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Study objective: Little is known about the out-of-hospital blood pressure ranges associated with optimal outcomes in traumatic
brain injuries (TBI). Our objective was to evaluate the associations between out-of-hospital systolic blood pressure (SBP) and
multiple hospital outcomes without assuming any predefined thresholds for hypotension, normotension, or hypertension.

Methods: This was a preplanned secondary analysis from the Excellence in Prehospital Injury Care (EPIC) TBI study. Among
patients (age >10 years) with major TBIs (Barell Matrix type 1 and/or Abbreviated Injury Scale-head severity >3) and lowest out-
of-hospital SBPs of 40 to 299 mmHg, we utilized generalized additive models to summarize the distributions of various outcomes
as smoothed functions of SBP, adjusting for important and significant confounders. The subjects who were enrolled in the study
phase after the out-of-hospital TBI guideline implementation were used to validate the models developed from the
preimplementation cohort.

Results: Among 12,169 included cases, the mortality model revealed 3 distinct ranges: (1) a monotonically decreasing
relationship between SBP and the adjusted probability of death from 40 to 130 mmHg, (2) lowest adjusted mortality from 130 to
180 mmHg, and (3) rapidly increasing mortality above 180 mmHg. A subanalysis of the cohorts with isolated TBIs and
multisystem injuries with TBIs revealed SBP mortality patterns that were similar to each other and to that of the main analysis.
While the specific SBP ranges varied somewhat for the nonmortality outcomes (hospital length of stay, ICU length of stay,
discharge to skilled nursing/inpatient rehabilitation, and hospital charges), the patterns were very similar to that of mortality. In
each model, validation was confirmed utilizing the postimplementation cohort.

Conclusion: Optimal adjusted mortality was associated with a surprisingly high SBP range (130 to 180 mmHg). Below this level,
there was no point or range of inflection that would indicate a physiologically meaningful threshold for defining hypotension.
Nonmortality outcomes showed very similar patterns. These findings highlight how sensitive the injured brain is to compromised
perfusion at SBP levels that, heretofore, have been considered adequate or even normal. While the study design does did not
allow us to conclude that the currently recommended treatment threshold (<90 mmHg) should be increased, the findings imply
that the definition of hypotension in the setting of TBI is too low. Randomized trials evaluating treatment levels significantly higher
than 90 mmHg are needed. [Ann Emerg Med. 2022;80:46-59.]

Please see page 47 for the Editor’'s Capsule Summary of this article.

Readers: click on the link to go directly to a survey in which you can provide feedback to Annals on this particular article.
A podcast for this article is available at www.annemergmed.com.
Continuing Medical Education exam for this article is available at http://www.acep.org/ACEPeCME/.

0196-0644/$-see front matter
Copyright © 2022 by the American College of Emergency Physicians.
https://doi.org/10.1016/j.annemergmed.2022.01.045

INTRODUCTION
Background and Importance

promulgation of evidence-based out-of-hospital and
inhospital TBI treatment guidelines for both children

The societal burden of traumatic brain injuries
(TBIs) is enormous—Ieading to 2.2 million emergency
department visits, 280,000 hospitalizations, 52,000
deaths, and more than 60 billion dollars in economic
costs in the United States each year.l’2 In addition,
more than 5 million Americans have major long-term
disabilities as a result of TBIs." The potential that early
TBI management may improve outcomes has led to the

and adults.”® The recently published Excellence in
Prehospital Injury Care (EPIC) Study reported that the
statewide implementation of the out-of-hospital
guidelines was independently associated with a marked
improvement in the adjusted odds of survival to
hospital discharge among patients with severe TBIs.”
One major focus of the guidelines is the prevention and
treatment of hypotension.”” It is well established that even
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Editor’s Capsule Summary

What is already known on this topic

Hypotension that occurs early in the care of
traumatic brain-injured patients is associated with
worse outcomes. The optimal blood pressure for such
patients is unclear.

What question this study addressed

Among 12,169 severe traumatic brain-injured
patients 10 years and older, what was the association
between probability of mortality and the lowest
measured systolic blood pressure (SBP) during out-
of-hospital care?

What this study adds to our knowledge
In this study population, 12% died. Probability of

death decreased as the lowest measured SBP increased
from 40 to approximately 130 mmHg. The
probability of death remained fairly constant between
130 and 180 mmHg, and increased above 180
mmHg. SBP 90 to 120 mmHg was associated with
greater probability of mortality than SBP 130 to 180
mmHg. Other, non-mortality outcome measures
exhibited similar patterns.

How this is relevant to clinical practice

Early care of traumatic brain-injured patients should
include focus on avoiding and treating low blood
pressure, perhaps with a higher threshold than what is
often considered hypotension.

a single episode of hypotension during the early
management of a TBI is associated with a major increase in
mortality.”**” However, this literature is comprised nearly
exclusively of small studies that merely dichotomized cases
into hypotensive and nonhypotensive cohorts (variously
defined) and compared outcomes in the “low” versus “not
low” groups. One of the central reasons there are no large
emergency medical services (EMS) TBI studies evaluating
blood pressure and outcomes is because of the challenge of
linking out-of-hospital data to comprehensive inhospital
information.”® Unfortunately, this has limited our
understanding of the effects of blood pressure on outcomes
across the spectrum of potential values. Hence, while it is
clear that low blood pressure during the early moments of
TBI care is associated with worse outcomes, essentially
nothing is known about whether “near hypotension” (or
“low normotension”) is harmful. Furthermore, no out-of-
hospital studies have identified the range of pressures

associated with the best outcomes. Answering such
questions requires large numbers of patients so that blood
pressure can be treated as a continuous variable (and not
simply as a low/not-low categorical variable determined by
an arbitrary cut point). The EPIC study database contained
nearly 22,000 major TBI cases with linked out-of-hospital
and hospital data and provided a unique opportunity to
perform these analyses.””*

Goals of This Investigation

Our objective was to analyze the associations between
out-of-hospital blood pressure and outcomes across the
entire range of values among older children and adults (age
>10 years) enrolled in the EPIC study.”® Specifically, we
identified the out-of-hospital systolic blood pressure (SBP)
range that is associated with optimal outcomes in major

TBIs.

METHODS

Study Design, Setting, and Oversight

The parent study evaluated the effect of implementing
the EMS TBI guidelines in patients with moderate, severe,
or critical TBIs throughout Arizona. Because the methods
have been reported in detail, we limit this description to the
design attributes relevant to this specific, preplanned
secondary analysis.”>*%"

Regulatory approvals were obtained from the Arizona
Department of Health Services. The University of Arizona
Institutional Review Board and the Arizona Department of
Health Services Human Subjects Review Board approved
the project and publication of deidentified data. While not
a clinical trial, EPIC is registered at Clinical Trials.gov
(NCT01339702). The manuscript adheres to the
Strengthening of Reporting of Observational studies in
Epidemiology reporting guidelines. This was an
observational, noninterventional analysis of a subset of the

data in the EPIC study.

Data Collection

The Arizona State Trauma Registry (ASTR) contains
extensive trauma center data on all patients transported to 1
of the 10 designated Level I trauma centers in the state.
From the ASTR, all cases meeting the study criteria
(described below) were entered into the EPIC Database.
Each participating EMS agency then received a list of the
EPIC patients who were cared for in their system. The cases
were matched by incident date, name, and other patient
identifiers, and the out-of-hospital patient care records
(paper-based or electronic) were sent to the Study Data
Center for entry into the database. This yielded an
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extensive data set of study patients that included both EMS
and trauma center data (98.7% linkage rate).””®

Selection of Participants

The inclusion criterion was enrollment in the
preimplementation or postimplementation phases of the
EPIC study. This included patients with physical trauma
who (1) were transported directly or transferred to a Level I
trauma center by participating EMS agencies, (2) had
hospital diagnoses of TBIs (isolated or multisystem trauma
that included TBI), and (3) met at least 1 of the following
criteria: (a) Abbreviated Injury Scale (AIS)-head of >3, (b)
Barell Matrix type 1, and (c) out-of-hospital positive
pressure ventilation by bag-valve-mask device, endotracheal
intubation, supraglottic airway, nasal intubation, or
cricothyrotomy. Both patients with isolated TBI and those
with TBI combined with multisystem injury were included
in the analysis.

The exclusion criteria for the parent study were as
follows: (1) nonmechanical mechanisms (eg, drowning); (2)
choking/strangulation; (3) environmental injury (eg,
hyperthermia); (4) poisoning (eg, drug overdose, carbon
monoxide); (5) nontraumatic intracranial hemorrhage; and
(6) other nontraumatic, acute neurological emergencies (eg,
bacterial meningitis).7’28

The exclusion criteria for this subgroup analysis were as
follows: age less than 10 years, interfacility transfers, and
subjects with out-of-hospital SBPs of less than 40 mmHg.
In addition, cases that were missing data for age, SBP, or
trauma type (penetrating versus blunt) were excluded. The
reason for excluding children under the age of 10 was
because this significantly simplified the analysis because the
threshold for defining hypotension (and the guideline-
based treatment threshold) changes with each year of age
from 0 to 9, while the threshold remains constant for older
children and adults (age >10 years). To assess whether
keeping older children in the analysis affected the findings,
we performed a sensitivity analysis of the adult subjects
only (age >18 years).

Outcomes

The primary outcome was inhospital mortality.”® The
secondary outcomes included hospital length of stay,
ICU length of stay, hospital charges (US dollars), and
discharge to a skilled nursing facility or to inpatient
rehabilitation.

Analysis
Continuous variables were summarized by medians and
interquartile ranges, and categorical variables by frequency

and proportion. The risk-adjusted associations between
binary outcome variables (death in the hospital, discharged
to skilled nursing/rehabilitation facility) and the lowest out-
of-hospital SBP were examined by logistic regression. The
associations between the count outcome variables (hospital
length of stay, ICU length of stay) and SBP were evaluated
by negative binomial regression. Finally, the associations
between (log transformed) total hospital charges and SBP
were analyzed by linear regression. To prevent anomalies
from monetary inflation, all charges were indexed to June
2015 US dollars using the hospital inpatient services
Consumer Price Index from the US Bureau of Labor
Statistics.””* The regression models adjusted for
important risk factors and potential confounders. Age, sex,
race, ethnicity, out-of-hospital hypoxia, out-of-hospital
airway management, Injury Severity Score (ISS), and head
region injury score (International Classification of Diseases-
Version 9) matched to AIS score were included, a priori, in
the model (because they have been used nearly universally
in trauma risk adjustment).”””” Trauma type (blunt versus
penetrating), payment source, multisystem injury (TBI
plus any nonhead body region with Regional Severity Score
>3), out-of-hospital cardiopulmonary resuscitation, and
treating trauma center were included because they have
often been confounders in trauma outcome studies and
were found to be significant covariates in previous EPIC
reports.””** %37 The effects of continuous variables (SBP
and age) in the regression models were fitted
nonparametrically using penalized thin plate regression
splines through the generalized additive model.”” The
model was penalized to avoid overfitting (excessive
“wiggliness” in the transformation function due to random
noise), and the smoothing parameters were chosen to
optimize the Akaike Information Criterion, a measure of
the predictive power of the model.*

Each model was fitted on the preimplementation (phase
1) data first; then, the fitted model was applied to the
postimplementation data (phase 3) to calculate predicted
outcome values and then compared to observed outcomes.
The area under the receiver operating characteristic curve
was used to assess the predictions by logistic regression
models, and the Spearman rank correlation coefficient (rho)
was estimated between the prediction (by each negative
binomial regression or linear regression model) and the
actual observations. Each model was then fitted on the
combined phase 1 and phase 3 data. The fitted models were
also assessed by deviance residual plots and collinearity
checked using concurvity measures for the nonparametric
term of SBP. The optimal SBP level was estimated as the
value that optimized the fitted nonparametric function in
the adjusted regression model of each outcome measure,
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with 95% confidence intervals obtained by the bootstrap
method. The adjusted marginal mean of each outcome at
any fixed value of SBP was estimated as the average of the
predicted outcome values for all subjects in the data set
with the SBP value changed to the fixed value and with
values of all other covariates unchanged from the actual
observed values. The unadjusted predicted mean and the
adjusted marginal mean for each outcome measure were
then plotted against the lowest SBP with pointwise 95%
confidence bands.

The software environment R was used for the analysis,
and the R package mgcv was used for the generalized
additive model.*"*? All tests were 2-sided with a
significance level of 0.05.

Role of Funding Sources

The EPIC study was funded by an RO1 (“EPIC”) and an
RO1 Supplement (“EPIC4Kids”) grant from the National
Institutes of Health (NIH) (NIH/National Institute of
Neurological Disorders and Stroke Grant
#1RO1NS071049). This secondary analysis was funded, in
part, by the Department of Defense (DOD Contract
#W81XWH-19-C-0058). Neither the NIH nor the DOD
had any role in design or conduct of the study, including:
(1) collection, management, analysis, or interpretation of
the data, (2) preparation, review, or approval of the
manuscript, and (3) decision to submit the manuscript for
publication.

RESULTS

Characteristics of Study Subjects

There were 21,852 subjects enrolled in the
preimplementation and postimplementation study phases
from January 1, 2007 to June 30, 2015. After exclusions,
12,169 patients comprised the study group for this
preplanned subanalysis (Figure 1).

Main Results

Table 1 summarizes the demographics and patient
characteristics by survival status. Among the included cases,
1462 (12.0%) died, which reflects the focus of the EPIC
study on major TBI. Table 2 shows all covariates in the
model, and Figures 2 and 3 graphically express the
unadjusted and adjusted probabilities of death, respectively,
across the range of SBP values. The adjusted mortality plot
(Figure 3) revealed 3 distinct attributes: first, a rapidly
decreasing probability of death as the lowest EMS SBP
increased from 40 mmHg to approximately 130 mmHg;
second, a broad, flat valley of low death probability ranging
up to approximately 180 mmHg; and third, a rapidly

Enroliment in Main EPIC Study
n=21,852

| Subjects < 10 years old (n = 1,332)
Subjects with missing age (n=1)

Subjects 10 years or older
n=20,519

Subjects not directly transported to
> TC (n =6,004)

Subjects with unknown transfer
status (n =513)

A

Eligible subjects
n = 14,002

Subjects with no out-of-hospital SBP
(n=1,073, 7.7% of eligible subjects)

Subjects missing sex, trauma type,
P head region severity score, 1SS (n=90,
0.6% of eligible subjects)

o] Subjects with no out-of-hospital SpO,
| (n=670, 4.8% of eligible subjects)

A 4
Study Cohort
n=12,169 (86.9% of eligible subjects)

Figure 1. Enrollment tree. ISS, Injury Severity Score; SpOo,
blood oxygen saturation; TC, trauma center.

increasing mortality as the SBP increased above this value.
This severely hypertensive cohort (SBP >180 mmHg) was
much more likely to have very severe brain injuries
(International Classification of Diseases-based Head Region
Severity Score [AIS equivalent]: 4 to 6; 65.7% [61.1% to
70.1%]) than the normotensive group (120 to 179 mmHg;
48.5% [47.3% to 49.7%)]).

Figures 4 and 5 display the unadjusted and adjusted
probabilities for the various nonmortality hospital
outcomes, respectively. As expected, there was some
variation. However, overall, there were significant
similarities among the results of the plots for the mortality
and nonmortality outcomes.

Because there may have been unidentified differences
in risk adjustment and confounding among patents
with penetrating versus blunt TBIs, we performeda
sensitivity analysis by removing the patients
with penetrating injuries. The resulting mortality-versus-
SBP plots for the blunt-injury cohort were almost identical
to those based on the full cohort (Figures 2 and 3).
Furthermore, for all 4 nonmortality outcomes depicted in
Figures4 and 5, the adjusted and unadjusted plots based on
the blunt-injury cohort were almost identical to those of the
study group as a whole. Hence, there was no evidence that
our results were substantially affected by differences in the
penetrating-injury cohort, and we kept them in the main
analysis because they were included in the primary study
group in the parent study.
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Table 1. Patient characteristics and outcomes by survival status.

Characteristic All Dead* Alive*
Number of subjects N=12,169 N=1462 N=10,707
Age (y) 44 (26-62) 47 (28-67) 44 (25-61)
Out-of-Hospital Characteristics
Male

No 3707 (30.5%) 403 (27.6%) 3304 (30.9%)

Yes 8462 (69.5%) 1059 (72.4%) 7403 (69.1%)
Race

Black 427 (3.5%) 55 (3.8%) 372 (3.5%)

Asian 151 (1.2%) 8 (1.2%) 133 (1.2%)

American Indian/Alaska Nat. 622 (5.1%) 61 (4.2%) 561 (5.2%)

White 9438 (77.6%) 1097 (75%) 8341 (77.9%)

Other 1393 (11.4%) 180 (12.3%) 1213 (11.3%)

Unknown 138 (1.1%) 51 (3.5%) 7 (0.8%)
Hispanic

No 9260 (76.1%) 1099 (75.2%) 8161 (76.2%)

Yes 2632 (21.6%) 298 (20.4%) 2334 (21.8%)

Unknown 277 (2.3%) 65 (4.4%) 212 (2%)
Payer

Private 4421 (36.3%) 410 (28%) 4011 (37.5%)

AHCCCS/Medicaid 2945 (24.2%) 296 (20.2%) 2649 (24.7%)

Medicare 2252 (18.5%) 332 (22.7%) 1920 (17.9%)

Self-pay 1896 (15.6%) 323 (22.1%) 1573 (14.7%)

Other 493 (4.1%) 5 (4.4%) 428 (4%)

Unknown 162 (1.3%) 6 (2.5%) 126 (1.2%)
Trauma type

Blunt 11,576 (95.1%) 1135 (77.6%) 10,441 (97.5%)

Penetrating 593 (4.9%) 327 (22.4%) 266 (2.5%)
Head Injury Severity Score (ICD)

1to3 6085 (50%) 71 (4.9%) 6014 (56.2%)

4 3650 (30%) 107 (7.3%) 3543 (33.1%)

5to 6 2434 (20%) 1284 (87.8%) 1150 (10.7%)
Injury Severity Score (ICD)

1to 14 4279 (35.2%) 13 (0.9%) 4266 (39.8%)

16 to 24 3848 (31.6%) 63 (4.3%) 3785 (35.4%)

25+ 4042 (33.2%) 1386 (94.8%) 2656 (24.8%)
Body region

Isolated TBI* 8733 (71.8%) 793 (54.2%) 7940 (74.2%)

Multisystem TBI® 3436 (28.2%) 669 (45.8%) 2767 (25.8%)
CPR

No 11,974 (98.4%) 1311 (89.7%) 10,663 (99.6%)

Yes 195 (1.6%) 151 (10.3%) 44 (0.4%)
Airway management

No PPV 9528 (78.3%) 338 (23.1%) 9190 (85.8%)

BVM 592 (4.9%) 209 (14.3%) 383 (3.6%)

Advanced airway' 2049 (16.8%) 915 (62.6%) 1134 (10.6%)
Min out-of-hospital SBP (mmHg) 124 (110-141) 116.5 (90-143) 125 (110-141)

Out-of-hospital hypotension
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Table 1. Continued.

Characteristic

All

Dead*

Alive*

No
Yes
Min out-of-hospital SpO, (%)
Outcomes
Out-of-hospital hypoxia
No
Yes
Death before hospital admission
No
Yes
Hospital length of stay (days)
ICU admission
No
Yes
ICU length of stay (days)

Total hospital charges (US dollars)’

Discharged to home
No
Yes

Unknown

11,243 (92.4%)
926 (7.6%)
97 (94, 98)

10880 (89.4%)
1289 (10.6%)

11952 (98.2%)
217 (1.8%)
4 (2-9)

2373 (19.5%)

9796 (80.5%)

2 (1-4)

70,297 (37,486-159,514)
5371 (44.1%)

6784 (55.7%)
14 (0.1%)

1123 (76.8%)
339 (23.2%)
93 (85, 97)

948 (64.8%)
514 (35.2%)

1245 (85.2%)
217 (14.8%)
1 (1-4)

266 (18.2%)
1196 (81.8%)
1(1-4)
89,821 (46,045-170,516)
1462 (100%)

0 (0%)
0 (0%)

10,120 (94.5%)
587 (5.5%)
97 (95, 98)

9932 (92.8%)
775 (7.2%)

10707 (100%)
0 (0%)
4 (2-10)

2107 (19.7%)

8600 (80.3%)

2 (1)

67,694 (36,724-157,035)
3909 (36.5%)

6784 (63.4%)
14 (0.1%)

AHCCCS, Arizona Health Care Cost Containment System; BVM, bag-valve-mask ventilation; CPR, cardiopulmonary resuscitation; ICD, International Classification of Diseases-

Version 9; PPV, positive pressure ventilation (BVM or endotracheal intubation or supraglottic airway); SpO,, blood oxygen saturation.

*Median (interquartile range) for continuous variables and count (percentage) for categorical variables.

TAdjusted for inflation to dollar of June 2015 based on Consumer Price Index of inpatient hospital services in US city average, all urban consumers, not seasonally adjusted.
*|solated TBI: Cases that met TBI inclusion criteria but had no injury with Regional Severity Score >3 in any other (nonhead) body region.

SMultisystem TBI: Cases that met TBI inclusion criteria and also had at least one nonhead region injury with Regional Severity Score >3.

IAdvanced airway includes both endotracheal intubation and supraglottic airways.

To evaluate whether the inclusion of older
children consequentially changed the results or
implications, we conducted a sensitivity analysis of
the adult subjects (age >18 years) for the primary
outcome of mortality and all 4 nonmortality
outcomes. The resulting curves were almost identical
to those presented in Figures 2 to 5.

LIMITATIONS

This study has limitations. First, the design was
observational and we could not establish cause-and-effect
relationships related to mortality or the treatment of
hypotension. For instance, these data do not prove that the
therapeutic target for blood pressure should be higher than
the current recommendations. However, they do highlight
the importance of perfusing the injured brain and that
blood pressure is powerfully linked to a broad array of
outcomes.'***? Furthermore, these results appear to
support the statements in the TBI guidelines cautioning
that the current recommendations may allow blood

pressure to drop too low before intervention. Second, we
could not make inferences from these findings to
postresuscitation management that occurs in the hospital.
The out-of-hospital management of blood pressure focuses
solely on treating hypotension and typically lacks many
resuscitative options that are available in the hospital (eg,
whole blood).” In addition, this study did not answer
questions related to ongoing ICU management or
controversies, such as using pressors to enhance or optimize
perfusion.“’45 Third, while we adjusted for age in the
analysis, there were other parameters associated with blood
pressure and cardiovascular compensation that we could
not factor into the model. For example, we did not directly
account for comorbidities, such as baseline hypertension
and heart disease, in the analysis. In addition, medications
that might have affected the outcome were not adjusted for
(eg, beta blockers, antihypertensives, anticoagulants).
Fourth, there were some missing data. However, for an
EMS study, the rate of missing data was extremely low (eg,
no missing outcomes, missing risk adjusters/confounders in

0.6%, missing out-of-hospital SBP in only 7.7%). While
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Table 2. Risk adjusters/confounders in the logistic regression

model for death.

Variable Levels OR" 95% ClI
Study phase 1* 1.2 (1.0-1.5)
vs. phase 3"
Male No — —
Yes 0.9 (0.8-1.1)
Race Black — —
Asian 1.3 (0.6-2.9)
American Indian/ 1.4 (0.8-2.6)
Alaska Nat.
White 1.0 (0.6-1.6)
Other 1.0 (0.6-1.8)
Unknown 2.4 (1.0-5.6)
Hispanic No - -
Yes 0.8 (0.6-1.0)
Unknown 1.5 (0.8-2.6)
Payer Private — —
AHCCCS/Medicaid 1.0 (0.7-1.2)
Medicare 1.2 (0.9-1.6)
Self-pay 2.1 (1.6-2.7)
Other 1.1 (0.7-1.6)
Unknown 3.1 (1.6-5.9)
Trauma type Blunt — -
Penetrating 4.1 (3.1-5.5)
Head Region Injury 1t03 — —
Score (ICD) 4 1.0 (0.7-1.4)
5to 6 13.0 (9.2-18.5)
Injury Severity 1to 14 — -
Score (ICD) 16 to 24 3.7 (1.9-7.1)
25+ 10.1 (5.2-19.6)
Body region Isolated TBI® = =
Multisystem T8I 1.1 (0.9-1.4)
Hypoxia No — —
Yes 1.7 (1.4-2.1)
Airway management No PPV = =
BVM 4.4 (3.4-5.8)
Advanced airway® 5.3 (4.3-6.5)
CPR No — —
Yes 5.2 (3.2-8.6)
Hospital* Not shown
SBP (mmHg) Nonparametric function
Age (y) Nonparametric function

*Phase 1: Preintervention phase of main study.

TPhase 3: Postintervention phase of main study.

*Hospital (treating trauma center) was highly significant. The numbers are not shown
to prevent any identification or inference of facility-specific outcome differences.
Sisolated TBI: Cases that met TBI inclusion criteria but had no injury with Regional
Severity Score >3 in any other (nonhead) body regjon.

IMultisystem TBI: Cases that met TBI inclusion criteria and also had at least one
nonhead region injury with Regional Severity Score >3.

Yadvanced airway includes both endotracheal intubation and supraglottic airways.
*#0dds ratio for death compared to the reference category.

this missing data rate is very low, there is still the possibility
that excluding cases with missing vital signs could have
potentially introduced bias into the analysis. Thus, we
evaluated the subjects who had no out-of-hospital

[+
o
|

60 |
55 —
50 —
45 —|
40
35
30

25

Percentage Probability of Death (Unadjusted)

50 75 100 125 150 175 200 225

Lowest Out-of-Hospital SBP (mmHg)

Figure 2. Unadjusted analysis of probability of death by SBP.
Unadjusted analysis of the probability of dying in the hospital
plotted against lowest out-of-hospital SBP. The dotted lines
represent 95% confidence bands.

measurements of SBP or blood oxygen saturation. This
group tended to be slightly younger, slightly more likely
to be male, more likely to have had penetrating injuries,
and more likely to have had more severe injuries. Fifth,
this study relied on information documented by EMS.
Thus, we could not know for sure that the reported
measurements reflected the actual lowest SBPs. Finally,
we could not independently verify the accuracy of the
blood pressure measurements. However, this is true of
essentially all EMS studies.’® In fact, a strength of EPIC
is that the data team abstracted the EMS patient care
records directly and comprehensively. This level of data

< - n
o N o
=} 3 o
1 1 1

Percentage Probability of Death (Adjusted)
N
o
1

S
[=]
1

50 75 100 125 150 175 200 225

Lowest Out-of-Hospital SBP (mmHg)

Figure 3. Adjusted analysis of probability of death by SBP.
Adjusted analysis of the probability of dying in the hospital
plotted against lowest out-of-hospital SBP. The dotted lines
represent 95% confidence bands.
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A Unadjusted Analysis of Non-Mortality Outcomes
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Figure 4. Unadjusted analysis of nonmortality outcomes. A, Hospital length of stay: Unadjusted analysis of the number of days of
hospitalization plotted against lowest out-of-hospital SBP. The dotted lines represent 95% confidence bands. B, ICU length of stay:
Unadjusted analysis of the number of days of intensive care plotted against lowest out-of-hospital SBP. C, Discharge to skilled
nursing/long-term care/inpatient Rehabilitation: Unadjusted analysis of the probability of requiring skilled nursing/inpatient
rehabilitation after hospital discharge plotted against lowest out-of-hospital SBP. D, Hospital charges: Unadjusted analysis of total
hospital charges (indexed to June 2015 US dollars) plotted against lowest out-of-hospital SBP.

scrutiny and consistency is rare in out-of-hospital
4
research.”¢

DISCUSSION

Historically, the EMS literature evaluating blood-
pressure—related effects in TBIs has focused nearly entirely
on hypotension.”' """ This is a result of 2 primary
factors: (1) the well-established fact that inadequate
perfusion causes secondary brain injury and is associated
with poor outcomes and (2) the evaluation of questions
related to “normal” (or optimal) blood pressure requires
studies with very large patient numbers so it can be treated
as a continuous variable.”**”’" Because linking out-of-
hospital data to hospital outcomes is notoriously difficult,
most EMS studies have been small.“*** Unfortunately, the

resulting literature has focused solely on hypotension and
this has created the impression that blood pressure has little
effect on TBI outcomes unless it is critically low. However,
in a previous report from the preimplementation cohort of
the EPIC study, 2 findings brought this concept into
question.”" First, no blood pressure-versus-mortality
threshold was identifiable at any point between 40 and 120
mmHg. In fact, the association between SBP and the
adjusted log odds of death was linear, with an adjusted
odds ratio of 0.81 for mortality associated with a 10
mmHg increase, regardless of the SBP range being
evaluated. In other words, an SBP difference of 10 mmHg
(say, 115 versus 105, 90 versus 80, or 75 versus 65) was
associated with a 19% difference in the adjusted odds of
death across the entire SBP range. The second finding that
raised questions about how “hypotension” has typically
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Adjusted Analysis of Non-Mortality
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Figure 5. Adjusted analysis of nonmortality outcomes. A, Hospital length of stay: Adjusted analysis of the number of days of
hospitalization plotted against lowest out-of-hospital SBP. The dotted lines represent 95% confidence bands. B, ICU length of stay:
Adjusted analysis of the number of days of intensive care plotted against lowest out-of-hospital SBP. C, Discharge to skilled nursing/
long-term care/inpatient rehabilitation: Adjusted analysis of the probability of requiring skilled nursing/inpatient rehabilitation after
hospital discharge plotted against lowest out-of-hospital SBP. D, Hospital charges: Adjusted analysis of total hospital charges
(indexed to June 2015 US dollars) plotted against lowest out-of-hospital SBP.

been defined was the fact that dichotomizing “low” versus
“not low” at cut points spanning the entire range from 60
mmHg to 135 mmHg yielded statistically worse mortality
in each “low” cohort.”’ Hence, the idea that only very low
blood pressure influences outcomes in TBIs may be wrong.

In the current study, the pattern of adjusted mortality
revealed 3 distinct features across the spectrum of pressures
(Figure 3): (1) steady improvement in mortality across the
entire range from 40 to at least 125 mmHg, (2) a very
broad range of low mortality from 130 to 180 mmHg, and
(3) a rapid increase in mortality above 180 mmHg.

The evaluation of the left side of the plot is
instructive and reveals improvement in the associated
outcomes to an SBP level far above the “classic”
definition for hypotension (90 mmHg). It also

demonstrates an absence of any SBP-versus-mortality
inflection point or threshold below at least 125 mmHg,
a finding that confirms our previous report from the
preimplementation cohort.”’ Furthermore, we found that
patients with TBIs who were “nearly hypotensive” were
at a significantly increased risk of death. Notably, while
the classically hypotensive cohort (<90 mmHg)
represented only 7.7% of the EPIC population, the
nearly-hypotensive group (90 to 119 mmHg) comprised
36.1% of cases. So, while the less-than-90-mmHg cohort
had a higher mortality rate, the significant size of the
nearly-hypotensive group accounted for a large number
of deaths. Hence, "near hypotension” may be highly
consequential in TBI mortality, because it occurs in so
many patients.
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The center of the adjusted mortality plot is remarkable
in 2 ways (Figure 3). First, there is a very wide, and nearly
flat, range of low mortality—a finding that has not been
previously reported in the EMS literature. Second, the left
side of this low mortality plateau begins at blood pressures
far above any levels that have been typically utilized as
thresholds for defining hypotension (approximately 130
mmHg). While EPIC was not designed to compare the
effectiveness of the current guideline threshold compared to
other possible levels (eg, 100, 110, etc), the surprisingly
high “optimal” blood pressure range clearly shows that the
risks associated with poor perfusion begin at levels far above
the current definition for hypotension. This adds to the
concerns discussed in the EMS TBI guidelines document:
“The value of 90 mmHg as a threshold for hypotension has
been defined by blood pressure distributions for normal
adults (emphasis added). Thus, this is more a statistical
than physiological finding...Given the influence of cerebral
perfusion pressure on outcome, it is possible that SBP
higher than 90 mmHg would be desirable during the out-
of-hospital and resuscitation phase, but no studies have
been performed to corroborate this.”” The lack of clarity
surrounding this issue led the guideline authors to give it
high priority in the section on “Key Issues for Future
Investigation.” In the listing of recommended future
research, topic number one is the identification of “the level
of hypotension that correlates with poor outcome.””

The finding that the “optimal” range in the middle of
the SBP plot extends up to pressures around 180 mmHg is
intriguing, particularly because this analysis evaluated the
lowest-recorded EMS SBPs. While we cannot establish
cause and effect, this may well reflect the key role that
perfusion plays in the outcome of brain-injured patients.
The fact that cerebral blood flow is so important in TBIs
has led to attempts to improve outcomes through the
enhancement of perfusion (eg, phenylephrine, dopamine,
and norepinephrine). However, the efficacy of these
therapeutic interventions remains unproven.“’%’@/52 In
any case, regardless of whether interventions that increase
perfusion will ultimately be found to be effective, it is clear
that cerebral blood flow is critically important for good
outcomes. Furthermore, the historical approach that has
focused solely on avoiding very low blood pressure in out-
of-hospital TBI management may have underestimated the
negative effect of near hypotension. Our findings clearly
point to the need for future clinical trials comparing the
current treatment threshold with higher targets (potentially
up to levels as high as 110 to 120 mmHg).

The right side of the SBP plot (Figure 3) probably
represents the pathophysiological converse of the left side.
That is, while /ow blood pressure strongly contributes to

mortality (left side), high pressures reflect critical brain
injury (right side). This concept is supported by the severity
patterns—the severely hypertensive cohort (SBP >180
mmHg) was much more likely to have very severe brain
injuries than the normotensive group (see Results). This is
consistent with the concept in the current literature
revealing that severe hypertension is often reflective of
critical brain injury, the loss of autoregulation, and the
cardiovascular system’s attempt to maintain cerebral blood
flow in the setting of markedly increased intracranial
pressure.””” Once this severe hypertensive pattern is
established in an attempt to improve brain perfusion,
unless intracranial pressure is significantly reduced, the
extreme hypertension then contributes to additional brain
edema in a vicious cycle that leads to death.’

Because the factors that affect mortality in multisystem
TBIs are more complex than those in isolated TBIs, we
performed a subanalysis, evaluating these 2 cohorts
separately. Not surprisingly, the mortality rate associated
with multisystem TBIs was higher (19.5% [18.2% to
20.8%]) than that of the isolated TBI cohort (9.1% [8.5%
t0 9.7%]). Consequently, the unadjusted and adjusted
probabilities of death, across the range of blood pressures,
were higher in multisystem TBIs than in isolated.
However, other than the higher death probabilities in
multisystem, the blood pressure plots showed similar
patterns compared to the overall main analysis (Figures 2
and 3). The shapes and patterns of the unadjusted analyses
are shown in Figure 6 and of the adjusted plots in Figure 7
(multisystem) and Figure 8 (isolated). As can be seen in the
figures, the results from both multisystem and isolated
TBIs are consistent with the findings and implications of
the combined analysis. The adjusted mortality plots reveal
(1) a down-sloping left side that is lowest at SBP levels far
higher than 90 mmHg, (2) a low adjusted mortality in the
130- to-160 mmHg range, and (3) a rapidly increasing risk
of death with severe hypertension. Consequently, while
patients with multisystem TBIs have an overall higher
probability of death than those with isolated TBIs, the
blood pressure ranges associated with the death probability
patterns across the range of SBP are very similar and
support the findings of the combined analysis. Thus, it
appears that blood pressure may be associated with
mortality in similar ways in multisystem and isolated TBIs.
This would be consistent with the well-established
understanding of the importance of brain perfusion that
would be expected, regardless of whether a patient had
multiple body injuries or isolated brain trauma.

The associations between out-of-hospital blood pressure
and nonmortality outcomes (hospital length of stay, ICU
length of stay, discharge to a skilled nursing facility or
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Figure 6. Analysis of unadjusted probability of death by SBP (multisystem and isolated). Unadjusted analysis of the probability of
dying in the hospital plotted against lowest out-of-hospital SBP. The dotted lines represent 95% confidence bands. A, Multisystem
TBI: Unadjusted plot. B, Isolated TBI: Unadjusted plot. TBI, traumatic brain injury.

inpatient rehabilitation, hospital charges) are shown in
Figures 4 and 5. While some variations exist, there is a
remarkable similarity between the SBP plots for mortality
and the nonmortality outcomes. Below approximately 125
mmHg, increases in blood pressure are associated with
marked improvements in outcomes. As with mortality, the
“optimal” ranges for SBP are far higher than the 90 mmHg
hypotension threshold—in the range of approximately 125
to 160 mmHg. And finally, the pattern of markedly worse
outcomes with extreme hypertension is seen with
nonmortality outcomes in patterns consistent with
mortality.

The very strong associations between a single out-of-
hospital physiological parameter (lowest SBP) and distal
outcomes are striking. These findings are made even more
remarkable by the fact that the average amount of time
EMS providers spent with the patients was only 33
minutes. Given that the mean length of inpatient care was

7.1 days (more than 300 times longer), it appears that
factors associated with perfusion of the injured brain
during the first few minutes of TBI management may have
disproportionate influences on distal outcomes.

The one exception to the typical high-low-high
mortality pattern was found with hospital charges
(Figures 4 and 5). It is important to note that the apparent
pattern of reduced hospital costs at the extremely high
range of SBPs was based on very few data points. That is,
only 53 of the 12,169 subjects had lowest SBPs higher than
210 mmHg. The 95% confidence bands were very wide in
that range, and the upper bounds did not go down. Thus,
it is possible that this was simply a statistical anomaly.
Nonetheless, the point estimate line for cost did tend to go
downward in the setting of extreme hypertension. If this
trend is real, there are several plausible reasons that could
explain the pattern. First, a massive brain or overall body
injury often leads to early death and the cessation of
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Figure 7. Analysis of adjusted probability of death by SBP
(multisystem TBI). Adjusted analysis of the probability of dying
in the hospital plotted against lowest out-of-hospital SBP. The
dotted lines represent 95% confidence bands.

“heroic” (and expensive) measures. Second, patients with
critical TBIs (head region severity scores of 5 to 6) or
overall injuries (ISS >25) died sooner than those who died
from less-severe injuries. The median hospital length of stay
in the critical TBI cohort that died (head region severity
score of 5 to 6) was 1.0 (95% confidence interval, 1.0 to
1.0) days, compared to 3.0 (2.0 to 4.0) days for those who
died from less-severe TBIs. This was also true of critical
overall injury (the median length of stay for the ISS >25
cohort was 1.0 [1.0 to 1.0] days, compared to 4.0 [2.5 to
6.0] days for those with ISS <25). The above combination
of factors may explain the “paradoxical” finding that the
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Figure 8. Analysis of adjusted probability of death by SBP
(isolated TBI). Adjusted analysis of the probability of dying in
the hospital plotted against lowest out-of-hospital SBP. The
dotted lines represent 95% confidence bands.

hospital cost was reduced in the setting of extreme
hypertension.

In summary, the analysis of the association between out-
of-hospital blood pressure and outcomes in more than
12,000 patients with major TBIs yielded several distinct
patterns. The adjusted mortality decreased monotonically
between 40 and 130 mmHg, remained low up to 180
mmHg, and rapidly increased above this level. There was
no evidence of a physiologic inflection point anywhere near
the classic hypotension threshold of 90 mmHg. This
overall pattern also occurred consistently among multiple
nonmortality outcomes. Taken together, these findings
bring into question the historical understanding of how low
blood pressure can be allowed to go before intervention
during the early resuscitation of patients with TBIs. Levels
that are currently considered adequate or normal may
negatively affect outcomes, and the optimal blood pressure
may be far higher than what has been reflected in the
literature. Given the unexpectedly strong association
between out-of-hospital blood pressure and outcomes in
the range between 90 and 130 mmHg, trials that
randomize patients at significantly higher treatment
thresholds are sorely needed.
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