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Background: We aimed to identify risk factors causing critical disease in 
hospitalized children with COVID-19 and to build a predictive model to 
anticipate the probability of need for critical care.
Methods: We conducted a multicenter, prospective study of children with 
SARS-CoV-2 infection in 52 Spanish hospitals. The primary outcome was 
the need for critical care. We used a multivariable Bayesian model to esti-
mate the probability of needing critical care.
Results: The study enrolled 350 children from March 12, 2020, to July 

1, 2020: 292 (83.4%) and 214 (73.7%) were considered to have relevant 
COVID-19, of whom 24.2% required critical care. Four major clinical 
syndromes of decreasing severity were identified: multi-inflammatory 
syndrome (MIS-C) (17.3%), bronchopulmonary (51.4%), gastrointes-
tinal (11.6%), and mild syndrome (19.6%). Main risk factors were high 
C-reactive protein and creatinine concentration, lymphopenia, low platelets, 
anemia, tachycardia, age, neutrophilia, leukocytosis, and low oxygen satu-
ration. These risk factors increased the risk of critical disease depending 
on the syndrome: the more severe the syndrome, the more risk the factors 
conferred. Based on our findings, we developed an online risk prediction 
tool (https://rserver.h12o.es/pediatria/EPICOAPP/, username: user, pass-
word: 0000).
Conclusions: Risk factors for severe COVID-19 include inflammation, 
cytopenia, age, comorbidities, and organ dysfunction. The more severe the 
syndrome, the more the risk factor increases the risk of critical illness. Risk 
of severe disease can be predicted with a Bayesian model.
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Recent data suggest that children are less susceptible to SARS-
CoV-2 infection than adults, and their symptoms are usually 

milder.1–10 However, it remains unclear how to identify early the 
patients that will have a severe disease. The heterogeneity of clini-
cal presentation suggests that risk factors may vary depending on 
syndromic presentation.

There is a need to find potential predictors of severity in 
pediatric COVID-19 cases to stratify which patients may benefit 
from treatments. No models exist to predict severe disease for chil-
dren with COVID-19.

This study aimed to identify risk factors associated with 
severe COVID-19 and to build a predictive model to anticipate the 
probability of need for critical care.

METHODS

Design
The Epidemiological Study of coronavirus in Children 

(EPICO-AEP) is a multicenter cohort study conducted in Spain 
to assess the characteristics of children with COVID-19. In total, 
52 hospitals collected data from the beginning of the epidemic in 
Spain—February 25—until this analysis. The study was approved 
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by the Ethics Committee of the Hospital 12 de Octubre, Madrid 
(code 20/101), and other participating hospitals. Participants were 
enrolled after signed or verbal consent from parents/guardians and 
by the consent of patients older than 12 years.

Eligible participants were children 0–18 years of age 
attended in any of the hospitals of the network from March 12, 
2020, to July 1, 2020, with a SARS-CoV-2 infection confirmed by 
real-time polymerase chain reaction (RT-PCR) or children fulfilling 
WHO criteria for MIS-C.11

Laboratory Methods
Respiratory samples were obtained from nasopharyngeal 

swabs and tracheal or bronchial aspirates when available. Serum 
samples were analyzed in local clinical microbiology laboratories 
using commercial kits.

Definitions
For analysis purposes, diagnoses were categorized into 4 

syndromes: “MIS-C,” “bronchopulmonary syndrome” (including 
pneumonia, bronchiolitis, bronchitis, and asthma flare), “gastroin-
testinal syndrome” (including gastroenteritis and abdominal pain), 
and “mild syndrome” (including FWS, URTI, flu-like syndrome, 
and asymptomatic patients).

The primary outcome was need for critical care, defined as 
the combined outcome of admission into a pediatric intensive care 
unit, and need for respiratory support with high-flow oxygen, con-
tinuous positive airway pressure or mechanical ventilation.

To differentiate patients admitted for COVID-19 from those 
admitted for other reason but with mild/asymptomatic community-
acquired or nosocomial SARS-CoV-2 infection, the term “relevant 
COVID-19 disease” (r-COVID-19) was created. This was defined 
as admission due to bronchopulmonary syndrome, MIS-C, gastro-
intestinal syndrome, or mild syndrome with an associated diagno-
sis that might be considered a complication of COVID-19 and con-
ditioned hospitalization––for example, febrile seizures.

Data Management and Statistical Analyses
Researchers from each participating hospital collected 

pseudo-anonymized data using a standardized clinical research 
form on the electronic data capture system REDCap.13

Statistical analyses were performed using the R language. 
Continuous variables including heart rate, respiratory rate, and 
blood pressure were categorized according to normal values for 
age.14 To dichotomize the continuous variables without a standard-
ized categorization, such as platelets and oxygen saturation (SatO

2
), 

optimal cutoff points were assessed using generalized additive 
models implemented in the cutpointr R package.15 Each optimal 
cutoff point was specified in the descriptive tables and analysis.

For univariable analysis, the posterior probability of a posi-
tive correlation was calculated for summary tables using Bayesian 
univariable logistic regression.

To build a classification model that predicts the prob-
ability for critical care, a Naïve Bayes algorithm was made and 
implemented in a web app. All the variables with more than 
80% probability of conferring risk in the univariable model 
and with <15% of missing values were included. Symptoms 
and signs that define syndromes (for instance, conjunctivitis, 
shock) were excluded as possible predictors because they were 
already included in the syndromes’ definitions (eg, MIS-C). All 
the included participants were randomly divided into a training 
dataset that was used to generate the models (70% of the origi-
nal dataset), and a validation dataset used to assess the perfor-
mance of the models (remaining 30%). Partitions were balanced 
by the outcome class, which yielded a training set (n = 151) and 

a validation set (n = 63). All missing values were imputed inde-
pendently for both datasets.

The algorithm was trained using 5-fold cross-validation 
as a resampling control method to prevent overfitting. Due to the 
disparity in the frequencies of the observed classes, ROSE down-
sampling hybrid method was used. The variable importance was 
calculated to determine the predictors that significantly affect the 
algorithm classification output. A confusion matrix was built for 
each of the models to assess their accuracy, sensitivity, and specific-
ity. The area under the curve of the receiver operating characteristic 
curves was determined for each model.

To estimate the increased probability of needing critical 
care according to the syndrome for each risk factor, Bayesian mul-
tivariable models were employed. Different models were employed 
including each risk factor, previously identified as important in the 
prediction Naïve Bayes model, and the syndrome. Probabilities for 
each condition were plotted according to each condition using the 
ggplot2 package.16

For Bayesian analyses, Student’s t distribution with mean 
zero and 7 degrees of freedom was used as the weakly informative 
prior. All models were run with 4 Markov chains for 1000 warm-
up and 100,000 sampling iterations. All models were programmed 
using the stan_glm function of R rstanarm package.17

RESULTS

Features of the Cohort
A total of 350 children were enrolled (Figure 1). The median 

age was 5.5 years (interquartile range [IQR], 0.55–12.1), 129/350 
(36.9%) were ≤2 years old and 191/350 (54.6%) were male.

Features of Patients With r-COVID-19
A total of 214 (73.7% of 292 hospitalized) patients were 

considered to have r-COVID-19.
Of the 214 participants with r-COVID-19, 93/214 (45.1%) 

had comorbidities. Regarding major clinical syndromes, 110/214 
(51.4%) had bronchopulmonary syndrome (100/214 [46.7%] 
pneumonia), 42/214 (19.6%) had mild syndrome, 37/214 (17.3%) 
MIS-C and 25/214 (11.6%) gastrointestinal syndrome.

Of the 214 patients with r-COVID-19, 52 (24.2%) required 
critical care during a median of 5 (IQR 3.0–8.0) days.

Clinical characteristics of patients with r-COVID-19 who 
needed critical care are summarized in Table, Supplemental Digi-
tal Content 1, http://links.lww.com/INF/E403. The symptoms and 
other features most likely to be associated with requiring critical 
care in the univariable model are displayed in Figure 2 and Table, 
Supplemental Digital Content 1, http://links.lww.com/INF/E403.

Critical Care Predictive Model
To build a comprehensive predictive model, a Naïve Bayes 

algorithm was trained and validated to predict critical care neces-
sity. The predictors with higher relative importance to predict the 
necessity of critical care were high CRP, lymphopenia, platelets 
below 220,000/mm3, anemia, tachycardia, age, neutrophilia, leuko-
cytosis, high creatinine, low oxygen saturation, fever, days of fever, 
high weight percentile, MIS-C, comorbidities, gastrointestinal syn-
drome, and bronchopulmonary syndrome. In the external valida-
tion, overall accuracy for the naïve Bayes classifier was 84% (95% 
confidence interval [CI]: 72.7–92.1). The model could predict the 
need for critical care with 80% (95% CI: 53–95.67) sensitivity and 
85.4% (95% CI: 72.2–93) specificity; the positive predictive value 
was estimated as 63.2% (95% CI: 45.2–78.1) and the negative pre-
dictive value was 93.2% (95% CI: 83.15–97.4). The area under the 
curve was 76.6% (95% CI: 70.3–80.9).

http://links.lww.com/INF/E403
http://links.lww.com/INF/E403
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In the validation set (n = 63), we compared the prob-
ability of critical care attributed by the model with the popula-
tion of patients who actually needed and did not need critical care  
(Figure 3). There was a significant difference in the distribution of 
both groups, revealing the high classification ability. This model 
was implemented in the app (https://rserver.h12o.es/EPICOAPP/, 
Username: user, password: 0000).

Differences in the Effect of Risk Factors According 
to Syndrome

Patients diagnosed with MIS-C (density plot, Figure  4, 
greenish color) had the highest probability of needing criti-
cal care, followed by bronchopulmonary syndrome (bluish) and 

gastrointestinal syndrome (yellowish) as compared with mild syn-
drome. The different risk factors had different effects across the 4 
syndromes.

The principal risk factors for critical care in patients with 
MIS-C were platelets <220,000/mm3 (31%), presence of comor-
bidities (26%) and lymphopenia (25%). In patients with bron-
chopulmonary syndrome, the 3 most important risk factors were 
the same; however, these factors conferred less risk than in MIS-C: 
24%, 20%, and 19%, respectively. Likewise, the 3 factors conferred 
some risk for gastrointestinal patients (10% each) but less than in 
MIS-C and bronchopulmonary syndrome.

Specifically, low platelets conferred 7% more risk of critical 
care in the MIS-C group than in the bronchopulmonary syndrome 

FIGURE 1. Flowchart of the enrollment process of the study cohort.

https://rserver.h12o.es/EPICOAPP/
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FIGURE 2. Clinical features of the patients at presentation and probability of being associated with needing critical care. 
The posterior probability of β > 0, that is, the probability of each feature to have a positive correlation with critical care, is 
displayed (from 0 to 1).

FIGURE 3. Naïve Bayes predictor selection and model performance. The model was built with a set of 70% of patients and 
validated with a set of 30% of patients. (A) represents the relative variable importance from all the predictors included in 
the model. B: The patients included in the validation set (n = 63) are displayed. The Y axis represents the distribution of 
the predicted probability for critical care given by the model. In the X axis, patients are separated according to their actual 
necessity of critical care. The probability of critical care attributed by the model was significantly different (P = 0.000002) 
in the population of patients who actually needed and in the population that did not need critical care, showing the high 
classification ability. P value was calculated using the Mann-Whitney U test. This model was implemented in an app (https://
rserver.h12o.es/EPICOAPP/, Username: user, password: 0000).

https://rserver.h12o.es/EPICOAPP/
https://rserver.h12o.es/EPICOAPP/
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group and 21% more risk than in the gastrointestinal syndrome 
group. Likewise, the presence of comorbidities conferred 6% more 
risk of critical care in the MIS-C group than in the bronchopulmo-
nary syndrome group and 16% more risk than in gastrointestinal syn-
drome group. Lymphopenia conferred 6% more risk of critical care 
in the MIS-C group than in the bronchopulmonary syndrome group 
and 15% more risk than in the gastrointestinal syndrome group.

By contrast, fever, oxygen saturation or a weight percentile 
>90 did not confer substantially different risk among the different 
syndromes.

DISCUSSION
In this study, we identified similar risk factors for critical 

disease as other studies.8,18 We added several new factors and the 
syndrome category as a specific risk factor. Remarkably, we show 
that most different risk factors increase the risk for critical care dif-
ferently depending on the syndrome of the patient: the more severe 
the syndrome, the more risk the factor confers.

Some risk factors are patient-dependent, such as age and 
comorbidities. Other identified risk factors suggest immune dys-
regulation and severe inflammation in critical patients. In the 
predictive model, we could not use some promising biomarkers 
such as D-dimer, interleukin-6, or proBNP because they were not 
consistently measured in patients with mild disease, but those 

biomarkers were indeed significantly higher in patients needing 
critical care. High inflammatory markers as CRP or blood cell 
disorders, such as leukocytosis, neutrophilia, anemia, lymphope-
nia, and thrombopenia, were found in severe cases.19 In our analy-
sis, we found that the best clinical cutoff point for platelets was 
220,000/mm3 instead of 150,000/mm3, which is classically used 
for thrombopenia. The cytopenia found in severe cases suggests 
either damage to bone marrow or peripheral cells or migration of 
activated cells to tissues.

We created a novel predictive model to anticipate the prob-
ability of critical care. Early recognition of the need for critical 
care is relevant for starting early treatments. Through a rapid, inex-
pensive, and comprehensive web app, the attending physician can 
introduce the patient’s data at admission and the risk of severe dis-
ease can be obtained. The evaluation of the algorithm showed sig-
nificant accuracy and sensitivity. To our knowledge, this is the first 
model with an online app to help and recognize the need for critical 
care in children with COVID-19.

LIMITATIONS
This study included children who attended in different 

hospitals, and we focused on those with r-COVID-19. There is a 
risk of selection, case identification and reporting bias. Access to 
SARS-CoV-2 testing was not consistent during the enrollment. 

FIGURE 4. Density plot. In the X axis, we display the increment of risk probability of critical care necessity for each 1 of the 
17 risk factors, according to the syndrome. Patients diagnosed with MIS-C (greenish color) presented the highest probability 
of needing critical care, followed by bronchopulmonary syndrome (bluish), and gastrointestinal syndrome (yellowish) as 
compared with mild syndrome (reference). We display the percentual increment of risk for each population depending on 
the risk factor. The more severe the syndrome, the more the factor increases the risk of critical illness. MIS-C indicates multi-
inflammatory syndrome.
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The diversity and broadness of the study are, at the same time, 
strengths, as they provide insight into the disease in a major clinical 
part of Spain through a prospective collection of data. We used a 
case record form with several fields shared with other international 
registries (ISARIC), enabling sharing, but we tailored it specifically 
for pediatric data collection.18,20

Although viral-bacterial coinfection was more frequent in 
hospitalized children, a full workup for coinfections was not done 
uniformly, and thus the role of coinfections is not completely clear. 
The study included few neonates because most neonates with 
COVID-19 in Spain were included in a different neonatal registry.

The ethnic origin was not recorded, so we cannot com-
pare our study with other studies suggesting worse outcomes in 
minorities.

Interestingly, some of the factors, such as comorbidity that 
increased the risk significantly depending on the syndrome, had 
low relative importance in the model. As this artificial intelligence 
model is a black box, we cannot assess why this occurred.

This model was built with hospitalized children with 
r-COVID-19 and should not be applied to outpatients. Finally, the 
risk predicted by models reflects those of patients receiving care 
only. The prediction models should be updated regularly because 
the dynamics of the disease and management strategies may 
change.21

CONCLUSIONS
Risk factors for severe COVID-19 include inflammation, 

cytopenia, age, comorbidities, and organ dysfunction. The more 
severe the syndrome, the more the risk factor increases the risk 
of critical illness. Risk of severe disease can be predicted with a 
Bayesian model.
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