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Prehospital Heart Rate and Blood Pressure Increase
the Positive Predictive Value of the Glasgow Coma Scale
for High-Mortality Traumatic Brain Injury
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Abstract

We hypothesized that vital signs could be used to improve the association between a trauma patient’s prehospital Glasgow
Coma Scale (GCS) score and his or her clinical condition. Previously, abnormally low and high blood pressures have both
been associated with higher mortality for patients with traumatic brain injury (TBI). We undertook a retrospective analysis of
1384 adult prehospital trauma patients. Vital-sign data were electronically archived and analyzed. We examined the relative
risk of severe head Abbreviated Injury Scale (AIS) 5-6 as a function of the GCS, systolic blood pressure (SBP), heart rate
(HR), and respiratory rate (RR). We created multi-variate logistic regression models and, using DeLong’s test, compared
their area under receiver operating characteristic curves (ROC AUCs) for three outcomes: head AIS 5-6, all-cause mortality,
and either head AIS 5-6 or neurosurgical procedure. We found significant bimodal relationships between head AIS 5-6
versus SBP and HR, but not RR. When the GCS was <15, ROC AUCs were significantly higher for a multi-variate
regression model (GCS, SBP, and HR) versus GCS alone. In particular, patients with abnormalities in all parameters (GCS,
SBP, and HR) were significantly more likely to have high-mortality TBI versus those with abnormalities in GCS alone. This
could be useful for mobilizing resources (e.g., neurosurgeons and operating rooms at the receiving hospital) and might enable

new prehospital management protocols where therapies are selected based on TBI mortality risk.
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Introduction

HE GLAsGow CoMA ScALE (GCS) was developed to stan-

dardize the assessment of coma and impaired consciousness
after traumatic brain injury (TBI).' As originally intended, the GCS
is to be assessed only after hemodynamic resuscitation and in the
absence of pharmacologic sedation, paralysis, or other forms of
chemical intoxication.> The GCS was an innovation, providing an
objective method for measuring patients’ global brain function. In
the absence of established alternatives, use of the GCS spread to a
multitude of applications outside the researchers’ original intent.
For example, in national guidelines for trauma patient manage-
ment, a below-normal prehospital GCS is one criterion for emer-
gency medical service (EMS) transport from the field directly to a
level 1 trauma center” and for emergency tracheal intubation after
traumatic injury.* In addition, the GCS is often relied upon in
prehospital research to help control for degree of TBI (for example,
see Davis and colleagues’), even though it was not originally in-
tended, nor validated, for this clinical context. Indeed, the GCS is
currently being used for non-TBI patients, for instance, to measure

brain function in meningitis® and hypothyroidism’ cases. Overall,
the GCS has evolved to become a near-universal measure for global
mental function, despite its original intent and validation in TBI
patients subsequent to stabilization.

Unsurprisingly, because the GCS is applied in different ways
distinct from its original intent, there is growing recognition that it
may not be optimal for all these applications® and that such
widespread, inconsistent application of the GCS can cloud its
interpretation.”'® Fundamentally, the provisos for the classic
GCS—measurement after hemodynamic resuscitation and in the
absence of intoxication—are incompatible with clinical decision
making or research into early trauma care. Further, EMS care-
givers may have less capacity for careful clinical evaluation,
which may be one factor why significant discrepancies between
prehospital GCS versus emergency department (ED) GCS have
been reported.'" For the early stages of trauma care, it has been
suggested that a simplified score, for example, either the motor-
only score, or the “‘alert, voice, pain, unresponsive’’ rating, would
offer reliability and convenience without much loss of clinical
accuracy, because the three GCS subscales are largely redundant
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(because of the high correlation between the three).® However,
a simplified coma score is decidedly low resolution (i.e., pa-
tients are stratified into just a small number of severity levels)
and does not overcome another deficiency: mediocre outcome
prediction.®

Overall, there is an unanswered need for an accurate, practical
method of assessing the severity of TBI during early trauma patient
care, which could be employed in clinical decision algorithms or
research investigations. A series of reports has suggested that blood
pressure (BP) offers prognostic information relevant to TBIL. It is
intuitive that, for the initial evaluation of the trauma patient, a low
GCS and low BP are correlates of mortality;'>'? the relationship
between a low GCS, hypotension, and higher mortality has been
quantified in classic prehospital severity scores, such as the trauma
score,14 the prehospital index,15 and the “‘circulation, respiration,
abdomen, motor, speech”” (CRAMS) score.'®

At the same time, hypertension is recognized as another corre-
late of mortality in TBI patients. In a population of TBI patients,
Zafar and colleagues'’ found that high and low BP were both as-
sociated with increased short-term mortality. These findings were
consistent with an earlier analysis of TBI patients by Butcher and
colleagues'® and another report of an association between elevated
BP and reduced survival in trauma patients.'® Our group has pre-
viously examined how real-time computerized vital-sign analysis
can enhance prehospital recognition of hemorrhagic hypovole-
mia,>*?" and we decided to investigate whether the findings of
Zafar and colleagues'” and Butcher and colleagues'® could be di-
agnostically applicable to a general prehospital trauma population
(i.e., patients without and with TBI). In addition to examining BP,
we also sought to explore the diagnostic significance of other vital
signs, such as heart rate (HR) and respiratory rate (RR), in the early
evaluation of TBI, because abnormalities such as bradycardia and
bradypnea are hallmarks of severe TBI. We hypothesized that it
would be possible to use routine vital signs to improve the corre-
lation between the prehospital GCS and high-mortality TBI. Ac-
cordingly, we undertook a retrospective analysis of a prehospital
trauma patient database to test the hypothesis.

Methods
Clinical data collection

This was a retrospective analysis of clinical data originally
collected and analyzed by Cooke and colleagues,* with institu-
tional review board approval, of trauma patients during transport by
air ambulance from the scene of injury to a level 1 trauma center. In
a convenience sample of prehospital trauma patients, vital-sign
data were obtained using a Propaq 206EL monitor (Welch Allyn,
Beaverton, OR) between August 2001 and April 2004 and using a
PIC 50 monitor (Welch Allyn) between March 2005 and May 2007.
The following data were archived using a networked personal
digital assistant: electrocardiogram (ECG) and associated contin-
uous HR; impedance pneumogram (IP) and associated continuous
RR; and systolic BP (SBP) and diastolic BP (DBP) measured in-
termittently at multi-minute intervals. Prospectively, prehospital
GCS was assessed and documented by EMS caregivers (para-
medics and critical care flight nurses) as per routine clinical oper-
ations; no focused training related to GCS assessment was provided
to these EMS providers as part of this investigation. Retro-
spectively, clinical data for analysis were collated by chart review,
including demographics, prehospital GCS, prehospital interven-
tions, hospital treatments, coded injury descriptions (Abbreviated
Injury Scale; AIS), and overall outcomes (mortality). The com-
plete investigational data set was subsequently uploaded to our
data warehousing system.”> Protected health information was not

907

included. All subsequent data analyses were performed using
MATLAB (version 7; MathWorks, Natick, MA).

Vital-sign data processing

Vital signs and other physiological data measured during pre-
hospital clinical operations are often corrupted by artifacts. Pre-
vious research has demonstrated that automated computer
algorithms can identify and remove unreliable data, leading to
significant improvements in the association between vital signs and
traumatic hemorrhage.m’24 =

Here, we used the same validated methodology, summarized as
follows: For each vital-sign value, reliable data were identified by
automated algorithms that rated each datum on an integer scale
from least to most reliable.****” HR and RR reliability algorithms
involved analysis of ECG and IP waveforms, respectively.?*?’
Briefly, when the waveforms were clean with rhythmic, consistent
beats or breaths, the corresponding rates tended to be rated as re-
liable. Conversely, when the waveforms were noisy with irregular,
heterogeneous beats or breaths, the rates were rated as unreliable. In
previous validation, these algorithms’ ratings of ECG and IP
waveforms and reliability of the corresponding HR and RR typi-
cally concurred with the opinion of clinicians. The BP reliability
algorithm determined whether the ratios between SBP, DBP, and
mean pressure were physiological and whether the HR measured by
the inflatable oscillometric cuff matched the ECG HR.**

For the TBI analysis, we studied the mean of the reliable HR,
RR, and SBP in the initial 15-min transportation, so each patient
had no more than one HR, RR, and SBP datum. In previous research
investigating the relationship between prehospital vital signs and
clinically significant blood loss, we found that taking the average
over 15 min was an effective measure to reduce transient variability
and unreliable measurements, leading to an improved association
with clinical outcomes.?%*®

Subject selection

For analyses involving HR as an independent variable, we
studied patients with an available GCS score and at least one reli-
able HR value in the initial 15 min of transportation. For analyses
involving RR as an independent variable, we studied patients with
an available GCS score and at least one reliable RR value in the
initial 15 min of transportation (and further examined a subset of
patients who were spontaneously breathing, i.e., nonintubated). For
analyses involving SBP as an independent variable, we studied
patients with an available GCS score and at least one reliable SBP
value in the initial 15-min transportation. For the multi-variate
analyses, we studied patients with available GCS scores and at least
one reliable HR value and one reliable SBP value in the initial
15 min of transportation. We excluded the 1 patient who left against
medical advice, because his injuries and outcome were unknown.

Definition of high-mortality traumatic brain injury
for investigation of diagnostic test characteristics

It can be difficult to differentiate between patients who died as a
result of TBI versus coexistent injuries and other clinical fac-
tors. Therefore, we investigated three parallel definitions of high-
mortality TBI. Our assumption was that any valid study finding
should be consistent for any reasonable definition of high-mortality
TBI (i.e., consistent across all three outcome definitions).

Our primary outcome definition was head AIS score of 5 or 6.
The AIS is a well-validated, widely used scoring system that as-
signs a score from O to 6 based on the anatomic ingury pattern, rating
how likely the patient is to die from the injury.>” The specific AIS
cutoff (i.e., 5-6) for high-mortality TBI was selected post hoc after
a preliminary analysis to identify the discriminatory capability of
SBP, HR, and RR as a function of specific AIS scores. For that
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preliminary analysis, we calculated the relative risk of head AIS
3-6, 4-6, and 5-6 as a function of different ranges of SBP
(x=SBP>x+25mm Hg), HR (x>HR >x+ 20 beats/min), and RR
(x2RR >x+5 breaths/min). Relative risk was defined as the risk
for patients within the range (i.e., ratio of positive cases to total
cases within the range) divided by the risk for patients outside of the
range (i.e., ratio of positive cases to total cases outside of the range).
Confidence intervals (Cls) were computed as per Daly.*® For
testing the significance of relative risks for different ranges, we
compared each against the relative risks of specific reference ranges
(reference ranges for SBP, 100-125 mm Hg; HR, 80-100 beats/
min; RR, 30-35 breaths/min) using the method of Altman and
Bland.?' This analysis led us to define the primary outcome as head
AIS 5-6.

We explored two secondary definitions of high-mortality TBI.
Specifically, we examined all-cause mortality. We also examined
head AIS 5-6 or documented neurosurgical procedure (‘‘head AIS
S5—6/procedure’’) as a secondary outcome for those cases in which a
neurosurgical intervention was performed that may have prevented
an otherwise fatal TBI.

Diagnostic test characteristics of Glasgow Coma
Scale, systolic blood pressure, and heart rate
for high-mortality traumatic brain injury

After the preliminary analysis suggested that there was no sig-
nificant association between RR and TBI, RR was excluded from
further analysis.

We investigated the diagnostic performance of the following:

e GCS alone as the independent variable.

e SBP and HR; to accommodate their bimodal relationship with
TBI (i.e., both high and low values of SBP and HR are as-
sociated with an increased risk of TBI), we used relative risks
as follows. The preliminary analysis (detailed above) yielded
relative risk as a function of each SBP and HR. We fitted a
cubic spline to these curves, obtaining a mathematical ex-
pression for TBI relative risk as a function of SBP or HR
values. We then used the computed relative risks (SBPg;sx and
HRg;s1) as inputs to multi-variate logistical regression models
trained to predict each of the investigational outcomes.
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e A multivariate logistic regression model using all three in-
vestigational predictors (GCS, SBPg;q, and HRgjg).

We computed receiver-operating characteristic (ROC) curves for
the investigational outcomes to evaluate their diagnostic perfor-
mance. We compared the areas under each ROC curve (ROC AUC)
using DeLong and colleagues’ method®” (significance level of
p<0.05).

Results

Our data set contained 1384 subjects with at least one nonzero
vital-sign datum. We identified 1289 subjects with at least one
reliable HR value in the first 15 min, 649 with at least one reliable
RR value (of these, 499 were spontaneously breathing), 1247 with
at least one reliable SBP value, and 1158 with at least one reliable
SBP and one reliable HR value. Table 1 shows the characteristics of
these 1247 subjects, as well as the two subpopulations (GCS < 15
and GCS <8) analyzed in the multi-variate analysis. GCS from the
ED was available for 88% of the study population. Compared with
prehospital GCS, average ED GCS was 0.03 points lower and the
standard deviation of their differences was 2.1.

Unless otherwise specified, we used p <0.05 for significant re-
sults reported below.

Relative risk of traumatic brain injury as a function
of prehospital vital signs

When we computed the relative risk of high-mortality TBI (i.e.,
head AIS 5-6, 4-6, and 3-6) as a function of prehospital SBP, we
found the following:

e The relative risks given low SBP (<100 mm Hg) were signif-
icantly different than the relative risks given SBP within the
reference range for all three head AIS cutoffs (i.e., AIS 5-6, 4—
6, and 3-6). Relative risks given SBP <100 mm Hg were 2.6
(95% CI, 1.3-5.2), 2.0 (1.3-3.0), and 1.5 (1.1-2.0) for head AIS
5-6,4-6, and 3-6, respectively. Given SBP within the reference
range (125 mm Hg > SBP > 100 mm Hg), relative risks were 0.5
(0.2-1.1), 0.7 (0.5-1.0), and 0.9 (0.7-1.2), respectively.

TABLE 1. POPULATION DESCRIPTION FOR THE OVERALL STUDY POPULATION AND KEY SUBPOPULATIONS

Population

Characteristics Any GCS GCS <15 GCS <8
Population size (n) 1,158 530 225

Men (%) 836 (72) 374 (71) 162 (72)
Women (%) 319 (28) 154 (29) 62 (28)
Mean age, years 38 (15) 36 (15) 36 (15)
Blunt injury (%) 1,012 (87) 478 (90) 191 (85)
Penetrating injury (%) 125 (11) 44 (8) 31 (14)
Mortality (%) 82 (7) 73 (14)* 65 (29)*
Tracheal intubation (%) 253 (22) 236 (45)* 203 (90)*
24-h PRBC vol>1 (%) 220 (19) 122 (23)* 75 (33)*
24-h PRBC vol 21 and hemorrhagic injury (%) 106 (9) 50 (9) 31 (14)*
24-h PRBC vol >4 (%) 109 (9) 64 (12)* 42 (19)*
24-h PRBC vol 24 and hemorrhagic injury (%) 66 (6) 34 (6) 23 (10)*
Head AIS 3 (%) 116 (10) 87 (16)* 49 (22)*
Head AIS 4 (%) 76 (7) 64 (12)* 41 (18)*
Head AIS 5-6 (%) 41 (4) 40 (8)* 35 (16)*
Intracranial pressure monitoring or craniotomy (%) 57 (5) 56 (11)* 45 (20)*

“Hemorrhagic injury” was a documented laceration or fracture of a solid organ, a thoracic or abdominal hematoma, a vascular injury that required

operative repair, or a limb amputation.

“Subpopulation significantly different from the “Any GCS” study population (using chi-squared test for proportion data; Student’s 7-test for mean age).
AIS, abbreviated injury scale; GCS, Glasgow Coma Scale; PRBC, packed red blood cells.
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e The relative risks given high SBP (=175mm Hg) were
significantly different than the relative risks given HR within
the reference range for head AIS 5-6 and for AIS 4-6 (but
not for AIS 3-6). Relative risks given SBP >175mm Hg
were 3.6 (95% CI, 1.5-8.7), 1.6 (0.8-3.3), and 1.3 (0.8-2.2),
for head AIS 5-6, 4-6, and 3-6, respectively.

When we computed the relative risk of high-mortality TBI as a
function of prehospital HR, we found the following:

e The relative risks given low HR (<60 beats/min) were sig-
nificantly different than the relative risks given HR within
the reference range for all three head AIS cutoffs (i.e., AIS
5-6, 4-6, and 3-6). Relative risks given HR <60 beats/min
were 5.9 (95% CI, 2.9-12.3), 3.0 (1.8-5.1), and 2.0 (1.3-3.0)
for head AIS 5-6, 4-6, and 3-6, respectively. Given HR
within the reference range (100 beats/min>HR >80 beats/
min), relative risks were 0.7 (0.4—1.3), 0.7 (0.5-1.0), and 0.8
(0.6-1.0), respectively.

o The relative risks given high HR (=120 beats/min) were not
significantly different than the relative risks given HR within
the reference range for head AIS 5-6, but they were signif-
icantly different for head AIS 4-6 and for AIS 3-6. Relative
risks given HR =120 beats/min were 1.0 (95% CI, 0.5-2.2),
1.2 (0.8-1.9), and 1.2 (0.9-1.6), for head AIS 5-6, 4-6, and
3-6, respectively.

When we computed the relative risk of high-mortality TBI as a
function of prehospital RR, we found no statistically significant
risks. This absence of significant findings persisted through all
definitions of high-mortality TBI (head AIS 5-6, 4-6, and 3-6).
Moreover, there were no significant findings related to RR for either
the entire study population or the subset of patients who were
spontaneously breathing (no airway intubation).

Figure 1 shows the relative risk of head AIS 5-6 as a function of
different ranges of SBP, HR, and RR.

Multi-variate regression models

e Multi-variate models that included SBPg;y and HRp;g.: For
the models that did not include the GCS, we found that
HRg;s Was a significant term in all of the nine investigated
multi-variate regression models, whereas SBPg; was a
significant term in eight of nine of the models (see Table 2).

e Multi-variate models that included GCS, SBPgiy, and
HRp;: For the models that did include GCS, we found that
HRg; Was a significant term in eight of the nine investigated
multi-variate regression models, with elevated statistical sig-
nificance (p <0.01) in the three models for head AIS 5-6/pro-
cedure. SBPg;y Was a significant term in six of the nine multi-
variate models (head AIS 5-6 and all-cause mortality), but not
in the three models for head AIS 5-6/procedure (see Table 2).

Diagnostic test characteristics of the Glasgow Coma
Scale alone versus multi-variate regression models

e For the overall study population (n=1158): GCS provided ra-
ther good ROC AUCs, and the multi-variate models, including
GCS, SBPg;sk, and HRg;, did not offer a significant increase in
ROC AUC:s versus the GCS used alone (see Table 2).

e For patients with GCS <15: The GCS alone was less dis-
criminatory, that is, it yielded lower ROC AUCs. The models
that included the GCS, SBPg;s., and HRg;q offered signifi-
cant improvements over the GCS for all three definitions of
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high-mortality TBI: head AIS 5-6 (ROC AUC +0.04); all-
cause mortality (ROC AUC +0.03); and head AIS 5-6/
procedure (ROC AUC +0.03; see Table 2).

e For patients with GCS <8: In this subpopulation, the GCS
alone was less discriminatory for high-mortality TBI. The
models that included the GCS, SBPg;, and HRg;q offered
significant improvements over the GCS for all three out-
comes, head AIS 5-6 (ROC AUC +0.12), mortality (ROC
AUC +0.09), and AIS 5-6/procedure (ROC AUC +0.07;
see Table 2).

Example of improved risk stratification using the
Glasgow Coma Scale, heart rate, and systolic blood
pressure versus the Glasgow Coma Scale alone

Figure 2 shows another distinction between the prehospital GCS
alone and the multi-variate model.

e For GCS, its positive predictive value (PPV) for high-mor-
tality TBI gradually increased as the GCS score grew more
abnormal.

e The multi-variate regression model was different from the
GCS (see Fig. 2). Like the GCS, the PPV for the multi-
variate model rose gradually as the model output was more
abnormal. Unlike the GCS, there was an apparent threshold
above which the PPV rose quite steeply and above which it
demonstrated significantly higher PPV for high-mortality
TBI, as compared with the GCS alone. This implies that
patients with a combination of an abnormal GCS, abnormal
BP (too high or too low), and abnormal HR (too high or too
low) had a >50% probability of high-mortality TBIL

Discussion

In this report, we investigated whether vital signs could be used
to improve prehospital GCS as a diagnostic indicator of high-
mortality TBI. Improved prehospital identification of high-
mortality TBI could be valuable, guiding prehospital protocols and
mobilizing resources at the receiving facility in an efficient manner.
It could also offer an improved tool for research.

This investigation built on previous reports observing a distinct
bimodal relationship between BP and clinical outcomes in TBI
patient populations.'”'® Consistent with those earlier reports, we
identified a bimodal relationship between prehospital BP and the
study outcomes as well as several novel findings:

e We identified a bimodal relationship between high-mortality
TBI and prehospital HR.

e We found that the GCS, as documented by the EMS care-
givers, did not provide additional risk stratification once the
GCS was <8 (in other words, all patients with GCS <8 had
similar rates of high-mortality TBI; see Table 2).

e By combining the GCS and prehospital vital signs in a multi-
variate model, after accounting for the bimodal relation-
ships, it was possible to improve the identification of the
highest-mortality TBI. For example, it was possible to
identify an extremely high-risk subgroup that evidenced
>50% probability of all-cause mortality. In contrast, the
lowest GCS did not offer such positive predictive value (see
Fig. 2). Of course, a clinical score involving relative risk
calculation plus multi-variate regression is not feasible for
a bedside clinician, but it is well within the capabilities
of emerging information technologies (for examples, see
previous reports®®?").
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FIG. 1.

Prehospital vital signs versus relative risk of head abbreviated injury scale (AIS) 5-6. Error bars signify 95% confidence

interval. Solid line indicates the cubic spline fit to data. *Statistically significant difference (p <0.05) from the baseline reference range
(reference ranges: systolic blood pressure, 100-125 mm Hg; heart rate, 80-100 beats/min; respiratory rate, 30-35 breaths/min).

Hemodynamics of high-mortality traumatic brain injury:
examining the bimodal relationships

What was the basis of the bimodal relationship between he-
modynamics and high-mortality TBI? High BP and low HR are
hallmarks of the Cushing reflex, a well-known hemodynamic
response to elevated intracranial pressure. The association be-
tween low BP and high HR in high-mortality TBI is not as clear.
Major mechanism polytrauma is likely a root cause, which can
result in hemorrhagic hypovolemia (and hypotension and tachy-
cardia) as well as high-mortality TBI. This is suggested by Table
1, where it is apparent that the subpopulation with lower GCS had
higher rates of blood transfusion coincident with explicitly hem-
orrhagic injuries. In addition, in a few cases, the low BP could be a
correlate of spinal shock. Finally, the association between mor-

tality and hypotension may be causal, in that low BP causes
secondary harm to the injured brain. Overall, it seems likely that
the basis of the hypotension and/or tachycardia relationship with
TBI is multi-factorial.

We hypothesized that there would be an association between RR
and TBI. However, we did not identify any significant relationships
involving RR. Possibly, the patients in this data set who had re-
spiratory depression tended to receive early tracheal intubation, and
so their RR was under control of the caregivers, not the patient’s
own depressed respiratory drive.

We found it necessary to consider the bimodal relationships
between TBI risk versus SBP and HR. When we first performed a
routine regression analysis on TBI versus BP and HR, without
accounting for the bimodal relationship, we did not find linear
correlations because the TBI cases with abnormally high values
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TABLE 2. COMPARISON OF AREAS UNDER RECEIVER-OPERATING CHARACTERISTIC CURVES OF THE INVESTIGATIVE PARAMETERS

Population

Investigated variables

ROC AUC (95% CI)

Any GCS
Total=1,158 subjects

GCS <15
Total =530 subjects

GCS <8
Total =225 subjects

Head AIS 5-6
GCS
SBPRiSk’ HRRisk
All-cause mortality
GCS
SBPrisk: HRRgisk
GCS, SBPgisk, HRgjsk

Head AIS 5-6/procedure
GCS
SBPRisk’ HRRisk

Cases=41, Controls=1,117
0.90 (0.86-0.93)
0.64 (0.54-0.73)*P<
0.91 (0.85-0.94)*°

Cases =82, Controls=1,076
0.85 (0.80-0.90)
0.68 (0.61-0.74)*><
0.88 (0.83-0.91)*¢

Cases =83, Controls=1,075
0.89 (0.86-0.92)
0.62 (0.55-0.68)c
0.90 (0.86-0.93)°

Cases =40, Controls =490
0.80 (0.76-0.85)
0.68 (0.58-0.76)*>
0.84 (0.78-0.89)b<

Cases=73, Controls=457
0.82 (0.77-0.86)
0.66 (0.59-0.73)*5<
0.85 (0.80-0.89)<

Cases =81, Controls =449
0.78 (0.73-0.82)
0.63 (0.56-0.69)><
0.81 (0.77-0.86)"¢

Cases =35, Controls=190
0.59 (0.52-0.66)
0.65 (0.54-0.74)*b
0.71 (0.61-0.79)*5<

Cases =65, Controls=160
0.65 (0.59-0.70)
0.66 (0.58-0.74)*°
0.74 (0.66-0.81)*b<

Cases =68, Controls=157
0.55 (0.49-0.62)
0.59 (0.50-0.67)°
0.62 (0.54-0.70)°

Shown are comparisons of areas under receiver operating characteristic curves (ROC AUCsS) of the following investigative variables: 1) GCS; 2) the
multi-variate regression model using the relative risk of traumatic brain injury computed from SBP (SBPg;s) and from HR (HRg;s); and 3) the multi-

variate regression model using GCS, SBPg;s, and HRgg-

4SBPg;s term was statistically significant in the multi-variate regression model.
"HRpy;q term was statistically significant in the multi-variate regression model.

‘ROC AUC was statistically significantly different from that of GCS.

AIS, abbreviated injury scale; CI, confidence interval; GCS, Glasgow Coma Scale; ROC, receiver operating characteristic; AUC, area under the curve;

SBP, systolic blood pressure; HR, heart rate.

cancelled out TBI cases with abnormally low values. Interestingly,
most of the classic prehospital severity scores (e.g., the trauma
score,'* the prehospital index,"” the CRAMS score,'® and the
newer Glasgow Coma Scale, Age, and Systolic Blood Pressure'?/
Mechanism, Glasgow Coma Scale, Age, and Arterial Pressure
scores'?) do not account for the prognostic value of hyperten-
sion and bradycardia in patients with TBI. We speculate that
superior overall severity scores could be developed by account-
ing for the bimodal relationship between hemodynamics and
high-mortality TBI.

Clinical implications

Although originally intended for use after initial resuscitation,
the GCS has been adopted for the earliest stages of trauma care,
although it is not optimal for that context (see Introduction).
Indeed, in this study, we found that below a cutoff of 8, the
prehospital GCS offered no additional discriminatory value (see
ROC AUCs in Table 2). Given the lowest level of prehospital
GCS (=3), the likelihood of mortality was 37% (see Fig. 2). In
contrast, using prehospital HR and SBP with the GCS, it was
possible to further risk stratify patients with a prehospital GCS
<8. For example, given those patients with a low GCS and ab-
normal HR and SBP, we found a probability (>50%) of mor-
tality risk (see Fig. 2).

How could a superior tool for early estimation of TBI mortality
risk be useful? First, this measure could be applied in research to
control for TBI severity in biostatistical analyses of prehospital
care (for instance, studies such as Davis and colleagues5 ). Second,
such a tool may be useful for triage applications, such as deter-
mining which patients should receive priority care or involvement
of a neurosurgeon at the earliest juncture. Third, improved risk
stratification could be used to develop more rational clinical de-
cision-making algorithms for prehospital management. For ex-
ample, transport speed might be the highest priority (e.g., no delay
for tracheal intubation) for patients with the highest TBI risk, in

case the patient requires immediate decompressive neurosurgery,
and osmotherapy may be useful, whereas permissive hypoten-
sion®® would be contraindicated. In contrast, for patients with
depressed consciousness who are unlikely to have high-mortality
TBI based on the patterns of GCS, HR, and SBP, it may prove
judicious to delay transportation long enough to secure the airway
and protect against aspiration, and permissive hypotension could
offer more benefit than risk. In summary, based on a patient’s
quantitative risk of high-mortality TBI, different prehospital in-
terventions may offer different risk-benefit profiles. Further re-
search is warranted into novel prehospital protocols in which
decision making is dependent on the quantitative risk of life-
threatening TBI.

As a practical matter, the multi-variate analysis used in this
investigation requires computer analysis; such a tool is well within
today’s in- and prehospital capabilities. Indeed, our research team
has currently deployed such automated computational devices,
networked to a Propaq 206 patient monitor (Welch Allyn), on board
Boston Medflight helicopters for prospective trials of advanced
decision-support algorithms.>' In practice, after the GCS score was
electronically documented by a caregiver, the informatics system
could process the patient’s recent BP and HR measurements, au-
tomatically identify and exclude any unreliable vital-sign values,
compute HRg;q and SBPg;s, and output the multi-variate regres-
sion model result.

Limitations

In a few of the multi-variate models, either the SBPg; term or
the HRg;sx term did not reach statistical significance. However, we
do not consider each and every outcome as a distinct hypothesis.
Rather, we are testing the overall hypothesis that information from
SBPgis and HRg;sk can significantly improve on the ability of the
GCS to identify patients with high-mortality TBI. The results
shown in Table 2 demonstrate a consistent pattern supporting this
hypothesis in patients with a GCS < 15. In contrast, GCS =15 was
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FIG. 2. Positive predictive value (PPV) of Glasgow Coma Scale (GCS) versus PPV of multi-variate regression model. Compared with
GCS alone (top row), the multi-variate regression model (bottom row) better identified a subset of patients at elevated risk of high-
mortality traumatic brain injury (TBI), either defined by head AIS 5-6 (left column), all-cause mortality (middle column), or head AIS
5—-6/procedure (right column). Solid black lines show the PPV of high-mortality TBI for patients <GCS score (top row) or = multi-
variate model output (bottom row). Distribution of patients with each GCS score is also shown (shaded bars, top row) as is the
distribution of patients with different ranges of regression model outputs (shaded bars, bottom row). *Multi-variate classifier’s PPV was
significantly greater than PPV of GCS=3 (p <0.05, chi-square test). SBPg;, systolic blood pressure relative risk; HRg;q, heart rate

relative risk.

very effective at identifying the majority of patients who had a very
low risk of high-mortality TBI; the associated ROC AUC was quite
high, without much room for improvement.

Second, this analysis focused on early identification of high-
mortality TBI, because optimizing survival is a primary goal of
prehospital and early hospital care. However, preventing disability
is as important to consider as survival. Whether BP and HR offer
prognostic information about functional neurological outcome was
not addressed in this analysis, and future investigation into this
important question is warranted.

Third, this analysis focused on the GCS measured by EMS
caregivers. Our findings may not extend to the classic GCS care-
fully measured in-hospital after patient stabilization and the elim-
ination of intoxicants, which are often different from prehospital
measurements.”'? Prehospital conditions are more demanding,
whereas staffing is often limited to a couple of caregivers, so nu-
anced GCS scoring is unlikely to be a high priority: The field medic
will probably not heed the difference between flexion versus ex-
tension motor responses when it is obvious that the patient has time-
sensitive injuries.

The final limitation relates to the precise numerical results of our
analysis. For some HR and SBP ranges, there were not enough
cases for a tight estimation of the associated relative risk. A larger
data set would presumably yield a more accurate quantification of
the HR and SBP bimodal relationship and the optimal coefficients
for the multi-variate model. All the same, our findings were qual-

itatively consistent with findings from other reports.'”'® We sug-
gest that the overall findings of this report are likely valid.

Conclusion

We found that the prehospital GCS alone was unable to effec-
tively distinguish between trauma patients with moderate risk
versus the highest risk of high-mortality TBI. A multi-variate re-
gression model with three terms—GCS, SBP, and HR—offered
significantly improved test performance after accounting for the
bimodal relationships between TBI versus SBP and HR. This score
could be useful for guiding operations at the receiving hospital
(e.g., early consultation by a neurosurgeon and readying an oper-
ating room). Further, we speculate that improved methods for the
prehospital assessment of TBI risk could facilitate new prehospital
management practices.
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