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Background: To examine the volume-outcome relationship in severe pediatric traumatic brain injury (TBI) 
using a retrospective analysis and to determine whether volume as a measure of broader trauma experience 
may generalize to favor improved pediatric TBI outcomes.
Methods: We isolated all pediatric admissions for severe TBI (GCS admission score 3–8) to Pediatric ACS 
Level I and II Trauma Centers in the 2012–2015 National Trauma Data Bank. Using multivariate regression 
analysis, we examined the impact of four distinct volume variables—pediatric severe TBI, pediatric major 
trauma, adult severe TBI, and adult major trauma—on severe pediatric TBI short-term outcomes. Each 
volume measure was analyzed continuously as a primary independent variable. Our primary outcome variable 
was hospital discharge disposition. We adjusted for patient demographics, hospital characteristics, trauma 
severity metrics, and field-to-hospital time. 
Results: A total of 5,425 severe pediatric TBI patients were included in the final study population. 
Following multivariate analysis, only higher pediatric major trauma volume was associated with higher odds 
of favorable discharge [OR =1.073, 95% CI: (1.033, 1.114) per +100 patients, P<0.001]. Major pediatric 
trauma volume was also associated with shorter hospital (‒0.21 days per +100 patients, P=0.035) and ICU 
LOS (‒0.16 days per +100 patients, P=0.011). Both pediatric trauma and TBI volume were correlated with 
lower complication rates [Major Pediatric Trauma: OR =0.956, (0.921, 0.992) per +100 patients, P=0.018; 
Severe Pediatric TBI: OR =0.824, (0.728, 0.933) per +100 patients, P=0.002], particularly ARDS [Major 
Pediatric Trauma: OR =0.851, (0.783, 0.924) per +100 patients, P<0.001, Severe Pediatric TBI: OR =0.505, 
(0.372, 0.684) per +100 patients, P<0.001].
Conclusions: Among four different volume metrics, pediatric major trauma volume was correlated with 
more favorable discharge. General pediatric trauma experience was also associated with lower complication 
rates, particularly ARDS. An institution’s adult trauma and TBI experience did not significantly influence 
severe pediatric TBI outcomes.
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Introduction

Among the pediatric population, traumatic brain injury 
(TBI) is the number one cause of hospitalization, death, 
or disability (1). With more than 6,000 deaths, 50,000 
hospitalizations, and 600,000 emergency department visits 
occurring annually, pediatric TBI contributes to over  
$1 billion of hospital charges each year (2,3). The ongoing, 
significant burden of moderate and severe pediatric TBI 
compels the study of factors that may influence outcomes (4).  
Several studies have focused on the relationship between 
trauma center designation and outcomes for adult TBI, 
finding more favorable outcomes at Level I centers, 
including improvements in complication rates, mortality, 
and higher odds of favorable discharge (5-7). The 
association between patient volume and outcomes is also 
well-established across a variety of specialties (8-10) and has 
prompted the study of regionalization practices for a variety 
of procedures (11,12). 

Notably, prior studies of neurosurgical and trauma 
volume-outcome relationships (VORs) assessed volume 
in different ways, demonstrating that higher pediatric 
trauma volume, adult TBI volume, and adult trauma 
volume are correlated with improved outcomes in their 
respective domains (8,13-15). For example, Tepas et al. 
found that higher adult TBI volume was associated with 
improved outcomes for adult TBI patients (14). Despite 
broad evidence for the VOR for TBI in adults (13,14), the 
impact of hospital volume on treatment outcomes of severe 
pediatric TBI patients has yet to be elucidated. Moreover, 
because prior VOR assessments typically examined only a 
single volume metric, no study has taken the important step 
of directly comparing multiple volume metrics to determine 
which might be more or less relevant to outcomes. This 
is particularly important in pediatric neurotrauma care 
because an institution’s broader and often more voluminous 
experience with adult trauma might inform or influence 
its approach to pediatric cases. Furthermore, experience 
with general (non-TBI) trauma may also be relevant to 
pediatric TBI care, particularly for the management of 
polytrauma patients. One of our primary goals, therefore, 
was to understand what aspects of trauma experience may 
contribute to management and outcomes in severe pediatric 
TBI. Specifically, we tested the impact of four distinct 
volume variables on severe pediatric TBI outcomes. 

In this study, we used the largest U.S. trauma registry, the 
National Trauma Databank (NTDB), to examine the VOR 
in the pediatric population. Because treatment at American 

College of Surgeons (ACS) Level I and II pediatric trauma 
centers has been shown to improve outcomes and may be 
a significant confounder due to the requirements for ACS 
accreditation (16), we restricted our analysis to Level I and 
II pediatric ACS-designated facilities. We hypothesized 
that, given the relatively smaller numbers of severe pediatric 
TBI cases, the VOR for pediatric TBI might depend to a 
greater extent on broader institutional trauma experience. 
Our objectives were (I) to establish whether volume—rather 
than trauma center level and resource availability—was 
related to severe pediatric TBI short-term outcomes and 
(II) to analyze the influence of different measures of volume 
on these outcomes. We present the following article in 
accordance with the STROBE reporting checklist (available 
at http://dx.doi.org/10.21037/jeccm-21-24).

Methods

Study population

This study was conducted using data from the 2012‒2015 
National Trauma Data Bank (NTDB) Research Data 
Set. The NTDB is managed and compiled by the ACS 
Committee on Trauma (17). The study population was 
composed of patients between ages 0 and 18, who were 
treated for severe TBI at trauma centers with a pediatric 
ACS level designation of I or II. Only patients presenting 
to these institutions were included to minimize inter-
institutional heterogeneity in resource and personnel 
availability. However, a subsequent sensitivity analysis 
was also conducted to examine the effects of volume 
across all institutions. TBI patients were identified using 
International Classification of Diseases, 9th Revision Clinical 
Modification codes (ICD-9-CM) corresponding to the 
following injury types: fractures of the skull (800.0‒801.9, 
803.0‒804.9), intracranial injuries (850.0‒854.1), “shaken 
baby syndrome” (995.55), and other unspecified head injury 
(959.01). Following earlier research and guidelines (18), 
severe TBI was defined as having a total Glasgow Coma 
Score (GCS) of 3‒8 upon admission to the hospital. Patients 
with an unknown age were excluded. These criteria make 
the inclusion of minor TBI cases unlikely. Accordingly, 
the average ICU and hospital length of stay (LOS) were 
7.07 and 11.42 days, indicating that patients required 
substantial treatment. Due to the absence of a “Dead Upon 
Arrival” variable in the NTDB, we removed patients with 
a low chance of survival by following a similar method as 
Alarhayem et al. (19), eliminating patients who exhibited no 
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Figure 1 Study Population Exclusion Criteria. Data reduction steps using data from the 2012–2015 NTDB. TBI, Traumatic Brain Injury; 
GCS, Glasgow Coma Scale.

Available Data: 2012-2015 N=11,470,015

Multivariate analysis n=5,425

Removing cases with no ICD-9-CM codes for TBI (9,876,722 excluded) n=1,593,293

Removing cases with GCS score greater than 8 (144,704 excluded) n=19,483

Removing cases with missing age data (60,072 excluded) n=1,032,912

Removing cases not at Pediatric ACS Level I or II Trauma Centers (13,015 excluded) n=5,479

Removing duplicate patient entries (500,309 excluded) n=1,092,984

Removing cases that arrived with no signs of life (989 excluded) n=18,494

Removing cases greater than 18 years old (868,725 excluded) n=164,187

Removing cases with low chances of survival (46 excluded) n=5,433

Removing cases that left against physician orders (8 excluded) n=5,425

signs of life (admission systolic blood pressure =0 and pulse 
rate =0) and no neurological activity (GCS =3) (Figure 1).

Demographic and clinical data including sex, age, race, 
Injury Severity Score derived from hospital-submitted 
Abbreviated Injury Scores (ISSAIS score), comorbidities 
present, injury type (blunt vs. penetrating vs. other/
unspecified), procedures done on the first day of admission, 
presence of complications, mortality, LOS in the ICU, total 
LOS in the hospital, and hospital discharge disposition 
were isolated for each patient. Only comorbidities and 
complications that were present in at least 1% of the 
patient population were investigated, in order to reduce 
the risk of model overfitting. Comorbidities included 
congenital anomalies (1%) and respiratory disease (3.3%). 
Complications included cardiac arrest (4.3%), deep vein 
thrombosis (1.8%), cerebrovascular accident (1.1%), 
pneumonia (6.5%), urinary tract infection (1.8%), acute 
respiratory distress syndrome (3.3%), unplanned return 
to the ICU (1.1%), and unplanned return to the OR 
(1.0%). Only patients who developed these conditions 
after initial presentation were counted as having a 
complication. Procedures done on the first day of admission 
were condensed into a single variable which represented 
whether the patient had any of the following procedures 

performed within their first 24 hours in the hospital: 
craniotomy or craniectomy, ICP monitoring, transfusions 
for coagulopathy (transfusion of platelets or coagulation 
factors), other transfusions (transfusion of PRBCs, whole 
blood, blood expander, exchange transfusion, other 
uncategorized transfusions), and ventriculostomy. In order 
to assess inter-hospital differences in treatment patterns 
for severe pediatric TBI influenced by hospital volume, 
we also investigated each procedure as a separate outcome 
variable, which denoted its occurrence at any point during 
the patient’s hospital stay. Following a similar method as 
Dams-O'Connor et al. (6), the native hospital discharge 
disposition variable within the NTDB was dichotomized 
as a binary variable into favorable (routine discharge, 
discharged home without home services, discharge home 
with home services, discharged home under care of 
organized home service, transfer to a long-term care facility, 
transfer to an intermediate care facility, transfer to a skilled 
nursing facility, transferred to rehab) or unfavorable (death 
or hospice). Patients who left against medical advice or 
whose outcomes were unknown were excluded from the 
study population. For each patient, facility data including 
hospital teaching status (community or university), region 
of the hospital, adult major trauma volume, adult severe 
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Table 1 Description of independent volume variables for severe pediatric TBI outcomes

Volume variable Volume metric
Population in which 
outcomes were 
investigated

Related 
figure

Main results associated 
with an increase in 
volume

Pediatric major 
trauma

Volume of Pediatric Major Trauma Patients Treated 
at Pediatric ACS Level I or II Trauma Centers

Severe Pediatric TBI 
Patients

Figure 2 More favorable 
discharge, lower 
complication rates, lower 
likelihood of ARDS

Severe pediatric 
TBI

Volume of Severe Pediatric Patients TBI Treated at 
Pediatric ACS Level I or II Trauma Centers

Severe Pediatric TBI 
Patients

Figure 3 Lower complication 
rates, lower likelihood of 
developing ARDS

Adult major 
trauma

Volume of Adult Major Trauma Patients Treated at 
Pediatric ACS Level I or II Trauma Centers

Severe Pediatric TBI 
Patients

Figure 4 Higher likelihood of 
ventriculostomy, higher 
likelihood of developing 
ARDS

Adult TBI Volume of Severe Adult TBI Patients Treated at 
Pediatric ACS Level I or II Trauma Centers

Severe Pediatric TBI 
Patients

Figure 5 Higher likelihood of 
ventriculostomy, higher 
likelihood of developing 
ARDS

TBI, traumatic brain injury; ARDS, acute respiratory distress syndrome; ACS, American College of Surgeons.

TBI volume, pediatric major trauma volume, and pediatric 
severe TBI volume were also obtained from the NTDB.

Volume variables

The VOR was investigated using four different independent 
variables: pediatric severe TBI volume, adult severe TBI 
volume, pediatric major trauma volume, and adult major 
trauma volume (Table 1). For each of the four models, we 
considered the cumulative volume of each pediatric ACS 
Level I or II trauma center that fit the inclusion criteria 
to account for longitudinal changes in volume for an 
institution across the study period. We derived the volume 
variables from the 2012–2015 NTDB datasets. Severe 
pediatric TBI volume was computed as the number of 
patients admitted to an institution who were between 0– 
18 years old, had ICD-9-CM diagnosis codes corresponding 
to TBI, and had an admission GCS score between 3–8. 
We used similar criteria for adult severe TBI volume, but 
only included patients older than 18 years in the volume 
calculation. We identified pediatric major trauma volume 
as the number of cases recorded in the NTDB, for a given 
hospital, where the patient was 18 years or younger and had 
an ISS score greater than or equal to 15 (20). Similarly, we 
calculated adult major trauma volume by only considering 
NTDB admissions older than 18 years with ISS score of 
at least 15. These criteria were only used to calculate the 

volume variables. The study population for each of the four 
distinct volume models, identified by the severe pediatric 
TBI criteria, remained the same (Table 1).

Statistical analysis

Four separate analyses based on adult major trauma volume, 
pediatric major trauma volume, adult severe TBI volume, 
and pediatric severe TBI volume were conducted. Each 
independent volume variable was analyzed on a continuous 
scale. Combined pediatric and adult centers and stand-
alone pediatric institutions were treated together. Outcome 
variables included mortality, ICU LOS, total hospital LOS, 
discharge disposition status, presence of any complication, 
presence of each complication subtype, performance of 
each procedure, and performance of any procedure on the 
first day of admission. We analyzed discharge disposition 
as our primary outcome variable and controlled for patient 
demographics, hospital characteristics, ISS score, GCS 
score, comorbidities, and field-to-hospital transport time.

Ethics

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This study was 
exempt from Institutional Board Review due to the publicly 
available and de-identified nature of the data in the NTDB. 
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The National Trauma Data Bank is available to researchers 
in all partner institutions that contribute data to the dataset. 
Ethical review and approval were not required for this 
study on human participants in accordance with the local 
legislation and institutional requirements. Written informed 
consent from the patients was not required to participate 
in this study in accordance with the national legislation 
and the institutional requirements. These data are reported 
according to the STROBE guidelines.

Results

Study population

There were 5,425 severe pediatric TBI admissions to 
92 unique Pediatric ACS Level I or II trauma centers 
from 2012–2015 (Figure S1). Patients were an average of  
9.5 years old [standard deviation (SD)=6.0, range, 1 month 
to 18 years], and the majority of cases were white (59.5%) 
and male (65.1%). Injuries were most commonly blunt 
(72.9%), with an average GCS admission score of 4.2 (SD= 
1.8, pre-defined range, 3–8) and an average injury severity 
score of 23.0 (SD= 13.7, range, 1–75). Additionally, most 
patients were admitted to university hospitals (75.6%), and 
most cases occurred in the Midwest (33.4%) or the South 
(40.0%; Table 2). 

Outcomes: overview of outcomes for the four volume 
analyses

Following multivariate adjustment, only pediatric major 
trauma volume significantly impacted discharge disposition 
for severe pediatric TBI patients [odds ratio (OR) = 1.073 
per +100 patients, P<0.001; Figure 2]. Treatment at centers 
with greater severe pediatric TBI and pediatric major 
trauma volume was associated with lower complication 
rates (Severe pediatric TBI: OR =0.824 per +100 patients, 
P=0.002; Pediatric major trauma: OR =0.956 per +100 
patients, P=0.018; Figures 2,3). Complication subtype 
analysis revealed that the likelihood of developing ARDS, 
specifically, was significantly reduced at these institutions 
(Severe pediatric TBI: OR =0.505 per +100 patients, 
P<0.001; Pediatric major trauma: OR =0.851 per +100 
patients, P<0.001). Analysis based on the adult TBI and 
adult major trauma volume variables demonstrated no 
difference in discharge disposition for severe pediatric TBI 
patients based on adult volume (Severe adult TBI: OR 
=1.002 per +100 patients, P=0.864; Adult major trauma: OR 

=0.998 per +100 patients, P=0.553). However, higher adult 
volume was associated with a greater likelihood of receiving 
a ventriculostomy on the first day of admission (Severe 
adult TBI: OR =1.066 per +100 patients, P<0.001; Adult 
major trauma: OR =1.018 per +100 patients, P<0.001) and 
developing ARDS (Severe adult TBI: OR =1.086 per +100 
patients, P=0.004; Adult major trauma: OR =1.024 per +100 
patients, P=0.002; Figure 4-5). Interestingly, the majority of 
institutions experienced lower volumes of each neurotrauma 
type (Figure 6A,B,C,D).

Severe pediatric TBI outcomes related to pediatric major 
trauma volume

For the period 2012–2015, the highest volume center 
treated 1,049 pediatric major trauma patients, while the 
lowest volume center admitted none (Figure 6B). Hospitals 
with higher pediatric major trauma volume also saw more 
severe cases, as measured by Injury Severity Score (+0.03 
per +100 patients, P<0.001). Additionally, lower volume 
centers contributed most to the variability in outcomes 
(Figure S2). Following multivariate adjustment, treatment 
at hospitals with higher pediatric major trauma volume 
was associated with higher odds of favorable discharge 
(OR =1.073 per +100 patients, P<0.001; Figure 2, Figure 7).  
A subsequent sensitivity analysis demonstrated that this 
significant relationship was strengthened when patients 
treated at all trauma center types were included (OR 
=1.109 per +100 patients, P<0.001; Figure S3). Greater 
pediatric major trauma volume was also correlated with 
shorter hospital (‒0.21 days per +100 patients, P=0.035) 
and ICU LOS (‒0.16 days per +100 patients, P=0.011), 
and a lower risk of complications (OR =0.956 per +100 
patients, P=0.018), particularly ARDS (OR =0.851 per +100 
patients, P<0.001; Figure 2). To account for the possibility 
that patients who initially presented with pulmonary injury 
may have been more likely to develop ARDS, and that the 
presence of this factor could interact with trauma and TBI 
experience more generally, we repeated the analysis while 
controlling for pulmonary injury at presentation. In this 
model, patients treated at higher pediatric major trauma 
volume hospitals remained less likely to develop ARDS 
(OR =0.850 per +100 patients, P<0.001). Greater volume 
was also associated with a higher likelihood of receiving a 
transfusion for coagulopathy within the first 24 hours (OR 
=1.118 per +100 patients, P<0.001) and ICP monitoring 
(OR =1.044 per +100 patients, P=0.019). However, pediatric 
major trauma volume did not significantly impact mortality 

https://cdn.amegroups.cn/static/public/JECCM-21-24-supplementary.pdf
https://cdn.amegroups.cn/static/public/JECCM-21-24-supplementary.pdf
https://cdn.amegroups.cn/static/public/JECCM-21-24-supplementary.pdf
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Table 2 Characteristics of severe pediatric TBI admissions to 
pediatric ACS level I and II trauma centers in the NTDB

Variable
Number of admissions 

(%)

Total admissions between 2012–2015 5,425

Age, in years (mean ± standard deviation) 9.5±6.0

Sex

Male 3,530 (65.1%)

Female 1,894 (34.9%)

Race

White 3,228 (59.5%)

African American 858 (15.8%)

Asian 89 (1.6%)

American Indian 90 (1.7%)

Native Hawaiian/Pacific Islander 12 (0.2%)

Other/Unknown 1,148 (21.2%)

Hospital teaching status

Community 1,056 (19.5%)

University 4,100 (75.6%)

Non-Teaching 269 (5.0%)

Hospital region

Northeast 412 (7.6%)

Midwest 1,810 (33.4%)

South 2,153 (40.0%)

West 1,050 (19.4%)

Injury Type

Blunt 3,957 (72.9%)

Penetrating 44 (0.8%)

Other 1,424 (26.2%)

GCS Admission Score

3 3,559 (65.6%)

4 213 (3.9%)

5 203 (3.7%)

6 504 (9.3%)

7 502 (9.3%)

8 444 (8.2%)

Mean ± Standard Deviation 4.2±1.8

Table 2 (continued)

Table 2 (continued)

Variable
Number of admissions 

(%)

Comorbidities present

Congenital anomalies 56 (1.0%)

Respiratory disease 181 (3.3%)

ISS (Mean ± Standard Deviation) 23.0±13.7

Underwent neurosurgical procedure on 
the first day

1,582 (29.2%)

Decompressive craniectomy 1,006 (18.5%)

ICP monitoring 1,084 (20.0%)

Transfusion for coagulopathy 289 (5.3%)

Other transfusion 142 (2.6%)

Ventriculostomy 508 (9.4%)

Percentages may not add up to 100% due to rounding or 
missing data. Abbreviations: ICP = Intracranial Pressure.

(OR =0.975 per +100 patients, P=0.331). Consistent with 
these results, after running an identical analysis that was not 
restricted to pediatric ACS level I and II trauma centers, 
mortality was not significantly decreased at higher pediatric 
trauma volume institutions (P=0.056; Figure S3). 

Discussion

Pediatric major general trauma experience informs 
pediatric severe TBI outcomes

In this study, we found more favorable discharge 
dispositions for severe pediatric TBI patients at hospitals 
with higher pediatric major general trauma volume 
exclusively. However, both pediatric severe TBI and major 
trauma experience were correlated with lower complication 
rates, particularly for ARDS. Analyses based on adult 
volume demonstrated no significant effect of adult major 
trauma or TBI experience on outcomes for severe pediatric 
TBI patients. VORs have been established for neurosurgery, 
trauma (21-23), and adult TBI (13,14). Additionally, the 
difference in outcomes between pediatric-ACS designated 
and non-pediatric centers, as well as Level I vs. Level II 
institutions has already been described. Therefore, rather 
than focusing on center designation or resource availability, 
we investigated whether volume influences outcomes 

https://cdn.amegroups.cn/static/public/JECCM-21-24-supplementary.pdf
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Figure 2 Adjusted severe pediatric TBI outcomes associated with an increase in pediatric major trauma volume. Multivariate regression 
adjusted for the same set of confounding variables for each outcome variable. All results are reported for an interval of +100 patients. 
95% confidence intervals were plotted, with significant associations colored black. Results for subtype analysis are separated by a gray 
background. Odds ratio >1 indicates a positive association with increasing volume. ARDS, Acute respiratory distress syndrome; DVT, deep 
vein thrombosis; CVA, cerebrovascular accident; UTI, urinary tract infection; ICP, intracranial pressure.

Odds Ratio (Based on Pediatric Major Trauma Volume Model)
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in the pediatric severe TBI population at similarly-
designated centers. Level I and Level II centers typically 
have a high level of expertise and meet a set of stringent 
requirements for certification. Thus, similar to previous 
research performed for the general trauma population (8), 
limiting our analysis to these hospitals was particularly 
informative about the beneficial impact of volume at even 
the most experienced institutions with comparable resource 
availability. 

Contrary to earlier neurosurgical and trauma VOR 
research, which only examined the impact of volume for the 
procedure or patient population being studied, we analyzed 

four different measures of volume and found that pediatric 
major trauma was the only volume metric that significantly 
impacted discharge disposition, our primary outcome 
variable. Analysis based on this measure demonstrated that 
centers with greater pediatric major trauma volume had 
significantly higher odds of favorable discharge (Figure 2).  
This trend is consistent with previous VOR studies in 
neurotrauma patients (9,14,23,24). Together, these findings 
suggest that greater pediatric major trauma experience is 
informative for the care of TBI patients. There are several 
plausible explanations for this observation. One possibility 
is that the management of systemic (rather than neurologic) 
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Figure 3 Adjusted Severe Pediatric TBI outcomes associated with an increase in severe pediatric TBI volume. Multivariate regression 
adjusted for the same set of confounding variables for each outcome variable. All results are reported for an interval of +100 patients. 
95% confidence intervals were plotted, with significant associations colored black. Results for subtype analysis are separated by a gray 
background. Odds ratio >1 indicates a positive association with increasing volume. ARDS, acute respiratory distress syndrome; DVT, deep 
vein thrombosis; CVA, cerebrovascular accident; UTI, urinary tract infection; ICP, intracranial pressure.

sequelae of trauma that includes a TBI component is 
more critical to outcomes, and so greater general pediatric 
trauma experience is more directly impactful in these 
cases. Alternatively or in addition, because non-pediatric 
subspecialty physicians (including neurosurgeons) and 
care technicians (e.g., respiratory care specialists) at some 
institutions may cross-cover to treat pediatric neurotrauma, 
higher pediatric major trauma volume may improve 
these individuals’ expertise at pediatric neurotrauma care. 
Particularly at institutions with low TBI volume, insights 
from handling more pediatric major trauma may translate 
to better care for these patients presenting with severe TBI. 
Conversely, higher volume centers may have sufficient 

staffing to ensure care is delivered exclusively by pediatric 
neurosurgeons, pediatric intensivists, and other pediatric 
care providers. Patients presenting with polytrauma may 
also benefit from treatment at centers with greater severe 
pediatric trauma experience. Greater volume may also 
influence the development of an institution’s management 
policies and processes of care for pediatric trauma cases, 
allowing for more effective multidisciplinary treatment 
of severe TBI patients. The methodology and findings 
of the present study may inform future VOR research by 
expanding focus towards multiple volume metrics, rather 
than a singular measure of experience directly related to the 
disease process of interest. 
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Odds Ratio (Based on Adult Major Trauma Volume Model)
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Figure 4 Adjusted severe pediatric TBI outcomes associated with an increase in adult major trauma volume. Multivariate regression adjusted 
for the same set of confounding variables for each outcome variable. All results are reported for an interval of +100 patients. 95% confidence 
intervals were plotted, with significant associations colored black. Results for subtype analysis are separated by a gray background. Odds 
ratio >1 indicates a positive association with increasing volume. ARDS, acute respiratory distress syndrome; DVT, deep vein thrombosis; 
CVA, cerebrovascular accident; UTI, urinary tract infection; ICP, intracranial pressure.

Previous work has suggested that hospital volume can 
impact a variety of factors such as surgeon experience with 
pediatric procedures, performance during time-sensitive 
cases, and hospital refinement of management strategies 
(22,25). For severe pediatric TBI patients, who have distinct 
needs and require multidisciplinary care, hospital volume 
related to different trauma care processes may exert an 
especially important effect on outcomes. The present study 
found that for the pediatric major trauma and pediatric 
severe TBI volume models, higher volume centers had 
lower rates of complications (OR =0.956 per +100 patients, 
P=0.018; Figure 2). By comparison, a study that investigated 
adult TBI outcomes based on adult TBI volume saw no 

significant effect on complication rates (13). Importantly, 
the authors used a different database, considered all center 
types in their analysis, and only considered the effects of 
one measure of volume. 

Of particular note was the highly significant relationship 
between greater pediatric volume and lower rates of 
ARDS in both primary and sensitivity analyses. While the 
connection between central nervous system insults and 
the onset of respiratory complications is still an area of 
developing research, TBI has been associated with increased 
risk of a pulmonary edema (26). Treating comorbid ARDS 
and TBI is especially difficult due to the competing effects 
of mechanical ventilation on TBI (27,28). Our analysis 
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Odds Ratio (Based on Severe Adult TBI Volume Model)
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Figure 5 Adjusted severe pediatric TBI outcomes associated with an increase in severe adult TBI volume. Multivariate regression adjusted 
for the same set of confounding variables for each outcome variable. All results are reported for an interval of +100 patients. 95% confidence 
intervals were plotted, with significant associations colored black. Results for subtype analysis are separated by a gray background. Odds 
ratio >1 indicates a positive association with increasing volume. ARDS, acute respiratory distress syndrome; DVT, deep vein thrombosis; 
CVA, cerebrovascular accident; UTI, urinary tract infection; ICP, intracranial pressure.

suggests that pulmonary complications might be a factor 
affecting variability in outcomes among institutions. 
Centers with higher pediatric TBI and trauma volume 
may have more advanced protocols for multidisciplinary 
care by pediatric, neurocritical care, and pulmonology 
specialists, and thus better equipped to treat this complex 
set of conditions. Efforts to improve the management of 
pulmonary complications may offer benefits for pediatric 
TBI patients, particularly at low-volume centers. However, 
further research is needed to understand the connection 
between treatment for comorbid TBI and respiratory issues. 
Although evidence is conflicting, previous studies have 

also suggested that platelet transfusions, proinflammatory 
effects of platelets, and elevated ICP may contribute to 
the development of ARDS (28-30). Our present findings 
demonstrate that patients at higher volume centers are more 
likely to undergo early ICP monitoring and transfusions 
for coagulopathy (Figure 2). Further research is necessary 
to determine the extent to which these practices impact the 
pathogenesis of ARDS after severe TBI.

Although favorable discharge was more likely with 
higher pediatric major trauma volume, mortality rates 
for severe pediatric TBI patients between low and high-
volume institutions were about the same across all volume 
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Figure 6 Histogram of total volume from 2012–2015 among Pediatric ACS Level I and Level II Trauma Centers. (A) Severe Pediatric TBI 
Volume (n=92); (B) Pediatric Major Trauma Volume (n=92); (C) Severe Adult TBI Volume (n=92); (D) Adult Major Trauma Volume (n=92).

analyses (Figures 2-5). This is in contrast to some previous 
studies that saw improved mortality rates at higher volume 
centers for trauma patients (9,21). However, our findings 
may have been a result of a relatively smaller sample size 
(n=5,425). To further investigate this, we re-ran an identical 
analysis, but included all trauma center types. Consistent 
with our previous results, mortality was not significantly 
different at higher pediatric major trauma volume centers 
(P=0.056; Figure S3). Mortality rates may also be impacted 
by residual confounding. For example, hospitals with 
greater volume may have higher case complexity, which 
the severity metrics in our multivariate model were not 
entirely capable of capturing. Trauma center type, which is 
controlled in our analysis by limiting the study population 
to Pediatric ACS Level I and II centers, has also been 
connected to improved mortality rates for TBI patients 
(5,7,31). However, most of these studies focused on adults 

rather than children. There may be relevant differences 
even within the pediatric population, dependent on age; 
one study found that mortality rates for the pediatric 
trauma population at different trauma center types differ 
based on age of the child (32). Nevertheless, mortality is 
not the only salient endpoint for children with trauma. 
Ensuring favorable functional outcomes and status are also 
critical, and the present study suggests that high pediatric 
major trauma volume centers do have higher rates of 
favorable discharge disposition for children affected by 
TBI. 

Unfortunately, however, the NTDB lacks information 
on longer term or more granular functional outcomes. 
The database also does not record measures of specific 
neurologic features related to brainstem function upon 
admission, such as pupillary response to light, due to these 
variables’ unavailability in the NTDB. While we followed 

https://cdn.amegroups.cn/static/public/JECCM-21-24-supplementary.pdf
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Figure 7 Impact of pediatric major trauma volume on discharge disposition subtype. Unadjusted secondary comparison of discharge 
disposition between the top and bottom quartile pediatric major trauma volume institutions. All primary analyses were performed on a 
continuous scale. Similar mean GCS scores (Bottom: 4.2±1.8, Q2: 4.2±1.8, Q3: 4.1±1.7,Top: 4.0±1.7), ISS scores (Bottom: 21.2±13.6, 
Q2: 23.2±13.4, Q3: 24.4±14.3, Top: 25.2±13.7), and LOS in the ICU (Bottom: 7.2±9.9, Q2: 7.4±9.7, Q3: 6.3±8.3, Top: 6.7±8.4) were 
demonstrated for all quartiles. SNF, Skilled Nursing Facility.

validated earlier methods to remove patients with no signs 
of life of neurological activity (19), these exclusion criteria 
may not have completely accounted for this subpopulation 
with uniquely poor outcomes.

Implications of the pediatric severe TBI VOR

Centralization of care is an important strategy that several 
states and organizations have begun to implement for 
a variety of conditions (11,12,33). Research examining 
the management of pediatric TBI patients has suggested 
that optimal care of this younger patient group requires 
multidisciplinary approaches that are distinct from those 
used to manage adult neurotrauma (34,35). Our present 
results also demonstrate that higher pediatric major 
trauma volume translates to improved severe pediatric 
TBI outcomes, underscoring the value of general trauma 
experience in TBI management. As such, examining 
system-based factors may inform initiatives to benefit 
pediatric TBI patients at a population level and optimize 
hospital resource utilization. Discussing centralization of 
care is especially relevant to the pediatric TBI population 
because the time-sensitive nature of TBI typically does not 
allow patients to make fully informed decisions on where 
they are treated (36). In these situations, it is important 
that the routine intervention strategies and transfer or 

referral networks to high-performing institutions optimize 
outcomes for these critical care patients. However, there 
are some important drawbacks to heed for such strategies. 
Because the treatment of severe TBI is often time-sensitive, 
the additional time needed to present or transfer to higher 
volume institutions may negatively impact outcomes. Cost 
of treatment, both for the provider, as well as the patient, 
is another moderating factor. Additionally, although 
some hospitals treated fewer than 10 patients over a four-
year period, these institutions may be the only place for 
trauma care in underserved regions. Lack of access to a 
center with the resources to manage TBI is an important 
concern that should be addressed in conversations about 
regionalization processes, and understanding intervention 
and practice differences between high- and low-performing 
institutions may help ameliorate these disparities. For 
example, coordination of care between centers with 
heterogenous availability of specialists may refine inter-
hospital communication, educational partnerships, and 
management policies, allowing experienced institutions to 
serve as resources to local care and providing educational 
opportunities for practitioners and trainees at lower-volume 
centers (36,37). Regionalization of care may also offer 
benefits by catalyzing the study of best practices at high-
volume institutions that may be disseminated to hospitals 
with less trauma experience.
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Limitations

The present study has several potential limitations. First, 
the NTDB contains data voluntarily submitted by hospitals 
and may not be a fully complete and accurate representation 
of true trauma burden and care. However, because this 
database is the largest trauma registry in the United States, 
it was the best resource for this study. Additionally, because 
only initial admission data are included in the NTDB, 
analysis of long-term functional status and re-admissions 
was not possible; the short-term outcomes assessed here 
may not precisely reflect the ultimate functional outcomes 
of the studied population. Future research that includes 
follow-up data and analysis of long-term outcomes is 
necessary. Furthermore, multivariate regression only 
identifies associations between variables, providing an 
incomplete understanding of the relationship between 
disease processes and outcomes—causality cannot be 
assumed based on the present analysis. Adjusting for all the 
possible physiological variables that may affect outcomes 
presents another challenge. For example, information about 
the volume of intracranial hemorrhage for each case was 
not given, so residual confounding related to differences 
in severity of case presentation may still exist. Not all 
complications are able to be captured through the NTDB. 
Information about sepsis without organ dysfunction, for 
example, was not available. As with any hospital or national 
database, the potential for recording inaccuracies is present. 
However, the NTDB also contains several quality assurance 
measures to minimize the incidence of these coding 
inaccuracies (38). Changes in pediatric ACS verification 
since the end of our study period may merit consideration 
when interpreting the present results, as well. 

Due to the selection criteria of this investigation, our 
data set sample size was also relatively small (n=5,425). 
To address this issue, we conducted a sensitivity analysis 
that included patients treated at institutions of any level 
(n=18,410) and found that the VOR of our primary 
outcome variable using the pediatric major trauma model 
was strengthened (Figure S3). Our analyses might be 
further refined by including a greater range of years of data 
from the NTDB or utilizing a different national database, 
such as the National Inpatient Sample. Finally, although the 
present analysis focused on the impacts of pediatric major 
trauma on our primary outcome variable, the other volume 
metrics may also be informative on outcomes. Further 
modeling to highlight the most predictive volume model for 
severe pediatric TBI is necessary.

Conclusions

Among different volume metrics, pediatric experience, 
rather than adult, appears to benefit severe pediatric TBI 
short-term outcomes. At Level I and II pediatric trauma 
care facilities, treatment at higher pediatric trauma 
volume hospitals was associated with improved outcomes, 
specifically higher likelihood of favorable discharge and 
lower rates of ARDS. 
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Figure S1 Pediatric TBI Admissions in the 2012–2015 NTDB. (A) Number of admissions for Severe Pediatric TBI (B) Number of total 
pediatric TBI admissions. NTDB, national trauma databank.

Figure S2 Volume vs. proportion of favorable discharge at each pediatric ACS Level I or II trauma center. Solid vertical line represents 
average expected proportion of favorable discharge with 95% confidence intervals in the dotted lines. (A) Severe pediatric TBI volume (n=92) 
(B) Pediatric Major trauma volume (n=92) (C) severe adult TBI volume (n=92) (D) adult major trauma volume (n=92).
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Figure S3 Sensitivity analysis of adjusted severe pediatric TBI outcomes associated with an increase in pediatric major trauma volume at 
all trauma center types. Multivariate regression adjusted for the same set of confounding variables for each outcome variable. All results 
are reported for an interval of +100 patients. 95% confidence intervals were plotted, with significant associations colored black. Results for 
subtype analysis are separated by a gray background. Odds ratio >1 indicates a positive association with increasing volume. ARDS, acute 
respiratory distress syndrome; DVT, deep vein thrombosis; CVA, cerebrovascular accident; UTI, Urinary Tract Infection; ICP, intracranial 
pressure.


