Journal of Inflammation Research Dove

ORIGINAL RESEARCH

Clinical Value of Laboratory Biomarkers for the
Diagnosis and Early Identification of Culture-Positive
Sepsis in Neonates

Chumei Huang"z’*, Jiahui Chen'*, Xiaoxia Zhan?*, Laisheng Li 2 Shu An?, Guijun Cai', Nan Yu'?3

'Microbiome Medicine Center, Department of Laboratory Medicine, Zhujiang Hospital, Southern Medical University, Guangzhou, Guangdong,
People’s Republic of China; 2Department of Laboratory Medicine, the First Affiliated Hospital of Sun Yat-Sen University, Guangzhou, People’s Republic
of China; 3Department of Medical Laboratory, School of Laboratory Medicine and Biotechnology, Southern Medical University, Guangzhou,
Guangdong, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Nan Yu, Email yunanzhujiang@ | 63.com

Background: Neonatal sepsis (NS) is an important cause of mortality and morbidity in newborn infants. However, early diagnosis of
proven sepsis (culture-positive sepsis) is difficult. We aimed to define the best combination of biomarkers to diagnose the onset of
neonatal sepsis, distinguish culture-positive neonatal sepsis and predict the time of confirmation of neonatal sepsis.

Methods: This retrospective cohort study was conducted from January 2016 to December 2020. Clinical characteristics and laboratory
results were collected from the electronic medical records. Hematology profiles and biochemical indices were obtained upon hospital
admission. Multivariate logistic regression analysis was used to evaluate the risk factors and construct a nomogram. The performance of the
nomogram was evaluated by receiver operating characteristic (ROC) curve and decision curve analysis (DCA). Multivariable linear
regression was used to identify the association between admission-to-diagnosis interval (ADI) and correlated variables.

Results: Overall, 148 infants with neonatal sepsis (67 culture positive sepsis and 81 culture negative sepsis) and 150 controls were included.
C-reactive protein (CRP) (p<0.001), platelets (PLT) (p=0.011), urea nitrogen (BUN) (p=0.001) and conjugated bilirubin (BC) (p=0.007) were
independent risk factors for neonatal sepsis. The diagnostic nomogram based on CRP, PLT, BUN and BC showed excellent diagnostic accuracy
for neonatal sepsis (AUC=0.928). The nomogram based on red blood cell distribution width (RDW) and mean platelet volume (MPV) was
efficient in distinguishing proven neonatal sepsis from clinical sepsis, with an AUC of 0.700 in the training group and 0.689 in the validation
group. Decision curve analysis (DCA) showed that the nomogram had good clinical utility. Multivariable analysis revealed gestational age, CRP,
and MPV were significantly associated with admission-to-diagnosis interval in culture-positive sepsis (p < 0.001).

Conclusion: Different combinations biomarkers were performant to diagnose the onset of neonatal sepsis, distinguish culture-positive
neonatal sepsis, predict the time of confirmation, and aid in individual therapy.
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Introduction
Neonatal sepsis is an important cause of mortality and morbidity in newborn infants. The immaturity of the immune
system in neonates, places infants at significant risk of infection from prenatal and postnatal exposure to microorganisms.
It was estimated that 2.5 million neonatal deaths occur each year globally, amounting to 47% of deaths in children aged <
5 years." Early diagnosis and efficient treatment of neonatal sepsis are important for improving morbidity and mortality.
According to the time of onset after birth, neonatal sepsis could be divided into early-onset neonatal sepsis (EONS),
which occurs within 72 hours and late-onset neonatal sepsis (LOS), occurring thereafter. Newborn infants with premature
birth or low birth weight, maternal infectious diseases, chorioamnionitis, and prolonged premature rupture of membranes
are at a higher risk of neonatal sepsis.” Group B streptococcus (GBS), Escherichia coli (E. coli), Aerobactin, Listeria
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monocytogenes (L. monocytogenes), Haemophilus influenzae, S. aureus, Klebsiella spp, and non-typhoidal Salmonella
bacteria are considered to be major microorganisms causing neonatal sepsis.>**

Current diagnostic criteria used in different studies vary substantially. Generally, sepsis diagnosis in neonates is typically based
on a combination of risk factors, clinical presentation, and hematologic indices.” However, early diagnosis of neonatal sepsis
based on clinical presentation remains challenging as clinical manifestations can be subtle, non-specific or even severe.
Traditionally, the diagnosis of confirmed sepsis relies on conventional microbiologic culture. However, its time-consuming
nature and low sensitivity challenge its value in the early diagnosis of neonatal sepsis.® Since early antibiotic treatment is essential
for the successful prognosis of neonatal sepsis patients, physicians often decide to empirically treat suspected neonatal sepsis
before getting blood culture results.” However, empirical therapy with unnecessary broad-spectrum antibiotics may prolong the
duration of treatment, lead to an increase in drug-resistant microorganisms, and put preterm and chronically ill infants at even
higher risk of nosocomial infection.” Moreover, as no significant difference was found when proven sepsis (culture-positive
sepsis) and clinical sepsis (culture-negative sepsis) were compared together in adults, early warning of culture-positive sepsis
would help the decision of antibiotic prescribing and treatment duration.® Therefore, how to discriminate proven sepsis from
clinical sepsis is of essential importance.

Diverse biomarkers have been reported for the diagnosis of neonatal sepsis, such as acute-phase reactants, hemato-
logical indices, and inflammatory cytokines,™® but they lack sensitivity and reliability. For example, C-reactive protein
(CRP) is the most widely used laboratory biomarkers for neonatal sepsis.” Hepatic synthesis of CRP was delayed in case
of an inflammatory response, and CRP levels even increased when response to non-infectious factors, such as meconium
aspiration, fetal distress, or maternal fever during delivery.” Correspondingly, CRP has been reported to have low
sensitivity with unacceptably high false-positive rates in the diagnosis of neonatal sepsis.

White blood cell count (WBC), absolute neutrophil count (ANC), immature to total neutrophil ratio (IT-ratio), and
neutrophil to lymphocyte ratio (NLR) have been recommended to assist in the diagnosis of neonatal sepsis.'
Thrombocytopenia is common in sepsis due to a decreased central platelet production and peripheral platelet
overconsumption.'' In patients with sepsis, thrombocytopenia is often associated with dysregulated host responses. '
Mortality has been associated with prolonged thrombocytopenia without a relative increase in platelet count.'® Therefore,
early detection and evaluation of platelet decline is essential for rapid and appropriate intervention in early sepsis. The
diagnostic value of RDW for sepsis seems limited since RDW has a modest value for predicting positive blood culture in
suspected sepsis but is most sensitive to predict mortality in neonatal sepsis.'* In contrast, MPV was a diagnostic rather
than a prognostic marker in neonatal sepsis.'”> Therefore, the hematology profiles still have a non-negligible role in the
diagnosis of neonatal sepsis. Combinations of biomarkers are more valuable than used alone despite their limitations.

Organ failure is a hallmark of sepsis. The inflammatory, anti-inflammatory cytokines, and antioxidants resulting from
the host’s deleterious response to infection can attenuate liver, kidney, and lung injury in sepsis.” It has been generally
accepted that abnormal indexes of liver and kidney injury are independent risk factors for sepsis-associated multiple
organ dysfunction and sepsis-induced death.'®'” Abnormal arterial blood gas has also shown to be an important
prognostic indicator in patients with sepsis.'® Therefore, as the symptoms of neonatal sepsis change instantaneously,
all vital biomarkers related to the complex pathophysiology of sepsis must be observed thoroughly to identify early signs
of sepsis or sepsis-related organ dysfunction and facilitate prompt intervention.

There is currently no reliable or validated diagnostic score for neonatal sepsis in clinical practice. The diagnosis of
sepsis in ill neonates remains crucial and challenging due to the diversity of clinical presentation and the lack of specific
biomarkers. Our study aims to extract as much information as possible from routine daily hematological profiles and
biochemical indices, and to evaluate their value in daily clinical practice for diagnosing neonatal sepsis and predicting
culture-positive neonatal sepsis.

Methods and Materials

Study Design and Participants
This single-center retrospective cohort study was conducted in the Neonatal Department of the First Affiliated Hospital
of Sun Yat-sen University, Guangzhou, China, from January 2016 to December 2020. Our study was in accordance with
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the guidelines outlined in the Declaration of Helsinki and was approved by the local Ethics Committee of First Affiliated
Hospital of Sun Yat-sen University. We confirm that all procedures included in this study were undertaken as part of
routine clinical practice. To ensure anonymity and confidentiality, we removed any data that could identify the subjects.
The Hospital Ethics Review Board has waived the requirement for informed consent due to the retrospective nature of
this study and the measures taken to maintain data confidentiality. The inclusion criteria were uniform according to the
guideline (Expert consensus on the diagnosis and management of neonatal sepsis (version 2019), Subspecialty Group of
Neonatology The Society of Pediatrics, Chinese Medical Association The Editorial Board Chinese Journal of Pediatrics)
(Details are given in Supplementary Information).'® Infants with sepsis were further categorized into culture-proven

sepsis and culture-negative (clinical) sepsis. Culture-proven sepsis was defined as a positive culture of a pathogen from
blood or cerebrospinal fluid. Exclusion criteria were neonates with malignancy, congenital malformation, autoimmune
disease, or viral infection. Patients with incomplete clinical data were excluded. Patients meeting these inclusion and
exclusion criteria within the 28 days after delivery were classified as having neonatal sepsis (NS). A total of 148 sepsis
patients were diagnosed with NS, 67 with proven sepsis (culture positive sepsis) and 81 with clinical diagnosis sepsis
(culture negative sepsis), while 150 infants were enrolled as the control group. The control group was admitted to the
hospital for perinatal conditions other than infection, such as neonatal physiological jaundice, neonatal pathological
jaundice, neonatal asphyxia, neonatal respiratory distress syndrome, non-septic premature infants/low birth weight
infants, etc. A flowchart of patient enrollment was shown in Figure S1.

Clinical Characteristics and Laboratory Measurements

For all neonates, clinical profiles and routine laboratory results were collected from the electronic medical records. The
clinical characteristics included the following data: gender, age (in days), gestational age (in weeks), birth weight (in
kilograms), admission-to-diagnosis interval (ADI, in days), hospitalization days (in days), premature rupture of mem-
branes (PROM) >18 hours or chorioamnionitis. Routine laboratory results, including blood routine examination, liver
function tests, and kidney function tests, were obtained from venous blood samples upon hospital admission. Blood
routine tests such as white blood cells (WBC), neutrophils (NEUT), lymphocyte (LY), neutrophil-to-lymphocyte ratio
(NLR), platelets (PLT), C-reactive protein (CRP), red blood cell distribution width (RDW), and mean platelet volume
(MPV) were measured utilizing 5-Part Differential Hematology analyzer BC-6800PLUS (Mindray, Shenzhen, China).
Biochemical analysis, including total protein (TP), total bilirubin (TBIL), unconjugated bilirubin (BU), conjugated
bilirubin (BC), urea nitrogen (BUN), creatinine (CREA), glutamic-pyruvic transaminase (ALT), glutamic-oxaloacetic
transaminase (AST), lactate dehydrogenase (LDH), alkaline phosphatase (ALP), cholinesterase (CHE), and gamma
glutamyl transferase (GGT) was performed using VITROS 4600 automated biochemical analyzer (Ortho Clinical
Diagnostics, San Diego, CA, USA). Blood cultures were obtained before initiation of antimicrobial therapy and
conducted using BACT/ALERT® 3D Microbial Detection Systems (BioMérieux, France). When the culture result was
positive, VITEK MS (BioMérieux) was employed to identify the species of microorganisms.

Statistical Analysis

The Kolmogorov—Smirnov normality test was performed for all continuous variables. For demographic data, categorical
variables were expressed as percentages. The non-normally distributed variables were presented as the median (inter-
quartile range), and the normally distribute variables were presented with mean (standard deviation). In the evaluation of
the data, independent #-test was used to compare two groups with normal distribution, Mann—Whitney U-test was used to
compare binary groups with non-normal distribution, Chi-square test was used to compare qualitative data. In cases
where either normality or homogeneity of variance was rejected, the Kruskal-Wallis H-test was used. The areas under the
receiver operating characteristic curve (ROC) were calculated to identify important variables in the discriminant of
sepsis. Univariate logistic regression was performed to identify potential variables, and variables exhibiting statistical
significance (p < 0.05) were included in a multivariable logistic regression analysis. The diagnostic nomogram was
established based on the outcomes of the multivariate logistic regression analysis. The area under the receiver operating
characteristic curve (AUC), sensitivity, and specificity were used to evaluate diagnostic performance. The nomogram of
distinguishing proven sepsis and clinical sepsis was constructed by machine-learning models based on logistic regression.

Journal of Inflammation Research 2023:16 hetps: 5113
Dove


https://www.dovepress.com/get_supplementary_file.php?f=419221.docx
https://www.dovepress.com/get_supplementary_file.php?f=419221.docx
https://www.dovepress.com
https://www.dovepress.com

Huang et al Dove

We adopted a five-fold cross-validated area under ROC curve (AUC) analysis to evaluate the performance of the
nomogram. Data were randomly split into training (50%) and validation (50%) groups. AUC and decision curve analysis
(DCA) in both training and validation cohort was used to evaluate the performance of model. A p value <0.05 was
considered statistically significant. We used linear regression to evaluate the correlation between the ADI and related
variables. We considered variables such as clinical features and laboratory indexes for the model and used a stepwise
selection model. This allowed variables below the threshold of p < 0.1 can be eligible to enter the model, and retained
covariates significant at the p < 0.05 threshold. Statistical analysis was performed by the SPSS software version 25.0 and
R (version 3.4.2).

Results

Baseline Clinical Characteristics of the Study Population

A total of 298 newborn infants were enrolled in the study and assigned to the control group (n=150) and the neonatal
sepsis group (n=148). Baseline characteristics and laboratory data of the infants were summarized in Table 1. A flowchart
of patient enrollment was shown in Figure S1.

Infants with neonatal sepsis exhibited a longer length of stay (median 28.5 d vs 2.0 d), lower gestational age (median
gestational age 35.1 vs 38.7 weeks) and lower birth weights (median 2.05 vs 3.15 kg) than those in the control group.
Infants with chorioamnionitis and preterm during delivery were susceptible to neonatal sepsis. The serum biochemical
analysis showed that, when compared with the control group, the levels of CRP, LDH, BC, BUN, and CREA were
significantly higher in neonates with sepsis (p< 0.05). Furthermore, the levels of ALT, AST, ALB, TP, CHE, TBIL, and
BU were lower in the sepsis group than in the control group (p< 0.05). No significant differences were found in the levels
of RDW and MPV, ALP, GGT between the two groups. In addition, neutrophil count and NLR were significantly higher
in neonatal sepsis, while lymphocyte count and PLT were higher in the control group (p< 0.05) (Table 1).

The study identified 68 neonates with culture proven sepsis, caused by 21 different types of organisms, including 17
species of bacteria and 4 species of fungi. The majority of the isolates (55.71%) were gram-positive bacteria, with
Staphylococcus epidermidis being the most prevalent isolates (20%), followed by Staphylococcus capitis, Streptococcus
agalactiae, Staphylococcus haemolyticus and Staphylococcus aureus (8.57%, 8.57%, 4.29%, and 4.29%, respectively).
Furthermore, a total of 27 gram-negative bacterial strains (38.57%) were detected, mainly Klebsiella pneumoniae
(17.14%) and E. coli (12.86%). Four strains of fungi (5.71%) were detected, as shown in Table S1.

Serum Biomarkers in the Diagnosis of Neonatal Sepsis

The variables exhibiting significant differences were subsequently incorporated into a conventional logistic regres-
sion model. Consistently, the results of univariate logistic regression analysis revealed that CRP, NEUT, NLR, PLT,
ALB, TP, ALT, TBIL, BU, BC, BUN, CHE, CREA, and LDH were strongly associated with neonatal sepsis,
exhibiting a p value <0.05. A multivariate logistic analysis demonstrated that CRP (p <0.001, odds ratio{OR} 0.124,
95% confidence interval {CI} 1.13—1.35), PLT (p=0.011, OR 0.99, 95% CI 0.98—1.00), BC (p=0.007, OR 1.18, 95%
CI 1.05-1.33), and BUN (p=0.001, OR 1.97, 95% CI 1.32-2.93) were independent predictors of neonatal sepsis
(Table 2). In addition, the aforementioned variables were incorporated to build a nomogram to diagnose the onset of
neonatal sepsis (Figure 1A). For each patient, higher total points indicated a higher risk of neonatal sepsis. For
example, if a neonate has a CRP value of 10mg/L, platelet count of 300x10°/L, blood urea nitrogen concentration of
3.0 mmol/L, and a conjugated bilirubin level of 10.0pmol/L, then the corresponding score will be approximately 9,
15,14,12, respectively. The total points are nearly 50, indicating a probability of around 84% for this neonate to be
diagnosed with sepsis. ROC curves were utilized to assess the performance of the nomogram. The area under the
curve (AUC) was 0.928 (95% CI: 0.90-0.96), and the corresponding sensitivity and specificity were 89.3% and
84.5% respectively. These results indicated that the risk model exhibited excellent diagnostic efficiency for neonatal

sepsis, as shown in Figure 1B.
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Table | Characteristics of the Study Population

Parameters Controls (n=150) Neonatal Sepsis (n=148) | p value
Age (days) 2.0 (0.04.0) 0.0 (0.0-0.0) <0.001*
Median (IQR)
Sex 88 (58.7%) 85 (57.4%) 0.829°
Male (%)
LOS (days) 2.0 (2.04.0) 28.5 (15.049.0) <0.001*
Median (IQR)
Gestational age 38.7 (37.4-39.6) 35.1 (31.1-38.6) <0.001*
(weeks)
Median (IQR)
Birth weight (kg) 3.15 (2.84-3.47) 2.05 (1.28-2.95) <0.001*
Median (IQR)
Low birth weight 13 (8.7%) 89 (60.1%) <0.001°
Yes (%)
Preterm 29 (19.3%) 91 (61.5%) <0.001°
Yes (%)
PROM 2 18h 9 (6.0%) 15 (10.1%) 0.190°
Yes (%)
Chorioamnionitis 1(0.67%) Il (7.43%) <0.001°
Yes (%)
CRP (ng/mL) 0.95 (0.2-3.0) 10.23 (2.4-24.19) <0.001*
Median (IQR)
WBC (x10%/L) 11.6 (9.1-15.8) 11.02 (7.6-16.8) 0.214°
Median (IQR)
LY% 29.2 (22.8-40.1) 26.0 (16.3-39.3) 0.009*
Median (IQR)
NEUT% 56.5 (43.4-65.7) 62.9 (44.1-75.7) 0.004°
Median (IQR)
NLR 1.9 (1.1-2.9) 2.5 (1.24.7) 0.006°
Median (IQR)
RDW (%) 16.0 (15.0-16.0) 16.0 (15.0-17.0) 0.100°
Median (IQR)
PLT (x10°/L) 268.0 (234.25-309.25) 219.0 (150.00-269.75) <0.001*
Median (IQR)
MPV (fL) 9.75 (9.10-10.20) 9.60 (9.00-10.30) 0.915°
Median (IQR)
ALT (U/L) 25.0 (21.0-30.0) 21.0 (15.0-26.0) <0.001*
Median (IQR)
AST (U/L) 51.0 (40.5-65.5) 45.0 (35.0-59.2) 0.012°
Median (IQR)
ALB (g/L) 33.0 (30.0-36.0) 28.0 (24.3-31.9) <0.001*
Median (IQR)
TP (g/L) 53.0 (50.0-58.0) 48.0 (43.0-50.0) <0.001*
Median (IQR)
LDH (U/L) 486.0 (390.5-612.5) 543.0 (442.0-706.0) 0.004°
Median (IQR)
ALP (U/L) 141.0 (113.5-165.0) 140.5 (110.0-176.5) 0.671°
Median (IQR)
CHE (U/L) 4555.0 (4003.0-5301.2) 4028.5 (3374.0-4715.0) <0.001*
Median (IQR)
GGT (U/L) 139.5 (88.2-189.2) 134.0 (89.0-198.7) 0.787°
Median (IQR)

(Continued)
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Table | (Continued).

Parameters Controls (n=150) Neonatal Sepsis (n=148) | p value
TBIL (umol/L) 194.6 (129.1-269.1) 119.3 (91.2-157.9) <0.001*
Median (IQR)
BU (umol/L) 194.6 (123.7-258.1) 108.2 (85.0-148.3) <0.001*
Median (IQR)
BC (umol/L) 0.0 (0.0-0.0) 0.0 (0.0-3.0) <0.001*
Median (IQR)
BUN (mmol/L) 2.4 (14-3.0) 4.0 (2.9-5.7) <0.001*
Median (IQR)
CREA (umol/L) 50.0 (42.0-59.8) 67.5 (50.0-83.0) <0.001*
Median (IQR)

Notes: Categorical and continuous variables are presented as frequency or median (IQR), respectively. Between-group
differences in categorical and continuous variables are analyzed using Chi-squared test and Mann—-Whitney U-test,
respectively. *Wilcoxon rank sum test; ®Chi-squared test.

Abbreviations: LOS, length of stay; PROM, premature rupture of membranes; CRP, C-reactive protein; WBC, White
blood cell count; LY, lymphocyte; NEUT, neutrophils; NLR, neutrophil-to-lymphocyte ratio; RDW, red cell distribution
width; PLT, platelet; MPV, mean platelet volume; ALT, glutamic-pyruvic transaminase; AST, glutamic-oxaloacetic transa-
minase; ALB, albumin; TP, total protein; LDH, lactate dehydrogenase; ALP, alkaline phosphatase; CHE, cholinesterase;
GGT, gamma glutamyl transferase; TBIL, total bilirubin; BU, unconjugated bilirubin; BC, conjugated bilirubin; BUN,
blood urea nitrogen; CREA, creatinine.

Table 2 Univariate and Multivariate Regression Analyses for Diagnosis of Neonatal

Sepsis
Parameters Univariate Analysis Multivariate Analysis
OR (95% CI) p value OR (95% CI) p value
CRP 1.21 (1.14-1.28) <0.001 1.24 (1.13-1.35) <0.001
NEUT 6.35 (1.59-25.37) 0.009 0.25 (0.00-41.98) 0.597
LY 0.27 (0.06—1.30) 0.101
NLR 1.27 (1.13-1.42) <0.001 1.06 (0.72—1.56) 0.776
PLT 0.99 (0.98-0.99) <0.001 0.99 (0.98-1.00) 0.011
ALB 0.80 (0.75-0.85) <0.001 0.93 (0.81-1.06) 0.251
TP 0.816 0.77-0.86 <0.001 0.92 (0.82-1.02) 0.107
ALT 0.966 (0.94-0.99) 0.004 0.96 (0.92-1.01) 0.16
AST 0.99 (0.98-1.00) 0.158
TBIL 0.99 (0.98-0.99) <0.001 1.02 (0.98-1.06) 0.458
BU 0.98 (0.98-0.99) <0.001 0.973 (0.93-1.01) 0.184
BC 1.15 (1.07-1.24) <0.001 1.18 (1.05-1.33) 0.007
BUN 2.16 (1.77-2.63) <0.001 1.97 (1.32-2.93) 0.001
CHE 1.0 (0.99-1.00) <0.001 1.00 (1.00-1.00) 0.944
CREA 1.04 (1.03-1.05) <0.001 0.99 (0.96-1.02) 0.427
LDH 1.00 (1.00-1.00) 0.003 1.00 (0.99-1.00) 0.496

Abbreviations: CRP, C-reactive protein; NEUT, neutrophil; LY, lymphocyte; NLR, neutrophil-to-lymphocyte
ratio; PLT, platelet; TP, total protein; ALT, glutamic-pyruvic transaminase; AST, glutamic-oxaloacetic transaminase;
TBIL, total bilirubin; BU, unconjugated bilirubin; BC, conjugated bilirubin; BUN, blood urea nitrogen; CHE,
cholinesterase; CREA, creatinine; LDH, lactate dehydrogenase.

Clinical Value of RDW and MPV in Distinguish Culture-Positive Neonatal Sepsis from

Culture-Negative Neonatal Sepsis

Among 148 neonatal sepsis cases, 81 cases were clinical sepsis while 67 cases were proven sepsis. Infants with proven
sepsis had significantly longer length of stay (p < 0.001), higher serum level of RDW (p =0.002) and MPV (p < 0.001)
than infants with clinical sepsis (Table 3). There were no significant differences in the age, gestational age, gender, birth
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Figure | Diagnostic nomogram in infants with neonatal sepsis. (A) A diagnostic nomogram based on CRP, PLT, BUN and BC for differentiating neonatal sepsis. (B) AUROC
of the nomogram in diagnosis of neonatal sepsis.

weight, and PROM > 18h between proven sepsis and clinical sepsis groups. In order to further investigate the expression
differences of MPV and RDW in different groups, we compared the levels of MPV and RDW between the control,
clinical sepsis and proven sepsis groups. Significant differences were observed that MPV and RDW in proven sepsis
group was higher than both the control and clinical sepsis groups (p < 0.01). (Table 4 and Figure S2).

Table 3 Comparison of Demographic Characteristics in Patients with Proven and Clinical

Sepsis
Parameters Clinical Sepsis (n=81) Proven Sepsis (n=67) p value
Age (days) 0 (0.0-0.0) 0.0 (0.0-0.0) 0.392*
Median (IQR)
LOS (days) 19.0 (11.0-42.0) 38.0 (23.0-53.5) <0.001*
Median (IQR)
Gender 48 (59.3%) 37 (55.2%) 0.621°
Male (%)
Gestational age (weeks) 36.4 (32.3-38.7) 33.4 (30.9-37.9) 0.058"
Median (IQR)
ADI (days) 3.0 (1.0-6.0) 18.0 (4.0-28.0) <0.001*
Median (IQR)
Birth weight (kg) 2.48 (1.39-3.09) 1.73 (1.19-2.62) 0.102
Median (IQR)
Low birth weight 43 (53.1%) 46 (68.7%) 0.054°
Yes (%)
Preterm 44 (54.3%) 47 (70.1%) 0.049°
Yes (%)
PROM 2 18h 7 (8.6%) 8 (11.9%) 0.508°
Yes (%)
CRP (ng/mL) 11.0 (1.6-30.6) 6.0 (3.0-23.1) 0.739*
Median (IQR)
WBC (x10°/L) 11.6 (8.5-17.5) 10.5 (6.9-14.8) 0.235%
Median (IQR)
NEUT% 66.6 (48.3-78.3) 57.1 (43.7-71.1) 0.020%
Median (IQR)
LY% 23.0 (13.4-35.1) 31.1 (18.7-42.0) 0.041*
Median (IQR)
(Continued)
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Table 3 (Continued).
Parameters Clinical Sepsis (n=81) Proven Sepsis (n=67) p value
NLR 2.9 (1.4-6.1) 1.7 (1.1-3.8) 0.02%9*
Median (IQR)
RDW (%) 15.0 (14.0-16.0) 16.0 (15.0-17.0) 0.002°
Median (IQR)
PLT (x |09/L) 229.0 (155.0-274.0) 207.0 (150.0-267.5) 0.615%
Median (IQR)
MPV (fL) 9.4 (9.0-10.1) 10.0 (9.5-11.0) <0.001*
Median (IQR)
PT (s) 15.9 (14.2-17.8) 15.0 (13.6-16.8) 0.124°
Median (IQR)
APTT (s) 68.1 (47.6-77.3) 64.9 (58.6-88.1) 0.500?
Median (IQR)
TT (s) 19.5 (17.50-20.8) 20.6 (18.0-22.1) 0.138°
Median (IQR)
Fbg (g/L) 1.6 (1.2-2.6) 1.5 (1.1-2.3) 0.460°
Median (IQR)
DDI (mg/L) 2.1 (1.3-6.2) 1.7 (1.0-3.7) 0.2117
Median (IQR)
ALB (g/L) 28.0 (24.0-32.0) 28.0 (25.0-31.0) 0.970°
Median (IQR)
TP (g/L) 50.0 (44.8-50.0) 46.3 (41.4-50.0) 0.062°
Median (IQR)
TBIL (umol/L) 119.2 (88.0-163.6) 119.3 (103.0-141.3) 0.698°
Median (IQR)
BU (umol/L) 116.4 (82.7-148.5) 106.9 (90.8-133.9) 0.890°
Median (IQR)
BC (umol/L) 0.0 (0.0-0.4) 0.0 (0.0-6.2) 0.334°
Median (IQR)
BUN (mmol/L) 3.90 (2.9-5.5) 42 (2.9-6.1) 0.611%
Median (IQR)
CREA (umol/L) 68. 0 (53.0-83.0) 66.0 (47.0-85.5) 0.856°
Median (IQR)
ALT (U/L) 20.0 (15.3-25.0) 22.0 (13.0-26.0) 0.731%
Median (IQR)
AST (U/L) 46.5 (37.0-58.8) 44.0 (26.0-62.0) 0.327¢
Median (IQR)
LDH (U/L) 571.0 (468.3-706.8) 525.0 (394.5-695.00) 0.057¢
Median (IQR)
ALP (U/L) 142.5 (111.5-169.8) 136.0 (106.0-196.0) 0.815%
Median (IQR)
CHE (U/L) 4027.5 (3364.0-4555.5) 4014.0 (3354.04719.0) 0.798°
Median (IQR)
GGT (U/L) 141.5 (89.0-206.0) 130.0 (87.0-167.0) 0.199*
Median (IQR)
Notes: Categorical and continuous variables are presented as frequency or median (IQR), respectively. Between-group
differences in categorical and continuous variables are analyzed using Chi-squared test and Wilcoxon rank sum test,
respectively.*Wilcoxon rank sum test;’Chi-squared test.
Abbreviations: ADI, admission-to-diagnosis interval; LOS, length of stay; PROM, premature rupture of membranes;
CRP, C-reactive protein; WBC, White blood cell count; LY, lymphocyte; NEUT, neutrophils; NLR, neutrophil-to-
lymphocyte ratio; RDW, red cell distribution width; PLT, platelet; MPV, mean platelet volume; PT, prothrombin time;
TT, thrombin time; APTT, activated partial thromboplastin time; Fbg, fibrinogen; DDI:D-dimer; ALB, albumin; TP, total
protein; TBIL, total bilirubin; BU, unconjugated bilirubin; BC, conjugated bilirubin; BUN, blood urea nitrogen; CREA,
creatinine; ALT, glutamic-pyruvic transaminase; AST, glutamic-oxaloacetic transaminase; LDH, lactate dehydrogenase;
ALP, alkaline phosphatase; CHE, cholinesterase; GGT, gamma glutamyl transferase.
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Table 4 Comparison of Serum Levels of MPV and RDW Between the Control, Clinical Sepsis and Proven Sepsis Group

Variable Control (n=150) | Clinical sepsis (n=81) | Proven sepsis (n=67) | Kruskal-Wallis H p df
MPV (fL) 9.750 9.400 10.000 13.688 0.001 2
Median (IQR) (9.100-10.200) (9.000-10.100) (9.450-11.000)
RDW (%) 16.00 15.00 16.00 14.17 0.001 2
Median (IQR) (15.00-16.00) (14.00-16.00) (15.00-17.00)

Notes: Data were tested for normality using the Kolmogorov—Smirnov normality test. Differences between the three groups were determined by variance homogeneity
test followed by Kruskal-Wallis H-test.

To evaluate the diagnostic value of the RDW and MPV in distinguish proven neonatal sepsis from culture-negative
neonatal sepsis, we constructed machine learning models based on logistic regression. A nomogram was generated for
visualization of the diagnostic model by integrating RDW and MPV (Figure 2). For each patient, higher total points
indicated a higher risk of proven sepsis. For example, if the RDW and MPV wvalue is 18% and 12.0fl, then the
corresponding score will be approximately 7.5 and 76, respectively. The total points are approximately 81.5, indicating
an estimated proven sepsis of 72% for this case. We adopted a fivefold cross-validated area under ROC curve (AUC)
analysis to evaluate the performance of the nomogram. The data were randomly split into training (50%) and validation
(50%) groups. The results from the training set showed an AUC of 0.70 (95% CI: 0.61-0.79), with a sensitivity of 61.2%
and specificity of 71.6%, respectively. (Figure 3A). In parallel, the logistic regression model in the validation group
obtained the AUC of 0.68 (95% CI: 0.60-0.77), with sensitivity and specificity of 61.2% and 69.1%, respectively
(Figure 3B). Additionally, we used decision curve analysis (DCA) to evaluate the clinical utility of diagnostic nomogram
based on MPV and RDW by qualifying the net benefit at a distinct threshold. As expected, the DCA results showed that
the nomogram yielded similar clinical values in the diagnosis of proven sepsis in both the training and validation cohorts
(Figure 3C). These findings indicated that the nomogram based on RDW and MPV exhibit excellent discrimination
capability in identifying culture-positive sepsis.

Estimating Admission-to-Diagnosis Intervals in Proven Neonatal Sepsis

As shown in Table 3, culture positive neonatal sepsis patients experience a prolonged intervals for diagnosis, which may
cause treatment delay. We further employed univariate and multivariate linear regression analysis to investigate which
factor is relevant to the diagnostic interval of proven neonatal sepsis patients. The univariate linear regression analysis
confirmed that those variables, including birth weight, gestational age, preterm, CRP, WBC, NEUT, LY, NLR, MPV,
ALB and CREA were associated with the ADI (Table S2).

Furthermore, through the utilization of stepwise regression analysis, an independent influence of gestational age, CRP,
and MPV on the admission-to-diagnosis interval was uncovered (Table 5). The predictive model of admission-to-
diagnosis interval was constructed by multivariate regression and exhibited robust statistical significance (F = 16.7,
p < 0.001), capturing 54.8% of the variance present within the dependent variable. This variance finds its clarification
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Figure 2 Nomogram in distinguishing proven neonatal sepsis from clinical sepsis.
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Figure 3 The performance of the predictive nomogram for culture positive neonatal sepsis based on MPV and RDW. Receiver operating characteristic (ROC) curve analysis
of the culture positive neonatal sepsis predicting nomogram in training (A) or validation group (B). (C) Decision curve analysis shown the clinical utility of predictive
nomogram in both training and validation group.

through the combined impact of gestational age, CRP, and MPV (R?=0.548). The formulated model manifests as follows:
Admission-to-diagnosis interval= 51.2-0.44 x Gestational age - 0.21x CRP + 0.21 x MPV. Detailed insights into the
partial regression coefficients (B) of each independent variable, along with their standard error are compellingly presented
in Table 5.

Discussion
Neonatal sepsis, a systemic inflammatory response to severe pathogenic infection, is a major cause of high neonatal
morbidity and mortality. Adequate and appropriate empiric therapy was required for early diagnosis of neonatal sepsis.
Despite extensive research efforts, at present, there is no consensus regarding the accurate and rapid diagnosis of NS.
Diagnosis and treatment of sepsis is a complex process that combines history, risk factors, and biochemical indicators
with clinical manifestations. We observed that infants with small gestational age, low birth weight and chorioamnionitis
during delivery were more susceptible to neonatal sepsis (Table 1), which is consistent with previous reports.>

Due to the transient physiological functions in neonatal infants, many diagnostic indicators lacked clear thresholds
concerning gestational age and birth weight- dependent reference. Although the diagnostic value of CRP in sepsis
remains controversial, serial CRP measurements within the first 48 hours of life in infants exhibit a high negative
predictive value.”® Our results showed CRP in the confirmed neonatal sepsis group (culture-positive sepsis), clinically
diagnosed sepsis group (culture-negative sepsis), and the control group were 6.0 mg/L, 11 mg/L (Table 3), and 0.95 mg/L
(Table 1), respectively. This change in CRP level reflected the degree of the intensity of inflammatory responses in sepsis.
Although CRP is an affordable, rapid, and widely available assay, it should not be solely relied upon for diagnosing
sepsis. Monitoring the functions of organs, such as the liver or kidneys, for signs of sepsis-associated failures is crucial in
minimizing mortality and improving outcomes associated with disease.?' In the present study, we incorporate a panel of
serum protein biomarkers, to estimate the risk of sepsis or progression to sepsis in infected infants.

Serum biochemical analysis showed that the levels of PLT, BUN, and BC were significantly higher in neonates with
sepsis compared with the control group. The levels of blood urea nitrogen and circulating creatinine were indicative of

Table 5 Multivariate Regression Analysis for Predicting the
Admission-to-Diagnosis Interval of Proven Neonatal Sepsis

Variables p Standard Error P value
Gestational age —0.44 0.562 0.001
CRP —-0.21 0.054 0.048
MPV 0.21 1.407 0.045

Notes: Variance analysis F= 28.86, P<0.00l. R Square=0.548; Adjusted
R Square=0.516. Multiple regression equation: Admission-to-diagnosis interval=
51.2-0.44 x Gestational age - 0.21x CRP + 0.21 x MPV.

Abbreviations: CRP, C-reactive protein; MPV, mean platelet volume.
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severe renal dysfunction and were closely related to mortality in sepsis.”> Although it was reported that routine renal
function tests based on serum creatinine and blood urea nitrogen were not sufficient to identify early stages of renal
dysfunction,” a change from baseline could support effective information to stratify the at-risk patients and help to
define neonatal sepsis associated renal dysfunction in the immediate neonatal period. Infantile cholestatic jaundice is
defined as jaundice characterized by elevated conjugated bilirubin (BC) in infants. Moreover, jaundice is much more
frequent than hypoxic hepatitis in sepsis and is presented as a clinical hallmark associated with a poor prognosis in
sepsis.?* Therefore, there was no doubt that significant increased conjugated bilirubin (BC) levels were seen in the sepsis
group. Activated platelets play an important role in the pathogenesis and progression of sepsis. While traditionally
regarded as mediators of hemostasis and thrombosis, activated platelets can directly interact with immune cells to
promote an inflammatory response.”> In septic patients, a decline in platelets with impaired platelet function and
aggregation, has been shown to be associated with multiple organ failure.'? It was recently reported that platelet count
was a reliable tool for diagnosing septic shock and platelet decline during the course of sepsis was associated with
increased risk of 30-day all-mortality in sepsis patients.'> The observed decline in platelets in neonatal sepsis was
consistent with previous reports. In the present study, we constructed a nomogram by CRP-PLT-BUN-BC model with an
AUC value as high as 90%, indicating excellent discrimination function. This model provides early warning scores to
identify patients with possible sepsis, increase awareness of clinical deterioration, and facilitate personalized sepsis
therapy. Given that the degree of organ dysfunction can range from mild impairment to irreversible failure, changes in
biomarker levels should be interpreted in a personalized context. Consequently, this model still requires prospective
validation and further exploration.

Although culture-negative and culture-positive patients with sepsis demonstrate similar characteristics and manifesta-
tions, culture-positive sepsis is significantly associated with high mortality. Therefore, early identification of culture-
positive sepsis will facilitate decisions regarding antibiotic prescription and treatment duration. Various parameters of
platelets and red blood cells, such as mean platelet volume (MPV) and red cell distribution width (RDW), have been
demonstrated as potential markers for neonatal sepsis.’® >® In systemic inflammation, platelet destruction and consump-
tion contribute to the larger and younger platelets which are metabolically and enzymatically active.”” MPV is
a reflection of platelet size and is closely related to platelet activation and function. Evidence has been suggested that
elevated MPV is a marker for several thrombotic disorders, inflammatory processes, cardiovascular and neoplastic
diseases.”” A recent study reported that high MPV was correlated with the diagnosis and prognosis of neonatal
sepsis.’® In the present study, we demonstrated that increased MPV levels were significant parameters for culture-
positive sepsis. The involvement of red blood cells in the inflammatory response is associated with changes in their count
and morphology due to indirect erythrocyte damage by intravascular coagulopathy, leading to impaired erythrocyte
formation with size differences.>' Research suggests that high RDW is associated with increased mortality and poor
prognosis in various diseases such as sepsis,>? pneumonia,* and other respiratory tract infections.®* It was reported that
non-survivors of neonatal sepsis had significantly higher RDW than survivors, and infants with elevated RDW had
significantly higher mortality than infants with normal RDW.'* Patients with culture-positive sepsis, had significantly
higher mortality, higher severity of illness, a longer LOS, and more organ dysfunction than those with culture-negative
sepsis.”> Accordingly, it was not surprising that our results demonstrated RDW as a significant predictor of culture-
positive sepsis. Therefore, the nomogram based on monitoring of RDW and MPV can help stratify culture-positive sepsis
patients. However, further validation is required to assess the performance of the screening tools for culture-positive
sepsis by combining predictive nomogram (based on RDW and MPV) with systemic inflammatory response syndrome
(SIRS) criteria or quick Sequential Organ Failure Assessment (QSOFA) score. It also remains to be investigated whether
our predictive nomogram (based on RDW and MPV) is more applicable than the reported established sepsis scores, such
as the SOFA and the Acute Physiologic and Chronic Health Evaluation II (APACHE II) scores, which revealed poor to
moderate AUCs for the prediction of bacteremia in various clinical studies.'***>=°

Limit interval to diagnosis of neonatal sepsis plays a critical role in timely initiation of antimicrobial treatment.® In
this study, we investigated the correlation between the ADI of proven neonatal sepsis patients and various factors,
including laboratory biomarkers and clinical characteristics. Our findings align with previous studies that have reported
the relationship between the diagnosis interval of neonatal sepsis and gestational age, as well as CRP levels.>” The
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inverse correlation between gestational age and ADI suggests that premature infants may experience a longer diagnostic
interval, possibly due to their relatively weaker immune systems and higher vulnerability to infections. This emphasizes
the importance of considering gestational age as a key factor when promptly diagnosing neonatal sepsis. The reverse
correlation between CRP levels and ADI indicates that elevated CRP levels have a significant shorter interval to
diagnosis. This observation is consistent with the understanding that CRP serves as a crucial biomarker for identifying
inflammation and infection.®*® Therefore, monitoring CRP levels in neonates suspected of sepsis can aid in early
identification and intervention. Additionally, our study revealed a positive correlation between MPV and ADI. This
suggests that higher MPV values may indicate a longer diagnostic interval of neonatal sepsis. Although the exact
underlying mechanism remains unclear, it is speculated that MPV alterations may reflect the severity and progression of
sepsis in neonates.'>*’ Our study highlights the significance of gestational age, CRP, and MPV as predictors for the
diagnosis interval of neonatal sepsis. Understanding the relationship between these factors and ADI can facilitate early
identification and prompt intervention, ultimately leading to improved patient outcomes.

Indeed, the pathogen profile of neonatal sepsis may differ substantially between countries and regions.
Epidemiological studies in hospitals have shown that gram-positive bacteria are the primary cause of sepsis.” In this
study, we found that 55.71% of sepsis were associated with gram-positive bacteria and 38.57% were associated with
gram-negative bacteria strains. With the widespread use of antibiotics, the incidence of neonatal sepsis caused by
opportunistic pathogens has gradually increased in recent years. In this study, surveillance of septic pathogens showed
that coagulase-negative staphylococcus was the main pathogen, followed by Klebsiella pneumoniae, Escherichia coli,
and GBS (Streptococcus agalactiae), indicating a trend of multidrug resistance. Our results might suggest that reasonable
antibiotic management improves outcomes and reduces mortality in neonatal sepsis. However, data on pathogen profiles
from different hospitals or departments should always be carefully interpreted before clinical extrapolation.

This study has several limitations that should be considered. Firstly, it is important to note that our study is
a single-center retrospective study, which limits the generalizability of our findings. Additionally, the lack of sufficient
evidence for result validation is a concern. As a retrospective study, we were restricted to using only routine laboratory
results as study variables, which may have limited the scope of our investigation. Furthermore, the relatively low
proportion of neonatal sepsis cases in our hospital resulted in a small number of cases included in this study. To obtain
more precise and reliable conclusions, it is necessary to conduct a multicenter study with a larger sample size in the
future.

In summary, we developed a nomogram based on CRP combined with PLT-BUN-BC to estimate the high risk of
neonatal sepsis. Moreover, the predictive nomogram combined with RDW and MPV helps to identify culture-positive
sepsis. The novel linear regression model integrating by gestational age, CRP, and MPV may serve as an effective tool
for management of neonatal sepsis. Consequently, the above nomogram based on biochemical indicators supports clinical
laboratory and physician decision making, improving the timeliness of sepsis diagnosis, therapeutic interventions, and
disease outcomes.
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