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IMPORTANCE Traumatic brain injury (TBI) is a massive public health problem. While

evidence-based guidelines directing the prehospital treatment of TBI have been
promulgated, to our knowledge, no studies have assessed their association with survival.

OBJECTIVE To evaluate the association of implementing the nationally vetted, evidence-based,
prehospital treatment guidelines with outcomes in moderate, severe, and critical TBI.

DESIGN, SETTING, AND PARTICIPANTS The Excellence in Prehospital Injury Care (EPIC) Study
included more than 130 emergency medical services systems/agencies throughout Arizona.
This was a statewide, multisystem, intention-to-treat study using a before/after controlled
design with patients with moderate to critically severe TBI (US Centers for Disease Control
and Prevention Barell Matrix-Type 1and/or Abbreviated Injury Scale Head region severity =3)
transported to trauma centers between January 1, 2007, and June 30, 2015. Data were
analyzed between October 25, 2017, and February 22, 2019.

INTERVENTIONS Implementation of the prehospital TBI guidelines emphasizing
avoidance/treatment of hypoxia, prevention/correction of hyperventilation, and
avoidance/treatment of hypotension.

MAIN OUTCOMES AND MEASURES Primary: survival to hospital discharge; secondary: survival
to hospital admission.

RESULTS Of the included patients, the median age was 45 years, 14 666 (67.1%) were men, 7181
(32.9%) were women; 16 408 (75.1% ) were white, 1400 (6.4%) were Native American, 743
(3.4% ) were Black, 237 (1.1%) were Asian, and 2791 (12.8%) were other race/ethnicity. Of the in-
cluded patients, 21852 met inclusion criteria for analysis (preimplementation phase [P1]: 15 228;
postimplementation [P3]: 6624). The primary analysis (P3 vs P1) revealed an adjusted odds ratio
(aOR) of 1.06 (95% Cl, 0.93-1.21; P = .40) for survival to hospital discharge. The aOR was 1.70
(95% Cl,1.38-2.09; P < .001) for survival to hospital admission. Among the severe injury cohorts
(but not moderate or critical), guideline implementation was significantly associated with survival
todischarge (Regional Severity Score-Head 3-4: aOR, 2.03; 95% Cl, 1.52-2.72; P < .00T; Injury
Severity Score 16-24: aOR, 1.61; 95% Cl, 1.07-2.48; P = .02). This was also true for survival to
discharge among the severe, intubated subgroups (Regional Severity Score-Head 3-4: aOR, 3.14;
95% Cl,1.65-5.98; P < .001; Injury Severity Score 16-24: aOR, 3.28; 95% Cl, 119-11.34; P = .02).

CONCLUSIONS AND RELEVANCE Statewide implementation of the prehospital TBI guidelines was
not associated with significant improvement in overall survival to hospital discharge (across the
entire, combined moderate to critical injury spectrum). However, adjusted survival doubled

among patients with severe TBI and tripled in the severe, intubated cohort. Furthermore, guide- Author Affiliations: Author
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line implementation was significantly associated with survival to hospital admission. These find- article.

ings support the widespread implementation of the prehospital TBI treatment guidelines. Corresponding Author: Daniel W.
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he burden of traumatic brain injury (TBI) on US society

is enormous: annually it leads to 2.2 million emer-

gency department visits, 280 000 hospitalizations,
52 000 deaths, and more than $60 billion in economic costs.%?
While improving outcomes has been difficult,>* early treat-
ment may help mitigate secondary brain injury,'°** and this
has led to promulgation of official evidence-based TBI treat-
ment guidelines.'©'>1° There is limited in-hospital evidence
supporting the effectiveness of guideline-based treatment.'62!
However, to our knowledge, association of implementation by
prehospital emergency medical services systems (EMS) with
overall survival has not been evaluated.''? The objective of
this study was to implement the nationally vetted TBI
guidelines" among the EMS agencies of Arizona and to evalu-
ate the association with outcomes in moderate, severe, and
critical TBI.

Methods

Study Design, Setting, and Oversight

The Excellence in Prehospital Injury Care (EPIC) study was con-
ducted throughout Arizona using a controlled, before-after,
multisystem, intention-to-treat design.??-2® The methods
have been reported in detail.?”3° The study phases were based
on each EMS agency’s training schedule: phase 1 (P1), pre-
implementation; phase 2, training (initiation to completion);
and phase 3 (P3), postimplementation (eFigure in the
Supplement).?”

Regulatory approvals were obtained from the state of Ari-
zona. The University of Arizona institutional review board and
Arizona Department of Health Services human subjects re-
view board approved the project and the publication of dei-
dentified data.?”° The institutional review board exempted
this project from informed consent, by virtue of being an of-
ficial, state-vetted public health initiative. While not a clini-
cal trial, EPICis registered at ClinicalTrials.gov (NCT01339702).

Data Collection

The Arizona State Trauma Registry contains extensive data
on patients taken to level I trauma centers (TCs). Informa-
tion from included patients (January 1, 2007, to June 30,
2015) was linked to EMS data by accessing paper-based or
electronic records from participating agencies, creating a
comprehensive prehospital/TC database?” (eTables 1 and 2
in the Supplement).

Participants

Inclusion criteria were adults/children with physical trauma
who (1) were transported directly or transferred to a TC by par-
ticipating agencies, (2) had hospital diagnoses consistent with
TBI (isolated or multisystem), and (3) met at least 1 of the fol-
lowing definitions for major TBI: US Centers for Disease Con-
trol and Prevention Barell Matrix-Type 1 (eTable 3 in the
Supplement)®-33 and/or Abbreviated Injury Scale-Head of at
least 3. To prevent selection bias, all patients meeting criteria
were included regardless of whether EMS data were
obtained.3%3>
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Key Points

Question Isimplementation of prehospital TBI treatment
guidelines in demographically diverse emergency medical services
systems associated with survival in patients with major traumatic
brain injury (TBI)?

Findings In this cohort study, among 21852 patients with
moderate, severe, or critical TBI (15 228 preimplementation and
6624 postimplementation), guideline implementation was not
associated with improved adjusted survival. However, it was
associated with improved outcome in the severe and severe,
intubated subgroups.

Meaning Statewide implementation of the prehospital TBI
guidelines was independently associated with improvement in
survival among patients with severe TBI and in the severe,
intubated group:; these findings support the widespread
implementation of the prehospital TBI treatment guidelines.

Interventions

All Arizona EMS agencies were invited to participate. Pro-
gram requirements included: EMS TBI guideline training (train-
the-trainer strategy?”); implementing systemwide, guideline-
based treatment (eTables 4-7 in the Supplement)?’; and
providing prehospital data. Training emphasized guideline use
in patients with physical trauma, reported/apparent loss of con-
sciousness, and injury sufficient to warrant transport to a
hospital.?”

The guideline-based clinical protocols and algorithms
(eTables 4-7 in the Supplement)?” focused on 4 interven-
tions: (1) prevention/treatment of hypoxia through early oxy-
gen administration; (2) airway interventions to optimize
oxygenation/ventilation (bag-valve-mask [BVM] for airway/
ventilatory compromise and endotracheal intubation [ETI] and
extraglottic/supraglottic airways reserved for patients with
Glasgow Coma Scale score <9 when basic airway interven-
tions were inadequate); (3) prevention of hyperventilation by
using age-appropriate ventilation rates and ventilation
adjuncts®’; and (4) avoidance and treatment of hypotension
by infusing isotonic fluids.?” Primary outcome was survival to
hospital discharge (survival), and the secondary outcome was
survival to hospital admission (SHA).

Statistical Analysis

Continuous variables were summarized by median and inter-
quartile range (IQR) and were compared between 2 groups
using the Wilcoxon rank sum test. Categorical variables were
summarized by frequency and proportion (with 95% Clopper-
Pearson confidence intervals) and were compared between 2
groups by x? or Fisher exact test.

The primary analysis of risk-adjusted association be-
tween survival and intervention was examined by logistic
regression, adjusting for important risk factors and potential
confounders (see eTable 8 in the Supplement for rationale for
choosing the covariates).?83° Sensitivity analysis was per-
formed incorporating the physiologic measures in the Trauma
Injury and Injury Severity Score methodology. The effect of
age (continuous variable) was fitted nonparametrically using
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penalized thin plate regression splines through the general-
ized additive model.>® The same procedure used for survival
was used to model SHA. Fitted models were assessed by de-
viance residual plots, and area under the receiver operating
characteristic curve, with 95% confidence intervals, was ob-
tained by the DeLong method.

In the secondary analyses (ie, moderate/severe/critical
severity-based cohorts and intubated subgroup), standard lo-
gistic regression was used when there were at least 200 pa-
tients with the outcome and 200 without. Otherwise, the Firth
penalized-likelihood logistic regression was used.>”*® Col-
linearity was checked using variance inflation factors for the
parametric terms and concurvity for the nonparametric term.
Mixed-effect models for survival/SHA were used to assess the
effect of potential correlation of patients treated by the same
EMS agency.

In a sensitivity analysis, a propensity score (the probabil-
ity of being in P3 vs P1) was estimated by logistic regression
using all covariates from the final models for outcomes. The
propensity score was then included as either linear or smooth
function predictors to evaluate the change in adjusted odds
ratio (aOR) estimates of intervention for survival and SHA. In
secondary analyses, the absolute change in event rates for the
same patient at 2 different times (eg, prehospital vs emer-
gency department hypoxia rates) was compared between P1
and P3 by fitting generalized estimating equation models for
binary outcome with identity link and exchangeable working
correlation matrix and testing an interaction term between time
and study phase.

We evaluated secular trends in TBI outcomes in 2 groups
of patients brought to the TCs that met study diagnostic cri-
teria but were not eligible for study inclusion: those cared for
solely by EMS agencies not participating in EPIC training and
those brought to TCs by privately owned vehicle (ie, not af-
fected by EMS care).

We used software environment R for the analysis>® (The
R Foundation; packages mgcv,3® gamm4,C gee,*! and logistf*?
for regression models). All tests were 2-sided, with a = .05, ex-
cept for the primary analysis, which was .04 (1 interim analy-
sis was conducted with a = .01).

. |
Results

Enrollment

Phase 1 began for all agencies on January 1, 2007. Phase 2 be-
gan and ended at different times for each agency (the first
agency began training on February 22, 2012, and the last agency
completed training on January 23, 2015). Phase 3 ended for all
agencies on June 30, 2015. Total enrollment was 26 873, and
5021 were excluded, leaving 21 852 (88% of estimated sample
size) for analysis (15 228 patients in the preintervention phase
[P1 control group] and 6624 patients in the postintervention
phase [P3 intervention group]; Figure 1).

Treatment and Treatment-Related Physiologic Changes
Training was associated with changes in treatment and treat-

ment-related physiology. The rate of patients having at least 1
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Figure 1. Enrollment Tree

26873 Patients with possible EMS care who
met diagnostic TBI inclusion criteria

970 Patients cared for by only non-EMS or
unknown EMS agencies (3.6%)

25903 Patients cared for by known EMS
agencies

868 Patients cared for solely by non-
participating EMS agencies (never had
any EPIC training, either before or after a
subject was cared for) (3.2%)

25035 Patients cared for by at least one EMS
agency that initiated EPIC training at
some point

agency that never had EPIC training at

919 Patients cared for by at least one EMS
any point (3.4%)

1160 Patients cared for by at least one EMS
agency that initiated but never completed
EPIC training at any point (4.3%)

22956 Patients cared for solely by EMS
agencies that would ultimately fully
complete EPIC training

that was in the midst of EPIC training (in

752 Patients cared for by at least 1 agency
the P2 training run-in period) (2.8%)

352 Patients cared for by both preintervention
(P1) agencies and postintervention (P3)
agencies (1.3%)

21852 Study Cohort: Patients cared for solely
by preintervention (P1) agencies or
solely by postintervention (P3) agencies
(81.3% of potentially eligible patients)

|
! !

15228 Patients cared for 6624 Patients cared for
solely by agencies in solely by agencies in
the preintervention the postintervention
phase (P1) phase (P3)

EMS indicates emergency medical services; EPIC, Excellence In Prehospital
Injury Care study; P1, study phase 1 (preimplementation phase); P2, study phase
2 (training run-in phase; for each EMS agency, time from initiation to completion
of training); P3, study phase 3 (postimplementation phase); TBI, traumatic brain
injury.

EMS oxygen saturation value of 100% increased significantly
after implementation (P1%, 4823 of 13 552 [35.6%]; P3%, 2513
0f 6141[40.9%]; P < .001; intubated cohort: P1%, 985 of 2226
[44.2%]; P3%, 482 of 885 [54.6%]; P < .001). Among intu-
bated patients, hypoxia decreased after EMS care in both P1
and P3. However, the decrease was significantly greater after
guideline implementation, and this association was seen at
multiple levels of hypoxia (eTable 9 in the Supplement).
The rates of administering intravenous fluid boluses
(eTable 10 in the Supplement) and the volume infused
(eTable 11 in the Supplement) increased in P3. In addition, af-
ter implementation, patients with hypotension were more
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likely to arrive at the TC with a higher systolic blood pressure
(SBP) compared with their prehospital SBP.

The intubation rate decreased significantly after imple-
mentation, and the BVM-only rate increased (eTable 12 in the
Supplement). Among patients receiving positive-pressure ven-
tilation (PPV), the rate of basic airway use only (BVM) in-
creased (P1, 534 of 3531 [15.1%]; P3, 325 of 1491 [21.8%];
P <.001). Among intubated patients, the rate of hypocapnia
(end-tidal carbon dioxide <35 mm Hg, reflecting hyperventi-
lation) decreased significantly after implementation (P1, 899
0f 1486 [60.5%]; P3, 372 of 712 [52.2%]; P < .001).

Analysis and Outcome

Table 1 shows patient demographics and clinical characteris-
tics. Median age was higher in P3 (50.5 years; IQR, 27-70 years)
than P1 (median, 43 years; IQR, 23-63.5 years; P < .001). The
proportion of older patients (by multiple definitions) was much
higher in P3 (eTable 13 in the Supplement).

Brain injury severity was greater in P3 (Regional Severity
Score-Head [RSS-H] of 4: 2419 of 6624 [36.5%; P3] vs 4585 of
15228 [30.1%; P1]; RSS-H of 5-6, 1492 of 6624 [22.5%; P3] vs
2952 0f15 228 [19.4%; P1]; P < .001). This was also true of over-
all injury severity (Injury Severity Score [ISS] of 16-24, 2411 of
6624 [36.4%; P3] vs 4863 of 15228 [31.9%; P1]; P < .001; ISS
>25, 2148 of 6624 [32.4%; P3] vs 4597 of 15228 [30.2%; P1];
P < .001). Patients in P3 were also more likely to receive pre-
hospital cardiopulmonary resuscitation (4.4%; 294 of 6624)
than those in P1 (3.7%; 570 of 15 228; P = .02; Table 1).

The overall preimplementation/postimplementation analy-
sisrevealed an aOR 0f 1.06 (95% CI, 0.93-1.21; P = .40; Table 2)
for survival and 1.70 (95% CI, 1.38-2.09; P < .001) for SHA
(eTable 14 in the Supplement). Sensitivity analyses incorporat-
ing random EMS agency effects in the models for survival and
SHA yielded only minimal changes in the estimated interven-
tion effects (aOR, 1.04; 95% CI, 0.91-1.19 and aOR, 1.73; 95% CI,
1.40-2.13, respectively; eTables 15 and 16 in the Supplement).
Sensitivity analyses incorporating the physiologic components
of Trauma Injury and Injury Severity Score methodology in the
models for survival and SHA also resulted in inconsequential
changes (SBP: aOR, 1.06; 95% CI, 0.93-1.21 and aOR, 1.76; 95%
CI, 1.39-2.21; GCS: aOR, 1.01; 95% CI, 0.87-1.16 and aOR, 1.63;
95% CI, 1.32-2.01; respiratory rate: aOR, 1.04 95% CI, 0.91-1.18
and aOR, 1.79; 95% CI, 1.43-2.22; eTables 17-22 in the Supple-
ment). Sensitivity analyses that included the propensity score
in the models yielded minimal changes (linear predictor: change
inaOR survival, 0.47%; SHA, 0.42%;smooth function survival,
0.89%; SHA, 0.42%).

The results of the severity-based cohort analyses (moder-
ate: RSS-H 1-2 or ISS 1-14; severe: RSS-H 3-4 or ISS16-24; and
critical: RSS-H 5-6 or ISS 25-75) are shown in Figure 2. The se-
vere subgroups (both TBI-specific and overall injury) showed
positive and significant improvement in survival after guide-
line implementation, while the moderate and critical groups
did not. Increases in SHA were most pronounced in the se-
vere TBI group but also occurred in the critical cohort (Figure 2).

The outcomes associated with airway interventions are
shown in Figure 3. Patients with severe injury who received
any method of PPV (BVM, supraglottic/extraglottic airway, or
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intubation) and the severe, intubated subgroup showed marked
survival improvement after implementation. The critical-
injury subgroups yielded conflicting results, showing either
no significant change (overall injury, ISS >25) or a small nega-
tive change in survival (brain injury, RSS-H 5/6).

|
Discussion

The EMS TBI guidelines emphasize prevention and treatment
of hypoxia, hypotension, and hyperventilation.! These recom-
mendations are based on observational studies demonstrating
increased TBI mortality from these insults (hypoxia,'4-43°
hypotension,!314:44:45.47.49-57 and hyperventilation!-14-46:58-66)_
However, the supporting evidence remains weak because to our
knowledge, no controlled prehospital studies have directly
evaluated the association of guideline-based care with
survival. -1

The EPIC study is a statewide public health initiative imple-
menting the prehospital TBI guidelines!®-'?'> among patients
who experienced injury-associated loss of consciousness. This
inclusive approach to guideline implementation at the indi-
vidual patient level was taken because TBI can be difficult to
identify in the field, and its severity may not be immediately
apparent,10-12:15.67-72

We used an intention-to-treat design because we ex-
pected participation from more than 100 EMS agencies and
could not guarantee access to prehospital records.>>:”®> None-
theless, we achieved a 98.7% linkage rate (ie, EMS data linked
to TC data), and eTables 9 to 12 in the Supplement provide evi-
dence that guideline-based treatment increased signifi-
cantly. As expected in a large implementation effort, there was
incomplete application of the guidelines at the individual pa-
tient/personnel level (eTables 9-12 in the Supplement). How-
ever, there is reason for optimism if future innovations in
training and technology can improve guideline compliance
(eg, real-time physiologic audiovisual feedback).

The primary analysis (across the entire moderate-to-
critical severity spectrum) revealed an aOR of 1.70 (95% CI,
1.38-2.09; P < .001) for survival to admission. However, the
overall aOR of 1.06 (95% CI, 0.93-1.21) for survival to dis-
charge was nonsignificant (P = .40). The increase in SHA is
important because this outcome is proximate to the interven-
tion and likely reflects changes in EMS care. Early outcomes
have been recognized to have value for evaluating the effect
of prehospital interventions in other serious, time-sensitive
conditions.”*”® In addition, improved early survival creates
the potential for patients to benefit from subsequent special-
ized care.”6:77-79-81

We chose broad inclusion criteria because it is not known
which severity subgroups benefit from treatment,>#6-11.:67.71.72,82
This approach prevented unknowingly excluding patients who
might benefit (if we made the criteria too narrow). However, it had
therisk of diluting the treatment effect (by including nonrespond-
ing cohorts). Thus, we planned (a priori) to evaluate the moder-
ate, severe, and critical cohorts separately to prevent some
subgroups from potentially hiding the effectiveness of others. In-
deed, this approach identified that implementation was strongly
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Table 1. Patient Characteristics and Outcomes®

No. (%)
Characteristic AlL(N=21852)" P1(n=15228)> P3(n=6624)" P Value®
Age, median (IQR), y 45 (24-66) 43 (23-63.5) 50.5 (27-70) <.001
Male
No 7181(32.9) 4940 (32.4) 2241 (33.8)
Yes 14666 (67.1) 10283 (67.5) 4383 (66.2) .048
Unknown 5 5 0
Race/ethnicity
Black 743 (3.4) 506 (3.3) 237 (3.6)
Asian 237(1.1) 151 (1) 86 (1.3)
American Indian/Alaska native 1400 (6.4) 973 (6.4) 427 (6.4)
White 16 408 (75.1) 11454 (75.2) 4954 (74.8) 16
Other 2791 (12.8) 1976 (13) 815(12.3)
Unknown 273(1.2) 168 (1.1) 105 (1.6)
Hispanic
No 16 488 (75.5) 11276 (74) 5212 (78.7)
Yes 4719 (21.6) 3405 (22.4) 1314 (19.8) <.001
Unknown 645 (3) 547 (3.6) 98 (1.5)
Payer
Private 7109 (32.5) 5035(33.1) 2074 (31.3)
AHCCCS/Medicaid 5378 (24.6) 3920 (25.7) 1458 (22)
Medicare 4901 (22.4) 3081 (20.2) 1820 (27.5)
Self pay 3119(14.3) 2144 (14.1) 975 (14.7) <001
Other 910 (4.2) 648 (4.3) 262 (4)
Unknown 435 (2) 400 (2.6) 35(0.5)
Trauma type
Blunt 20794 (95.2) 14504 (95.2) 6290 (95)
Penetrating 1053 (4.8) 723(4.7) 330 (5)
Burn 4(0) 0 4(0.1) ot
Unknown 1(0) 1(0) 0
Regional Severity Score-Head (/ICD-9)
1to3 10233 (46.8) 7563 (49.7) 2670 (40.3)
4 7004 (32.1) 4585 (30.1) 2419 (36.5)
5to6 4444 (20.3) 2952 (19.4) 1492 (22.5) <001
Unknown 171 (0.8) 128 (0.8) 43 (0.6)
Injury Severity score (ICD-9)
1to 14 7826 (35.8) 5765 (37.9) 2061 (31.1)
16 to 24 7274 (33.3) 4863 (31.9) 2411 (36.4)
225 6745 (30.9) 4597 (30.2) 2148 (32.4) <001
Unknown 7 (0) 3(0) 4 (0)
Body region
Isolated TBI 16 663 (76.3) 11602 (76.2) 5061 (76.4)
Multisystem TBI 5189 (23.7) 3626 (23.8) 1563 (23.6) 74
Transfer
No 14671 (67.1) 10310(67.7) 4361 (65.8)
Yes 6646 (30.4) 4383(28.8) 2263 (34.2) <.001
Unknown 535(2.4) 535(3.5) 0
CPR
No 20988 (96) 14658 (96.3) 6330 (95.6)
Yes 864 (4) 570(3.7) 294 (4.4) 02
(continued)
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Table 1. Patient Characteristics and Outcomes?® (continued)

No. (%)

Characteristic AlL(N = 21 852)°

P1(n=15228)"

P3(n=6624)" P Value®

Airway management

No PPV 16830 (77) 11697 (76.8)

BVM 859 (3.9) 534 (3.5)

SGA 149 (0.7) 81(0.5)

Intubation 4014 (18.4) 2916 (19.1)
Survival to discharge

No 3036 (13.9) 2036 (13.4)

Yes 18816 (86.1) 13192 (86.6)
Survival to hospital admission

No 1018 (4.7) 723 (4.7)

Yes 20834 (95.3) 14505 (95.3)

5133 (77.5)
325(4.9)
68 (1)
1098 (16.6)

<.001

1000 (15.1)
5624 (84.9)

<.001

295 (4.5)
6329 (95.5)

.36

Abbreviations: AHCCCS, Arizona Health Care Cost Containment System; BVM, bag-valve mask (basic airway providing
positive-pressure ventilation); CPR, cardiopulmonary resuscitation; ICD-9, International Classification of Diseases, Ninth
Revision; IQR, interquartile range; isolated TBI, patients who met TBI inclusion criteria but had no injury with Regional
Severity Score of at least 3 in any other (nonhead) body region; multisystem TBI, patients who met TBI inclusion criteria
and also had at least 1 nonhead region injury with Regional Severity Score of at least 3; PPV, positive-pressure ventilation
(patients received active ventilation regardless of basic or advanced airway type); P1, study phase 1 (preimplementation);
P3, study phase 3 (postimplementation); SGA, supraglottic airway (eg, Laryngeal Mask Airway or King Airway);

TBI, traumatic brain injury.

@ Treating trauma center was also highly significant. To protect the mandated anonymity of the participating hospitals, the
numbers are not shown (preventing any possible identification or inference of facility-specific outcome differences).

®Median (IQR) for numerical variables and count (percentage) for categorical variables.

© Fisher exact test or x test, as appropriate, for categorical variables and Wilcoxon rank sum test for continuous variables;

the unknown category, if present, is excluded from the testing procedure.

associated with improved survival in the severe subgroups (RSS-H
3-4: a0R, 2.03; 95% CI, 1.52-2.72; P < .001; ISS 16-24: aOR, 1.61;
95% CI, 1.07-2.48; P = .02; Figure 2).

These findings support a concept of an interventional sweet
spot between the extremes of TBI severity. At the moderate end
of the spectrum, detecting differences in mortality is unlikely
owing to the low death rate. But in critical TBI, even optimal
treatment may have little effect on survival. In contrast, the se-
vere group may benefit far more from the prevention of sec-
ondary insults than patients who have devastating primary
injury and whose mortality risk is high regardless of treat-
ment. Indeed, the effect of hypoxia and hypotension on sur-
vival was significantly greater in patients with severe injury than
those with critical injury. Both of these secondary insults were
associated with lower odds of survival among the patients with
RSS-H of 3 or 4 (hypoxia OR, 0.181; 95% CI, 0.137-0.243; hypo-
tension OR, 0.193; 95% CI, 0.146-0.258) than in those with
RSS-H of 5-6 (hypoxia OR, 0.262; 95% CI, 0.220-0.313; P = .03
for the difference; hypotension OR, 0.280; 95% CI, 0.229-
0.342; P = .03). Hence, the relative association of primary vs
secondary injury with survival may vary with severity, with pri-
mary injury being the main determiner of outcome in critical
patients and secondary injury taking on more significance in
patients with less severe injuries, where the initial insult leaves
greater potential for improvement or deterioration. It is no-
table that other TBI studies have focused on the middle-
severity cohort as well.39:72:83-85

Thelack of treatment effect in critical patients may not be
solely owing to irreversible pathoanatomic injury. Rather, varia-
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tions in severity-associated physiologic response may also play
arole. For instance, while the rate of intubated patients with
atleast 1 oxygen saturation of 100% increased significantly af-
ter implementation (P1, 985 of 2226 [44.2%] vs P3%, 482 of
885[54.6%]; P < .001). This increase varied dramatically with
severity. In the severe group (RSS-H 3-4), the rate increased
from 50.7% (491 of 968; P1) to 66.9% (216 of 323; P3) (16.2%
absolute increase). However, in the critical cohort (RSS-H 5-6),
the increase was only 7.1% (39.4% [463 of 1176] to 46.5% [252
of 542]; P = .02 for the difference between the severe and criti-
cal subgroups ). Furthermore, the patients with hypotension
and severe injury in P3 were less than half as likely to arrive at
the TC with a further drop in SBP (2.0%) than those in P1 (5.1%,
P =.048). In contrast, the hypotensive, critical cohorts in P3
and P1 had a similar likelihood of experiencing an additional
SBP drop on arrival (P3 = 8.5%; P1 = 10.7%; P = .49). These find-
ings support the concept that physiologic improvement may
be more difficult to achieve in critical patients.

The lack of improvement in the highest-severity cohort
is not surprising and may be due to the Stocchetti effect.83-86
Improvements in prehospital trauma care may lead to a para-
doxical effect of improved prehospital survival but de-
creased hospital survival because critical patients who previ-
ously died in the field may survive to hospital admission but
die in hospital from extremely severe injury.83#¢ We believe
that the postimplementation increases in SHA in the critical
cohorts (RSS-H 5/6: 1.42; 95% CI, 1.15-1.76; ISS >25: 1.63; 95%
CI, 1.32-2.00; Figures 2 and 3), the larger proportion of older
patients (eTable 13 in the Supplement), and the higher rate of
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Table 2. Primary Analysis of Adjusted Survival in Phase 3 Vs Phase 1

Variable OR (95% Cl) P Value
Intervention 1.06 (0.929-1.21) 40
Male
No 1 [Reference]
Yes 1.02 (0.896-1.17) 4
Race/ethnicity
Black 1 [Reference]
Asian 0.787 (0.417-1.49)
American Indian/Alaska native 0.719 (0.476-1.08)
White 0.850(0.611-1.18) 005
Other 0.678 (0.462-0.994)
Unknown 0.382(0.214-0.679)
Hispanic
No 1 [Reference]
Yes 1.14 (0.959-1.36) .02
Unknown 0.686 (0.483-0.974)
Payer
Private 1 [Reference]
AHCCCS/Medicaid 1.12 (0.949-1.33)
Medicare 0.942 (0.762-1.17)
Self pay 0.464 (0.385-0.559) <001
Other 0.829 (0.619-1.11)
Unknown 0.309 (0.210-0.454)
Trauma type
Blunt 1 [Reference]
Penetrating 0.159(0.130-0.196) <001
Head Injury Severity score (ICD-9)
1to3 1 [Reference]
4 0.835 (0.649-1.07) <.001
5to6 0.047 (0.036-0.061)
Injury Severity score (ICD-9)
1to 14 1 [Reference]
16 to 24 0.444 (0.303-0.649) <.001
225 0.181(0.122-0.269)
Body region
Isolated TBI 1 [Reference]
Multisystem TBI 0.488 (0.423-0.563) <001
Transfer
No 1 [Reference]
Yes 2.12(1.79-2.51) <.001
Unknown 1.25(0.798-1.96)
CPR
No 1 [Reference]
Yes 0.029 (0.021-0.040) <001
Hospital® Not shown <.001
Age, y Nonparametric function <.001

Abbreviations, AHCCCS, Arizona Health Care Cost Containment System;
CPR, cardiopulmonary resuscitation; ICD-9, International Classification of

Diseases, Ninth Revision; isolated TBI, patients who met TBI inclusion criteria
but had no injury with Regional Severity Score =3 in any other (nonhead) body
region; multisystem TBI, patients who met TBI inclusion criteria and also had at
least 1 nonhead region injury with Regional Severity Score =3; OR, odds ratio.

2 Hospital (treating trauma center) was also highly significant. To protect the

mandated anonymity of the participating hospitals, the numbers are not

shown (preventing any possible identification or inference of facility-specific

outcome differences).
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patients receiving prehospital CPR (Table 1) all support the in-
terpretation that the Stocchetti Effect explained at least part
of the lack of improvement in the critical cohort.

Prehospital intubation for TBI has been controversial for
decades.10-12:15,23,59,64,66,67,87-91 Hawever, in studies associ-
ating intubation with negative outcomes,?3:66:67:88.91 jt jg
unclear whether the primary issue was the procedure itself
or the high rate of inadvertent hyperventilation following
intubation,*3:64.65:85.87.92 I EPIC, training emphasized the
guideline-based approach of reserving intubation for those with
markedly depressed level of consciousness and in whom ba-
sic interventions were inadequate for airway protection and
oxygenation.!?121> Several findings provide evidence that this
approach was implemented. Despite increased severity of both
brain and overall injury in P3, the intubation rate decreased
and the BVM-only rate increased (eTable 12 in the Supple-
ment). Furthermore, among PPV cases, the rate of BVM-only
use increased markedly (relative increase = 44.1%, P < .001).

Postimplementation adjusted survival tripled in the PPV
and ETI severe cohorts (both TBI-specific and overall injury;
Figure 3). This may be owing to the focus on oxygenation/
preoxygenation and preventing hyperventilation via (1) inten-
tional emphasis on achieving target end-tidal carbon dioxide
(35-45 mm Hg), (2) the use of ventilation rate timers as real-
time visual cues for manual ventilation, and (3) use of flow-
controlled ventilation bags. These findings imply that intuba-
tion, combined with proper ventilation, may be the optimal
approach to prehospital airway management in patients
with major TBI who meet the criteria recommended in the
guidelines. Clearly, many questions related to this issue re-
quire further study.

Two challenges of EPIC were its length (the typical agency
participated for 3 years following implementation) and our in-
ability to enforce retraining after initial education. Thus, there
was a potential for decreased emphasis on guideline adher-
ence over time. To evaluate this, we assessed temporal changes
in outcome by comparing P1 to early P3 (months 1-18) and late
P3 (=19 months). There was initial improvement, but the ef-
fect faded (aOR for survival: early P3, 1.16; 95% CI, 0.99-1.37;
“late” P3, 0.95; 0.80-1.13). This was also reflected by the in-
terim analysis (accrual: March 31, 2014), which was positive
for survival (aOR, 1.16; 95% CI, 1.00-1.34; P = .048). However,
the final analysis reverted (aOR, 1.06; 95% CI, 0.93-1.21;
P = .40). The reason we did not report a positive study at the
interim analysis was because the P value required for early ter-
mination was Pless than .01. Interestingly, in retrospect, if we
had planned the study to only last until the interim analysis,
we would have reported a positive study at that time (ie,
P < .05). We believe these findings reflect the need for fo-
cused, recurrent training to help prevent deterioration of guide-
line adherence over time.

Limitations

This study has limitations. First, it was not randomized. Al-
though a randomized clinical trial might definitively identify
optimal treatment, such a trial was not feasible. Because ex-
isting studies overwhelmingly report detrimental effects of hy-
poxia, hypotension, and hyperventilation, randomization (to
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Figure 2. Primary Analysis: Adjusted Survival

Subset

a0R (95%): Survival
to Hospital Discharge

Head injury severity 1-2
Head injury severity 3-4
Head injury severity 5-6
I1SS1to 14

1SS 16 to 24

1SS 225

a0R (95%): Survival
to Hospital Admission

NA NA
2.03(1.52-2.72) e 9.62(3.81-29.94) e
0.85 (0.73-1.00) - 1.42 (1.15-1.76) -
103(0.54-2.070  —»—— 0.84(0.17-5.077 ~ ——=——
161 (1.07-2.48)2 —— 3.43(0.83-22.55)° ———
1.00 (0.87-1.16) - 163 (1.32-2.00) -

05 1 5 0102051 2 510 2050

aOR for Survival to
Hospital Discharge

aOR for Survival to
Hospital Admission

Postintervention adjusted odds of survival to hospital discharge or admission
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for the moderate (Injury Severity Score [ISS] of 1-14), severe (Regional Severity
Score-Head of 3 or 4; ISS of 16-24), and critical (Regional Severity Score-Head of

Head Injury Severity 5-6: survival to discharge 1885 of 4444; SHA, 3587 of
4444;1551t0 14: survival to discharge, 7757 of 7826; SHA, 7801/7826; ISS 16 to
24: survival to discharge, 7115 of 7274; SHA, 7241/7274; 1SS =25: survival to

5 or 6; ISS of 25-75) injury cohorts. Logistic regression was used when there
were at least 200 patients with the event (eg, survived to discharge) and 200
without (eg, did not survive to discharge). Number of events/number of
subjects in each subgroup: Head Injury Severity 1-2: survival to discharge 2072
of 2090; survival to hospital admission (SHA) 2084 of 2090; Head Injury
Severity 3-4: survival to discharge 14 754 of 15 147; SHA 15 038 of 15147;

discharge, 3937/6745; SHA, 5785/6745. aOR indicates adjusted odds ratio;
NA, not applicable owing to numbers being too small for adjusted analysis.

2 In comparisons that did not meet the criteria of at least 200 patients with the
event and 200 without, Firth penalized-likelihood logistic regression was

used.

Figure 3. Adjusted Analysis of Survival and Survival to Hospital Admission by Severity Cohorts in Patients
with Positive-Pressure Ventilation (PPV)/Intubation

E‘ Survival by airway/ventilatory intervention

a0R (95%): Survival

SHA by airway/ventilatory intervention

Subset

aOR (95%): Survival
to Hospital Admission

PPV Head injury severity 3-4
PPV Head injury severity 5-6
PPV ISS 16 to 24

PPV ISS 225

6.44 (2.39-22.04)?
1.40(1.13-1.75)
4.57 (0.61-94.48)?
1.53(1.23-1.89)

Subset to Hospital Discharge
PPV Head injury severity 3-4 3.52(1.96-6.34) —
PPV Head injury severity 5-6 0.72 (0.58-0.88) -
PPV ISS 16 to 24 2.75(1.15-7.53)2 L
PPV ISS 225 0.87 (0.72-1.06) -
ETI Head injury severity 3-4  3.14 (1.65-5.98) —
ETI Head injury severity 5-6  0.67 (0.52-0.86) ——
ETIISS 16 to 24 3.28(1.19-11.34)2 —_—
ETIISS 225 0.81(0.64-1.01) =
0‘.5 1 i é lb 2‘0
aOR for Survival to Hospital
Discharge

ETI Head injury severity 3-4  4.93 (1.75-17.50) —_—
ETI Head injury severity 5-6 ~ 1.43 (1.32-1.84) -
ETIISS 16 to 24 4.89 (0.54-173.66)?
ETIISS 225 1.53(1.20-1.96) -
O‘.S 1 i é lb 2‘0 5‘0 160
aOR for Survival to Hospital
Admission

Postintervention adjusted odds of survival to hospital discharge or admission,
by airway intervention category, for the severe (Regional Severity Score-Head
of 3 or 4; Injury Severity Score [ISS] of 16-24) and critical injury cohorts
(Regional Severity Score-Head of 5 or 6; Injury Severity Score of 25-75). The
moderate severity category analyses (Regional Severity Score-Head of 1or 2; ISS
of 1-14) are not shown owing to the very small number of deaths in these
cohorts, preventing meaningful/stable regression model results. Logistic
regression was used when there were at least 200 patients with the event (eg,
survived to discharge) and 200 without (eg, did not survive to discharge).

For PPV, inclusion criteria were all patients with active ventilation whether basic
(bag-valve mask) or advanced airway (supraglottic/extraglottic airway or
endotracheal intubation). Number of events/number of subjects in each
subgroup: PPV Head Injury Severity 3-4: survival to discharge, 1618 of 1842;

SHA 1741 of 1842; PPV Head Injury Severity 5-6: survival to discharge, 771 of
2,992; SHA, 2149 of 2992; PPV ISS 16 to 24: survival to discharge, 751 of 822;
SHA, 793 of 822; PPV ISS =25: survival to discharge, 1359/3770;

SHA, 2829/3770; endotracheal intubation (ETI) Head Injury Severity 3-4:
survival to discharge 1257/1457; SHA 1364/1457; ETI Head Injury Severity 5-6:
survival to discharge 603 of 2402; SHA 1689 of 2402; ETI ISS 16 to 24 survival
to discharge, 586 of 647; SHA, 620 of 647; ETI ISS =25: survival to discharge,
1055 of 3024; SHA, 2224/3024. aOR indicates adjusted odds ratio.

2 In comparisons that did not meet the criteria of at least 200 patients with the

event and 200 without, Firth penalized-likelihood logistic regression was
used.

treat/not treat) would be unacceptable to most EMS systems.
Use of a pragmatic trial design (eg, stepped-wedge or cluster-
randomized)®® was also nonfeasible because the timing of EPIC
training had to be determined primarily by agency-specific
operational factors.

Because the guidelines were implemented as a “bundle,”
we cannot identify the relative effect of specific interven-
tions (eg, oxygenation/preoxygenation). This would have re-
quired stepwise, intervention-specific implementation, and
this was not feasible.
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To evaluate potential influence of secular trends, we as-
sessed concurrent outcomes in 2 cohorts taken to the TCs that
met diagnostic inclusion criteria but were unaffected by EPIC.
First, we assessed patients transported by nonparticipating EMS
agencies. However, the agency recruitment was so successful that
this cohort was much smaller than anticipated (233 total; mean,
27.4 per year). Second, we evaluated patients brought to TCs by
privately owned vehicle (n = 1486). The before/after analysis
(early patients [January 1, 2007, to December 31, 2012] vs late
[January 1, 2013, to June 30, 2015]) yielded no evidence of out-
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come improvement over time. Indeed, there was a trend to-
ward somewhat worse outcomes in the late group (eTable 23 in
the Supplement). It is noteworthy that the trauma system in Ari-
zona developed during the 1980s and was very stable during
EPIC. The TCs accounting for 98.1% of patients (21432 of 21 852)
were established more than a decade before the study began.
Finally, we could not control for the effects of inpatient
care. Thus, we cannot know conclusively that the improve-
ments were directly caused by EMS guideline implementa-
tion. However, the concurrent increase in survival to hospital
admission (aOR, 1.70; 95% CI, 1.38-2.09; P < .001) is support-
ive of the conclusion that EMS implementation was associ-

Original Investigation Research

. |
Conclusions

Statewide implementation of the prehospital TBI guidelines
was not associated with improved overall survival (across
the entire, combined moderate to critical spectrum).
However, survival doubled among patients with severe TBI
and tripled in the patients with severe TBI who received
PPV and/or intubation. Implementation was also indepen-
dently associated with significant improvement in survival
to hospital admission. These findings support the wide-
spread implementation of the prehospital TBI treatment

ated with the improvements in outcome.
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