence of hyperferritinemia may help identify a population at risk of unfavorable in-hospital outcome.
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1  Introduction

Ferritin is a multimeric protein with a very high capacity for storing iron. Whilst low serum ferritin levels invariably indicate iron stores, raised serum ferritin level can be due to multiple different aetiologies, including iron overload, inflammation, and cell damage [1–3]. Hyperferritinemia occurrence, regardless of the underlying pathology, was reported as an early indicator of severity and outcome in sepsis [4], hospitalized [5] and lung injury pediatrics [6]. Leaf and colleagues [7] found that increased serum ferritin after CPB is associated with a need for dialysis, or death, in adults. Given the potential importance of hyperferritinemia on outcomes in other patient groups, it is worth gaining an understanding of the frequency of hyperferritinemia in children undergoing cardiac surgery, its risk factors, and outcome associations. Such insights will be of relevance for the identification of new strategies to inhibiting adverse outcomes in this population.

We hypothesized that early postoperative hyperferritinemia is linked to adverse outcomes in children undergoing cardiac surgery. Study goals were to: 1) Describe the frequency of occurrence of hyperferritinemia after pediatric cardiac surgery with CPB; 2) Identify factors associated with hyperferritinemia; and 3) Determine if hyperferritinemia predicts worse in-hospital outcomes.

2  Material and Methods

2.1 Study Setting and Sampling

This study was conducted at Fuwai Hospital (Beijing, China). After institutional research ethics board approval, data were collected from consecutive pediatric CPB cardiac surgery patients (≤3 years) who had undergone surgery from June 1, 2017 to June 1, 2018. Serum ferritin level is from the first day after surgery (POD 1). Neonates were excluded because they have higher normal ferritin values.

2.2 Clinical Practice

General anesthesia technique was at the individual anesthesiologist’s discretion. During induction, inhalational 8% Sevoflurane was used to facilitate peripheral venous cannulation. Appropriate dosages of intravenous agents such as 0.5 μg/kg Sufentanil and 0.2–0.4 mg/kg Cisbenitracurium were combined with facemask oxygen and oral intubation. Both invasive blood pressure monitoring and blood gas analysis were achieved by radial artery catheterization, and the right internal jugular vein was cannulated for central venous pressure. Throughout the procedure, anesthesia maintenance was achieved by the continuous infusion of Dexmedetomidine, 1 μg/kg/h and Cisbenitracurium, 0.5 mg/kg/h; inhalation of 2–3% sevoflurane, and intermittent infusion of 1–3 μg/kg Sufentanil and 0.2 mg/kg Midazolam. Intraoperative monitoring included three-lead electrocardiography, pulse oximetry, rectal and nasopharyngeal temperature, and urinary output.

The cardiopulmonary bypass circuit consisted of a heart-lung machine (LivaNova, Italy), a hollow-fiber membrane oxygenator (Terumo Fx05, Japan for patients less than 10 kg; Medtronic Pixie, USA for patients weight greater than 10 kg ), an arterial filter (Fly Medical Healthcare Co., China), a hemofiltrater (LivaNova, Italy), and an un-coated polyvinyl chloride circuit (Tianjin Plastics Research Institute Co., China). A cellsaver system (Sorin xtra, Italy) was regularly prepared. The priming volume ranged from 220 to 400 ml, determined by the CPB system (crystalloid or colloid). Packed red blood cells were also added to the priming to achieve a hematocrit level of at least 25% if the body weight was less than 10 kg. Before aortic cannulation, 400 IU/kg unfractionated heparin (UFH) was administered (Hemochron Jr. Signature, USA) to obtain an activated clotting time (ACT) longer than 410 seconds. The target temperature for hypothermia was determined by the aortic cross-clamp time and complexity of the surgery. All patients were rewarmed above 36°C rectal temperature before weaning from CPB. A protamine dose of 4 mg/kg was administered to increase heparin activity. During CPB, conventional ultrafiltration and modified ultrafiltration were administered according to patients’ hematocrit level. Standard appropriate operation procedures for pediatric congenital heart disease were selected.

2.3 Data Collection

For each patient, the following patient-related variables were recorded: age at surgery, sex, weight, birth weight, preoperative hemoglobin, preoperative serum creatinine, preoperative albumin, preoperative left ventricular ejection fraction (LVEF) and presence of prior cardiac surgeries.

Surgery-related variables were: Risk Adjustment for Congenital Heart Surgery 1 score (RACHS-1 score), CPB duration, use of lower body circulatory arrest, deep hypothermic circulatory arrest (DHCA) and cell salvage, red cell transfusion and albumin administration during CPB, maximum CPB flow rate, minimum blood pressure, maximum vasoactive-inotropic score (VIS) during surgery, maximum pump pressure, total ultrafiltration volume, sodium bicarbonate dosage and need for repeated CPB.

Postoperative variables included serum ferritin, mechanical ventilation duration, postsurgical length of stay, hospital mortality, POD 1 and peak serum creatinine during first 7 days after surgery, and mechanical circulatory support or dialysis requirements.

2.4 Hyperferritinemia and In-Hospital Composite Outcome

Normal pediatric ferritin values range from 35–135 ng/ml [8]. In this study, hyperferritinemia was defined as serum ferritin level ≥250 ng/ml, severe hyperferritinemia as ≥1000 ng/ml.

Adverse in-hospital outcome was defined as a composite of death, acute kidney injury (greater than or equal to a two-fold postoperative increase in creatinine concentration, or need for renal replacement therapy, corresponding to kidney Disease Improving Global Outcomes stage 2 or 3), requirement of extracorporeal life support, prolonged postoperative LOS ≥14 days (90th percentile), and prolonged MV ≥49 hours (90th percentile).

2.5 Statistical Analyses

Categorical variables were summarized as frequencies with percentages, continuous variables with normal distribution as ± standard means and continuous variables without normal distribution as medians with interquartile ranges (IQR) 25–75th percentile. To test for statistical significance, we used the Chisquare test or Fisher’s exact test for categorical variables, and the t-test or Wilcoxon ranked-sum test for continuous variables. Significance was defined by a two-sided p value < 0.05.

We performed a Spearman rank correlation test (r) to assess the unadjusted bivariate relationships between interested variables with postoperative serum ferritin. Multivariable linear regression models were built to assess the association of candidate variables with postoperative serum ferritin levels. Covariates that were associated (p < 0.1) with serum ferritin in the bivariate analysis were included in the model. Modeling was by back ward stepwise selection using p < 0.1 as the criterion for variable retention. Multicollinearity was assessed by the variance inflation factor (VIF) of retained variables (VIF > 2.5 indicated presence of multicollinearity). Modeling assumptions were verified. Influential outliers were identified by the Cook’s distance (cutoff > 0.008; 4/n). Multivariable logistic modeling was used to assess the independent relationship of variables with POD1 serum ferritin ≥250 ng/ml, including the covariates that were related (p < 0.1) to the POD1 serum ferritin in the linear regression models and using backward stepwise selection with p < 0.1 as the criterion for covariate retention. Model discrimination and calibration were assessed by the area under the receiver operating characteristic curve (AUC-ROC) and the Hosmer-Lemeshow test, respectively.

To evaluate if POD1 serum ferritin level predicts adverse composite outcome, we built backward stepwise multivariable logistic regression modeling, adjusting for factors that would normally be evaluable in the prediction of outcome of pediatric cardiac surgery [9,10]: age at surgery, duration of CPB, RACHS-1 score. AUC-ROC was determined to be able to assess the ability of basic clinical model and hyperferritinemia model to predict the adverse composite outcome. The base clinical prediction model included age at surgery, sex, duration of CPB, and RACHS-1 score. The hyperferritinemia enriched model added hyperferritinemia to the basic clinical model.

Previous studies have suggested that at least more than 5 events per variable are required for reliable multivariable logistic regression analysis [11]. Based on the number of patients and events, we expected to have adequate power to minimize bias in model estimates for up to 10 covariates in multivariable logistic model taking hyperferritinemia as a dependent variable, and 14 covariates in model taking adverse composite outcome as a dependent variable. All calculations were done using R (version 3.4.5).

3  Results

3.1 Study Subjects

The study is based on POD1 serum ferritin measurements of 457 individuals. The number of patients with postoperative hyperferritinemia (serum ferritin level ≥250 ng/mL) and severed hyperferritinemia (serum ferritin level ≥1,000 ng/mL) were 59/457 (10.9%) and 5/457 (1.1%) respectively. The study population characteristics are reported in Tab. 1.

Table 1: Patient-related and surgery-related variables in relation to post-CPB ferritin
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3.2 Risk Factors for Hyperferritinemia

Bivariate relationships between patient-related and surgery-related variables with postoperative ferritin level are shown in Tab. 1. The following risk factors were considered for the postoperative hyperferritinemia prediction model: age, weight, preoperative hemoglobin, preoperative albumin, complex procedure (RACHS score ≥ 3), CPB duration, cell salvage, red cell transfusion during CPB, maximum CPB flow rate, maximum VIS score during surgery, repeated CPB, total ultrafiltration volume, and dose of sodium bicarbonate during CPB. Because of the multicollinearity between age and weight, the latter was not included in the model. Covariates that were independently associated with POD1 ferritin level in the multivariate linear logistic analyses model were age (per day, standard β = −2.846, p = 0.005), baseline hemoglobin concentration (per 1 g/L, standard β = 3.369, p = 0.019 ), CPB duration (per 1 min, standard β = 2.360, p < 0.001), administration of Cell salvage (Yes, standard β = −2.186, p = 0.029 ), total ultrafiltration volume (per 1 ml, standard β = 4.031, p < 0.001) and maximum CPB flow rate (per 1 ml/kg, standard β = 2.769, p = 0.019). Results are shown in Tab. 2. The Model satisfied the assumptions of linear regression and was not affected by influential outliers.

Table 2: Multivariable linear regression analyses for the relationship of patients-related and surgery-related variables with POD1 serum ferritin
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Variables included in multivariable logistic regression analysis were age, baseline hemoglobin concentration, CPB duration, maximum CPB flow, Cell salvage and total ultrafiltration volume. Age (odds ratio (OR) 0.776/90 days, p = 0.017), preoperative hemoglobin (OR 1.207/10 g/L, p = 0.013), CPB duration (OR 1.095/10 mins, p = 0.048) and maximum CPB flow rate (OR 1.031/1 ml/kg, p = 0.005) were significantly associated with POD1 Serum ferritin ≥250 ng/ml. The multivariable model for hyperferritinemia was robust, with an AUC-ROC of 0.775 and a Hosmer-Lemeshow goodness-of-fit p value of 0.36. Results are shown in Tab. 3.

Table 3: Multivariable logistic regression analyses for the relationship of patients-related and surgery-related variables with POD1 hyperferritinemia (ferritin ≥250 ng/ml)
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3.3 Effect of Hyperferritinemia on Adverse Composite Outcome

29/50 (58%) of patients who developed POD1 hyperferritinemia experienced at least one of the adverse composite outcomes compared to only 13.8% (56/407) without hyperferritinemia (p < 0.0001). Median postoperative LOS and MV were 12.5 days and 27.5 hours, respectively, in hyperferritinemia patients, but only 6.7 days and 7 hours in non-hyperferritinemia patients (p < 0.0001). Results are shown in Tab. 4.

Table 4: Comparison of outcomes between the hyperferritinemia and non-hyperferritinemia population
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To identify early predictors of adverse outcome we excluded 16 patients who developed AKI, patients required ECMO or dialysis, or died before POD1. Subsequently, the multivariable analysis for the hyperferritinemia enriched model was performed on 441 patients. The multivariable logistic regression model demonstrated that early postoperative hyperferritinemia (OR, 6.373, 95%CI, 2.863~14.184) predicted an adverse composite outcome, after adjusting for basic clinical predictions (age at surgery, sex, duration of CPB, RACHS-1 score). When serum ferritin was analyzed as continuous variables, it’s also independent risk factor of adverse outcome (OR, 1.003; 95%CI, 1.001~1.005). Results are shown in Tab. 5.

Table 5: Multivariable analyses of POD 1 ferritin for composite outcome prediction (n = 441)
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The base clinical model demonstrated good discrimination (AUC, 0.868; 95%CI, 0.821~0.916), with better discrimination in the enriched model containing hyperferritinemia (AUC, 0.840; 95%CI, 0.790~0.890). Results are shown in Tab. 6. The enriched hyperferritinemia model demonstrated improvement on the basic clinical model as measured by the absolute difference in AUC (ΔAUC = 0.0279; p = 0.0218)

Table 6: Area under the receiver operating characteristic curve (AUC) of basic clinical model and enriched model for Composite outcome after cardiac surgery with cardiopulmonary bypass
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4  Discussion

Elevated serum ferritin as a risk factor with poor outcome has gained a significant amount of attention in recent acute and chronic disease research [12,13]. Very little data are published on the risk factors of elevated serum ferritin, and to our knowledge, this is the first study specifically examining the effect of early postoperative hyperferritinemia as a risk factor of outcome in representative pediatric population who undergo cardiac surgery with CPB.

There are many potential mechanisms by which cardiac surgery with CPB may induce the elevation of ferritin, including exposure of RBCs to non-physiological surfaces resulting in hemolysis [14,15]; shear stress generated by pumps and suction systems; skeletal muscle injury during CPB resulting in the release of iron rich myoglobin into the circulation [16]; ischemia/reperfusion injury to cells and organs [17,18]; and activation of inflammatory response during CPB [4]. This may explain why the common prevalence of hyperferritinemia (10.9%) after CPB in the present study.

In the present study we found that lower age was significantly associated with elevated ferritin, even after adjusting for a large number of demographic factors. Our results are in line with a previous prospective studies, which reported a 25% prevalence of iron overload in infants, 14.3% prevalence in children at 1–5 years, and no children over 5 years of age going into iron overload after CPB [19]. Therefore, we speculate that younger patients are more vulnerable to iron disorder and inflammation causing by CPB. Our findings of a positive correlation between CPB duration (which increases injury by increasing exposure time), hemoglobin concentration (which increases injury by increasing blood viscosity), and maximum CPB flow rate (which increases injury by increasing pump velocity) with postoperative ferritin levels suggest that the raise is at least partially iatrogenic and hence potentially modifiable.

Our finding is not consistent with previous studies that found an association between red cell transfusion and elevated serum ferritin [7,14,20]. These studies, however, were not conducted in the setting of young children undergoing cardiac surgery with CPB where physicians use a small volume RBC priming as a convention intervention (two thirds of the patients in this study were transfused with a single unit of blood), in which transfusion is less likely associated with interoperative hemorrhage and most patients receive blood from one donor. It also should be noted that freshness of red blood cells is given priority to young children undergoing heart surgery in our hospital, which makes our young patients less likely to be exposed to free iron in stored blood [21].

Although not identified in our multivariate regression model for ferritin ≥250 ng/mL, we observed that patients who experienced high POD1 ferritin levels had a higher total ultrafiltration volume and were less likely to receive cell salvage during CPB in multivariate linear model. Red cell injury related to excess ultrafiltration was suggested in a previous study by Okochi et al. [22]. This may be due to the fact that performing diffusion-based solute removal by means of a pressure gradient across the hemoconcentrator membrane is capable of increasing hemolysis of RBCs. The cell-salvage might be reducing the ferritin by removing cytokine load [23] and lipid particles [24], which are associated with postoperative inflammatory response [1,25].

In terms of outcomes associated with hyperferritinemia, we found that those who developed POD1 hyperferritinemia were more likely to remain on mechanical ventilation and stay in the hospital for a longer period of time. POD 1 hyperferritinemia also enabled us to identify patients with a poorer outcome in those undergoing on-pump cardiac surgery. It is an apparent paradox that elevated serum ferritin should be beneficial for minimizing availability of iron to microorganisms and iron chelating mechanism [26], but seems to be an indicator of unfavorable outcomes in variable disease processes [4,27]. The reason for this is likely to be multifactorial. Excess ferritin protein is not of itself toxic in vivo [28], while its level represents an intense inflammatory response and excess released iron [1,3]. Server inflammatory response is reported to be associated with unfavorable postoperative outcome [29,30]. Excess iron participates in Haber-Weiss and Fenton reactions, creating hydroxyl radicals and consequent cell damage and organ injury [31]. Others believe that serum ferritin likely originates from cell leakage and hyperferritinemia and is a direct marker of damaged cells [3,32].

Our study has potential clinical and research implications. Based on our analyses, postoperative measurement of serum ferritin was able to increase the ability to identify a subpopulation of pediatric patients at higher postoperative risk. Understanding the significant and modifiable factors in cardiac surgery associated with hyperferritinemia offers insight into potential risk mitigation approaches. First, a gentler rewarming strategy may be optimal for cardiac surgery, given it is an approach to limit maximum blood flow and reducing red cell injury. Secondly, strategies to limit bypass time may help decrease degree of iron and inflammatory disorder after CPB. Nevertheless, our existing data also suggest that implementing readily available blood management measures, for example administrating cell salvage, moderate hemodilution in severe cyanotic children, and restricting ultrafiltration volume may play beneficial roles for patients undergoing CPB.

4.1 Study Limitation

There were several limitations to our study. Firstly, due to a lack of standard definition, the present study used a cut-off point of 250 ng/ml for hyperferritinemia according to normal reference of serum ferritin level in pediatrics. Secondly, our data did not consider other sources of iron intake such as formula iron. Finally, because this was a retrospective observational study, the effect of unmeasured confounders cannot be excluded nor can causality be assumed.

5  Conclusions

This study demonstrates that hyperferritinemia (serum ferritin level ≥250 ng/ml ) is relatively common after cardiac surgery with CPB in pediatrics, and younger age, higher baseline hemoglobin, longer duration of CPB and higher maximum flow are independently associated with elevated ferritin. Development of early postoperative hyperferritinemia provided important prognostic information. Further studies are needed to determine whether attention to certain risk factors can control or prevent this metabolic disturbance and thereby improve prognosis.
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Table 1 (continued).
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