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In order to explore the clinical characteristics of pediatric patients admitted to the pediatric intensive care unit (PICU) who suffered from hematological neoplasms complicated with acute respiratory distress syndrome (ARDS), we retrospectively analyzed 45 ARDS children with hematological neoplasms who were admitted to the PICU of Shanghai Children's Medical Center from January 1, 2014, to December 31, 2020. The 45 children were divided into a survival group and a non-survival group, a pulmonary ARDS group and an exogenous pulmonary ARDS group, and an agranulocytosis group and a non-agranulocytosis group, for statistical analysis. The main clinical manifestations were fever, cough, progressive dyspnea, and hypoxemia; 55.6% (25/45) of the children had multiple organ dysfunction syndrome (MODS). The overall mortality rate was 55.6% (25/45). The vasoactive inotropic score (VIS), pediatric critical illness scoring (PCIS), average fluid volume in the first 3 days and the first 7 days, and the incidence of MODS in the non-survival group were all significantly higher than those in the survival group (P < 0.05). However, total length of mechanical ventilation and length of hospital stay and PICU days in the non-survival group were significantly lower than those in the survival group (P < 0.05). The PCIS (OR = 0.832, P = 0.004) and the average fluid volume in the first 3 days (OR = 1.092, P = 0.025) were independent risk factors for predicting death. Children with exogenous pulmonary ARDS were more likely to have MODS than pulmonary ARDS (P < 0.05). The mean values of VIS, C-reactive protein (CRP), and procalcitonin (PCT) in children with exogenous pulmonary ARDS were also higher (P < 0.05). After multivariate analysis, PCT was independently related to exogenous pulmonary ARDS. The total length of hospital stay, peak inspiratory pressure (PIP), VIS, CRP, and PCT in the agranulocytosis group were significantly higher than those in the non-agranulocytosis group (P < 0.05). Last, CRP and PIP were independently related to agranulocytosis. In conclusion, children with hematological neoplasms complicated with ARDS had a high overall mortality and poor prognosis. Children complicated with MODS, positive fluid balance, and high VIS and PCIS scores were positively correlated with mortality. In particular, PCIS score and average fluid volume in the first 3 days were independent risk factors for predicting death. Children with exogenous pulmonary ARDS and children with agranulocytosis were in a severely infected status and more critically ill.
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INTRODUCTION

Due to repeated chemotherapy and infiltration of malignant cells, children with hematological neoplasms often evolve into having severe bone marrow suppression and then become prone to a series of opportunistic infections, which are one of the foremost factors why children with hematologic neoplasms exhibit complications including acute respiratory distress syndrome (ARDS). ARDS is a sign of systematic inflammatory response syndrome (SIRS) in the lungs, caused by various direct and indirect injuries, characterized by the destruction of the integrity of the alveolar–capillary barrier and increased permeability, leading to the accumulation of large amounts of protein-rich fluid in the alveoli and interstitial lung, which, in turn, leads to the formation of a hyaline membrane in the alveoli (1). The whole process seriously interferes with gas exchange, resulting in progressive dyspnea and intractable hypoxemia, accompanied with high mortality rate. Generally speaking, the mortality rate of children with ARDS without underlying diseases is about 30% (2). However, the mortality rate among patients with hematological neoplasms complicated with ARDS has been reported to be as high as 56–77% (3–5), and the prognosis is different due to the etiology and individual differences. A considerable amount of literature has been published describing adult patients with hematological neoplasms complicated with ARDS, whereas very little was found on the question of children with ARDS, so by analyzing the clinical characteristics of the whole group and each subgroup, we hope to describe the clinical characteristics, outcome, and predictors of poor outcome in children with hematological neoplasms and ARDS.



MATERIALS AND METHODS


Case Data and Grouping

Clinical data of the total 45 children diagnosed with hematological neoplasms complicated with ARDS were collected from January 2014 to December 2020 in the Pediatric Intensive Care Unit of Shanghai Children's Medical Center, which is affiliated with Shanghai Jiao Tong University School of Medicine. All the children included met the diagnostic criteria for pediatric ARDS set out in the 2015 PALICC meeting (6). According to clinical outcome, etiology of ARDS, and absolute count of peripheral granulocytes, the children were divided into a survival group and a non-survival group (20/25), a pulmonary ARDS group and an exogenous pulmonary ARDS group (34/11), and an agranulocytosis group (absolute value of granulocytes < 0.5 × 109/L) and a non-agranulocytosis group (18/27).

This study was approved by the Ethics Committee of Shanghai Children's Medical Center (SCMCIRB-W2021023).



Data Collection

Use the electronic medical record system (EMR) to analyze the following data examined with a diagnosis of ARDS: age, gender, white blood cell count, neutrophil, C-reactive protein (CRP), procalcitonin (PCT) level, respiratory rate, positive end expiratory pressure (PEEP), peak inspiratory pressure (PIP), oxygenation index (OI), duration of mechanical ventilation, vasoactive inotropic score (VIS), pediatric critical illness score (PCIS), fluid balance status in the first 3 days and 7 days after the diagnosis of ARDS, continuous renal replacement therapy (CRRT) status, total length of hospital stay, length of PICU stay, primary existing blood diseases, and co-existing multiple organ dysfunction syndrome (MODS).



Therapy

Refer to the treatment guideline of the 2015 PALICC Pediatric Acute Respiratory Distress Syndrome Consensus Conference (6), and provide corresponding ventilatory support to the children. Some children received blood purification due to the obvious SIRS. According to monitoring of bedside cardiopulmonary ultrasound, appropriate fluid resuscitation, and vasoactive drugs are applied to children with unstable hemodynamics. Other treatments include standard supportive treatment such as antibiotics and blood transfusion.



Statistical Analysis

All statistical analysis in this study was performed using SPSS24.0 statistical software. Measurement data were expressed as mean ± standard deviation (x ± s), and median (25% percentile, 75% percentile) was used for skew distribution. χ2 test or Fisher's exact test was used to compare the categorical variables, while the Student's t-test or the Mann–Whitney U-test was used to compare the continuous variables. Univariate and multivariate logistic regression analyses were used in the assessment of risk factors for mortality. P < 0.05 was considered to be statistically significant.



Definition

According to the oxygenation index (OI) to define the severity of ARDS, OI = MAP × FiO2 × 100/PaO2 (7). Agranulocytosis is defined as the absolute value of neutrophils < 0.5 × 109, and the blood routine data were within 3 days after the diagnosis of ARDS; according to detection method of our hospital, an increase in CRP is defined as >8 mg/L, and the elevation of PCT is defined as >0.5 ng/ml. Considering the VIS, we select the maximum value within 3 days after the diagnosis of ARDS; the specific formula is (8): VIS = 100 × norepinephrine (μg/kg/min) + 100 × adrenaline (μg/kg/min) + 10 × Milrinone (μg/kg/min) + 1 × Dobutamine (μg/kg/min) + 1 × Dopamine (μg/kg/min); the method for judging the liquid balance of the first 3 and 7 days is as follows: the total input in the first 3 or 7 days minus the total output (a positive number indicates a positive balance, a negative number indicates a negative balance, unit: ml), then as an integer, divided by the corresponding number of days and the weight of the child. The final result is expressed in ±ml/kg/day.




RESULTS


General Situation

During the 7-year study period, 2,792 children with hematological neoplasms were admitted to our hospital. Only 45 children with hematological neoplasms were included for this analysis. The prevalence of ARDS in children with hematological neoplasms was 1.61% (45/2,792). There are 26 males and 19 females in our study. The ratio of male to female was 1.4:1, and the median age of onset of ARDS was 4 years (1.92, 6). Among them, there were 21 cases of acute lymphocytic leukemia (46.7%), 17 cases of acute myeloid leukemia (37.8%), 1 case of biclonal leukemia (2.2%), 2 cases of myelodysplastic syndrome (4.4%), 1 case of Hodgkin lymphoma (2.2%), and 3 cases (6.7%) of non-Hodgkin's lymphoma.



Clinical Characteristics

All children exhibited clinical manifestations of fever, cough, and progressive dyspnea during the course of their illness. There were 34 cases (75.6%) of pulmonary ARDS, 11 cases (24.4%) of exogenous pulmonary ARDS; 18 cases (40%) manifested agranulocytosis at the time of diagnosis of ARDS, while the number of non-agranulocytosis was 27 (60%); 25 cases (55.6%) had multiple organ dysfunction, among them, liver and kidney dysfunction were the most common; 10 cases had 2 organ dysfunction (22.2%), and 15 cases (33.3%) were combined with three or more organ dysfunction.

There were 42 cases (93.3%) with elevated CRP, with an average of 98.3 ± 63.4 mg/L, and 36 cases (80%) with elevated PCT, with a median of 2.8 (1.2, 13.2) ng/ml. There were 17 cases (37.8%) with positive culture of body fluids, including sputum culture, blood culture, urine culture, etc. Among them, the positive rate of sputum culture was the highest, accounting for 82.4% (14/17). The percentage rate of Acinetobacter baumannii infections was the highest (9 cases, 52.9%), followed by Pseudomonas aeruginosa (2 cases, 11.8%), and Pneumocystis carinii (2 cases, 11.8%); G/GM test had 9 positive cases (20%).

The majority of the children (93.3%, n = 42) had moderate-to-severe ARDS (moderate in 48.9%, n = 22; and severe in 44.4%, n = 20). There was no significant correlation between ARDS severity and mortality (P = 0.404).

In the first 3 days, there were 24 children positively balanced (53.3%), and 21 cases (46.7%) were negatively balanced. However, among the first 7 days, 26 cases were positively balanced (57.8%), and the number of negative fluid balance is 19 (42.2%); for more details, see Table 1.


Table 1. Fluid balance status in the first 3 and 7 days.
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The mean length of hospital stay was 28.6 ± 19.5 days, and the average length of stay in the PICU was 14.1 ± 11.3 days.



Treatment and Outcome

All the children in this study were treated with targeted therapeutic intervention; for example, due to fever and immunosuppressed state, all children received broad-spectrum antibiotics. Simultaneously, all have experienced a conventional ventilator during the course of disease, of which 11 cases (24.4%) were treated with a high-frequency ventilator to optimize the assisted ventilation strategy. A total of 12 cases (26.7%) were subjected to prone positioning, and 8 of the children who received prone positioning died (8/12, 66.7%). Compared with children who did not receive prone positioning, the mortality rate of children who received prone positioning was higher (66.7% vs. 51.5%, P = 0.366 > 0.05), but there was no statistical significance. All the children's ventilator settings were as follows: the average PIP was 28.5 ± 5.4 cm H2O; the average PEEP was 10.4 ± 2.9 cm H2O; the average FiO2 was 0.7 ± 0.2; OI is 18.0 ± 10.2.

The score of vasoactive drugs was evaluated in 45 children, and the median score is 12.5 (0, 60); the scores of 31 children (68.9%) were <50, including 14 children (31.1%) who had never used vasoactive drugs. There were eight children (17.8%) with scores ranging from 50 to 100, and six cases (13.3%) with scores >100. All the six cases with scores >100 eventually died.

Due to acute kidney injury (AKI), eight children (17.8%) received CRRT therapy, with a median treatment time of 1.5 ± 1.1 days. One child survived and the remaining seven died, with a higher mortality rate (87.5 vs. 48.6%) in children treated with CRRT compared to those not treated with CRRT (P < 0.05).



Subgroup Analysis
 
The Survival Group and the Non-Survival Group

The average hospital stay of the living group (20 cases) and the death group (25 cases) were 41.2 ± 19.7 and 18.6 ± 13.2 days, respectively. The mean PICU stay time was 21.6 ± 12.8 and 8.2 ± 5.6 days, respectively, and there was statistical difference between the two groups (P < 0.05). The average mechanical ventilation time of the survival group and the non-survival group was 17.4 ± 12.6 and 8.2 ± 5.7 days, respectively, with a significant difference between groups (P < 0.05). The ratio of high scores of vasoactive drugs (>50) in the survival group was lower than that in the non-survival group (P < 0.05), and the mean VIS score of non-survival group was 30 (10, 97.5), while the average VIS score of the survival group was 2.5 (0, 17.3). There was a statistical difference between the two groups (P = 0.002). The difference of PCIS between the survival and non-survival group was 79.1 ± 5.3 and 66.6 ± 8.3, respectively (P < 0.001). The average positive fluid balance in the first 3 and 7 days was significantly higher among non-survivors than survivors [4.5 (−3.4, 10.3) vs. −2.7 (−12.4, 5.4) ml/kg/day, P = 0.019; 3.9 (−3.9, 13.8) vs. −1.1 (−9.7, 3.9) ml/kg/day, P = 0.029, respectively].

MODS occurred in 18 children in the non-survival group (18/25, 72%), and the incidence of MODS in the non-survival group was significantly higher than that in the survival group (7/20, 35.0%) (P = 0.013). Of the eight children treated with CRRT therapy, seven died and one survived (see Table 2).


Table 2. The characteristics of ARDS in children with hematologic neoplasms: survivors and non-survivors.
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Pulmonary ARDS and Exogenous Pulmonary ARDS

The mortality rates of children with pulmonary ARDS and exogenous pulmonary ARDS were 52.9% (18/34) and 63.6% (7/11), respectively, with no statistical difference between the two groups (P > 0.05). There were statistical differences in CRP, PCT, VIS, and MODS between the two groups, among which CRP and PCT in the exogenous pulmonary ARDS group were significantly higher than those in the pulmonary ARDS group [142.1 ± 67.7 vs. 87.7 ± 59.4, P = 0.021; 11.7 (3.2, 28.4) vs. 1.2 (0.5, 3.7), P = 0.003]. The VIS of the exogenous pulmonary ARDS group was significantly higher than that of the pulmonary ARDS group [85 (30, 138.8) vs. 10 (0, 30.6), P = 0.001]. The incidence of MODS in children with pulmonary ARDS and exogenous pulmonary ARDS was 44.1% (15/34) and 81.8% (9/11), respectively, and there was a significant statistical difference between the two groups (P = 0.029); that is, children with exogenous pulmonary ARDS were more likely to be complicated with MODS. As for fluid balance status, the average positive fluid balance status in the first 3 and 7 days between exogenous pulmonary ARDS and pulmonary ARDS was as follows: 4 (−4.1, 15.4) ml/kg/day vs. −0.5 (−5.4, 8.2) ml/kg/day, P = 0.410; 4.2 (1.9, 5.3) vs. −0.3 (−10.1, 5.5) ml/kg/day, P = 0.058, respectively (see Table 3 for details).


Table 3. The characteristics of ARDS in children with hematologic neoplasms: pulmonary ARDS and exogenous pulmonary ARDS.
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The Agranulocytosis Group and the Non-agranulocytosis Group

There is no significant difference in the mortality between the agranulocytosis group and the non-agranulocytosis group (55.6 vs. 55.6%), and there is no difference in composition ratio of age, sex, PEEP, and whether or not complicated by MODS, but there are differences in total hospitalization time, VIS, PIP, CRP, and PCT values. The average hospitalization time of the two groups was 36.6 ± 21.2 and 23.3 ± 17.2 days, respectively (P = 0.032). The mean values of VIS were 6.3 (26.3, 105) and 10 (0, 32.5), respectively (P = 0.045). The mean values of PIP were 26.3 ± 3.3 and 30.5 ± 5.6, respectively (P = 0.018). The mean values of CRP were 139.3 ± 60.6 and 75.5 ± 55.6 mg/L, respectively (P = 0.001). The mean values of PCT were 3.2 (1.5, 13.9) and 1.2 (0.4, 7.3) ng/ml, respectively (P = 0.041) (see Table 4 for details).


Table 4. The characteristics of ARDS in children with hematologic neoplasms: agranulocytosis and non-agranulocytosis group.
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Binary Logistic Regression Analysis

After univariate analysis, multivariate analysis was performed in three subgroups. Statistically significant independent variables (VIS, PCIS, MODS, and average liquid balance in the first 3 days and the first 7 days) between the survival and the non-survival group (CRP, PCT, VIS, and MODS), between the pulmonary ARDS and the exogenous pulmonary ARDS group (CRP, PCT, VIS, and PIP), and between the agranulocytosis and non-agranulocytosis group were respectively included in the multivariate analysis. With outcomes, etiology of ARDS, and absolute count of peripheral granulocytes as dependent variables, binary logistics regression analysis was conducted, and the entire results are shown in Table 5 for details.


Table 5. Results of multivariate analysis among three subgroups.
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DISCUSSION

Patients with hematological tumors are significantly more likely to develop ARDS, and these patients often have a poor prognosis (5, 9–11). This study collected data from children with hematological tumors and ARDS in our hospital in the past 5 years, and grouped them according to the prognosis of the children, the cause of ARDS, and the absolute counts of peripheral neutrophils. By analyzing the clinical characteristics of the overall and each subgroup, explore the combination of hematological tumors in children.

The prevalence of adult hematological tumors with ARDS is 5% (5). At present, there is still a lack of relevant data on children. A number of studies have shown that the prevalence of ARDS among hospitalized children is 1–4% (12, 13). Our research shows that the prevalence of ARDS in children with hematological tumors is 1.61%. In terms of age composition, most children aged 2–6 years and only two children were younger than 6 months; this may be related to the low incidence of infant hematological tumors. The main cause of ARDS is pneumonia, followed by sepsis (4, 14, 15). In this study, 75% of children with ARDS were caused by lung infections.

Seong et al. (16) found that the mortality rate of adult ARDS patients with acute leukemia was significantly higher than that of lymphoma patients. We have not found a correlation between the primary hematological tumor type and mortality in children with ARDS. Subgroup analysis showed that there was no significant difference in total hospital stay and PICU stay between children with pulmonary ARDS and children with exogenous pulmonary ARDS, and there was no significant difference in mortality, which is consistent with the results of previous studies (17–19). However, there are also reports that the mortality of exogenous pulmonary ARDS is higher than that of pulmonary ARDS, and the mortality of ARDS caused by sepsis is significantly higher than that of ARDS caused by pneumonia (13, 20). This indicates that the pathophysiological process and clinical outcome of ARDS caused by various reasons are quite different, and further study is needed. Studies have shown that when PCIS > 66, each additional point reduces the risk of death by 20% (21), which was similar to the results of our study. Besides, the P-value of PCIS in the univariate analysis was < 0.001, and further multivariate analysis showed that PCIS was still significantly associated with mortality, suggesting that PCIS could identify serious cases more easily, is convenient in clinical practice, and provides a certain guiding value for the prognosis of ARDS ch ildren, so as to implement timely and targeted therapeutic intervention to these children.

In our study, the mechanical ventilation time of the survival group was longer, which may be related to the extremely critical condition of the children in the non-survival group; that is, when they were admitted to the PICU, the disease progressed rapidly and missed the optimal and timely treatment. Ben-Abraham et al. (3), Wong et al. (22), Raj et al. (23) showed that the OI ratio, PIP, and PEEP could predict the clinical outcome of children with malignant tumors complicated with ARDS. However, with the exception of the increased PIP in the non-neutropenic group, we failed to find differences in OI, PIP, and PEEP in different subgroups. Possible reasons include the small sample size and differences in basic characteristics of children. The setting of PEEP value between groups is conservative and the real-time data of continuous monitoring are not used, which leads to the lag in data update and lack of representativeness.

McIntosh et al. (24) found that the VIS score within 48 h after the onset of sepsis was positively correlated with the length of stay in the ICU, the duration of the ventilator, and the mortality rate. We also found that children in the non-survival group had higher VIS scores. However, in our study, the VIS level of children with non-granulocytosis exogenous lung ARDS was significantly increased, which is inconsistent with the conclusion of Mokart et al. (25) We believe that exogenous pulmonary ARDS is often derived from sepsis, and the immune function of children with agranulocytosis is extremely low; once infected, clinical symptoms are not typical, and the low positive rate of etiological detection, the large amount of drug-resistant bacteria infection, and other factors made infection difficult to control, thus spreading widely. The increased risk of circulatory failure, combined with invasive mechanical ventilation, invasive hemodynamic monitoring, and other procedures, eventually resulted in a higher demand for vasoactive drugs in these children.

Children with ARDS have alveolar capillary leakage, and alveolar and interstitial edema; long-term positive fluid balance may worsen clinical outcomes. A retrospective cohort study by van Mourik et al. (26) found that accumulated positive fluid balance within the first 7 days increased the risk of death in ARDS patients. After adjusting for risk factors such as age, underlying disease, hemoglobin, and shock state, Zhang and Chen's study (27) found that positive fluid balance in the first 8 days was associated with increased mortality in ARDS patients. Our study also confirmed that the average positive fluid balance in the first 3 and 7 days of ARDS in the non-survival group was significantly higher than that in the survival group; the average positive fluid balance in the first 3 days was an independent risk factor for predicting death. That is, positive fluid balance was independently associated with case mortality. This reminds us that fluid resuscitation should be carefully performed in clinical practice to avoid excessive positive balance in children with ARDS.

MODS is an independent risk factor for high mortality in children with ARDS (4, 28). In this study, more than 50% of the children had MODS, and compared with the children without MODS, the mortality rate of these children was higher. More noteworthy is that compared to children with pulmonary ARDS, children with exogenous pulmonary ARDS are more likely to develop MODS during the course of the disease. ARDS in such children is mostly caused by sepsis, and MODS is more likely to occur when it develops into severe sepsis or even septic shock. Therefore, it is more important to provide timely and effective adjunctive treatment for protecting the function of vital organs of patients with severe sepsis or septic shock.

The analysis of the two remaining subgroups in this study has shown varying results. In general, significantly elevated levels of CRP and PCT are closely associated with severity of infection (29); similarly, in this study, it was also found that the elevated levels of PCT and CRP in children with exogenous pulmonary ARDS were significantly higher than those in children with pulmonary ARDS, because exogenous pulmonary ARDS was mostly attributed to sepsis, and PCT level increased more obviously in sepsis caused by systematic infection. It is worth noting that, in this study, CRP and PCT levels in children with agranulocytosis were also significantly higher than those in children without agranulocytosis, suggesting that the inflammatory response of children in ARDS complicated by hematological neoplasms with agranulocytosis was stronger, and children with immunosuppression were prone to severe infection, thus leading to rapid progression of the disease process.



CONCLUSION

In conclusion, MODS, positive fluid balance, high VIS, and high PCIS score were the risk factors of poor prognosis in children with hematological neoplasms complicated with ARDS. High PCIS score and mean positive fluid balance volume of the first 3 days were independently associated with PICU mortality. Exogenous pulmonary ARDS is more likely to be complicated with MODS. In addition, exogenous pulmonary ARDS and ARDS with agranulocytosis are often accompanied by more severe infection, which should not be ignored in clinical practice. Importantly, the study also has certain limitations; it was a single-center, retrospective, small sample-sized study, and there were differences in baseline characteristics and treatment methods between groups. Therefore, the clinical characteristics and risk factors of ARDS in children with hematological neoplasms still need to be further explored in a large-scale, multi-center, prospective study.
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