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Abstract

Background: The CRASH-3 trial hypothesised that timely tranexamic acid (TXA) treatment might reduce deaths
from intracranial bleeding after traumatic brain injury (TBI). To explore the mechanism of action of TXA in TBI, we
examined the timing of its effect on death.

Methods: The CRASH-3 trial randomised 9202 patients within 3 h of injury with a GCS score < 12 or intracranial
bleeding on CT scan and no significant extracranial bleeding to receive TXA or placebo. We conducted an
exploratory analysis of the effects of TXA on all-cause mortality within 24 h of injury and within 28 days, excluding
patients with a GCS score of 3 or bilateral unreactive pupils, stratified by severity and country income. We pool data
from the CRASH-2 and CRASH-3 trials in a one-step fixed effects individual patient data meta-analysis.

Results: There were 7637 patients for analysis after excluding patients with a GCS score of 3 or bilateral unreactive
pupils. Of 1112 deaths, 23.3% were within 24 h of injury (early deaths). The risk of early death was reduced with TXA
(112 (2.9%) TXA group vs 147 (3.9%) placebo group; risk ratio [RR] RR 0.74, 95% Cl 0.58-0.94). There was no
evidence of heterogeneity by severity (p = 0.64) or country income (p = 0.68). The risk of death beyond 24 h of
injury was similar in the TXA and placebo groups (432 (11.5%) TXA group vs 421 (11.7%) placebo group; RR 0.98,
95% Cl 0.69-1.12). The risk of death at 28 days was 14.0% in the TXA group versus 15.1% in the placebo group (544
vs 568 events; RR 0.93, 95% Cl 0.83-1.03). When the CRASH-2 and CRASH-3 trial data were pooled, TXA reduced
early death (RR 0.78, 95% Cl 0.70-0.87) and death within 28 days (RR 0.88, 95% Cl 0.82-0.94).

Conclusions: Tranexamic acid reduces early deaths in non-moribund TBI patients regardless of TBI severity or
country income. The effect of tranexamic acid in patients with isolated TBI is similar to that in polytrauma.
Treatment is safe and even severely injured patients appear to benefit when treated soon after injury.

Trial registration: ISRCTN 15088122, registered on 19 July 2011; NCT01402882, registered on 26 July 2011.

Keywords: Traumatic brain injury, Tranexamic acid, CRASH-3 trial, Randomised controlled trial, Intracranial
haemorrhage, Epidemiology, Emergence care
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Background

The acute management of traumatic brain injury (TBI)
aims to avoid secondary brain damage and optimise con-
ditions for recovery [1]. The day of the injury is the most
hazardous, accounting for one third of in-hospital deaths
[2]. Some TBI victims have brain damage that is incom-
patible with life and die shortly after admission. In many
patients, intracranial bleeding starts soon after impact
and continues for several hours, with the majority of
haematoma expansion occurring within 1-1.5 h of injury
[3, 4]. The accumulating blood can increase intracranial
pressure, causing cerebral herniation and death. Tranex-
amic acid reduces bleeding in surgery and reduces death
from bleeding in traumatic and post-partum haemor-
rhage [5-7]. The therapeutic premise of the CRASH-3
trial was that timely tranexamic acid treatment might
curtail intracranial bleeding and prevent some of the
early bleeding-related deaths. A 1-g bolus started within
3 h of injury was followed by an infusion of 1 g over 8 h.
Tranexamic acid has a half-life of 2 h and by the second
day is almost completely eliminated. By this time, the
bleeding will have stopped, but other pathological pro-
cesses, likely unaffected by tranexamic acid, will con-
tinue to cause deaths. Those who survive the first day
run the risk of cerebral oedema, diffuse axonal injury,
organ failure, sepsis, pneumonia and many other threats,
some iatrogenic, that make up the remaining two thirds
of in-hospital deaths.

The management of TBI is only partly based on results
from randomised trials. In practice, doctors draw on
pathophysiological knowledge, the available evidence
and their clinical experience to identify mechanisms of
brain damage and target physiologically based treatment
accordingly [3]. Large randomised trials can reduce our
therapeutic uncertainty, but to categorise them as posi-
tive or negative based on arbitrary p value thresholds is
inappropriate [8—10]. The CRASH-3 trial results have
variously been described as ‘negative’, ‘neutral’ or ‘a win
for patients with head injury’ that will benefit patients
[11-13]. We argue that randomised trials can deepen
our understanding of pathophysiology and that mechan-
istic insights should inform their interpretation. To ex-
plore the mechanism of action of tranexamic acid in TBI
patients, we examined the timing of its effect on death.
We also set the results of our analysis in the context of
other trials of tranexamic acid in TBI and polytrauma
patients, taking into consideration current treatment
guidelines that exclude patients with isolated TBI.

Methods

The background to the CRASH-3 trial, the methods,
baseline characteristics and main results were previously
reported [2, 6, 14]. Briefly, adults with TBI who were
within 3 h of injury and had a Glasgow coma scale score
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(GCS) <12 or any intracranial bleeding on CT scan and
no significant extra-cranial bleeding were eligible. The
time window for eligibility was originally 8h, but in
2016, the protocol was changed to limit recruitment to
within 3h of injury. Between July 2012 and January
2019, we randomly allocated 12,737 patients with TBI to
receive tranexamic acid or placebo, of whom 9202 pa-
tients were treated within 3 h. Patients were assigned by
selecting a numbered treatment pack from a box con-
taining eight packs that were identical apart from the
pack number. Patients, care givers and those assessing
outcomes were masked to treatment allocation.

Based on previous research on the mechanism of tran-
examic acid in bleeding trauma patients, we hypothe-
sised that tranexamic acid would have a greater effect on
deaths soon after injury, since early bleeding-related
deaths have the most potential to be reduced by tranex-
amic acid [15]. We pre-specified this hypothesis in the
statistical analysis plan that we published before un-
blinding [14]. We also anticipated that the treatment ef-
fect would be diluted by the inclusion of patients with a
GCS score of 3 or unreactive pupils who have a very
poor prognosis regardless of treatment [14]. The trial re-
sults were consistent with both of these hypotheses [2].
The pre-specified primary outcome in the CRASH-3
trial was death due to head injury within 28 days among
patients treated within 3 h of injury. Although our scien-
tific reasons for pre-specifying head injury death as the
primary outcome were given in the statistical analysis
plan and presented in detail elsewhere [16], there has
been strong interest in the effects of tranexamic acid on
all-cause mortality. As such, this analysis focusses on
early deaths from any cause, excluding patients with a
GCS score of 3 or bilateral unreactive pupils. Analyses
of head injury deaths and analyses including patients
with a GCS score of 3 or bilateral unreactive pupils are
presented in the Additional file 1 for comparison with
the results presented below and for cross-reference with
the main trial results.

We examine the temporal distribution of deaths from
any cause in the CRASH-3 trial. We explore the effects
of tranexamic acid on deaths due to any cause within 24
h of injury and on deaths due to any cause within 28
days, stratified by severity and country income level. We
use the baseline GCS score to define severity—mild to
moderate (GCS 9-15) and severe (GCS 3-8)—and
World Bank definitions to determine country income
level (LMIC vs HIC). Because a subgroup analysis dem-
onstrated effect modification by severity, we explore this
further. Because most patients were from LMICs, the
generalisability of the results to HICs has been ques-
tioned and so we explore how the treatment effects vary
by country income level. To check if the effect on early
deaths could be explained by undiagnosed extra-cranial
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bleeding, we conducted a sensitivity analysis excluding
patients with hypotension (SBP <90 mmHg). We also
examined the effects of tranexamic acid on vascular oc-
clusive events (fatal and non-fatal) in all patients irre-
spective of time to treatment because theoretically the
potential risk of vascular occlusive events would be
greater with late treatment as there is a shift from a fi-
brinolytic to a coagulopathic state. We report risk ratios,
95% confidence intervals and heterogeneity p values. We
excluded 98 patients with missing outcome data.

We prespecified an analysis setting the results of the
CRASH-3 trial in the context of other evidence, includ-
ing the CRASH-2 trial, in which 40% of deaths were due
to head injury [14]. The CRASH-3 trial essentially repre-
sents a subgroup of patients with isolated TBI who were
excluded from the CRASH-2 trial. Here, to set our re-
sults in the context of tranexamic acid in polytrauma pa-
tients, we pooled the data from the CRASH-2 and CRAS
H-3 trials in a one-step fixed effects individual patient
data meta-analysis using a Poisson regression model
with sandwich variance estimation, adjusted for time to
treatment. In the main CRASH-3 trial publication, we
updated a systematic search for randomised trials of
tranexamic acid in TBL. We searched PubMed, Science
Citation Index, National Research Register, Zetoc,
SIGLE, Global Health, LILACS, Current Controlled Tri-
als, the Cochrane Injuries Group Specialised Register,
CENTRAL, MEDLINE and EMBASE. We identified
three trials in addition to the CRASH-3 trial including
the CRASH-2 intracranial bleeding study, a randomised
trial of 283 TBI patients sponsored by Khon Kaen Uni-
versity [17] and a randomised trial of pre-hospital tran-
examic acid in 967 TBI patients sponsored by the
University of Washington (NCT01990768). The CRAS
H-2 intracranial bleeding study was omitted as this is
already contained within the CRASH-2 trial dataset, and
the small Thai study was omitted due to a lack of data
on timing of death, cause of death and GCS score, and
limitations in methodological quality including an un-
clear risk of selection bias from allocation concealment.

The model for the one-step meta-analysis was as
follows:

log m = B, + ftrial + 5,group + Sttt

where trial=0 for CRASH-2 and 1 for CRASH-3,
group =0 for placebo and 1 for TXA, ttt is time to treat-
ment and S, is the summary effect estimate across both
trials.

We also consider the CRASH-3 trial results in the
context of the CRASH-2 trial and the trial of pre-
hospital tranexamic acid (NCT01990768) using an ag-
gregate data meta-analysis with fixed effects to assess
the effect of tranexamic acid on death at 28 days
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excluding patients with a GCS score of 3 or bilateral un-
reactive pupils, and on vascular occlusive events in all
patients. An aggregate data meta-analysis was used be-
cause we did not have access to the individual patient
data for trial NCT01990768.

Results

Among the 12,639 randomised patients with outcome
data available, 9127 were treated within 3 h of injury. A
total of 1490 patients had GCS score of 3 or bilateral un-
reactive pupils at baseline (16.3%), leaving 7637 patients
for analysis. There were 1112 deaths from all causes
within 28 days, of which 259 (23.3%) occurred within 24
h of injury (early deaths) and 853 (76.7%) were beyond
24 h of injury. Figure 1 shows the time interval from in-
jury to death in placebo-treated patients overall and ac-
cording to severity and country income. Overall, the
proportion of early deaths was larger in severe head in-
jury (28.1%) and in LMICs (24.1%).

Effect of tranexamic acid on early deaths

The risk of early death was lower in patients with mild-
to-moderate head injury compared to severe head injury
(1.1% vs 9.9%) and in HICs compared to LMICs (2.0% vs
3.8%). The risk of early death was reduced with tranex-
amic acid (112 (2.9%) deaths in the tranexamic acid
group vs 147 (3.9%) deaths in the placebo group; risk ra-
tio [RR] RR 0.74, 95% CI 0.58-0.94; see Table 1). There
was no evidence that the effect of tranexamic acid on
early deaths varied by severity (heterogeneity p =0.64)
or by country income (heterogeneity p =0.68). When
114 (1.5%) patients with hypotension (SBP <90 mmHg)
at baseline were excluded from the analyses, the results
were essentially the same (106 (2.8%) deaths in the tran-
examic acid group vs 143 (3.9%) deaths in the placebo
group; RR 0.72, 95% CI 0.56—0.92). The effect of tranex-
amic acid on early death was smaller (261 vs 315 events;
RR 0.81, 95% CI 0.69-0.95) when we included patients
who had a GCS score of 3 or bilateral unreactive pupils
at baseline (see Appendix Table 1). The effect was larger
when the analysis was restricted to head injury-related
deaths only (Appendix Tables 2 and 3).

Effect of tranexamic acid on deaths after 24 h

The risk of death more than 24 h after injury was lower
in patients with mild-to-moderate head injury compared
to severe head injury (6.3% vs 25.2%) and in HICs com-
pared to LMICs (8.2% vs 12.1%). The risk of death from
all causes beyond 24 h of injury was similar in the tran-
examic acid and placebo groups (432 (11.5%) deaths in
the tranexamic acid group vs 421 (11.7%) deaths in the
placebo group; RR 0.98, 95% CI 0.69-1.12; see Table 1).
The effect on deaths beyond 24 h was similar by severity
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(heterogeneity p =0.088) and country income (hetero-
geneity p = 0.36).

Effect of tranexamic acid on deaths at 28 days

The risk of death at 28 days was lower in mild-to-
moderate head injury compared to severe head injury
(74% vs 35.1%) and in HICs compared to LMICs
(10.1% vs 15.9%). The risk of death from any cause at
28 days was 14.0% in the tranexamic acid group versus
15.1% in the placebo group (544 vs 568 events; RR 0.93,
95% CI 0.83—1.03; see Table 1). The effect of tranexamic
acid on all-cause mortality at 28 days was similar by

severity (heterogeneity p =0.11) and country income
(heterogeneity p = 0.35).

Effect of tranexamic acid on vascular occlusive events

Among the 12,639 randomised patients with outcome
data, there were 203 (1.6%) fatal or non-fatal vascular
occlusive events. The absolute risk of vascular occlusive
events in all patients was lower in mild-to-moderate
head injury than in severe head injury (1.2% vs 2.4%)
and in LMICs compared to HICs (1.0% vs 3.0%). The
risk of vascular occlusive events was 1.6% in both the



Brenner et al. Critical Care (2020) 24:560

Page 5 of 10

Table 1 Effect of early tranexamic acid on all-cause mortality within 24 h of injury, after 24 h and at 28 days stratified by severity and
country income level in patients randomised within 3 h of injury, excluding those with a GCS score of 3 or bilateral unreactive pupils

Within 24 h After 24 h At 28 days
TXA Placebo RR (95% ClI) TXA Placebo RR (95% Cl) TXA Placebo RR (95% Cl)
n (%) n (%) n (%) n (%) n (%) n (%)
All patients 112.(29) 147 (39) 0.74 (0.58-094) 432 (115) 421 (11.7) 098 (069-1.12) 544 (140) 568 (15.1) 093 (0.83-1.03)
Severity
Mild/moderate 25 (0.9) 37.(13) 0.66 (040-1.09) 163 (5.8) 186 (6.9) 0.85 (0.69-1.04) 188 (6.7) 223 (8.1) 0.82 (0.68-0.99)
Severe 87 (85) 110 (11.3) 075 (0.58-098) 269 (287) 235(272) 1.05(091-1.22) 356 (34.7) 345(354) 0.98 (0.87-1.10)
Country income
LMIC 98 (3.3) 126 (44) 0.75 (0.58-098) 363 (126) 344 (125) 1.01(088-1.16) 461 (155) 470 (163) 095 (0.84-1.07)
HIC 14 (1.5) 21 24) 0.65(0.33-1.26) 69 (7.7) 77 (9.0) 0.86 (063-1.18) 83 (9.2) 98 (11.1) 0.82 (0.62-1.08)
tranexamic acid and placebo groups (101 vs 102 events; Discussion

RR 0.98, 95% CI 0.74—1.28; see Table 2).

The results of the CRASH-3 trial in context

When the CRASH-2 and CRASH-3 trial data were
pooled in a one-stage individual patient data meta-
analysis, early tranexamic acid reduced death within 24 h
of injury (RR 0.78, 95% CI 0.70-0.87) and death within
28 days (RR 0.88, 95% CI 0.82—-0.94), with no evidence of
heterogeneity by trial (death within 24h p =0.60; death
within 28 days p = 0.18; see Fig. 2). Adjusting for time to
treatment made no difference to the results. For deaths
with 24 h of injury, the adjusted RR = 0.78 (95% CI 0.70-
0.87), and for death within 28 days the adjusted RR =
0.88 (95% CI 0.82—0.94). When a US trial of pre-hospital
tranexamic acid for isolated TBI was included in an ag-
gregate data meta-analysis on death from any cause at
28 days, the results were identical (RR 0.88, 95% CI
0.82-0.94), with no evidence of heterogeneity by trial
(p =0.41). There was no difference in the risk of vascular
occlusive events between treatment groups (RR 0.87,
95% CI 0.74—1.02), again with no heterogeneity by trial
(p = 0.42).

Table 2 Effect of tranexamic acid on vascular occlusive events
(fatal and non-fatal) at 28 days in all patients, stratified by
severity and country income level

TXA Placebo RR (95% ClI)
N n (% N n (%)
All patients 6359 101 (1.6) 6280 102 (1.6) 0.98 (0.74-1.28)
Severity
Mild/moderate 4066 41 (1.0) 3997 52 (1.3) 0.76 (0.52-1.16)
Severe 2264 60 (27) 2247 50 (22) 1.19(0.82-1.73)
Country income
LMIC 4375 50 (1.1) 4330 35 (0.8) 141(092-2.17)
HIC 1984 51 (26) 1950 67 (34) 0.75(0.52-1.07)

Based upon this post hoc, exploratory analysis of the
CRASH-3 trial, tranexamic acid reduces deaths on the
day of the injury regardless of TBI severity and country
income but has no apparent effect on deaths beyond the
day of the injury. The effect of tranexamic acid on all-
cause mortality at 28 days is a weighted average of these
early and late effects and, although diluted toward the
null, is similar to the results of the CRASH-2 trial and
indicative of a survival benefit.

Because a larger proportion of deaths in the CRASH-3
trial occurred after 24 h (69% in CRASH-3 versus 43% in
CRASH-2), the effect on mortality at 28 days is smaller
(more diluted) in the CRASH-3 trial, although there is
no evidence of heterogeneity. As anticipated in the stat-
istical analysis plan, the effect is smaller when including
patients with un-survivable injuries prior to treatment.
Tranexamic acid did not increase the risk of adverse vas-
cular occlusive events in trauma patients.

Because our choice of head injury death as the primary
outcome measure was criticised, these analyses report
all-cause mortality. The trial inclusion criteria were clin-
ical and reflect the situation that doctors face in practice.
We enrolled TBI patients within 3 h of injury if they had
no significant extra-cranial bleeding. The effect of tran-
examic acid on early deaths is not explained by undiag-
nosed extra-cranial bleeding. Only 1.5% of patients had
hypotension (SBP < 90 mmHg) at baseline and only 11 of
the 1112 deaths (six in the tranexamic acid group and
five in the placebo group) were classified as extracranial
bleeding deaths. When patients with hypotension are ex-
cluded, the results are the same. The reduction in all-
cause mortality within 24 h strongly suggests that tran-
examic acid reduces intracranial bleeding deaths.

We conducted the CRASH-3 trial because there was
reason to believe that tranexamic acid could reduce
bleeding-related head injury deaths. Increased fibrinoly-
sis is common in TBI patients and worsens intracranial
bleeding. The CRASH-2 trial in 20,211 polytrauma
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Death at 28 days
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Fig. 2 Evidence on the effect of early tranexamic acid on all-cause mortality within 24 h and 28 days of injury, excluding patients with a GCS

patients (extra-cranial and intra-cranial injury) with
significant bleeding found that tranexamic acid re-
duces mortality, primarily by reducing bleeding deaths
on the day of the injury [15]. Because the CRASH-2
trial was large, this early benefit was still apparent at
28 days, although ‘diluted’ by non-bleeding deaths.
The CRASH-3 trial was smaller than the CRASH-2
trial, and so despite the higher mortality rate, there
were fewer deaths and less statistical power to detect
the diluted effect on all-cause mortality at 28 days. A
non-significant difference between two groups in a
randomised trial can be real difference that is not sig-
nificant due to a lack of power, or it can be a differ-
ence that has occurred by chance. In this case (Table
1), there is a large reduction in deaths within 24h
with tranexamic acid (RR = 0.74) that is highly statisti-
cally significant and consistent with the expected bio-
logical effects of tranexamic acid but no apparent
reduction in deaths beyond 24h (RR=0.98). Because

the relative risk at 28 days is a weighted average of
these effects, the modest reduction in death at 28 days
(RR=0.93) is not statistically significant. We believe
the reduction in deaths at 28 days is a real reduction
that is not significant due to a lack of statistical
power. This interpretation is consistent with biology
(intracranial bleeding occurs early, and there is little
or no tranexamic acid in the body beyond 24 h) and
as shown in the next paragraph is mathematically
consistent with dilution. The reduction in deaths at
28 days in the CRASH-3 trial is similar to that seen
in the larger (and more powerful) CRASH-2 trial, and
when the results are pooled, the reduction in deaths
at 28 days with tranexamic acid is highly significant.
However, we accept that can never rule out chance as
a potential explanation.

Because ‘dilution’ is key to understanding the
CRASH-3 results, it is best considered quantitatively.
Figure 3 shows results from a hypothetical trial in

Relative risk early (bleeding) deaths = 0.75

LO0®BBO®
"PYY Ceeeleaee

Overall relative risk = 0.75 (4/12) + 1.00 (8/12) =

Fig. 3 Hypothetical trial in which the effect on all-cause mortality is a weighted average of the effect on cause-specific mortality. The trial
treatment reduces the risk of early (bleeding) deaths by one quarter (RR=0.75) but has no effect on late (non-bleeding) deaths (RR=1.00). The
overall relative risk for all-cause mortality at the end of follow-up is a weighted average of these relative risks (RR = 0.92)

~N

Relative risk late (non-bleeding) deaths = 1.00

11/12=0.92
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which the treatment reduces the risk of early bleed-
ing deaths (red circles) by one quarter (relative risk =
0.75), but has no effect (relative risk = 1.00) on later
non-bleeding deaths (blue circles). The relative risk
at the end of the follow-up period is a weighted
average of these relative risks: relative risk =0.75(4/
12) +1.0(8/12) =11/12 = 0.92, where (4/12) and (8/12)
are the proportions of deaths in the untreated group
that are early or late. Because the relative risk at the
end of follow-up is closer to the null (0.92 versus
0.75), and smaller effects are harder to detect, the
treatment effect is less visible and, in this sense, is
diluted. But the biological effect did not change. It
was not offset by any harm but was simply obscured
by deaths unrelated to its mechanism of action.
Deaths that are inevitable before randomisation also
dilute treatment effects. Many patients with a GCS
score of 3 or unreactive pupils have un-survivable
injuries and will die soon after admission regardless
of treatment. Errors in the estimation of the time of
injury could result in the inclusion of patients out-
side the eligibility time window, and because late
treatment is less effective, this will also cause dilu-
tion. This is most relevant in LMICs where patients
are often taken to hospital by bystanders or family
members in private vehicles with no recording of the
time of injury.

Because no treatment has effects on all causes of
death, all-cause mortality at 28 days is a composite out-
come that combines deaths affected by the trial treat-
ment with those that are unaffected by it [16]. Using all-
cause mortality to assess the ‘true’ effect of a treatment
has counterintuitive consequences since it means that
the effect of any given treatment depends on the effects
of all the others. An antibiotic that reduces pneumonia
deaths in week 2, by reducing the proportion of late
deaths, will appear to increase the effectiveness of a
treatment for early bleeding. Because the proportion of
late deaths varies with injury severity and in different lo-
cations, all-cause mortality is not generalisable. The only
generalisable measure is the undiluted biological effect
of the trial treatment.

Conclusions

Tranexamic acid safely reduces early deaths in non-
moribund TBI patients regardless of TBI severity or
country income. The effect of tranexamic acid in pa-
tients with isolated TBI is similar to that in polytrauma,
reducing deaths on the day of the injury by over 20% in
the CRASH-2 and the CRASH-3 trials. Tranexamic acid
is included in treatment guidelines for the pre-hospital
care of bleeding trauma patients, but patients with iso-
lated TBI were excluded. The CRASH-3 trial data sup-
port the reconsideration of tranexamic acid for
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administration in isolated TBI, and even severely injured
patients appear to benefit when treated soon after injury.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513054-020-03243-4.

Additional file 1: Supplementary Table 1. Effect of tranexamic acid
on all-cause mortality within 24 hours of injury, after 24 hours and at 28
days stratified by severity and country income in patients randomised
within 3 hours of injury. Supplementary Table 2. Effect of tranexamic
acid on head injury death within 24 hours, after 24 hours and at 28 days
by severity and country income in patients randomised within 3 hours of
injury, excluding those with GCS 3 or bilateral unreactive pupils.
Supplementary Table 3. Effect of tranexamic acid on head injury death
within 24 hours, after 24 hours and at 28 days by severity and country
income in patients randomised within 3 hours of injury.
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