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Abstract

Traumatic brain injury (TBI) exacts a great toll on society. Fortunately, there is growing evidence
that the management of TBI in the early minutes after injury may significantly reduce morbidity
and mortality. In response, evidence-based prehospital and in-hospital TBI treatment guidelines
have been established by authoritative bodies. However, no large studies have yet evaluated the
effectiveness of implementing these guidelines in the prehospital setting. This article describes the
background, design, implementation, emergency medical services (EMS) treatment protocols, and
statistical analysis of a prospective, controlled (before/after), statewide study designed to evaluate
the effect of implementing the EMS TBI guidelines—the Excellence in Prehospital Injury Care
(EPIC) study (NIH/NINDS RO1INS071049, “EPIC”; and 3R01INS071049-S1, “EPIC4Kids™).

The specific aim of the study is to test the hypothesis that statewide implementation of the
international adult and pediatric EMS TBI guidelines will significantly reduce mortality and
improve nonmortality outcomes in patients with moderate or severe TBI. Furthermore, it will
specifically evaluate the effect of guideline implementation on outcomes in the subgroup of
patients who are intubated in the field. Over the course of the entire study (~9 years), it is
estimated that approximately 25,000 patients will be enrolled.

It is difficult to overstate the societal impact of traumatic brain injury (TBI). Annually in the
United States, nearly 1.7 million victims of TBI are seen in emergency department (EDs),
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275,000 are hospitalized, and over 50,000 die.13 The Centers for Disease Control and
Prevention (CDC) estimates that at least 5.3 million Americans (about 2% of the population)
have TBI-related long-term requirements for help performing activities of daily living.# The
direct and indirect costs of TBI totaled an estimated $60 billion in 2000.2 While the burden
of injury is enormous across all age groups, children are disproportionately affected.® In
fact, TBI is the leading cause of death and disability in children.®

In major TBI (the term being used here for both moderate and severe injury), after the initial
trauma (“primary brain injury”), additional secondary injury often occurs soon after the
event.1"-11 There is growing evidence that the care provided in the first few minutes may
have a significant effect on outcome. Failure to immediately optimize treatment and limit
secondary injury may lead to neurologic damage that is indelible, despite subsequent heroic
in-hospital efforts.5-18 Based on these findings, evidence-based guidelines have been
promulgated for in-hospital® 719 and prehospitall®1? TBI treatment.

The emergency medical services (EMS) TBI guidelines focus on the prevention and rapid
correction of hypotension, hypoxia, and hyperventilation (in patients receiving positive-
pressure ventilation). This is because of a large and growing literature showing the
disastrous effect of these factors on outcomes.

Hypotension is common during both EMS and in-hospital TBI care8-20-21 and significantly
decreases survival.8:8:9:20-38 A single episode is associated with a doubling of mortality, and
this risk increases dramatically with repeated episodes (odds ratio = 8.1 in one study).2’
Conversely, the aggressive correction of hypotension early in the course of TBI is associated
with improved outcomes.6:7:10.22,39

Hypoxia (O, saturation < 90%) occurs frequently during the prehospital care of TBI
patients13:16:31.4041 and is associated with a major increase in mortality,8:20.22,24,28-31,42-44
with some studies reporting as much as a sevenfold increase.28 Even a single hypoxic
measurement in the field is associated with increased risk of death.8:42:43

Until the early 1990s, “therapeutic hyperventilation” for TBI was commonly used because
of studies suggesting it might improve outcome.#>-49 However, there is now overwhelming
evidence that even mild to moderate hyperventilation is detrimental to the brain due to
vasoconstriction-induced ischemia and other factors.3:8:10.14.23.50-76 ynfortunately,
inadvertent hyperventilation is extremely common in EMS when intubated patients are
manually ventilated.3:14:51.52.77-84 The resulting hypocapnea is often severe, with end-tidal
carbon dioxide (ETCO,) levels of <25 mm Hg in as many as one-third of cases and <30 mm
Hg in two-thirds of cases.”® Denninghoff et al.8 identified that, in the acute setting, failure
to properly control postintubation ventilation is associated with a sixfold increase in
severity-adjusted mortality.

The foregoing discussion highlights why the proper management of oxygenation,
ventilation, and hemodynamics are at the core of the TBI guidelines. This robust literature,
along with studies showing the effect of implementing the in-hospital guidelines,2:86-89
make it likely that implementing the guidelines in the field will significantly improve
outcomes. However, the guideline development process acknowledged that the evidence
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supporting the EMS TBI treatment recommendations is weak,57:19.19 and no large studies
have yet evaluated their effectiveness. Here we describe a large prospective, before—after,
statewide study evaluating the effect of implementing the EMS TBI guidelines—the
Excellence in Prehospital Injury Care (EPIC) study. EPIC is funded by the National
Institutes of Health (NIH/NINDS RO1NS071049, “EPIC”; and 3R01NS071049-S1,
“EPIC4Kids”; ClinicalTrials.gov NCT01339702).

It is important to note from the outset that EPIC is an effectiveness study. It is not designed
to identify the efficacy of specific, individual interventions. Rather, it is evaluating the
effectiveness of the entire guideline “bundle” in a “real-world” setting across a vast
demography and geography. This type of outcomes research goes hand-in-hand with
classical randomized clinical trials aimed at identifying the efficacy of highly defined,
carefully constructed, specific interventional questions.%0:91

The objectives of the study are to evaluate the following hypotheses:

e Overall Sudy Hypothesis—statewide implementation of the adult and pediatric
EMS TBI guidelines will significantly reduce mortality and improve nonmortality
outcomes in patients with moderate and severe TBI.

»  Specific Hypotheses—implementation of the guidelines will: 1) significantly reduce
overall mortality, 2) significantly reduce mortality among patients who are
intubated in the field, and 3) significantly improve nonmortality outcomes (e.g.,
hospital length-of-stay, patient disposition).

Preimplementation TBI Care in Arizona

A prestudy survey evaluating 51 agencies (covering about 75% of the population)
demonstrated highly variable TBI treatment across the state of Arizona. Only half had
protocols specifying target ranges for O, saturation or blood pressure (BP), and only one-
third had specific treatment protocols. While nearly 70% of agencies had ETCO, monitoring
capabilities, only one-third of these had protocols specifying postintubation ETCO, targets.
No agency had implemented the guidelines, thus creating the opportunity to prospectively
evaluate the effect of implementation.

METHODS

Study Design

The EPIC study is a prospective, statewide, before—after, system study®1-99 evaluating
implementation of the EMS TBI guidelines throughout Arizona. EPIC has three phases
(Figure 1). Phase 1 was the preimplementation (“before”) phase during which baseline risk
adjustment and outcome measures were collected, from 2007 until implementation (most
agencies implemented in 2012). Phase 2 was a “run-in” period. For each agency, Phase 2
began at the initiation of training and continued until implementation is complete. Data from
Phase 2 are excluded from the analysis. Phase 3 is the postimplementation (“after”) phase. A
study timeline is given in Figure 2.
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Ethical Considerations

The necessary regulatory approvals for the EPIC project have been obtained from the
Arizona Department of Health Services (ADHS) and the State Attorney General. The
University of Arizona Institutional Review Board and the ADHS Human Subjects Review
Board have approved the project and have determined that, by virtue of being a public health
initiative, neither the interventions nor their evaluation constitute human subjects research.

Study Setting and Population

In Arizona, a statewide EMS evaluation partnership has been developed that includes the
ADHS, scientists from the University of Arizona, and over 100 EMS agencies (caring for
approximately 80% of the population). This partnership implemented statewide EMS
treatment changes for out-of-hospital cardiac arrest92:93.100-102 that tripled survival.92:100
This created the setting for conducting the EPIC project.

Inclusion criteria were as follows: patients with physical trauma (all ages) who 1) are
transported directly or transferred to a Level | or Il trauma center by participating EMS
agencies; 2) have hospital diagnosis(es) of TBI (isolated or multisystem trauma that includes
TBI); and 3) meet at least one of the following criteria: Abbreviated Injury Scale score for
the head of =3, CDC Barell Matrix-Type 1 classification, or prehospital positive-pressure
ventilation via bag-valve-mask, endotracheal intubation (ETI), supraglottic airway, nasal
intubation, or cricothyrotomy.6:7:10,17,19,85,95,103-107

Exclusion criteria included injuries of the following types: 1) nonmechanical mechanisms
(e.g., drowning); 2) choking/strangulation; 3) environmental injury (e.g., hyperthermia); 4)
poisoning (e.g., drug overdose, carbon monoxide); 5) nontraumatic intracranial hemorrhage;
and 6) other nontraumatic, acute neurologic emergencies (e.g., bacterial meningitis).

Study Protocol

Management Guidelines for EMS TBI Care—Each of the guideline
recommendations®7:10.19 that are directly related to EMS was integrated into specific
protocols and algorithms by the investigator team. Because the EMS guidelines were written
to emphasize specific, actionable interventions in the field, the “translation” was direct and
followed the guidelines themselves.

Overall Approach to Monitoring: Continuous oxygen saturation via pulse oximetry,
continuous quantitative ETCO, monitoring in intubated patients (when available), and
systolic BP (sBP) measured every 5 minutes. We performed a prestudy survey to evaluate
agency monitoring capabilities across the state. All agencies have pulse oximetry, 83% have
BP monitors, 70% have ETCO, monitors, and 36% have ventilators.

Overall Approach to Treatment: The essence of the EMS guidelines are the prevention
and rapid correction of hypoxia, hypotension, and hyperventilation (in patients receiving
positive-pressure ventilation).8:710.19 Thus, the main thrust of EPIC training is focused on
these issues. The details of the treatment protocols are given in Table 1.
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EMS Training—Training occurs through a local and regional train-the-trainer model that
has been very successful in our statewide cardiac arrest project.92:100.101 This occurs via
regional training of “master trainers” who receive a full written description of the program,
explanation and scientific rationale for the protocols, and training materials. The
investigators and/or lead EPIC educators then provide on-site education to teach the agency-
based master trainers. This includes a detailed didactic presentation and hands-on laboratory
experiences that are used by the trainers when doing the provider courses. At the agency
training sites, the didactic and hands-on training is interactive and focuses on scenario-based
education. The master trainer program is 3 hours and provider training is a minimum of 1
hour with optional additional modules available. A pretest/posttest evaluation is used to
verify content knowledge. Each agency submits training rosters to the study coordinator to
verify provider training. Recurrent training occurs via a combination of methods including
the training materials on the EPIC website (www.EPIC.Arizona.edu); video training; case
reviews at EMS base hospitals; e-newsletters; and multiple different “packages” of refresher
training, both didactic and online. In addition, a free application for personal communication
devices is available and helps reinforce learning of treatment protocols. Ongoing feedback to
the agencies occurs through updates on progress of the study via multiple means and venues
to providers, agency leaders, and medical directors.

Outcome and Severity/Risk Adjustment Measures—Using the Arizona State
Trauma Registry (ASTR) and the EMS patient care records, EPIC has access to an extensive
array of risk adjustment and outcome measures (Table 2; Data Supplements S1 and S2,
available as supporting information in the online version of this paper).91:94.108,109 The risk
adjustment measures are used for inclusion or exclusion from the study and for risk
stratification and analysis. The primary outcome measure is survival to hospital
discharge.”:8:10.11,17,18,23,85,86,89,95,96 The secondary outcomes are prehospital mortality,
hospital days, intensive care unit (ICU) days, ventilator days, hospital complications,
discharge disposition (e.g., home, long-term care facility), and trauma center costs
(charges).86-89.91

Data Collection—Because EPIC is an ADHS-sponsored public health initiative, the State
Attorney General has determined that it is exempt from HIPAA policy. The ADHS has
maintained the ASTR since 2005 (with complete data since 2007). There is a detailed and
explicit set of inclusion and exclusion criteria that are used by all trauma centers to
determine which cases are submitted to the ASTR. Cases meeting specific EPIC study
inclusion criteria are identified through the ASTR. This allows development of agency-
specific lists of EPIC cases for linking the EMS patient care records to the ASTR data.

Prehospital/Trauma Center Case Linkage: Approximately 65% of EMS cases in Arizona
are cared for by agencies that use paper-based systems, and the remainder use electronic
patient care records. In agencies with paper-based records or with electronic patient care
records where study staff do not have direct, online electronic access, the agency-specific
case list is used to identify the matching patient care records by hand, and then study staff
verify the linkage. Because of the high quality of the ASTR demographic data, in over 95%
of cases the patient care record is easily matched by using the five “base” identifiers to
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establish patient identity (first name, last name, date of birth, sex, and incident date). If an
unequivocal match is not made using the base identifiers, study staff review other fields
based on incident street location, incident type or mechanism (e.g., motor vehicle crash),
incident time, and specific EMS and trauma center case descriptions (e.g. specific
descriptions of external injuries). Such detailed searching for linkage occurs in fewer than
5% of cases. We have direct, online access to electronic patient care records for
approximately 35% of study cases. The same matching process is followed for these as for
paper-based agencies. Upon confirmation of a matched record, a unique identifier is
established to merge the prehospital and hospital record for all future reference queries.

To demonstrate our ability to link the data, we performed a pilot study. Using the ASTR, we
identified 75 consecutive severe TBI patients being brought to a trauma center by EMS and
were able to match 100% of the cases and to verify that the EMS and trauma center data
were available for all 75.

The EPIC electronic data warehouse is the repository for all cases meeting inclusion criteria.
The trauma center data are stored on MS SQL 2008 servers, and the EMS data are stored on
MY SQL 5.5 servers. Both data sets are stored on encrypted disk drives and transmitted only
via encrypted file transfer or encrypted e-mail. A secure, encrypted key is used for linkage
between the two data sets (Data Supplements S1 and S2).

Recent studies have identified that, in some systems, seriously injured trauma patients may
be taken to nontrauma hospitals.}10-112 However, we believe that the statewide trauma
system in Arizona creates a very high case capture rate for EPIC, since nearly all major TBI
patients go to trauma centers (either directly or by transfer). To verify this, we used the
comprehensive data from the ADHS Statewide Hospital Discharge and ED database.
Because the primary outcome in the EPIC study is hospital mortality, we assessed the TBI
deaths occurring in 2008. There were only 32 TBI deaths in the entire state that stayed at
nontrauma centers (and, thus, were not in the ASTR). Essentially all of these were elderly
patients with nonsurvivable injuries who were kept in local hospitals for supportive care.
Because we have ongoing access to the discharge database, we will be able to identify TBI
deaths occurring at nontrauma centers throughout the course of the study to help assess the
effect of this factor on the case capture rate.

Evaluation of Guideline Compliance—The EPIC data elements deal specifically with
guideline-related issues. The data extraction process from the patient care records identifies
guideline-relevant information (e.g., O, saturation, treating with high-flow O,, sBP, IV
fluids infused). These will be used to evaluate guideline compliance.

The study was powered based upon the EMS-intubated TBI subgroup because sufficient
literature exists to make a reasonable estimate of treatment effect size in this cohort. First,
using ASTR data (2007 through 2009), we are able to estimate the number of intubated
cases that will be enrolled in Phase 1 (about 4% years in length, including 1,391 adults and
318 children [age < 18 years]).
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Because no human studies have directly evaluated the effect of the EMS guidelines, the best
data available for estimating the potential benefit (and, therefore, the number of cases
needed in Phase 3) come from Wang et al., 194 Davis et al.,1” and Denninghoff et al.8% In
these studies, intubated TBI patients transported with controlled ETCO, levels were
compared to patients who had manual ventilation. These studies showed a remarkable 42%
to 66% relative decrease in mortality in the properly ventilated cohorts. Based on these
studies, a reasonable “best-case” estimate of treatment effect is a 42% relative reduction in
mortality in intubated patients.

The study is powered based on an a priori plan of performing two sequential analyses. To
calculate the power of the first interim analysis to detect a significant difference in mortality,
the statistical “best-case” scenario was used (i.e., 42% relative decrease in mortality, an
absolute decrease from 42.6% to 24.7% in adults, an absolute reduction from 36.9% to
21.4% in children, and a cluster effect of zero). Given these estimates for the interim
analysis, in adults we will have a power of 0.99 and in children 0.77 (o = 0.01, two-tailed) to
detect a significant reduction in mortality (Fisher’s exact test).113-119

The final analysis was powered based on a conservative treatment effect (21% relative
decrease in mortality for adults and 34% decrease in children) and the assumption that there
will be a significant clustering effect. The adult final analysis assumptions are as follows:
Phase 1 intubated cases 1,391; Phase 3 intubated cases 987; a = 0.04; intraclass correlation
= 0.01; design effect = 2.184. Given these assumptions, the power of the study to detect a
21% relative reduction in mortality is 0.79.

Given the above calculations, we are able to estimate the number of moderate and severe,
nonintubated TBI cases that will be enrolled. This is an important cohort to evaluate because
previous inpatient studies make it likely that this group will benefit from guideline treatment
as well.86-89 |n adults, we estimate about 10,305 cases in Phase 1 and about 8,015 in Phase
3 (about 18,320 combined). Thus, in total, we expect to enroll over 20,000 adults in the
EPIC study (2,416 intubated cases + 18,320 severe, nonintubated cases, totaling 20,736). In
children, we anticipate enrolling 2,389 cases in Phase 1 and 1,760 in Phase 3 for a total of
4,149 cases of intubated and nonintubated TBI. Thus, the entire EPIC study is expected to
enroll approximately 25,000 cases. Data Supplements S3 and S4 (available as supporting
information in the online version of this paper) contain detailed descriptions of the analysis
and sample size estimations.

Data Analysis

Descriptive statistics will be reported as means and standard deviations when data are
normally distributed and median and interquartile ranges or 95% confidence intervals as
appropriate for nonnormal data. Generalized linear mixed models (GLMM) will be used for
multivariate analyses.120:121 The GLMM allow assessment of differences in Phase 1 versus
Phase 3 for outcome variables that are binary, categorical, or continuous. Compared to
logistic, multinomial, and multiple regression models, GLMM have the added advantage of
simultaneously adjusting for the within-agency cluster correlation and the resulting
increased variance.120122 Continuous covariates will be tested for linearity and, if not linear,
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they will be transformed for linear fit using fractional polynomials or converted into
categorical variables as appropriate.

The primary outcome variable (mortality), which is binary, will be modeled specifying a
binomial distribution and logistic link function. Continuous outcome variables will use the
GLMM with a Gaussian distribution and identity link function. The a-level is 0.05 for all
statistical tests except the sequential analyses of the effect of implementation on mortality
(interim, a = 0.01; final, a = 0.04). This gives an overall a = 0.05 for the mortality analysis
(0.01 + 0.04 = 0.05). All tests are two-tailed unless specified otherwise.

Analysis of Mortality—Because controlling for injury severity is essential when
assessing the effect of an intervention on trauma survival,%:123-127 myltiple complementary
methodologies will be incorporated into the GLMM for this purpose. First, both the initial
EMS and the initial trauma center Revised Trauma Scores (RTS) will be used in separate
calculations. This is critical because guideline-based interventions may improve physiologic
parameters that affect RTS (e.g., sBP). If this happens, then using only the trauma center
RTS could be incorrectly interpreted as meaning that injury severity is lower in Phase 3
when, in fact, it was the EMS care that actually caused improved trauma center RTS values
(and led to concomitant decreased mortality). Second, Injury Severity Score (ISS), a purely
anatomic risk adjustment measure not influenced by treatment, will be used in the GLMM.
In addition, a propensity score will be used to adjust for multiple severity-related parameters
that are not included in the RTS or ISS (e.g., serum alcohol level).85:104.115128-132 The
propensity score will be included as a covariate in the GLMM. Given the data available in
the ASTR (Data Supplement S2), multiple demographic (e.g., insurance status, race),
medical (e.g., surgical interventions), and trauma center—associated variables (e.g., length of
ICU stay) will be incorporated into the propensity score.194.130 A final propensity score will
be generated by first incorporating all potentially relevant components and then reducing the
list of components to optimally satisfy the balancing property.132 This will then be assessed
for optimal fit in the models by using both continuous and categorical versions.104 A
detailed statistical analysis plan is given in Data Supplements S3 and S4.

TRISS Methodology—The Trauma and Injury Severity Score (TRISS) methodology will
be used to determine if the case severity has changed over time (Phase 1 vs. Phase 3). It is
based on logistic regression coefficients derived from the Major Trauma Outcome Study
(MTOS).123.124 TR|SS has been validated in both adults and children and is used widely for
risk adjustment in trauma,96.123-125,132-135 Thjs will be used for stratification of survival
across categories of survival probabilities and to assess for any differences in severity
between study cohorts, comparing them to the reference group of the MTOS (details in Data
Supplement S5, available as supporting information in the online version of this paper).

Analysis of Nonmortality (Secondary) Outcomes—~Previous in-hospital reports have
shown improvement in nonmortality outcomes from guideline therapy.86-89 The effect of
EMS implementation on hospital/ICU length-of-stay, ventilator days, disposition (e.g.,
home, skilled nursing facility), and hospital cost (charges) will be compared in Phase 1
versus Phase 3 using the appropriate GLMM.
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Analysis of Variations in Implementation—In a study of this size and diversity,
variations in guideline utilization are inevitable.92:95.96.100-102,136 T test the effect of these
variations, we will include interaction terms in the GLMM between variables related to
guideline compliance. The fact that there will be “granularity” (e.g., variation in compliance
of treating hypotension) will allow stratification of patients for subgroup analysis.

Analysis of ETCO, in Intubated Patients—Many animal and clinical studies have
shown a profound negative effect of hyperventilation on cerebral blood flow and survival in
TB|.8:10.14,17,50-53,55-76,85.104 Bacause of the large number of intubated cases, EPIC will
allow specific analysis of the association between outcomes and 1) various ETCO; ranges
and 2) the presence of ETCO, monitoring (~30% of agencies do not have monitors). Since
the availability of ETCO, data will vary, several approaches will be considered, including
ETCO, in the GLMMs as a predictor variable. The first approach will create categorical
variables: none (no ETCO, data), normocapnea, single hypocapneic, multiple hypocapneic,
single hypercapneic, and multiple hypercapneic episodes. Another approach will be to
analyze the subgroups that have multiple or continuous measurements by regressing each
individual’s ETCO, values versus time. This will allow us to determine if temporal trends in
ETCO, are significant predictors of outcomes.

Analysis of Missing or Incomplete Data—Inevitably, some cases will have missing
data for important covariates (although preliminary evaluation of the EMS data abstraction
process reveals a very low missing data rate). Rather than removing these cases from
analysis, multiple imputation will be used for missing covariates.93:115135.137 |mputation of
missing data is generally preferable to alternatives, which are more likely to lead to biased
and misleading results.93.115.137

LIMITATIONS

Use of Diagnostic Criteria for Study Inclusion

No studies have evaluated which patient populations should receive guideline treatment.
Thus, EPIC training emphasizes implementing the protocols in patients who have
mechanisms consistent with significant TBI and who had loss of consciousness. The
rationale for this broadly applied protocol was that we felt it was better to have some
patients who received guideline treatment, but do not end up having major TBI, than to have
patients who end up having major TBI, but did not receive guideline-based treatment. This
approach is consistent with EPIC being a public health initiative. However, for the purpose
of inclusion in the analysis, the patients must meet diagnostic and anatomic criteria for
major TBI. This is important in a before—after study because it will prevent introduction of
ascertainment bias by EMS personnel being more (or less) likely to “diagnose” TBI since
the EMS impression will not determine inclusion in the analysis.

We believe that one of the strengths of EPIC is that it will allow, for the first time on such a
large scale, the matching of data about EMS presentation and distal risk adjustment and
outcome measures in true TBI. Hopefully this will help identify the patients who will most
likely benefit from guideline-based treatment, based on their clinical presentations.
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Nonrandomization

While no studies have evaluated the prehospital TBI guidelines, the supporting evidence is
sufficient to have led to officially vetted guidelines.8:710.19.86.87.89 Thys randomization (to
guideline vs. nonguideline therapy) is probably not feasible since few, if any, systems would
approve of randomization after full disclosure of the evidence. Because of this, we believe
that the best available methodology to answer the critical questions proposed in this study is
a large, prospective, before—after, observational trial,%0.91.95-97,102,138,139

Variations in Hospital Care

Interpretation of observational EMS trials can be complicated by changes in trauma center
care. These may affect outcomes and can be inappropriately attributed to EMS interventions.
To mitigate this potential we will conduct appropriate risk adjustment using factors such as
diagnoses, ICD codes, probability of survival (TRISS),124:125.132-135 injyry severity (e.g.,
ISS),124.125 and trauma center care.

Secular Trends in Severity

Coincidental changes in severity can affect outcomes. To evaluate this potential, we will
perform concomitant analysis of patients transported by nonparticipating agencies to trauma
centers. While we will not have detailed EMS data for these patients, we will have ASTR
data. This will allow analysis for secular trends in demographics, injury diagnosis/severity,
treatment, and outcomes, thus serving as a concurrent “control.”

Hawthorne Effect

During Phase 1 (before implementation), any potential differences between the retrospective
and prospective groups will be assessed. This will yield useful information about the
potential for an observer/Hawthorne effect that might occur simply because it is known that
data are being collected.

CONCLUSIONS

The societal burden of traumatic brain injury is immense. While the potential for reducing
morbidity and mortality by early treatment appears to be great, the effectiveness of the
emergency medical services guidelines remains unproven. The Excellence in Prehospital
Injury Care study will evaluate the effect of implementing the traumatic brain injury
guidelines across a vast network of emergency medical services systems with an estimated
enrollment of approximately 25,000 patients over the course of the study. Demonstrating the
effect of guideline therapy would potentially lead to widespread implementation of the
effective interventions. This could dramatically reduce morbidity and mortality from this
major public health problem.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acad Emerg Med. Author manuscript; available in PMC 2015 August 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Spaite et al.

Page 11

Acknowledgments

Research reported in this publication was supported by the National Institute of Neurological Disorders and Stroke
of the National Institutes of Health under Award RO1INS071049. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the National Institutes of Health.

References

1.

Langlois JA, Rutland-Brown W, Wald MM. The epidemiology and impact of traumatic brain injury:
a brief overview. J Head Trauma Rehabil. 2006; 21:375-378. [PubMed: 16983222]

. Finkelstein, E.; Corso, PS.; Miller, TR. The Incidence and Economic Burden of Injuries in the

United States. Oxford, UK: Oxford University Press; 2006.

. Faul, MD.; Wald, MM.; Xu, L.; Coronado, VG. [Accessed Apr 18, 2014] Traumatic Brain Injury in

the United States: Emergency Department Visits, Hospitalizations and Deaths 2002-2006. Available
at: http://www.cdc.gov/traumaticbraininjury/pdf/blue_book.pdf.

. Thurman DJ, Alverson C, Dunn KA, Guerrero J, Sniezek JE. Traumatic brain injury in the United

States: a public health perspective. J Head Trauma Rehabil. 1999; 14:602-615. [PubMed:
10671706]

. Tepas JJ 3rd, DiScala C, Ramenofsky ML, Barlow B. Mortality and head injury: the pediatric

perspective. J Pediatr Surg. 1990; 25:92-95. [PubMed: 2299551]

. Adelson PD, Bratton SL, Carney NA, et al. Guidelines for the acute medical management of severe

traumatic brain injury in infants, children, and adolescents. Pediatr Crit Care Med. 2003; 3(Suppl
1):S1-S82.

. Brain Trauma Foundation. American Association of Neurological Surgeons, Congress of

Neurological Surgeons, et al. Guidelines for the management of severe traumatic brain injury. J
Neurotrauma. 2007; 24(Suppl 1):S1-S106.

. Chesnut RM, Marshall LF, Klauber MR, et al. The role of secondary brain injury in determining

outcome from severe head injury. J Trauma. 1993; 34:216-222. [PubMed: 8459458]

. Jankowitz BT, Adelson PD. Pediatric traumatic brain injury: past, present and future. Dev Neurosci.

2006; 28:264-275. [PubMed: 16943650]

10. Badjatia N, Carney N, Crocco TJ, et al. Guidelines for prehospital management of traumatic brain

injury, 2nd edition. Prehosp Emerg Care. 2008; 12(Suppl 1):S1-S52. [PubMed: 18203044]

11. Bernard SA, Nguyen V, Cameron P, et al. Prehospital rapid sequence intubation improves

functional outcome for patients with severe traumatic brain injury: a randomized controlled trial.
Ann Surg. 2010; 252:959-965. [PubMed: 21107105]

12. Bulger EM, Copass MK, Sabath DR, Maier RV, Jurkovich GJ. The use of neuromuscular blocking

agents to facilitate prehospital intubation does not impair outcome after traumatic brain injury. J
Trauma. 2005; 58:718-723. [PubMed: 15824647]

13. Davis DP, Idris AH, Sise MJ, et al. Early ventilation and outcome in patients with moderate to

severe traumatic brain injury. Crit Care Med. 2006; 34:1202-1208. [PubMed: 16484927]

14. Davis DP, Dunford JV, Ochs M, Park K, Hoyt DB. The use of quantitative end-tidal capnometry to

avoid inadvertent severe hyperventilation in patients with head injury after paramedic rapid
sequence intubation. J Trauma. 2004; 56:808-814. [PubMed: 15187747]

15. Lewis, F. Supply-dependent Oxygen Consumption: Reversing Cause and Effect. New Orleans,

LA: American Heart Association Resuscitation Science Symposium; 2008 Nov 8.

16. Davis DP, Fakhry SM, Wang HE, et al. Paramedic rapid sequence intubation for severe traumatic

brain injury: perspectives from an expert panel. Prehosp Emerg Care. 2007; 11:1-8. [PubMed:
17169868]

17. Davis DP, Peay J, Serrano JA, et al. The impact of aeromedical response to patients with moderate

to severe traumatic brain injury. Ann Emerg Med. 2005; 46:115-222. [PubMed: 16046940]

18. Eckstein M, Chan L, Schneir A, Palmer R. Effect of prehospital advanced life support on outcomes

of major trauma patients. J Trauma. 2000; 48:643-648. [PubMed: 10780596]

Acad Emerg Med. Author manuscript; available in PMC 2015 August 11.


http://www.cdc.gov/traumaticbraininjury/pdf/blue_book.pdf

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Spaite et al.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 12

Kochanek PM, Carney N, Adelson PD, et al. Guidelines for the acute medical management of
severe traumatic brain injury in infants, children, and adolescents--second edition. Pediatr Crit
Care Med. 2012; 13(Suppl 1):S1-S82. [PubMed: 22217782]

Fearnside MR, Cook RJ, McDougall P, McNeil RJ. The Westmead Head Injury Project outcome in
severe head injury. A comparative analysis of pre-hospital, clinical and CT variables. Br J
Neurosurg. 1993; 7:267-279. [PubMed: 8338647]

Shutter LA, Narayan RK. Blood pressure management in traumatic brain injury [editorial]. Ann
Emerg Med. 2008; 51(3 Suppl):S37-S38. [PubMed: 18191298]

Gentleman D. Causes and effects of systemic complications among severely head injured patients
transferred to a neurosurgical unit. Int Surg. 1992; 77:297-302. [PubMed: 1478813]

Pigula FA, Wald SL, Shackford SR, Vane DW. The effect of hypotension and hypoxia on children
with severe head injuries. J Pediatr Surg. 1993; 28:310-314. [PubMed: 8468638]

Kokoska ER, Smith GS, Pittman T, Weber TR. Early hypotension worsens neurological outcome
in pediatric patients with moderately severe head trauma. J Pediatr Surg. 1998; 33:333-338.
[PubMed: 9498412]

Miller JD, Becker DP. Secondary insults to the injured brain. J R Coll Surg Edinb. 1982; 27:292—
298. [PubMed: 7143298]

Barton CW, Hemphill JC, Morabito D, Manley G. A novel method of evaluating the impact of
secondary brain insults on functional outcomes in traumatic brain-injured patients. Acad Emerg
Med. 2005; 12:1-6. [PubMed: 15635130]

Manley G, Knudson MM, Morabito D, Damron S, Erickson V, Pitts L. Hypotension, hypoxia, and
head injury: frequency, duration, and consequences. Arch Surg. 2001; 136:1118-1123. [PubMed:
11585502]

Mayer TA, Walker ML. Pediatric head injury: the critical role of the emergency physician. Ann
Emerg Med. 1985; 14:1178-1184. [PubMed: 4061990]

Ong L, Selladurai BM, Dhillon MK, Atan M, Lye MS. The prognostic value of the Glasgow Coma
Scale, hypoxia and computerised tomography in outcome prediction of pediatric head injury.
Pediatr Neurosurg. 1996; 24:285-291. [PubMed: 8988493]

Price DJ, Murray A. The influence of hypoxia and hypotension on recovery from head injury.
Injury. 1972; 3:218-224. [PubMed: 5027276]

Stocchetti N, Furlan A, Volta F. Hypoxemia and arterial hypotension at the accident scene in head
injury. J Trauma. 1996; 40:764-767. [PubMed: 8614077]

Luerssen TG, Klauber MR, Marshall LF. Outcome from head injury related to patient’s age. A
longitudinal prospective study of adult and pediatric head injury. J Neurosurg. 1988; 68:409-416.
[PubMed: 3343613]

Carrel M, Moeschler O, Ravussin P, Favre JB, Boulard G. Prehospital air ambulance and systemic
secondary cerebral damage in severe craniocerebral injuries. Ann Fr Anesth Reanim. 1994;
13:326-335. [PubMed: 7992940]

Jeffreys RV, Jones JJ. Avoidable factors contributing to the death of head injury patients in general
hospitals in Mersey Region. Lancet. 1981; 2:459-461. [PubMed: 6115211]

Kohi YM, Mendelow AD, Teasdale GM, Allardice GM. Extracranial insults and outcome in
patients with acute head injury--relationship to the Glasgow Coma Scale. Injury. 1984; 16:25-29.
[PubMed: 6469315]

Rose J, Valtonen S, Jennett B. Avoidable factors contributing to death after head injury. Br Med J.
1977; 2:615-618. [PubMed: 409450]

Seelig, JM.; Klauber, MR.; Toole, BM.; Marshall, LF.; Bowers, SA. Increased ICP and systemic
hypotension during the first 72 hours following severe head injury. In: Miller, JD.; Teasdale, GM.;
Rowan, JO., editors. Intracranial Pressure VI. Berlin, Germany: Springer-Verlag; 1986. p.
675-679.

Chesnut RM, Ghajar J, Maas AIR, et al. Guidelines for the management of severe traumatic brain
injury. Part 2: early indicators of prognosis in severe traumatic brain injury. J Neurotrauma. 2000;
17:555-627.

Hill DA, Abraham KJ, West RH. Factors affecting outcome in the resuscitation of severely injured
patients. Aust N Z J Surg. 1993; 63:604-609. [PubMed: 8338478]

Acad Emerg Med. Author manuscript; available in PMC 2015 August 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Spaite et al.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 13

Davis DP, Dunford JV, Poste JC, et al. The impact of hypoxia and hyperventilation on outcome
after paramedic rapid sequence intubation of severely head-injured patients. J Trauma. 2004; 57:1—
8. [PubMed: 15284540]

Dunford JV, Davis DP, Ochs M, Doney M, Hoyt DB. Incidence of transient hypoxia and pulse rate
reactivity during paramedic rapid sequence intubation. Ann Emerg Med. 2003; 42:721-728.
[PubMed: 14634593]

Jones PA, Andrews PJ, Midgley S, et al. Measuring the burden of secondary insults in headinjured
patients during intensive care. J Neurosurg Anesthesiol. 1994; 6:4-14. [PubMed: 8298263]

Marmarou A, Anderson RL, Ward JD, et al. Impact of ICP instability and hypotension on outcome
in patients with severe head trauma. J Neurosurg. 1991; 75(Suppl):S59-S66.

Silverston P. Pulse oximetry at the roadside: a study of pulse oximetry in immediate care. Br Med
J. 1989; 298:711-713. [PubMed: 2496817]

Darby JM, Yonas H, Marion DW, Latchaw RE. Local “inverse steal” induced by hyperventilation
in head injury. Neurosurgery. 1988; 23:84-88. [PubMed: 3140047]

Gordon E, Rossanda M. The importance of the cerebrospinal fluid acid-base status in the treatment
of unconscious patients with brain lesions. Acta Anaesthesiol Scand. 1968; 12:51-73. [PubMed:
5709578]

Obrist, WD.; Clifton, GL.; Robertson, CS. Cerebral metabolic changes induced by hyperventilation
in acute head injury. In: Meyer, JS., editor. Cerebral Vascular Disease 6. Philadelphia, PA:
Elsevier Science; 1987. p. 241-255.

Bruce DA, Raphaely RC, Goldberg Al, et al. Pathophysiology, treatment and outcome following
severe head-injury in children. Childs Brain. 1979; 5:174-191. [PubMed: 456099]

Raphaely RC, Swedlow DB, Downes JJ, Bruce DA. Management of severe pediatric head trauma.
Pediatr Clin North Am. 1980; 27:715-727. [PubMed: 7413298]

Muizelaar JP, Marmarou A, Ward JD, et al. Adverse effects of prolonged hyperventilation in
patients with severe head injury: a randomized clinical trial. J Neurosurg. 1991; 75:731-739.
[PubMed: 1919695]

Davis DP. Early ventilation in traumatic brain injury. Resuscitation. 2008; 76:333-340. [PubMed:
17870227]

Davis DP, Heister R, Poste JC, Hoyt DB, Ochs M, Dunford JV. Ventilation patterns in patients
with severe traumatic brain injury following paramedic rapid sequence intubation. Neurocrit Care.
2005; 2:165-171. [PubMed: 16159059]

Manley GT, Hemphill JC, Morabito D, et al. Cerebral oxygenation during hemorrhagic shock:
perils of hyperventilation and the therapeutic potential of hypoventilation. J Trauma. 2000;
48:1025-1032. [PubMed: 10866246]

Wang HE, Davis DP, O’Connor RE, Domeier RM. Drug-assisted intubation in the prehospital
setting (resource document to NAEMSP position statement). Prehosp Emerg Care. 2006; 10:261—
271. [PubMed: 16531387]

Pepe PE, Lurie KG, Wigginton JG, Raedler C, Idris AH. Detrimental hemodynamic effects of
assisted ventilation in hemorrhagic states. Crit Care Med. 2004; 32(9 Suppl):S414-S420.
[PubMed: 15508670]

Pepe PE, Roppolo LP, Fowler RL. The detrimental effects of ventilation during low-bloodflow
states. Curr Opin Crit Care. 2005; 11:212-218. [PubMed: 15928468]

Poste JC, Davis DP, Ochs M, et al. Air medical transport of severely head-injured patients
undergoing paramedic rapid sequence intubation. Air Med J. 2004; 23:36-40. [PubMed:
15224081]

Prause G, Hetz H, Lauda P, Pojer H, Smolle-Juettner F, Smolle J. A comparison of the endtidal-
CO2 documented by capnometry and the arterial pCO2 in emergency patients. Resuscitation.
1997; 35:145-148. [PubMed: 9316198]

Robertson CS, Valadka AB, Hannay HJ, et al. Prevention of secondary ischemic insults after
severe head injury. Crit Care Med. 1999; 27:2086-2095. [PubMed: 10548187]

Bao Y, Jiang J, Zhu C, Lu Y, Cai R, Ma C. Effect of hyperventilation on brain tissue oxygen
pressure, carbon dioxide pressure, pH value and intracranial pressure during intracranial
hypertension in pigs. Chin J Traumatol. 2000; 3:210-213. [PubMed: 11874678]

Acad Emerg Med. Author manuscript; available in PMC 2015 August 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Spaite et al.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Page 14

Forbes ML, Clark RS, Dixon CE, et al. Augmented neuronal death in CA3 hippocampus following
hyperventilation early after controlled cortical impact. J Neurosurg. 1998; 88:549-556. [PubMed:

9488311]

Skippen P, Seear M, Poskitt K, et al. Effect of hyperventilation on regional cerebral blood flow in

head-injured children. Crit Care Med. 1997; 25:1402-1409. [PubMed: 9267957]

Coles JP, Minhas PS, Fryer TD, et al. Effect of hyperventilation on cerebral blood flow in
traumatic head injury: clinical relevance and monitoring correlates. Crit Care Med. 2002;
30:1950-1959. [PubMed: 12352026]

Ausina A, Baguena M, Nadal M, et al. Cerebral hemodynamic changes during sustained
hypocapnia in severe head injury: can hyperventilation cause cerebral ischemia? Acta Neurochir
Suppl. 1998; 71:1-4. [PubMed: 9779127]

Marion DW, Puccio A, Wisniewski SR, et al. Effect of hyperventilation on extracellular
concentrations of glutamate, lactate, pyruvate, and local cerebral blood flow in patients with severe
traumatic brain injury. Crit Care Med. 2002; 30:2619-2625. [PubMed: 12483048]

Adelson PD, Clyde B, Kochanek PM, Wisniewski SR, Marion DW, Yonas H. Cerebrovascular
response in infants and young children following severe traumatic brain injury: a preliminary
report. Pediatr Neurosurg. 1997; 26:200-207. [PubMed: 9436831]

Kiening KL, Hartl R, Unterberg AW, Schneider GH, Bardt T, Lanksch WR. Brain tissue pO2-
monitoring in comatose patients: implications for therapy. Neurol Res. 1997; 19:233-240.
[PubMed: 9192372]

Sharples PM, Matthews DS, Eyre JA. Cerebral blood flow and metabolism in children with severe
head injuries. Part 2: cerebrovascular resistance and its determinants. J Neurol Neurosurg
Psychiatry. 1995; 58:153-159. [PubMed: 7876844]

Muizelaar JP, Marmarou A, DeSalles AA, et al. Cerebral blood flow and metabolism in severely
head-injured children. Part 1: relationship with GCS score, outcome, ICP, and PVI. J Neurosurg.
1989; 71:63-71. [PubMed: 2738643]

Bouma GJ, Muizelaar JP, Choi SC, Newlon PG, Young HF. Cerebral-circulation and metabolism
after severe traumatic brain injury--the elusive role of ischemia. J Neurosurg. 1991; 75:685-693.
[PubMed: 1919689]

Bouma GJ, Muizelaar JP, Stringer WA, Choi SC, Fatouros P, Young HF. Ultra-early evaluation of
regional cerebral blood-flow in severely head-injured patients using xenonenhanced computerized-
tomography. J Neurosurg. 1992; 77:360-368. [PubMed: 1506882]

Fieschi C, Battistini N, Beduschi A, Boselli L, Rossanda M. Regional cerebral blood flow and
intraventricular pressure in acute head injuries. J Neurol Neurosurg Psychiatry. 1974; 37:1378—
1388. [PubMed: 4375173]

Jaggi JL, Obrist WD, Gennarelli TA, Langfitt TW. Relationship of early cerebral blood flow and
metabolism to outcome in acute head injury. J Neurosurg. 1990; 72:176-182. [PubMed: 2295915]
Marion DW, Darby J, Yonas H. Acute regional cerebral blood flow changes caused by severe head
injuries. J Neurosurg. 1991; 74:407-414. [PubMed: 1899694]

Fortune JB, Feustel PJ, Graca L, Hasselbarth J, Kuehler DH. Effect of hyperventilation, mannitol,
and ventriculostomy drainage on cerebral blood flow after head injury. J Trauma. 1995; 39:1091—
1097. [PubMed: 7500400]

Sioutos PJ, Orozco JA, Carter LP, Weinand ME, Hamilton AJ, Williams FC. Continuous regional
cerebral cortical blood flow monitoring in head-injured patients. Neurosurgery. 1995; 36:943-949.
[PubMed: 7791986]

Davis DP, Douglas DJ, Koenig W, Carrison D, Buono C, Dunford JV. Hyperventilation following
aero-medical rapid sequence intubation may be a deliberate response to hypoxemia. Resuscitation.
2007; 73:354-361. [PubMed: 17291673]

Thomas SH, Orf J, Wedel SK, Conn AK. Hyperventilation in traumatic brain injury patients:
inconsistency between consensus guidelines and clinical practice. J Trauma. 2002; 52:47-52.
[PubMed: 11791051]

Aufderheide TP, Lurie KG. Death by hyperventilation: a common and life-threatening problem
during cardiopulmonary resuscitation. Crit Care Med. 2004; 32(9 Suppl):S345-S351. [PubMed:
15508657]

Acad Emerg Med. Author manuscript; available in PMC 2015 August 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Spaite et al.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 15

Braman SS, Dunn SM, Amico CA, Millman RP. Complications of intrahospital transport in
critically ill patients. Ann Intern Med. 1987; 107:469-473. [PubMed: 3477105]

Gervais HW, Eberle B, Konietzke D, Hennes HJ, Dick W. Comparison of blood gases of ventilated
patients during transport. Crit Care Med. 1987; 15:761-763. [PubMed: 3475193]

Helm M, Hauke J, Lampl L. A prospective study of the quality of pre-hospital emergency
ventilation in patients with severe head injury. Br J Anaesth. 2002; 88:345-349. [PubMed:
11990264]

Hurst JM, Davis K Jr, Branson RD, Johannigman JA. Comparison of blood gases during transport
using two methods of ventilatory support. J Trauma. 1989; 29:1637-1640. [PubMed: 2593192]

Tobias JD, Lynch A, Garrett J. Alterations of end-tidal carbon dioxide during the intrahospital
transport of children. Pediatr Emerg Care. 1996; 12:249-251. [PubMed: 8858645]

Denninghoff KR, Griffin MJ, Bartolucci AA, Lobello SG, Fine PR. Emergent endotracheal
intubation and mortality in traumatic brain injury. West J Emerg Med. 2008; 9:184-189. [PubMed:
19561742]

Faul M, Wald MM, Rutland-Brown W, Sullivent EE, Sattin RW. Using a cost-benefit analysis to
estimate outcomes of a clinical treatment guideline: testing the Brain Trauma Foundation
guidelines for the treatment of severe traumatic brain injury. J Trauma. 2007; 63:1271-1278.
[PubMed: 18212649]

Palmer S, Bader MK, Qureshi A, et al. The impact on outcomes in a community hospital setting of
using the AANS traumatic brain injury guidelines. Americans Associations for Neurologic
Surgeons. J Trauma. 2001; 50:657-664. [PubMed: 11303160]

Kreutzer JS, Kolakowsky-Hayner SA, Ripley D, et al. Charges and lengths of stay for acute and
inpatient rehabilitation treatment of traumatic brain injury 1990-1996. Brain Inj. 2001; 15:763—
774. [PubMed: 11516345]

Fakhry SM, Trask AL, Waller MA, Watts DD. Management of brain-injured patients by an
evidence-based medicine protocol improves outcomes and decreases hospital charges. J Trauma.
2004; 56:492-499. [PubMed: 15128118]

Keim SM, Spaite DW, Maio RF, et al. Establishing the scope and methodological approach to out-
of-hospital outcomes and effectiveness research. Acad Emerg Med. 2004; 11:1067-1073.
[PubMed: 15466150]

Spaite DW, Maio R, Garrison HG, et al. Emergency Medical Services Outcomes Project (EMSOP)
I1: developing the foundation and conceptual models for out-of-hospital outcomes research. Ann
Emerg Med. 2001; 37:657-663. [PubMed: 11385338]

Bobrow BJ, Clark LL, Ewy GA, et al. Minimally interrupted cardiac resuscitation by emergency
medical services for out-of-hospital cardiac arrest. JAMA. 2008; 299:1158-1165. [PubMed:
18334691]

Bobrow BJ, Spaite DW, Berg RA, et al. Chest compression-only CPR by lay rescuers and survival
from out-of-hospital cardiac arrest. JAMA. 2010; 304:1447-1454. [PubMed: 20924010]

Spaite, DW.; Beskind, DL.; Garrison, HG. Evaluating the effectiveness of EMS systems: utilizing
outcomes research methods to identify the impact of prehospital care. In: Cone, DC.; O’Conner,
RE.; Fowler, R., editors. Emergency Medical Services: Clinical Practice and Systems Oversight.
Lenexa, KS: National Association of EMS Physicians; 2009.

Stiell 1IG, Wells GA, Spaite DW, et al. The Ontario Prehospital Advanced Life Support (OPALS)
study part 11: rationale and methodology for trauma and respiratory distress patients. OPALS
Study Group. Ann Emerg Med. 1999; 34:256-262. [PubMed: 10424933]

Stiell IG, Nesbitt LP, Pickett W, et al. The OPALS Major Trauma Study: impact of advanced life-
support on survival and morbidity. CMAJ. 2008; 178:1141-1152. [PubMed: 18427089]

Stiell 1G, Spaite DW, Field B, et al. Advanced life support for out-of-hospital respiratory distress.
N Engl J Med. 2007; 356:2156-2164. [PubMed: 17522399]

Stiell 1G, Wells GA, Field BJ, et al. Improved out-of-hospital cardiac arrest survival through the
inexpensive optimization of an existing defibrillation program: OPALS study phase Il. Ontario
Prehospital Advanced Life Support. JAMA. 1999; 281:1175-1181. [PubMed: 10199426]

Stiell 1G, Wells GA, Field B, et al. Advanced cardiac life support in out-of-hospital cardiac arrest.
N Engl J Med. 2004; 351:647-656. [PubMed: 15306666]

Acad Emerg Med. Author manuscript; available in PMC 2015 August 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Spaite et al.

100.

101.

102.

103.

104

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Page 16

Bobrow BJ, Ewy GA, Clark L, et al. Passive oxygen insufflation is superior to bag-valvemask
ventilation for witnessed ventricular fibrillation out-of-hospital cardiac arrest. Ann Emerg Med.
2009; 54:656—662. [PubMed: 19660833]

Bobrow BJ, Vadeboncoeur TF, Clark L, Chikani V. Establishing Arizona’s statewide cardiac
arrest reporting and educational network. Prehosp Emerg Care. 2008; 12:381-387. [PubMed:
18584508]

Spaite DW, Bobrow BJ, Vadeboncoeur TF, et al. The impact of prehospital transport interval on
survival in out-of-hospital cardiac arrest: implications for regionalization of post-resuscitation
care. Resuscitation. 2008; 79:61-66. [PubMed: 18617315]

Maas Al, Stocchetti N, Bullock R. Moderate and severe traumatic brain injury in adults. Lancet
Neurol. 2008; 7:728-741. [PubMed: 18635021]

. Wang HE, Peitzman AB, Cassidy LD, Adelson PD, Yealy DM. Out-of-hospital endotracheal

intubation and outcome after traumatic brain injury. Ann Emerg Med. 2004; 44:439-450.
[PubMed: 15520702]

Barell V, Aharonson-Daniel L, Fingerhut LA, et al. An introduction to the Barell body region by
nature of injury diagnosis matrix. Inj Prev. 2002; 8:91-96. [PubMed: 12120842]

Clark DE, Ahmad S. Estimating injury severity using the Barell matrix. Inj Prev. 2006; 12:111—
116. [PubMed: 16595426]

Fingerhut LA, Aharonson-Daniel L, Mackenzie EJ, et al. The Barell matrix. Inj Prev. 2002;
8:259. [PubMed: 12226131]

lezzoni, LI. Risk Adjustment for Measuring Health Care Outcomes. 3rd ed. Chicago, IL: Health
Administration Press; 2003.

Garrison HG, Maio RF, Spaite DW, et al. Emergency Medical Services Outcomes Project 111
(EMSORP 111): the role of risk adjustment in out-of-hospital outcomes research. Ann Emerg Med.
2002; 40:79-88. [PubMed: 12085077]

Hsia RY, Wang E, Torres H, Saynina O, Wise PH. Disparities in trauma center access despite
increasing utilization: data from California: 1999 to 2006. J Trauma. 2010; 68:217-224.
[PubMed: 19901854]

Newgard CD, Zive D, Holmes JF, et al. A multisite assessment of the American College of
Surgeons Committee on Trauma field triage decision scheme for identifying seriously injured
children and adults. J Am Coll Surg. 2011; 213:709-721. [PubMed: 22107917]

Nakamura Y, Daya M, Bulger EM, et al. Evaluating age in the field triage of injured persons. Ann
Emerg Med. 2012; 60:335-345. [PubMed: 22633339]

McPherson K. Sequential stopping rules in clinical trials. Stat Med. 1990; 9:595-600. [PubMed:
2218163]

O’Brien PC, Fleming TR. A multiple testing procedure for clinical trials. Biometrics. 1979;
35:549-556. [PubMed: 497341]

Pocock, SJ. Interim analysis and stopping rules for clinical trials. In: Bithell, JF.; Coppi, R.,
editors. Perspectives in Medical Statistics. Philadelphia, PA: Academic Press, Elsevier; 1981.
Armitage, P. Sequential Medical Trials. 2nd ed. Oxford, UK: Blackwell Scientific Publications;
1975.

Peto R, Pike MC, Armitage P, et al. Design and analysis of randomized clinical trials requiring
prolonged observation of each patient. I. Introduction and design. Br J Cancer. 1976; 34:585—
612. [PubMed: 795448]

Erdfelder E, Faul F, Buchner A. GPOWER: a general power analysis program. Behav Res
Methods Instr Comput. 1996; 28:1-11.

Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical power analysis
program for the social, behavioral, and biomedical sciences. Behav Res Methods. 2007; 39:175—
191. [PubMed: 17695343]

McCulloch, CE.; Searle, SR. Generalized, Linear and Mixed Models. New York, NY: Wiley;
2001.

McCullagh, P.; Nelder, JA. Generalized Linear Models. 2nd ed. London, UK: Chapman & Hall;
1989.

Acad Emerg Med. Author manuscript; available in PMC 2015 August 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Spaite et al.

122.

123.

124.

125.
126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141

142

Page 17

Karim MR, Zeger SL. Generalized linear models with random effects; salamander mating
revisited. Biometrics. 1992; 48:631-644. [PubMed: 1637985]

Champion HR, Sacco WJ, Copes WS. Injury severity scoring again. J Trauma. 1995; 38:94-95.
[PubMed: 7745669]

Champion HR, Copes WS, Sacco WJ, et al. The Major Trauma Outcome Study: establishing
national norms for trauma care. J Trauma. 1990; 30:1356-1365. [PubMed: 2231804]

Champion HR. Trauma scoring. Scand J Surg. 2002; 91:12-22. [PubMed: 12075830]

Senkowski CK, McKenney MG. Trauma scoring systems: a review. J Am Coll Surg. 1999;
189:491-503. [PubMed: 10549738]

MacKenzie EJ, Rivara FP, Jurkovich GJ, et al. A national evaluation of the effect of trauma-
center care on mortality. N Engl J Med. 2006; 354:366-378. [PubMed: 16436768]

Newgard CD, Hedges JR, Arthur M, Mullins RJ. Advanced statistics: the propensity score-- a
method for estimating treatment effect in observational research. Acad Emerg Med. 2004;
11:953-961. [PubMed: 15347546]

D’Agostino RB Jr. Propensity score methods for bias reduction in the comparison of a treatment
to a non-randomized control group. Stat Med. 1998; 17:2265-2281. [PubMed: 9802183]

Cudnik MT, Newgard CD, Daya M, Jui J. The impact of rapid sequence intubation on trauma
patient mortality in attempted prehospital intubation. J Emerg Med. 2010; 38:175-181. [PubMed:
18790586]

Rubin DB. Estimating causal effects from large data sets using propensity scores. Ann Intern
Med. 1997; 127:757-763. [PubMed: 9382394]

Marcin JP, Pollack MM. Triage scoring systems, severity of illness measures, and mortality
prediction models in pediatric trauma. Crit Care Med. 2002; 30:S457-S467. [PubMed:
12528788]

Boyd CR, Tolson MA, Copes WS. Evaluating trauma care: the TRISS method. Trauma Score and
the Injury Severity Score. J Trauma. 1987; 27:370-378. [PubMed: 3106646]

Ott R, Kramer R, Martus P, Bussenius-Kammerer M, Carbon R, Rupprecht H. Prognostic value
of trauma scores in pediatric patients with multiple injuries. J Trauma. 2000; 49:729-736.
[PubMed: 11038093]

Kaufmann CR, Maier RV, Kaufmann EJ, Rivara FP, Carrico CJ. Validity of applying adult

TRISS analysis to injured children. J Trauma. 1991; 31:691-697. [PubMed: 2030517]

Spaite DW, Criss EA, Valenzuela TD, Guisto J. Emergency medical service systems research:

problems of the past, challenges of the future. Ann Emerg Med. 1995; 26:146-152. [PubMed:

7618776]

Bobrow BJ, Vadeboncoeur TF, Stolz U, et al. The influence of scenario-based training and real-

time audiovisual feedback on out-of-hospital cardiopulmonary resuscitation quality and survival

from out-of-hospital cardiac arrest. Ann Emerg Med. 2013; 62:47-56. [PubMed: 23465553]

Engdahl J, Abrahamsson P, Bang A, et al. Is hospital care of major importance for outcome after

out-of-hospital cardiac arrest? Experience acquired from patients with out-of-hospital 35 cardiac

arrest resuscitated by the same Emergency Medical Service and admitted to one of two hospitals

over a 16-year period in the municipality of Goteborg. Resuscitation. 2000; 43:201-211.

[PubMed: 10711489]

McLean SA, Maio RF, Spaite DW, Garrison HG. Emergency medical services outcomes

research: evaluating the effectiveness of prehospital care. Prehosp Emerg Care. 2002; 6:552-S56.

[PubMed: 11962585]

Gausche M, Lewis RJ, Stratton SJ, et al. Effect of out-of-hospital pediatric endotracheal

intubation on survival and neurological outcome: a controlled clinical trial. JAMA. 2000;

283:783-790. [PubMed: 10683058]

. Warner KJ, Cuschieri J, Copass MK, Jurkovich GJ, Bulger EM. The impact of prehospital
ventilation on outcome after severe traumatic brain injury. J Trauma. 2007; 62:1330-1336.
[PubMed: 17563643]

. Warner KJ, Bulger EM. Does pre-hospital ventilation effect outcome after significant brain

injury. Trauma. 2007; 9:283-289.

Acad Emerg Med. Author manuscript; available in PMC 2015 August 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Spaite et al.

Page 18

143. Brower RG, Matthay MA, Morris A, et al. Ventilation with lower tidal volumes as compared with

traditional tidal volumes for acute lung injury and the acute respiratory distress syndrome. N
Engl J Med. 2000; 342:1301-1308. [PubMed: 10793162]

144. Bloomfield GL, Ridings PC, Blocher CR, Marmarou A, Sugerman HJ. A proposed relationship

between increased intraabdominal, intrathoracic, and intracranial pressure. Crit Care Med. 1997,
25:496-503. [PubMed: 9118668]

145. Citerio G, Vascotto E, Villa F, Celotti S, Pesenti A. Induced abdominal compartment syndrome

increases intracranial pressure in neurotrauma patients: a prospective study. Crit Care Med. 2001;
29:1466-1471. [PubMed: 11445709]

146. Slutsky AS, Ranieri VM. Mechanical ventilation: lessons from the ARDSNet trial. Respir Res.

2000; 1:73-77. [PubMed: 11667968]

147. Uhlig S. Ventilation-induced lung injury and mechanotransduction: stretching it too far? AmJ

Physiol Lung Cell Mol Physiol. 2002; 282:1L.892-L.896. [PubMed: 11943651]

148. American Heart Association. Pediatric Advanced Life Support (PALS). Available at: http://

www.heart.org/HEARTORG/CPRANdECC/HealthcareProviders/Pediatrics/Pediatric-Advanced-
Life-Support-PALS_UCM_303705_Atrticle.jsp.

149. Helmy A, Vizcaychipi M, Gupta AK. Traumatic brain injury: intensive care management. Br J

Anaesth. 2007; 99:32-42. [PubMed: 17556349]

150. Spaite DW, Valenzuela TD, Meislin HW, Criss EA, Hinsberg P. Prospective validation of a new

model for evaluating emergency medical services systems by in-field observation of specific time
intervals in prehospital care. Ann Emerg Med. 1993; 22:638-645. [PubMed: 8457088]

Acad Emerg Med. Author manuscript; available in PMC 2015 August 11.


http://www.heart.org/HEARTORG/CPRAndECC/HealthcareProviders/Pediatrics/Pediatric-Advanced-Life-Support-PALS_UCM_303705_Article.jsp
http://www.heart.org/HEARTORG/CPRAndECC/HealthcareProviders/Pediatrics/Pediatric-Advanced-Life-Support-PALS_UCM_303705_Article.jsp
http://www.heart.org/HEARTORG/CPRAndECC/HealthcareProviders/Pediatrics/Pediatric-Advanced-Life-Support-PALS_UCM_303705_Article.jsp

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Spaite et al. Page 19
*Phase 1 Phase 2 (R) *Phase 3
(baseline: (run-in) (prospective:
4 mostly post-intervention) 1
retrospective)
Risk adjustment Begin training Training and Analysis
and outcome implementation
measurements complete
established before
intervention
Figure 1.

EPIC study design before-after system evaluation. *Note: Start and end dates for phases are
different for each agency. EPIC = Excellence in Prehospital Injury Care; “R” = “Run-in”
(training/implementation) phase during which cases are removed from the analysis
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Project Start (3/1/2011)

Hiring of project personnel

Obtaining FCRs from EMS agencies/linkage for retrospective cases
Education and training of agency-based Master Trainers

EMS provider training by Master Trainers/EPIC Educator at agencies
Prospective EMS data collection and linkage to TC ASTR data
Verification of training/re-training of EMS providers
Re-training/Project feedback to agencies, providers, Medical Directors
Interim analysis: Identification of potential impact on mortality
Finalize dataset/do final analysis of mortality/non-morality outcomes

Figure 2.
EPIC study timeline, tasks, and milestones. EPIC = Excellence in Prehospital Injury Care.
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Table 1

Specific, Guideline-based Management EMS Protocols

Age definitions* for monitoring and management51°
Infant: 0 to 24 months
Child: 2 to 14 years
Adolescent: 15 to 17 years
Adult: 18 years and older
Management of airway/oxygenation

Prevention, identification, and treatment of hypoxia (O, saturation < 90% and/or cyanosis) is a major emphasis.t-810.19.20.22.44 Care js
initiated by continuous high-flow O, for all potential TBI cases. If high-flow O, fails to correct hypoxia, airway repositioning maneuvers
are performed. If this does not restore eupoxia, or if there is inadequate ventilatory effort, bag-valve-mask (BVM) ventilation is performed
using appropriate airway adjuncts (e.g., oropharyngeal airway). If airway compromise or hypoxia persists, ETI is performed if an
experienced ALS provider is available.6-81011.19:40,140 Folowing ETI, tube placement is confirmed via multiple means including ETCO,
detection/capnography.

Management of ventilation
Special emphasis is placed on identifying and treating hypoventilation as well as preventing hyperventilation when assisting ventilation.

Hypoventilation (ineffective respiratory rate for age, shallow or irregular respirations, periods of apnea, or measured hypercarbia): if there is
evidence of hypoventilation despite high-flow O, therapy, assisted ventilation is initiated via BVM and, if ineffective, ETI is

performed.6,7,10,19,51,52,140

Intubated patients: ETCO, target is 40 mm Hg with careful attempts to maintain ETCO, between 35 and 45 mm Hg when monitoring is
available.6710.14.1552 A agencies are encouraged to use ventilation rate timers and flow-controlled ventilation bags to assist in maintaining
age-appropriate ventilatory rates and decrease the risk of inadvertent hyperventilation 67:10.51.52.77,78.80-84 Target initial ventilatory rates are
from the pediatric and prehospital TBI guidelines:511° *infants, 25 breaths/min; children, 20 breaths/min; adolescents/adults, 10 breaths/
min.

Mechanical ventilation: When available, ventilators will be used postintubation to optimize ventilatory parameters and O,
therapy.6:17:51,52141.142 Target tidal volume will be 6 to 7 mL/kg with rates adjusted to keep the ETCO, within target range. This is

consistent with the TBI guidelines and the recent literature showing that intrathoracic pressure, lung mechanics, hemodynamics, and

intracranial pressure are optimized by this tidal volume compared to the “classic” 10 to 12 mL/kg that remains common in EMS and other
settings.51.77.142-147

Nonintubated patients: All relevant monitoring/treatment will be applied except ETCO, monitoring.

Ventilation for impending cerebral herniation: During early TBI management (prehospital/ED), the guidelines recommend strongly against
any “prophylactic hyperventilation” even with severe brain injury, because there is strong evidence that this is detrimental. The guidelines
recommend hyperventilation only for obvious signs of herniation. In such cases, only mild hyperventilation is recommended:87.10.19
*infants, 30 breaths/min; children, 25 breaths/min; adolescents and adults, 20 breaths/min. The ETCO, target range during “mild
therapeutic hyperventilation” is 30 to 35 mm Hg.

Management of blood pressure
Hypotension: Most TBI studies have used sBP < 90 mm Hg to identify hypotension in adults and older children,8.20-23:25-27.30-38 | the

pediatric guidelines, hypotension is defined as sBP below the fifth percentile for age. This is estimated using the formula [70 mm Hg + (age
X 2)]6,10,19,148

Age-appropriate definitions for hypotension
Adults: < 90 mm Hg
Adolescents: <90 mm Hg
Children age 210 years: < 90 mm Hg

Infants and children ages younger than 10 years: 70 mm Hg + (age x
2)

Adults and children age 10 years and older

Treatment of hypotension: The TBI guidelines recommend keeping
the sBP = 90 mm Hg.6710.19 A single SBP measurement < 90 mm Hg
will initiate intravenous (V) fluid resuscitation with an initial bolus of
1 L of normal saline or Ringer’s lactate in adults and adolescents and
20 mL/kg in older children. This will be followed by 1V fluid

administration at sufficient rate and volume to keep sBP =90 mm
Hg.67.10.19
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Treatment of hypertension: In TBI, treatment of acute hypertension is
not recommended.57:10.19.149 However, 1V fluids will be restricted to a
minimal “keep open” rate in patients with sBP = 140 mm Hg.

Infants and children age younger than 10 years

Treatment of hypotension: For hypotension or other signs of shock,
isotonic fluids will be given. Sufficient volume (via 20 mL/kg boluses
every 5 minutes) will be given to return sBP to at least [70 mm Hg +
(age x 2)].81019 |ntraosseous access should be attempted if there is
hypotension or other signs of shock and peripheral venous access
cannot be quickly established.

Treatment of hypertension: As with adults and older children,
treatment of acute hypertension is not recommended in TBI.6.7:10.19.149
1V fluids will be restricted to a minimal keep open rate in infants/
young children with sBP = 100 mm Hg.

ETCO2 = end-tidal carbon dioxide; ETI = endotracheal intubation; TBI = traumatic brain injury.
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Table 2

Severity/Risk Adjustment and Outcome Measures

Risk adjustment/severity measures®.:108.109 (from EMS [CE1]patient care records and the ASTR)

Demographics/history/EMS system response: Age, sex, mechanism of injury (ICD-9/10-CM E-code Injury Descriptors),
preexisting medical conditions, EMS time intervals? (e.g., interval from 9-1-1 call to trauma center arrival).

Prehospital data: Initial and additional respiratory rate; heart rate; sSBP; Glasgow Coma Scale (GCS) score; O, saturation and
ETCO,; prehospital procedures including IV fluids given (mL), ETI, rapid sequence intubation, supraglottic airway use, RTS,
prehospital impression (conditions/“diagnoses”) by EMS.

Trauma center data: The ASTR data set contains nearly 200 data elements related to demography, severity, risk adjustment,
treatment, procedures, and outcomes. Examples (detailed data set in Data Supplement S3)—initial and additional vital signs,
GCS, RTS, probability of survival (TRISS), procedures (ICD-9/10-CM procedure codes), need for emergent surgery, need for
emergent neurosurgery, intracranial pressure monitoring (yes/no), Abbreviated Injury Scale score, 1SS, injury diagnoses
(ICD-9/10-CM N-codes), preexisting comorbidities, hospital complications, hospital/ICU length of stay.

Outcome measures’-8:10,11,17,18,23,85,86,95,96

Primary outcome measure: Survival to hospital discharge.

Secondary outcomes: Prehospital mortality (patients with spontaneous circulation on EMS arrival who then require
cardiopulmonary resuscitation by EMS and have no signs of life on arrival at the trauma center), hospital days, ICU days, total
ventilator days, hospital complications, discharge disposition (e.g., home, long-term care facility, inpatient rehabilitation), and
trauma center costs (charges).

ASTR = Arizona State Trauma Registry; ETCO2 = end-tidal carbon dioxide; ETI = endotracheal intubation; ICU = intensive care unit; ISS =
Injury Severity Score; RTS = Revised Trauma Score; TRISS = Trauma and Injury Severity Score.
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