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BACKGROUND: Efforts to improve pediatric trauma outcomes need detailed data, optimally collected at lowest cost, to
assess processes of care. We developed a novel database by merging 2 national data systems for 5 pedi-
atric trauma centers to provide benchmarking metrics for mortality and non-mortality outcomes and to

assess care provided throughout the care continuum.

STUDY DESIGN: Trauma registry and Virtual Pediatric Systems, LLC (VPS) from 5 pediatric trauma centers were merged

for children younger than 18 years discharged in 2013 from a pediatric ICU after traumatic injury. For
inpatient mortality, we compared risk-adjusted models for trauma registry only, VPS only, and a
combination of trauma registry and VPS variables (trauma registryþVPS). To estimate risk-adjusted

functional status, we created a prediction model de novo through purposeful covariate selection us-
ing dichotomized Pediatric Overall Performance Category scale.

RESULTS: Of 688 children included, 77.3% were discharged from the ICU with good performance or mild overall
disability and 17.6% with moderate or severe overall disability or coma. Inpatient mortality was 5.1%.
The combined dataset provided the best-performing risk-adjusted model for predicting mortality, as

measured by the C-statistic, pseudo-R2, and Akaike Information Criterion, when compared with the trauma
registry-only model. The final Pediatric Overall Performance Category model demonstrated adequate
discrimination (C-statistic ¼ 0.896) and calibration (Hosmer-Lemeshow goodness-of-fit p ¼ 0.65). The

probability of poor outcomes varied significantly by site (p< 0.0001).

CONCLUSIONS: Merging 2 data systems allowed for improved risk-adjusted modeling for mortality and functional

status. The merged database allowed for patient evaluation throughout the care continuum on a multi-
institutional level. Merging existing data is feasible, innovative, and has potential to impact care with
minimal new resources. (J Am Coll Surg 2017;224:933e944. � 2017 by the American College of

Surgeons. Published by Elsevier Inc. All rights reserved.)
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Abbreviations and Acronyms

AIC ¼ Akaike Information Criterion
GCS ¼ Glasgow Coma Scale
NTDB ¼ National Trauma Data Bank
PELOD ¼ Pediatric Logistic Organ Dysfunction
PICU ¼ pediatric ICU
PIM2 ¼ Pediatric Index of Mortality
POPC ¼ Pediatric Overall Performance Category
PRISM3 ¼ Pediatric Risk of Mortality
PTAM ¼ Pediatric Trauma Assessment and Management

Database
REDCap ¼ Research Electronic Data Capture
TQIP ¼ Trauma Quality Improvement Program
VPS ¼ Virtual Pediatric Systems, LLC

934 Flynn-O’Brien et al Pediatric Trauma Mortality and Functional Outcomes J Am Coll Surg
significant portion of trauma care is nonoperative. Finally,
NSQIP is a sample only, and with the heterogeneity of
Injury is the leading cause of death and disability in chil-
dren.1 During the past 3 decades, the American College of
Surgeons Committee on Trauma has fostered the creation
of trauma systems nationally, and has worked to improve
patient care through organized data systems, including the
National Trauma Data Bank (NTDB) and the Trauma
Quality Improvement Program (TQIP). These allow for
hospital benchmarking and they establish a platform for
institutional performance improvement.2-5 These data sys-
tems do not capture important non-mortality outcomes,
such as functional status or quality of life outcomes. These
outcomes are arguably more important in pediatric
trauma than adult trauma due to significantly lower mor-
tality after traumatic injury in the pediatric population
(11.39 vs 75.97 per 100,000).1 Morbidity, as measured
by functional status impairment and reduced health-
related quality of life, is especially important in the eval-
uation of pediatric trauma care because of the high
burden of traumatic brain injury and risk for neurologic
sequela leading to lifelong disabilities. Functional status
has been studied in small populations of injured chil-
dren,6,7 however, it has not been adopted and integrated
into national registries and data systems, limiting multi-
and intra-institutional assessment, risk-adjusted bench-
marking, and national quality-improvement efforts.
Additional data sources exist outside of the American

College of Surgeons Committee on Trauma, but they
either lack the ability to appropriately risk adjust for
injury severity or are limited to specific hospitals or sub-
populations. For example, the Pediatric Health Informa-
tion System is a database with clinical and resource use
data, however, it is limited to fewer than 50 children’s
hospitals, uses only administrative claims data, and lacks
data elements critical for risk adjustment in trauma,
including the Abbreviated Injury Scale and Glasgow
Coma Scale (GCS) scores.8 The Healthcare Cost and
Utilization Project is a comprehensive source of hospital
data involving hundreds of hospitals nationally. It is
also based on administrative data and lacks essential
risk-adjustment variables. Finally, and most importantly,
the Pediatric Health Information System and the Health-
care Cost and Utilization Project family of databases lack
non-mortality functional outcomes data, which limits
their ability to effectively evaluate the quality of pediatric
trauma care.9

The Pediatric NSQIP captures detailed process of care
data, but also lacks critical trauma-specific variables,
including injury type, intent, and mechanism, pre-
arrival and arrival physiologic data, and anatomical Injury
Severity Scores. Also, NSQIP is procedure-based, and a

pediatric trauma, arguably fails at capturing the majority
of the pediatric trauma population.
The Virtual Pediatric Systems, LLC (VPS) database is a

collaborative involving more than 140 hospitals and in-
cludes comprehensive data from the pediatric ICU
(PICU) phase of care.10 The VPS database includes
detailed physiologic and laboratory data, functional status
outcomes at PICU discharge, and 3 validated scores for
mortality prediction in critically ill children (Pediatric In-
dex of Mortality [PIM2], Pediatric Risk of Mortality
[PRISM3], and the Pediatric Logistic Organ Dysfunction
[PELOD]).11-14 The non-mortality outcomes collected at
PICU discharge include the Pediatric Overall Perfor-
mance Category (POPC) and the Pediatric Cerebral Per-
formance Category, modeled after the traditional
Glasgow Outcomes Scale, and have been shown to corre-
late to more-specific neuropsychological tests and also to
post-discharge long-term outcomes.15

Under the guidance of the Institute for Healthcare Im-
provement’s Triple Aimdcalling for improving the
health of populations (injured children) and the patient
experience of care (targeting functional status optimiza-
tion), all while reducing costsdwe created the Pediatric
Trauma Assessment and Management (PTAM) database.
The PTAM is a novel database created through the merg-
ing of 2 independent data systems, capitalizing on both
systems’ specific strengths, infrastructure, and investment,
to improve assessment of care quality provided to criti-
cally injured children throughout their hospitalization
and to, for the first time, create multi-institutional risk-
adjusted models for functional status impairment in the
pediatric trauma population.
The primary objectives of this study were to prove the

feasibility of a multi-institutional merger of existing data
with improved ability to assess care metrics across the
care continuum, test the utility of PTAM to improve
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on risk-adjusted inpatient mortality modeling, and create
a risk-adjusted model for functional status at PICU
discharge to provide a platform for benchmarking of
non-mortality outcomes for critically injured children
on a multi-institutional level.
METHODS

Data sources

The PTAM database was created by merging institutional
trauma registry and PICU data at 5 pediatric trauma cen-
ters for all children meeting the following eligibility
criteria: discharged from the PICU during calendar year
2013; younger than 18 years of age at the time of
discharge; and at least 1 documented ICD-9-CM code
800-959.9 indicating a traumatic injury; and/or indica-
tion of traumatic injury in the VPS participant profile
page. All PICU data were obtained through the VPS data-
base, which was submitted to the PTAM data-
coordinating center by the national office. All VPS data
were collected according to the 2013 VPS data manual.16

The trauma registry data were collected in compliance
with the National Trauma Data Standard 2013 data dic-
tionary17 and were sent directly from each participating
institution to the PTAM data-coordinating center at the
University of Washington’s Harborview Injury Preven-
tion and Research Center. The VPS site coordinators
and trauma registrars undergo extensive training on data
abstraction and coding, and have continuing education
for continued qualifications. The VPS sites undergo
routine data quality checks on submitted data, as well as
quarterly estimates of inter-rater reliability. For calendar
year 2013, there were 110 PICUs abstracting and entering
data with an aggregate inter-rater reliability of 96.7%.
Additionally, for the same time period, the 5 designated
study sites’ inter-rater reliability scores ranged from
91.5% to 99.5%, with a mean score of 96.2%. Quality
checks are built into the VPS software and the National
Trauma Data Standard-vetted vendor software at each
institution.
Additional data elements were captured independently

by trained data abstractors at each site to test the feasi-
bility of capture for additional data elements considered
important by the authors. These included select labora-
tory values at presentation, hemoglobin levels before
transfusion, transfusion indications, intracranial pressure
monitor use, repeat CT imaging after transfer and during
inpatient stay, mechanical deep venous thromboembo-
lism prophylaxis, focused assessment with sonography
for trauma use, cervical collar indication and removal
timing, and time of initiation of enteral and parenteral
nutrition. The additional data elements were collected
and managed using Research Electronic Data Capture
(REDCap) hosted at the University of Washington.18

See eTables 1, 2, and 3 for a full list of all data elements
captured. A data dictionary was created to mirror the
NTDB National Trauma Data Standard 2013 Data Dic-
tionary format,19 including a data source hierarchy guide,
edit checks, and appropriate null values for each data
element. An interactive presentation on the additional
data elements and their associated data dictionary was
disseminated to all sites, including a web-based video
training session (contact authors for slide deck and
recording).

Data merge

All data were transferred in a deidentified manner,
without personal health information. Only a site-based
unique identifier was transferred to the data-
coordinating center to assist with the merge process.
This site-based identifier was entered into each trauma
registry data file before transfer, and into all REDCap
software profiles. At the data-coordinating center, the
site-based identification number and a site number were
concatendated to create a unique identifier for each study
participant. Data were merged using a 1:1:1 merge strat-
egy within each site, then site data were combined to
create the PTAM database including all databases and
all sites.
Before verification of participant inclusion, immediate

merge was highly successful: 91% matched all 3 databases,
with site-specific complete match rates ranging from 84%
to 99%. Participants without a VPS file were excluded
(n ¼ 35) to focus on the effectiveness of the VPS comple-
ment to the trauma registry data, leaving 96% (661 of
692) fully matched. After the merge, 4 participants were
noted to be 18 years or older and were excluded. Among
the remaining 688, twenty-five children (3.6%) had a
VPS record only, 4 children (0.6%) had VPS and
REDCap records but no trauma registry record, and 2
children (0.3%) had a trauma registry and VPS record
but no REDCap record. The 31 records without com-
plete data were included because these participants still
met inclusion criteria.

Pediatric Trauma Assessment and Management
Database pilot sites

The 5 pediatric trauma centers involved in the study
included 4 verified Level I pediatric trauma centers and
1 Level II pediatric trauma center: Children’s Hospital
of Philadelphia (Level I, Philadelphia, PA), Children’s
Hospital of Los Angeles (Level I, Los Angeles, CA),
Kosair Children’s Hospital (Level I, Louisville, KY), Chil-
dren’s Hospital of Wisconsin (Level I, Milwaukee, WI),
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and Akron Children’s Hospital (Level II, Akron, OH).
The data-coordinating center was located at the Univer-
sity of Washington’s Harborview Injury Prevention and
Research Center in Seattle, WA.

Outcomes data

In-hospital mortality was captured from trauma registry
data and was defined as death before hospital discharge
or discharge/transfer to hospice care. Functional outcomes
measures at ICU discharged were obtained from VPS and
included the POPC and the Pediatric Cerebral Perfor-
mance Category (eTable 4). The POPC was chosen for
risk-adjusted model building due to its reflection of overall
functional morbidity, and was dichotomized into good/
poor based on earlier stratification of the Glasgow Out-
comes Score and Glasgow Outcomes Score-extended in
studies of pediatric trauma victims.20 Patients qualified
as having “good” functional status if they were discharged
with good overall performance (POPC ¼ 1) or mild over-
all disability (POPC ¼ 2). Patients were defined as having
“poor” functional status if they were discharged with mod-
erate or severe overall disability (POPC¼ 3, 4) or coma or
vegetative state (POPC ¼ 5). Additional data collected
from VPS data included the mortality prediction tools
(PIM2 and PRISM3) and PELOD scores (baseline, delta,
and comprehensive).

Missing data

Multiple imputation with chained equations (10 itera-
tions) was used to address missing data for emergency
department systolic blood pressure, pulse (hear rate), res-
piratory rate, and motor GCS modified for paralysis and
intubation. Complete-case analysis using only patients
with observed values for all included elements in a model
was also completed, however, due to risk of introducing
bias and reducing sample size and power, imputed ana-
lyses are presented.

Statistical analysis

Descriptive statistics were completed with frequencies and
column proportions, in addition to means and SD for
normally distributed data and medians and interquartile
ranges for non-normally distributed data. Nonimputed
missing data were included if they accounted for >5%
of data for that variable. All variables were accounted
for in their original form with the exception of injury
type, intent, mechanism, and emergency department
GCS. Injury type, intent, and mechanism were catego-
rized based on ICD-9 primary external cause of injury
codes (E-codes). Notably, motor vehicle collision
included motor vehicle collision with participant as the
occupant, motorcycle collisions, motor vehicle collision-
pedestrian collisions, motor vehicle collision-bicycle colli-
sions, and motor vehicle collision-not otherwise specified.
The emergency department GCS was modified by the
emergency department GCS qualifier variable provided
by the NTDB to account for paralysis and intubation.
Multivariable logistic regression was used to create risk-
adjusted models for in-hospital mortality and functional
outcomes at PICU discharge.

Mortality modeling

To test the utility of merging data sources to improve on
previously established mortality models we compared
mortality models with data elements from the trauma reg-
istry dataset only (ie modified Pediatric TQIP model),
from the VPS dataset only (using PIM2, PRISM3, and
PELOD estimates), and from the merged PTAM dataset.
Comparisons were made between the full PTAM (trauma
registryþVPS model) and the trauma registry- and VPS-
only nested models using a Wald test with p value set at
0.05. The 2014 Pediatric TQIP model included more
than 12 variables (2014 Benchmark Report21), which
risked overfitting the study data and/or not converging
due to the limited sample size. The modified Pediatric
TQIP mortality (trauma registry-only) model was tested
iteratively to find the most reduced model with the best
performance. This trauma registry-only mortality model
included age in years, mechanism of injury, transfer sta-
tus, emergency department systolic blood pressure, emer-
gency department motor GCS, emergency department
heart rate, maximum head Abbreviated Injury Scale,
and congenital comorbidity. Our goal was to improve
on the trauma registry-only mortality model estimation
by improving its accuracy, its efficiency (ie parsimony),
or both, with the combined trauma registryþVPS model.

Functional-status modeling

Purposeful covariate selection through multivariable logis-
tic regression was used to create a predictive model de
novo for functional status at PICU discharge (dichoto-
mized POPC).22 Dataset-specific comparisons were not
completed for POPC model estimation due to the lack
of POPC in the trauma registry. Purposeful covariate se-
lection with the PTAM data was completed through an
iterative process, including the following core steps:

1. Univariable analyses were completed for variables from
all data sources (see eTable 5), keeping variables with a
Wald test’s p value <0.25 and/or those that were clin-
ically relevant. Variables with missingness >10% were
not included unless clinically relevant.

2. A full multivariable model was then fitted with all
covariates identified for inclusion in step 1. All



Table 1. Demographic and Injury Characteristics of the
Pediatric Trauma Assessment and Management Database
Study Population (n ¼ 688)

Characteristic Data

Age

Younger than 1 y, n (%) 143 (21.7)

1 to 4 y, n (%) 155 (23.5)

5 to 12 y, n (%) 190 (28.8)

13 to 17 y, n (%) 171 (26.0)

Median age, y (IQR) 6 (1.5e13)

Sex, male, n (%) 446 (67.7)

Race/ethnicity, n (%)

White 353 (51.3)

Black/African American 142 (20.6)

Hispanic 47 (6.8)

Asian 15 (2.2)

Other 79 (11.5)

Missing 52 (7.6)

Payment method, n (%)

Medicaid/Medicare 313 (47.5)

Commercial insurance 229 (34.8)

Self-pay 27 (4.1)

Other 90 (13.7)

Injury type, n (%)

Blunt 508 (77.1)

Penetrating 26 (4.0)

Burn 17 (2.6)

Other/not otherwise specified 108 (16.4)

Injury mechanism, n (%)

Fall 211 (32.0)

Motor vehicle collision 163 (24.7)

Struck by/against (object) 68 (10.3)

Pedestrian, cyclist, other transport 66 (10.0)

Firearm 22 (3.3)

Cut/pierce 4 (0.6)

Burn 17 (2.6)

Other/not otherwise specified 108 (16.4)

Injury Severity Score

0 to 15, n (%) 406 (59.0)

16 to 25, n (%) 153 (22.2)

>25, n (%) 92 (13.4)

Missing, n (%) 37 (5.4)

Median Injury Severity Score (IQR) 10 (9e17)

Head Abbreviated Injury Scale score, n (%)

No head injury 166 (25.2)

1 or 2 104 (15.8)

3 224 (34.0)

4 or 5 160 (24.3)

Not otherwise specified 5 (0.8)

(Continued)

Table 1. Continued

Characteristic Data

Emergency department GCS motor score, n (%)

1/paralyzed 62 (9.9)

1/valid 24 (3.9)

2 to 3 9 (1.5)

4 to 5 68 (10.8)

GCS 6/obeys commands 462 (73.9)

Transferred from another facility, n (%) 392 (57.1)

Pre-injury Pediatric Overall Performance Category, n (%)

Good overall performance (1) 614 (89.2)

Mild overall disability (2) 59 (8.6)

Moderate overall disability (3) 11 (1.6)

Severe overall disability (4) 4 (0.6)

Pre-Injury Pediatric Cerebral Performance Category, n (%)

Normal (1) 652 (94.8)

Mild disability (2) 28 (4.1)

Moderate disability (3) 6 (0.9)

Severe disability (4) 2 (0.3)

GCS, Glasgow Coma Scale; IQR, interquartile range.
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covariates with Wald test <0.10 were removed. The
smaller was compared with larger model using the par-
tial likelihood ratio test or the Wald test (for nested
model, same sample).

3. Estimated coefficients were compared between the larger
model (step 1) and the smaller model (step 2). Variables
originally excluded in step 1 were reintroduced until the
relative change in estimated coefficients was minimal.

4. Each variable not selected in step 1 was then placed one
at a time back into themodel obtained at the end of steps
2 and 3. TheWald test or partial likelihood ratio test (if
categorical withmore than 2 levels) were used to rule in/
out significant covariates and/or precision variables,
creating the preliminary main effects model.

5. Categorical variable cut points and fractional polyno-
mials, splines, and log-linear relationship of contin-
uous variables were then tested, creating the main
effects model.

6. Clinically important interactions were tested to obtain
the preliminary final model.

7. Model adequacy and fit were tested with the diagnos-
tics described here.

All univariate and multivariable regressions were
completed controlling for clustering by site.
Variables built for testing from existing data elements

included binary variables for age-based hypotension and
age-based tachycardia in the emergency department
setting and within the first hour of ICU admission,
mass-based tachycardia (based on allometric scaling



Variable Pre-hospital ED PICU Floor
GCS X X X
Pulse X X X

Blood Pressure X X X -
Hemoglobin X X
Base Deficit X X -
AST/ALT X X

Hypoxemia X X X -
PT/PTT X X

CT scan imaging X X X X
Figure 1. Select data elements available along multiple phases of the care continuum. ALT,
alanine transaminase; AST, aspartate transaminase; ED, emergency department; GCS, Glasgow
Coma Score; PICU, pediatric ICU; PT/PTT, prothrombin time/partial thromboplastin time.
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constants using mean mass-based pulse ¼ 208.0 *
(VPS_weight

ˇ

(�0.283))),23,24 single worst injury
score,25,26 3 worst injury scores,26 and interaction terms
between age and emergency department pulse, age and
systolic blood pressure (emergency department and first
ICU hour), age and head injury, and age and mechanism
of injury.
Model performance

To test model performance, we compared each model’s
discrimination, calibration/goodness-of-fit, and parsi-
mony. The area under the curve, also known as the
C-statistic, was used to determine model discrimination
to predict the outcome of interest (eg death or poor
functional status). To assess calibration, we used the
Hosmer-Lemeshow goodness-of-fit test to compare ob-
served outcomes and predicted outcomes across deciles
of risk. Calibration refers to the agreement between obser-
vations and predictions. Because the Hosmer-Lemeshow
test is often criticized for the risk-grouping approach,22

we also used the McFadden’s Pseudo-R2 to supplement
goodness-of-fit evaluation.27 To assess parsimony, or effi-
ciency, we used the Akaike Information Criterion (AIC),
which assesses model fit and penalizes for complexity of
the model. To further test the utility of the merged dataset
and the adequacy of purposeful covariate selection for
model building to estimate functional status at PICU
discharge, we used backwards-stepwise regression at the
0.05 level to determine if, via another statistical approach,
important covariates came from all 3 datasets.
Ethics

Institutional Review Board approval was obtained from
all institutions who contributed data and from the Uni-
versity of Washington as the data-coordinating center.
RESULTS
A total of 688 children were included in the study. Demo-
graphic and injury characteristics are presented in Table 1.
Two-thirds of the children were male and the mean age
was 7.2 (SD 5.9) years; however, 21.7% of children
included were younger than 1 year of age. Eighty-four
percent of injuries were unintentional, 14% were assaults,
1% were self-inflicted, and 1% were undetermined. Blunt
injury (77%) was the most common injury mechanism,
with falls (32%) and motor vehicle collisions (25%) pre-
dominating. Most notably, 58% of study participants had
a maximum head Abbreviated Injury Scale�3 and 35.6%
had an Injury Severity Score >15, indicating severe
injury. A substantial proportion of the study population
qualified as an “assault” victim based on the E-code ma-
trix for intent associated with the injury. Half of those
children were younger than 24 months old, highlighting
the potential for abuse in this population. With the com-
bined data sources, physiologic, laboratory, and process of
care data were available following each child across the
care continuum, from the prehospital setting via emer-
gency medical services run sheets, through the stabiliza-
tion phase of care in the emergency department, and
the resuscitation phase in the PICU (Fig. 1; eTables 1,
2, and 3 for full list of data elements).
Outcomes

The majority of children were healthy before their injury,
with 89% having good overall performance (Table 1).
The POPC and Pediatric Cerebral Performance Category
scores at PICU discharge, along with the mean difference
between baseline scores and discharge scores, are pre-
sented in Table 2. Fewer than half of children (42%;
n ¼ 289) had no change in their POPC score from base-
line to PICU discharge. Forty percent (n ¼ 272) had a
change in POPC by 1 category (eg from good overall per-
formance to mild overall disability or from mild to



Table 2. Pediatric Trauma Assessment and Management
Database Outcomes

Outcomes measure Data

Inpatient mortality, n (%) 36 (5.2)

POPC at PICU discharge

Good overall performance (1), n (%) 232 (34.0)

Mild overall disability (2), n (%) 296 (43.3)

Moderate overall disability (3), n (%) 94 (13.8)

Severe overall disability (4), n (%) 24 (3.5)

Coma or vegetative state (5), n (%) 2 (0.3)

Brain death (6), n (%) 35 (5.1)

Change in POPC, mean (SD) �0.95 (1.2)

PCPC at PICU discharge

Normal (1), n (%) 487 (71.3)

Mild disability (2), n (%) 101 (14.8)

Moderate disability (3), n (%) 38 (5.6)

Severe disability (4), n (%) 20 (2.9)

Coma or vegetative state (5), n (%) 2 (0.3)

Brain death (6), n (%) 35 (5.1)

Change in PCPC, mean (SD) �0.55 (1.2)

Pediatric Index of Mortality score, n (%)

0% to 10% risk of mortality 632 (91.9)

11% to 30% risk of mortality 21 (3.1)

31% to 50% risk of mortality 8 (1.2)

51% to 70% risk of mortality 7 (1.0)

71% to 90% risk of mortality 11 (1.6)

91% to 100% risk of mortality 9 (1.3)

Pediatric Risk of Mortality score, n (%)*

0% to 10% risk of mortality 607 (93.0)

11% to 30% risk of mortality 15 (2.3)

31% to 50% risk of mortality 4 (0.6)

51% to 70% risk of mortality 3 (0.3)

71% to 90% risk of mortality 10 (1.5)

91% to 100% risk of mortality 15 (2.3)

Pediatric Logistic Organ Dysfunction Scale, n (%)

0% to 10% risk of mortality 612 (89.0)

11% to 30% risk of mortality 40 (5.8)

31% to 50% risk of mortality 0 (0)

51% to 70% risk of mortality 0 (0)

71% to 90% risk of mortality 17 (2.5)

91% to 100% risk of mortality 19 (2.8)

Disposition (patients discharged alive), n (%)

Home without service 544 (87.0)

Rehab facility or home with services 69 (11.0)

Transferred to another acute care facility 13 (2.1)

Length of stay, d, mean (SD); median (IQR)

Trauma registry hospital LOS 7.3 (10.9); 4 (2e8)

Virtual Pediatric Systems, LLC
PICU physical LOS

3.1 (5.0);
1.4 (0.7e2.9)

*Thirty-five (5.1%) patientsmet Pediatric Risk ofMortality exclusion criteria.
IQR, interquartile range; LOS, length of stay; PICU, pediatric ICU; PCPC,
Pediatric Cerebral Performance Category; POPC, Pediatric Overall Perfor-
mance Category.
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moderate overall disability), and 10% (n ¼ 70) had a
change by 2, and 5% (n ¼ 33) by 4 or 5 categories.
The PIM2, PRISM3, PELOD, disposition, and length
of stay summary data are also presented.

Mortality model performance

A total of 36 patients died from their injuries (5.2%). All
risk-adjusted mortality models performed well; however,
the PTAM (trauma registryþVPS) model had improved
discrimination compared with the trauma registry-only
model (Fig. 2; p < 0.001). The McFadden’s pseudo R2

value was highest in the PTAM model, and displayed
less goodness-of-fit in the VPS-only model and the
lowest in the trauma registry-only model (0.754 trauma
registryþVPS vs 0.673 VPS-only vs 0.4577 trauma
registry-only). The AIC was lowest for the VPS-only
model, highlighting its single parameter estimation
(96.3). The PTAM model had a better AIC compared
with the trauma registry-only model (99.6 vs 169.4).

Functional status model performance

The final model for functional status at ICU discharge for
severely injured children contained variables from all 3
data sources (Table 3). Backwards-stepwise regression
also resulted in covariates from each of the 3 available
data sources (Table 3). The final model of 14 variables
demonstrated adequate discrimination (C-statistic ¼
0.896; Fig. 3) and calibration (Hosmer-Lemeshow
goodness-of-fit p ¼ 0.65; Fig. 4). Discrimination and
calibration plots for the complete case analyses are also
available (eFigure 1). Assessing the site as a main effect,
the probability of poor outcomes varied significantly
(Wald test p < 0.0001). Observed vs expected ratios for
poor outcomes by site are presented in Figure 5.

DISCUSSION
The Pediatric Trauma Assessment and Management data-
base was created by merging 2 national independent data
systems across multiple institutions. This feasibility study
shows that this dataset provides a platform to improve
risk-adjusted modeling for in-hospital mortality and to
develop non-mortality outcomes prediction models for
critically injured children.
The PTAM mortality model outperformed both the

trauma registry-only and VPS-only models. For the
well-validated predictors of mortality in the nontrauma
PICU population (ie VPS PIM2 and PRISM3 scores13,14),
we improved both external and face validity in the trauma
population by controlling for essential trauma registry-
specific covariates, including mechanism of injury,
GCS, maximum head Abbreviated Injury Scale, and



Figure 2. Receiver operating characteristic by data source. Mortality model comparisons for
discrimination (area under the curve [AUC]), goodness-of-fit (McFadden’s R2), and parsimony
(Akaike Information Criterion [AIC]); n ¼ 583. Chi-square test for equality of AUC estimates
between the trauma registry (TR)þ Virtual Pediatric Systems, LLC (VPS) model and the TR-only
model is statistically significant with p < 0.001. *McFadden’s R2, a measure of goodness-of-
fit.27 yTR-only covariates: age, mechanism of injury, transfer status, emergency department
systolic blood pressure, Glasgow Coma Scale score, maximum head Abbreviated Injury Scale
score, and congenital comorbidity. zVPS-only model: performance of the Pediatric Index of
Mortality 2 (PIM2).
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Injury Severity Score. Compared with the trauma registry-
only mortality model, we improved both its accuracy of
discrimination (improved area under the curve) and its ef-
ficiency (improved AIC). The AIC in the PTAM model
was also comparable with the AIC in the VPS model,
despite the model’s relative complexity. A few noteworthy
components of the model include hematuria and age-
based hypotension in the first hour in the ICU. Although
hematuria is often evaluated, it is rarely, if ever, available
in large datasets. Its inclusion here highlights the need to
look further into hematuria’s role in predicting poor func-
tional status as an end point, particularly as a predictor of
other injury. Age-based hypotension in the first hour of
the ICU emphasizes the impact of persistent hypotension
beyond initial stabilization in the emergency department
phase of care.
The American College of Surgeons Committee on

Trauma created TQIP to “improve quality of trauma
care through robust risk-adjusted benchmarking of
trauma centers,”28 and this study provided evidence that
benchmarking is possible for functional status after severe
injury, arguably one of the most important primary out-
comes in pediatric trauma. The model created in our
study for functional status at discharge relied on data ele-
ments from all 3 data sources, highlighting the impor-
tance of information beyond what is normally provided
in available datasets. Historically, the only covariates
available for NTDB analyses are initial emergency medi-
cal services and emergency department data and ICD-9
codes for procedures and diagnoses. There is no ability
to risk adjust for baseline functional status, laboratory pa-
rameters, or physiologic data after initial stabilization.
Studies have previously evaluated functional status as

measured by the POPC at ICU discharge in the general
PICU population,29,30 and there are mixed opinions about
the utility of the POPC in trauma registries. Pollack and
colleagues30 reported the POPC was less sensitive than
Functional Status Scale to measure outcomes after critical
illness. Fiser and colleagues31 found the POPC at ICU
discharge to correlate with more detailed instruments
later in care, including to the Bayley Scales of Infant
Development and Stanford-Binet Intelligence Quotients



Table 3. Final Multivariable Logistic Regression Model for Risk-Adjusted Functional Status at ICU Discharge (n ¼ 504)

Source Purposeful covariate selection Backwards stepwise regression (p < 0.05)

TR Age d

TR Race/ethnicity Race/ethnicity

TR Payment d

TR ED motor GCS ED motor GCS

TR Mechanism of injury Mechanism of injury

TR Maximum head Abbreviated Injury Scale d

TR Single worst injury Single worst injury

TR ISS ISS

VPS Age-based hypotension first hour in ICU Systolic blood pressure (first 12 hours in ICU)

VPS Baseline POPC Baseline POPC

VPS Mas-based tachycardia, binary d

VPS Non-head trauma* Non-head trauma

VPS Recovery from surgery d

Baseline Pediatric Logistic Organ Dysfunction scale

Cardiac massagey

PTAM Hematuria Hematuria

*Might or might not also have concurrent head injury.
yHistory of cardiac massage or cardiac arrest immediately before or during admission (ie as a result of injury).
ED, emergency department; GCS, Glasgow Coma Scale; ISS, Injury Severity Score; POPC, Pediatric Overall Performance Category; PTAM, Pediatric
Trauma Assessment and Management Database; TR, trauma registry, VPS, Virtual Pediatric Systems, LLC.
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at hospital discharge, and to the Vineland Adaptive
Behavior Scales at 1 and 6 months post discharge. An out-
comes assessment instrument must be valid, responsive,
reliable, and efficient,32 and although the best instrument
is debated in the literature,32-34 it is clear that trauma reg-
istries should capture information beyond mortality.
Although the POPC might not be the ideal instrument,
this study highlighted both its utility and the fact that it
is immediately available for hundreds of injured children
Figure 3. Discrimination plot for functional status model predic-
tion (n ¼ 504). Area under receiver operating characteristic
curve ¼ 0.8958.
throughout the nation, with no additional data abstrac-
tion or cost.
Finally, although there is evidence that quality-focused

databases like the NSQIP have used risk-adjusted bench-
marking methodology to improve outcomes,35 there is
administrative resistance due to the cost of participation,
which can be prohibitively expensive for many centers.
The goal of this work is to leverage existing datadand
existing investments in those data sourcesdto improve
care for critically injured children, optimize their out-
comes, and provide a framework for multi-institutional
benchmarking for functional status and processes of care
throughout the care continuum.
Limitations

Important limitations should be noted. Although the
final model for functional status at ICU discharge
performed very well, this study is limited by its sam-
ple size and subsequently compromised power. There
might exist variability by site in type of patient
admitted to the ICU based on differences in indica-
tion and threshold for ICU admission, and in
resources that affect ICU use (eg step-down unit avail-
ability). There exist critiques of the analytic strategies
used (ie risk of unreliable Hosmer-Lemeshow esti-
mates with small groups, imperfection of pseudo-R2

techniques, pros and cons of logistic compared with
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hierarchical linear or general linearized modeling and/
or bootstrapping).22,36,37 Although all critiques were
valid, the methods were chosen to optimize both
statistical accuracy and face validity. We chose to
test parameters throughout the care continuum when
modeling functional status to fully assess what combi-
nation of covariates created the best-fitting model and
to test the hypothesis that the combined data sources
would portend improved model accuracy and fit.
Depending on the goal of the model, however, vari-
ables along the care continuum can introduce con-
founding if on the “causal pathway.” The merged
database provides the ability to deliver models unique
to various goals.
Although this database is restricted to critically

injured children, the mortality and morbidity burden
Figure 5. Observed vs expected probability of poo
(n ¼ 504).
from pediatric trauma is predominantly among the
most critically ill children admitted to the ICU. There
are limitations to the POPC; it is not highly sensitive
to small changes in functional status and it is captured
at ICU discharge only. Although it correlates to specific
outcomes at 1 and 6 months post discharge, capturing
functional status at hospital discharge or at 30 days,
6 months, and/or 12 months after discharge might
be more ideal.

Next steps

Efforts to improve pediatric trauma outcomes depend
on the availability of detailed data to assess care and
outcomes, optimally at the lowest cost. This feasibility
study demonstrated the ability of the PTAM database
to leverage already existing data sourcesdand
r functional outcomes at ICU discharge by site
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investments in those data sources. The PTAM database
allows intensivists to risk adjust with mechanism and
severity of injury data, and allows trauma researchers
to evaluate non-mortality outcomes, and detailed labo-
ratory and process of care data. Most importantly,
PTAM has the capacity to “scale up” with new mini-
mal resource investments, increasing its potential scope.
Future success will be measured by the ability to sus-
tain and expand collaboration to additional sites. Our
vision is an electronic-linked database making merged
data available to collaborators for investigation, permit-
ting within- and between-hospital comparisons, and
allowing identification of quality measures to improve
care.
CONCLUSIONS
To mitigate burden from pediatric injury, we must focus
on quality care optimization that minimizes death and
maximizes functional status and quality of life after
nonfatal injury. Merging 2 independent national data
sources allowed us to assess variability in care provided
to critically injured children throughout hospitalization,
improve on existing risk-adjusted modeling for inpatient
mortality, and create risk-adjusted non-mortality out-
comes prediction models for critically injured children.
A collaborative approach between data entities, the
American College of Surgeons Committee on Trauma
and VPS, is vital to sustainability. To truly impact the
lives of injured children, it is essential that we work to
translate data into improvements in patient care. The
PTAM database potentiates the ability to assess and mea-
sure change in patient care and outcomes beyond each
dataset alone.
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eTable 1. Data Elements Captured by Pediatric Trauma
Assessment and Management Database, Stratified by Data
Source, Variables Collected from the Trauma Registry

Data element

Demographic

Age

Age units

Race

Ethnicity

Sex

Injury information

Injury incident/date

Injury incident/time

ICD-9 primary/place/additional E-code

Incident county

Protective devices

Child specific restraint

Airbag deployment

Prehospital information

EMS dispatch date/time

EMS arrival date/time at scene/facility

EMS departure date/time at scene/facility

Transport mode and other transport mode

Initial field SBP

Initial field pulse rate

Initial field respiratory rate

Initial field oxygen saturation

Initial field GCS, eye

Initial field GCS, verbal

Initial field GCS, motor

Initial field GCS, total

Inter-facility transfer

Trauma center criteria

Vehicular, pedestrian, other risk injury

ED information

ED/hospital arrival date/time

Initial ED/hospital SBP

Initial ED/hospital pulse rate

Initial ED/hospital temperature

Initial ED/hospital respiratory rate

Initial ED/hospital respiratory assistance

Initial ED/hospital oxygen saturation

Initial ED/hospital supplemental oxygen

Initial ED/hospital GCS, eye

Initial ED/hospital GCS, verbal

Initial ED/hospital GCS, motor

Initial ED/hospital GCS, total

Initial ED/hospital GCS assessment qualifiers

(Continued)

eTable 1. Continued

Data element

Initial ED/hospital height/weight

Alcohol/drug use indicator

ED discharge disposition

Signs of life

ED discharge date/time

Hospital procedure information

ICD-9 hospital procedures

Hospital procedure start date/time

Diagnosis information

Comorbid conditions

ICD-9 injury diagnosis

Injury severity information

AIS predot code

AIS severity

ISS body region

AIS version

Locally calculated ISS

Outcomes information

Total ICU length of stay

Total ventilator days

Hospital discharge date/time

Hospital discharge disposition

Quality assurance information

Hospital complications

Financial information

Primary method of payment

AIS, Abbreviated Injury Scale; ED, emergency department; EMS, emer-
gency medical services; GCS, Glasgow Coma Scale; ISS, Injury Severity
Score; SBP, systolic blood pressure.
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eTable 2. Data Elements Captured by Pediatric Trauma
Assessment and Management Database, Stratified by Data
Source, Variables Collected from Virtual Pediatric Systems

Data element

Demographic

Patient origin

Other patient data

Height, ICU admission

Weight, ICU admission

Hospital/ICU information

ICU admission date

ICU discharge date/time

ICU length of stay (calculated)

Hospital admission date

Diagnosis information

Pneumonia

Constipation

Infections during ICU stay

ICU procedure information

Procedure category

Procedure sub-category

Mechanical ventilator days

Procedure intubation

Extubation within 24 h of admission (calculated)

CT scan imaging during ICU stay

Outcomes information

ICU outcomes

ICU disposition

Cognitive/physical deficits

Admission PCPC/POPC

Discharge PCPC/POPC

Severity of illness and prognostic data

PIM2 score and ROM

PRISM3 score and ROM

PELOD data

Pupillary reactions (PIM2)*

Worst coma status (PRISM3)*

GCS, ICU admission (PIM2)*

GCS, worst in 12 h (PRISM3)*

Hemoglobin, high/low first 12 h (PRISM3)*

*Examples of measures available, however, all PIM2 and PRISM3 values
obtained.
GCS, Glasgow Coma Scale; PCPC, Pediatric Cerebral Performance Cate-
gory; PELOD, Pediatric Logistic Organ Dysfunction score; PIM2, Pediatric
Index of Mortality; POPC, Pediatric Overall Performance Category;
PRISM3, Pediatric Risk of Mortality; ROM, risk of mortality.

eTable 3. Additional Pediatric Trauma Assessment and
Management-Specific Variables Collected

Imaging

All CT scans during hospital length of stay: number completed,
anatomic region, time, date

All CT scans obtained before transfer to index institution:
number completed, anatomic region, time, date

Focused assessment with sonography for trauma examination:
completed, result, time, date

Laboratory data, first 24 h

Bicarbonate: first value on arrival, source (eg arterial, venous),
time, date, location

Base deficit/excess: first value on arrival, source (eg arterial,
venous), time, date, location

Aspartate transaminase: first value on arrival, time, date, location

Alanine transaminase: first value on arrival, time, date, location

Prothrombin time: first value on arrival, time, date, location

International normalized ratio: first value on arrival, time, date,
location

Partial thromboplastin time: first value on arrival, time, date,
location

Fibrinogen: first value on arrival, time, date, location

Platelets: first value on arrival, time, date, location

Hemoglobin: first value on arrival, time, date, location

Hemoglobin: before first transfusion, time, date, location

Amylase: first value on arrival, time, date, location

Hematuria: presence, date, time

Process of care measures

Cervical spine clearance: time, date

Enteral feeds: time, date started

Parenteral feeds: time, date started

Bowel regimen: time, date started

Alcohol screening: blood alcohol concentration value
(laboratory)

Alcohol/drug screening: clinical assessment tool

Alcohol counseling: completed/not completed

TQIP-specific process of care (already collected by pediatric
TQIP sites)

Highest GCS total

GCS motor component of highest GCS total

GCS qualifier of highest GCS total

Cerebral monitor

Cerebral monitor date/time

Venous thromboembolism prophylaxis type

Venous thromboembolism prophylaxis date/time

Lowest emergency department/hospital systolic blood pressure

Withdrawal of care

Withdrawal of care date/time

FAST, Focused Assessment with Sonography for Trauma; GCS, Glasgow
Coma Scale; TQIP, Trauma Quality Improvement Program.
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eTable 4. Pediatric Cerebral Performance Category and Pediatric Overall Performance Category Definitions

Score Category Description

PCPC

1 Normal Normal; age-appropriate level, school-aged child attending regular
school classroom

2 Mild disability Conscious; alert and able to interact at age-appropriate level; school-
aged child attending regular classroom but grade perhaps not
appropriate for age; possibility of mild neurologic deficit

3 Moderate disability Conscious; sufficient cerebral function independent ADLs; school-aged
child attending special education classroom and/or learning deficit
present

4 Severe disability Conscious; dependent on others for ADLs because of impaired brain
function

5 Coma or vegetative state Any degree of coma without the presence of all brain death criteria;
unawareness, even if awake in appearance; without interaction with
environment; cerebral unresponsiveness and no evidence of cortex
function (not aroused by verbal stimuli); possibility of some reflexive
response, spontaneous eye opening, and sleep-wake cycles

6 Brain death Apnea, areflexia, and/or electroencephalographic silence

Pediatric Overall Performance Category

1 Good overall performance PCPC ¼ 1; healthy, alert, and capable of normal ADLs

2 Mild overall disability PCPC ¼ 2; possibility of minor physical problem that is still
compatible with a normal life; conscious and able to function
independently

3 Moderate overall disability PCPC ¼ 3; possibility of moderate disability from non-cerebral
systems dysfunction; conscious and performs independent ADLs but
is disabled for competitive performance in school

4 Severe overall disability PCPC ¼ 4; possibility of severe disability from non-cerebral systems
dysfunction alone or with cerebral system dysfunction; conscious but
dependent on others for ADLs

5 Coma or vegetative state PCPC ¼ 5

6 Brain death PCPC ¼ 6

ADL, activity of daily living; PCPC, Pediatric Cerebral Performance Category.
(Adapted from: Fiser DH. Assessing the outcome of pediatric intensive care. J Pediatr 1992;121:68e74, with permission.38)
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eTable 5. Data Elements Tested for Pediatric Overall
Performance Category-Model Building Using Purposeful
Covariate Selection

Element

TR variable

Payment method

Age in years

Sex

Race/ethnicity categorical

Race/ethnicity binary

Single worst injury

3 worst injuries

ED GCS total (modified using qualifier) categorical

ED GCS eye

ED GCS motor (modified) linear

ED GCS verbal

ED GCS motor (modified) categorical

ED respirator rate linear

ED systolic blood pressure linear

ED pulse linear

Tachycardia binary, adjusted for age

Tachycardia binary, adjusted for mass

Difference in unadjusted and mass-based tachycardia linear

Age � pulse interaction

Hypotension binary, adjusted for age

Age � SBP interaction

Transfer status binary

Injury Severity Score linear

Injury Severity Score categorical

Mechanism of injury categorical (eg motor vehicle collision, fall)

Mechanism of injury categorical (eg blunt, penetrating)

Maximum head AIS

Maximum face AIS

Maximum thoracic AIS

Maximum abdominal AIS

Maximum extremity AIS

Maximum external AIS

Head AIS categorical

Face AIS categorical

Thoracic AIS categorical

Abdominal AIS categorical

Extremity AIS categorical

External AIS categorical

Deep vein thrombosis (complication, binary)

Stroke (complication, binary)

Urinary tract infection (complication, binary)

Unplanned ICU readmission (complication, binary, from TR)

Congenital disease (comorbidity, binary)

Prematurity (comorbidity, binary)

(Continued)

eTable 5. Continued

Element

Obesity (comorbidity, binary)

Respiratory disease (comorbidity, binary)

Drug dependency (comorbidity, binary)

Other (comorbidity, binary)

VPS variable (first 12 h unless noted)

PIM2 SBP within first hour

Age � PIM2 SBP interaction

PIM2 hypotension: age-adjusted

PIM2 PaO2 within first hour

PIM2 FiO2 within first hour

PIM2 Base excess within first hour

PIM2 Mechanical ventilation within first hour

PIM2 HRDx cerebral hemorrhage

PIM2 HRDx cardiac arrest

PIM2 recovery from surgery

PIM2 pupillary reaction binary within first hour

PIM2 score

PIM2 risk of mortality

PELOD total days

Baseline PELOD

PRISM3 GCS

Is admission from inpatient unit (binary)

Is postoperative (binary)

Is previous ICU admission (binary)

Is acute problem associated (binary)

Is cardiac massage (binary)

Is mechanical (binary)

Is pneumonia (binary)

Is head trauma (binary)

Is non-head trauma (binary)

PRISM3 pupil reaction categorical

PRISM3 score

PRISM3 POD

SBP high mmHg

SBP low mmHg

Diastolic blood pressure high mmHg

Heart rate high beats/min

Respiratory rate high beats/min

Respiratory rate low beats/min

Temperature high (�F)
Temperature low (�F)
pH level high

pH level low

PaO2 mmHg

PCO2 high mmHg

PCO2 low mmHg

Hemoglobin high g/dL

(Continued)
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eTable 5. Continued

Element

Hemoglobin low g/dL

WBC count high 109/L

WBC count low 109/L

Segmented forms high %

Segmented forms low %

Platelet count high 109/L

Platelet count low 109/L

PT s

PTT s

Sodium high mmol/L

Potassium high mmol/L

Potassium low mmol/L

Bicarbonate high mmol/L

Bicarbonate low mmol/L

BUN high mg/dL

Creatinine high mg/dL

Glucose high mg/dL

Glucose low mg/dL

Calcium high mg/dL

Calcium low mg/dL

Ionized calcium high mg/dL

Ionized calcium low mg/dL

Bilirubin high mg/dL

Bilirubin low mg/dL

Albumin high g/dL

Albumin low g/dL

Gram-negative infection, binary

Gram-positive infection, binary

Viral infection, binary

Central line-associated bloodstream infection I (complication,
binary)

ICU readmission (complication, binary, VPS)

Critical care role categorical

Pediatric Trauma Assessment and Management-specific variable

Bicarbonate value

Base deficit value

Aspartate transaminase value

Alanine transaminase value

Amylase value

Prothrombin time value

Partial thromboplastin time value

Fibrinogen value

International normalized ratio categorical

Platelets value

Hemoglobin (first) value

Hemoglobin (before transfusion)

Hematuria categorical

(Continued)

eTable 5. Continued

Element

Highest GCS (TQIP)

Highest GCS motor (TQIP)

Lowest SBP (first hour, with blood transfusion)

AIS, Abbreviated Injury Scale; ED, emergency department; DVT, deep
venous thrombosis; FiO2, fraction of inspired oxygen; GCS, Glasgow Coma
Scale; HRDx, high-risk diagnosis; PaCO2, partial pressure of carbon
dioxide; PaO2, partial pressure of oxygen; PELOD, Pediatric Logistic Or-
gan Dysfunction score; PIM2, Pediatric Index of Mortality; PRISM3, Pe-
diatric Risk of Mortality; SBP, systolic blood pressure; TQIP, Trauma
Quality Improvement Program; TR, trauma registry; VPS, Virtual Pediatric
Systems, LLC.

eFigure 1. Pediatric Overall Performance Category (POPC) model
performance. (A) Discrimination, area under receiver operating
characteristic curve ¼ 0.8953 for complete case analyses. (B)
Calibration for complete case analyses (n ¼ 403).
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