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BACKGROUND: Late-onset neonatal sepsis is a major complication in preterm 
neonates. Early identification of the type of infection could help to improve therapy and 
outcome depending on the suspected microorganism by tailoring antibiotic treatment 
to the individual patient based on the predicted organism. Results of blood cultures 
may take up to 2 days or may remain negative in case of clinical sepsis. Chemical bio-
markers may show different patterns in response to different type of microorganisms.

OBJECTIVE: The aim of this study was to develop, as a proof of concept, a 
simple classification tree algorithm using readily available information from bio-
markers to show that biomarkers can potentially be used in discriminating in the 
type of infection in preterm neonates suspected of late-onset neonatal sepsis.

DERIVATION COHORT: A total of 509 suspected late-onset neonatal sepsis 
episodes in neonates born before less than 32 weeks of gestation were ana-
lyzed. To examine model performance, 70% of the original dataset was randomly 
selected as a derivation cohort (n = 356; training dataset).

VALIDATION COHORT: The remaining 30% of the original dataset was used as 
a validation cohort (n = 153; test dataset).

PREDICTION MODEL: A classification tree prediction algorithm was applied 
to predict type of infection (defined as no/Gram-positive/Gram-negative sepsis).

RESULTS: Suspected late-onset neonatal sepsis episodes were classified as 
no sepsis (80.8% [n = 411]), Gram-positive sepsis (13.9% [n = 71]), and Gram-
negative sepsis (5.3% [n = 27]). When the derived classification tree was applied 
to the test cohort, the overall accuracy was 87.6% (95% CI, 81.3–92.4; p = 0.008). 
The classification tree demonstrates that interleukin-6 is the most important differen-
tiating biomarker and C-reactive protein and procalcitonin help to further differentiate.

CONCLUSION: We have developed and internally validated a simple, clinically 
relevant model to discriminate patients with different types of infection at moment 
of onset. Further research is needed to prospectively validate this in a larger pop-
ulation and assess whether adaptive antibiotic regimens are feasible.

KEY WORDS: C-reactive protein; evidence-based medicine; interleukin-6; 
neonatal sepsis; neonatology; procalcitonin

Neonatal sepsis is a major health issue, particularly in preterm neo-
nates, where low gestational age, low birth weight, immature immune 
system, and other compromising factors make it the primary cause 

of morbidity and death (1–5). Late-onset neonatal sepsis (LONS) is defined as 
sepsis that occurs after 3 days of life and may be caused by pathogens acquired 
at delivery or during the course of hospital care (6). Although, in most cases, 
the initiation of LONS is often inconspicuous, the clinical course may be alarm-
ingly fulminant leading to septic shock and death within hours of onset (7, 8).  
Therefore, infected neonates must be promptly identified, and appropriate 
therapy should be started timely to reduce mortality and morbidity (9).
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Current treatment of LONS in neonates con-
sists of antibiotic therapy and supportive care (e.g., 
respiratory and circulatory support) (10). When 
LONS is suspected, empirical antibiotic therapy 
is started since the definitive identification of the 
bacterial pathogen could take up to 2 days using 
conventional culture methods (11). Blood cultures 
could also remain negative due to due to small vol-
umes of blood drawn and low bacterial load in pre-
term neonates (12). Therefore, culture results are 
not sufficient to guide specific antibiotic therapy 
in early stages of LONS. Although necessary at this 
stage, this approach inevitably leads to unnecessary 
administration of antibiotics with potential side 
effects such as nephrotoxicity of aminoglycosides, 
interference with the microbiome, potential for the 
development of antibiotic resistance, and in some 
cases, suboptimal therapy (e.g., delayed start of 
cephalosporin’s in potential Gram-negative menin-
gitis). Information on the most probable causative 
microorganism of LONS, available at the moment 
of first suspicion of sepsis, could guide precise an-
tibiotic and appropriate supportive therapy for the 
individual patient.

Several chemical biomarkers can be determined 
to guide clinical care in patients suspected of LONS. 
Three commonly used pro-inflammatory biomarkers 
are interleukin (IL)-6, procalcitonin, and C-reactive 
protein (CRP) (13). It is known that Gram-positive 
or Gram-negative bacteria activate different Toll-like 
receptor signaling pathways, resulting in production 
of different pro-inflammatory cytokines and pro-
teins (14).

Readily available information at the moment of 
LONS suspicion may help clinicians to start or adapt 
specific antibiotic therapy within a few hours in 
contrast to waiting for the results of standard blood 
cultures. We hypothesized that the levels of inflam-
matory biomarkers differ according to the causative 
microorganism (Gram-positive vs Gram-negative), 
and they could be used to predict the type of infection 
at moment of LONS suspicion. The aim of this study 
was to develop and validate, as a proof of concept, 
a simple classification tree algorithm using readily 
available information from biomarkers to show that 
biomarkers can potentially be used in discriminating 
in the type of infection in preterm neonates suspected 
of LONS.

MATERIALS AND METHODS

Study Design and Population

The study was conducted at the Erasmus MC 
University Medical Center—Sophia Children’s Hospital 
Rotterdam, a level III–IV neonatal ICU (NICU).  
Patient data from January 2018 to June 2020 were avail-
able for all neonates with a gestational age below 32 
weeks, who were suspected of LONS and in whom blood 
was taken to determine inflammatory biomarkers.

Ethical Approval

The study was approved by the local ethical board 
of the Erasmus MC, University Medical Center 
(MEC-2020-0111).

Biomarkers and Patient Characteristics

The biomarkers included in the analysis were plasma 
IL-6, procalcitonin, and CRP determined at the time 
of the initial LONS suspicion. Biomarker levels were 
measured by the department of Clinical Chemistry 
and were retrospectively queried from the laboratory 
information system.

CRP levels were measured using a turbidimetric 
method (C502, Cobas 8000 system; Roche Diagnostics, 
Rotkreuz, Switzerland). Procalcitonin and IL-6 were both 
measured using electrochemiluminescence immuno-
assay tests (E801, Cobas 8000 system; Roche Diagnostics).

Plasma levels of IL-6, procalcitonin, and CRP were 
routinely determined as part of a local diagnostic pro-
tocol whenever LONS was suspected in neonates. At our 
center, we use heart rate variability monitoring in pre-
term neonates as an early warning score for LONS (15).  
According to the local protocol, clinicians can con-
sider to determine chemical biomarkers when changes 
in heart rate variability are observed. Blood cultures 
are drawn and antibiotic therapy is started when the 
neonate shows evident clinical signs of LONS or when 
IL-6, procalcitonin, and/or CRP levels are increased.

The following patient characteristics were obtained 
from clinical charts: sex, gestational age, birth weight, 
and postnatal age at suspicion.

Outcome: Definition of Type of Infection

The department of Microbiology at the Erasmus MC 
provided all results of blood cultures, including timing 
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of collection and identified microorganisms. One pa-
tient could provide multiple cases of suspected LONS. 
LONS diagnosis was established by the criteria defined 
by the National Institute of Child Health and Human 
Development Neonatal Research Network (16). LONS 
was defined as a positive blood culture obtained after 
72 hours of life and intent to treat with antibiotics for 
5 days or more. An episode of culture-proven LONS 
was defined as a positive blood culture due to an iden-
tified bacterial organism (including coagulase-negative 
Staphylococci), treated with antibiotics for 5 days or 
more or treated for a shorter duration if death occurred 
during therapy (16). Culture-negative LONS was de-
fined as 1) CRP level greater than 10 mg/L within 2 days 
after blood culture, 2) antibiotic therapy longer than 5 
days (or intention to treat longer), and 3) clinical symp-
toms of sepsis assessed by treating physician. We clas-
sified suspected LONS episodes as no sepsis (with or 
without blood culture), Gram-positive sepsis, or Gran-
negative sepsis. Culture-negative sepsis episodes were 
left out of the final analyses, due to the uncertainty re-
garding the type of infection that hampers classification 
tree analyses, and the inclusion of CRP in the defini-
tion, which would bias the discriminative value of CRP. 
Also, prediction of culture-negative sepsis is not an out-
come of interest for clinicians and does not provide in-
formation for specific antibiotic therapy or monitoring.

Statistical Analysis

Statistical analysis was performed using R (R Core 
Team [2017], Vienna, Austria).

Categorical variables were described using absolute 
and relative frequencies. Continuous variables were 
described using medians and range (minimum–max-
imum) because of non-normal distributions. Baseline 
biomarker levels between the different types of in-
fection were analyzed with Kruskal-Wallis test. The 
dataset was split in a train and test dataset, in the ratio 
70/30; 70% of the data served to train the model, and 
30% to make predictions.

A classification and regression tree (CART) 
approach was employed to generate a classification tree 
prediction algorithm. The CART analysis determines 
optimal cutoffs for investigated variables and results 
in a classification tree. All three candidate biomark-
ers were considered in the CART analysis. The clas-
sification tree was built using the R package “RPART” 
(link: https://cran.r-project.org/package=rpart). 

Initially, a large tree that contains splits for all input 
variables is generated. This initial tree is generally too 
large to be useful as the final subgroups are too small 
to make sensible statistical inference. A pruning pro-
cess is then applied to the initial tree with the goal 
of finding the “subtree” that is most predictive of the 
outcome of interest and to prevent overfitting. In the 
“RPART” package, any observation with values for the 
dependent variable (type of infection) and at least one 
independent variable (biomarker) is included in the 
classification process. When an independent variable 
is missing, a surrogate variable is used (17). This means 
that for each split observations, where the split variable 
is missing (in our case, a missing biomarker), the split 
is based on the best surrogate variable available (an-
other biomarker). Also, bootstrap aggregating (bag-
ging) of the classification tree was used to fit multiple 
versions of the prediction model. A benefit to creating 
ensembles via bagging, which is based on resampling 
with replacement, is that it can provide its own internal 
estimate of predictive performance of the training 
dataset with the out-of-bag (OOB) sample. When the 
OOB misclassification error is similar to the misclas-
sification error rate achieved with cross validation, it 
suggests that the dataset is sufficiently large.

The resulting classification tree was then used as a 
prediction algorithm and applied to the test dataset. 
Additional classification trees were derived with add-
ing baseline characteristics (gestational age, gender, 
and age at onset) and with different classes for type of 
infection (no sepsis, coagulase-negative Staphylococci, 
other Gram-positive and Gram-negative). The model 
parameters, pruning criteria, the command file for 
reproducing the classification tree, and the additional 
classification trees are provided in the supplementary 
material appendix (see Supplemental File S1, http://
links.lww.com/CCX/A855). For all tests, a p value of 
less than 0.05 was considered statistically significant.

RESULTS

During the study period, 580 suspected LONS episodes 
occurred in preterm neonates (< 32 wk gestational age 
at birth), after excluding the culture-negative sepsis  
(n = 71) episodes, a total number of 509 suspected 
LONS episodes remained. The demographics and clin-
ical characteristics of the derivation cohort are depicted 
in Table  1. Median values (and ranges) for IL-6,  
procalcitonin, and CRP were 39 pg/mL (2–1,396,700 

https://cran.r-project.org/package=rpart
http://links.lww.com/CCX/A855
http://links.lww.com/CCX/A855
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pg/mL), 0.63 ng/mL (0.05–100.00 ng/mL), and 
2.7 mg/L (0.30–297 mg/L), respectively. IL-6, procal-
citonin, and CRP levels significantly differed between 
the different types of infection (p < 0.001 for all bio-
markers). Patients with a Gram-negative sepsis had the 
highest levels of IL-6 and procalcitonin levels, while 
patients with Gram-positive sepsis had the highest 
CRP levels at onset of suspected LONS (Fig. 1).

The pruned classification tree is shown in Figure 2  
and is derived from the training set (356 suspected 
LONS episodes, 70% of total episodes). The classifica-
tion tree shows five terminal nodes: two for no sepsis, 
two Gram-positive sepsis, and one for Gram-negative 
sepsis. The classification tree demonstrates that IL-6 is 
the most important differentiating biomarker and CRP 
and procalcitonin help to further differentiate.

The test cohort consisted of 153 suspected LONS epi-
sodes (30% of total episodes). When the derived clas-
sification tree was applied to the test cohort, the overall 
accuracy was 87.6% (95% CI, 81.3–92.4%; p = 0.008). The 
sensitivity values for the different type of infections were 
97.5%, 60.0%, and 50% for no, Gram-positive, and Gram-

negative sepsis, respectively. 
The specificity values were 
64.5%, 97.6%, and 96.6% 
for no, Gram-positive, and 
Gram-negative sepsis, re-
spectively. Additional clas-
sification trees were derived 
with adding baseline char-
acteristics (gestational age, 
gender, and age at onset) 
(Supplemental Fig. S1, 
http://links.lww.com/CCX/
A856) and with different 
classes for type of infection 
(no sepsis, coagulase-neg-
ative Staphylococci, other 
Gram-positive and Gram-
negative) (Supplemental 
Fig. S2, http://links.lww.com/
CCX/A857). The classifica-
tion trees did not change ma-
terially and overall accuracy 
was similar.

By aggregating 100 
bootstrap samples and 
trees, the OOB estimate of 

TABLE 1. 
Demographics and Clinical Characteristics 
of the Total Cohort

Variable
All Episodes  

(n = 509)

Median gestational age (wk) 26.43 (23.71–31.86)

Median birth weight (g) 850 (435–2,100)

Number of males (%) 277 (54.4)

Age at onset of suspicion (d) 13 (3–165)

Interleukin-6 levels (pg/mL) 39 (2–1,396,700)

Procalcitonin levels (ng/mL) 0.63 (0.05–100.00)
C-reactive protein levels  

(mg/L)
2.7 (0.30–297.00)

Intubated patients (%) 114 (22.4)
Number with no sepsis (%) 411 (80.7)

Number with Gram-positive 
bacteria (%)

71 (13.9)

Number with Gram-negative 
bacteria (%)

27 (5.3)

The demographics and clinical characteristics of the total cohort. 
Values are medians (minimum–maximum range) or percentages.

Figure 1. Log (10) transformed interleukin-6 (IL-6) (pg/mL), procalcitonin (PCT) (ng/mL), and 
C-reactive protein (CRP) (mg/L) levels at moment of onset according to type of infection. Median levels 
with their range for the no sepsis group: IL-6 30 pg/mL (44 pg/mL); PCT 0.56 ng/mL (0.62 ng/mL); 
and CRP 1.8 mg/L (4.7 mg/L). For the Gram-positive sepsis group: IL-6 383 pg/mL (1,433 pg/mL); 
PCT 1.58 ng/mL (2.68 ng/mL); and CRP 25 mg/L (53 mg/L). For the Gram-negative sepsis group: IL-6 
918 pg/mL (25,194 pg/mL); PCT 4.8 ng/mL (33.55 ng/mL); and CRP 17 mg/L (50 mg/L).

http://links.lww.com/CCX/A856
http://links.lww.com/CCX/A856
http://links.lww.com/CCX/A857
http://links.lww.com/CCX/A857
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misclassification error was 0.1297, which is similar to 
the misclassification error in the test cohort, suggest-
ing that the predicted misclassification error in the test 
cohort is unbiased.

DISCUSSION

We have demonstrated that a simple algorithm that 
uses routine laboratory values shows a high capability 
of predicting the type of infection at the onset of LONS 
suspicion in preterm NICU patients. The generated 
classification tree with the combination of IL-6, CRP, 
and procalcitonin showed an overall accuracy rate in 
the test cohort of 88%.

In current clinical practice in our center, when 
LONS seems likely (either due to clinical symptoms 
or based on early inflammatory signals in combina-
tion with heart rate variability monitoring), empir-
ical broad spectrum antibiotics are administered to 
the preterm neonate, without knowledge or prob-
ability assessment of the causative microorganism. 
From a clinical point of view, the prediction of causa-
tive microorganism could reduce the time required to 

initiating the most precise antimicrobial therapy and 
could help select high-risk patients with a likely Gram-
negative sepsis. This risk assessment increases aware-
ness and may lead to personalized monitoring and 
treatment. For example, more intensive monitoring of 
hemodynamics (near-infrared spectroscopy, echocar-
diography, peripheral arterial blood pressure measure-
ment) could be considered in an identified high-risk 
patient to monitor possible hemodynamic deterio-
ration. Additionally, the classification tree might be 
applied for antibiotic stewardship in combination with 
an early warning system, such as heart rate monitor-
ing (15, 18). After a rise in the heart rate characteristic 
scores, the classification tree may be useful for reducing 
antibiotic exposure in patients with predicted no sepsis 
and also for identifying the highest-risk patients that 
would benefit from starting antibiotics (18).

Furthermore, this classification tree could enable 
personalized treatment, such as starting immuno-
modulatory compounds, like pentoxifylline in high-
risk patients (19). We recently showed that IL-6 and 
procalcitonin levels were positively associated with 
the risk of mortality in preterm neonates suspected of 

Figure 2. Classification tree resulting from RPART analysis of all 2018–2020 data. For each branch, to the left indicates that the patient 
meets the condition, and to the right, the patient does not meet the condition. The probabilities for the types of infections are depicted 
next to each other in every node (no infection–Gram-positive sepsis–Gram-negative sepsis). The frequency depicted at the bottom of 
the node is the proportion of the total sample that is in this category. CRP = C-reactive protein, gr– = Gram-negative sepsis,  
gr+ = Gram-positive sepsis, IL-6 = interleukin-6, no = no sepsis, PCT = procalcitonin, TOI = type of infection.
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LONS and can also be used for initiating specific thera-
pies or intensifying monitoring (20). This association 
may partly be explained by the underlying causative 
microorganism in line with the current study findings. 
In adults sepsis patients, it has already been shown that 
procalcitonin levels might differ according to causa-
tive pathogens (21, 22). Similar to these studies, in the 
classification tree developed in this cohort, procalcito-
nin levels helped to discriminate Gram-negative from 
Gram-positive pathogens together with IL-6. Also, 
IL-6 was previously shown to have substantial discrim-
inatory value for Gram-negative versus Gram-positive 
sepsis in neonates, compared with other cytokines 
such as CRP, in line with our study findings (18, 21). 
In line with this study, the developed classification tree 
showed that IL-6 levels were the most discriminating 
factor and that CRP levels only helped differentiating 
further. Furthermore, in adult patients that were sus-
pected of sepsis, it was shown that procalcitonin lev-
els could help select patients at high risk of sepsis and 
which patients would need a blood culture, thereby re-
ducing the number of unnecessary blood cultures and 
antibiotic therapy (23). In this study, we determined in-
flammatory biomarkers based on changes in heart rate 
characteristics (15). Our findings highlight that bio-
marker testing can be applied as a tool to guide decisions 
when an early warning score, such as heart rate varia-
bility monitoring, is elevated but clinical signs remain 
equivocal, as was also suggested by Raynor et al (18).  
This includes not initiating antibiotic therapy when 
biomarkers are reassuring, which could reduce antibi-
otic exposure in patients without sepsis, important for 
antibiotic stewardship.

The purpose of this clinical classification tree was 
to develop a model capable of recognizing patterns 
in common laboratory data that indicate toward a 
causative microorganism that is otherwise unidenti-
fied within the first few days of LONS suspicion (11).  
Inclusion of baseline variables did not improve the 
accuracy of the classification tree, indicating that bio-
markers levels are most informative for predicting the 
type of infection. In the future, when the model is fur-
ther developed, we envisage it would be best imple-
mented as an automated tool into an electronic medical 
record system. This tool would then enable to practice 
personalized medicine; when a neonate is suspected 
of LONS, the classification tree will predict a causa-
tive organism and a visual feedback system will send 

a notification to the clinicians caring for the patient 
and could suggest specific antibiotic therapy to the cli-
nician. In adult patients, this has already been shown 
to be feasible, where Paul et al (24, 25) showed that a 
computerized model including local signs, symptoms, 
laboratory, and radiological findings can predict in-
dividual pathogens causing infection and thereby can 
advise physicians on appropriate empirical antibiotic 
treatment within the first hours of infection.

Our study also has limitations, with the most im-
portant one being possible instability of the generated 
algorithm. The algorithm depends on binary splits 
to classify LONS episodes and the algorithm selects 
cutoff values that result in the optimal classification 
tree. These cutoff values may not immediately seem 
logical from a clinical standpoint and may vary with 
differences in practice between hospitals and even be-
tween departments within a hospital. In our center, we 
use heart rate observation variability monitoring as an 
early warning system of LONS (26). Based on changes 
in heart rate characteristics, we consider determining 
inflammatory biomarkers, possibly early during LONS 
course, when clinical signs are absent or nonspecific. In 
centers without such monitoring, biomarkers might be 
determined later in the course of LONS, which could 
affect cutoff values we determined. For instance, after 
a rapid increase of IL-6, the levels also decrease rap-
idly and could provide less information compared with 
IL-6 levels early in the suspected LONS episode (8).

From a clinical point of view, it would be most im-
portant for the prediction model to be able to identify 
high-risk patients. This means that it is particularly 
important that the prediction model has a good ac-
curacy in predicting the Gram-negative sepsis cases. 
One way to incorporate this in the model is by add-
ing weights to observations. By default, the model 
gives equal weights for each class. However, the model 
can be trained in a manner that will penalize incor-
rectly labeled Gram-negative episodes more than it 
penalizes incorrectly labeled no sepsis episodes (17). 
Unfortunately, our analysis was restricted by the lim-
ited numbers of Gram-negative sepsis.

However, once the method has been developed, the 
process of updating the algorithm could be essentially 
automated. As the number of patients to develop the 
model will grow, some of the biomarker cutoff values 
that drive the classification tree will change. Since re-
search in neonatal sepsis is growing rapidly, it might 
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also be possible that new biomarkers are identified that 
might contribute to the model. Some promising new 
biomarkers that could be added to the model might 
include the pro-inflammatory biomarkers serum amy-
loid A, tumor necrosis factor-α, IL-8, the anti-inflam-
matory IL-10, IL-1 receptor antagonist, and cell surface 
antigen CD64 (27–30). As many factors, such as me-
chanical ventilation, can induce inflammation without 
infection, pure sepsis-related biomarkers are needed. 
Since neonatal sepsis is a complex disorder involv-
ing different organs, which leads to wide variations in 
the organism’s metabolites, analysis of the entire me-
tabolome or proteome is a promising method (31).  
These “omics” approaches may enable the identification 
of new disease-specific biomarkers. These biomarkers 
are determined by liquid chromatography-mass spec-
trometry, which allows the simultaneous detection 
and quantification of up to several hundred metabo-
lites in one sample in a relatively short time (32, 33).  
Incorporating a (combination of) metabolite and/or 
protein levels in the classification tree might thereby 
increase its accuracy. Additionally, traditional hemato-
logical biomarkers in adults sepsis, such as WBC count 
and immature to total neutrophil count ratio, might 
also be of value in the classification of LONS (34, 35).

Evolution of the classification tree could improve 
the predictive performance and its generalizability if 
additional biomarkers are widely available. Our meth-
odological approach might be a valuable tool for future 
studies investigating the potential of predicting type of 
infection at moment of suspicion using readily avail-
able information.

CONCLUSIONS

In conclusion, as a proof of concept, we generated a 
classification tree that requires few resources and can 
already indicate the type of infection before the result 
of the blood culture. When applied in an automated 
fashion with the capability to alert clinicians, the 
method demonstrated here could allow for person-
alized antibiotic therapy in the treatment of preterm 
neonates suspected of LONS.
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