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Objectives: Innovative Cell Population Data (CPD) have been used as early biomarkers for diagnosing sepsis in adults. We assessed the usefulness of CPD in pediatric patients with sepsis/septic shock, in terms of early recognition and outcome prediction. We revised 54 patients (0–15 y) admitted to our Pediatric Intensive Care Unit (PICU) for sepsis/septic shock during a 4-year period. Twenty-eight patients were excluded, 26 septic patients were enrolled (G1). Forty children admitted for elective surgery served as controls (G2). Data on five selected CPD parameters, namely neutrophils fluorescence intensity (NE-SFL), monocytes cells complexity (MO-X), monocytes fluorescence intensity (MO-Y), monocytes complexity and width of dispersion of events measured (MO-WX), and monocytes cells size and width dispersion (MO-WZ), were obtained at time of PICU admission (t0) by a hematological analyzer (Sysmex XN 9000®). As the primary outcome we evaluated the relevance of CPD for diagnosing sepsis/septic shock on PICU admission. Furthermore, we investigated if CPD at t0 were correlated with C-reactive protein (CRP), patient survival, or complicated sepsis course.

Results: On PICU admission (t0), NE-SFL, MO-WX, and MO-Y were higher in sepsis/septic shock patients compared to controls. NE-SFL values were correlated with CRP values in G1 patients (r = 0.83). None of the five CPD parameters was correlated with survival or complicated sepsis course.

Conclusion: We found higher values of NE-SFL, MO-WX, and MO-Y in children with sepsis/septic shock upon PICU admission. These parameters may be a promising adjunct for early sepsis diagnosis in pediatric populations. Larger, prospective studies are needed to confirm our preliminary observations.
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INTRODUCTION

Sepsis is a major cause of morbidity and mortality, accounting for more than 30 million cases each year worldwide and 6 million deaths (1–3). Globally, about 1.2 million cases of childhood sepsis are estimated each year, with mortality rates largely varying from 4 to 50%, depending on illness severity, risk factors, and geographic location (4). In 2005, a definition of sepsis in children was proposed by Goldstein et al. (5). However, specific criteria used for identifying children with sepsis have not been rigorously evaluated (4–7). Recently, a Pediatric Sepsis Definition Taskforce has synthesized all available evidence for identifying children who have or may develop sepsis-associated organ dysfunction, as well as those with sepsis who may be at higher risk of progressing to multiple organ dysfunction (MOD) or death (8).

Early diagnosis, combined with an appropriate management in the first hour of hospital admission (“The Hour-1 Bundle”), remains crucial for patients with the most severe infections, ideally before any signs and symptoms of organ failure have appeared (9). However, the timely diagnosis of sepsis remains an ongoing challenge for any clinician (10–12). Currently, diagnosis of sepsis is based upon clinical parameters and laboratory findings. Blood culture is the gold standard technique for identifying pathogenic microorganisms, yet it has drawbacks, including long turnaround time, low sensitivity, large volume of blood required, risk of false negative results after initiation of antibiotic therapy, and vulnerability to pre-analytical variables (13, 14). White blood cell (WBC) count is regularly obtained in sepsis workup, but often it has unreliable specificity for detecting sepsis in several populations (15). Thus, a vast array of serum (or plasma) sepsis biomarkers have been tested over the past decades, both in adult and pediatric populations (13, 16–18). These typically include C-reactive protein (CRP), procalcitonin (PCT), presepsin, interleukin 6 (IL-6), and neutrophil CD64, among others (19–23). At present, PCT and presepsin appear to be the most promising tests for early diagnosis of sepsis, for prognostic information, and therapeutic decision-making (24, 25). Nonetheless, these two biomarkers provide suboptimal diagnostic accuracy and do not offer information on causative microorganism(s) (13, 18, 25).

Thus, the focus on early sepsis detection has fueled interest in the identification of new, low-cost, routinely available biomarkers, capable of discriminating, early in the process, between patients with and without infection. Ideally, these biomarkers should improve sepsis recognition and management through three main applications: diagnosis, monitoring response to treatment, and risk assessment/stratification (24, 26).

Recently, few studies indicated that cell population data (CPD) might offer interesting quantitative information on morphological and functional characteristics of leukocytes (neutrophils, monocytes, and lymphocytes). The variation of CPD in response to various stimuli (e.g., infections) was found to provide rapid information on leucocytes activation, offering a new method for improving early diagnosis of sepsis (27–31). Notably, CPD parameters can be automatically obtained by a new generation of hematological analyzers (e.g., Sysmex XN) during standard differential cell blood count analysis, obviating the need for additional blood tests and added costs (31–36). The CPD analysis method is therefore characterized by simplicity, accessibility, and speed.

The present study aimed to assess the clinical relevance of CPD as parameters for early diagnosis of sepsis or septic shock in pediatric patients, as well as to test CPD for outcome prediction.



METHODS

This was a retrospective, observational, single-center case-control study, conducted in the Department of Neonatal and Pediatric Critical Care, Verona University Hospital (Italy).

Patients' demographics and clinical characteristics were obtained from our hospital health records database.

We considered all critically ill children admitted to PICU for clinically suspected or confirmed diagnosis of sepsis or septic shock, between March 2016 and March 2020.


Inclusion Criteria

Patients were eligible (study group—G1) if they met the following criteria: (a) confirmed sepsis or septic shock diagnosis according to the 2005 definitions (5); (b) PICU admission at sepsis or septic shock onset (t0); (c) complete blood count and CRP value obtained on PICU admission; (d) age: 0–15 years.

Additionally, we divided the G1 study group into two subgroups (G1a and G1b), based on patients' uncomplicated or complicated sepsis course during their PICU stay, respectively. Patients with a complicated sepsis course (G1b), either had severe sepsis or died from sepsis-induced multiple organ failure, as defined by Goldstein et al. (5).



Exclusion Criteria

(a) unconfirmed diagnosis of sepsis or septic shock; (b) missing CPD parameters; (c) underlying hemato-oncological disease; (d) age > 15 years.



Control Group

A convenient group of children aged 0–15 years, without signs of infection, extracted from those admitted in the PICU and undergoing routine blood testing before elective surgery, served as control group (control group—G2).



Cell Population Data

CPD were obtained with an automated hematological analyzer (Sysmex XN 9000®, Sysmex Corporation, Kobe, Japan), which uses flow cytometry to measure individual cells. Activation of neutrophils and monocytes are detected in real-time, in an accurate and reproducible way (35). In the Sysmex XN analyzers, the leukocyte differential channel discriminates the leukocytes, while the signals are plotted in a scattergram. In brief, the differential leucocyte count is based on criteria of cellular granularity (side scatter light), cell volume and shape (forward scatter light) and nucleic acid/protein content of cells (fluorescent light intensity), by preincubation with unique surfactant reagents and fluorescence staining (30, 35). These optical signals of leukocyte differential are presented in the three axes of the white blood cells differential fluorescence (WDF) channel scattergram.

Among the whole panel of CPD measured by Sysmex XN 9000®, we selected a priori five specific parameters: neutrophils fluorescence intensity (NE-SFL), monocytes cells complexity (MO-X), monocytes fluorescence intensity (MO-Y), monocytes complexity and width of dispersion of the events measured (MO-WX), and monocytes cells size and width dispersion (MO-WZ). CPD and morphological and functional characteristics of leukocytes are summarized in Supplementary Table 1.



Sample Collection

In the study group (G1), blood samples were collected on PICU admission (t0), at onset of sepsis/septic shock. In the control group (G2), blood samples were obtained for routine pre-surgery testing.

We retrieved data on selected CPD of neutrophils and monocytes, from the blood sample database of our central medical laboratory (laboratory information system; LIS).



Primary Outcome

We evaluated if median values of five selected CPD (NE-SFL, MO-X, MO-Y, MO-WX, MO-WZ) collected in septic children at t0 (on PICU admission) were different from those of control group.



Secondary Outcomes

We investigated if CPD parameters at t0 correlated with CRP, as well as with patient survival and severity of clinical course. We also compared CPD collected at t0 in survivors vs. non-survivors, and in patients with complicated vs. uncomplicated course.



Ethics

Informed consent and ethical committee approval were waived as the analysis used anonymous clinical data and the design of the study was retrospective. Privacy Officer of the Verona University Hospital authorized personal data processing and analysis.



Statistical Analysis

Statistical analysis was performed using the R 3.6.2 system. The Kolmogorov-Smirnov test was used to determine the normality of distribution of continuous variables, with p > 0.05 considered as non-significant. The data description procedure has been performed reporting continuous data as median (I, III quartiles). Differences between the two groups were assessed using Student's t-test for normally and Wilcoxon-type tests for non-normally distributed variables. The Pearson chi-square test, or Fisher-exact test (when appropriate) were used for categorical variables. An Ordinary Least Square model has been computed to evaluate the covariate effect on PICU length of stay. Pearson's correlation analysis was also performed between CPD and CRP.




RESULTS


Population

A total of 54 eligible patients were screened for the present study. Twenty-eight patients (51.8%) were excluded: 16 due to missing CPD (29.6%), six for uncertain sepsis diagnosis (11.1%) and six for underlying hemato-oncological disorders (11.1%). Therefore, 26 out of 54 patients (48.2%) were finally enrolled in the study (G1). Main clinical characteristics are shown in Table 1. Thirteen patients were males (50%). Median age was 2 months (range 0–13 years). Seven patients had <28 days of life (neonates). Clinical diagnosis upon PICU admission was sepsis in 20 patients (76.9%) and septic shock in 6 (23.1%). WBC count, hemoglobin and platelets were not different between sepsis and septic shock patients (p> 0.05). The most common source of sepsis/septic shock was primary bloodstream infection (50%). At least one microorganism was isolated in 21 patients (80.8%), with predominant organisms being Gram-negative bacteria. Twenty-three patients survived (88.5%), whilst three eventually died (11.5%). Ten patients out of 26 had co-morbidities (38.5%), seven of whom in survivors (30.4%) and three in non-survivors (100%). In this latter subset, two had complex congenital heart diseases and one myocarditis. The cause of death was sepsis-induced multiple organ failure (Table 1).


Table 1. Demographics and clinical characteristic of 26 sepsis/septic shock patients (G1 group) and control group (G2).
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Forty patients, (31 males, 9 females), with a median age of 5 years (IQR 3–10 years), were enrolled in the control group (G2).



CPD Upon PICU Admission (t0) in Sepsis/Septic Shock Patients (G1) and in Controls (G2)

At the time of PICU admission (t0), three CPD parameters, namely NE-SFL, MO-WX, and MO-Y, were significantly higher in children with sepsis/septic shock (G1) compared to controls (G2): [(NE-SFL 52.5 vs. 46.8; p < 0.0001); (MO-WX 272 vs. 249.5; p=0.004); (MO-Y 111.5 vs. 108.1; p=0.04)] (Table 2). Similarly, MO-X values were significantly higher, but only in septic shock patients compared to controls (Supplementary Table 2). MO-WZ median values were not different between G1 and G2 patients (p = 0.64). In terms of accuracy, AUC (95% CI) was 0.84 (0.71–0.97) for NE-SFL (p < 0.0001), 0.69 (0.56–0.83) for MO-WX (p < 0.05), and 0.61 (0.45–0.67) for MO-Y (p=0.089).


Table 2. CPD values upon PICU admission (t0) in patients with sepsis/septic shock (G1 group) and controls (G2).
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In a subgroup analysis of G1, we compared median (IQR) CPD values of seven neonates with those of 19 older patients: NE-SFL were 56.3 (42.2–65.5) vs. 52.2 (50–59.3), respectively (p=0.47). MO-WX were 352 (278–360) vs. 261 (237–289) (p < 0.001), while MO-Y were 94.3 (88.7–111.4) vs. 116.4 (106.4–132.3) (p < 0.01), respectively.



CPD Upon PICU Admission (t0) and Correlation With CRP, Survival, and Complicated Sepsis Course

Overall, in the 26 G1-patients a good correlation was found between NE-SFL and CRP values at t0 (r = 0.83) (Supplementary Figure 1). Such correlation was even stronger when calculated in the 13 G1-patients with positive blood-culture (r=0.88).

Conversely, even though NE-SFL and MO-WX were slightly higher in three non-survivors compared to 23 survivors [NE-FSL = 59.3 (55.1–66.9 IQR) vs. 52.2 (49.4–57.7 IQR), respectively; p=0.24]; [MO-WX = 332 (294.5–342 IQR) vs. 271 (246–295 IQR), respectively; p=0.19], none of the five CPD parameters measured at t0 was significantly correlated with survival.

Ten patients (38.5%) had complicated sepsis courses and displayed significantly longer PICU-LOS than 16 patients with uncomplicated sepsis courses (p < 0.001) (data not shown). Their CPD values were not statistically different from those patients with uncomplicated courses (Supplementary Table 3).

The predictive univariate models included several parameters at t0, namely NE-SFL, MO-X, MO-Y, MO-WX, MO-WZ, WBC counts, hemoglobin, and platelets. None of these variables were associated with PICU-LOS.




DISCUSSION

The main findings of our study were that three parameters of CPD, namely NE-SFL, MO-WX, and MO-Y, displayed significantly higher values in children with sepsis or septic shock on PICU admission compared to controls. We also observed a significant correlation between NE-SFL and CRP values at t0, especially in septic patients with positive blood-culture. Our preliminary results suggest that selected CPD parameters may aid clinicians in confirming the diagnosis of sepsis early in the course of severe infections in children.

Sepsis still represents one of the prominent causes of morbidity and mortality in critically ill patients of any age (1, 37). Early diagnosis and treatment are essential to improve outcomes, mainly by correcting shock and organ dysfunction before the occurrence of irreversible damage. According to the 2016 Sepsis-3 definition, sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to infections, where an exaggerated immune response may result in collateral damage and death of host cells and tissues (38). The early step in initiation of host response to pathogens encompasses the activation of innate immune system, primarily entailing neutrophils and monocytes (39). A new generation of hematological analyzers has recently enabled clinicians to obtain faster and even more accurate morphological information from the complete blood count (34). In particular, leukocyte-derived parameters, named Cell Population Data, are emerging as potentially useful parameters for early sepsis diagnosis in adult patients (35).

The primary outcome of our pilot study was to evaluate the relevance of five parameters of CPD, obtained at PICU admission, in order to confirm the diagnosis of sepsis/septic shock in children. NE-SFL exhibited the best accuracy in discriminating septic patients, with significantly higher NE-SFL values at t0 in septic children compared to controls. Notably, the subgroup of children with septic shock had higher NE-FSL values than septic children. NE-FSL quantifies neutrophil immaturity and activation. In particular, high fluorescent intensity indicates an increase in RNA and DNA cell content, which reflects large cytokines production. During the early stage of sepsis, transition of neutrophils from a resting state within the circulation to activated state at infection site is triggered by an ordered sequence of signals from priming stimuli (e.g., C5a, lipopolysaccharide and cytokines) (40). Thus, consistent with the function of neutrophils as first responders during innate immune response to invading organisms and morphological characteristics of these activated cells, our data indicated that NE-SFL could be useful for early sepsis (and septic shock) detection. Our results are in accordance with previous studies in adulthood. In a recent study on 130 adults with sepsis, Park et al. suggested that both NE-SFL and NE-WY could be useful for detecting sepsis, together with other currently used surrogate sepsis biomarkers (30). Buoro et al. reported that NE-SFL and MO-X items exhibited the best CPD diagnostic performance, being found significantly higher in 40 adults with sepsis compared to controls (33). Similarly to our results, NE-SFL values were significantly higher in patients with septic shock compared to those with sepsis (33). In another study, NE-SFL and MO-X proved to be the most relevant CPD parameters in predicting sepsis in a group of 137 adults (31).

In our study, MO-WX values were also significantly increased in septic patients compared to controls, showing a discreet accuracy. This parameter reflects the degree of heterogeneity of monocytes complexity. Monocytes are a heterogeneous set of cells, which differ in phenotype, size, nuclear morphology, and function. In sepsis, this variability is even more pronounced, reflected by a variation in monocytes complexity (width of dispersion) (41). Our results are in agreement with previous reports on early changes in monocytes in adult septic patients (31, 34). In 2019, Shalini et al. observed significantly increased values of five CPD monocytes parameters in 100 adult patients with clinically suspected sepsis (34). Interestingly, they reported NE-SFL, MO-WX, and MO-Y values quite similar to those observed in our study, both in the sepsis and control groups. Even though we may speculate that different ages may not necessarily affect the absolute values of these three CPD parameters, further research is still needed to clarify this issue.

Of note, in a subgroup analysis we observed that CPD values of seven neonates were not consistent with those found in the whole sepsis group. In fact, while NE-SFL levels were comparable, neonates had significantly higher MO-WX and lower MO-Y values compared to older septic patients. However, given the very small number of patients, these findings must be interpreted with caution.

As secondary outcomes, we investigated whether or not CPD may correlate at t0 with CRP, patient survival, and severity of sepsis course. Our analyses revealed a good correlation between NE-SFL and CRP values at PICU admission, even stronger in patients with positive blood culture.

Differently, CPD parameters at t0 were not correlated with patient survival and severity of sepsis course. Similarly, Park et al. evaluated NE-SFL for discriminating sepsis severity and predicting mortality in adults, with unsatisfactory evidence (30). Conversely, in forty adults with sepsis or septic shock, Buoro et al. reported a correlation between NE-SFL and MO-X values with Sequential Organ Failure Assessment (SOFA) score, a validated index for predicting clinical outcomes of critically ill adult patients (33). The authors suggested that NE-SFL and MO-X might provide useful information for diagnosis as well as for management of septic patients in ICU.

At present, data on the role of CPD for diagnosing sepsis in pediatric populations are scant. In 2010, Raimondi et al. investigated mean neutrophil volume (MNeV) and its standard deviation (neutrophil distribution width) as a screening for late-onset neonatal sepsis in 120 preterm infants (42). The combination of MNeV with CRP showed a good diagnostic performance for either suspecting or ruling out late-onset sepsis in their series (42). In 2012, Jung et al. investigated CPD for differential diagnosis of viral infection in 602 children with various conditions (43).

To our knowledge, the present study is one of the first to explore the relevance of leukocytes CPD in diagnosing sepsis in children, by means of a modern automated blood analyzer.

Our study has several limitations. First, it is a single-center, retrospective study with a relatively small sample size, so that results shall be regarded as preliminary. Second, we assumed the onset of sepsis was close to PICU admission, though we could not retrieve accurate data on this assumption. However, all analyzed CPD parameters were collected in the PICU concomitantly with the sepsis onset. Lastly, the study group had a median age significantly lower than controls, potentially introducing a risk of selection bias.

Nonetheless, we believe our pilot study does offer some new information on the potential role of CPD in early detection of sepsis in critically ill children, thus allowing a more timely clinical management of this life-threatening condition.

However, further research on larger populations would be warranted for investigating the relevance of CPD as diagnostic parameters in septic patients. We speculate that CPD may also be useful for guiding treatment during the sepsis course, and for providing prognostic indications.



CONCLUSIONS

In this study, we observed significant increases in NE-SFL, MO-WX, and MO-Y in children with sepsis and septic shock, at the time of PICU admission. Our findings may suggest a role of CPD to serve as quick and low-cost parameters in early detection of sepsis, also in pediatric populations. Larger, prospective trials are warranted to confirm our preliminary results. Furthermore, we speculate that serial CPD measurements could support clinicians in tracking response to therapy and in predicting clinical outcomes in children with sepsis and septic shock.
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Male, No (%) 13 (50) 10 (50) 3(50) 31(77.5)
ADMISSION SOURCE, N(

Emergency Department 10 (38.5) 8(40) 2(33.4)
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Others Hospitals 623 3(15) 3(50)

Neonatal Intensive Care Unit 2(1.7) 2(10) 0
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Polymalformative Syndrome 3(11.5) 3(15) 0
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Invasive 10 (38.4) 6(23) 4(66.6)
Non Invasive 15 (57.7) 10(50) 5(833)

Invasive 0(0-6.7) 0(0-1.5) 65(1.5-13.7)

Non Invasive 2(0-5.7) 05(0-6) 25(2-3.7)
Required vasoactive infusion, No (%) 9(34.6) 5(19.2) 4(66.6)
Vasoactive Infusions, days, median (QR) 0(0-2) 0(0-0.2) 2(05-2)
PICU LOS, days, median (IQR) 12.5(3-26.5) 95(1.7-18.5) 275 (17.2-42.2)
Hospital LOS, days, median (IQR) 22 (14-42.7) 17.5(10.7-34.5) 445 (30.7-48.5)
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Discharge 23(88.5) 17 (85) 6(100)

Death 3(115) 3(15) 0

CRP, C-reactive protein; PICU, pediatric intensive care unit; LOS, length of stay.
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