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Purpose: Ketamine has historically been contraindicated in traumatic brain injury (TBI) due to
concern for raising intracranial pressure. However, it is increasingly being used in TBI due to the fa-
vorable respiratory and hemodynamic properties. To date, no studies have evaluated whether ket-
amine administered in subjects with TBI is associated with patient survival or disability.

Methods: We performed a retrospective analysis of data from the multicenter Prehospital
Tranexamic Acid Use for Traumatic Brain Injury trial, comparing ketamine-exposed and ket-
amine-unexposed TBI subjects to determine whether an association exists between ketamine ad-
ministration and mortality, as well as secondary outcome measures.

Results: We analyzed 841 eligible subjects from the original study, of which 131 (15.5%) received
ketamine. Ketamine-exposed subjects were younger (37.3£16.9 years vs. 42.0+18.6 years, P=0.037),
had a worse initial Glasgow Coma Scale score (7+3 vs. 8+4, P=0.003), and were more likely to be in-
tubated than ketamine-unexposed subjects (88.5% vs. 44.2%, P<0.001). Overall, there was no differ-
ence in mortality (12.2% vs. 15.5%, P=0.391) or disability measures between groups. Ketamine-ex-
posed subjects had significantly fewer instances of elevated intracranial pressure (ICP) compared to

ketamine-unexposed subjects (56.3% vs. 82.3%, P=0.048). In the very rare outcomes of cardiac
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events and seizure activity, seizure activity was statistically more likely in ketamine-exposed subjects

in ketamine-exposed subjects (2.3% vs. 0.2%, P=0.025). Ketamine exposure was associated with a
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smaller increase in TBI protein biomarker concentrations.

Conclusions: Ketamine administration was not associated with worse survival or disability despite be-
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INTRODUCTION

Background

Ketamine is a dissociative anesthetic with unique pharmacologic
effects compared to other anesthetic induction agents [1]. Early
studies of ketamines physiology identified potentially harmful
side effects associated with its administration including increased
intracranial pressure (ICP) [2,3], increased cerebral blood flow
[4], and increased cerebral metabolic rate [5]. Based on these re-
ports, use of ketamine for traumatic brain injury (TBI) has tradi-
tionally been discouraged.

Despite these initial concerns, ketamine’s favorable hemody-
namic, analgesic, and respiratory sparing effects have led to it in-
creasingly being utilized in trauma patients including those with
TBI [6]. Ketamine’s effects on ICP have been directly investigated
in small-scale studies which found either no effect on ICP or re-
duced ICP when ketamine was prospectively administered to
TBI subjects. In addition to its potential impact on ICP, ketamine
has also been proposed as a neuroprotective agent in TBI based
on its reduction in postinjury glutamate toxicity [7,8] and inhibi-
tion of cortical spreading depressions [9]. Notably, none of these
studies explored subject outcomes and thus, there is a lack of
clarity related to ketamines ICP effects and patient outcomes.

Objectives

The TXA for TBI (Prehospital Tranexamic Acid Use for Trau-
matic Brain Injury) trial was a large, multinational, multicenter,
randomized controlled trial that provided the opportunity to
evaluate an extensive sample of TBI subjects and associated out-
comes [10]. Using the dataset from this study, we examined the
characteristics of ketamine administration in the TBI population
to analyze ketamine’s association with morbidity and mortality,
as well as physiologic responses including ICP and longitudinal
TBI biomarker trajectories. We hypothesized that ketamine ex-
posure would not be associated with worse survival or disability
after TBI, and that the physiologic responses and TBI-related
biomarker responses would not be different between ket-
amine-exposed and ketamine-unexposed TBI subjects in the
TXA for TBI trial population.

METHODS

Ethics statement

The original study [10] was approved by the Institutional Review
Board for the study’s associated Resuscitation Outcomes Consor-
tium Clinical Trials Center at the University of Washington. In-
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formed consent was not possible for all participants initially and
therefore enrollment was conducted under US regulations for
Exception from Informed Consent Requirements for Emergency
Research as well as the Canadian Tri-County Policy Statement
2, and informed consent was obtained as soon as feasible. The
original study is registered on ClinicalTrials.gov (identifier:
NCT01990768).

Study design

The TXA for TBI trial was a multicenter, North American ran-
domized, controlled trial that enrolled subjects from May 2015
until November 2017 [10]. Subjects with moderate-to-severe TBI
were randomized to placebo bolus prehospital and 8-hour place-
bo infusion in-hospital, a 2-g tranexamic acid (TXA) prehospital
bolus followed by an 8-hour placebo infusion in the hospital, or a
1-g prehospital bolus followed by a 1-g in-hospital 8-hour infu-
sion. In the primary trial, there were no significant differences in
mortality or morbidity between groups overall, however, in the
subset of subjects with intracranial hemorrhage (ICH), prehospi-
tal administration of a 2-g bolus of TXA bolus was associated
with decreased mortality [8,10].

Participants

We performed a retrospective analysis of the TXA for TBI trial
dataset for ketamine exposure to examine the associations be-
tween ketamine and clinical and laboratory outcomes in subjects
with TBI. Ketamine exposure was defined as recorded ketamine
administration by emergency medical services in the prehospital
setting; exact dosing and timing of the ketamine administration
was not available. Subjects without ketamine exposure data were
excluded.

Demographic measures

Demographics variables included age, sex, body mass index
(BMI), weight, initial Glasgow Coma Scale (GCS) score, initial
Injury Severity Score (ISS), history of seizure, intubation status,
presence of ICH, and TXA study group allocation.

Death and disability outcome measures

The primary outcome assessed was death within 6 months of in-
jury; secondary outcomes included the Glasgow Outcome Scale
Extended (GOSE) and Disability Rating Scale (DRS) scores at
discharge and 6 months postinjury, as well as incidences of sei-
zure activity, cardiac events (cardiac arrest or heart failure), and
surgical interventions.
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Physiologic outcome measures

Physiologic outcome measures included the following: systolic
blood pressure (SBP), heart rate and temperature, PaO,, and ICP.
Measurements were taken from the first 24 hours following hos-
pital presentation. ICP was measured with either a Camino (Na-
tus Medical Inc) intracranial pressure and temperature monitor
or an external ventricular drain pressure monitor. ICP elevation
was defined as ICP >20 cmH,O; bradycardia was defined as
heart rate <60 beats per minute (bpm) and tachycardia as heart
rate > 100 bpm; hypoxia was defined as PaO, <80 mmHg; hypo-
tension was defined as SBP <90 mmHg and hypertension de-
fined as SBP >180 mmHg; hypothermia was defined as <35 °C
and hyperthermia as > 38 °C.

TBI protein biomarker measures

The TXA for TBI trial performed longitudinal biomarker mea-
surements of the TBI-related biomarkers glial fibrillary acidic
protein (GFAP), microtubule-associated protein 2 (MAP2), and
ubiquitin C-terminal hydrolase L1 (UCHL1) [8]. Serum concen-
tration measurements of GFAP, MAP2, and UCHLI were com-
pared between the ketamine-exposed and ketamine-unexposed
groups at admission, 6-, 12-, 24-, and 48-hours following hospital
admission [11]. Biomarkers were compared using the change in
measured serum concentration from admission to each subse-
quent time point, as well as a comparison of biomarker concen-
trations at each time point.

ICH subgroup

Based on the decreased mortality observed in the original TXA
for TBI trial [10] in the ICH subgroup of the 2-g TXA arm, we
performed a subgroup analysis of ICH subjects comparing ket-

amine exposure groups.

Statistical analysis

Demographic variables were assessed for their association with
outcomes including our primary outcome of death within 6
months of injury. The P-value for significance of variables was set
at P <0.05. A multivariate mixed-effects logistic regression model
was created using the variables age, sex, race, BMI, seizure histo-
ry, intubation status, and TXA study assignment to evaluate the
association of ketamine administration on morbidity, mortality,
and vital signs outcomes, for both the entire cohort and for the
ICH subgroup analysis. Because there were very few instances of
cardiac events and seizure activity, a simplified statistical model
was created to analyze both outcomes in the entire cohort and
the ICH subgroup. For cardiac events in the entire cohort, sex
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and race were removed from the model; for seizure activity in
this same cohort, only race was removed. For ICH subgroup car-
diac events, only BMI and intubation status were used as covari-
ates; for seizure activity in the ICH subgroup analysis, sex, BMI,
seizure history, and intubation status were used as covariates. To
evaluate the association of ketamine exposure with TBI-related
protein biomarkers, biomarker data were log-transformed, and a
mixed-effects model was created using the same demographic
variables (age, sex, race, BMI, seizure history, intubation status,
and TXA study arm); final P-values in this model were adjusted
for multiple comparisons using Bonferroni correction. All results
are provided as mean + standard deviation unless otherwise spec-
ified. TBI was stratified into severe (GCS <8), moderate (GCS
9-12) and mild (GCS 13-15); ISS was stratified into severe
(>25), moderate (16-25), and mild (< 15); GOSE was stratified
into poor recovery (1-4) and good recovery (5-8); DRS was
stratified into mild (0-1), moderate (2-6), severe (7-11), and
vegetative or worse (> 12). Statistical analyses were completed
using Stata ver. 17.0 (Stata Corp).

RESULTS

Demographics and clinical characteristics

Of the 966 subjects included in the primary analysis in the origi-
nal TXA for TBI trial, 910 had complete data collected and were
analyzed for ketamine exposure; 69 subjects lacked ketamine ad-
ministration information and were excluded, leaving 841 subjects
for our analysis. Of these subjects, 131 (15.6%) received ketamine
and 710 (84.4%) did not receive ketamine (Fig. 1).

Demographic and clinical characteristics of the ketamine-ex-
posed and ketamine-unexposed subjects are listed in Table 1.
Opverall, the ketamine-exposed group was younger (37.3+£16.9
years vs. 42.0 £ 18.6 years, P=0.037); the groups otherwise had
similar sex- and race-distribution, BMI, and TXA study alloca-
tions. Ketamine-exposed subjects had a worse initial GCS (7+3
vs. 8+4, P=0.003) and were more likely to be intubated (88.5%
vs. 44.2%, P < 0.001); initial ISS and ICH status were not different
between groups.

Death and disability
In our primary outcome of death at any time, there was no differ-
ence between the ketamine-exposed and the ketamine-unex-
posed groups (mortality rate: ketamine exposed, 12.2% vs. ket-
amine unexposed, 15.5%; P=0.391) (Table 2).

For our secondary outcomes, there was similarly no difference
in disability scores for GOSE at discharge (ketamine exposed,
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966 Subjects screened for
inclusion and enrolled
(TXA for TBI study)

JTI

Ketamine exposure

Table 2. Morbidity and mortality results (n=_841)

| R 56 Excluded Variable Exposed Unexposed P-value
v e (lack of overall data) (n=131) (n=710)
910 Subjects evaluated for Death at any time 16 (12.2) 110 (15.5) 0.391
ketammelexposure 69 Excluded Seizure activity 4(3.0) 7(1.0)  0.010%*
J > aé‘;legtfrzgt;‘r:“égtea) Cardiac events 20150 6(0.8) 0961"
841 Subjects included in Required surgical intervention 9(6.9) 79 (11.1) 0.113
retrospective analysis Glasgow Outcomes Score Extended
L—¢—¢ At discharge 39+2.1 4.3+24 0.967
131 Ketamine 710 Ketamine At 6 mo 54+2.4 54+2.7 0.221
exposed unexposed Disability Rating Scale
I—I—, - 339 Excluded At discharge 8.849.7 8.3£10.3 0.324
v " (no ICH) At 6 mo 58499  7.0+112 0.151

‘ 502 ICH subgroup ‘

—

86 Ketamine 416 Ketamine
exposed unexposed

Fig. 1. Participant flow diagram. CONSORT (Consolidated Standards
of Reporting Trials) style diagram of subject inclusion, exclusion, and
group allocation in the overall study analysis and in the intracranial
hemorrhage (ICH) subgroup analysis. TXA for TBI, Prehospital
Tranexamic Acid Use for Traumatic Brain Injury.

Table 1. Demographics and clinical characteristics (n=841)

Ketamine exposure
Characteristic Exposed Unexposed P-value
(n=131) (n=710)

Age (yr) 37.3+£16.9 42.0+18.6 0.037*
Male sex 101 (77.1) 526 (74.1) 0.586
Body mass index (kg/m®) 27.0+5.8 26.3+5.6 0.236
Race 0.546

Asian or Pacific Islander 1(0.8) 17 (2.4)

Black 11 (8.4) 93 (13.1)

Native American 0 2(0.3)

White 68 (51.9) 324 (45.6)

Unknown 51 (38.9) 274 (38.6)
GCS score 73 8+4 0.003*
Injury Severity Score 20.7£13.6 18.8+13.1 0.142
Prior seizure history 5(3.8) 36 (5.1) 0.695
Intubated on scene 116 (88.5) 314 (44.2)  <0.001*
ICH presence 86 (65.6) 416 (58.6) 0.179
TXA allocation group 0.798

Placebo 45 (34.4) 227 (32.0)

lg 38(29.0)  225(31.7)

2g 48 (36.6) 258 (36.3)

Values are presented as mean * standard deviation or number (%).
Baseline characteristics and group allocations were similar between
groups, however ketamine-exposed subjects were younger, with a
worse initial GCS and were more likely to be intubated.

GCS, Glasgow Coma Scale; ICH, intracranial hemorrhage; TXA,
tranexamic acid.

*P<0.05.
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Values are presented as number (%) or mean *standard deviation.
Morbidity and mortality outcomes were similar between groups, with
no differences in death or measures of disability between groups. Ket-
amine exposure was associated with more seizure activity.

“Variables analyzed using a simplified statistical model due to few
overall occurrences.

*P <0.05.

3.9+2.1 vs. ketamine unexposed, 4.3+2.4; P= 0.967) or at
6-months postinjury (ketamine exposed, 5.4+ 2.4 vs. ketamine
unexposed, 5.4 £2.7; P=0.221) and DRS at discharge (ketamine
exposed, 8.8+ 9.7 vs. ketamine unexposed, 8.3+ 10.3; P=0.324)
or at 6-months postinjury (ketamine exposed, 5.8 £9.9 vs. ket-
amine unexposed, 7.0 £ 11.2; P=0.151). There was no differ-
ence in the need for surgical intervention between groups (ket-
amine exposed, 6.9% vs. ketamine unexposed, 11.1%; P=0.113).
Using a simplified statistical model due to very few instances,
ketamine exposure was significantly more likely to be associated
with seizure activity (3.1% vs. 1.0%, P=0.010); ketamine expo-
sure was not associated with a higher rate of cardiac events (1.5%
vs. 0.8%, P=0.961) (Table 2).

Physiologic response

Elevated intracranial pressure was significantly less frequent in
the ketamine-exposed group (instances of ICP elevation, 56.3%
vs. 82.3%; P =0.048). Instances of hypoxia, and extremes of heart
rate, SBP, and temperature were similar between groups (Table 3).

TBI biomarker trajectories

Ketamine exposure was associated with significantly smaller
changes in concentration for GFAP at 12-, 24-, and 48-hours fol-
lowing admission and for MAP2 at 12- and 24-hours following
admission. UCHLI changes from baseline were not significantly
different between groups at any time point (Fig. 2). There were
no differences in biomarker concentrations when compared
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Table 3. Physiologic response results (n=841) against each other at any time point after correcting for multiple
Ketamine exposure comparisons (Table 4).
Variable Exposed Unexposed P-value
(n=131) (n=710) .
ICP >20 mmHg (n=140) 9/16 (56.3) 102/124(82.3) 0.048* ICH subgroup analysis
Hypoxia PaO, <80 mmHg 48 (36.6) 246 (34.6)  0.819 Of 841 subjects with ketamine exposure data, 502 subjects
Hypothermia (temperature<35°C) 23 (17.6) 44 (6.2) 0.119 (59.7%) had a radiographically confirmed ICH, 86 of 131
Hyperthermia (temperature > 38 °C) 0 7(L0) 0477 (65.6%) in the ketamine-exposed group and 416 of 710 (58.6%)
Heart rate . . . .
the ket - d Fig. 1). D hic charac-
Bradycardic (<60 bpm) 18(137)  93(131) 0937 1 the ketamihe-unexposed group ( ' ) cmograpiue charac
Tachycardic (>100 bpm) 64(489) 347(489) 0999 teristics and TXA study group distribution were similar to the
Systolic blood pressure entire cohort, including a significant age difference (ketamine ex-
Hypotensive (<90 mmHg) 19(14.5)  74(104)  0.557 posed, 38.1+17.5 years vs. ketamine unexposed, 42.0+18.8

Hypertensive (>180 mmHg) 20(15.3) 135(19.00  0.337

Values are presented as number (%). Physiologic measures compared
between groups demonstrated that ketamine exposure was associated

years; P=0.030) and a significantly higher percentage of intubat-
ed subjects in the ketamine-exposed group (90.7% vs. 53.8%,

with fewer recorded measurements of elevated ICP; there were no P <0.001). GCS was not significantly different in the ICH sub-
other statistically significant differences between the groups. group (ketamine exposed, 6+ 3 vs. ketamine unexposed, 7 +3;
ICP, intracranial pressure; bpm, beats per minute.

P <0.05 P =0.086); all other demographic variables were similar to the

-e- Ketamine-exposed UCHL1
-0- Ketamine-unexposed UCHL1

8,000 -8 Ketamine-exposed GFAP
-E- Ketamine-unexposed GFAP
A~ Ketamine-exposed MAP2
-A-  Ketamine-unexposed MAP2
6,000
=
£ 4,000
b
=
c
2
g
£ 2,000
3
c
o
o
g
m 500
€
2
[aa]
400 —
300 —
200 T T

I I I
0 6 12 24 48

Time after admission (hr)

Fig. 2. Association of ketamine administration on biomarker trajectories following traumatic brain injury (TBI). TBI-related biomarkers ubiquitin
C-terminal hydrolase L1 (UCHLI), glial fibrillary acidic protein (GFAP), and microtubule-associated protein 2 (MAP2) were measured at multiple
time points after admission. Ketamine exposure was associated with a smaller increase in GFAP concentration from admission to 12, 24, and 48 hours
later. MAP2 concentrations were associated with a smaller increase in concentration from admission to 12 and 24 hours later. Means and standard
errors are indicated with points and error bars, respectively. For ease of readability, the scale of the y-axis was increased for biomarker concentrations
below 500 pg/mL. Statistically significant differences in the change of biomarker concentration from admission are indicated with asterisks.
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Table 4. TBI biomarker measurements

JTI

Time after admission (hr)

TBI biomarker 0 p = o 5
GFAP (pg/mL)
Ketamine exposed 2,297.80+6,056.11  2,333.59+3,124.52  2,389.92+2,354.44  2,435.75+3,878.17 1,813.95+4,116.67
Ketamine unexposed 2,765.08+8,949.93 4,115.59£11,629.04  4,770.27+13,819.83  3,766.88+8,940.49  3,253.30£8,980.09
UCHLI (pg/mL)
Ketamine exposed 7,296.43+9,013.75 2,161.63+3,536.04  1,331.08+2,504.39 746.50%1,707.05 334.27+424 .91
Ketamine unexposed 8,046.90+14,472.96  2,969.04+10,425.80  1,877.22+10,783.73 668.47+1,247.98 320.35+479.63
MAP2 (pg/mL)
Ketamine exposed 311.22+1,043.94 286.03+713.10 352.07+765.72 368.39+778.61 366.56+633.56
Ketamine unexposed 282.28+893.85 424.01+1,107.0 411.83+894.85 406.0+835.29 375.22+701.87

Values are presented as mean * standard deviation.

TBI, traumatic brain injury; GFAP, glial fibrillary acidic protein; UCHLI, ubiquitin C-terminal hydrolase L1; MAP2, microtubule-associated protein 2.

entire cohort (Table S1).

Mortality in the ICH subgroup was higher than in the entire
cohort but there was again no difference between ketamine ex-
posure groups (ketamine exposed, 18.6% vs. ketamine unex-
posed, 23.3%; P=0.177). There were no differences in GOSE or
DRS measurements between groups, and no difference in surgi-
cal intervention (Table S2). Using a simplified model, ketamine
exposure continued to be associated with increased seizure activ-
ity (3.5% vs. 1.0%, P = 0.009); cardiac events were also associated
with ketamine exposure (2.3% vs. 0.2%, P = 0.025).

Physiologic responses were similar to the entire cohort as well,
but no statically significant difference in ICP was observed in this
subgroup analysis (ketamine exposed, 56.3% vs. ketamine unex-
posed, 82.0% with an instance of elevated ICP; P=0.055) (Table
S3).

Biomarker trajectories in the ICH subgroup were similar to the
entire cohort, including a smaller increase from baseline for the
biomarkers GFAP and MAP2 at similar time points, and no dif-
ferences in UCHLI between groups (Fig. S1). At the 48-hour
time point, GFAP concentration was lower in the ketamine-ex-
posed group (2,261 +4,727 pg/mL vs. 4,497 10,508 pg/mL,
P=0.003) (Table S4).

DISCUSSION

In this retrospective analysis of a large, multinational, multicenter
trial, ketamine was administered to 15.5% of all subjects sustain-
ing TBI. It is notable that a significant number of subjects with
TBI received ketamine in this large clinical trial involving 12 cen-
ters and almost 40 emergency medical services agencies, despite
ketamine’s traditional avoidance in TBI. In our analysis, ket-
amine-exposed subjects had a more severe head injury profile

https://doi.org/10.20408/jti.2023.0034

based on initial GCS and intubation status yet had no differences
in survival or disability. An important qualification of these data
is that the ketamine-unexposed group was on average 5 years
older than the ketamine-exposed subjects, and older age is asso-
ciated with worse outcomes after TBI [12]. However, no prior
studies have examined ketamine’s association with morbidity and
mortality after TBI, and these findings, especially taken in con-
text of the higher injury severity, are reassuring given the fre-
quency of use of ketamine in patients with TBL

There remain important safety considerations in the use of ket-
amine in patients with TBI given our findings associating its use
with cardiovascular events and seizure activity. Seizure activity
was significantly associated with ketamine administration in
both the entire cohort as well as in the ICH subgroup, and ket-
amine administration was significantly associated with cardiac
events in the ICH subgroup. However, these were rare events,
and at this time it remains unclear whether the association be-
tween seizure activity and ketamine administration is due to the
worse injury profile of the ketamine-exposed group or can be at-
tributed to the administration of ketamine itself. Notably, ket-
amine has been shown to be associated with cardiovascular col-
lapse in other patient populations [13]. Any administration of
ketamine should continue to consider its cardiovascular and neu-
rological side effects.

In this study, we found that ketamine administration was asso-
ciated with a decrease in the frequency of elevated ICP, which is
in contrast to the traditionally accepted association of ketamine
and increased ICP [3]. Early studies examining ketamine’s effects
on ICP had notable limitations that may explain their findings:
study subjects were healthy volunteers without TBI, and respira-
tory rate was not controlled, which is notable as ketamine does
reduce respiratory rate, which has the potential to impact ICP
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[2]. Another important consideration is that we only analyzed in-
stances of extremes in ICP and not duration or severity of the
ICP response. Our findings associating ketamine administration
with reduced instances of elevated ICP are consistent with the
few clinical studies that have explored ketamine’s effects directly
in subjects with TBI, which have shown that ketamine either had
no effect on ICP [14,15] or reduced ICP.

Finally, the longitudinal circulating biomarkers of brain injury
examined in the original TXA for TBI trial presented a unique
opportunity to evaluate the effect that ketamine had on the tra-
jectory of these biomarkers. By examining the changes in the
concentrations at multiple time points, we observed a potential
suppressive effect from ketamine administration in that ketamine
exposure was associated with a reduced rise in both GFAP and
MAP?2 concentrations at all time points, and a significantly re-
duced GFAP concentration at 48-hours postinjury in the ICH
subgroup. Based on our previous observations that these bio-
marker concentrations are positively associated with injury se-
verity [8], this suppressive effect associated with ketamine expo-
sure warrants further investigation. Furthermore, these data sup-
port the potential utility of using longitudinal TBI biomarker tra-
jectories to monitor pharmacologic effect and therapeutic re-
sponses associated with ketamine administration [8].

Limitations

The primary limitation of this study is the retrospective collec-
tion of these prospectively collected data which therefore limits
our findings to associations between ketamine exposure and out-
comes rather than establishing a causal relationship. Further-
more, ICP was measured in fewer than 20% of subjects which
limits our power to draw conclusions. Finally, complete details
regarding the dose and timing of ketamine administration were
not available and physiologic responses were limited to instances
of extremes.

Conclusions

This retrospective analysis of a multinational, multicenter TXA
for TBI trial, ketamine administration was not associated with
increased mortality or disability and was associated with fewer
instances of elevated ICP, despite being administered to more se-
verely injured subjects. Further prospective studies related to the
association between ketamine administration and clinical out-
comes and physiologic measures especially longitudinally collect-
ed protein biomarkers are warranted.
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