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Background. Although community-acquired pneumonia (CAP) is one of the most common infections in children, no tools 
exist to risk stratify children with suspected CAP. We developed and validated a prediction model to risk stratify and inform hospi-
talization decisions in children with suspected CAP.

Methods. We performed a prospective cohort study of children aged 3 months to 18 years with suspected CAP in a pediatric 
emergency department. Primary outcome was disease severity, defined as mild (discharge home or hospitalization for <24 hours 
with no oxygen or intravenous [IV] fluids), moderate (hospitalization <24 hours with oxygen or IV fluids, or hospitalization >24 
hours), or severe (intensive care unit stay for >24 hours, septic shock, vasoactive agents, positive-pressure ventilation, chest drainage, 
extracorporeal membrane oxygenation, or death). Ordinal logistic regression and bootstrapped backwards selection were used to 
derive and internally validate our model.

Results. Of 1128 children, 371 (32.9%) developed moderate disease and 48 (4.3%) severe disease. Severity models demonstrated 
excellent discrimination (optimism-corrected c-indices of 0.81) and outstanding calibration. Severity predictors in the final model 
included respiratory rate, systolic blood pressure, oxygenation, retractions, capillary refill, atelectasis or pneumonia on chest radio-
graph, and pleural effusion.

Conclusions. We derived and internally validated a score that accurately predicts disease severity in children with suspected 
CAP. Once externally validated, this score has potential to facilitate management decisions by providing individualized risk estimates 
that can be used in conjunction with clinical judgment to improve the care of children with suspected CAP.

Keywords.  pneumonia; children; prognosis; clinical prediction models; risk stratification.

Community-acquired pneumonia (CAP) ranks among the 
top 5 most prevalent and costly reasons for pediatric hospi-
talization in the United States [1]. Hospitalization also poses 
substantial, and potentially unnecessary, burdens on children, 
families, and the healthcare system, making the decision to 
hospitalize a child “the most important decision in the man-
agement of CAP” [2]. Hospital admission rates for pediatric 
CAP vary widely by region and hospital, even after adjustment 
for illness severity and geographic differences, suggesting that 
hospitalization criteria are not consistent across providers or 
institutions [3, 4].

 Accurately assessing and predicting disease severity is critical 
to decision-making, yet management decisions in children with 
CAP are currently based on nonspecific examination findings, 
radiographic images, and conventional laboratory markers that 
do not reliably assess disease risk [5]. Several validated severity 
scores exist for adults with CAP, which reduce hospitalizations 
and broad-spectrum antibiotic use in low-risk patients [6, 7]. 
National guidelines for childhood CAP extrapolate illness se-
verity criteria from adult guidelines [8]. These criteria were not 
derived in children and, thus, do not account for the distinct 
features of pediatric CAP. More than 50% of children classified 
with severe disease warranting continuous monitoring or inten-
sive care using these criteria were discharged home from the 
emergency department (ED) and did not return, demonstrating 
only fair ability to predict disease severity [9]. The lack of prog-
nostic tools results in increased risk, burden, and cost for those 
hospitalized unnecessarily, and potential delays in care for those 
at higher risk [4]. As such, the Pediatric Infectious Diseases 
Society (PIDS)/Infectious Diseases Society of America (IDSA) 
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pediatric pneumonia guideline emphasizes defining risk factors 
for objective clinical outcomes as a key area for future research 
[8].

The goal of this study was to develop an accurate and pre-
cise prognostic model to estimate the risk of severe disease 
in a prospective cohort of children evaluated in the ED for 
suspected CAP.

METHODS

Study Design and Population

This was a prospective cohort study of children aged 3 months 
to 18 years who presented to a single, urban, tertiary-care pe-
diatric ED from July 2013 to December 2017 with “suspected 
CAP,” defined as having signs and symptoms of lower respi-
ratory tract infection (LRTI) and receiving a chest radiograph 
(CXR) for clinical suspicion of pneumonia [10]. We excluded 
children hospitalized ≤14  days before the study ED visit, as 
well as those with histories of aspiration/aspiration pneu-
monia or immunocompromising or chronic medical condi-
tions that predispose to severe or recurrent pneumonia (eg, 
immunodeficiency, chronic corticosteroid use, chronic lung di-
sease, malignancy, sickle cell disease, congenital heart disease, 
tracheostomy-dependent patients, neuromuscular disorders) 
(see Supplementary Materials). The study was approved by the 
Cincinnati Children’s Hospital Medical Center Institutional 
Review Board. Written informed consent was obtained from 
legal guardians and assent was obtained from children ≥11 years 
old. Details of all study procedures have been described previ-
ously [5, 11].

Outcome Measures

The main goal of these prediction models was to facilitate dis-
position decision-making in the ED; thus, the primary outcome 
was a 3-tiered composite ordinal outcome focused on acute 
clinical outcomes in children with suspected CAP across the di-
sease severity spectrum. Outcome measures were determined 
by medical record review and telephone calls with the parent 
or patient approximately 1 week after discharge from the ED 
or hospital.

The outcome, derived from prior literature and expert con-
sensus, classified children as developing mild, moderate, or se-
vere illness as follows [12, 13]: 

1. Mild illness: Discharge home from the ED or hospitalization 
for <24 hours with no inpatient use of supplemental oxygen 
or intravenous (IV) hydration. 

2. Moderate illness: Hospitalization lasting >24 hours, or hos-
pitalization <24 hours with supplemental oxygen use or IV 
hydration. 

3. Severe illness: Requiring intensive care unit (ICU) admis-
sion for >24 hours, having a diagnosis of severe sepsis/septic 

shock, receipt of vasoactive infusions, positive-pressure 
ventilation (ie, continuous positive airway pressure, bilevel 
positive airway pressure, or intubation with mechanical ven-
tilation), chest drainage procedures for empyema, extracor-
poreal membrane oxygenation, or death.

To investigate variation and the complexities of disposition 
decision-making, we developed a secondary model including 
all hospitalized patients with moderate disease and all ICU ad-
missions regardless of duration, along with the other severe 
criteria listed above, as having severe disease, to represent the 
clinical decision to hospitalize.

Predictor Variables

Predictors under consideration had to be clinically and biologi-
cally plausible, available at the bedside, and have postulated as-
sociation with disease severity [14]. After developing an initial 
list by literature review and expert consensus [12, 13], we ex-
cluded binary predictors that were present <5% or >95% of the 
time (eg, cough, apnea), were overly subjective (eg, decreased 
oral intake at home), or displayed multiple collinearity. The final 
list of candidate predictor variables included demographics, ill-
ness symptoms, vital signs, physical examination findings, and 
radiographic features (Table 1). We did not include laboratory 
findings, as these are often not obtained nor routinely recom-
mended in children with suspected CAP, and require veni-
puncture [8]. To evaluate both oxygen saturation and oxygen 
requirement, oxygenation was reported using the oxygen sat-
uration (SpO2)/fraction of inspired oxygen (FiO2) ratio, which 
is a noninvasive proxy for partial pressure of oxygen/FiO2 (PF 
ratio) [15, 16]. A lower PF ratio represents decreased SpO2 or 
increased FiO2 need. Two radiologists independently categor-
ized CXRs as having no atelectasis/pneumonia, favoring atelec-
tasis, atelectasis vs pneumonia, or favoring pneumonia. These 
radiologists agreed on 68% of initial reviews. Disagreements 
were finalized by a consensus meeting of the radiologists and 
principal investigator [5]. All predictor variables were assessed 
at initial ED presentation prior to occurrence of the outcomes.

Statistical Analysis
Model Development
 Prediction models were developed using ordinal logistic re-
gression. Missing values were imputed via the chained equa-
tions algorithm and model-derived estimates pooled across 
multiply imputed data sets [17, 18]. Simple ordinal regression 
models were fit for each predictor to evaluate individual associ-
ations. A full model was then fit including all eligible predictors 
[14]. Continuous predictors were included under restricted 
cubic spline transformations to permit modeling of nonlinear 
associations [19]. To account for age-based differences in heart 
rate, respiratory rate, and systolic blood pressure, we trans-
formed these variables to sample-based z scores in 4 age groups 
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Table 1. Cohort Characteristics and Disease Severity

Variable
Overall   

(N = 1128)
Mild   

(n = 709)
Moderate   
(n = 371)

Severe   
(n = 48)

Demographics/medical history     

 Age, y, median (IQR) 3.3 (1.5–7.1) 3.4 (1.6–7.1) 3.2 (1.3–6.7) 3.2 (1.1–8.6)

 Male sex 615 (55) 399 (56) 193 (52) 23 (48)

 Race/ethnicity (n = 1122)     

  Non-Hispanic white 689 (61) 412 (58) 243 (65) 34 (71)

  Non-Hispanic black 332 (29) 234 (33) 91 (25) 7 (15)

  Hispanic 34 (3) 13 (2) 18 (5) 3 (6)

  Other 67 (6) 46 (6) 17 (5) 4 (8)

 Smoke exposure 475 (42) 304 (43) 151 (41) 20 (42)

 Past medical history     

  Pneumonia 250 (22) 147 (21) 89 (24) 14 (29)

   Prior pneumonia hospitalization 100 (40) 56 (38) 37 (42) 7 (50)

  Asthma 364 (32) 232 (33) 114 (31) 18 (38)

  Prematurity 200 (18) 120 (17) 67 (18) 13 (27)

 Season     

  Winter 404 (36) 248 (35) 138 (37) 18 (38)

  Spring 245 (22) 151 (21) 82 (22) 12 (25)

  Summer 155 (14) 106 (15) 44 (12) 5 (10)

  Fall 324 (29) 204 (29) 107 (29) 13 (27)

Illness symptoms/history of present illness     

 Symptom duration, d, median (IQR) 2 (1–4) 2 (1–4) 3 (1–5) 2 (1–4)

 Fever at home 996 (87) 616 (87) 327 (88) 43 (90)

 Fever duration, d, median (IQR) 4 (2–7) 5 (2–7) 4 (2–7) 3.5 (2–6)

 Decreased oral intake 702 (62) 415 (59) 257 (69) 30 (62)

 Difficulty breathing 916 (81) 547 (77) 325 (88) 44 (92)

 Rapid breathing 835 (74) 483 (68) 310 (84) 42 (88)

 Wheezing 724 (64) 446 (63) 247 (67) 31 (65)

 Vomiting 577 (51) 346 (49) 207 (56) 24 (50)

 Abdominal pain 360 (32) 233 (33) 116 (31) 11 (23)

Physical examination     

 Temperature (n = 1127), median (IQR) 37.8 (37.2–38.7) 37.8 (37.1–38.6) 38 (37.4–38.8) 37.9 (37.4–39.3)

 Respiratory rate, median (IQR) 42 (30–55.2) 39 (28–48) 49 (37–60) 52 (44–66)

 Heart rate (n = 1127), median (IQR) 152 (130–168) 144 (124–162) 160 (140–174) 168 (149.5–186.5)

 SBP (n = 1019), median (IQR) 107 (98–116) 110 (100–118) 105 (96–114) 99.5 (89.5–109.5)

 PF ratioa (n = 1034), median (IQR) 452.4 (350–461.9) 457.1 (447.6–466.7) 413.4 (276–452.4) 339.3 (140–447.6)

 Retractions (n = 1097) 476 (43) 217 (31) 225 (62) 34 (72)

 Grunting (n = 1095) 76 (7) 25 (4) 41 (11) 10 (21)

 Nasal flaring (n = 1091) 124 (11) 45 (7) 68 (19) 11 (23)

 Crackles (n = 1095) 342 (31) 189 (27) 138 (38) 15 (32)

 Rhonchi (n = 1096) 385 (32) 221 (32) 143 (40) 21 (45)

 Wheezing (n = 1097) 325 (30) 187 (27) 116 (32) 22 (47)

 Decreased breath sounds (n = 1096)     

  Not decreased 719 (66) 490 (71) 208 (58) 21 (45)

  Focally decreased 256 (23) 139 (20) 100 (28) 17 (36)

  Diffusely decreased 121 (11) 59 (9) 53 (15) 9 (19)

 Abnormal skin color (n = 1096) 92 (8) 30 (4) 53 (15) 9 (19)

 Capillary refill ≥3 sec (n = 1084) 144 (13) 51 (8) 78 (22) 15 (33)

Chest radiography findings     

 Radiologist interpretation     

  No atelectasis or pneumonia 383 (34) 312 (44) 62 (17) 9 (19)

  Favoring atelectasis 493 (44) 266 (38) 206 (56) 21 (44)

  Atelectasis vs pneumonia 50 (4) 26 (4) 21 (6) 3 (6)

  Favoring pneumonia 202 (18) 105 (15) 82 (22) 15 (31)

 Radiographic infiltrate pattern     

  None 383 (34) 312 (44) 62 (17) 9 (19)

  Unilateral and single lobe 351 (31) 201 (28) 134 (36) 16 (33)
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(0–1, 2–4, 5–9, ≥10 years; Supplementary Figure 1). Given the 
large number of potential predictors, we fit the full model under 
penalized likelihood, in which nonlinear terms were penalized 
5 times more heavily than linear terms. We examined the rel-
ative importance of each predictor to the full model through 
partial χ 2 statistics, which represent the fraction of explainable 
variation in severity for each variable. We reported the effect of 
each individual predictor on severity through their estimated 
adjusted proportional odds ratio.

To allow for a more parsimonious model, we developed a 
reduced model through a bootstrap backwards selection ap-
proach. We created 1000 bootstrap datasets, fit the full model in 
each, and selected predictors via backwards selection using the 
Akaike information criterion (AIC). Variables appearing in at 
least 50% of all bootstrap dataset-fit models were included in a 
reduced model that was then fit to the original data set.

Model Performance and Internal Validation
We evaluated and compared the performance of the full and 
reduced models by AIC and the concordance index (c-index). 
The c-index evaluates the ability of the model to discriminate 
children who develop moderate or severe outcomes from those 
who do not (c-index of 1 means perfect discrimination). We 
graphically assessed calibration by plotting observed vs pre-
dicted probabilities of mild, moderate, and severe CAP. An in-
tercept of zero and a calibration slope of 1 is considered perfect 
calibration.

We assessed the possible performance of our models in future 
populations through internal bootstrap validation, from which 
we calculated optimism-adjusted estimates of the c-index and 
the intercept and slope from graphs of observed vs predicted 
probabilities of moderate or severe disease. All analyses were 
conducted in the open-source R software environment with the 
add-on package “rms” [19, 20].

RESULTS

Study Population

The study population included 1128 children (Figure  1), 
of whom 709 (62.9%) developed mild illness, 371 (32.9%) 

moderate illness, and 48 (4.3%) severe illness. The median age 
was 3.3  years (interquartile range, 1.4–7.1); 622 (54%) were 
boys; and 697 (61%) were non-Hispanic white (Table 1).

Model Development
Full Model
When all potential predictors were included in a multivariable 
ordinal logistic regression model, the following factors were as-
sociated with more severe outcomes (Table  2, Supplementary 
Table 1): white race, prior pneumonia hospitalization, retrac-
tions, grunting, prolonged capillary refill time, elevated res-
piratory rate, decreased systolic blood pressure, decreased PF 
ratio, atelectasis or pneumonia on CXR, unilateral and mul-
tifocal CXR findings, pleural effusion, and hyperinflation. 
These variables accounted for 55% of model outcome variation 
(Supplementary Figure 2). Secondary analysis examining the 
decision to hospitalize yielded similar results (Supplementary 
Table 2).

Reduced Model
The reduced model included the following 7 predictors: elevated 
respiratory rate, decreased systolic blood pressure, decreased PF 
ratio, retractions, prolonged capillary refill, atelectasis or pneu-
monia on CXR, and pleural effusion (Table  3). Given similar 
performance and fit as the full model, with improved calibra-
tion and parsimony, this reduced model is our final model for 
disease severity. Secondary analysis examining the decision to 
hospitalize yielded similar results, with the addition of elevated 
heart rate and grunting as predictors (Supplementary Table 3).

Nomogram
The nomogram of the final reduced model is presented in 
Figure 2. Points from individual variables are added and a ver-
tical line is drawn from the total points line at the bottom down-
ward to determine the predicted probability of moderate/severe 
and severe disease (Supplementary Figure 3). The nomogram 
offers a visual representation of the severity score allowing for 
calculation along the entire range of predicted probabilities; for 
a tabular representation of our model, a score chart is provided 
in Supplementary Table 4.

Variable
Overall   

(N = 1128)
Mild   

(n = 709)
Moderate   
(n = 371)

Severe   
(n = 48)

  Unilateral and multifocal 52 (5) 24 (3) 25 (7) 3 (6)

 Bilateral/multifocal 342 (30) 172 (24) 150 (40) 20 (42)

 Hyperinflation 276 (24) 137 (19) 125 (34) 14 (29)

 Pleural effusion 83 (7) 28 (4) 45 (12) 10 (21)

 Airways (ie, peribronchial) involvement 601 (53) 343 (48) 232 (63) 26 (54)

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: IQR, interquartile range; PF, partial pressure of oxygen/fraction of inspired oxygen; SBP, systolic blood pressure.
aTo evaluate both oxygen saturation and oxygen requirement, oxygenation was reported using the oxygen saturation/fraction of inspired oxygen (FiO2) ratio, which is a noninvasive proxy for 
partial pressure of oxygen/FiO2 [15–17].

Table 1. Continued
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Model Performance

Both the full and reduced models accurately predicted the risk 
of moderate or severe CAP, with optimism-corrected, boot-
strapped c-indices of 0.81. The c-indices of both bootstrapped 
validation models were similar to the original, dataset-derived 
indices. Calibration curves (Figure 3) demonstrate strong agree-
ment between observed and expected risk. The decision to hos-
pitalize models had c-indices of 0.87 for the full model and 0.85 
for the reduced model, with excellent calibration. Estimated 
regression coefficients from these models correlated with the 
primary models with correlation coefficients of 0.93 and 0.95 
for the full and reduced models, respectively.

Supplementary Table 5 illustrates the performance of the 
reduced model at various cut-points of predicted probability. 
A predicted risk cutoff of ≤10%–20% identifies a group at low 
risk of developing moderate or severe disease, with a sensi-
tivity of 91.4%–97.1% and negative likelihood ratio of 0.11–
0.17. A total of 397 (35.2%) children fell below the 10%–20% 
threshold. Of the 34 patients with moderate and 2 with severe 
disease with ≤20% predicted probability of moderate or se-
vere disease (ie, low risk), 3 received supplemental oxygen and 

10 received IV hydration. The 2 with severe disease were con-
sidered severe due to ICU stays of 26 and 44 hours. No patient 
classified as low risk by our model required positive-pressure 
ventilation or vasoactive medications, developed sepsis, or 
died.

DISCUSSION

We prospectively derived and internally validated a clinical pre-
diction model that accurately risk stratifies children with sus-
pected CAP for disease severity in the ED setting. Our models 
showed excellent discriminatory ability with c-indices of 0.81 or 
greater and outstanding calibration for discriminating children 
with mild disease (who do not require hospitalization) from 
those with moderate or severe disease (who do). To our know-
ledge, no severity clinical prediction models exist for children 
presenting to the ED with CAP in a well-resourced country. 
Once externally validated and refined in a multicenter setting, 
these models are poised to serve as an evidence-based adjunct 
to clinical judgment to improve management decisions for chil-
dren presenting with suspected CAP.

Figure 1. Study flow diagram. Abbreviations: CARPE DIEM, Catalyzing Ambulatory Research in Pneumonia Etiology and Diagnostic Innovations in Emergency Medicine; 
ED, emergency department.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1690#supplementary-data
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 Several prognostic models have been developed in low-
middle-income countries including the Respiratory Index of 
Severity in Children (RISC) in South Africa and the Pediatric 
Etiology Research for Child Health (PERCH) scores [21, 22]. 
These scores were derived to predict mortality in countries 
where pneumonia mortality rates are high, and the major 
comorbidities include malnutrition, human immunodefi-
ciency virus, and malaria, making these scores less applicable in 
higher-resourced countries. In the United States, 3 prognostic 
models were developed within a single cohort of approximately 
2000 hospitalized children with CAP as part of the Etiology of 
Pneumonia in the Community (EPIC) study [23]. The 2 re-
duced models in the EPIC study consisted of 9–10 variables, 
many similar to variables in our models, with bootstrapped 
c-indices of 0.76–0.77. The patients in the EPIC study were al-
ready hospitalized, precluding extrapolation to the ED where 
the spectrum of disease severity is wider.

 Our models differ from and add to prior models in several 
important ways. First, we conducted this prospective study in 
the ED, the care setting where disposition decisions are most 
frequently made, and therefore prognostic models are most 
relevant. Our bootstrapped c-indices suggest improved dis-
crimination over prior models [22, 23]. Second, in our out-
come definition, we included children discharged from the ED, 

Potential Predictor Adjusted pOR (95% CI)a

Chest radiography findings  

 No atelectasis or pneumonia Ref.

 Favoring atelectasis 1.90 (1.28–2.80)c

 Atelectasis vs pneumonia 2.25 (1.12–4.52)c

 Favoring pneumonia 2.53 (1.54–4.17)c

Laterality/lobar involvement  

 None Ref.

 Unilateral and single lobe 2.02 (1.26–3.15)c

 Unilateral and multifocal 2.51 (1.29–4.75)c

 Bilateral/multifocal 2.08 (1.42–3.05)c

Pleural effusion 2.35 (1.37–4.04)c

Hyperinflation 1.55 (1.08–2.23)c

Airways (ie, peribronchial) involvement 0.85 (.60–1.22)

Model performance  

 C-index 0.84 (.818–.862)

 C-index (bootstrapped) 0.812

 AIC 1423.8

 Observed/predicted intercept –0.06

 Observed/predicted slope 0.88

Abbreviations: AIC, Akaike information criterion; CI, confidence interval; HR, heart rate; PF, 
partial pressure of oxygen/fraction of inspired oxygen; pOR, proportional odds ratio; RR, 
respiratory rate; SBP, systolic blood pressure.
aProportional odds ratios are interpreted as the odds of developing moderate or severe 
disease compared to the referent group. For example, a child with radiographic pneumonia 
had 2.53 times the odds of developing moderate or severe disease compared with those 
with no atelectasis or pneumonia on chest radiography.
bTo evaluate both oxygen saturation and oxygen requirement, oxygenation was reported 
using the oxygen saturation/fraction of inspired oxygen (FiO2) ratio, which is a noninvasive 
proxy for partial pressure of oxygen/FiO2 [15–17].
cP < .05.

Table 2. ContinuedTable 2. Multivariable Proportional Odds Logistic Regression for 
Disease Severity (Full Model)

Potential Predictor Adjusted pOR (95% CI)a

Age, y  

 1 1.28 (.89–1.85)

 2 1.19 (.91–1.56)

 5 Ref.

 10 1.04 (.82–1.32)

Male sex 0.79 (.59–1.06)

Nonwhite race 0.66 (.48–.92)c

Smoke exposure 0.85 (.63–1.14)

Prior pneumonia  

 None Ref.

 Not hospitalized 1.17 (.77–1.78)

 Hospitalized 1.71 (1.03–2.84)c

Asthma 0.90 (.64–1.27)

Prematurity 1.15 (.79–1.66)

Season  

 Winter Ref.

 Spring 1.24 (.84–1.83)

 Summer 0.80 (.50–1.29)

 Fall 1.05 (.73–1.53)

Days of illness  

 1 0.97 (.77–1.22)

 3 0.99 (.88–1.10)

 5 Ref.

 10 0.99 (.82–1.20)

Fever at home 1.01 (.55–1.85)

Decreased oral intake 1.21 (.89–1.65)

Difficulty breathing 1.09 (.68–1.76)

Rapid breathing 1.07 (.70–1.64)

Wheezing at home 0.76 (.54–1.07)

Vomiting 1.14 (.85–1.53)

Abdominal pain 1.36 (.81–2.37)

Temperature, ºC  

 37 Ref.

 38 0.95 (.71–1.28)

 39 0.93 (.61–1.41)

 40 0.96 (.56–1.66)

RR (50th vs 95th percentile) 2.43 (1.50–3.93)c

HR (50th vs 95th percentile) 1.61 (.88–2.96)

SBP (50th vs 5th percentile) 2.08 (1.23–3.51)c

PF ratiob  

 450 Ref.

 400 2.52 (1.89–3.38)c

 300 3.66 (2.38–5.61)c

 200 2.84 (1.87–4.31)c

Retractions 1.95 (1.32–2.87)c

Grunting 1.77 (1.05–2.98)c

Nasal flaring 1.27 (.80–2.00)

Crackles 0.91 (.66–1.27)

Rhonchi 1.20 (.87–1.66)

Wheezing 0.80 (.54–1.19)

Decreased breath sounds  

 Not decreased Ref.

 Focally decreased 1.18 (.82–1.69)

 Diffusely decreased 1.30 (.82–2.06)

Abnormal skin color 1.16 (.70–1.90)

Capillary refill ≥3 sec 1.99 (1.30–3.03)c
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as well as those hospitalized, making our cohort generalizable 
when predicting risk at the time of presentation for care. Third, 
we included children with clinically suspected CAP, regardless 
of CXR findings, an approach that mirrors both quotidian clin-
ical practice and the PIDS/IDSA guideline recommendations, 
where the CXR acts as diagnostic adjunct to a clinical diagnosis 
[8]. Additionally, the presence of atelectasis and pneumonia 
on radiograph were both associated with increased severity, 
highlighting the prognostic utility of CXR in the ED manage-
ment of suspected CAP, even in cases where the CXR favors 
atelectasis. Atelectasis has been found to be associated with an 
increase in severity in children with bronchiolitis [24]. Our re-
sults suggest a similar phenomenon in suspected CAP.

 Our risk models included variables easily obtained during 
an ED visit. Other than vital signs, our final model consists 
of only 2 physical examination findings. Given the limited 
reliability of many respiratory examination findings, this 
maximizes the ability for our model to be replicated across 
multiple sites and providers [11]. We did not include labo-
ratory testing, as many children with suspected CAP do not 
routinely require blood tests. In fact, the PIDS/IDSA guide-
line recommends against routine measurement of a complete 
blood count or acute phase reactants [8]. Prior prediction 

models for disease severity in hospitalized children with CAP 
found that white blood cell count was not associated with se-
verity [23]. Studies in adults suggest that blood biomarkers, 
including procalcitonin, improve prognostic performance of 
prediction models for CAP [25, 26]. Further study is war-
ranted to investigate if blood biomarkers similarly improve 
prognostic models in children.

 Our results suggest that there are 3 disease severity risk 
groups—low, intermediate, and high—that were defined from 
our models. A predicted risk of ≤20% indicates low risk of de-
veloping moderate or severe disease, and therefore low like-
lihood of requiring hospitalization. Of the 36 children with 
moderate or severe disease and a predicted risk of ≤20%, none 
required invasive respiratory or cardiovascular support or died. 
With a specificity of 92.7% and a positive likelihood ratio of 
6.51, a predicted risk of >60% indicates high likelihood of mod-
erate or severe outcomes. As with all clinical prediction models, 
external validation, ideally in a multicenter setting, is required 
to understand the generalizability of our findings and the sta-
bility of these risk thresholds across populations.

 In prediction model development, there is a risk of 
overfitting, or producing model results specific to the popula-
tion in which it was derived, and therefore resulting in poorly 
generalizable models [14]. We minimized overfitting, however, 
through several established methods, including use of pen-
alized models and optimism-corrected c-indices [14]. In ad-
dition, results remained stable in separate models examining 
the decision to hospitalize. Prospective external validation and 
model refinement will be important to confirm, and potentially 
improve, model performance in new populations and account 
for the addition of newly available factors, such as point-of-care 
biomarkers, that may enhance risk stratification.

 Implementation of clinical prediction models can be chal-
lenging, as demonstrated by mixed results of implementing 
adult CAP severity scores [27, 28]. We developed a reduced 
model that includes substantially fewer variables than the full 
model, but with similar fit, discriminatory ability, and improved 
calibration. This reduced model consists of 7 variables that are 
readily available in the electronic health record or are standard 
factors ascertained during routine ED evaluation. We present a 
nomogram based on model regression coefficients as one easy 
means of model use, in addition to a score chart. Regression 
coefficients can also be directly used in an online calculator or 
clinical decision support tool. Given the features of our score, 
we anticipate that use of computerized tools, such as electronic 
clinical decision support, will be the ideal method of implemen-
tation. Such tools have been implemented successfully in the 
ED for various conditions, including minor head trauma, ap-
pendicitis, and adult CAP [29–31].

 Our study has several limitations. First, we included a con-
venience sample from a single children’s hospital. Although our 
study, which spanned multiple respiratory seasons, was internally 

Table 3. Final Reduced Clinical Prediction Model for Disease Severity

Predictor Adjusted pOR (95% CI)a

Respiratory rate (50th vs 95th percentile) 2.53 (1.63–3.93)

Systolic blood pressure (50th vs 5th percentile) 2.20 (1.34–3.61)

PF ratiob  

 450 Ref.

 400 2.56 (1.94–3.38)

 300 3.33 (2.22–4.49)

 200 2.28 (1.59–3.28)

Retractions 2.06 (1.48–2.87)

Capillary refill ≥3 sec 2.47 (1.69–3.61)

Chest radiography findings  

 No atelectasis or pneumonia Ref.

 Favoring atelectasis 1.94 (1.36–2.75)

 Atelectasis vs pneumonia 2.33 (1.21–4.49)

 Favoring pneumonia 2.79 (1.77–4.41)

Pleural effusion 2.34 (1.39–3.92)

Model performance  

 C-index 0.82 (.796–.844)

 C-index (bootstrapped) 0.81

 AIC 1422.9

 Observed/predicted intercept –0.01

 Observed/predicted slope 0.93

Abbreviations: AIC, Akaike information criterion; CI, confidence interval; PF, partial pressure 
of oxygen/fraction of inspired oxygen; pOR, proportional odds ratio.
aProportional odds ratios are interpreted as the odds of developing moderate or severe 
disease compared to the referent group. For example, a child with radiographic pneumonia 
had 2.79 times the odds of developing moderate or severe disease compared with those 
with no atelectasis or pneumonia on chest radiography.
bTo evaluate both oxygen saturation and oxygen requirement, oxygenation was reported 
using the oxygen saturation/fraction of inspired oxygen (FiO2) ratio, which is a noninvasive 
proxy for partial pressure of oxygen/FiO2 [15–17].
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valid, external validation with a new cohort is required. Second, 
CAP is a heterogeneous diagnosis that can be challenging due to 
overlapping clinical features across different etiologies and respi-
ratory conditions. As our intention was to develop a prognostic 
model that was practical for use in the ED where diagnostic eval-
uation and definitions vary, we developed models in children 
where symptoms and signs of LRTI were present and a radio-
graph was ordered because CAP was clinically suspected. Third, 
our outcome included objective markers of disease severity and 
interventions supporting need for hospitalization. Some factors, 
however, may be institution-specific, have a subjective compo-
nent, or are the result of factors unrelated to severity. When we 
performed secondary analyses examining the decision to hospi-
talize, the results were similar. Finally, we did not include children 

with comorbidities, which may affect generalizability. We at-
tempted to minimize the heterogeneity introduced by including 
children with different comorbidities, each of which may have a 
different pathophysiological basis for pneumonia.

 In conclusion, we prospectively derived well-calibrated pre-
diction models that accurately identify and discriminate mod-
erate and severe outcomes in children with suspected CAP who 
present to the ED. Our reduced model includes 7 variables that 
are readily available at the bedside and can be integrated into 
electronic clinical decision support tools. After external valida-
tion and implementation, this model can facilitate management 
decisions by providing individualized risk estimates that can be 
used with clinical judgment to improve the care of children with 
suspected CAP.

Figure 2. Pediatric community-acquired pneumonia severity score reduced-model nomogram for disease severity. To calculate total score and predicted probability of 
moderate or severe disease, points from individual variables are added and a vertical line is drawn from the total points line at the bottom downward to determine the pre-
dicted probability of moderate/severe and severe disease. Abbreviations: PF, partial pressure of oxygen/fraction of inspired oxygen; PNA, pneumonia; RR, respiratory rate; 
SBP, systolic blood pressure.
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