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BACKGROUND: Substantial morbidity and excessive care variation are seen with pediatric

abstract

pneumonia. Accurate risk-stratification tools to guide clinical decision-making are needed.
METHODS: We developed risk models to predict severe pneumonia outcomes in children (<18

years) by using data from the Etiology of Pneumonia in the Community Study, a prospective
study of community-acquired pneumonia hospitalizations conducted in 3 US cities from
January 2010 to June 2012. In-hospital outcomes were organized into an ordinal severity
scale encompassing severe (mechanical ventilation, shock, or death), moderate (intensive
care admission only), and mild (non–intensive care hospitalization) outcomes. Twenty
predictors, including patient, laboratory, and radiographic characteristics at presentation,
were evaluated in 3 models: a full model included all 20 predictors, a reduced model
included 10 predictors based on expert consensus, and an electronic health record (EHR)
model included 9 predictors typically available as structured data within comprehensive
EHRs. Ordinal regression was used for model development. Predictive accuracy was
estimated by using discrimination (concordance index).
RESULTS: Among the 2319 included children, 21% had a moderate or severe outcome (14%

moderate, 7% severe). Each of the models accurately identified risk for moderate or severe
pneumonia (concordance index across models 0.78–0.81). Age, vital signs, chest indrawing,
and radiologic infiltrate pattern were the strongest predictors of severity. The reduced and
EHR models retained most of the strongest predictors and performed as well as the full
model.
CONCLUSIONS: We created 3 risk models that accurately estimate risk for severe pneumonia in

children. Their use holds the potential to improve care and outcomes.
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WHAT’S KNOWN ON THIS SUBJECT: Pneumonia is
the most common serious infection in childhood.
Accurately identifying risk for severe outcomes is
critical to optimizing care and outcomes; however,
risk-stratiﬁcation tools to guide disposition and
management decisions in children are lacking.
WHAT THIS STUDY ADDS: We created 3 risk models
that accurately estimate risk for severe pneumonia
in US children. The application of risk-stratiﬁcation
tools using these models holds the potential to
improve clinical care and outcomes.
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Pneumonia is the most common
serious infection in children,
accounting for 1% to 4% of all
pediatric emergency department
(ED) visits in the United States.1
Although most children are treated
as outpatients, 20% to 25% of
pneumonia ED visits result in
hospitalization.1,2 Consequently,
pneumonia ranks among the
top 3 reasons for pediatric
hospitalization.3,4 However, the
proportion of children presenting
to the ED with pneumonia who are
hospitalized varies widely,5,6 ranging
from 19% to 69% among 35 US
children’s hospitals.6 This variation
is largely independent of population
differences or illness severity,5–7
suggesting a need for standardized
methods to improve identification of
children at risk for severe outcomes.
Predictive analytics uses statistical
modeling to generate reliable and
objective risk estimates that facilitate
individual patient management
decisions. The high incidence,
morbidity, and substantial variation
in care make pediatric pneumonia
an excellent target for such studies.
Several prognostic models
are available for adults with
pneumonia,8–10 and studies of these
models indicate that they may reduce
broad-spectrum antibiotic use and
decrease hospitalization among
low-risk individuals.11–14 However,
no validated models exist to predict
clinical outcomes among children
with pneumonia in the developed
world, a key research gap highlighted
in national childhood pneumonia
management guidelines.15 Using data
from the Centers for Disease Control
and Prevention Etiology of Pneumonia
in the Community (EPIC) Study,16
we developed 3 prognostic models
to accurately estimate risk of severe
pneumonia outcomes in children.

of community-acquired pneumonia
hospitalizations among children
<18 years of age conducted between
January 1, 2010, and June 30, 2012,
at 3 children’s hospitals in Memphis,
TN, Nashville, TN, and Salt Lake
City, UT.16 Children were enrolled
if they were hospitalized with signs
or symptoms of acute infection
(eg, fever) and acute respiratory
illness (eg, cough), and radiographic
evidence of pneumonia.
Standardized radiographic
interpretation was completed by
a board-certified pediatric study
radiologist at each study hospital.
Children with recent hospitalization,
severe immunosuppression, cystic
fibrosis, tracheostomy, or a clear
alternative diagnosis were excluded.
The study was approved by the
institutional review board at each
participating institution and the
Centers for Disease Control and
Prevention. Additional details
regarding the EPIC study population
were published previously,16
and also are presented in the
supplementary materials.

Outcome
Our prognostic models focused
on acute in-hospital outcomes,
organized into a single ordinal
severity scale with 3 levels: severe,
moderate, and mild. Severe included
children who died, required
invasive mechanical ventilation, or
developed shock requiring vasoactive
medications (eg, dopamine,
norepinephrine, vasopressin).
Moderate included children admitted
to the ICU who did not meet criteria
for severe. The remaining children
were classified as mild. Children
were classified according to the most
severe outcome that occurred during
the hospitalization.

Predictor Variables

METHODS
Study Population
The EPIC study was a prospective,
population-based surveillance study

Predictors were identified a priori
and informed by clinical expertise
and literature review. We focused
on the selection of objective

variables with strong hypothesized
associations with the outcome that
also could be rapidly ascertained in
the clinical setting. This resulted in
a pool of 20 candidate predictors,
encompassing demographics and
comorbidities, as well as clinical,
laboratory, and radiology variables
(Table 1). Comorbidities were
evaluated as a single composite
variable (0, 1, 2, or 3+). Oxygenation
was expressed as the PaO2/FiO2 (PF)
ratio, derived from the SpO2/FiO2
ratio.17 All predictors were assessed
at the time of admission.

Model Development
We evaluated 3 primary models.
The first model included 20
predictor variables (full model).
Next, we created a reduced model
limited to the most clinically
important predictors as judged
by expert consensus. For this
process, we surveyed 14 attending
physicians from 10 US institutions
with expertise in childhood
pneumonia (including 5 EPIC
study investigators), representing
critical care, emergency medicine,
hospital medicine, and infectious
diseases. Respondents assessed
the importance of each of the
predictor variables on a 5-point
Likert scale (1 = not important to
5 = very important). Variables with an
average ranking of important or very
important (median score of ≥4) were
retained. This resulted in a reduced
set of 10 predictors (reduced model),
including age, comorbidities, chest
indrawing, altered mental status,
heart and respiratory rates, systolic
blood pressure, PF ratio, infiltrate
pattern, and pleural effusion. The
third model included 9 predictors
that are routinely available within
comprehensive electronic health
records (EHR model): age, sex, race,
temperature, heart and respiratory
rates, systolic blood pressure, PF
ratio, and white blood cell count. A
term for enrollment site was also
included in each model.
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TABLE 1 Characteristics of the Study Population, Overall and According to Pneumonia Severity
Pneumonia Severitya

Predictor

Age, mo, median (IQR)
Male sex
Race/ethnicity
Non-Hispanic white
Non-Hispanic black
Hispanic
Other
Comorbidityb
Pulmonary
Prematurity
Neurologic
Cardiovascular
Genetic/metabolic
Other
No. comorbidities
0
1
2
3+
Household smoke exposurec
Season
Winter
Spring
Summer
Fall
Symptom duration, d, median, (IQR)c,d
Vomiting/feeding refusal
Temperature, °C, median (IQR)
Respiratory rate, median (IQR)
Heart rate, median (IQR)
Systolic blood pressure, median (IQR)d
PF ratio, median (IQR)d
Chest indrawingd
Asymmetric breath sounds
Wheezing
Altered mental statusd
White blood cell count, median (IQR)e
Radiographic inﬁltrate patternf
Consolidation, single lobar
Consolidation, multilobar
Other inﬁltrate
Mixed
Pleural effusion

Overall, n = 2319

Mild, n = 1825

Moderate, n = 316

Severe, n = 178

30 (13–72)
996 (55)

25 (10–73)
172 (54)

17 (5–59)
105 (59)

28 (12–71)
1273 (55)

701 (38)
649 (36)
336 (18)
139 (8)

142 (45)
75 (24)
73 (23)
26 (8)

73 (41)
51 (29)
35 (20)
19 (11)

916 (40)
775 (33)
444 (19)
184 (8)

639 (35)
162 (9)
110 (6)
84 (5)
89 (5)
100 (5)

138 (44)
33 (11)
36 (11)
33 (10)
34 (11)
12 (4)

47 (27)
20 (11)
27 (15)
12 (7)
12 (7)
7 (4)

824 (36)
215 (9)
173 (7)
129 (6)
135 (6)
119 (5)

910 (50)
697 (38)
175 (10)
43 (2)
637 (35)

123 (39)
128 (41)
43 (14)
22 (7)
114 (36)

93 (53)
53 (30)
25 (14)
7 (4)
64 (36)

1126 (49)
878 (38)
243 (10)
72 (3)
815 (35)

623 (34)
565 (31)
263 (14)
374 (21)
3 (2–6)
1025 (56)
38 (37–39)
40 (28–51)
150 (130–167)
110 (101–120)
457 (434–474)
896 (50)
1163 (64)
708 (39)
21 (1)
12 (9, 17)

113 (36)
119 (34)
46 (15)
48 (15)
3 (2–5)
149 (47)
38 (37–39)
48 (36–60)
158 (139–174)
110 (98–120)
423 (369–457)
258 (82)
220 (70)
173 (55)
8 (3)
12 (8, 17)

69 (39)
56 (31)
27 (15)
26 (15)
2 (1–4)
89 (51)
38 (37–39)
42 (32–58)
162 (143–182)
105 (92–118)
417 (297–457)
111 (64)
121 (68)
61 (34)
29 (18)
11 (8, 19)

805 (35)
730 (31)
336 (14)
448 (19)
3 (2–6)
1263 (54)
38 (37–39)
40 (30–52)
152 (132–168)
110 (100–120)
451 (420–474)
1265 (55)
1504 (65)
942 (41)
58 (3)
12 (9, 18)

462 (25)
495 (27)
735 (40)
129 (7)
247 (14)

46 (14)
93 (29)
157 (49)
20 (6)
37 (12)

21 (12)
76 (43)
66 (38)
15 (9)
25 (14)

529 (23)
664 (29)
958 (41)
164 (7)
309 (13)

Data presented as no. (%) unless otherwise indicated; all predictors reﬂect assessments performed at the time of admission.
a Severe included children who required invasive mechanical ventilation and those with shock requiring vasoactive medications; moderate included children admitted to intensive care
who did not meet criteria for severe pneumonia; the remaining children were classiﬁed as mild.
b Comorbidities present in <5% of children were grouped into a single “other” variable, which includes hematologic, endocrine, and hepatic/renal comorbidities.
c Before admission.
d Missing data for <2% of observations.
e Missing data for 397 observations (17%).
f Inﬁltrate pattern was not deﬁned for 4 children because of the presence of a large pleural effusion.

Contribution of Microbiologic
Etiology
To assess the contribution of
microbiologic data to prognostic
performance, we also evaluated
each of the primary models by using
etiology data from the EPIC study.
Etiologic assessments included

blood for bacterial
culture, serology for 8 respiratory
viruses, and pneumococcal
and group A streptococcal
polymerase chain reaction; and
naso/oropharyngeal swabs
for polymerase chain reaction
for 13 respiratory viruses,

Mycoplasma pneumoniae, and
Chlamydophila pneumoniae.16
For this analysis, microbiologic
data were summarized by using
binary categorical variables for
viruses, atypical bacteria (M
pneumoniae or C pneumoniae), and
other bacteria.

Downloaded from www.aappublications.org/news by guest on May 26, 2019
PEDIATRICS Volume 138, number 4, October 2016

3

Analysis
Our severity prediction models were
created by using ordinal logistic
regression.18,19 To allow for nonlinear
associations, continuous predictors
were modeled by using restricted
cubic spline transformations. To
account for known age-based
differences in normal heart rate,
respiratory rate, and blood pressure,
interaction terms between each
of these variables and age were
included. The effect of individual
predictors on severity outcomes
were reported by using adjusted
odds ratios (aORs). Partial effects
plots for continuous predictors also
were generated. To illustrate the
importance of each predictor, we
calculated, and graphically displayed,
the fraction of explainable outcome
variation contributed by each
predictor based on their partial
χ2 values.18
Between-model comparisons
included assessments of fit
(likelihood ratio χ2 statistic), quality
(Akaike Information Criterion), and
predictive accuracy (discrimination
and calibration).18 We assessed the
ability of our models to differentiate
between children with and without
each outcome (discrimination)
using the concordance index
(c-index), which is analogous to the
commonly reported area under the
receiver operating characteristic
curve. A c-index of 1.0 indicates
perfect concordance. Agreement
between the predicted and observed
outcome frequencies (calibration)
was assessed graphically. First,
predicted risk for moderate or
severe pneumonia was transformed
into 100 bins of equal size ranging
from 0 to 1. Lowess fit curves were
then generated corresponding to
the observed proportion of children
who experienced a severe, moderate,
or mild outcome within each bin of
predicted risk. Finally, we explored
the potential performance of our
models in future populations by
using an internal bootstrap

validation (500 replications with
replacement).
We conducted secondary analyses
to assess key assumptions. First, we
examined whether our estimated
risk for moderate or severe outcomes
correlated with hospital length of
stay, a commonly used surrogate for
disease severity, by using Spearman’s
rank correlation. Second, because
our predictive models may perform
less well in children without evident
severe disease at presentation,
models were reassessed after
excluding children triaged to the
ICU on presentation. Analyses
were conducted by using Stata 13.1
(StataCorp, College Station, TX) and
R 3.2.3 (R Foundation for Statistical
Computing, Vienna, Austria).
Additional methodologic details
are provided in the supplementary
materials.

RESULTS
Study Population
Of the 2358 children enrolled in the
EPIC study with radiographically
confirmed pneumonia, 39
were excluded due to ≥1
immunocompromising comorbidity
(Supplemental Fig 3). Median age of
the 2319 included children was 28
months (interquartile range [IQR],
12–71); 55% were boys; 40% were
non-Hispanic white, 33% were
non-Hispanic black, and 19% were
Hispanic; 49% of children had ≥1
comorbidity (Table 1). Seven percent
of children had a severe outcome
(range across sites 6%–10%); 14%
had a moderate outcome (range
across sites 9%–16%). One-third of
children were hospitalized for <48
hours and almost 10% for
<24 hours. Not all children had
complete data for all considered
predictors (Supplemental Fig 3);
peripheral white blood cell count,
in particular, was missing in 17%
of children (n = 397); for all other
variables, data were missing in <2%
of observations.

Predictors of Pneumonia Severity
The aORs for each predictor are
presented in Table 2; partial effects
plots for continuous predictors are
shown in Supplemental Fig 4. The
presence of altered mental status,
chest indrawing, and multilobar or
nonlobar (eg, interstitial) infiltrates
each predicted a more severe
outcome (eg, in the full model, chest
indrawing increased the odds of
moderate or severe pneumonia
1.77 times). Similarly, among the
continuous predictors, decreasing
PF ratio, systolic blood pressure,
and temperature; extremes of age;
and increasing heart and respiratory
rates were all associated with more
severe pneumonia outcomes (eg,
in the full model, the odds of a
moderate or severe outcome was
increased 1.22 times for a 1-yearold child compared with a 2-yearold). Combined, these 9 variables
ranked as the strongest predictors
of pneumonia severity, contributing
96% of the explainable outcome
variation in the full model (Fig 1).
The reduced model retained all but
1 of these predictors (temperature),
whereas the EHR model retained 6
(omitting altered mental status, chest
indrawing, and infiltrate pattern)
(Table 2).

Prognostic Model Performance
Each of the models accurately
identified risk for moderate or
severe pneumonia (c-index range
across models 0.78–0.81, Table 3).
Differences in model fit and quality
were considered negligible, and
results from the internal bootstrap
validation were comparable to the
primary models (c-index range
across models 0.76–0.79). Given
similar model performance, the
simplified EHR model was selected
for illustrative purposes. For this
model, the median predicted risk for
moderate or severe pneumonia was
18% (IQR 9%–32%) and for severe
pneumonia 5% (3%–11%).
As demonstrated in Fig 2, among
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TABLE 2 Adjusted Odds Ratios for Individual Predictors Included in Each Model
Predictor
Age, ya
1
2
5
10
Female sex
Race/ethnicity
Non-Hispanic white
Non-Hispanic black
Hispanic
Other
No. comorbidities
0
1
2
3+
Household smoke exposure
Season
Spring
Summer
Fall
Winter
Symptom duration, da
1
3
6
Vomiting/feeding refusal
Temperature, Ca
35
37
39
Respiratory rate,a 50th (ref) vs 95th percentile at:
1y
2y
5y
10 y
Heart rate,a 50th (ref) vs 95th percentile at:
1y
2y
5y
10 y
Systolic blood pressure,a 50th (ref) vs 5th percentile at:
1y
2y
5y
10 y
PF ratioa
450
300
200
Altered mental status
Chest indrawing
Asymmetric breath sounds
Wheezing
White blood cell count,a per mm3
5000
15 000
30 000
Inﬁltrate pattern
Consolidation, single lobar
Consolidation, multilobar or other

Model
Full, n = 1839

Reduced, n = 2238

EHR, n = 1902

1.22 (1.02–1.46)
Ref
0.84 (0.62–1.15)
1.87 (1.16–3.02)
0.79 (0.62–1.02)

1.29 (1.14–1.45)
Ref
0.84 (0.69–1.03)
2.46 (1.74–3.47)
—

1.23 (1.10–1.38)
Ref
0.83 (0.68–1.01)
1.84 (1.33–2.56)
0.86 (0.68–1.09)

Ref
1.04 (0.72–1.50)
0.84 (0.60–1.19)
0.77 (0.49–1.23)

—
—
—
—

Ref
0.82 (0.62–1.10
0.91 (0.66–1.25)
0.80 (0.52–1.23)

Ref
1.04 (0.78–1.41)
1.37 (0.91–2.06)
1.93 (1.09–3.44)
1.22 (0.94–1.59)

Ref
1.13 (0.87–1.46)
1.38 (0.95–2.0)
2.26 (1.31–3.90)
—

—
—
—
—
—

Ref
1.09 (0.75–1.60)
0.86 (0.59–1.26)
1.0 (0.74–1.36)

—
—
—
—

—
—
—
—

1.04 (1.0–1.08)
Ref
0.95 (0.89–1.01)
0.83 (0.65–1.06)

—
—
—
—

—
—
—
—

2.0 (1.54–2.59)
Ref
0.50 (0.39–0.65)

—
—
—

2.23 (1.76–2.83)
Ref
0.45 (0.35–0.57)

0.73 (0.52–1.01)
0.76 (0.44–1.33)
1.35 (0.82–2.24)
1.30 (0.87–1.94)

0.99 (0.85–1.16)
1.21 (1.0–1.46)
1.44 (1.20–1.73)
1.53 (1.31–1.80)

1.02 (0.87–1.19)
1.19 (0.98–1.44)
1.36 (1.13–1.63)
1.45 (1.23–1.70)

1.59 (0.98–2.59)
1.59 (0.99–2.57)
1.99 (0.99–3.98)
2.90 (1.45–5.78)

1.70 (1.35–2.15)
1.59 (1.27–1.99)
1.43 (0.99–2.05)
1.79 (1.25–2.57)

1.94 (1.49–2.51)
2.10 (1.62–2.71)
2.41 (1.63–3.57)
2.84 (1.93–4.18)

1.34 (1.03–1.75)
1.28 (0.96–1.69)
1.37 (0.81–2.33)
1.76 (1.15–2.68)

1.13 (0.99–1.29)
1.03 (0.91–1.17)
0.91 (0.73–1.13)
1.0 (0.86–1.18)

1.15 (1.0–1.31)
1.06 (0.94–1.20)
0.95 (0.76–1.19)
1.01 (0.86–1.19)

Ref
2.57 (2.05–3.20)
3.43 (2.40–4.90)
7.42 (3.74–14.72)
1.77 (1.31–2.41)
0.86 (0.65–1.15)
1.12 (0.85–1.48)

—
2.84 (2.34–3.44)
4.29 (3.13–5.89)
11.9 (6.41–22.23)
2.12 (1.62–2.78)
—
—

—
3.44 (2.84–4.17)
5.64 (4.14–7.69)
—
—
—
—

1.09 (0.92–1.29)
Ref
0.88 (0.68–1.14)

—
—
—

1.09 (0.93–1.28)
—
0.88 (0.69–1.11)

Ref
2.06 (1.39–3.06)

Ref
1.63 (1.13–2.34)

—
—
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TABLE 2 Continued
Predictor

Model
Full, n = 1839
1.82 (1.22–2.73)
1.64 (0.93–2.91)
1.31 (0.88–1.95)

Other inﬁltrate
Mixed
Pleural effusion

Reduced, n = 2238
1.42 (1.0–2.02)
1.23 (0.72–2.09)
1.36 (0.95–1.94)

EHR, n = 1902
—
—
—

—, variables not included in the selected model.
a Denotes a continuous predictor: to calculate aORs for these predictors, ≥1 value was selected for comparison against a reference value; for predictors that included an interaction term
with age (heart rate, respiratory rate, and systolic blood pressure), the 50th percentile value was compared with the 95th percentile (heart rate and respiratory rate)20 or 5th percentile
(systolic blood pressure)21 value at 1, 2, 5, and 10 y of age.

those with a 10% predicted risk
of a moderate or severe outcome,
12% actually experienced these
outcomes, indicating good agreement
between observed and expected
outcomes.

In secondary analyses, a positive
correlation was noted between
hospital length of stay and the
predicted risk for moderate or severe
pneumonia estimated from the EHR
model (ρ = 0.33, P < .01). Twenty-four

percent of children with hospital
length of stay <24 hours had a <5%
predicted risk of moderate or severe
pneumonia, compared with 12% of
those hospitalized for 24 to 47 hours
and 7% of those hospitalized for ≥48

FIGURE 1
Importance of individual predictors. The importance of each predictor in the full model was calculated as the proportion of explainable outcome variation
contributed by each predictor (partial χ2 value for each predictor divided by the model’s total χ2). aPredictor included in the reduced model. bPredictor
included in the EHR model.
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TABLE 3 Model Performance
Modela
Full
Reduced
EHR

No. Children

Predictors (df)

LR χ2

AIC

C-Index (95% CI)

Bootstrap C-Indexb

1839
2238
1902

20 (45)
10 (31)
9 (28)

518
509
452

2121
2453
2300

0.81 (0.79–0.83)
0.79 (0.77–0.81)
0.78 (0.76–0.80)

0.79
0.77
0.76

AIC, Akaike Information Criterion; CI, conﬁdence interval; c-index, concordance index; df, degrees of freedom; LR χ2, likelihood ratio χ2.
a Full model includes age, race, sex, composite comorbidity variable (0, 1, 2, or 3+), home smoke exposure, season, symptom duration, vomiting, PF ratio, heart and respiratory rates,
systolic blood pressure, temperature, altered mental status, chest indrawing, asymmetric breath sounds, wheezing, white blood cell count, and radiographic ﬁndings (inﬁltrate pattern
and presence of effusion). Reduced model includes age, composite comorbidity variable, chest indrawing, altered mental status, PF ratio, heart and respiratory rates, systolic blood
pressure, and radiographic ﬁndings. EHR model includes age, sex, race, PF ratio, heart and respiratory rates, systolic blood pressure, temperature, and white blood cell count.
b To estimate expected performance in future populations, an internal bootstrap validation (500 replications with replacement) of the ﬁnal models was performed.

children with moderate or severe
pneumonia [aOR 0.74 in EHR model]
and atypical bacteria detected in
11% [aOR 0.35], Supplemental
Table 4). Typical bacteria were
detected in 6% of children, including
Streptococcus pneumoniae in 4%,
and both Staphylococcus aureus
and Streptococcus pyogenes in
1%.16 Detection of these bacterial
pathogens was strongly associated
with pneumonia severity
(aOR 3.76); 30% of children with S
pneumoniae detected had
moderate or severe pneumonia,
whereas 83% of those with S aureus
and 75% with S pyogenes had
moderate or severe pneumonia.
Nonetheless, the addition of etiology
data had a negligible impact on
each of the 3 primary models’
discriminatory power (c-index
range across models 0.79–0.83,
Supplemental Table 5).
FIGURE 2
Observed outcomes according to predicted risk for moderate or severe pneumonia, EHR model. Fit
curves demonstrating the proportion of children that experienced a mild (black), moderate (green),
or severe (blue) outcome at each level of predicted risk for moderate or severe pneumonia. For
illustration purposes, the vertical dashed line indicates a 10% predicted risk of moderate or severe
pneumonia. At this predicted risk level, 12% of children experienced a moderate (6%) or severe
outcome (6%).

hours (P < .001). Results for the full
and reduced models were similar
(data not shown). Further, after
excluding those initially triaged to
the ICU (n = 336), the discriminatory
power of the 3 models (c-index range
across models 0.76–0.79) was similar
to the primary models. Importantly,
those with delayed ICU transfer had
significantly higher median predicted
risk for moderate or severe (25% in
EHR model) and severe pneumonia

(8%) compared with those not
admitted to the ICU (14%, 4%; P <
.001 for both).

Contribution of Microbiologic
Etiology
Viruses were detected in 72% of
children and atypical bacteria in
9%; detection of these pathogens
was less common in children with
moderate or severe pneumonia
(viruses detected in 21% of

DISCUSSION
Using prospective data from
>2300 children hospitalized
with pneumonia, we developed
and internally validated 3 novel
prognostic models to estimate risk
for severe in-hospital outcomes.
Each model accurately identified
risk for moderate (ICU admission)
and severe (invasive mechanical
ventilation, shock, or death)
outcomes. Risk-stratification tools
based on these models could be
used in emergency care settings to
help identify children at low risk
for severe outcomes who could be
safely discharged, as well as those
who may benefit from more intensive
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management. A simple EHR-based
model that included 9 predictors
demonstrated similar predictive
accuracy to the 2 more-complex
models and offers the greatest
practical utility. Although predictive
models must be externally validated,
the use of risk-stratification tools
based on these models holds the
potential to standardize care and
improve outcomes for children with
pneumonia.
Variation in disposition decisions
is evident among children with
pneumonia,5–7 with potential
for avoidable harm related to
unnecessary hospitalizations as
well as delayed triage to higher
levels of care. To inform care
decisions and optimize outcomes,
the 2011 Pediatric Infectious
Diseases Society/Infectious Diseases
Society of America childhood
pneumonia management guidelines
emphasized the need for objective
risk-stratification tools.15 Reed
et al19 previously developed a
simple tool to predict in-hospital
pneumonia mortality in young
South African children, although its
utility in settings in which pediatric
pneumonia mortality is rare has
not been evaluated. Our prognostic
models focused on in-hospital
outcomes and evaluated an expanded
set of predictors routinely collected
for clinical care. Each of our models
demonstrated potential to improve
risk stratification for US children
with pneumonia.
Given similar predictive accuracy of
the 3 primary models, we anticipate
the EHR model could be most readily
adopted into clinical settings. Each
of the predictors included in this
model is routinely available within
comprehensive EHRs and easily
queried in real time for children
presenting for emergency care.
Most of these predictors represent
physiologic parameters and many
are included in existing severity
scores for children admitted to
intensive care and adult pneumonia

severity scores.8,10,22–24 The full
model also included several weak
or nonsignificant predictors.
Comorbidities failed to demonstrate
strong associations with pneumonia
severity, although we postulate this
is due to the wide heterogeneity of
chronic comorbidities in children. Of
note, functional status and medical
complexity were not assessed, a
limitation that requires further study.
In our models, peripheral white blood
cell count was not associated with
severe outcomes. These data were
missing for nearly 20% of children.
Our observations are consistent with
national guidelines that indicate that
routine measurement of complete
blood counts may be unnecessary
except in those with critical illness
(eg, sepsis).15 Interestingly, the
inclusion of etiologic data also had
a negligible effect on our models.
However, the detection of viruses and
atypical bacteria was associated with
a reduced odds of severe outcomes,
whereas detection of typical bacteria
was associated with an increased
odds of severe outcomes. Results of
bacterial studies are not available at
the initial triage assessment and their
sensitivity remains questionable,
limiting the utility of such testing to
inform initial management decisions.
It will be important to reevaluate our
findings as new strategies to rapidly
diagnose bacteria emerge.
A third of the children in our study
were hospitalized for <48 hours
and nearly 10% for <24 hours.16
A quarter of children with length
of stay <24 hours had a <5%
estimated risk of moderate or
severe outcome. Hospitalization
may be unnecessary in some of
these children. In others, factors
unrelated to pneumonia severity
may influence the hospitalization
decision. However, studies in adults
with pneumonia indicate that site
of care decisions vary considerably
by provider and that risk for severe
outcomes is often overestimated.25–27
Appropriate use of prognostic

models in adults is associated with
reduced hospitalizations for low-risk
patients and improved guidelineconcordant management.12,13,28–30
Thus, although prognostic models do
not replace clinician judgment, these
studies demonstrate that accurate
risk stratification can improve
decision-making. Risk-stratification
tools based on our models could be
used in emergency care settings to
help identify children at low risk
for severe outcomes and potentially
facilitate rapid triage and safe
discharge with minimal testing or
intervention.15 Conversely, the rapid
identification of children at high
risk for deterioration could signal
the need for closer monitoring and/
or more intensive therapy. In either
scenario, decision-making informed
by an accurate understanding of risk
is likely to lead to better care and
outcomes.
An important challenge for
prognostic models is clinical
implementation. Despite the
availability of risk-stratification tools
with documented clinical utility for
adults with pneumonia,11–14
studies indicate these tools are
infrequently used or sometimes used
inappropriately.26,31–33 Complex
score calculations can deter adoption,
but the availability of Web-based
or mobile device applications may
improve accessibility. Clinical
decision support using prognostic
models embedded within the EHR
offer distinct advantages over
other electronic applications, chief
among these is computational
efficiency and seamless workflow
integration.34 With EHR-based tools,
risk predictions can be obtained
in real time at the point of care
without requiring providers to
input additional data. Risk estimates
also can be linked to tailored care
recommendations and order sets to
ensure that each patient receives the
most appropriate level of care.11,35
Although several published studies
demonstrate the usefulness of
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well-designed EHR-based decision
support applications,11,35,36
additional study is needed.
As with all prognostic studies, our
models may perform less well
among other populations; however,
this study was nested within a very
large, prospective, population-based
cohort of children hospitalized with
clinical and radiographic pneumonia
in 3 US cities. Importantly, although
the populations served by these 3
hospitals may not be representative
of the US population, characteristics
of the study population, including
age, sex, race/ethnicity, and
frequency of comorbidities,
were similar to a previous study
of pneumonia hospitalizations
conducted within a national sample
of 43 US children’s hospitals.37
Although results from our internal
validation are very encouraging,
external validation in expanded

populations is essential before
widespread adoption. In particular,
inclusion of children discharged from
the ED without hospitalization will
be important. Prospective validation
also allows for model updating and
the evaluation of novel predictors.
New approaches to predict
pneumonia etiology and outcomes,
including point-of-care testing by
using biomarkers (eg, procalcitonin),38
may further our ability to precisely
estimate risk for severe outcomes.
Continued evaluations are needed to
rigorously evaluate implementation,
as well as the clinical utility, of these
promising models.

CONCLUSIONS
We developed 3 prognostic models
that accurately identified risk
for severe outcomes in children
hospitalized with pneumonia. A

simplified model using inputs
derived exclusively from data
available in the EHR performed
similarly to more-complex models.
Use of this simpler model to
implement risk-stratification tools
within comprehensive EHR systems
could lead to safer and more effective
care that is tailored to each
patient’s risk for severe pneumonia
outcomes.
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