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Abstract

Introduction

Early tranexamic acid (TXA) treatment reduces bleeding deaths in trauma patients.
Guidelines recommend the use of TXA for trauma patients who are bleeding or who
are at risk of significant haemorrhage within 3 hours of the injury. However, many
trauma patients who might benefit from TXA are either not treated or not treated soon
enough. Early identification of haemorrhage is challenging and could explain this
poor implementation. The purpose of the thesis is to determine who should be

treated, when and where.

Methods

First, | developed and validated a prognostic model to predict traumatic death due to
bleeding using multivariate logistic regression. Second, | conducted an IPD meta-
analysis of randomised trials to assess whether the effectiveness of TXA varies by
baseline risk of death due to bleeding. Third, | assessed the health impact of TXA
treatment in terms of deaths avoided using the Trauma Audit and Research Network
registry. Finally, | developed and validated a simple score (BATT score) that could be
used by paramedics to identify patients at risk of haemorrhage and suggested

treatment criteria that maximise the number of deaths avoided with TXA.

Results

The relative risk reduction with TXA did not appear to vary by baseline risk. Treating
all major trauma patients prior to hospital arrival avoided more deaths and with a
lower number needed to treat than with in-hospital treatment. The BATT score had a
high discrimination (C-stat=0.90; 95% confidence interval 0.89-0.91). Treating
patients with a BATT score 22 (60% of major trauma patients) would allow to avoid

many deaths compared to current practice.

Conclusion
TXA should be given at the scene of the injury. It should be administered to a wide
range of trauma patients and not only restricted to the most severely injured. A BATT

score =2 represents a simple guidance for paramedics to initiate TXA treatment.
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Introduction

Trauma is a leading cause of death and disability worldwide.[1] Deaths from injury
have increased during the last 20 years to reach more than 5 million deaths each
year.[2] Injuries account for 10% of deaths worldwide, which is one-third more than
deaths due to malaria, tuberculosis and HIV/AIDS combined. The injury death rate in
low- and middle-income countries is twice that in high-income countries. There are
approximately 100 injury deaths per 100,000 population per year in low-income and
middle-income countries.[3] Bleeding is responsible for 20% to 30% of all trauma

deaths [4,5] and is considered to be the leading cause of preventable death.[6,7]

Tranexamic acid (TXA) reduces surgical blood loss and decreases deaths from
bleeding in trauma patients.[8,9] It is more effective when given early and every 15
minutes of treatment delay decreases treatment effectiveness by around 10%.[10]
Consequently, clinical guidelines recommend the use of TXA as soon as possible for
trauma patients who are bleeding or at risk of significant haemorrhage.[11] However,
early identification of traumatic bleeding is challenging. Indeed, identification of the
source of bleeding is a major part of hospital management. A definitive diagnosis can
take up to 1 hour, even in the best trauma systems. Unfortunately, many trauma
patients who might benefit from TXA are either not treated or not treated soon
enough.[12] The purpose of this thesis is to determine who should be treated, when

and where.



Chapter | — Literature review

1. Fibrinolysis

The dissolution of polymerized fibrin chains was first described by Dastre in 1893 and
named “fibrinolysis”. Fibrinolysis is a permanent process that is believed to prevent
unnecessary intravascular accumulation of fibrin and facilitate blood clot dissolution.
In 1946, Macfarlane et al. recognized the roles of plasmin, plasminogen and anti-
plasmin in fibrinolysis.[13] Endothelial cells release tissue plasminogen activator (t-
PA) in response to tissue damage and other factors, such as thrombin, adrenaline,
histamine, vasopressin and physical exercise (Figure 1).[14] Plasminogen is released
from the liver into the plasma. In the clot, plasminogen binds to fibrin and is converted
to plasmin by t-PA. The complex t-PA-plasmin binds to fibrin by fixation to the lysine
binding sites on the fibrin chain. Here, the active enzyme plasmin lyses the fibrin clot,
releasing fibrin degradation products and D-dimers. This system is down-regulated
by many factors and cofactors. Plasminogen activator inhibitor 1 (PAI-1) is released
by endothelial cells and platelets. PAI-1 binds to t-PA, which forms a stable t-PA/PAI-
1 complex. PAI-1 inhibits fibrinolysis by preventing t-PA from binding to plasminogen
and fibrin. Alpha-2 anti-plasmin is a constituent of platelet granules and is the
principal inhibitor of plasmin in the circulation. The thrombin-thrombomodulin complex
activates thrombin activatable fibrinolytic inhibitor (TAFI), which removes lysine

residues from the fibrin chain.



Figure 1-1 Fibrinolysis system
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plasminogen activator inhibitor 1; AP: alpha-2 anti-plasmin; TAFI: thrombin activable fibrinolysis
inhibitor; t-PA: tissue plasminogen activator.

2.  Mechanism of tranexamic acid (TXA)

Fibrinolysis in bleeding and trauma has been studied since the 1950s. In 1964, Innes
et al. suggested that a breakdown in the regulation of fibrinolysis might lead to
“irreversible shock”. In the late 1950s, Shosuke and Utako Okamoto, a Japanese
husband and wife research team, developed the antifibrinolytic drug TXA to treat
postpartum haemorrhage (PPH).[15,16] TXA is a synthetic analogue of the amino
acid lysine and inhibits plasmin formation by binding to the lysine site of plasminogen

(Figure 2).[17] It prevents plasminogen binding to fibrin and inhibits plasminogen




activation to plasmin.[18,19] TXA enhances clot stability during clot formation and
when thrombin generation is impaired.[20] D-dimer and viscoelastic assays have
confirmed that TXA decreases fibrinolytic activity, thereby increasing clot firmness

and stability.[20,21] TXA might therefore be considered as a clot stabiliser.

Figure 1-2 Mechanism of action of TXA

Fibrinogen
a| 3 - > PLG =
I . o NN S N
PG | TXAmm

.. LG
. L-S- l'% _Fibrin_ ™ 'b—:> ’P 5 D
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Some authors have highlighted an anti-inflammatory mechanism of TXA as a
potential explanation of the observed benefit. Plasmin is involved in the inflammatory
cascade.[22] Plasmin activates complement proteins C3 to C5 and is involved in
cytokine production.[23] TXA, as a plasmin inhibitor, may downregulate the
inflammatory response observed in haemorrhagic shock in animal studies.[24] In
clinical practice, TXA was shown to decrease inflammatory response, with decrease
of expression of cytokines, in cardiac surgery.[25,26] In trauma, in-vitro and animal
studies confirm that TXA reduces the inflammatory response observed in
shock.[27,28] However, because the main effect of TXA is to reduce early death due
to bleeding, preventing exsanguination seems to be the primary mechanism of

action.[29]




3. TXA effectiveness and safety

3.1 TXA effectiveness

More than 100 randomised trials have studied the effectiveness of TXA in different
settings from hereditary bleeding disorders, heavy menstrual bleeding and nose
bleeds to surgery.[18,19] TXA reduces blood loss in surgery.[9] Cardiac and
orthopaedic surgery have been particularly well studied.[30,31] In acute bleeding,
TXA reduces death due to bleeding in trauma and postpartum haemorrhage
(PPH).[8,32] The CRASH-2 trial is the largest clinical trial conducted in bleeding
trauma patients and included 20,127 patients with or at risk of significant
haemorrhage from 40 countries.[8] The trial showed a significant reduction in death
due to bleeding with TXA. More recently, another randomised trial assessed the role
of prehospital TXA in bleeding trauma patients. The STAAMP trial included 903
patients and showed a relative reduction in 30-day all-cause mortality of 20%.
Although the result was imprecise and not statistically significant at p<0.05, it was
consistent with the results of the CRASH-2 trial.[33] The authors observed a larger
and statistically significant reduction of 40% of the risk of death in favour of TXA for
patients treated within 1 hour of injury and in those with severe shock (SBP
<70mmHg). The PATCH trial is an ongoing randomised trial assessing TXA in
traumatic haemorrhage in the prehospital setting and is still recruiting.[34] This trial
plans to recruit about 1000 trauma patients. Although there are several retrospective
observational studies assessing TXA in traumatic haemorrhage, many have small
sample sizes and are vulnerable to confounding, which limits their usefulness. Apart
from traumatic haemorrhage, the effectiveness of TXA has been assessed in patients

with traumatic brain injury (TBI). The CRASH-3 trial included 12,737 TBI patients



from 175 hospitals in 29 countries. TXA reduced the risk of head injury-related death,
mainly in patients with mild to moderate head injury. Further analyses have shown
that TXA reduces deaths on the day of the injury in mild, moderate and severe head
injury. However, due to dilution from deaths unaffected by TXA treatment, there is a
smaller reduction of deaths at 28 days in severe TBI.[35,36] In nhon-traumatic acute
bleeding, the WOMAN trial showed that TXA reduced death due to bleeding for
PPH.[37] In primary intracerebral haemorrhage, the TICH-2 trial showed that TXA
reduced early deaths, haematoma expansion and serious adverse events, but failed
to decrease the primary outcome of function outcome at day 90.[38] The HALT-IT

trial found no evidence that TXA reduces death from gastrointestinal bleeding.[39]

3.2 Adverse events of TXA

Minor adverse events including hypersensitivity reactions, itching, skin rash, double
or blurred vision, nausea, diarrhoea and vomiting have been reported as potential
side-effects in pharmacovigilance reports. However, large randomised double-blind
placebo trials of TXA did not observe any increased risk of such adverse
events.[31,32] An increased risk of seizures was observed in trials using a high dose
of TXA, especially in cardiac surgery and gastrointestinal bleeding.[40,41] Although
an increase in vascular occlusive events might be expected with TXA, there is no
evidence of any increase of these events in large randomised
trials.[8,30,35,37,38,41-43] One large study, the HALT-IT trial, reported an increase
of deep venous thrombosis and pulmonary embolism.[39] The authors suggested
that the high dose and longer duration of treatment compared to other trials in acute
bleeding might explain the increased risk of non-fatal venous thrombotic events. In

trauma, controversy has been raised by some North American authors over the wide
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use of TXA based on uncertainty about the fibrinolysis biological mechanism and the
theoretical increased risk of vascular occlusive events.[44] Based on small

retrospective observational studies or expert opinions, these studies failed to provide
any significant scientific evidence.[45—-47] Indeed, randomised trials of TXA in trauma

patients have not found evidence of any increased risk of thrombosis.[8,33,35,48]

4. Influence of time to treatment

Coagulation and fibrinolysis appear to happen at the same time. In normal
conditions, fibrinolysis and coagulation are balanced by their own regulation
systems.[49] Wu et al. showed that t-PA, plasminogen, plasmin and d-dimer rise
rapidly in the blood 30 minutes after polytrauma in the rat.[50] The rise of plasmin
activity reaches a maximum at 1 hour, suggesting that fibrinolysis occurs soon after
trauma. Levels of PAI-1 start to increase in the plasma from about 2 hours and reach
a maximum at 4 hours. TAFI does not seem to initially affect plasmin activity as its
blood concentration does not change after trauma. The immediate rise of plasmin
activity with a late release of its inhibitors suggests that fibrinolysis is maximal in the
first few hours after injury and decreases over time. Observational studies in trauma
patients show that coagulation disorders occur soon after the onset of injury.[51,52]
In keeping with these biological results, an exploratory analysis of the CRASH-2 trial
shows that early treatment is more effective.[53] An individual patient-level data (IPD)
meta-analysis on the effect of treatment delay of antifibrinolytics showed that every
15 minutes of treatment delay decreased its effectiveness in reducing death due to
bleeding by approximately 10% with no benefit after 3 hours since the onset of
bleeding.[10] These results suggest that TXA is best seen as an intervention to

prevent bleeding, rather than a treatment for severe haemorrhage. An experimental

7



study in rats with polytrauma and haemorrhage and in vitro human blood assessed
the effect of TXA administration prior to trauma or at 45 minutes following bleeding
onset.[21] TXA administration prior to trauma showed more inhibition of systemic
fibrinolysis than TXA administered at 45 minutes. This study confirmed the
competitive mechanism of action of TXA on the plasmin lysine binding site. The
maximum competitive inhibition of plasmin by TXA has to start prior to clot initiation
as plasmin activity starts immediately. These observations in rats might explain the
effectiveness of TXA in clinical trials in elective surgery and confirmed that TXA is
preventive rather than curative. The authors concluded that TXA administration 45
minutes after trauma will not reverse established severe coagulopathy, but it is
beneficial for the stabilization of the clot at the local wound. This biological
mechanism emphasises time to treatment as a key issue observed in acute bleeding

trials.

5. Influence of dose regimen and route

The CRASH-2 trial used an intravenous bolus of 1 gr over 10 minutes followed by an
infusion of 1 gr over 8 hours. The choice of the dose was based on studies in cardiac
surgery and the need for a fixed dose in emergency situation.[54,55] Fiechtner et al.
showed that a dose of 10 mg/kg followed by an infusion of 1 mg/kg/hour was
sufficient to inhibit fibrinolysis in-vitro. Horrow et al. showed that the same dose
reduced bleeding in extra-corporeal circulation and that higher dose did not provide
any additional benefit. Recently, two trials in trauma have used alternative TXA dose
regimens. The STAAMP trial used three different dose regimens: (1) 1 gr bolus
(abbreviated regimen); (2) 1 gr bolus followed by 1 gr over 8 hours (standard

regimen); (3) 2 gr bolus followed by 1 gr over 8 hours (repeated bolus regimen).[33]
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Rowell and al. in a clinical trial in traumatic brain injury used two dose regimens: the
standard of 1 gr bolus followed by 1 gr over 8 hours, and a bolus only regimen with 2
gr.[48] Neither of these small trials provides reliable evidence to compare the
different dose regimens of an initial bolus of 1 gr versus 2 gr. All trials in the
emergency setting used the intravenous route for TXA administration. However, TXA
is well tolerated and rapidly absorbed after intramuscular injection reaching
therapeutic plasma concentration within 15 minutes in shocked trauma patient.[56]
Intramuscular route makes it use easier for paramedics in prehospital and may

increase the number of patient treated.

6. Trauma guidelines and existing strategies for using TXA

After the publication of the CRASH-2 trial, trauma guidelines recommended the use
of TXA in trauma. Table 1 summarises TXA trauma guidelines in different countries.
Most guidelines recommend TXA as soon as possible in trauma patients with or at
risk of significant haemorrhage. However, guidelines do not recommend the use of
TXA beyond 3 hours. In Europe, guidelines recommend treatment of all patients at
risk of significant bleeding. In North America, some guidelines limit the use of TXA to
when the massive transfusion protocol is activated. The World Health Organization
(WHO) has published a model List of Essential Medicines since 1977, with the

inclusion of TXA since 2011.[57]



Table 1-1 TXA trauma guidelines

Who When Where
EUROPE
European (Task Force for Patient who is bleeding As soon as possible En route to
Advanced Bleeding Care in  or at risk of significant ~ Within 3 hours the
Trauma) [11] haemorrhage (Grade hospital
1A) (Grade 1C)
UK (National Institute for Major trauma As soon as possible Prehospital
Health and Care Excellence) (do not use after 3 and
[58] hours) hospital
USA
American College of Patient with massive Within 3 hours Hospital

Surgeons Trauma Quality

Improvement Program [59]

American College of

Surgeons, American College
of Emergency Physicians,

National Association of EMS

Physicians [60]

transfusion protocol
only

Patient with non-
compressible bleeding
and HR >120 bpm and
SBP <90 mmHg

Prehospital, but TXA use should

never supersede field bleeding

control techniques, rapid transport or

blood-plasma administration

AFRICA

South Africa (Western Cape

Emergency Care) [61]

Patient who is bleeding
(SBP <90 or HR >110)
or at risk of significant
haemorrhage (ISS 29)

Military use

US Army (2011) (Joint

Trauma System- Committee

on Tactical Combat Casualty

Care [62]
British Army (2010) [63]

French Army (2011) [64]

Israeli Army (2011) [65]

Casualty anticipated to
need significant blood

transfusion

All casualties

All casualties

All casualties

As soon as possible,
no later than 3 hours

post-injury

As soon as possible

As soon as possible,
Within 3 hours

As soon as possible

Battlefield

Battlefield
Battlefield

Battlefield

SBP: systolic blood pressure; HR: heart rate; ISS: Injury Severity Score.
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CHAPTER Il — Research question and methods

1. Rationale
Clinical guidelines recommend the early administration of TXA in trauma patients with
or at risk of significant bleeding, based on the inclusion criteria of the CRASH-2 trial.
The CRASH-2 trial was a pragmatic randomised trial that used simple physiologic
criteria and clinical judgment at hospital admission. There is no definition of
“significant bleeding” and who is at risk. Inevitably, different interpretations and
different treatment strategies have been adopted in different countries. The UK and
most European countries recommend giving TXA as soon as possible after injury in
the prehospital setting for patients with significant bleeding (Table 1). US guidelines
recommend TXA administration in hospital and only when severe bleeding is
confirmed (i.e. with massive transfusion protocol activation). As uncertainty exists
about who to treat, paramedics and physicians have to decide for themselves for
each individual patient. As a result, TXA is not sufficiently used or used too late. Only
10% of major trauma patients included in the UK Trauma Audit Research Network
(TARN) received TXA in 2016.[12] Prehospital use of TXA is even lower with only 5%
of trauma patients treated. The Department of health in England provides financial
incentives for each trauma patient treated with TXA who also received blood
transfusion (a proxy of significant bleeding). Sixty-nine percent of trauma patients
requiring blood transfusion were treated with TXA, suggesting that the decision to
treat is strongly influenced by reimbursement incentives. By contrast, trauma patients
with a low risk of significant bleeding were not treated (less than 5%).[12] Similar

results were observed in Europe, Africa and North America.[61,66,67]
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Some barriers for TXA implementation can be identified. First, the extent to which the
effectiveness of TXA varies by baseline risk has not been studied. A consensus
seems to exist to treat trauma patients presenting with obvious signs of bleeding and
a high risk of death due to bleeding. On the other hand, treatment for low-risk trauma
patients is not considered by many clinicians and the effectiveness of TXA in these
patients remains unknown. Second, the identification of bleeding in trauma patients
can be challenging. Clinicians often use a systolic blood pressure (SBP) <90 mmHg,
pulse character, and mental status as indicators of bleeding. These parameters are
included in the advanced trauma life support (ATLS) classification of blood loss, but
show poor discrimination.[68] Haemorrhage with hypovolemia does not necessarily
result in a reduced haemoglobin concentration at hospital admission.[69] Thus,
trauma guidelines recommend the use of point-of-care ultrasonography and whole-
body computed tomography for the initial assessment and identification of a potential
source of bleeding.[11] Clinical examination, imaging studies, laboratory tests and
coagulation assays take up to 1 hour after hospital admission in experienced tertiary
hospital and lead to a delay in the confirmation of bleeding and TXA administration. A
number of trauma scores predicting traumatic haemorrhage have been
developed.[70-75] However, these scores did not predict death due to bleeding, but
rather transfusion requirements and coagulopathy. Of note, all of these scores were
developed and validated in the same population and setting and lack external
prospective validation. Proxies for death due to bleeding, such as massive
transfusion or coagulopathy, suffer from problems of survival bias and outcome
misclassification and there is currently no accurate tool to determine the risk of

significant haemorrhage in the prehospital setting.
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2. Objectives
The purpose of this thesis is to determine who should be treated with TXA, when and
where. | have assessed the health impact of TXA treatment according to different
treatment strategies and the target trauma population with the aim to develop a tool
to identify patients at risk of significant bleeding and to propose rule for decision-

making for TXA administration.

3. Methods
First, to assess TXA effectiveness by baseline risk, | developed a prognostic model
predicting traumatic death due to bleeding. By using two large trauma databases, i.e.
the CRASH-2 trial and the Northern French Alps trauma registry, | included 23,430
trauma patients admitted to hospital within 3 hours since the injury in 40 countries
worldwide. Multivariate regression with random effects by country was used to
identify predictors of death due to bleeding. Model performance was assessed in
terms of discrimination and calibration. | performed internal validation to estimate the
optimism of the model in 200 bootstrapped samples and conducted an internal-
external validation with a cross-validation procedure by country to assess

heterogeneity of performance indicators.

Second, | assessed TXA effectiveness according to baseline risk and conducted an
IPD meta-analysis including large randomised trials of antifibrinolytic drugs. I included
any randomised trial with more than 1000 patients with acute bleeding that assessed
antifibrinolytic drugs between January 1, 1946 and July 5, 2018 (registered in
PROSPERO, no. 42016052155). Three reviewers independently extracted data.
Trials recruiting patients with acute bleeding at the time of randomisation were

selected. Patients randomised more than 3 hours after bleeding onset were
13



excluded. | estimated the baseline risk of death due to bleeding separately for each
trial and used the prognostic model developed previously for trauma. As there were
no suitable prognostic models for PPH, | developed a prognostic model based on the
same methodology. | assigned patients to four baseline risk categories of death due
to bleeding: 0-5% (low); 6-10% (intermediate); 11-20% (high); and >20% (very high).
All analyses were done on an intention-to-treat basis. | tested the homogeneity of
treatment effect across these risk categories using the x? test. The treatment effect
within categories of the baseline risk were reported with crude risk ratios and 95%
confidence intervals (Cl). The homogeneity of the treatment effect between trials and
by time to treatment was tested. | reported the P-value for the interaction term
between treatment and baseline risk and plotted treatment effects with odds ratios

(OR) according to the baseline risk as a continuous variable.

Third, using the results assessing the TXA treatment effect by baseline risk and by
time to treatment, | assessed the health consequences of using TXA in patients
included in a large trauma registry in England and Wales (TARN). | developed a
simple clinical score (Bleeding Audit and Triage Trauma score [BATT]) based on the
prognostic model predicting death due to bleeding previously developed and
validated. External validation of The BATT score was performed using data from the
UK TARN. This score allowed me to stratify the baseline risk of death due to bleeding
in trauma patients both prehospital and in-hospital. Then, | assessed two different
TXA treatment strategies: (1) prehospital treatment of all trauma patients at the scene
of the injury with an ISS 29; and (2) hospital treatment of all trauma patients at
hospital admission with an ISS 29. | modelled the net benefit of TXA treatment as the
number of deaths avoided by TXA, including treatment effect interaction with time to

treatment and baseline risk. Finally, | compared each treatment strategy according to
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different thresholds of the BATT score to assess its clinical usefulness and treatment

criteria.
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CHAPTER Il — Development and validation of a prognostic model

predicting death due to bleeding

1. Introduction
Guidelines recommend TXA treatment for trauma patients with significant
haemorrhage.[11] Many trauma patients who might benefit from TXA are either not
treated or not treated soon enough. Trauma patients with a high risk of death are
more likely to be treated than those with a low risk of death.[12] Early identification of
traumatic haemorrhage is challenging. Because bleeding is the leading cause of
preventable death, trauma system are dedicated to identify the source of
bleeding.[6,11,76] Most of the injured patients did not present obvious bleeding.
Identification of bleeding by ultrasonography and computed tomography takes time
and may delay TXA administration. Given the lack of clear treatment criteria in
guidelines, clinicians are more likely to treat trauma patients with obvious bleeding.
Furthermore, the extent to which the effectiveness of TXA varies by baseline risk is

unknown and the benefits of treating ‘low’ risk patients is uncertain.

Prognostic models can estimate the risk of death for each patient and allow to stratify
a population by their baseline risk. A valid prognostic model is needed to assess TXA
effectiveness by baseline risk. Prognostic models that identify patients at risk of death
due to bleeding can be useful for trauma triage or trauma audit. To address this
issue, | developed and validated a prognostic model to predict the risk of death due

to bleeding based on information available at the first clinical assessment.
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2. Methods

2.1 Study population

| used data from the following two large multicentre studies to develop a widely
applicable prognostic model for death due to bleeding in trauma patients: an
international randomised trial (the CRASH-2 trial) and the Northern French Alps

Trauma registry.[8,77]

The CRASH-2 trial included patients from 274 hospitals in 40 countries from 2005 to
2010. Patients with or at risk of significant bleeding within 8 hours of injury were
included. Since TXA is effective only within 3 hours of injury, | excluded patients

treated beyond 3 hours.

The Northern French Alps Trauma Registry is part of the Northern French Alps
Trauma system (TRENAU) and includes 24 hospitals, 16 prehospital mobile intensive
care units from three emergency medical service systems. Patients with major
trauma according to the triage rules of the American College of Surgeons were
included from 2009 to 2016.[78] | excluded patients with cardiac arrest at the scene

of the injury.

The CRASH-2 trial was approved by ethics committees in all participating hospitals
and by the London School of Hygiene and Tropical Medicine. The Northern French
Alps Trauma Registry was approved by the ethics committee of the University

Hospital of Clermont-Ferrand, Clermont Ferrand, France.

2.2 Outcome and variable selection

The primary outcome was in-hospital death due to bleeding within 28 days. In the

CRASH-2 trial, the responsible clinician recorded the cause of death. In the Northern
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French Alps Registry, two trauma surgeons and two emergency physicians reviewed
the records of all patients who died to determine the cause of death. | selected
potential predictors from the CRASH-2 trial data collected before randomisation. |
focused on data available in the prehospital setting or on hospital admission in the
Northern French Alps Trauma Registry. These data included demographic
characteristics (age, sex), physiological parameters (SBP, heart rate [HR], respiratory
rate, Glasgow Coma Scale [GCS]) and the mechanism of injury (blunt or
penetrating). All variables could be assessed at the first clinical assessment and were
available in hospital records. Physiological variables were the first measure recorded,
either in prehospital or at hospital admission. Physiological variables were measured
prehospital in the Northern French Alps Registry and at admission for the CRASH-2
trial. 1 also included treatment by TXA and country income level (high-, middle- or
low-income). Treatment by TXA was included in the equation for statistical
adjustment. The coefficient for TXA treatment was constrained in the model equation
to obtain a prediction before treatment at the first clinical assessment. Therefore, |
used the entire dataset and not only the placebo arm of the CRASH-2 randomised
trial. | assessed the importance of each predictor with the partial R? statistic that
estimates the variability of the outcome explained by the predictor. | developed two

models. A full model that included all potential predictors and a simple model.

2.3 Model development

| used multivariable logistic regression with random effect by country to identify
predictors of death due to bleeding. Continuous variables were included in the model
as linear terms. | assessed any departures from linearity by plotting the risk of death

against continuous variables and | added quadratic and cubic terms to the model for
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all continuous variables that did show a non-linear relationship graphically. The GCS
was used as a continuous variable. | used a backward stepwise method by including
all variables, quadratic and cubic terms and plausible interactions between the
mechanism of injury and SBP, between the mechanism of injury and GCS, and
between age and SBP. | then removed, one at a time, variables for which there was
no evidence of an association (P >0.05) from the Wald test. | also used the LASSO
method (Least Absolute Shrinkage and Selecting Operator) to check that variable

selection obtained by the ordinary least square method was similar.[79]

2.4 Model performance

| assessed model performance in terms of discrimination and calibration.
Discrimination was assessed with the C-statistic and receiving operating
characteristic (ROC) curve.[80] Calibration was assessed as the difference between
mean observed and predicted probabilities (calibration-in-the-large) and by plotting
observed outcome and predicted probabilities by decile of the predicted risk of death
and with a non-parametric smooth function.[81] | estimated the calibration slope
based on the linear predictor of each model. A calibration slope of 1 and an intercept
of 0 indicates perfect calibration. The overall calibration was summarized by the ratio
of expected and observed number of events (E/O) with an ideal value of 1.[82] A
value less than 1 indicates an underprediction and a value above 1 indicates an

overprediction.
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2.5 Model validation

| performed internal validation to estimate the statistical optimism of the final model. |
drew 200 bootstrapped samples of 23,402 patients. | developed a model in each
bootstrapped sample including variable selection. | estimated the C-statistic in each
bootstrapped sample and assessed the performance of each model in the original
sample. Optimism was estimated as the mean of the difference between the C-
statistic of the bootstrap sample and the C-statistic in the original sample. |
subtracted optimism from the C-statistic of the model developed in the original

sample to obtain the optimism-corrected C-statistic.

| also conducted an internal-external validation.[83—85] | performed a cross-validation
procedure where | selected countries with a sample size greater than 300.[84,86] |
left out one country in turn and developed models using the same predictors in the
remaining countries and estimated the discrimination and calibration in the omitted
country. C-statistics, calibration slope and overall calibration for each country were
pooled with random effect. | assessed heterogeneity with |2 statistics and by testing

interaction between the calibration slope and country.

2.6 Missing data

There was no loss to follow-up in the CRASH-2 trial and less than 0.3% in the
Northern French Alps Trauma Registry. There was between 0% and 2% missing
values for predictors in the CRASH-2 trial and between 0% and 5% in the Northern
French Alps Trauma Registry. | performed a multiple imputation by chained
equations to fill in the missing value of predictors.[87] | generated 20 imputed

datasets and imputed 2253 missing values (1.6%) for 1317 incomplete observations.
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All analyses were performed using STATA software (version 14.0; Stata Corp,
College Station, TX, USA) and R software (version 3.4.3, R Foundation for Statistical

Computing, Vienna, Austria).

3.  Results

| included 23,430 trauma patients in the study (13,485 in the CRASH-2 trial and 9945
in the Northern French Alps Registry; Tables 3-1 and 3-2). In both the CRASH-2 and

Northern French Alps cohorts, patients were mainly men with a median age of 30 and
35 years, respectively. Patients who died from bleeding had lower SBP, lower GCS

scores and higher HRs.
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Table 3-1 Characteristics of the CRASH-2 patients

Missing All patients Alive All causes of  Death due to
(%) n=13,485 n=11,404 death bleeding
n=2081 n=815
Age, median [IQR] O 30 [24-42] 30 [23-41] 34 [25-46] 32 [25-45]
SBP, median [IQR] 2 90 [80-110] 95 [80-110] 80 [70-100] 77 [60-90]
HR, median [IQR] 1 106 [92-120] 105[90-120] 112[98-128] 116 [100-130]
RR, median [IQR] 1 22 [20-26] 22 [20-26] 24 [20-30] 24 [20-30]
GCS, n (%) 0
3-8 2125 (16%) 1030 (9%) 1094 (53%) 360 (35%)
9-12 1784 (13%) 1451 (13%) 332 (16%) 171 (21%)
13-15 09578 (71%) 8918 (78%) 654 (31%) 360 (44%)
Penetrating injury, 0 6874 (51%) 5958 (52%) 916 (44%) 485 (60%)

n (%)

SBP, systolic blood pressure (mmHg); HR, heart rate (bpm); RR, respiratory rate (bpm), GCS,
Glasgow Coma Scale; IQR, interquartile range. ISS was not collected in the CRASH-2 trial.

Penetrating injury was more frequent in CRASH-2 trial patients (51%) than in the
Northern French Alps (5%). Eight hundred and fifteen patients (6%) died from
bleeding in the CRASH-2 trial and 102 (1%) in the Northern French Alps Trauma
Registry (Table 3-3). One-half of the Northern French Alps patients had an ISS of 16

or more and three-quarters had an ISS of 9 or more.
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Table 3-2 Characteristics of the Northern French Alps Registry

All patients Alive All causes of Death due
Missing n=9945 n=9256 death to bleeding
(%) n=661 n=102
Age, median [IQR] <1 36 [22-53] 35 [22-51] 58 [31-73] 51 [31-68]
SBP, median [IQR] 3 124 [110-140] 125[111-140] 116[80-140] 83 [60-110]
HR, median [IQR] 4 84 [74-100] 85 [75-100] 84 [60-110] 97 [60-120]
RR, median [IQR] 4 16 [15-20] 16 [15-20] 15 [14-20] 17 [11-25]
GCS, n (%) 3
3-8 1170 (12) 718 (8) 449 (70) 51 (52)
9-12 500 (5) 452 (5) 48 (7) 10 (10)
13-15 7984 (83) 7813 (87) 148 (23) 37 (38)
Penetrating injury <1 554 (6) 508 (6) 45 (7) 16 (16)
ISS, mean (sd) 2 16.2 (0.12) 14.9 (0.11) 33.4(0.61) 36.6(1.92)
0-8 2738 (28) 2723 (30) 14 (2) 1(2)
9-15 2480 (26) 2450 (27) 26 (4) 6 (6)
16-24 2081 (21) 2008 (22) 68 (11) 15 (15)
25-34 1778 (18) 1,453 (16) 316 (49) 36 (36)
>35 686 (7) 465 (5) 221 (34) 41 (41)

SBP, systolic blood pressure (mmHg); HR, heart rate (bpm); RR, respiratory rate (bpm), GCS, Glasgow Coma

Scale; IQR, interquartile range; ISS: Injury Severity Score.
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Table 3-3 Risk of death and intervention

CRASH-2 Northern French Alps
n (%) Trauma Registry
n (%)
Death due to bleeding 815 (6) 102 (1)
Overall death 2081 (15) 661 (7)
Admission in ICU 5354 (40) 4205 (42)
Surgical procedure 6608 (49) 2691 (27)
Surgical procedure for bleeding 916 (7) 1251 (12)*
Blood transfusion, 6506 (48) 1054 (11)
ICU median days [IQR] 3 [1-7] 4 [2-10]

*(including embolisation); ICU, intensive care unit; IQR, interquartile range.

Figure 3-1 shows the relationships between the potential predictors and death due to
bleeding. The risk of death due to bleeding was higher with older age, lower SBP,
and a lower GCS. Heart and respiratory rate showed U-shape relations. The
predictors included in the full model were age, SBP, GCS, HR, respiratory rate and
mechanism of injury. Sex and country income were not associated with death due to
bleeding in the multivariable analysis (Appendix 3). The LASSO method gave similar

results.
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Figure 3-1 Relationship between death due to bleeding and potential predictors
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Age, SBP and the GCS had the strongest prognostic value according to partial R?.

The models showed good discrimination with C-statistics of 0.88 (0.87 to 0.89] and

0.87 (0.86 to 0.88) for the full and simple models, respectively (Table 3-4). The

calibration was good with no difference between observed and predicted death due

to bleeding, except for high-risk patients (n=138) in whom the risk was overestimated

above a predicted probability of 0.5 (Figure 3-2). Bootstrap resampling showed

negligible model optimism of 0.0023 and gave an optimism-corrected performance

that was unchanged with a C-statistic of 0.88 and 0.87 for the full and simple models,

respectively.
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Table 3-4 Model performance, internal and internal-external validation

Full model Simple model
Development Internal-external  Development Internal-external
validation* validation”

n=23,402 n=22,422 n=23,402 n=22,422
C- statistic (AUC) 0.88 (0.87-0.89) 0.85(0.81-0.88)  0.87 (0.86-0.88) 0.84 (0.80-0.88)
Calibration-in-the-large* <0.1 <0.1 <0.1 0.3 (0.1-0.6)
Calibration slope 1.01(0.96-1.07) 1.07 (0.91-1.14) 1.04 (0.98-1.09) 1.12(0.95-1.29)
E/O 1.02 (0.96-1.08) 0.93 (0.71-1.15)  0.98 (0.92-1.04) 0.91 (0.82-0.99)

AUC: area under the curve (C-statistic); E/O: expected/observed number of deaths due to bleeding.
*Calibration-in-the-large showed a difference between observed and predicted death due to bleeding.
#Internal-external validation based on pooled data with random effect obtained by cross-validation
from 13 countries (each with n= 300). Every country is left out once for validation of a model based on
the remaining countries.

At internal-external cross-validation, the C-statistics ranged from 0.80 to 0.94, except
for India with a C-statistic of 0.72 (Figure 3-3). The pooled C-statistics were 0.85
(0.81 to 0.88) and 0.84 (0.80 to 0.88) for the full and simple models, respectively
(Table 5). The pooled calibration slope was 1.07 (0.91 to 1.24) and 1.12 (0.95 to
1.29). Calibration slope and overall calibration showed heterogeneity, especially for
Irag, Georgia and Indonesia (Figures 3-4 and 3-5). | found a significant interaction

between the calibration slope and country (P<0.001).
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Figure 3-2 Calibration curves for model development
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Figure 3-3 Internal-external cross-validation C-statistics by country
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Figure 3-4 Internal-external cross-validation calibration slope by country
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Figure 3-5 Internal-external cross-validation overall calibration E/O by country
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Colombia n=2237 _.1_ 0.87 (0.75-0.98)  8.22
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Indonesia n=495 —— 0.95(0.57-1.32)  7.04
Iraq n=392 + 0.92 (0.67-1.18) 7.06
Mexico n=353 —— 0.84 (0.58-1.10) 7.55
Nigeria  n=1488 —If 0.82(0.70-0.95)  8.13
Peru n=317 —— 0.85 (0.51-1.20) 7.32
Thailand  n=420 —a— 0.90 (0.53-1.27) 7.54
France  n=9917 —a— 1.13(0.91-1.34) 832
Pooled n=22 422 O 0.91 (0.82-0.99) 100

T 1 T 1
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4. Discussion

4.1 Main findings

| developed and internationally validated a prognostic model to predict death due to
bleeding in trauma patients. The model showed good discrimination and calibration in
a wide range of settings. By using clinical parameters that can be assessed at the
site of injury and available in hospital records, | can accurately estimate the risk of

death due to bleeding in a population with major trauma.

4.2 Strengths and limitations

This study has several strengths. | used data from well-described inception cohorts of
bleeding trauma patients with or at risk of significant haemorrhage. Prognostic factors
collected correspond to the first measure recorded after injury. Unlike previous
studies, loss to follow up was minimal.[88] | used a well-defined outcome at a fixed
time point after injury. These strengths helped to ensure the internal validity of the

model.

| developed this model in a large international cohort with patients from 40 countries
and a large trauma registry. This helps to ensure that my results are widely
applicable. | did not split the data randomly or use separate derivation and validation
cohorts. As the number of outcome events is the limiting factor in prognostic studies,
| used the full dataset with more than 900 traumatic deaths due to bleeding to ensure
accurate prediction and strengthen internal validity. Splitting the data could have led
to a pessimistic and unstable estimate of performance.[89] For this reason, | did not
perform split sample validation and preferred to perform internal-external cross-

validation that has been recommended for assessing generalizability.[83] | also
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performed bootstrapping that helps to estimate the model optimism. However, |
welcome further external validation in different trauma cohorts by different

authors.[90]

This study has some limitations. | cannot rule out misclassification of the outcome.
Cause of death can be difficult to determine, especially for late bleeding deaths that
could be confused with thrombotic, disseminated, intravascular coagulation (DIC).[91]
If deaths due to DIC were misclassified as deaths due to bleeding, this might
underestimate the effect of SBP, HR or respiratory rate in this model. Another
limitation was the potential for the measurement error of prognostic factors. The use
of a single measurement for blood pressure, rather than the average of several
measurements, could lead to error and regression dilution bias.[92] The regression
line between outcome and predictor is fitted in order to minimise the distance
between each point and the line. The random error in the measurement of a predictor
increases the distance to the regression line and underestimates the effect of the
predictor by flattening the regression line.[93] This may explain the overprediction in
high-risk patients. Patients with haemorrhagic shock and haemodynamic instability
are more likely to have blood pressure variation and hence measurement error. This
overprediction only occurred for trauma patients with a very high predicted risk of
death due to bleeding (above 0.45) which represents <0.6% of the study population
(n=138). In these very high-risk patients, precise quantification of the risk of death is
unlikely to influence clinical decisions. On the other hand, accurate prediction is
clinically important in low-risk patients, e.g. it may determine who receives TXA.
Finally, | observed heterogeneity of performance across countries and noted that the
discriminative ability was affected by miscalibration and case-mix.[85] The relative

poor C-statistic in India could be explained by the combination of a calibration slope
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<1 and a relatively homogenous case-mix. By contrast, the high C-statistic in France
reflected that the Northern French Alps Trauma Registry selected a more
heterogeneous case-mix population with major trauma. | acknowledge that this model
is suitable for a population similar to those used in this study, such as a population

with major trauma.

4.3 Study implications

Our prognostic model provides a way to identify trauma patients with or at risk of
significant haemorrhage based on predicted probabilities of death due to bleeding.
Quiality improvement programmes could use this model to estimate the individual risk
of death due to bleeding in a trauma population. Based on these predictions, trauma
audit could determine a threshold for patients with “significant haemorrhage” who
should be treated with TXA. The threshold used may depend on effectiveness, cost
and safety considerations. According to European guidelines for the management of
traumatic bleeding, TXA is supported by the highest level of evidence (Grade 1A).[94]
TXA costs approximately £1 per patient and has no serious adverse effects. For

these reasons, a low predicted risk of bleeding death might be used in trauma audit.

An internet application using the simple model could be developed for use in the
prehospital setting. This could help paramedics decide who should receive TXA at
the scene of injury. It could also be useful in prehospital triage. Some previously
proposed trauma scores predict all-cause mortality or massive transfusion.[88,95,72]
To the best of my knowledge, this is the only model that predicts death due to
bleeding. As bleeding is the leading cause of preventable death, the model might
become an essential tool to identify patients needing urgent interventions, such as

damage control surgery and multi-specialised critical care. It could also help to
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identify patients who need to be transported directly to a regional trauma centre or for
whom the massive transfusion protocol needs to be activated before they arrive at

the hospital.

A prognostic model predicting all-cause mortality was developed previously using
CRASH-2 data.[96] However, traumatic deaths can result from many different
pathophysiological mechanisms. For example, both high and low SBP predict death
from all-causes, but only low blood pressure predicts death due to bleeding. The
association of high blood pressure with all-cause mortality is likely to reflect deaths
from TBI. By combining different mechanisms of death, predictions based on all-

cause mortality could misclassify the risk of death from bleeding.

4.4 Future studies

These models may facilitate stratification of clinical trial populations into risk
categories at baseline. The following chapters examine if and how the effect of TXA

varies by baseline risk and model the health impact of different treatment strategies.
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CHAPTER IV - The effect of tranexamic acid on death due to

bleeding by baseline risk

1. Introduction

In the previous chapter, | developed and validated a prognostic model predicting
death due to bleeding. Many guidelines, especially those for trauma, focus on the
use of TXA in severely injured patients with a high risk of death from bleeding.[58,59]
Although these patients have much to gain from TXA treatment, they are few in
number and many die at the scene of injury.[97] As there are many more patients
with less severe injuries and a lower risk of death from bleeding, if TXA was similarly
effective, prompt treatment of these patients could prevent many deaths. In this
chapter, | examine how the effectiveness and safety of anti-fibrinolytic drugs varies

by the baseline risk of death due to bleeding.

2. Methods

2.1 Design and selection criteria

| conducted an IPD meta-analysis of randomised placebo trials conducted between
January 1, 1946 and July 5, 2018. The methods and the selection criteria have been
described previously.[10] The study protocol was registered in November 2016
(Prospero, no. 42016052155).[98] Any randomised trial with more than 1000 patients
that assessed the effects of anti-fibrinolytic drugs (aprotinin, TXA, aminocaproic acid
and aminomethylbenzoic acid) in patients with acute bleeding was eligible for
inclusion. | identified trials from a permanent register of anti-fibrinolytic trials

maintained by the London School of Hygiene & Tropical Medicine Clinical Trials Unit.
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The register is based on searches of MEDLINE, Embase, the Cochrane Central
Register of Controlled Trials (CENTRAL), Web of Science, PubMed, Popline, and the
WHO International Clinical Trials Registry Platform (Appendix 4-1). Three reviewers
independently extracted data. We selected trials recruiting patients with acute
bleeding at the time of randomisation (treatment trials). | excluded patients who were
randomised more than 3 hours after bleeding onset since previous studies have
shown that anti-fibrinolytics are ineffective after this period. | prepared a statistical
analysis plan before searching for trials. Patients and the public were not involved in

the research.

2.2  Qutcome

The primary outcome was death due to bleeding. This is the most relevant primary
outcome given the mechanism of action of anti-fibrinolytic drugs. All-cause mortality
includes non-bleeding-related deaths, such as sepsis, that should not be affected by
anti-fibrinolytics. Given that these deaths could dilute the treatment effect, important
benefits or harms could be obscured in all-cause mortality.[99] Moreover, because
the relative contributions of non-bleeding deaths will vary between populations, all-
cause mortality is not widely generalizable. Secondary outcomes were fatal and non-
fatal vascular occlusive events (myocardial infarction, stroke, pulmonary embolism

and deep venous thrombosis).

2.3 Data analysis

| evaluated the quality of included trials by assessing sequence generation, allocation

concealment, blinding, data completeness and risk of selective reporting. Analysis
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was IPD-based. | estimated the baseline risk of death due to bleeding separately for
each trial. | used prognostic models to predict the baseline risk using multivariate
logistic regression. | used the prognostic model for trauma developed in the previous
chapter.[100] As there were no suitable prognostic models for PPH, | used the same
method to develop a prognostic model for this condition. | only used baseline
characteristics collected before randomisation as predictors. To improve the precision
of our models, | included all trial participants from the treatment and placebo
groups[101] I included all potential predictors at baseline and adjusted for the use of
anti-fibrinolytic drugs. I included linear and polynomial terms for continuous variables.
| used a backward stepwise method and removed variables for which there was no
evidence of association one at a time (p-value for the Wald test >0.05). To estimate
the risk at baseline, the coefficient for anti-fibrinolytic drugs was constrained at 0 in
the equation. | performed sensitivity analysis that estimated the baseline risk in the
placebo arm and present the result in Appendix 4-9. The estimates would be less
precise, but may avoid misclassification from assuming a constant effect of TXA.
Predicted baseline risk of death due to bleeding was estimated for each trial
participant in both treatment groups. For each prognostic model, | assessed
performance by estimating discrimination and calibration. Discrimination represents
the ability of the model to identify a patient with the outcome of interest and is
evaluated by the concordance statistic (C-statistic). Calibration represents the
agreement between predicted and observed risk. On the basis of the predicted
baseline risk, participants were assigned to one of the four baseline categories of risk
of death due to bleeding: 0% to 5% (low); 6% to 10% (intermediate); 11% to 20%

(high) and >20% (very high). The categories were chosen because they were
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clinically relevant, easy to understand (using a base of 5 or 10) and were consistent

with previous studies.[95,102]

All analyses were done according to the intention-to-treat principle. | reported
continuous variables as mean (standard deviation [SD]) and median (interquartile
range [IQRY]). | reported categorical variables as numbers and proportions. | plotted
frequency distributions for the baseline risk in all participants and in patients who died
from bleeding. | estimated the effect of anti-fibrinolytics on death due to bleeding
within categories of baseline risk and provided crude risk ratios. | tested the
homogeneity of treatment effect between these categories of risk using the y?2 test. |
used logistic regression to assess the effect of anti-fibrinolytics on death due to
bleeding and reported treatment effects with OR and 95% CI. First, | tested
homogeneity of the treatment effect between trials by including an interaction term
between treatment and trial and reporting the p value (model 1, Appendix 4-2). |
hypothesized that the treatment effect does not vary by baseline risk, unlike time to
treatment for which treatment delay reduces the treatment benefit.[10] To verify the
homogeneity of the effect of baseline risk on treatment effect by time to treatment, |
performed a second model with a triple interaction between the terms for baseline
risk, the treatment group, and time to treatment (model 2, Appendix 4-2). Once
homogeneity of the treatment effect with baseline risk and time to treatment was
verified, | ran a third model to assess homogeneity between the treatment effect and
baseline risk, adjusting for trial and time to treatment (model 3, Appendix 4-2). |
reported the p value for the interaction term between treatment effect and baseline
risk and plotted the treatment effects with OR and 95% CI according to the baseline

risk.
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2.4 Missing values

There were no missing outcome data, but there were missing values for some
predictor variables. In order to estimate baseline risks on the full dataset, | replaced
missing predictors using multiple imputation with 20 imputed datasets and adjustment
of the imputation model for death due to bleeding, age, SBP, respiratory rate and the
GCS. All analyses were performed using STATA software (version 14.0; Stata Corp,

College Station, TX, USA).

3.  Results

Figure 4-1 shows the number of records identified and the reasons for exclusions.
We found five completed [8,37,38,41,42] and 10 ongoing trials (Appendix 4-
3).[34,103-111] All trials used TXA. Three trials met our inclusion criteria. The
CRASH-2 trial included 20,211 trauma patients and assessed the effects of TXA on
death and vascular occlusive events. The WOMAN trial assessed the effects of TXA
on death and serious morbidity in 20,060 women with PPH. The TICH-2 trial
assessed the effect of TXA on death and dependency in non-traumatic intracerebral
haemorrhage. Exsanguination does not normally occur in adults with cerebral
haemorrhage and death usually arises due to cerebral injuries and high intracranial
pressure. The TICH-2 trial was excluded from the analysis as it did not meet the

inclusion criteria. Included trials had a low risk of bias in all domains (Appendix 4-4).
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Figure 4-1 Study selection
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| obtained individual patient data for 28,333 participants randomised within 3 hours of
bleeding onset: 13,485 from the CRASH-2 trial and 14,848 from the WOMAN trial
(Table 4-1). Among these, 14,270 participants received TXA and 14,067 received
placebo. Baseline risk predictors for both models are detailed in Appendix 4-5. The
pooled discrimination of the prognostic models was good: C-statistic=0.88; 95% CI
0.87-0.89. The predicted risk was similar to the observed risk in the placebo group
(ratio predicted/observed risk=1.00; 95% CI1 0.92-1.07) (Appendix 4-6). The baseline
risk was higher in trauma patients than in women with PPH. Most patients had a

baseline risk <5% (Figure 4-2).

Figure 4-2 Number of patients and number of deaths according to baseline risk
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Table 4-1 Baseline characteristics of patients in participating trials

CRASH-2 trial

(n=13,485)

WOMAN trial
(n=14,848)

Total
(n=28,333)

Predicted baseline risk, n (%)
0-5

9063 (67.2%)

13,945 (93.9%)

23,008 (81.2%)

6-10 2011 (14.9%) 481 (3.2%) 2492 (8.8%)
11-20 1373 (10.2%) 262 (1.8%) 1635 (5.8%)
> 20 1038 (7.7%) 160 (1.1%) 1198 (4.2%)
Missing 0 (0.0%) 0 (0.0%) 0 (0.0%)
Mean baseline risk (SD) 6.9 (9.5) 1.6 (4.4) 4.1 (7.7)
Median baseline risk (IQR) 3.3(1.4-7.9) 0.4 (0.1-1.3) 1.3(0.3-4.2)
Age (years), n (%)
<25 3840 (28.5) 3973 (26.8%) 7813 (27.6%)
25-29 2400 (17.8) 4590 (30.9%) 6990 (24.7%)
30-34 1792 (13.3) 3802 (25.6%) 5594 (19.8%)
> 35 5453 (40.4) 2478 (16.7%) 7931 (28.0%)
Missing 0 (0.0%) 5 (0.0%) 5 (0.0%)
Mean age (SD) 34.1 (14.0) 28.4 (5.7) 31.1(10.9)
Median age (IQR) 30 (24-42) 28 (24-32) 29 (24-35)

Systolic blood pressure (mmHg), n (%)
<75
75-89
=90
Missing
Mean systolic blood pressure (SD)
Median systolic blood pressure (IQR)

2074 (15.7%)
2360 (17.8%)
8813 (66.5%)
238 (1.8%)
96.6 (25.3)
90 (80-110)

1011 (6.8%)
1563 (10.5%)
12,269 (82.7%)
5 (0.0%)

101.5 (21.4)
100 (90-110)

3085 (11.0%)
3923 (14.0%)
21,082 (75.1%)
243 (0.9%)
99.2 (23.5)

100 (90-110)

Time to treatment (h), n (%)
<1
1-3

Missing

Mean time to treatment (SD)

Median time to treatment (IQR)

7452 (55.3%)
6033 (44.7%)
0 (0.0%)

1.5 (0.8)
1(1-2)

9220 (62.1%)
5628 (37.9%)
0 (0.0%)

1.0 (0.8)

0.7 (0.4-1.5)

16,672 (58.8%)
11,661 (41.2%)
0 (0.0%)
1.3(0.8)
1(0.5-2)

SD: standard deviation; IQR: interquartile range.
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Deaths due to bleeding occurred in all baseline risk categories with almost the same
number of deaths due to bleeding. | reported 240 (1%), 202 (8%), 232 (14%) and 357
(30%) deaths in the low, intermediate, high and very high-risk categories,
respectively. Deaths due to bleeding occurred in all categories of blood loss among
women with PPH (Appendix 4-7). The effect of TXA did not vary between trials
(model 1: P=0.82). | found no heterogeneity in the interaction between treatment
effect, baseline risk and time to treatment (model 2: P=0.62 for the triple interaction).
| did not find any significant interaction between the effect of TXA on death due to
bleeding and the baseline risk (model 3: P=0.51). Figure 4-3 shows crude risk ratios
by categories of baseline risk. The treatment effect did not vary by baseline risk
(Figure 4-4). The risk of vascular occlusive events was similar according to baseline
risk categories (Table 4-2). There was no increase in fatal and non-fatal occlusive

events with TXA in any of the baseline risk categories (Appendix 4-8).
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Figure 4-3 Effect of TXA on death due to bleeding by baseline risk

Baseline risk  Tranexamic acid group Placebo group Risk Ratio (95% Cl)
0-5% 102/11612 (0.9%) 138/11396 (1.2%) i 0.73 (0.56-0.94)
6-10% 87/1245 (7.0%) 115/1247 (9.2%) L 0.76 (0.58-0.99)
11-20% 102/853 (12.0%) 130/782 (16.6%) ® 0.72 (0.57-0.91)
> 20% 143/560 (25.5%) 214/638 (33.5%) = 0.76 (0.64-0.91)

All patients ~ 434/14270 (3.0%) 597/14063 (4.3%) ? 0.72 (0.63-0.81)
I I I I I l I
¥? =0.20; p=0.98 0.5 0.6 0.7 0.8 0.9 1.0 1
Tranexamic acid better Tranexamic acid worse

X? corresponds to chi-squared test of homogeneity within-stratum weight (Mantel-Haenszel).
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Table 4-2 Vascular occlusive events by treatment allocation according to baseline risk

Baseline risk 0-5% 6-10% 11-20% > 20%
Tranexamic ) ) ] ] ] ) P value
" Placebo Tranexamic acid Placebo Tranexamic acid Placebo Tranexamic acid Placebo
acl
n=11,39
n=11,612 5 n=1245 n=1247 n=853 n=782 n=560 n=638
Any vascular occlusive 65 22 38 27
64 (0.6%) 17 (1.4%) 23 (2.7%) 14 (2.7%) 0.255
events (0.6%) (1.8%) (4.9%) (4.2%)
) 15 14
Fatal occlusive events 16 (0.1%) 6 (0.5%) 4 (0.3%) 4 (0.5%) 1(0.2%) 7(1.1%) 0.058
(0.1%) (1.8%)
o _ 14 13 12
Myocardial infarction* 8 (0.1%) 3(0.2%) 7 (0.6%) 6 (0.7%) 7 (1.3%) 0.909
(0.1%) (1.7%) (1.9%)
14 15
Stroke* 19 (0.2%) 3(0.2%) 6 (0.5%) 6 (0.7%) 4(0.7%) 7 (1.1%) 0.152
(0.1%) (1.9%)
) 23 16
Pulmonary embolism* 28 (0.2%) 6 (0.5%) 8 (0.6%) 14 (1.6%) 6 (1.1%) 9(1.4%) 0.739
(0.2%) (2.1%)
Deep vein thrombosis* 12 (0.1%) 19 (0.2) 7 (0.6%) 2 (0.2%) 6 (0.7%) 4 (0.5%) 3(0.5%) 5(0.8%) 0.214

*Includes both fatal and non-fatal events
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Figure 4-4 Effect of baseline risk on treatment benefit
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4. Discussion

4.1  Main findings

Results show that many deaths from bleeding are in patients at low or intermediate
risk and that the mortality reduction from TXA does not vary by baseline risk. | found

no evidence of any increase in vascular occlusive events in any of the risk categories.

4.2 Strengths and limitations

This study has important strengths and some limitations. First, | selected only
randomised trials with over 1000 patients to reduce selection bias. Small trials
contribute very little evidence, but could increase the risk of selection bias.[112]
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Second, | used a rigorous method to develop prognostic models to predict baseline
risk.[113] Specifically, baseline risk was estimated using the entire dataset and not just
the placebo group. By increasing the sample size and constraining the treatment effect
in the regression equation, it improves both precision of prediction and calibration.[83]
Third, | performed logistic regression with baseline risk as a continuous variable since
an on-off step function is biologically implausible. There was no interaction between
treatment effect, trial and time to treatment. Even though | restricted my analyses to
patients treated within 3 hours of bleeding onset as recommended in clinical practice,
| included trial and time to treatment in the model to avoid any residual confounding.
Fourth, there were no missing outcome data and very few missing data for predictors
of baseline risk (<1%). Nevertheless, | performed multiple imputation and used the

whole dataset for analysis.

| cannot exclude some measurement error in the predictors used to estimate baseline
risk and this could lead to regression dilution bias and over- or underprediction in some
patients.[93] Misclassification of death due to bleeding is also possible as death from
thrombotic DIC could be confused with death from bleeding. In addition, I cannot
exclude some misclassification due to optimism of the model affecting calibration. | am
reassured that optimism was low in the model developed for trauma and the selection
of a limited number of predictors limits overfitting.[100,101] Finally, the large sample
size with over 28,000 patients with acute bleeding treated within 3 hours of onset yields
precise results. However, estimates of the effects on adverse events are much less
precise. The study included data from 38 countries across several continents and thus
the results should be widely generalizable to patients presenting to hospitals with PPH,

as well as trauma patients with or at risk of significant haemorrhage.
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4.3 Study implications

The main clinical implication of these results is that TXA treatment should be
considered as an early preventive measure, rather than a treatment for severe
coagulopathic bleeding. Because of the large number of patients in the low and
intermediate risk groups, these groups contribute a large number of bleeding deaths.
Indeed, approximately one-quarter of deaths from bleeding occurred in patients who
initially appeared to have a low risk of death. Early identification of bleeding can be
challenging, especially in trauma. Patients without obvious bleeding sometimes have
concealed bleeding and can suddenly deteriorate. Although early identification of
bleeding by a computed tomography (CT) or a focused assessment with sonography
for trauma (FAST) scan is a priority, a definitive diagnosis can take up to 1 hour, even
in the best trauma systems. Hence, many major trauma patients without clinically
apparent bleeding will not receive TXA soon enough unless early treatment is given to
all major trauma patients, irrespective of their apparent risk. Major trauma is usually
defined as an injury or a combination of injuries that are potentially life-threatening or
could lead to long-term disability. Given that the full extent of the patient’s injuries are
unknown at initial assessment, trauma team activation criteria represent a pragmatic
alternative definition of major trauma in the prehospital setting. For obstetric bleeding,
WHO guidelines recommend TXA in addition to standard care for all women with
clinically-diagnosed PPH. However, if “in addition to” is taken to mean that TXA should
be given after standard care has been found to be insufficient to stop the bleeding, this
will result in an unnecessary treatment delay. Instead, we believe that early TXA

treatment should be considered integral to standard care.
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4.4 Future studies

| found 13 ongoing trials of anti-fibrinolytic drugs in acute severe bleeding. Three of
these could provide additional data on treatment effect by baseline risk in extracranial
bleeding, but these studies are small and their inclusion is very unlikely to change our
conclusions. However, additional trials could increase the power to detect adverse
effects. In addition, further IPD meta-analyses that consider vascular occlusive events

are needed.

5.  Conclusion

TXA appears to be safe and effective, regardless of the baseline risk for a patient
treated within 3 hours since injury. Many deaths are in patients at low and
intermediate risk and TXA use should not be restricted to the most severely injured or
bleeding patients. As TXA is safe, it should be considered as an early preventive

measure, rather than a treatment for severe coagulopathic bleeding.

49



CHAPTER V - Validation of the BATT score for prehospital risk
stratification of traumatic haemorrhagic death and the health impact

of tranexamic acid according to different treatment strategies

1. Introduction
TXA must be given urgently, preferably by paramedics, at the scene of the injury or in
the ambulance.[11] Many bleeding deaths occur soon after injury and there is a 10%
reduction in treatment effectiveness for every 15 minutes of treatment delay.[10]
Paramedics need clear criteria that can be applied at the scene to guide who to treat.
| previously developed a prognostic model to predict death from bleeding as detailed
in Chapter I11.[100] In Chapter IV, | demonstrated that the relative reduction in
mortality with TXA does not vary with the baseline risk.[114] In this chapter, | show
how | derived a simple score that paramedics can use at the scene to help decide
who to treat with TXA. | have conducted an external validation of the score and

explore different TXA treatment thresholds and strategies.

2. Method

| developed a simple score (Bleeding Audit and Triage Trauma [BATT] score) to predict
death due to bleeding in trauma patients. | conducted an external validation of this
score using data from the UK TARN from 1 January, 2017 to 31 December, 2018.

Finally, | evaluated the impact of TXA treatment thresholds in trauma patients.
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2.1 Development of the BATT score

In Chapter Ill, | previously developed and validated a prognostic model to predict
death due to bleeding in trauma patients.[100] Briefly, data on bleeding trauma
patients from 298 hospitals in 41 countries were used to derive the model. | validated
the model using an internal—-external cross-validation method based on data from 41
countries to ensure that the results are widely applicable. The final prognostic model
included age, SBP, GCS, HR, respiratory rate and mechanism of injury. To develop
the BATT score, | assigned points for each predictor that were proportional to the
coefficients of the regression equation. | added the criterion of high-energy trauma as
the intercept of the regression equation corresponding to the inclusion criteria of the
trauma registry used for the development of the prognostic model. High-energy
trauma is routinely assessed at the scene and corresponds to injury from a road
traffic crash (with intrusion, ejection, death in same passenger compartment, and
motor vehicle versus pedestrian or cyclist), fall from a high height (>3 metres), a blow
or blast.[115] An electronic version of the score is available for computer or

smartphone at: https://www.evidencio.com/models/show/1393.

2.2 Validation of the BATT score

| used data from the TARN from 1 January, 2017 to 31 December, 2018 to validate
the BATT score for use in England and Wales. The TARN database includes data on
patients with an Injury Severity Score (ISS) of nine or more who were admitted to
hospital in England and Wales for at least three nights, died in hospital, or were
transferred to another hospital for specialist care.[116] Exclusion criteria were
isolated mild traumatic brain injury with loss of consciousness, superficial scalp injury,

patients 65 years or older with femoral neck or single pubic rami fracture, fracture or
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dislocation of the foot or hand, closed fracture or dislocation of an isolated limb, or

simple skin laceration with blood loss <20%.

As death due to bleeding is not recorded in the TARN database, | used early deaths
and early deaths with evidence of haemorrhage as a proxy for death due to
bleeding.[117] Specifically, | included deaths from all causes within 12 hours of injury
(excluding asphyxia, drowning, hanging, or massive destruction of the skull or brain)
and deaths between 12 to 24 hours with evidence of bleeding (activation of massive
transfusion protocol or blood within 6 hours or an abbreviated injury scale (AlS)

diagnosis associated with haemorrhage (Appendix 5-1)).

| assessed the accuracy, discrimination and calibration of the BATT score. Accuracy
was assessed using the Brier score. Given that the Brier score depends on the
prevalence of the outcome, we also calculated the scaled Brier score to account for
the baseline risk of death due to bleeding (Appendix 5-2). The scaled Brier score
ranges from 0% to 100% and indicates the degree of error in prediction.[81] A scaled
Brier score of 0% shows perfect accuracy. Discrimination is the ability of the score to
correctly identify patients with the outcome. | estimated the sensitivity, specificity,
positive and negative likelihood ratio for each threshold of the BATT score. The
likelihood ratio is the likelihood of a positive score in a patient with the outcome
compared to the likelihood of a positive score in a patient without the outcome.[118]
The positive likelihood ratio is the ratio of sensitivity to 1-specificity. The negative
likelihood ratio is the ratio of 1-sensitivity to specificity. A positive likelihood ratio of 10
or above will result in a large increase in the probability of the outcome. A negative
likelihood ratio of 0.1 or less will result in a large decrease in the probability of the
outcome. | plotted the ROC curve, which is the sensitivity (true positives) on 1-

specificity (false positives), for different thresholds of the BATT score.[119] An ideal
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score will reach the upper-left corner (all true positives with no false positive). We
estimated the area under the ROC curve (AUROC) that corresponds to the
concordance statistic (C-statistic) for binary outcome. A C-statistic of 1.0 shows
perfect discrimination ability. Calibration is the agreement between observed and
predicted outcomes. | estimated calibration-in-the-large as the difference between the
mean predicted and observed probabilities and the ratio of the predicted and
observed number of events. | also plotted the observed and predicted probabilities of
death by decile of the score and with local regression based on the LOESS
algorithm.[81] | estimated the calibration intercept and slope of the calibration plot as
a measure of the spread between the predicted and observed outcome. Ideally, the
intercept would be zero, indicating that the predictions are neither systematically too
low or too high and the slope would be 1.[120] There were missing values for some
predictors, but no missing outcome data. To estimate the baseline risk for the full
dataset, | replaced missing predictors using multiple imputation by chained equations
on early death, age, SBP, respiratory rate, HR, GCS, time for injury, time for
prehospital ambulance arrival, and time for hospital admission with 20 imputed

datasets.

2.3 Evaluation of TXA treatment criteria

| evaluated two different TXA treatment strategies: (1) prehospital treatment of all
trauma patients with an ISS =9 at the scene of the injury and (2) hospital treatment of
all trauma patients with an ISS>9 in the emergency department. | compared each
treatment strategy according to different thresholds of the BATT score in order to

assess its clinical usefulness and treatment criteria.
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| estimated the impact of TXA treatment for each treatment criteria. Since
randomised trials of TXA in trauma patients report no increase in deaths from
adverse events, the net impact of TXA was estimated by the number of deaths due to
bleeding avoided by the treatment.[114,121] To estimate the number of deaths
avoided by TXA, | predicted the baseline risk of death due to bleeding using our
previously-published prognostic model.[100] To estimate post-treatment
probabilities, | applied the treatment effect to these baseline risks, taking into account
time to treatment.[10] The risk difference was used to estimate the number of deaths
avoided. To account for miscalibration of predicted baseline risks, | conducted a
sensitivity analysis using observed early deaths with evidence of haemorrhage as
baseline risks. The details of both modelling methods and equations are described in
Appendix 5-3. | plotted the cumulative number of deaths due to bleeding avoided by
the BATT score threshold in a decision curve analysis as described by Vickers et
al.[122] | compared the decision curve analysis for each scenario. | estimated the
number needed to treat to save one life for each BATT score threshold and each

scenario. The registry-based study design predetermines the sample size.

All analyses were performed using STATA software (version 16.0; Stata Corp,

College Station, TX, USA).
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3. Results

Table 5-1 shows the BATT Score. The minimum score is 0 and the maximum score

is 27.

Table 5-1 BATT score

Age = 65 years old +1
= 75 years old +2
Systolic blood pressure < 60 mmHg +14
= 60 and < 100 mmHg +5
Glasgow Coma Scale <8 +4
>8and <12 +3
Respiratory rate <10 or =2 30/min +2
Alt: Oxygen saturation < +2
90
Heart rate > 100/min +1
Penetrating injury Yes +2
High-energy trauma Yes +2

The score is not suitable for isolated limb trauma or isolated neck femoral
fracture in inividuals >65 years.
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3.1 External validation - patient characteristics

| validated the score in 104,862 trauma patients with an ISS =9 who were transported
to hospital by ambulance in England and Wales between 2017 and 2018. Patient
characteristics are summarized in Table 5-2. Mean age was 62 years and 3189 (3%)
had penetrating injuries. Median time from injury to ambulance arrival was 69 minutes,
(IQR 24-174). Mean ISS was 16 (+ 9) and 46% of patients had an ISS 216. TXA was
administered in 9915 (9%) patients. Of these, 5185 (52%) received TXA prehospital.
Median time from injury to treatment was 48 minutes (IQR 35-68) when TXA was given
prehospital and 148 minutes (IQR 103-251) when given in hospital. 2760 (3%) of
trauma patients received TXA within 1 hour and 5727 (6%) received TXA within 3 hours
of injury. The mean ISS of patients treated with TXA was 23 (+13) compared with 14
(x7) for patients who were not treated (P <0.001). Most patients treated with TXA had
a low or intermediate risk of death due to bleeding (Figure 5-1). Most patients treated
had a BATT score of 2. The proportion of patients who received prehospital TXA
increased with the BATT score. There was no loss to follow-up at 30 days. A total of
2517 (2.4%) patients died within 24 hours and 8874 (8.5%) died within 30 days. Early

death with evidence of haemorrhage was reported for 1219 (1.2%) patients.
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Table 5-2 Characteristics of trauma patients used to validate the BATT score

n=104,862 Missing

Mean age (SD) 62 (24) 0
<18, n (%) 5616 (5) -
18-44, n (%) 19,744 (19) -
45-64, n (%) 26,354 (25) -

65 -74, n (%) 13,123 (13) -
275, n (%) 40,025 (38) -

Sex female, n (%) 47,346 (45) 0

Penetrating injury, n (%) 3189 (3) 0

Circumstances, n (%) 0
Motor vehicle crash 19,709 (19) -

Fall <2 metres 65,573 (62) -
Fall > 2 metres 10,604 (10) -
Blast — blow — crush 5266 (5) -
Shooting 234 (0) -
Stabbing 2538 (2) -
Other 1938 (2) -

First systolic blood pressure, mean (SD) 138 (28) 12,450 (12)

First systolic blood pressure <90 mmHg, n (%) 3033 (3)

First Glasgow Coma Scale, n (%) 12,695 (12)
14-15 90,579 (86) -

9-13 8566 (8) -
3-8 5717 (6) -

First heart rate, mean (SD) 86 (20) 11,479 (11)

Heart rate > 120 bpm, n (%) 5475 (5)

Time from injury to ambulance arrival <3 hours, n (%) 79,430 (76) 50,496 (48)

Time from injury to hospital admission <3 hours, n (%) 63,246 (60) 50,465 (48)

Injury Severity Score (ISS), mean (SD) 16 (9) 0
ISS 9-15, n (%) 58,695 (56) -

ISS 16-24, n (%) 24,635 (23) -
ISS 25-34, n (%) 17,682 (17) -
ISS= 35, n (%) 3850 (4) -

TXA treatment 9915 (9) 13,115 (13)
Prehospital 5185 (5) -
Hospital 4576 (4) -
Unknown 176 (0.1)

Any blood product received 4922 (5) 0
Massive transfusion protocol activated 2487 (2) -
Blood received within 6 hours of injury 2277 (2) -
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Figure 5-1 Number of patients treated with tranexamic acid by BATT score in UK

TARN data
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3.2 External validation

Table 5-3 shows the performance of the BATT score. The scaled Brier score was 6%.
The ROC curve, as well as the sensitivity and specificity at different thresholds of the
BATT score, are shown in Appendices 5-4 and 5-5. A threshold of 2 or more had a
sensitivity of 99% and a negative likelihood ratio of 0.03. The C-statistic was 0.90; 95%
Cl1 0.89-0.91). The observed (1.16%) and predicted (1.15%) probabilities of death due
to bleeding were similar (P=0.81). The calibration curve showed a slight overprediction
in low-risk patients and underprediction in intermediate and high-risk patients
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(Appendix 5-6). The calibration intercept was close to zero (0.00032) with a calibration

slope of 1.09 (Table 5-3).

Table 5-3 Performance of the BATT score

BATT score 95% CI
Overall performance
Brier score 0.0107
Scaled Brier score (%) 6
Discrimination
C-statistic 0.90 0.89-0.91
Mean predicted death due to bleeding
If patient died from bleeding (%) 6.5
If patient did not die from bleeding (%) 1.1 1.1-1.1
Discrimination slope (%) 5.4 0.053-0.056
Calibration
Observed deaths due to bleeding (%) 1.16 1.1-1.2
Predicted deaths due to bleeding (%) 1.15 1.1-1.2
Calibration-in-the-large (%) 0.01 0.00-0.01
Ratio Predicted/Observed 0.99 0.94-1.05
Calibration Intercept 0.00032
Calibration slope 1.09 1.07-1.11
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33 Clinical usefulness

Figure 5-2 is a decision curve analysis showing the number of deaths due to bleeding
avoided by TXA treatment by BATT score threshold. Treating all trauma patients as
soon as possible at the scene of injury or in the ambulance prevented more deaths
than in hospital treatment. The cumulative number of deaths avoided decreased as the

BATT score threshold increased.

Figure 5-2 Impact of tranexamic acid treatment by BATT score threshold
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Table 5-4 shows the number of deaths avoided for the different scenarios and the
sensitivity analysis based on observed early deaths in 2017 and 2018 in England and
Wales. The sensitivity analysis confirms that prehospital treatment provides the
maximum benefit with a lower number needed to treat than hospital treatment. Table
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5-5 shows the number of deaths avoided and the number needed to treat for each
BATT score threshold when patients are treated as soon as possible in the prehospital
setting and within 3 hours of injury. A BATT score treatment threshold of 2 corresponds
to the treatment of 61,598 patients (59% of major trauma patients included in the TARN
registry with ISS 29) and results in 210 deaths avoided (Table 5-5). A BATT score
treatment threshold <2 resulted in 6 to 14 additional deaths avoided with an additional
number needed to treat for one death avoided more than 1000 patients (Table 5-5;

Appendix 5-7).

Table 5-4 Comparison of number of deaths due to bleeding avoided by tranexamic

acid treatment

Patients Deaths avoided Number
Deaths
treated _ per 10,000 needed to treat
avoided . .
n (%) patients to avoid one
n (95% CI)
n=104,862 n (95% CI) death
Based on predicted probabilities
Current 9,915 (11) 55 (54-57) 5 (5-5) 180
strategy*
All prehospital 79,430 (76) 224 (220-228) 21 (21-22) 355
All in hospital 63,246 (60) 146 (144-149) 14 (14-14) 430
Based on observed probabilities (sensitivity analysis)**
Current 9,915 (11) 168 (157-178) 16 (15-17) 59
strategy*
All prehospital 79,430 (76) 323 (305-341) 31 (29-33) 244
All in hospital 63,246 (60) 240 (226-253) 22 (21-24) 273
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Table 5-5 Number of deaths due to bleeding avoided and number needed to treat

with prehospital treatment within 3 hours of injury according to the BATT score

threshold as treatment criteria

BATT Total patients Number of Number Standardi Number Additional
score included in patients  of deaths sed needed NNT*** for
threshold TARN considered avoided number to change of
for TXA n (%) for by the of deaths  treat** one point
treatment treatment* BATT avoided of BATT
n (%) score per score
threshold 10,000
> 14 586 (<1) 534 (<1) 37 4.7 14 -
>13 737 (<1) 671 (<1) 42 5.3 16 27
>12 960 (1) 883 (1) 47 5.9 19 42
> 11 1266 (1) 1150 (1) 53 6.7 22 45
> 10 1727 (2) 1557 (2) 59 7.4 27 23
>9 2533 (2) 2272 (2) 68 8.6 34 79
>8 3859 (4) 3420 (3) 80 10.1 43 128
>7 6879 (7) 5898 (6) 97 12.2 61 146
>6 10,071 (10) 8584 (8) 109 13.7 78 224
25 16,032 (15) 13,335 (13) 124 15.6 108 317
>4 22,946 (22) 18,769 (18) 136 17.1 138 452
>3 33,483 (32) 27,062 (26) 152 19.1 179 518
>2 80,071 (76) 61,598 (59) 210 26.4 293 595
=1 89,948 (86) 68,452 (65) 216 27.2 316 1142
20 104,862 (100) 79,430 (76) 224 28.2 354 1372

TXA: tranexamic acid; NNT: number needed to treat.
*Number of trauma patients within 3 hours of injury and the arrival of the first ambulance. Proportions
are based on all patients included in the TARN registry with an ISS 29.
**Standardised number of deaths avoided per 10,000 trauma patients within 3 hours included in the

TARN registry with an ISS 29.

** Additional trauma patients needed to treat for each death avoided compared to the BATT score
threshold above.
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4. Discussion

4.1 Main Findings

In 2017 and 2018, only 9% of trauma patients in England and Wales received TXA
and only 3% received it within 1 hour of injury. Prehospital treatment of trauma
patients with a BATT score of 2 or more would substantially increase the number of

premature deaths that could be avoided with TXA.

4.2 Strengths and limitations

This study has important strengths. My prognostic score was derived using
multivariable methods within a large international prospective cohort study with
minimal missing data. | then validated the score in a second large cohort that was not
used to derive the score.[83] | validated the BATT score using data from a large
national trauma registry that includes trauma patients with a wide range of bleeding
severity, thus providing a heterogeneous case-mix that allows accurate assessment
of discrimination.[123] The score is based on variables recorded by paramedics at
the scene of the injury when the decision to treat with TXA must be made. The large
number of patients in this study increases the precision of the results. There were few
missing values for predictor variables and no missing outcome data. The outcome
was well defined and recorded at a fixed time point. These strengths help to ensure

the validity of the results.

This study has some limitations. The measurement error of predictor variables could
affect discrimination and calibration. Random error could arise for all predictors (SBP,
HR, GCS, respiratory rate) and lead to reduced discrimination and calibration.

Systematic errors arising from the use of monitoring devices is more likely to affect
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calibration.[124] For example, a blood pressure measuring device may systematically
overestimate SBP due to device engineering problems. As the outcome “death due
to bleeding” was not available in the TARN database, we used early death as a proxy
for death due to bleeding.[99] However, any outcome misclassification would be
expected to decrease the C-statistic and reduce model performance, but since the C-
statistic was high and model performance was excellent, misclassification is unlikely
to be an important weakness.[125] Given that time from injury to ambulance arrival
and hospital admission was missing for almost one-half of the patients, | imputed
these data. Misclassification of time to treatment could therefore affect our estimate
of the net benefit.[126] Estimates of deaths avoided are unlikely to be generalizable
since they depend on the risk of death, which may vary in different settings. To model
the number of deaths avoided, | used treatment effect estimates from randomised
trials and so the estimates should be unconfounded. However, confounders in this
observational study might affect my estimates of the absolute number of deaths
avoided and this must be considered with caution. Nevertheless, | used the same
method to estimate the impact of each strategy and it is thus unlikely that the
comparison between different strategies was adversely affected by potential
confounders. In addition, | considered that there were no adverse events to estimate
the net benefit. This assumption was made because randomised trials in trauma and
in emergency setting have not reported any increase in adverse events. | modelled
the effect on death due to bleeding because there is no compelling evidence that
TXA affects other causes of death. Of course, patients that do not die from bleeding
may die from other causes and this will reduce the impact of the reduction of bleeding
deaths on all-cause mortality. Furthermore, we are reassured by the result of the

STAAMP trial assessing TXA in trauma patient in the prehospital setting.[33] The
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magnitude of the treatment effect observed on all causes of death in this trial is
similar to that observed in the CRASH-2 trial although the estimate was more

imprecise.

4.3 Relation to other studies

To the best of our knowledge, the BATT score is the only score that predicts
traumatic death due to bleeding. Existing haemorrhage scores predict massive
transfusion, which is an imperfect surrogate of death due to bleeding and vulnerable
to survival bias (i.e. the Trauma Associated Severe Hemorrhage [TASH] or

Assessment of Blood Consumption [ABC] Scores).[70,72]

4.4 Clinical implications

Clinical guidelines recommend TXA treatment for patients with or at risk of significant
bleeding and that treatment is given as soon as possible.[11] Due to the lack of clear
treatment criteria, many trauma patients are not receiving TXA or else receive it too
late. A study on paramedic perceptions concerning TXA use in bleeding in trauma
patients showed that lack of self-confidence, uncertainty about the haemorrhage risk,
and the need to give TXA by slow intravenous injection (over 10 minutes) were the
main barriers to TXA administration.[127] These data suggest that using a BATT
score threshold of 2 or more would improve outcomes with a four-fold increase in
bleeding deaths prevented by TXA. This clear criterion could improve prehospital
administration of TXA by paramedics. Although the use of this threshold would
increase the number of patients treated, TXA is safe and inexpensive and is likely to

be highly cost-effective.[128,129] Randomised trials of TXA in trauma and surgery
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have included over 50,000 patients and no increase in vascular occlusive events has
been found.[10,38,41,42,121] Recent trials in prehospital trauma did not find any
increase in vascular occlusive events associated with TXA and provide evidence for

the applicability of TXA treatment in the prehospital setting.[33,48]

Recent research has found that TXA is well tolerated and rapidly absorbed after
intramuscular injection, reaching therapeutic concentrations within 15 minutes in
bleeding trauma patients.[56] Further research is needed to assess the cost-
effectiveness of different treatment thresholds and whether the use of the BATT
score and intramuscular TXA administration by paramedics increases the prehospital

administration of TXA to patients at risk of bleeding from trauma.

5.  Conclusion
The BATT score is a validated tool and easy to perform at the scene of injury to
identify trauma patients at risk of death from bleeding. A score of 2 or more would be

an appropriate threshold for prehospital TXA treatment.
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CHAPTER VI = Discussion

1. Principal findings

The relative risk reduction from TXA treatment does not appear to vary by baseline
risk. TXA appears safe and effective in low-risk patients who represent more than
three-quarters of all major trauma. Even though their case-fatality is relatively low, as
there are so many low-risk patients, there are a substantial share of deaths in
patients who appear to be at low risk on initial assessment. Prehospital TXA
administration minimises time to treatment and saves more lives. Treating all trauma
patients prehospital would maximise the number of deaths averted and the use of the
BATT score would allow paramedics and emergency care providers to accurately
identify patients at risk of “significant bleeding” both prehospital and in-hospital. A
BATT score =2 identifies trauma patients at risk of significant haemorrhage who
should be treated. A BATT score =2 represents one-half of all major trauma patients
included in the UK TARN database. This means treating five times more patients
than we are treating at present and would maximise the number of deaths averted,

whilst optimizing the number needed to treat.

2. Strengths and weaknesses

2.1 Prognostic model

The strengths and weaknesses of this work have been highlighted in individual
chapters. Importantly, this model was developed in a large international cohort of
trauma patients and this helps to ensure that the results are widely applicable. | used

a rigorous method that did not split the data in derivation and validation cohorts. The
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method used ensures accurate prediction, strengthens internal validity, and avoids
pessimistic and unstable estimates of model performance. However, | did observe
some heterogeneity in the model performance across countries. Case-mix and
miscalibration could have affected the discrimination of the model. Some countries
included in the CRASH-2 trial showed a homogenous case-mix that decreased the C-
statistic. On the other hand, the Northern French Alps Trauma Registry presented a
heterogeneous case-mix that increased the C-statistic. However, | acknowledge that
this model is most applicable to a population similar to the one used in this study, such
as trauma patients with or at risk of bleeding and those that would typically be included

in European trauma registries.

2.2  Baseline risk

To reduce selection bias, | selected only randomised trials with more than 1000
patients. Baseline risk was estimated using the entire dataset and not just the
placebo group. By increasing the sample size, this improved precision of the
prediction. However, | cannot exclude the possibility of some misclassification due to
optimism of the model affecting calibration. | am reassured that optimism was low in
the model developed for trauma and the selection of a limited number of predictors
limits overfitting.[100,101] The large sample size with over 28,000 patients with acute
bleeding gives precise results, but | acknowledge that the estimates of the effects on
adverse events are less precise. | am reassured that evidence from randomised trials
in surgery shows that TXA appears safe in a wide range of different types of surgery.
Two randomised trials in trauma that were not completed at the time of the study
have recently been published.[33,48] These studies did not report any increase of

adverse events associated to TXA compared to placebo. Despite their small sample
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size (both trials had less than 1000 patients), they provide additional safety
information. The results of the STAAMP trial in extracranial traumatic bleeding found
a similar treatment effect magnitude to the one | observed in this chapter and the

addition of this trial in the meta-analysis would therefore have very little impact.

2.3 BATT score and TXA criteria

The strengths and weaknesses of my approach to developing the BATT score and
the treatment criteria are reported in detail in Chapter 5 of the thesis. It is worth
highlighting that the BATT score is based on a prognostic model built using
multivariate methods within a large international prospective cohort with minimal
missing data. | performed an internal and an internal-external validation of the
prognostic model presented in Chapter Ill. The results presented in Chapter V
provide the essential part of the validation process with an external validation of the
prognostic model and the score. The external validation was performed in a
population independent of the derivation cohort and with different geographical and
temporal characteristics. This ensures that this score is widely applicable. The
estimates of the number of deaths avoided with TXA was modelled using TXA benefit
and harm observed in randomised trials. Consequently, estimates should be
unconfounded. However, confounders in this observational study might affect the
absolute number of deaths avoided and this must be considered with caution. As we
used the same method to model TXA benefit and harm for each strategy, it is unlikely
that the comparison between different strategies and criteria was affected by
confounders. The recent published STAAMP trial confirms the feasibility and the

magnitude of the treatment effect in the prehospital setting.[33]
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3. Comparison with other studies

2.1 Prognostic model study

This is the first prognostic model predicting the risk of death due to haemorrhage.
The only existing model predicting death in trauma patients was published by Perel at
al. who developed and validated a prognostic model to predict all-cause mortality in
patients with traumatic bleeding.[96] The model developed in this thesis and the
model of Perel were both developed in the CRASH-2 trial cohort. The main
differences are in the relationship between SBP and death, where Perel found a U-
shape relationship. In my model, a high SBP was not associated with an increase of
death due to bleeding. The model developed in this thesis more accurately identifies

patients at risk of haemorrhage.

2.2 Baseline risk study

TXA reduces bleeding in surgery, regardless of the baseline risk.[43] The Aspirin
and Tranexamic Acid for Coronary Artery Surgery (ATACAS) trial showed a reduction
in bleeding complications and blood transfusion with TXA in 4662 patients
undergoing cardiac surgery.[41] The trial included a wide range of baseline risk with
one-half of patients having a low-to-intermediate risk of death as defined by an
Euroscore <4. Effectiveness and safety did not vary by baseline risk. Patients
included in orthopaedic surgery trials are also at low risk of death due to
bleeding.[130] Indeed, no deaths were reported in orthopaedic surgery trials.[43] TXA

reduces bleeding and blood transfusion after knee or hip arthroplasty in these low-
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risk patients. The effectiveness in low-risk patients in elective surgery showed that
TXA reduces bleeding, even in the absence of evidence of systemic coagulopathy or

hyperfibrinolysis.

Experimental studies in rats confirm this preventive effect. Wu et al. showed that TXA
given prior to trauma (similar to the use of TXA in elective surgery) reduced
fibrinolysis at the site of tissue injury and reduced circulating d-dimer levels.[21]
However, TXA given 45 minutes after trauma was not as effective and did not
prevent a rise in D-dimers. This suggests that a competitive binding of TXA and
plasminogen is required during clot initiation. Time to treatment is a key issue for TXA
effectiveness in acute bleeding. TXA effectiveness decreases by 10% for every 15
minutes of treatment delay.[10] Another animal model of polytrauma found an
imbalance between plasmin activators and inhibitors at the onset of bleeding.[50]
Following polytrauma, t-PA increases rapidly over the first 30 minutes. Plasmin and
d-dimer follow the same trend, reaching a maximum within 1 hour. On the other
hand, levels of PAI-1, the main inhibitor of plasmin, starts increasing from 2 hours
after trauma, reaching a peak at 4 hours. This imbalance in favour of plasmin
activation in the first 3 hours after injury is likely to explain the benefit of early TXA
use observed in the CRASH-2 trial.[53] Recently, the STAAMP trial also found a time
to treatment interaction in trauma with a strong survival benefit when TXA was given
within 1 hour of injury.[33] Animal studies and trials in surgery help us to understand
why TXA is as effective in low-risk as in high-risk patients, with the same strong time
to treatment interaction. When given early and regardless of the baseline risk, TXA is
a clot stabiliser that prevents worsening of bleeding until definitive care. TXA given in
a low-risk trauma patient could be considered as preventive treatment for ongoing

bleeding. Surgery, particularly orthopaedic surgery, are common in major trauma
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patients. TXA could also be considered as a preventive treatment prior to surgery in

major trauma patients with or without significant bleeding.

2.3  TXA treatment criteria and BATT score

Apart from the BATT score, there are no clinical scores to predict the risk of death
from bleeding. Existing scores identify patients that need massive transfusion.
Among the many scores, the TASH score was developed and validated with an
appropriate methodology in the German Trauma Registry and has a good ability to
discriminate patients requiring a massive transfusion.[72] As it includes laboratory
test and imaging, it is not suitable for use in the prehospital setting for early
identification of haemorrhage. Another score frequently cited is the ABC score. This
was not developed using multivariate regression analysis, but was based on expert
opinion. This score is not a prediction tool but, nevertheless, it has good
discrimination since it corresponds to the criteria for activating the massive
transfusion protocol. All trauma scores predicting massive transfusion are subject to
misclassification. Patients without massive transfusion could have severe
haemorrhage. They are also subject to survival bias. Furthermore, these scores only
identify patients with a very high risk of bleeding and are not able to stratify the risk of

death due to bleeding as permitted by the BATT score.

The BATT score is suitable for use in the prehospital setting by paramedics and
allows them to stratify the risk of death due to bleeding as null, low, intermediate and
high. Currently, there are no clear treatment criteria for prehospital TXA use in
trauma patients. To the best of my knowledge, only the US National Association of
Emergency Medical Service Physicians has published treatment criteria for

prehospital use.[60] They recommend TXA treatment within 3 hours of injury for non-
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compressible bleeding (e.g., penetrating thoraco-abdominal trauma or unstable pelvis
fracture) along with a HR >120 bpm and a SBP < 90 mmHg, provided that TXA use
does not delay rapid transport to a trauma centre. This thesis shows that restricting
TXA treatment to very high-risk patients in this manner would miss one-half of deaths

due to bleeding observed in the UK TARN major trauma registry.

4.  Clinical Implications

TXA has been studied in many randomised trials. There is a considerable volume of
evidence in surgery and acute bleeding. In trauma, TXA has to be used as soon as
possible in the prehospital setting to decrease time to treatment and increase the
number of deaths avoided. TXA should be given to a wide range of those at risk of
haemorrhagic death to increase the number of deaths avoided. Patients at low or
intermediate risk of death due to bleeding represent the majority of major trauma
patients and contribute importantly to the number of traumatic deaths. Low-risk
patients include patients with an unrecognised source of bleeding at an early stage,
without abnormal vital signs. Prehospital TXA use appears to be safe and this has

been confirmed by recent trials from North America.[33,48]

Using the BATT score as treatment criteria might avoid uncertainty in clinical
decision-making and allow an early stratification of the risk of death due to bleeding.
The BATT score is based on the main criteria used in trauma triage (physiologic
criteria, mechanism of injury, special consideration of age). A BATT score = 2 allows
to identify trauma patients at risk of significant haemorrhage and allows to maximise
the number of lives saved, but with an acceptable number needed to treat. In
addition, TXA use is highly cost effective. The key issue with using the BATT score in

clinical practice is specifying the targets population in which the BATT score will be
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applied. The trauma registry considered major trauma with an ISS =9 as the
inclusion criterion. In prehospital care, such criterion cannot be used. The BATT
score could be used in trauma patients with high energy trauma, patients with life-
threatening injury or patients with multiple injuries. The BATT score is not suitable for
patients with isolated limb trauma or older people with isolated femoral neck fracture.
Clinical experience and common sense combined with the prognostic score is likely

to be better for risk identification than use of the score alone.

5. Future research
Research on paramedic perceptions on the use of TXA in trauma found several
different barriers to TXA use.[127] In addition to uncertainties about the patient’s risk
of death due to bleeding, the need for an intravenous line and the need to inject TXA
slowly over 10 minutes were important disincentives to TXA use. Recent research
has found that TXA is well tolerated and rapidly absorbed after intramuscular
injection, reaching therapeutic concentrations within 15 minutes in bleeding trauma
patients.[56] Further research is needed to assess the cost-effectiveness of different
treatment thresholds and whether the use of the BATT score and intramuscular TXA
administration by paramedics increases prehospital administration of TXA to patients

at risk of traumatic bleeding.
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Appendix 3-1 Equation for predicting death due to bleeding

Simple model:

Predicted probability of death due to bleeding= PP

Where S= 0.6037 + Intercept_by country + 0.0561 x Age — 0.0014 x Age? + 1.18e-05
x Age® + 0.0104 x SBP — 4.71e-04 x SBP? + 1.46e-06 x SBP3 - 0.6144 x GCS +

0.0713 x GCS? — 0.0029 x GCS?

Full model

Predicted probability of death due to bleeding= Tto-F

Where F=-0. 5344 + Intercept_by country + 0.0605 x Age — 0.0014 x Age? + 1.12e-
05 x Age® + 0.0235 x SBP — 5.36e-04 x SBP? + 1.58e-06 x SBP3 - 0.6336 x GCS +
0.0738 x GCS? - 0.0029 x GCS® - 0.0086 x HR + 1.03e-04 x HR? - 0.1710 x RR +

0.0060 x RR? — 5.4e-05 x RR®

Coefficient for treatment by tranexamic acid was not included in the equation at baseline.

To predict death due to bleeding after treatment by tranexamic acid add -0.33 X tranexamic acid (0O=no

treatment, 1= tranexamic acid).
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Appendix 3-2 Multivariate analysis predicting death due to bleeding

Full model coefficient (95% CI) P-
N=23,402 VALUE
Age 0.0605 -0.0022 0.1232 0.059
Age? 0.0014 -0.0028 2.e® 0.053
Age® 1.2e° 2.38e 2.2e° 0.015
SBP 0.0235 0.0024 0.04452 0.029
SBP? 0.0005 -0.0007 .0003 <0.001
SBP3 1.6e® 1.09e6 2.06e° <0.001
GCS 0.6336 -1.0710 -0.1962 0.005
GCS? 0.0738 0.0213 0.1264 0.006
GCS3 0.0029 -0.0048 -0.0010 0.002
HR 0.0086 -0.0236 0.0065 0.263
HR?2 0.0001 2.9e™° 0.0002 0.006
RR 0.1710 -0.2379 -0.1040 <0.001
RR2 0.0060 0.0035 0.0084 <0.001
RR3 5.4e-5 -8.2e”° -2.6e° <0.001
Penetrating injury 0.3056 0.1327 0.4785 0.001
TXA -0.3295 -0.4856 -0.1735 <0.001
Constant -0.5344 -0.8861 1.9550 0.461

SBP: systolic blood pressure (mmHg); GCS: Glasgow Coma Scale ; HR: heart rate (bpm); RR:

respiratory rate (bpm); TXA: tranexamic acid; 95% CI: 95% confidence interval.
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Appendix 4-1 MEDLINE search strategy
The searches used to identify trials for this study were conducted to 1 July, 2018 with

no restriction by date, language or publication status.

Database: Ovid MEDLINE(R) <1946 to March Week 26 2018>

1 exp Antifibrinolytic Agents/

2 (anti-fibrinolytic* or antifibrinolytic* or antifibrinolysin* or anti-fibrinolysin* or

antiplasmin* or anti-plasmin* or ((plasmin or fibrinolysis) adj3 inhibitor*)).ab,ti.

3 exp Aprotinin/

4  (Aprotinin* or kallikrein-trypsin inactivator* or bovine kunitz pancreatic trypsin
inhibitor* or bovine pancreatic trypsin inhibitor* or basic pancreatic trypsin inhibitor* or
BPTI or contrykal or kontrykal or kontrikal or contrical or dilmintal or iniprol or
zymofren or traskolan or antilysin or pulmin or amicar or caprocid or epsamon or
epsikapron or antilysin or iniprol or kontrikal or kontrykal or pulmin* or Trasylol or
Antilysin Spofa or rp?9921 or antagosan or antilysin or antilysine or apronitin* or
apronitrine or bayer a?128 or bovine pancreatic secretory trypsin inhibitor* or
contrycal or frey inhibitor* or gordox or kallikrein trypsin inhibitor* or kazal type trypsin
inhibitor* or (Kunitz adj3 inhibitor*) or midran or (pancrea* adj2 antitrypsin) or
(pancrea* adj2 trypsin inhibitor*) or riker?52g or rp?9921or tracylol or trascolan or

trasilol or traskolan or trazylol or zymofren or zymophren).ab,ti.

5 exp Tranexamic Acid/

6 (tranexamic or Cyclohexanecarboxylic Acid* or Methylamine* or amcha or trans-

4-aminomethyl-cyclohexanecarboxylic acid* or t-amcha or amca or kabi 2161 or
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transamin* or exacyl or amchafibrin or anvitoff or spotof or cyklokapron or ugurol
oramino methylcyclohexane carboxylate or aminomethylcyclohexanecarbonic acid or
aminomethylcyclohexanecarboxylic acid or AMCHA or amchafibrin or amikapron or
aminomethyl cyclohexane carboxylic acid or aminomethyl cyclohexanecarboxylic
acid or aminomethylcyclohexane carbonic acid or aminomethylcyclohexane
carboxylic acid or aminomethylcyclohexanecarbonic acid or
aminomethylcyclohexanecarboxylic acid or aminomethylcyclohexanocarboxylic acid
or aminomethylcyclohexanoic acid or amstat or anvitoff or cI?65336 or cl65336 or
cyclocapron or cyclokapron or cyklocapron or exacyl or frenolyse or hexacapron or

hexakapron or tranex or TXA).ab,ti.

7 exp Aminocaproic Acids/ or exp 6-Aminocaproic Acid/

8 (((aminocaproic or amino?caproic or aminohexanoic or amino?hexanoic or
epsilon-aminocaproic or E-aminocaproic) adj2 acid*) or epsikapron or cy-116 or
cy116 or epsamon or amicar or caprocid or lederle or Aminocaproic or
aminohexanoic or amino caproic or amino n hexanoic or acikaprin or afibrin or
capracid or capramol or caprogel or caprolest or caprolisine or caprolysin or
capromol or cl 10304 or EACA or eaca roche or ecapron or ekaprol or epsamon or
epsicapron or epsilcapramin or epsilon amino caproate or epsilon aminocaproate or
epsilonaminocaproic or etha?aminocaproic or ethaaminocaproich or emocaprol or

hepin or ipsilon or jd?1770r neocaprol or nsc?26154 or tachostyptan).ab,ti.

9 exp 4-Aminobenzoic Acid/tu [Therapeutic Use]

10 (PAMBA or para-aminomethylbenzoic or p-aminomethylbenzoic or

amino?methylbenzoic acid or Gumbix or Styptopur or H-4-AMB-OH or CAS:56-91-7

90



or H-4AMBZ-OH or NH2-CH2-PH4-COOH or TIMTEC-BB SBB006704 or

"RARECHEM AL BW 0005" or Amino-p-toluicacid).ti,ab.

11 lor2or3ordor5o0r6o0r7or8oril0

12 randomi?ed.ab,ti.

13 randomized controlled trial.pt.

14  controlled clinical trial.pt.

15 placebo.ab.

16 clinical trials as topic.sh.

17 randomly.ab.

18 trial.ti.

19 12orl13orl1d4orl15o0rl6orl17or18

20 (animals not (humans and animals)).sh.

21 19not 20

22 1land?21
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Appendix 4-2 Equations of the different models
Logistic regression assessing overall treatment effect and homogeneity of treatment

effect across trials

Logit (p(Y = 1)) = Bo + B1 S + B2 X + B3 (X*S) [model-1]

With Y = 1, the outcome did not die from bleeding for patient i in trial j, S is the trial
(CRASH-2 S=0, WOMAN S=1), X is treatment (tranexamic acid is X=1, placebo is

X=0).

Then Bo is the log(odds) in the placebo group in the CRASH-2 trial; B1 is the
difference between trials in placebo group; B2 the effect of tranexamic acid in

CRASH-2 trial; and Bs is the interaction between treatment effect and trial.

Logistic regression estimating non-linear effect of intervention by baseline risk and its

interaction with time to treatment (triple interaction).

Logit (p(Y = 1)) = Bo + B2 T + P2 X + Bz BR + Ba (X*T) + Bs (BR*T) + Bs (BR*X) + 7 (BR*X*T)

[model-2]

With Y, X coded as in [model-1]. T is the time to treatment in hours. BR is the

baseline risk.

Then o is the log(odds) in the placebo group when T=0 and BR=0; 1 is the linear
effect of time to treatment in the placebo group at BR=0; 32 the effect of tranexamic
acid at T=0 and BR=0; B3 is the linear effect of baseline risk in the placebo group at
T=0; B4 is the interaction between treatment effect and time to treatment at BR=0; 35

is the interaction between time to treatment and baseline risk in the placebo group; Bs
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is the interaction of baseline risk with the treatment at T=0; B~ is the triple interaction

of baseline risk with the treatment and the time to treatment.

Logistic regression estimating linear effect of intervention by baseline risk (we

assume this interaction is the same in both trials).
Logit (p(Y=1)) =Bo+PB1S+PB2X+PB3sBR + L4 (BR*X) +PBsT [model-3]
With 'Y, S, X, T, BR coded as in [model-1] and [model-2];

Then, Bo is the log(odds) in the placebo group in the CRASH-2 trial when BR=0; B1 is
the difference between trials; B2 is the effect of tranexamic when BR=0; Basis the linear
effect of baseline risk in the placebo group of both trials; B4 is the interaction of

baseline risk with the treatment; s is the effect of time to treatment.
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Appendix 4-3 Characteristics of included and ongoing trials

Trial ID

Title

Participants

Intervention

Outcomes

Included trials

treatment of postpartum
haemorrhage: an international
randomised, double-blind,

placebo controlled trial

Women with clinically
diagnosed PPH following
vaginal delivery of a baby or
caesarean section. Clinical
diagnosis of PPH may be
based on any of the following:

estimated blood loss after

intravenous injection or
placebo (sodium chloride
0.9%) given as soon as
possible after randomisation.
If after 30 minutes bleeding
continues, or if it stops and

restarts within 24 hours after

CRASH-2 [8] A large randomised placebo n=20,211 A loading dose of 1 g Primary: death.
controlled trial among trauma tranexamic acid or placebo will | Secondary: vascular occlusive
patients with, or at risk of, Adult (>16 years) trauma be administered as soon events, blood transfusion
significant haemorrhage, of the | patients with or at risk of possible, followed by a requirements, disability.
effects of anti-fibrinolytic significant bleeding. maintenance dose of 1 g TXA
treatment on death and or placebo over 8 hours.
transfusion requirement.

WOMAN [37] Tranexamic acid for the N=20,060 1g of tranexamic acid by Primary: death or

hysterectomy.

Secondary: death, surgical
intervention, blood transfusion,
health status, thromboembolic
events, other relevant medical
events, length of stay at
hospital/time spent at an

intensive care unit, mechanical
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vaginal delivery of a baby >500
mL OR >1000 mL from
caesarean section OR blood
loss sufficient to compromise
the

haemodynamic status of the

woman.

the first dose, a second dose

may be given.

ventilation, status of breastfed

babylies.

TICH-2[38]

Tranexamic acid for
hyperacute primary

Intracerebral haemorrhage

N=2325

Adult patients with acute
primary intracerebral
haemorrhage within 8 hours of

stroke onset.

Tranexamic acid 1 g or
placebo in 100 ml sodium
chloride 0.9% infusion bag
intravenously as a loading
dose infusion

over 10 min, followed by
infusion of tranexamic

acid 1 g or placebo in 250 mi
sodium chloride 0.9%

infusion bag over 8 h.

Primary: eath or dependency
at day 90

Secondary: neurological
impairment at day 7 or
discharge if sooner, disability
(Barthel index) at day 90,
Quality of Life (EuroQol) at day
90, cognition at day 90, costs:
length of stay in hospital, re-
admission, institutionalisation,
radiological efficacy/safety

(computed tomography scan):
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change in haematoma volume
from baseline to day 2,
haematoma location and new

infarction.

Excluded Trials

ATACAS[41] Aspirin and tranexamic acid for | N=4662 Tranexamic acid (100 mg/kg) Primary: composite outcome of
Coronary Artery Surgery Trial or saline administered 30 all-cause 30 day mortality or
Adults undergoing coronary- minutes after induction of thrombotic event
artery surgery and at risk of anaesthesia (dose of Secondary: death, nonfatal
perioperative complications. tranexamic acid halved to 50 myocardial infarction,
mg after 1392 patients pulmonary embolism, stroke,
enrolled) acute renal failure, bowel
infarction), reoperation due to
major haemorrhage or cardiac
tamponade, blood transfusion.
TRAAP[42] Tranexamic acid for Preventing | N = 4079 1g tranexamic acid or placebo | Primary: incidence of PPH,

Postpartum Haemorrhage
Following a Vaginal Delivery: a

Multicenter Randomised

will be administered

intravenously just after birth.

defined by blood loss 2500 mL
Secondary: Mean blood loss at

15 minutes after birth; mean
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Double Blind Placebo

Controlled Trial

Women in labour for a planned
vaginal singleton delivery, at a

term =35 weeks.

total blood loss; incidence of
severe PPH; need for
supplementary uterotonic
treatment; postpartum
transfusion; need for invasive
second-line procedures for
PPH; haemoglobin,
hematocrit; hemodynamic
tolerance; mild adverse effects;
tolerance lab tests; severe

adverse effects

Ongoing trials

CRASH-3 [103]

(ISRCTN15088122)

Completed after the
study period

inclusion

Tranexamic acid for the
treatment of significant
traumatic brain injury: an
international randomised,
double-blind placebo controlled

trial

N=13,000 (target)

Adults with traumatic brain
injury, who are within 8 hours
of injury, with any intracranial
bleeding on computed

tomography scan or who have

Loading dose of tranexamic
acid (1 g by intravenous
injection) or placebo (sodium
chloride 0.9%) given as soon
as possible after
randomisation. Maintenance

dose of tranexamic acid (1 g

Primary: death in hospital
within 28 days of injury.
Secondary: vascular occlusive
events, disability, seizures,
neurosurgical intervention,
days in intensive care, other

adverse events.
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a GCS of 12 or less, and have
no significant extra-cranial

haemorrhage.

by intravenous injection) or
placebo (sodium chloride
0.9%) given after the loading

dose is finished.

HALT-IT[104]

(ISRCTN11225767)

Completed after the
study period

inclusion

Tranexamic acid for the
treatment of gastrointestinal
haemorrhage: an international
randomised, double blind

placebo controlled trial

N=8000 (target)

Adults with acute significant
upper or lower gastrointestinal

bleeding.

Loading dose of tranexamic
acid (1 g by intravenous
injection) or placebo (sodium
chloride 0.9%) will be given as
soon as possible after
randomisation, followed by an
intravenous infusion of 3g of
tranexamic acid or placebo
(sodium chloride 0.9%) over 24

hours.

Primary: death in hospital
(cause-specific mortality will
also be recorded)

Secondary: re-bleeding, need
for salvage surgery or
radiological intervention, blood
transfusion, thromboembolic
events, other adverse medical
events, functional status, time
spent at an intensive care unit,

length of stay in hospital

Shanghai FMIH-
TXA1[105]

NCT02936661

Tranexamic acid for Preventing
Postpartum Hemorrhage After

Caesarean Section

N=6700 (target)

Women giving birth by

caesarean section.

Tranexamic acid or placebo

Primary: PPH
Secondary: amount of

postpartum bleeding
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Expected

completion date:

March 2019

PATCH[34] A Multi-centre Randomised, N= 1184 (target) 1 g tranexamic acid or placebo | Primary: favourable outcome

NCT02187120 Double-blinded, Placebo- (0.9% NaCl) by slow at six months (moderate
controlled Trial of Pre-hospital | Adult patients (age 218 years); | intravenous injection as early disability to good recovery,

Expected Treatment With tranexamic injured through any as possible following injury. GOSE scores 5-8) compared

completion date:

January 2021

acid for Severely Injured
Patients at Risk of Acute

Traumatic Coagulopathy.

mechanism; COAST score=3.

Soon after arrival to the
emergency department,
patients will be given 1g
tranexamic acid or placebo
infused intravenously for 8

hours.

to those who have died (GOSE
1), or have severe disability
(GOSE 2-4).

Secondary: units of blood
products used in the first 24
hours; coagulation profile; ICU
ventilator-free days in first 28
days; vascular occlusive
events; mortality; proportion of
deaths due to: bleeding,

vascular occlusion, multi-organ
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failure and head injury;
cumulative incidence of sepsis
at 28 days or hospital
discharge whichever occurs
first; severity of chronic pain 6
months after injury and its
interference with daily activities
measured using the modified
Brief Pain Inventory; Quality of
Life (SF12® and EQ5D) at 6

months.

STAAMP [106]

NCT02086500

Completed after the
study period

inclusion

Study of tranexamic acid
During Air Medical Prehospital
Transport Trial For Trauma
Patients At Risk Of

Hemorrhage

N=1000 (target)

Adult (18-90 years) trauma

patients within 2 hours of

injury.

Setting: USA

1 g tranexamic acid or placebo

during air medical transport.

Primary outcome: 30 day
mortality. Secondary
outcomes: hyperfibrinolysis,
acute lung injury, multiple
organ failure, nosocomial
infection, mortality, early
seizures, pulmonary embolism,

early resuscitation needs, early

100




coagulopathy as measured by
INR and rapid
thromboelastography
parameters, early inflammatory
response, plasmin levels,
leukocyte, platelet and

complement activation.

NCT03364491[107]

(MFMU Network)

Expected
completion date:

December 2020

Tranexamic Acid for the
Prevention of Obstetrical
Hemorrhage After Caesarean

Section

N=11000 (target)

Women giving birth by

scheduled or unscheduled

caesarean section

Setting: USA

1g tranexamic acid or placebo

Primary outcome: maternal
death or transfusion of 1 or
more units of packed red blood
cells (up to hospital discharge
or 7 days)

Secondary outcome: blood
loss, composite surgical or
radiological intervention to
control bleeding, composite
maternal death and
thromboembolic events,

transfusion related acute lung
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injury, transfusion of other
blood products, transfusion of
more than 4 RBC, acute
kidney injury, thromboembolic
events, seizure, ingfection,
admission to ICU, change in
haemoglobin, TXA side-
effects, length of stay, hospital
re-admission, transfusion

reaction

NCT01990768[108]

Completed after the
study period

inclusion

Prehospital Tranexamic Acid

Use for Traumatic Brain Injury

N=1002 (target) 967 recruited

Moderate to severe TBI (GCS

score £12)

Setting: prehospital, Canada,

USA

1 g tranexamic acid prior to
hospital arrival followed by a 1
g infusion or 2 g tranexamic
acid prior to admission or

placebo

Primary outcome: Glasgow
Outcome Scale Extended
(GOS-¢) at 6 months.
Secondary outcome: Death at
28 days, disability rating scale
at discharge and 6 months,
Unfavourable outcome
Dichotomized GOS-e, Number

ICH, Marshall score CT,
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Rotterdam score CT,
Neurosurgical intervention,
Hospital free-days, ICU free-
days, seizure, thromboembolic

event (CVD, DVT, MI, PE).

TRAAP-2[131]

NCT03431805

Expected

completion date:

June 2020

Tranexamic acid for Preventing
Postpartum Haemorrhage

Following a Cesarean Delivery

N=4524 (target)

Women admitted for

caesarean delivery before or

during labour (term =34 weeks)

Setting: France

1 g tranexamic acid or placebo
with prophylactic uterotonic 3

minutes after birth.

Primary outcome: incidence of
PPH, defined by blood loss
>1000 mL at day 2.
Secondary outcome: blood
loss >500; >1500, mean blood
loss, incidence of transfusion,
mean red blood cells
transfused, incidence
embolization or surgery,
change in haemoglobin, HR,
SBP, DBP, nausea, vomiting,
phosphenes, dizziness, vreat,
urea, prothrombin, asat, alat,

bilirubin, fibrinogen, DVP, PE,
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MI, any thrombotic event,
seizure, women’s satisfaction,
shock, ICU, death from any

cause

WOMAN-2[109]

NCT03475342

Expected
completion date:

March 2022

World Maternal Antifibrinolytic

Trial 2

N=10000 (target)

Women with moderate or
severe anemia (Hb <100g/L or
packed cell volume <30%)

planned to give birth vaginally

Setting: international

1g tranexamic acid or placebo
administered at delivery (no
later than 15 minutes after

umbilical cord is clamped)

Primary outcome: PPH at 24
hours (blood loss >500 or any
blood loss sufficient to
compromise haemodynamic
stability).

Secondary outcome: blood
loss, Hb, Haemodynamic
instability, shock index, quality
of life (maternal), side-effects,
exercise tolerance,
intervention for control PPH,
blood transfusion, vascular
occlusive events, anaemia,
organ dysfunction, in-hospital

death, length of hospital stay,
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transfer to higher facility, status
baby, thrombotic events in
breastfed babies, adverse

events.

POISE-3 trial[110]

NCT03505723

Expected
completion date:

December 2022

PeriOperative ISchemic

Evaluation-3 Trial

N=10000 (target)

Patent undergoing non-cardiac
surgery with 245 years of age
and expected to require at
least an overnight hospital
admission after surgery.

Setting: international

Primary outcome: a composite
of life-threatening bleeding,
major bleeding and critical
organ bleeding at 30 days.

A composite of myocardial
infarction, non-haemorrhagic
stroke, peripheral arterial
thrombosis, and symptomatic
proximal venous
thromboembolism at 30 days.
For patients in the blood
pressure management arm: a
composite of vascular death,

and non-fatal myocardial
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infarction, stroke, and cardiac

arrest at 30 days.
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Appendix 4-4 Results of risk of bias assessment

CRASH-2

Domain Judgement Justification

Sequence generation Low Computer-generated.

Allocation concealment Low Tranexamic acid and placebo were packaged in identical
ampoules. Recruiting hospitals with reliable telephone
access using a telephone randomisation service, hospitals
without, using a local pack system.

Blinding Low Participants, clinicians and trial staff were blinded to
treatment allocation.

Incomplete outcome data Low Over 99% of patients were followed up and contributed
outcome data.

Selective outcome reporting Low Prospectively registered and data on all pre-specified
outcomes available for analysis.

WOMAN

Domain Judgement Justification

Sequence generation Low Computer-generated.

Allocation concealment Low Tranexamic acid and placebo were packed in sequentially
numbered, sealed, treatment boxes.

Blinding Low Participants, clinicians and trial staff were blinded to
treatment allocation.

Incomplete outcome data Low Over 99% of patients were followed up and contributed
outcome data.

Selective outcome reporting Low Prospectively registered and data on all pre-specified

outcomes available for analysis.
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Appendix 4-5 Prognosis model to estimate baseline risk of death due to

bleeding

CRASH-2 trial
Pr=1/ (1+e™®)

xb = 0.534 + RI + (0.061 * Age) — (1.4e3 * Age?) + (1.2e-% * Age?) + (0.023 * SBP) — (5.4e-04 * SBP2)
+ (1.66% * SBP3) — (0.634 * GCS) + (0.074 * GCS?) — (2.9e * GCS?) — (8.6e3 * HR) + (1.0e-04 *

HR2) — (0.171 * RR) + (0.006 * RR?) — (5.4¢% * RR3)

RI: Random Intercept by country

Age (Year)

SBP: Systolic Blood Pressure (mmHg)
HR: Heart Rate (Beat per min)

RR: Respiratory Rate (Breath per minute)
GCS: Glasgow Coma Scale

Penetrating: Penetrating Injury

WOMAN trial
Pr= 1/ (1+e™)

xb =-8.66 + RI + (Age * 0.06) — (SBP * 0.01) — (SBP2* 3 e4) + (SBP3* 1.6 &%) + (BL * 2 &%) — (BL2* 3

e’)— (PP * 1.05) — (UA *0.32) + (HI * 1.56) - (Delivery * 0.72)

RI: Random Intercept by country

Age (Year)

SBP: Systolic Blood Pressure (mmHg)

BL: Blood Loss (ml)

PP: Placenta Previa (Yes=1, No=0)

UA: Uterine Atony (Yes=1, No=0)

HI: Haemodynamic instability (Yes=1, No=0)

Delivery: 0=Vaginal delivery; 1=caesarean section

109



Appendix 4-6 Performance of prognosis model predicting baseline risk of

death due to bleeding

Observed probability of death due to bleeding
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Appendix 4-7 Frequency of women with postpartum hemorrhage and death

due to bleeding according to blood loss
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Appendix 4-8 Vascular occlusive events (fatal and non-fatal) by trial and overall

CRASH-2 trial WOMAN-trial Overall trials
Baseline Tranexamic acid Placebo RR (95% Cl) Tranexamic acid Placebo RR (95% Cl) Tranexamic acid n Placebo RR (95% Cl)
risk n (%) n (%) n (%) n (%) (%) n (%)
0-5% 45 / 4587 (1.0) 55 /4476 (1.2) 0.80 (0.54-1.18) 19 /7003 (0.3) 10/6920 (0.1) 1.87 (0.87-4.02) 64 /11612 (0.6%) 65/11396 (0.6%) 0.97 (0.69-1.36)
6-10% 15/ 988 (1.5) 22/1001 (2.2) 0.71(0.36-1.35)  2/257(0.8) 0/224(0) - 17 (1.4%) 22 (1.8%) 0.77 (0.41-1.45)
11-20% 22 /731(3.0) 36 /642 (5.6) 0.54 (0.32-0.90) 1/122(0.8) 2/140(1.4) 0.57 (0.05-6.25) 23 (2.7%) 38 (4.9%) 0.55 (0.33-0.92)
>20% 13 /478 (2.7) 25 /560 (4.4) 0.61(0.32-1.18) 1/82(1.2) 2/78(2.6) 0.48 (0.04-5.14) 14 (2.7%) 27 (4.2%) 0.59 (0.31-1.12)
Test for homogeneity, P-value 0.040 0.367 0.076
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Appendix 4-9 Sensitivity analysis with baseline risk estimate based on models developed with placebo arm only

Main analysis (baseline risk based on both arm)

Sensitivity analysis (baseline risk based on placebo arm)

Overall P value Test for P Overall P Test for P value
adjusted effect homogeneity* value | adjusted effect value homogeneity*
Baseline risk by 0.74 (0.66-0.83) <0.001 0.20 0.978 | 0.74 (0.66-0.83) <0.001 4.44 0.218
categories (RR)
Model 3 (interaction 0.74 (0.61-0.88)  0.001 -0.66 0.510 | 0.74(0.62-0.89) 0.001 -1.03 0.305

TXA-Baseline risk (OR)

*by categories or for interaction

TXA: tranexamic acid; RR: risk ratio; OR: odds ratio
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Appendix 5-1 Abbreviated Injury Scale (AIS) diagnosis associated with
haemorrhage

- Blood loss > 20%.

- Aorta [OR] Vena Cava [OR]carotid [OR]femoral [OR]Major arteries [OR]veins AND
laceration.

- Spleen [OR]liver [OR] Kidney [OR] Myocardium [AND] major laceration.
- Major haemothorax.

- Retroperitoneum haemorrhage.
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Appendix 5-2 Formula for the Brier Score and Scaled Brier Score
Brier Score= % (Y —p)?

Where Y is the observed outcome and P the prediction of the model.

Brier Scoremax= P X (1 — P)? + (1 — P) x P?
Where P is the mean of the prediction p.
1-Brier

Scaled Brier score= ————
Brier max

Scaled Brier score ranges from 0% to 100%
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Appendix 5-3 Methods to model tranexamic acid treatment effect and death due

to bleeding avoided.

First method

a) We estimated the baseline probabilities of death due to bleeding in the TARN

population (P1).

P1=[0.5344157 - 0.5726779 + (0.0604783 * age) - (0.0013908 * age2) + (0.000012 *
age3) + (0.0234826 * isbp) - (0.0005366 * isbp2) + (0.00000158 * isbp3) -
(0.6336347 * igcs) + (0.0738416 * igcs2) - (0.0029216 * igcs3) - (0.0085677 * ihr) +
(0.0001027 * ihr2) - (0.1709854 * irr) + (0.0059866 * irr2) - (0.000054 * irr3) +
(0.3056116 * penetrating)] * 0.82

P1 (Baseline probabilities of death due to bleeding); ISBP (initial systolic blood pressure); IGCS (initial Glasgow

coma scale); IHR (initial heart rate); IRR (initial respiratory rate); Penetrating injury.

b) We used previous studies exploring treatment effect by time and baseline risk

(TE).

TE= OR txa/time * OR txa/baseline risk

TE (treatment effect); OR (odds ratio)

OR txa/time is function of delay from Accident to Ambulance Arrival (Prehospital

treatment) or Delay from Accident to Hospital Arrival (In-hospital treatment).[10]

0.70235307 if delay=0 min
0.70698462 if delay=5 min
0.71164609 if delay ==10 min
0.71633767 if delay ==15 min
0.72105956 if delay ==20 min
0.72581194 if delay ==25 min
0.73059501 if delay ==30 min
0.73540897 if delay ==35 min
0.740254 if delay ==40 min
0.7451303 if delay ==45 min
0.75003808 if delay ==50 min
0.75497752 if delay ==55 min
0.75994883 if delay ==60 min

0.76495222 if delay ==65 min
0.76998788 if delay ==70 min
0.77505601 if delay ==75 min
0.78015683 if delay ==80 min
0.78529054 if delay ==85 min
0.79045734 if delay ==90 min
0.79565744 if delay ==95 min
0.80089106 if delay ==100 min
0.80615841 if delay ==105 min
0.81145969 if delay ==110 min
0.81679513 if delay ==115 min
0.82216493 if delay ==120 min
0.82756932 if delay ==125 min

OR txa/baseline risk is constant=1 (Ref BJA)
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0.83300851 if delay ==130 min
0.83848272 if delay ==135 min
0.84399218 if delay ==140 min
0.84953709 if delay ==145 min
0.8551177 if delay ==150 min

0.86073421 if delay ==155 min
0.86638687 if delay ==160 min
0.87207589 if delay ==165 min
0.87780151 if delay ==170 min
0.88356395 if delay ==175 min
0.88936344 if delay ==180 min



c) We estimated post-treatment probabilities of death due to bleeding (P2)
P2=P1*TE

d) We estimated the number of deaths due to bleeding avoided by tranexamic
acid.

number of deaths avoided= ) P1 — ), P2

e) Net benefit

Net benefit= bumber of deaths avoided — number of deaths due to side-effects

We considered tranexamic acid treatment within 3 hours from injury. In this time
interval, we did not find any randomised control trial reporting death due to side-

effects or any increase of non-fatal vascular occlusive events.

Net benefit = number of deaths avoided

Sensitivity analysis (Second method)

a) We estimated the baseline probabilities of death due to bleeding in the TARN
population (P1obs).

We divided death due to bleeding by treatment effect for patient treated by

tranexamic acid to estimate baseline probabilities.

Deathyps

Plobs= (Deathobs)if TXA=0 + ( TE )Lf X A=t

Deathobs= early death with evidence of haemorrhage

b) We estimated post-treatment probabilities of deaths due to bleeding (P2)
P2=Plobs * TE

c) We estimated the number of deaths due to bleeding avoided by tranexamic
acid.
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number of deaths avoided =) P1 — ) P2

d) Net benefit

Net benefit = number of deaths avoided — number of deaths due to side-effects

We considered tranexamic acid treatment within 3 hours from injury. In this time
interval, we did not find any randomised control trial reporting death due to side-

effects or any increase of non-fatal vascular occlusive events.

net benefit = number of deaths avoided
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Appendix 5-4 Receiving operating characteristic curve for external validation of

the BATT score
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Area under ROC curve = 0.90 95% CI (0.89-0.91)
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due to bleeding.
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Appendix 5-5 Sensitivity and specificity according to the BATT score for death

T T T
10 12 14 16

0 4 6 8 18 20 22 24 26
BAT score
Threshold Sensitivity (%) | Specificity (%) | Likelihood ratio | Likelihood
+ ratio -
0 100 0 1 -

=1 100 14 1.17 0.017
=2 99 24 1.31 0.031
> 93 69 2.98 0.104
24 90 79 4.26 0.130
> 73 91 8.18 0.302
P 41 97 12.77 0.606
>10 24 99 17.37 0.770
=212 18 99 25.42 0.825
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Appendix 5-6 Calibration curve for external validation of the BATT score
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Number of deaths avoided
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Number of deaths avoided
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Appendix 5-7 Number of deaths avoided due to prehospital tranexamic acid by

BATT score
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A: Estimated number of deaths avoided based on the predicted baseline risk.

B: Estimated number of deaths avoided based on observed probabilities of death

(sensitivity analysis).
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ABSTRACT

Objective To develop and validate a prognostic model and

a simple model to predict death due to bleeding in trauma
patients.

Design Cross-sectional study with multivariable logistic
regression using data from two large trauma cohorts.
Setting 274 hospitals from 40 countries in the

Clinical Randomisation of Anti-fibrinolytic in Significant
Haemorrhage (CRASH-2) trial and 24 hospitals in the
Northern French Alps Trauma registry.

Participants 13485 trauma patients in the CRASH-2 trial
and 9945 patients in the Northern French Alps Trauma
registry who were admitted to hospital within 3hours of
injury.

Main outcome measure In-hospital death due to
bleeding within 28 days.

Results There were 815 (6%) deaths from bleeding in the
CRASH-2 trial and 102 (1%) in the Northern French Alps
Trauma registry. The full model included age, systolic blood
pressure (SBP), Glasgow Coma Scale (GCS), heart rate,
respiratory rate and type of injury (penetrating). The simple
model included age, SBP and GCS. In a cross-validation
procedure by country, discrimination and calibration were
adequate (pooled C-statistic 0.85 (95% Cl 0.81 to 0.88)
for the full model and 0.84 (95% Cl 0.80 to 0.88) for the
simple model).

Conclusion This prognostic model can identify trauma
patients at risk of death due to bleeding in a wide range
of settings and can support prehospital triage and trauma
audit, including audit of tranexamic acid use.

INTRODUCTION
Traumatic haemorrhage is responsible
for about 2million deaths each year and
is a leading cause of preventable death in
trauma.'™ Early administration of tranexamic
acid given within 3hours of injury reduces
death due to bleeding by about one-third.*
Tranexamic acid is widely included in trauma
care guidelines.”®

Nevertheless, many trauma patients who
might benefit from tranexamic acid are not
treated or are not treated soon enough.’
Despite an increase in tranexamic acid use
after regionalisation of trauma services in
England, 42% of bleeding trauma patients did

Strengths and limitations of this study

“ybuAdoo Aq parosioid 1sanb Aq 6T0Z aunc € uo jwod g uadolwgy/:dny woly papeojumod ‘6T0Z AeN 82 U0 £28920-8T0Z-uadolwag/9eTT 0T Se payslignd 1s4iy :uado CING

» While there are models that predict all-cause mor-
tality for trauma, this prognostic model is the first to
identify trauma patients from a wide range of set-
tings at risk of death due to bleeding.

» We used a rigorous innovative method to develop
and validate this prognostic model with an inter-
nal—external cross-validation method based on data
from 41 countries to ensure that the result is widely
applicable.

» This model can support clinical decision-making for
prehospital triage and for identifying population to
audit to help implementation of effective interven-
tion such as tranexamic acid.

» As the objective of this model was to identify
the population at risk of death due to bleeding, dis-
crimination showed a good ability and homogenous
results across countries.

» Due to narrow range in the case-mix of some coun-
tries, we observed statistical heterogeneity in terms
of calibration.

not receive it.” There are many ways to increase
adherence to guidelines, ranging from educa-
tion to financial incentives and regulation.’
Audit and feedback are particularly effective
and have helped increase the timely use of
reperfusion therapies in patients with myocar-
dial infarction and stroke.'""" Audit and feed-
back are also important in trauma care,' 1
Prognostic models estimate the risk of death
for each patient and allow us to target the
population to audit. We can also calculate a
clinical score that can be used for initial triage.
To allow the audit of tranexamic acid use in
trauma patients, we developed and validated a
prognostic model to predict the risk of death
due to bleeding based on information available
at the first clinical assessment.

METHODS

Study population

We used data from two large multicentre
studies to develop a widely applicable

BM)
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prognostic model for death due to bleeding in trauma
patients: an international randomised control trial (The
Clinical Randomisation of Anti-fibrinolytic in Significant
Haemorrhage [CRASH-2] trial) and the Northern French
Alps Trauma registry.'” '

The CRASH-2 trial included patients from 274 hospi-
tals in 40 countries from 2005 to 2010. Patients with or at
risk of significant bleeding within 8 hours of injury were
included. Since tranexamic acid is effective only within
3hours of injury, we excluded patients treated beyond
3hours.

The Northern French Alps trauma registry, part of
the Northern French Alps trauma system (TRENAU),
includes 24 hospitals and 16 prehospital mobile inten-
sive care units from 3 emergency medical service systems.
Patients, from 2009 t02016, with major trauma according
to the triage rules of the American College of Surgeons
were included."” We excluded patients with cardiac arrest
at the scene of the injury.

Outcome and variable selection

The primary outcome was in-hospital death due to
bleeding within 28 days. In the CRASH-2 trial, the clini-
cian responsible recorded the cause of death. In the
Northern French Alps registry, two trauma surgeons and
two emergency physicians reviewed the records of all
patients who died to determine the cause of death. We
selected potential predictors from the CRASH-2 trial data
collected before randomisation. We focused on the data
available in the prehospital setting or on hospital admis-
sion in the Northern French Alps Trauma registry. These
data included demographic characteristics (age, sex),
physiological parameters (systolic blood pressure (SBP),
heart rate (HR), respiratory rate (RR), Glasgow coma
scale (GCS)) and the mechanism of injury (blunt or pene-
trating) . All variables could be assessed at the first clinical
assessment and were available in hospital records. Phys-
iological variables were the first measures recorded. We
also included treatment by tranexamic acid and country
income level (high, middle or low income). Treatment
by tranexamic acid was included in the equation for
statistical adjustment. The coefficient for tranexamic
acid treatment was constrained in the model equation to
obtain a prediction before treatment at the first clinical
assessment. Therefore, we used the entire dataset and not
just the placebo arm of the CRASH-2 randomised trial.
We assessed the importance of each predictor with the
partial R* statistic that estimates the variability of the
outcome explained by the predictor. We developed two
models. A full model that included all potential predic-
tors and a simple model.

Model development

We used multivariable logistic regression with random
effects by country to identify predictors of death due to
bleeding. Continuousvariableswere included in the model
as linear terms. We assessed departures from linearity by
plotting the risk of death against continuous variables

and added quadratic and cubic terms to the model for all
continuous variables that showed a non-linear relation-
ship graphically. The GCS was used as a continuous vari-
able. We used a backward stepwise method by including
all variables, quadratic and cubic terms and plausible
interactions between the mechanism of injury and SBP,
between the mechanism of injury and GCS, and between
age and SBP. We then removed, one at a time, variables for
which there was no evidence of association (p>0.05) from
the Wald test. We also used the Least Absolute Shrinkage
and Selecting Operator (LASSO) method to check that
variable selection obtained by the ordinary least squares
method was similar.*’

Model performance

We assessed the model performance in terms of discrim-
ination and calibration. Discrimination was assessed with
the Cstatistic and the receiving operating character-
istic curve.”’ Calibration was assessed as the difference
between mean observed and predicted probabilities (cali-
bration in the large) and by plotting observed outcome
and predicted probabilities by decile of the predicted risk
of death and with a non-parametric smooth function.?
We estimated the calibration slope based on the linear
predictor of each model. A calibration slope of 1 and an
intercept of 0 indicates perfect calibration. The overall
calibration was summarised by the ratio of expected and
observed number of events (E/O) with an ideal value of
1.* A value <1 indicates an underprediction and a value >
1 indicates an overprediction.

Model validation

We performed internal validation to estimate the statistical
optimism of the final model. We drew 200 bootstrapped
samples of 23402 patients. We developed a model in
each bootstrapped sample including variable selection.
We estimated the C-statistic in each bootstrapped sample
and assessed the performance of each model in the orig-
inal sample. Optimism was estimated as the mean of the
difference between the C-statistic of the bootstrap sample
and the C-statistic in the original sample. We subtracted
optimism from the C-statistic of the model developed
in the original sample to obtain the optimism-corrected
C-statistic.

We also conducted an internal-external validation.
We performed a cross-validation procedure where we
selected countries with a sample size > 300.% ¥ We left
out one country in turn and developed models using
the same predictors in the remaining countries and esti-
mated the discrimination and calibration in the omitted
country. C-statistics, calibration slope and overall calibra-
tion for each country were pooled with random effects.
We assessed heterogeneity with I statistics and by testing
interaction between calibration slope and country.

24-26

Missing data
There was no loss to follow-up in the CRASH-2 trial
and <0.3% in the Northern French Alps Trauma registry.
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Table 1 Characteristics of the CRASH-2 trial patients

All patients Alive All causes of death Death due to
Missing (%) n=13485 n=11404 n=2081 bleeding n=815
Age, median (IQR) 0 30 (24-42) 30 (23-41) 34 (25-46) 32 (25-45)
SBP, median (IQR) 2 90 (80-110) 95 (80-110) 80 (70-100) 77 (60-90)
HR, median (IQR) 1 106 (92-120) 105 (90-120) 112 (98-128) 116 (100-130)
RR, median (IQR) 1 22 (20-26) 22 (20-26) 24 (20-30) 24 (20-30)
GCS, n (%) 0
3-8 2125 (16%) 1030 (9%) 1094 (53%) 360 (35%)
9-12 1784 (13%) 1451 (13%) 332 (16%) 171 (21%)
13-15 9578 (71%) 8918 (78%) 654 (31%) 360 (44%)
Penetrating Injury, n (%) O 6874 (51%) 5958 (52%) 916 (44%) 485 (60%)

CRASH-2, Clinical Randomisation of Anti-fibrinolytic in Significant Haemorrhage; GCS, Glasgow Coma Scale; HR, heart rate (bpm); RR,

respiratory rate (bpm); SBP, systolic blood pressure (mm Hg).

There were 0% to 2% missing values for predictors in
the CRASH-2 trial and 0% to 5% in the Northern French
Alps Trauma registry. We performed multiple imputa-
tion by chained equations to fill in the missing values
of predictors.”® We generated 20 imputed datasets. We
imputed 2253 missing values (1.6%) for 1317 incomplete
observations.

Patient and public involvement statement
Patients were not involved in the research question and in
the design of the study.

All analyses were performed using STATA software
V.14.0; and R software V.3.4.3 (R foundation for statistical
computing).

RESULTS

We included 23430 trauma patients in the study (13485
in the CRASH-2 trial and 9945 in the Northern French
Alps registry, tables 1 and 2). In both the CRASH-2
and Northern French Alps cohorts, the patients were
mostly men with a median age of 30 and 35 years respec-
tively. Patients who died from bleeding had lower SBP,
lower GCS scores and higher HRs. Penetrating injury was
more frequent in the CRASH-2 trial patients (51%) than
in the Northern French Alps (5%). Eight hundred and
fifteen patients (6%) died from bleeding in the CRASH-2
trial and 102 (1%) in the Northern French Alps cohorts
(table 3). Half of the Northern French Alps patients had

Table 2 Characteristics of the Northern French Alps registry

All causes of Death due to

Missing (%) All patients n=9945 Alive n=9256 death n=661 bleeding n=102

Age, median (IQR) <1 36 (22-53) 35 (22-51) 58 (31-73) 51 (31-68)
SBP, median (IQR) 3 124 (110-140) 125 (111-140) 116 (80-140) 83 (60-110)
HR, median (IQR) 4 84 (74-100) 85 (75-100) 84 (60-110) 97 (60-120)
RR, median (IQR) 4 16 (15-20) 16 [15--20] 15 (14-20) 17 (11-25)
GCS, n (%) 3

3-8 1170 (12) 718 (8) 449 (70) 51 (52)

9-12 500 (5) 452 (5) 48 (7) 10 (10)

13-15 7984 (83) 7813 (87) 148 (23) 37 (38)
Penetrating injury <1 554 (6) 508 (6) 45 (7) 16 (16)
Injury severity Score, n 2
(%)

0-8 2738 (28) 2723 (30) 14 (2) 1(1)

9-15 2480 (26) 2450 (27) 26 (4) 6 (6)

16-24 2081 (21) 2008 (22) 68 (11) 15 (15)

25-34 1778 (18) 1453 (16) 316 (49) 36 (36)

>35 686 (7) 465 (5) 221 (34) 41 (41)

GCS, Glasgow Coma Scale; HR, heart rate (bpm); RR, respiratory rate (bpm); SBP, systolic blood pressure (mm Hg).
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Table 3 Risk of death and intervention

Northern French

CRASH-2  Alps Trauma
n (%) registry n (%)
Death due to bleeding 815 (6) 102 (1)
Overall death 2081 (15) 661 (7)
Admission in ICU 5354 (40) 4205 (42)
Surgical procedure 6608 (49) 2691 (27)
Surgical procedure for 916 (7) 1251 (12)*
bleeding
Blood transfusion, 6506 (48) 1054 (11)
ICU median day (IQR) 3 (1-7) 4 (2-10)

*including embolisation
CRASH-2, Clinical Randomisation of Anti-fibrinolytic in Significant
Haemorrhage; ICU, intensive care unit.

8

an Injury Severity Score (ISS) of 16 or more and three
quarters had an ISS of 9 or more.

Figure 1 shows the relationships between the potential
predictors and death due to bleeding. The risk of death
due to bleeding was higher with higher age, lower SBP
and lower GCS. HR and RR showed U-shaped relations.
The predictors included in the full model were age, SBP,
GCS, HR, RR and the mechanism of injury. Sex and
country income were not associated with death due to
bleeding in multivariable analysis (online supplemen-
tary 1 and 2). The LASSO method gave similar results.
Age, SBP and GCS had the strongest prognostic value
according to partial R®. The performance of the model
development showed good discrimination with C-statis-
tics of 0.88 (0.87 to 0.89) and 0.87 (0.86 to 0.88) for the
full and simple models respectively (table 4). Calibra-
tion was good with no differences between observed and
predicted deaths due to bleeding, except for high-risk
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Figure 1 Relationship between death due to bleeding and potential predictors.
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Table 4 Model performance, internal and internal-external validation.

Full model

Simple model

Internal-external

Internal-external

Development validation* Development validation*
n=23402 n=22422 n=23402 n=22422
C- statistic (AUC) 0.88 (0.87-0.89) 0.85 (0.81-0.88) 0.87 (0.86-0.88) 0.84 (0.80-0.88)
Calibration-in-the-larget <0.1 <0.1 <0.1 0.3 (0.1-0.6)

Calibration slope 1.01 (0.96-1.07)
E/O 1.02 (0.96-1.08)

1.07 (0.91-1.14)
0.93 (0.71-1.15)

1.04 (0.98-1.09)
0.98 (0.92-1.04)

1.12 (0.95-1.29)
0.91 (0.82-0.99)

*Internal-external validation based on pooled data with random effect obtained by cross validation from 13 countries (each with n>300). Every
country is left out once for validation of a model based on the remaining countries.

tCalibration-in-the-large showed difference between observed and predicted death due to bleeding.

AUC, area under the curve (C-statistic); E/O: expected/observed number of deaths due to bleeding.

patients (n=138) in whom the risk was over-estimated
above a predicted probability of 0.5 (figure 2). Bootstrap
resampling showed negligible model optimism of 0.0023
and gave an optimism-corrected performance that was
unchanged with a C-statistic of 0.88 and 0.87 for the full
and simple models. At internal-external cross-validation,
the C-statistic ranged from 0.80 to 0.94, except for India
with a C-statistic of 0.72 (figure 3). The pooled C-statis-
tics were 0.85 (0.81 to 0.88) and 0.84 (0.80 to 0.88) for
the full and simple models respectively (table 4). Pooled
calibration slope was 1.07 (0.91 to 1.24) and 1.12 (0.95
to 1.29). Calibration slope and overall calibration showed
heterogeneity, especially for Iraq, Georgia and Indonesia
(figures 4 and 5). We found a significant interaction
between calibration slope and country (p<0.001).
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DISCUSSION

Main findings

We developed and internationally validated a prog-
nostic model to predict death due to bleeding in trauma
patients. The model showed good discrimination and
calibration in a wide range of settings. By using clinical
parameters that can be assessed at the site of injury and
available in hospital records, we can accurately estimate
the risk of death due to bleeding in a population with
major trauma.

STRENGTHS AND LIMITATIONS
This study has several strengths. We used data from
well-described inception cohorts of bleeding trauma
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Figure 2 Calibration curves for model development. AUC, area under the curve.

Ageron F-X, et al. BMJ Open 2019;9:€026823. doi:10.1136/bmjopen-2018-026823

“ybuAdoo Aq parosioid 1sanb Aq 6T0Z aunc € uo jwod g uadolwgy/:dny woly papeojumod ‘6T0Z AeN 82 U0 £28920-8T0Z-uadolwag/9eTT 0T Se payslignd 1s4iy :uado CING


http://bmjopen.bmj.com/

Full
model n AUC (95% Cl) Weight(%)
Colombia n=2237 ' 0.80 (0.77-0.83) 8.7
Cuba  n=427 —— 0.83(0.75-0.90) 6.8
Ecuador n=819 —— 0.80 (0.75-0.86) 7.75
Egypt  n=2098 _|._ 0.85 (0.79-0.91)  7.49
Georgia n=1344 , - 094(0.90-098) 841
India n=2115 - 0.72 (0.67-0.77) 8.12
Indonesia n=495 '  0.90(0.86-0.95) 8.12
Iraq n=392 :—I— 0.89 (0.85-0.94) 8.27
Mexico  n=353 —— 0.82(0.76-0.86) 7.35
Nigeria  n=1488 . o 0.82 (0.79-0.86) 8.62
Peru n=317 + 0.84 (0.76-0.92) 6.52
Thailand n=420 —— 0.82 (0.70-0.94) 4.93
France  n=9917 ' M  092(0.90-0.95) 892
Pooled  n=22 422 <> 0.85 (0.81-0.88) 100
| I | |
4 .6 .8 1 12 =88%

Simple

model n AUC (95% Cl) Weight(%)
Colombia n=2237 ' 0.80 (0.76-0.83) 8.77
Cuba  n=427 —u— 0.83 (0.74-0.91) 6.38
Ecuador n=819 —l- 0.81 (0.75-0.86) 7.89
Egypt  n=2098 -l 0.85 (0.79-0.91) 7.65
Georgia n=1344 | 4 094(091-098) 87

India n=2115 - 0.72 (0.68-0.77) 8.18
Indonesia n=495 ILI— 0.89 (0.84-0.93) 8.27
Iraq n=392 , - 0091(0.87-096) 82
Mexico n=353 —— 0.83 (0.76-0.89) 7.33
Nigeria n=1488 e B 0.81(0.77-0.84) 8.7
Peru  n=317 —— 0.84 (0.77-0.91) 7.2
Thailand n=420 = 0.77 (0.63-0.91)  4.05
France n=9917 0.90 (0.86-0.93) 8.7
Pooled n=22 422 0.84 (0.80-0.88) 100

| |
4 .6

.

2

'(x)—
—_

> =87%

Figure 3 Internal-external cross-validation C-statistics by countries. AUC, area under the curve.
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Full Calibration
model n slope (95% Cl) Weight(%)
Colombia n=2237 B 0.82 (0.69-0.95) 10.55
Cuba  n=427 —— 1.03 (0.65-1.40) 7.01
Ecuador n=819 —-— 1.14 (0.88-1.40) 8.69
Egypt  n=2098 —- 1.34 (1.07-1.61) 8.57
Georgia n=1344  — 1.72 (1.32-2.11) 6.82
India n=2115 B : 0.60 (0.45-0.76) 10.25
Indonesia n=495 —i— 1.57 (1.03-2.11) 5.03
Iraq n=392 | —————— B> 3.14 (2.03-4.25) 1.79
Mexico  n=353 —— 0.95 (0.62-1.29) 7.63
Nigeria ~ n=1488 -.-: 0.91 (0.75-1.07) 10.19
Peru n=317 —— 1.17 (0.69-1.66) 5.65
Thailand  n=420 —-— 0.98 (0.59-1.36) 6.94
France ~ n=9917 K 0.82(0.73-0.92) 1088
Pooled  n=22 422 <> 1.07 (0.91-1.24) 100

T | T T

0o 5 1 2 > =83%
Simple Calibration
model n slope (95% Cl) Weight(%)
Colombia n=2237 B 0.79 (0.66-0.91) 1063
Cuba n=427 —— 1.1 (0.71-1.50) 7.06
Ecuador n=819 —-— 1.16 (0.89-1.42) 8.9
Egypt n=2098 —— 1.49 (1.17-1.81) 8.05
Georgia  n=1344 o —— 2.05 (1.56-2.53) 5.91
India n=2115 . B ; 0.71 (0.53-0.90) 9.95
Indonesia n=495 -—— 1.57 (1.00-2.14) 5.01
Iraq n=392 : ————8—> 3.13(2.08-4.18) 2.15
Mexico  n=353 —— 0.95 (0.64-1.31) 7.86
Nigeria ~ n=1488 B : 0.89 (0.73-1.05) 10.23
Peru n=317 —u— 1.14 (0.67-1.61) 6.1
Thailand  n=420 —— 0.84 (0.47-1.21) 7.37
France  n=9917 H 0.89 (0.78-1.00) 10.79
Pooled  n=22 422 <> 1.12 (0.95-1.29) 100

T T T T

0o 5 1 2 2 =83%

Figure 4 Internal-external cross-validation of calibration slope by countries.
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Full

model n E/O (95% Cl) Weight(%)
Colombia n=2237 -:-I— 1.00 (0.87-1.14) 8.39
Cuba n=427 —— 0.78 (0.49-1.06) 7.56
Ecuador n=819 —i— 0.94 (0.75-1.14) 8.1
Egypt n=2098 —:—I— 1.08 (0.80-1.37) 7.54
Georgia  n=1344 —— 1.05 (0.74-1.36) 7.4
India n=2115 —i— 1.00 (0.81-1.19) 8.13
Indonesia n=495 i 0.95 (0.57-1.33) 6.91
Iraq n=392 S : 0.28 (0.20-0.36) 8.57
Mexico n=353 —— 0.90 (0.62-1.18) 7.59

Nigeria  n=1488 —— 0.85 (0.72-0.97) 8.42
Peru n=317 ﬂ 0.91 (0.54-1.27) 6.97
Thailand  n=420 L 0.96 (0.57-1.36) 6.76
France  n=9917 e —— 1.44 (1.16-1.71)  7.64
Pooled n=22 422 <> 0.93 (0.71-1.15) 100

T T 1 T

0 5 1 2 122949
Simple
model n E/O (95% Cl) Weight(%)
Colombia  n=2237 —- 0.87(0.75-0.98)  8.22
Cuba n=427 —— 0.70 (0.45-0.96) 7.11
Ecuador n=819 —i— 0.86 (0.68-1.03) 7.9
Egypt n=2098 —:'I— 0.97 (0.71-1.24) 7.79
Georgia  n=1344 —— 1.04 (0.73-1.35) 7.94
India n=2115 —i— 0.93 (0.75-1.10) 8.07
Indonesia n=495 i 0.95 (0.57-1.32) 7.04
Iraq n=392 + 0.92 (0.67-1.18) 7.06
Mexico  n=353 —— 0.84 (0.58-1.10) 7.55
Nigeria  n=1488 —l+ 0.82 (0.70-0.95)  8.13
Peru n=317 —— 0.85 (0.51-1.20) 7.32
Thailand  n=420 i 0.90 (0.53-1.27) 7.54
France  n=9917 —a— 113(0.91-1.34)  8.32
Pooled  n=22422 <> 0.91 (0.82-0.99) 100

T T T T

0 5 1 2 |2=0°/o

Figure 5 Internal-external cross-validation overall calibration expected and observed number of deaths due to bleeding (E/O)
by countries.
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patients with or at risk of significant haemorrhage. Prog-
nostic factors collected correspond to the first measure
recorded after injury. Unlike previous studies, loss to
follow-up was minimal.* We used a well-defined outcome
at a fixed time point after injury. These strengths help
ensure the internal validity of the model.

We developed our model in a large international
cohort with patients from 40 countries and a large trauma
registry. This helps to ensure that our results are widely
applicable. We did not split the data randomly or use
separate derivation and validation cohorts. Because the
number of outcome events is the limiting factor in prog-
nostic studies, we used the full dataset with more than
900 traumatic deaths due to bleeding to ensure accurate
prediction and strengthen internal validity. Splitting the
data could have led to a pessimistic and unstable estimate
of performance.” For this reason, we did not perform
splitsample validation and preferred to perform inter-
nal-external cross-validation that has been recommended
for assessing generalisability.”* We also performed
boostraping that helps to estimate the model optimism.
However, we welcome further external validation in
different trauma cohorts by different authors.”

Our study also has limitations. We cannot rule out
misclassification of the outcome. The cause of death
can be difficult to determine, especially in late bleeding
deaths that could be confused with thrombotic dissem-
inated intravascular coagulation (DIC).% If deaths due
to DIC were misclassified as deaths due to bleeding, this
might underestimate the effect of SBP, HR or RR in this
model.

Another limitation was the potential for measurement
error in prognostic factors. The use of a single measure-
ment for blood pressure rather than the average of several
measurements could lead to error and regression dilution
bias.”® The regression line between outcome and predictor
is fitted in order to minimise the distance between each
point and the line. The random error of the predictor
increases the distance to the regression line and under-
estimates the effect of the predictor by flattening the
regression line.” This may explain the over-prediction
in high risk patients. Patients with haemorrhagic shock
and haemodynamic instability are more likely to have
blood pressure variation and, hence, measurement error.
This over-prediction occurred only for trauma patients
with a very high predicted risk of death due to bleeding
(above 0.45), representing <0.6% of the study population
(n=138). In these very high-risk patients, precise quantifi-
cation of the risk of death is unlikely to influence clinical
decisions. On the other hand, accurate prediction is clini-
cally important in low-risk patients, as, for example, it may
determine who receives tranexamic acid.

Finally, we observed heterogeneity of performance
across countries. We note that the discriminative ability is
affected by miscalibration and case-mix.”® The relatively
poor C-statistic in India could be explained by the combi-
nation of calibration slope below 1 and a relatively homog-
enous case-mix. On the other hand, the high C-statistic in

France reflected that the Northern French Alps trauma
registry selected a more heterogeneous case-mix popula-
tion with major trauma. We acknowledge that this model
is suitable for a population similar to that used in this
study, such as a population with major trauma.

Implications of study

Our prognostic model provides a way of identifying
trauma patients with or at risk of significant haemor-
rhage based on predicted probabilities of death due to
bleeding. Quality improvement programmes could use
this model to estimate the individual risks of death due to
bleeding in a trauma population. Based on these predic-
tions, a trauma audit could determine a threshold for
patients with ‘significant haemorrhage’ who should be
treated with tranexamic acid. The threshold used may
depend on effectiveness, cost and safety considerations.
According to European guidelines for the management
of traumatic bleeding, tranexamic acid is supported by
the highest level of evidence (grade 1A).°> Tranexamic
acid costs about one pound per patient and has no serious
adverse effects. For these reasons, a low predicted risk of
bleeding death might be used in trauma audit.

An internet application has been prepared using our
simple model for use in the prehospital setting (www.
evidencio.com). This could help paramedics decide who
should receive tranexamic acid at the scene of injury. It
could also be useful in prehospital triage. Some previ-
ously proposed trauma scores predict all-cause mortality
or massive transfusion.”” *** Ours is the only model that
predicts death due to bleeding. Because bleeding is the
leading cause of preventable death, the model might
become an essential tool for identifying patients needing
urgent interventions such as damage control surgery and
multispeciality critical care. It could also help identify
patients who need to be transported directly to a regional
trauma centre or for whom massive transfusion protocol
needs to be activated before they arrive at the hospital.

A prognostic model predicting all-cause mortality was
developed previously using CRASH-2 data.”® However,
traumatic deaths can result from many different patho-
physiological mechanisms. For example, both high and
low SBP predict death from all causes but only low blood
pressure predicts death due to bleeding. The association
of high blood pressure with all-cause mortality is likely to
reflect deaths from traumatic brain injury. By combining
different mechanisms of death, predictions based on
all-cause mortality could misclassify the risk of death from
bleeding.

FUTURE STUDIES

Our models may facilitate stratification of clinical trial
populations into risk categories at baseline. Future
studies may examine if and how the effect of tranexamic
acid varies with baseline risk and model the health impact
of different treatment strategies.
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Supplement 1. Equation for predicting death due to bleeding (Simple and full model).

Simple model:

Predicted probability of death due to bleeding= 1t1e-S

Where S=0.604 + Intercept_by_country + (0.056 x Age) — (1.4e x Age?) + (1.2e™ x Age®) + (0.010 x
SBP) — (4.7e™* x SBP?) + (1.5e x SBP*®) — (0.614 x GCS) + (0.071 x GCS?) — (2.8e x GCS?)

Full model

1
1+e~F

Predicted probability of death due to bleeding=

Where F= 0.534 + Intercept_by_country + (0.061 x Age) — (1.4e3 x Age?) + (1.2e™ x Age®) + (0.023 x
SBP) — (5.4e-04 x SBP?) + (1.6e® x SBP?) — (0.634 x GCS) + (0.074 x GCS?) — (2.9¢e® x GCS®) — (8.6e3 x
HR) + (1.0e-04 x HR?) — (0.171 x RR) + (0.006 x RR?) — (5.4e® x RR?)

NB: coefficient for treatment by tranexamic acid was not included in the equation at baseline.

To predict death due to bleeding after treatment by tranexamic acid, add (-0.325 x TXA) for simple model (S
equation) and (-0.336 x TXA) for full model (F equation).



Supplement 2. Internal-external validation by study.

CRASH-2 Trial Northern French Alps Registry
OR (95%Cl) P-VALUE OR (95%Cl) P-VALUE

Simple model® N=13,245 N=9,296

Age 1.09 (1.00-1.20) 0.049 1.01 (0.90-1.13) 0.814
Age? 0.99 (0.99-1.00) 0.028 1.00 (1.00-1.00) 0.901
Age® 1.00 (1.00-1.00) 0.009 0.99 (0.99-1.00) 0.908
SBP 1.03 (0.99-1.06) 0.115 1.03 (1.00-1.05) 0.040
SBP? 0.99 (0.99-1.00) <0.001 0.99 (0.99-1.00) <0.001
SBP3 1.00 (1.00-1.00) <0.001 1.00 (1.00-1.00) <0.001
GCS 0.62 (0.39-0.99) 0.050 0.34 (0.09-1.28) 0.111
GCS? 1.05 (1.00-1.12) 0.066 0.99 (0.97-1.35) 0.104
GCS® 0.99 (0.99-1.00) 0.038 0.99 (0.99-1.00) 0.074
TXA 0.72 (0.63-0.87) <0..001 -

Full model® N=13,086 N=9,012

Age 1.07 (0.98-1.17) 0.136 1.04 (0.92-1.18) 0.535
Age? 0.99 (0.99-1.00) 0.095 0.99 (0.99-1.00) 0.881
Age® 1.00 (1.00-1.00) 0.038 1.00 (1.00-1.00) 0.906
SBP 1.06 (1.02-1.10) 0.003 1.04 (1.00-1.09) 0.062
SBP? 0.99 (0.99-1.00) <0.001 0.99 (0.99-1.00) 0.001
SBP3 1.00 (1.00-1.00) <0.001 1.00 (1.00-1.00) <0.001
GCS 0.62 (0.38-1.02) 0.062 0.54 (0.13-2.29) 0.403
GCS? 1.05 (1.00-1.12) 0.089 1.08 (0.90-1.30) 0.383
GCS® 0.99 (0.99-1.00) 0.068 0.99 (0.99-1.00) 0.303
HR 0.98 (0.96-1.00) 0.043 1.02 (0.99-1.05) 0.248
HR? 1.00 (1.00-1.00) 0.001 1.00 (1.00-1.00) 0.840
RR 0.79 (0.71-0.87) <0.001 0.65 (0.54-0.78) <0.001
RR? 1.01 (1.00-1.01) <0.001 1.02 (1.01-1.03) <0.001
RR? 0.99 (0.99-1.00) <0.001 0.99 (0.99-1.00) 0.002
Penetrating injury 1.14 (0.94-1.37) 0.188 2.54 (1.21-5.34) 0.689
TXA 0.72 (0.61-0.85) <0.001 -

SBP: Systolic blood pressure (mmHg); GCS: Glasgow Coma Scale ; HR: Heart Rate (bpm); RR: Respiratory Rate

(bpm).

2: Simple and full model were applied using the model developed in the complete database.
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O This article is accompanied by an editorial: Tranexamic acid: the king is dead, long live the king! by Lier & Shander, Br ] Anaesth
2020:124:659—662, doi: 10.1016/j.bja.2020.02.015

Abstract

Background: Early administration of the antifibrinolytic drug tranexamic acid reduces death from bleeding in trauma and
postpartum haemorrhage. We examined how the effectiveness and safety of antifibrinolytic drugs varies by the baseline
risk of death as a result of bleeding.

Methods: We performed an individual patient-level data meta-analysis of randomised trials including more than 1000
patients that assessed antifibrinolytics in acute severe bleeding. We identified trials performed between January 1, 1946
and July 5, 2018 (PROSPERO, number 42016052155).

Results: Two randomised trials were selected where 28 333 patients received tranexamic acid treatment within 3 h after
the onset of acute bleeding. Baseline characteristics to estimate the risk of death as a result of bleeding were divided into
four categories: Low (0—5%), intermediate (6—10%), high (11—20%), and very high (>20%). Most patients had a low baseline
risk of death as a result of bleeding (23 008 [81%)]). Deaths as a result of bleeding occurred in all baseline risk categories
with 240 (1%), 202 (8%), 232 (14%), and 357 (30%) deaths in the low-, intermediate-, high-, and very high-risk categories,
respectively. The effectiveness of tranexamic acid did not vary by baseline risk when given within 3 h after bleeding
onset (P=0.51 for interaction term). There was no increased risk of vascular occlusive events with tranexamic acid and it
did not vary by baseline risk categories (P=0.25).

Conclusions: Tranexamic acid appears to be safe and effective regardless of baseline risk of death. Because many deaths
are in patients at low and intermediate risk, tranexamic acid use should not be restricted to the most severely injured or
bleeding patients.

Keywords: antifibrinolytics; bleeding; coagulopathy; mortality; postpartum haemorrhage; trauma

e The study shows that many deaths from bleeding are in

Editor’s key points patients at low or intermediate risk.

e This meta-analysis investigated how the effectiveness o The effectiveness of tranexamic acid seems not to vary
and safety of tranexamic acid varies by the baseline risk by the baseline risk of patients.
of death as a result of acute bleeding. e Tranexamic acid should therefore not be limited to the

most severely injured or bleeding patients.
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The Anti-Fibrinolytic Trials Collaboration previously pub-
lished a meta-analysis of individual patient data showing that
early administration of tranexamic acid safely reduces death
from acute severe bleeding.’ When given soon after bleeding
onset, tranexamic acid reduces the relative risk of death as a
result of bleeding by about one-third. Early tranexamic acid
treatment is widely recommended in treatment guidelines for
acute severe bleeding, including postpartum haemorrhage
and major trauma.” *

Many guidelines, especially those for trauma, focus on the
use of tranexamic acid in severely injured patients with a high
risk of death from bleeding.>® Although these patients have
much to gain from tranexamic acid treatment, they are few in
number and many die at the scene.” Because there are many
more patients with less severe injuries and a lower risk of
death from bleeding, if tranexamic acid was similarly effec-
tive, prompt treatment of these patients could prevent many
deaths. We examined how the effectiveness and safety of
antifibrinolytic drugs vary by the baseline risk of death as a
result of bleeding.

Methods
Design and selection criteria

We conducted an individual patient data meta-analysis of
randomised, placebo-controlled trials conducted between
January 1, 1946 and July 5, 2018. The methods and the selection
criteria were described previously.! The study protocol was
registered in November 2016 (PROSPERO, number
42016052155).% Any randomised trial with more than 1000
patients that assessed the effects of antifibrinolytic drugs
(aprotinin, tranexamic acid, aminocaproic acid, and amino-
methylbenzoic acid) in patients with acute bleeding was
eligible for inclusion. We identified trials from a permanent
register of antifibrinolytic trials maintained by the London
School of Hygiene and Tropical Medicine Clinical Trials Unit.
The register is based on searches of MEDLINE, Embase, the
Cochrane Central Register of Controlled Trials, Web of Science,
PubMed, Popline, and the WHO International Clinical Trials
Registry Platform (Supplementary file S1). Three reviewers
(AG-A, KK, F-XA) independently extracted data. We selected
trials recruiting patients with acute bleeding at the time of
randomisation (treatment trials). We excluded patients who
were randomised more than 3 h after bleeding onset, since
previous studies have shown that antifibrinolytics are inef-
fective after this period. We prepared a statistical analysis plan
before searching for trials. Patients and the public were not
involved in the research.

Outcome

The primary outcome was death as a result of bleeding. This is
the most relevant primary outcome given the mechanism of
action of antifibrinolytic drugs. All-cause mortality includes
non-bleeding related deaths, such as sepsis, that should not be
affected by antifibrinolytics. Because these deaths could dilute
the treatment effect, important benefits or harms could be
obscured in all-cause mortality.” Moreover, because the rela-
tive contributions of non-bleeding deaths will vary between
populations, all-cause mortality is not widely generalisable.
Secondary outcomes were fatal and non-fatal vascular occlu-
sive events (myocardial infarction, stroke, pulmonary embo-
lism, and DVT).

Data analysis

We evaluated the quality of included trials by assessing
sequence generation, allocation concealment, blinding, data
completeness, and risk of selective reporting. Analysis was
based on individual patient-level data. We estimated the
baseline risk of death as a result of bleeding separately for each
trial. We used prognostic models to predict the baseline risk
using multivariate logistic regression. We used a previously
published prognostic model for trauma.'? Because there were
no suitable prognostic models for postpartum haemorrhage,
we used the same method to develop a prognostic model for
postpartum haemorrhage. We only used baseline characteris-
tics collected before randomisation as predictors. To improve
the precision of our models, we included all trial participants
from the treatment and placebo groups.’! We included all po-
tential predictors at baseline and adjusted for the use of anti-
fibrinolytic drugs. We included linear and polynomial terms for
continuous variables. We used the backward stepwise method
and removed one at a time, variables for which there was no
evidence of association (P-value for the Wald test >0.05). To
estimate the risk at baseline, the coefficient for antifibrinolytic
drugs was constrained at O in the equation. We performed
sensitivity analysis that estimated the baseline risk in the pla-
cebo arm and present the results in the supplementary files.
The estimates would be less precise, but may avoid misclassi-
fication from assuming a constant effect of tranexamic acid.
The predicted baseline risk of death as a result of bleeding was
estimated for each trial participant in both treatment groups.
For each prognostic model, we assessed the performance by
estimating discrimination and calibration. Discrimination
represents the ability of the model to identify a patient with the
outcome of interest and is evaluated by the concordance sta-
tistic (C-Statistic). Calibration represents the agreement be-
tween predicted and observed risk. On the basis of the
predicted baseline risk, participants were assigned to one of the
four baseline categories of risk of death as a result of bleeding:
0—5% (low); 6—10% (intermediate); 11-20% (high), and >20%
(very high). The categories were chosen because they were
clinically relevant, easy to understand (using a base of 5 or 10),
and consistent with previous studies.'>!*

All analyses were done according to the intention-to-treat
principle. We reported continuous variables as mean (stan-
dard deviation) and median (inter-quartile range). We reported
categorical variables as numbers and proportions. We plotted
frequency distributions for baseline risk in all participants and
in patients who died from bleeding. We estimated the effect of
antifibrinolytics on death as a result of bleeding within cate-
gories of baseline risk and provide crude risk ratios. We tested
the homogeneity of treatment effect across these between
categories of risk using the ¥ test. We used logistic regression
to assess the effects of antifibrinolytics on death as a result of
bleeding and reported treatment effects with odds ratios and
95% confidence interval (CI). First, we tested the homogeneity
of the treatment effect between trials by including an inter-
action term between treatment and trial and reporting the P-
value (model 1, Supplementary file S2). We hypothesised that
the treatment effect does not vary by baseline risk, unlike time
to treatment for which treatment delay reduces the treatment
benefit.! To verify the homogeneity of the effect of baseline
risk on treatment effect by time to treatment, we performed a
second model with a triple interaction between the terms for
baseline risk, the treatment group, and the time to treatment
(model 2, Supplementary file S2). Once the homogeneity of the
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treatment effect with baseline risk and time to treatment was
verified, we ran a third model to assess the homogeneity be-
tween the treatment effect and baseline risk adjusting for trial
and time to treatment (model 3, Supplementary file S2). We
reported the P-value for the interaction term between treat-
ment effect and baseline risk and plotted the treatment effects
with odds ratios and 95% CI according to baseline risk.

Missing values

There were no missing outcome data, but there were missing
values for some predictor variables. In order to estimate
baseline risks on the full dataset, we replaced missing pre-
dictors using multiple imputation with 20 imputed datasets
and adjustment of the imputation model for death as a result
of bleeding, age, systolic BP, ventilatory frequency, and Glas-
gow outcome scale.

Results

Figure 1 shows the number of records identified and the rea-
sons for exclusions. We found five completed’* '® and 10
ongoing trials*® 28 (Supplementary file $3). All trials used tra-
nexamic acid. Three trials met our inclusion criteria. The
CRASH-2 and WOMAN trials received ethics committee
approval from the London School of Hygiene and Tropical
Medicine, UK and the ethics committees of all participating
hospitals. The CRASH-2 trial included 20 211 trauma patients
and assessed the effects of tranexamic acid on death and
vascular occlusive events. Data from the CRASH-2 trial are
available via freeBIRD (free bank of injury and emergency
research data), hosted by the Clinical Trial Unit (CTU) of the
London School of Hygiene and Tropical Medicine (https://ctu-
app.lshtm.ac.uk/freebird). The WOMAN trial assessed the ef-
fects of tranexamic acid on death and serious morbidity in 20

21130 Records identified from database
searches

10 Records identified from reference lists of
included trials

v

13696Records after removing duplicates

\4

13696Records screened

A 4

13683Records excluded

15Full-text articles assessed for eligibility

12 Full-text articles excluded
10Trialsongoing trials
2 Trials because TXA was

A4

A

administered before planned
surgery

3 Trials included in qualitative synthesis

1Trial excluded because primary

A

A

outcome was unavailable

2Trials included in analysis

Fig 1. Study selection. TXA, tranexamic acid.


https://ctu-app.lshtm.ac.uk/freebird
https://ctu-app.lshtm.ac.uk/freebird

Effect of tranexamic acid | 679

060 women with postpartum haemorrhage. The TICH-2 trial
assessed the effect of tranexamic acid on death and de-
pendency in non-traumatic intracerebral haemorrhage.
Exsanguination does not normally occur in adults with cere-
bral haemorrhage. Death usually arises as a result of cerebral
injuries and high ICP. The TICH-2 trial was excluded from
analysis as it was not possible to collect the primary outcome
death as a result of bleeding. Included trials had a low risk of
bias in all domains (Supplementary file S4).

We obtained individual patient data for 28 333 participants
randomised within 3 h of the bleeding onset: 13 485 from the
CRASH-2 trial and 14 848 from the WOMAN trial (Table 1). Of
these, 14 270 participants received tranexamic acid and 14 067
received placebo. The baseline risk predictors for both models
are detailed in the Supplementary file S5. The pooled
discrimination of the prognostic models was good; C-
statistic=0.88, 95% CI (0.87—0.89). The predicted risk was
similar to the observed risk in the placebo group (ratio pre-
dicted/observed risk=1.00; 95% CI (0.92—1.07)) (Supplementary
file S6). The baseline risk was higher in trauma patients than in
women with postpartum haemorrhage. Most patients had a
baseline risk under 5% (Fig. 2). Deaths as a result of bleeding
occurred in all baseline risk categories with almost the same
number of deaths as a result of bleeding. We reported 240 (1%),
202 (8%), 232 (14%), and 357 (30%) deaths in the low-, inter-
mediate-, high-, and very high-risk categories, respectively.
Deaths as a result of bleeding occurred in all categories of
blood loss among women with postpartum haemorrhage
(Supplementary file S7). The effect of tranexamic acid did not
vary between trials (model 1: P=0.82). We found no

Table 1 Baseline characteristics of patients in participating trials.

heterogeneity in the interaction between treatment effect,
baseline risk, and time to treatment (model 2: P=0.62 for the
triple interaction). We did not find any significant interaction
between the effect of tranexamic acid on death as a result of
bleeding and baseline risk (model 3: P=0.51). Figure 3 shows
crude risk ratios by categories of baseline risk. The treatment
effect did not vary by baseline risk (Fig. 4). The risk of vascular
occlusive events was similar according to baseline risk cate-
gories (Table 2). There was no increase in fatal and non-fatal
occlusive events with tranexamic acid in any of the baseline
risk categories (Supplementary file S8).

Discussion
Main findings

Our results show that many deaths from bleeding are in pa-
tients at low or intermediate risk and that the mortality
reduction from tranexamic acid does not vary by baseline
risk. We found no evidence of any increase in vascular
occlusive events in any of the risk categories. Our study has
important strengths and some limitations. First, we selected
only randomised trials with more than 1000 patients to
reduce selection bias. Small trials contribute very little evi-
dence but could increase the risk of selection bias.?® Second,
we used a rigorous method to develop prognostic models to
predict baseline risk.>’ Specifically, baseline risk was esti-
mated using the entire dataset and not just the placebo
group. By increasing the sample size and constraining the
treatment effect in the regression equation, it improves both

CRASH-2 trial Woman trial Total
(n=13 485) (n=14 848) (n=28 333)

Predicted baseline risk, n (%)

0-5 9063 (67.2) 13 945 (93.9) 23 008 (81.2)

6-10 2011 (14.9) 481 (3.2) 2492 (8.8)

11-20 1373 (10.2) 262 (1.8) 1635 (5.8)

>20 1038 (7.7) 160 (1.1) 1198 (4.2)

Missing 0 (0.0) 0 (0.0) 0 (0.0)
Mean baseline risk (sp) 6.9 (9.5) 1.6 (4.4) 4.1(7.7)
Median baseline risk (IQR) 3.3(1.4-7.9) 0.4 (0.1-1.3) 1.3 (0.3-4.2)
Age (yr), n (%)

<25 3840 (28.5) 3973 (26.8) 7813 (27.6)

25-29 2400 (17.8) 4590 (30.9) 6990 (24.7)

30—-34 1792 (13.3) 3802 (25.6) 5594 (19.8)

>35 5453 (40.4) 2478 (16.7) 7931 (28.0)

Missing 0 (0.0) 5 (0.0) 5 (0.0)
Mean age (sp) 34.1 (14.0) 28.4 (5.7) 31.1 (10.9)
Median age (IQR) 30 (24—42) 28 (24—32) 29 (24—35)
Systolic BP (mm Hg), n (%)

<75 2074 (15.7) 1011 (6.8) 3085 (11.0)

75-89 2360 (17.8) 1563 (10.5) 3923 (14.0)

>90 8813 (66.5) 12 269 (82.7) 21 082 (75.1)

Missing 238 (1.8) 5 (0.0) 243 (0.9)
Mean systolic BP (sp) 96.6 (25.3) 101.5 (21.4) 99.2 (23.5)
Median systolic BP (IQR) 90 (80—110) 100 (90—110) 100 (90—110)
Time to treatment (h), n (%)

<1 7452 (55.3) 9220 (62.1) 16 672 (58.8)

1-3 6033 (44.7) 5628 (37.9) 11 661 (41.2)

Missing 0 (0.0%) 0 (0.0%) 0 (0.0%)
Mean time to treatment (sp) 1.5 (0.8) 1.0 (0.8) 1.3 (0.8)
Median time to treatment (IQR) 1(1-2) 0.7 (0.4—1.5) 1(0.5-2)

IQR, inter-quartile range; sp, standard deviation.
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Fig 2. Number of patients and number of deaths according to baseline risk.
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>20% 143/560 (25.5%) 214/638 (33.5%)
All patients 434/14 270 (3.0%) 597/14 063 (4.3%)
I
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Fig 3. Effect of tranexamic acid on death as a result of bleeding by baseline risk. CI, confidence interval.

06

T
0.7

T T
0.8 0.9

Tranexamic acid better

1.0

Tranexamic acid worse



Effect of tranexamic acid | 681

Odds ratio for death as a result of bleeding (95% Cl)

0.4

T T T T
0 10 20 30 40 50 60

Baseline risk (%)
) P-value for interaction=0.51

Fig 4. Effect of baseline risk on treatment benefit. CI, confidence
interval.

the precision of prediction and the calibration.®* Third, we
performed logistic regression with baseline risk as a contin-
uous variable since an on—off step function is biologically
implausible. There was no interaction between treatment
effect, trial, and time to treatment. Even though we restricted
our analyses to patients treated within 3 h of bleeding onset,
as recommended in clinical practice, we included trial and
time to treatment in the model to avoid any residual con-
founding. Fourth, there were no missing outcome data and
very few missing data for predictors of baseline risk (<1%).
Nevertheless, we performed multiple imputation and used
the whole dataset for analysis. We cannot exclude some
measurement error in the predictors used to estimate the
baseline risk and this could lead to regression dilution bias
and over- or under-prediction in some patients.? Misclassi-
fication of death as a result of bleeding is also possible, as
death from thrombotic disseminated intravascular coagula-
tion could be confused with death from bleeding. We cannot
exclude some misclassification as a result of optimism of the
model affecting calibration. We are reassured that optimism

was low in the model developed for trauma and the selection
of a limited number of predictors limits overfitting.?® 1!
Finally, the large sample size with more than 28 000 patients
with acute bleeding treated within 3 h of onset gives precise
results. However, estimates of the effects on adverse events
are much less precise. The study included data from 38
countries across several continents and so the results should
be widely generalisable to patients presenting to hospitals
with postpartum haemorrhage and to trauma patients with,
or at risk of, significant haemorrhage.

Implications of the study

The main clinical implication of these results is that tra-
nexamic acid treatment should be considered as an early
preventive measure rather than a treatment for severe
coagulopathic bleeding. Because of the large number of pa-
tients in the low- and intermediate-risk groups, these
groups contribute a large number of bleeding deaths.
Indeed, about one-quarter of deaths from bleeding occurred
in patients who initially appeared to have a low risk of
death. Early identification of bleeding can be challenging,
especially in trauma. Patients without obvious bleeding
sometimes have concealed bleeding and can suddenly
deteriorate. Although early identification of bleeding by a CT
scan or FAST (Focused Assement with Sonography for
Trauma) vel is a priority, a definitive diagnosis can take up
to 1 h, even in the best trauma systems. Hence, many major
trauma patients without clinically apparent bleeding will
not receive tranexamic acid soon enough unless early
treatment is given to all major trauma patients whatever
their apparent risk. Major trauma is usually defined as an
injury or a combination of injuries that are potentially life-
threatening or could lead to long-term disability. Because
the full extent of the patient’s injuries is unknown at initial
assessment, trauma team activation criteria represent a
pragmatic alternative definition of major trauma in the
prehospital setting. As for obstetric bleeding, WHO guide-
lines recommend tranexamic acid in addition to standard
care for all women with clinically diagnosed postpartum
haemorrhage. However, if ‘in addition to’ is taken to mean
that tranexamic acid should be given after standard care has
been found to be insufficient to stop the bleeding, this will
result in unnecessary treatment delay. Instead, we believe

Table 2 Vascular occlusive events by treatment allocation according to baseline risk.

Baseline risk, n (%) 0—-5% 6—10% 11-20% >20% P-value
Tranexamic Placebo Tranexamic Placebo Tranexamic Placebo Tranexamic Placebo
acid N=11 396 acid N=1247 acid N=782 acid N=638
N=11 612 N=1245 N=853 N=560
Any vascular 64 (0.6) 65 (0.6) 17 (1.4) 22 (1.8)  23(2.7) 38 (4.9) 14 (2.7) 27 (4.2) 0.255
occlusive events
Fatal occlusive events 16 (0.1) 15 (0.1) 6 (0.5) 4(0.3) 4 (0.5) 14 (1.8) 1(0.2) 7 (1.1) 0.058
Myocardial infarction* 8 (0.1) 14 (0.1) 3(0.2) 7 (0.6) 6(0.7) 13(1.7) 7 (1.3) 12 (1.9)  0.909
Stroke* 19 (0.2) 14 (0.1) 3(0.2) 6 (0.5) 6 (0.7) 15 (1.9) 4 (0.7) 7(11)  0.152
Pulmonary embolism* 28 (0.2) 23(0.2) 6 (0.5) 8 (0.6) 14 (1.6) 16 (2.1) 6 (1.1) 9(14) 0.739
Deep vein thrombosis* 12 (0.1) 19 (0.2) 7 (0.6) 2(0.2) 6(0.7) 4(05)  3(0.5) 5(0.8) 0.214

" Includes both fatal and non-fatal events.



682 | Ageron et al.

that early tranexamic acid treatment should be considered
integral to standard care.

Future studies

We found 13 ongoing trials of antifibrinolytic drugs in acute
severe bleeding. Three of these could provide additional data
on the treatment effect by baseline risk in extracranial
bleeding. However, these ongoing trials are small and their
inclusion is very unlikely to change our conclusions. However,
additional trials could increase the power to detect adverse
effects. Further individual patient level data meta-analyses
that consider vascular occlusive events are needed.

Conclusions

Tranexamic acid appears to be safe and effective regardless
of the baseline risk for patients treated within 3 h since
injury. Because many deaths are in patients at low and in-
termediate risk, tranexamic acid use should not be restricted
to the most severely injured or bleeding patients. As tra-
nexamic acid is safe, it should be considered as an early
preventive measure rather than a treatment for severe coa-
gulopathic bleeding.
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Supplementary method S1. MEDLINE search strategy.

The searches used to identify trials for this study were run to 1 July 2018 and were not restricted by date,
language or publication status.
Database: Ovid MEDLINE(R) <1946 to March Week 26 2018>

1 exp Antifibrinolytic Agents/

2 (anti-fibrinolytic* or antifibrinolytic* or antifibrinolysin* or anti-fibrinolysin* or antiplasmin* or anti-
plasmin* or ((plasmin or fibrinolysis) adj3 inhibitor*)).abti.

3 exp Aprotinin/

4 (Aprotinin* or kallikrein-trypsin inactivator* or bovine kunitz pancreatic trypsin inhibitor* or bovine
pancreatic trypsin inhibitor™ or basic pancreatic trypsin inhibitor* or BPTI or contrykal or kontrykal or kontrikal
or contrical or dilmintal or iniprol or zymofren or traskolan or antilysin or pulmin or amicar or caprocid or
epsamon or epsikapron or antilysin or iniprol or kontrikal or kontrykal or pulmin* or Trasylol or Antilysin
Spofa or rp?9921 or antagosan or antilysin or antilysine or apronitin* or apronitrine or bayer a?128 or bovine
pancreatic secretory trypsin inhibitor* or contrycal or frey inhibitor* or gordox or kallikrein trypsin inhibitor* or
kazal type trypsin inhibitor* or (Kunitz adj3 inhibitor*) or midran or (pancrea* adj2 antitrypsin) or (pancrea*
adj2 trypsin inhibitor*) or riker?52g or rp?9921or tracylol or trascolan or trasilol or traskolan or trazylol or
zymofren or zymophren).ab,ti.

5 exp Tranexamic Acid/

6 (tranexamic or Cyclohexanecarboxylic Acid* or Methylamine* or amcha or trans-4-aminomethyl-
cyclohexanecarboxylic acid* or t-amcha or amca or kabi 2161 or transamin* or exacyl or amchafibrin or
anvitoff or spotof or cyklokapron or ugurol oramino methylcyclohexane carboxylate or
aminomethylcyclohexanecarbonic acid or aminomethylcyclohexanecarboxylic acid or AMCHA or amchafibrin
or amikapron or aminomethyl cyclohexane carboxylic acid or aminomethyl cyclohexanecarboxylic acid or
aminomethylcyclohexane carbonic acid or aminomethylcyclohexane carboxylic acid or
aminomethylcyclohexanecarbonic acid or aminomethylcyclohexanecarboxylic acid or
aminomethylcyclohexanocarboxylic acid or aminomethylcyclohexanoic acid or amstat or anvitoff or c1?65336
or cl65336 or cyclocapron or cyclokapron or cyklocapron or exacyl or frenolyse or hexacapron or hexakapron or
tranex or TXA).ab,ti.

7 exp Aminocaproic Acids/ or exp 6-Aminocaproic Acid/

8 (((aminocaproic or amino?caproic or aminohexanoic or amino?hexanoic or epsilon-aminocaproic or E-
aminocaproic) adj2 acid*) or epsikapron or cy-116 or cy116 or epsamon or amicar or caprocid or lederle or
Aminocaproic or aminohexanoic or amino caproic or amino n hexanoic or acikaprin or afibrin or capracid or
capramol or caprogel or caprolest or caprolisine or caprolysin or capromol or ¢l 10304 or EACA or eaca roche
or ecapron or ekaprol or epsamon or epsicapron or epsilcapramin or epsilon amino caproate or epsilon
aminocaproate or epsilonaminocaproic or etha?aminocaproic or ethaaminocaproich or emocaprol or hepin or
ipsilon or jd?177or neocaprol or nsc?26154 or tachostyptan).ab,ti.

9 exp 4-Aminobenzoic Acid/tu [Therapeutic Use]

10 (PAMBA or para-aminomethylbenzoic or p-aminomethylbenzoic or amino?methylbenzoic acid or
Gumbix or Styptopur or H-4-AMB-OH or CAS:56-91-7 or H-4AMBZ-OH or NH2-CH2-PH4-COOH or
TIMTEC-BB SBB006704 or "RARECHEM AL BW 0005" or Amino-p-toluicacid).ti,ab.

11 lor2or3ordor5or6or7or8orl0

12 randomi?ed.ab,ti.

13 randomized controlled trial.pt.

14  controlled clinical trial.pt.

15 placebo.ab.

16 clinical trials as topic.sh.

17  randomly.ab.

18 trial.ti.

19 12o0r13orl14orl15o0ri6orl7or18

20 (animals not (humans and animals)).sh.

21 19 not 20

22 1land 21



Supplementary method S2. Equations of the different models.
1) Logistic regression assessing overall treatment effect and homogeneity of treatment effect across trials
Logit (p(Y =1)) = Bo+ P2 S + P2 X + B3 (X*S) [model-1]

With Y =1, the outcome did not die from bleeding for patient i in trial j, S is the trial (CRASH-2 S=0, WOMAN
S=1), X is treatment (tranexamic acid is X=1, placebo is X=0).

Then P is the log(odds) in the placebo group in the CRASH-2 trial, f: is the difference between trials in placebo
group, B2 the effect of tranexamic acid in CRASH-2 trial, and Bs is the interaction between treatment effect and
trial.

2) Logistic regression estimating non-linear effect of intervention by baseline risk and its interaction with
time to treatment (triple interaction).

Logit (p(Y =1)) = Bo + B T + B2 X + B3 BR + Ba (X*T) + Ps (BR*T) + s (BR*X) + p7 (BR*X*T)
[model-2]

With Y, X coded as in [model-1]. T is the time to treatment in hours. BR is the baseline risk.

Then Bo is the log(odds) in the placebo group when T=0 and BR=0; . is the linear effect of time to treatment in
the placebo group at BR=0; B, the effect of tranexamic acid at T=0 and BR=0; Bs is the linear effect of baseline
risk in the placebo group at T=0; B4 is the interaction between treatment effect and time to treatment at BR=0; Bs
is the interaction between time to treatment and baseline risk in the placebo group; s is the interaction of
baseline risk with the treatment at T=0; B is the triple interaction of baseline risk with the treatment and the
time to treatment.

3) Logistic regression estimating linear effect of intervention by baseline risk (we assume this interaction
is the same in both trials).

Logit (p(Y = 1)) = Bo + B1S + P2 X + B3 BR + P4 (BR*X) + Bs T [model-3]

With Y, S, X, T, BR coded as in [model-1] and [model-2];

Then, Po is the log(odds) in the placebo group in the CRASH-2 trial when BR=0; B is the difference between
trials; 2 is the effect of tranexamic when BR=0;; Bsis the linear effect of baseline risk in the placebo group of
both trials ; B4 is the interaction of baseline risk with the treatment; Bs is the effect of time to treatment.



Supplementary method S3. Characteristics of included and ongoing trials.

Trial ID | Title | Participants | Intervention | Outcomes

Included trials

CRASH-2! A large randomised placebo controlled N=20,211 A loading dose of 1 g tranexamic acid or | Primary: Death.
trial among trauma patients with, or at placebo will be administered as soon Secondary: Vascular occlusive events,
risk of, significant haemorrhage, of the Adult (>16 years) trauma patients with, possible, followed by a maintenance dose | blood transfusion requirements,
effects of anti-fibrinolytic treatment on or at risk of, significant bleeding. of 1 g TXA or placebo over eight hours. disability.
death and transfusion requirement.

WOMAN? Tranexamic acid for the treatment of N=20,060 1g of T tranexamic acid by intravenous Primary: Death or hysterectomy.
postpartum haemorrhage: an injection or placebo (sodium chloride Secondary: Death, surgical intervention,
international randomised, double blind, Women with clinically 0.9%) given as soon as possible after blood transfusion, health status,
placebo controlled trial diagnosed postpartum haemorrhage randomisation. thromboembolic events, other relevant

following vaginal delivery of a baby or If after 30 minutes bleeding continues, or | medical events, length of stay at
caesarean section. The clinical diagnosis if it stops and restarts within 24 hours hospital/time spent at an intensive care
of PPH may be based on any of the after the first dose, a second dose may be | unit, mechanical ventilation, status of
following: estimated blood loss after given. breastfed baby/ies.
vaginal delivery of a baby> 500 mL OR
>1000 mL from caesarean section OR
blood loss sufficient to compromise the
haemodynamic status of the woman.

TICH-2° Tranexamic acid for hyperacute primary N=2325 Tranexamic acid 1 g or placebo in 100 ml | Primary: Death or dependency at day 90

IntraCerebral Haemorrhage

Adult patients with acute primary
intracerebral haemorrhage within 8 hours
of stroke onset.

sodium chloride 0.9% infusion bag
intravenously as a loading dose infusion
over 10 min, followed by infusion of
tranexamic

acid 1 g or placebo in 250 ml sodium
chloride 0.9%

infusion bag over 8 h.

Secondary: Neurological impairment at
day 7 or discharge if sooner, disability
(Barthel index) at day 90, Quality of Life
(EuroQol) at day 90, cognition at day 90,
costs: length of stay in hospital, re-
admission, institutionalisation,
radiological efficacy/safety (CT scan):
change in haematoma volume from
baseline to day 2, haematoma location
and new infarction.

Excluded Trials

ATACAS* Aspirin and tranexamic acid for N=4662 Tranexamic acid (100mg/kg) or saline Primary: Composite outcome of all-cause
Coronary Artery Surgery Trial administered 30 minutes after induction 30 day mortality or thrombotic event
Adults undergoing coronary-artery of anaesthesia (dose of tranexamic acid Secondary: Death, nonfatal myocardial
surgery and at risk of perioperative halved to 50mg after 1392 patients infarction, pulmonary embolism, stroke,
complications. enrolled) acute renal failure, bowel infarction),
reoperation due to major haemorrhage or
cardiac tamponade, blood transfusion.
TRAAP® Tranexamic acid for Preventing N = 4079 1g tranexamic acid or placebo will be Primary: incidence of PPH, defined by

Postpartum Haemorrhage Following a
Vaginal Delivery: a Multicenter
Randomised Double Blind Placebo
Controlled Trial

Women in labour for a planned vaginal
singleton delivery, at a term > 35 weeks.

administered intravenously just after
birth.

blood loss >500 mL

Secondary: Mean blood loss at 15
minutes after birth; mean total blood loss;
incidence of severe PPH; need for
supplementary uterotonic treatment;




postpartum transfusion; need for invasive
second-line procedures for PPH;
haemoglobin, hematocrit; hemodynamic
tolerance; mild adverse effects; tolerance
lab tests; severe adverse effects

Ongoing trials

CRASH-3°
(ISRCTN15088122)

Expected completion date:

Tranexamic acid for the treatment of
significant traumatic brain injury: an
international randomised, double blind
placebo controlled trial

N=13,000 (target)

Adults with traumatic brain injury, who
are within eight hours of injury, with any

Loading dose of tranexamic acid (1 gram
by intravenous injection) or placebo
(sodium chloride 0.9%) given as soon as
possible after randomisation.

Primary: death in hospital within 28 days
of injury.

Secondary: vascular occlusive events,
disability, seizures, neurosurgical

December 2018 intracranial bleeding on CT scan or who Maintenance dose of tranexamic acid (1 intervention, days in intensive care, other
have a GCS of 12 or less, and have no gram by intravenous injection) or adverse events.
significant extra-cranial haemorrhage. placebo (sodium chloride 0.9%) given
after the loading dose is finished.
HALT-IT’ Tranexamic acid for the treatment of N=8000 (target) Loading dose of tranexamic acid (1g by Primary: death in hospital (cause-specific

(ISRCTN11225767)

Expected completion date:

October 2017

gastrointestinal haemorrhage: an
international randomised, double blind
placebo controlled trial

Adults with acute significant upper or
lower gastrointestinal bleeding.

intravenous injection) or placebo (sodium
chloride 0.9%) will be given as

soon as possible after randomisation,
followed by an intravenous infusion of
3g of tranexamic acid or placebo (sodium
chloride 0.9%) over 24 hours.

mortality will also be recorded)
Secondary: Re-bleeding, need for salvage
surgery or radiological intervention,
blood transfusion, thromboembolic
events, other adverse medical events,
functional status, time spent at an
intensive care unit, length of stay in
hospital

Shanghai FMIH-TXA18
NCT02936661

Expected completion date:

Tranexamic acid for Preventing
Postpartum Hemorrhage After Cesarean
Section

N=6700 (target)

Women giving birth by cesarean section.

Tranexamic acid or placebo

Primary: postpartum haemorrhage
Secondary: the amount of postpartum
bleeding

March 2019
PATCH?® A Multi-centre Randomised, Double- N= 1184 (target) 1g tranexamic acid or placebo (0.9% Primary: Favourable outcome at six
NCT02187120 blinded, Placebo-controlled Trial of Pre- NaCl) by slow intravenous injection as months (moderate disability to good

Expected completion date:

January 2021

hospital Treatment With tranexamic acid
for Severely Injured Patients at Risk of
Acute Traumatic Coagulopathy.

Adult patients (age >18 years); injured
through any mechanism; COAST
score>3.

early as possible following injury. Soon
after arrival to the emergency
department, patients will be given 1g
tranexamic acid or placebo infused
intravenously for 8 hours.

recovery, GOSE scores 5-8) compared to
those who have died (GOSE 1), or have
severe disability (GOSE 2-4).

Secondary: Units of blood products used
in the first 24 hours; coagulation profile;
ICU ventilator-free days in first 28 days;
vascular occlusive events; mortality;
proportion of deaths due to: bleeding,
vascular occlusion, multi-organ failure
and head injury; cumulative incidence of
sepsis at 28 days or hospital discharge
whichever occurs first; severity of
chronic pain 6 months after injury and its
interference with daily activities
measured using the modified Brief Pain
Inventory; Quality of life (SF12® and
EQ5D) at 6 months.




STAAMPY
NCT02086500

Expected completion date:
March 2019

Study of tranexamic acid During Air
Medical Prehospital Transport Trial For
Trauma Patients At Risk Of Hemorrhage

N=1000 (target)

Adult (18-90 years) trauma patients
within 2 hours of injury.

Setting: USA

1g tranexamic acid or placebo during air
medical transport.

Primary outcome: 30 day mortality.
Secondary outcomes: hyperfibrinolysis,
acute lung injury, multiple organ failure,
nosocomial infection, mortality, early
seizures, pulmonary embolism, early
resuscitation needs, early coagulopathy
as measured by INR and rapid
thromboelastography parameters, early
inflammatory response, plasmin levels,
leukocyte, platelet and complement
activation.

NCT03364491* (MFMU
Network)

Expected completion date:
December 2020

Tranexamic Acid for the Prevention of
Obstetrical Hemorrhage After Cesarean

N=11000 (target)

Women giving birth by scheduled or
unscheduled cesarean section

Setting: USA

1g tranexamic acid or placebo

Primary outcome: Maternal death or
transfusion of 1 or more units of packed
red blood cells (up to hospital discharge
or 7 days)

Secondary outcome: Blood loss,
composite surgical or radiological
intervention to control bleeding,
composite maternal death and
thromboembolic events, transfusion
related acute lung injury, transfusion of
other blood products, transfusion of more
than 4 RBC, acute kidney injury,
thromboembolic events, seizure,
ingfection, admission to ICU, change in
haemoglobin, TXA side-effects, length of
stay, hospital re-admission, transfusion
reaction

NCT01990768"

Expected completion date:
January 2019

Prehospital Tranexamic Acid Use for
Traumatic Brain Injury

N=1002 (target) 967 recruited
Moderate to severe TBI (GCS score <12)

Setting: Prehospital, Canada, USA

1g tranexamic acid prior to hospital
arrival followed by a 1g infusion or 2g
tranexamic acid prior to admission or
placebo

Primary outcome: Glasgow Outcome
Scale Extended (GOS-¢) at 6 months.
Secondary outcome: Death at 28 days,
disability rating scale at discharge and 6
months, Unfavourable outcome
Dichotomized GOS-e, Number ICH,
Marshall score CT, Rotterdam score CT,
Neurosurgical intervention, Hospital free-
days, ICU free-days, seizure,
thromboembolic event (CVD, DVT, M,
PE).

TRAAP-2
NCT03431805

Expected completion date: June
2020

Tranexamic acid for Preventing
Postpartum Haemorrhage Following a
Cesarean Delivery

N=4524 (target)

Women admitted for caesarean delivery
before or during labor (term>34)

Setting: France

1g tranexamic acid or placebo with
prophylactic uterotonic 3 minutes after
birth.

Primary outcome: incidence of PPH,
defined by blood loss >1000 mL at day 2.
Secondary outcome: blood loss >500;
>1500, mean blood loss, incidence of
transfusion, mean RBC transfused,
incidence embolization or surgery,
change in haemoglobin, HR, SBP, DBP,
nausea, vomiting, phosphenes, dizziness,
vreat, urea, prothrombin, asat, alat,




bilirubin, fibrinogen, DVP, PE, MI, any
thrombotic event, seizure, women’s
satisfaction,m shock, ICU, death from
any cause

WOMAN-2%
NCT03475342

Expected completion date:

March 2022

World Maternal Antifibrinolytic Trial 2

N=10000 (target)

Women with moderate or severe anemia
(Hb<100g/L or packed cell volume
<30%) planned to give birth vaginally

Setting: International

1g tranexamic acid or placebo
administered at delivery (no later than 15
minutes after umbilical cord is clamped)

Primary outcome: PPH at 24H(blood
loss>500 or any blood loss sufficient to
compromise haemodynamic stability).
Secondary outcome: blood loss, Hb,
Haemodynamic instability, shock index,
quality of life (maternal), side-effects,
exercise tolerance, intervention for
control PPH, blood transfusion, vascular
occlusive events, anemia, organ
dysfunction, in-hospital death, length of
hospital stay, transfer to higher facility,
status baby, thrombotic events in
breastfed babies, adverse events.

POISE-3 trial®®
NCTO03505723

Expected completion date:

PeriOperative 1Schemic Evaluation-3
Trial

N=10000 (target)

Patent undergoing noncardiac surgery
with > 45 years of age and expected to

Primary outcome : A composite of
life-threatening bleeding, major
bleeding, and critical organ bleeding
at 30 days.

December 2022 require at least an overnight hospital A fcon;l_posite ofi:nyocaLdia_l trok
admission after surgery. n e_lrc on, non-_ emorr| aglc_s roke,
peripheral arterial thrombosis, and
symptomatic proximal venous
Setting: International thromboembolism at 30 days.
For patients in the blood pressure
management arm: A composite of
vascular death, and non-fatal
myocardial infarction, stroke, and
cardiac arrest at 30 days.
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Supplementary method S4. Results of risk of bias assessment.

CRASH-2

Domain Judgement Justification

Sequence generation Low Computer-generated.

Allocation concealment Low Tranexamic acid and placebo were packaged in identical
ampoules. Recruiting hospitals with reliable telephone access used
a telephone randomisation service, hospitals without, used a local
pack system.

Blinding Low Participants, clinicians and trial staff were blinded to treatment
allocation.

Incomplete outcome data Low Over 99% of patients were followed up and contributed outcome
data.

Selective outcome reporting Low Prospectively registered and data on all pre-specified outcomes
available for analysis.

WOMAN

Domain Judgement Justification

Sequence generation Low Computer-generated.

Allocation concealment Low Tranexamic acid and placebo were packed in sequentially
numbered, sealed, treatment boxes.

Blinding Low Participants, clinicians and trial staff were blinded to treatment
allocation.

Incomplete outcome data Low Over 99% of patients were followed up and contributed outcome
data.

Selective outcome reporting Low Prospectively registered and data on all pre-specified outcomes

available for analysis.




Supplementary method S5. Prognosis model to estimate baseline risk of death due to bleeding

CRASH-2 trial

Pr=1/ (1+e™®)

xb =0.534 + RI + (0.061 * Age) — (1.4e * Age?) + (1.2¢% * Age®) + (0.023 * SBP) — (5.4e-04 * SBP?) + (1.6
06 * SBP3) — (0.634 * GCS) + (0.074 * GCS?) — (2.9¢% * GCS?) — (8.6e° * HR) + (1.0e-04 * HR?) — (0.171 * RR)
+(0.006 * RR?) — (5.4e’% * RR9)

RI: Random Intercept by country

Age (Year)

SBP: Systolic Blood Pressure (mmHg)
HR: Heart Rate (Beat per min)

RR: Respiratory Rate (Breath per minute)
GCS: Glasgow Coma Scale

Penetrating: Penetrating Injury

WOMAN trial

Pr=1/ (1+e™)

xb =-8.66 + RI + (Age * 0.06) — (SBP * 0.01) — (SBP?* 3 e*) + (SBP** 1.6 €®) + (BL *2e3) - (BL?*3¢e”) -
(PP * 1.05) — (UA * 0.32) + (HI * 1.56) - (Delivery * 0.72)

RI: Random Intercept by country

Age (Year)

SBP: Systolic Blood Pressure (mmHg)

BL: Blood Loss (ml)

PP: Placenta Previa (Yes=1, No=0)

UA: Uterine Atony (Yes=1, No=0)

HI: Haemodynamic instability (Yes=1, No=0)
Delivery: 0=Vaginal delivery; 1=caesarean section
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Supplementary figure S6. Performance of prognosis model predicting baseline risk of death due to bleeding.
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Supplementary figure S7. Frequency of women with post-partum hemorrhage and death due to bleeding
according to blood loss.
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Supplementary table S8. Vascular occlusive events (fatal and non-fatal) by trial and overall.

CRASH-2 trial WOMAN-trial Overall Trials

Baseline Tranexamic acid Placebo RR (95% Cl)  Tranexamic acid Placebo RR (95% Cl)  Tranexamic acid n Placebo RR (95% Cl)
risk n (%) n (%) n (%) n (%) (%) n (%)

0-5% 45 /4587 (1.0) 55/4476(1.2)  0.80(0.54-1.18) 19 /7003 (0.3) 10/6920(0.1)  1.87(0.87-4.02) 64 /11612 (0.6%) 65/11396 (0.6%) 0.97 (0.69-1.36)
6-10% 15 /988 (1.5) 22/1001(2.2)  0.71(0.36-1.35) 2/257(0.8) 0/ 224 (0) - 17 (1.4%) 22 (1.8%) 0.77 (0.41-1.45)
11-20% 22/731(3.0) 36/642(5.6)  0.54(0.32-0.90) 1/122(0.8) 2/140(1.4)  0.57(0.05-6.25) 23 (2.7%) 38 (4.9%) 0.55(0.33-0.92)
>20% 13 /478 (2.7) 25/560(4.4)  0.61(0.32-1.18) 1/82(1.2) 2/78(2.6) 0.48(0.04-5.14) 14 (2.7%) 27 (4.2%)  0.59 (0.31-1.12)
Test for homogeneity, P Value 0.040 0.367 0.076
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Supplementary table S9. Sensitivity analysis with baseline risk estimate based on models developed with placebo arm only.

Main analysis (baseline risk based on both arm)

Sensitivity analysis (baseline risk based on placebo arm)

Overall adjusted P value Test for P Value Overall P value Test for P Value
effect homogeneity* adjusted effect homogeneity*
Baseline risk by 0.74 (0.66-0.83) <0.001 0.20 0.978 0.74 (0.66-0.83) <0.001 4.44 0.218
categories (RR)
Model 3 0.74 (0.61-0.88) 0.001 -0.66 0.510 0.74 (0.62-0.89) 0.001 -1.03 0.305

(interaction TXA-

Baseline risk (OR)

*by categories or for interaction
TXA: Tranexamic acid; RR: Risk ratio; OR: Odds ratio
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Supplementary Figure S10. Sensitivity analysis with baseline risk estimate based on models developed with

placebo arm only: effect of baseline risk on treatment benefit.
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death: usefulness for tranexamic acid

treatment criteria

Francois-Xavier Ageron'*'®, Timothy J. Coats’, Vincent Darioli* and lan Roberts'

Abstract

Background: Tranexamic acid reduces surgical blood loss and reduces deaths from bleeding in trauma patients.
Tranexamic acid must be given urgently, preferably by paramedics at the scene of the injury or in the ambulance.
We developed a simple score (Bleeding Audit Triage Trauma score) to predict death from bleeding.

Methods: We conducted an external validation of the BATT score using data from the UK Trauma Audit Research
Network (TARN) from 1st January 2017 to 31st December 2018. We evaluated the impact of tranexamic acid

treatment thresholds in trauma patients.

Results: We included 104,862 trauma patients with an injury severity score of 9 or above. Tranexamic acid was
administered to 9915 (9%) patients. Of these 5185 (52%) received prehospital tranexamic acid. The BATT score had
good accuracy (Brier score = 6%) and good discrimination (C-statistic 0.90; 95% Cl 0.89-0.91). Calibration in the large
showed no substantial difference between predicted and observed death due to bleeding (1.15% versus 1.16%, P =
0.81). Pre-hospital tranexamic acid treatment of trauma patients with a BATT score of 2 or more would avoid 210
bleeding deaths by treating 61,598 patients instead of avoiding 55 deaths by treating 9915 as currently.

Conclusion: The BATT score identifies trauma patient at risk of significant haemorrhage. A score of 2 or more
would be an appropriate threshold for pre-hospital tranexamic acid treatment.

Keywords: Trauma, Tranexamic acid, Bleeding, Score, Prognostic model

Introduction

Tranexamic acid (TXA) reduces surgical blood loss and
reduces deaths from bleeding in trauma patients [1, 2].
TXA must be given urgently, preferably by paramedics
at the scene of the injury or in the ambulance [3]. Many
bleeding deaths occur soon after injury and there is a
10% reduction in treatment effectiveness for every 15
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B BMC

min treatment delay [4]. Paramedics need clear criteria
that can be applied at the scene to guide who to treat.
We previously developed a prognostic model to predict
death from bleeding and showed that the relative reduc-
tion in mortality with TXA does not vary with baseline
risk [5, 6]. Because many deaths are in patients at low
and intermediate risk, TXA use should not be restricted
to the most severely injured [6]. In this study, we derive
a simple score that paramedics can use at the scene to
help decide who to treat with TXA. We conduct an ex-
ternal validation of the score and explore different TXA
treatment thresholds.

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
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licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.
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Method

We developed a simple score (Bleeding Audit and Triage
Trauma Score - BATT) to predict death due to bleeding
in trauma patients. We conducted an external validation
of this score using data from the UK Trauma Audit Re-
search Network (TARN) from 1st January 2017 to 31st
December 2018. Finally, we evaluated the impact of
TXA treatment thresholds in trauma patients.

Development of the BATT score

We previously developed and validated a prognostic
model to predict death due to bleeding in trauma pa-
tients. The methods are described in detail elsewhere
[5]. Briefly, data on bleeding trauma patients from 298
hospitals in 41 countries were used to derive the model.
We validated the model using an internal-external
cross-validation method based on data from 41 countries
to ensure that the results are widely applicable. The final
prognostic model included age, systolic blood pressure,
Glasgow Coma Scale, heart rate, respiratory rate and
mechanism of injury. To develop the BATT score, we
assigned points for each predictor that were proportional
to the coefficients of the regression equation. We added
the criterion high velocity trauma as the intercept of the
regression equation corresponding to the inclusion cri-
teria of the trauma registry used for the development of
prognostic model. High velocity trauma is routinely
assessed at the scene and corresponds to injury from
road traffic crash (with intrusion, ejection, death in same
passenger compartment, and motor vehicle versus ped-
estrian or bicyclist), fall from high height (>3 m), blow
or blast [7]. An electronic version of the score is
available for computer or smartphone: https://www.
evidencio.com/models/show/1393

Validation of the BATT score

We used data from the Trauma Audit Research Network
(TARN) from 1st January 2017 to 31st December 2018
to validate the BATT score for use in England and
Wales. The TARN database includes data on patients
with an Injury Severity Score (ISS) of nine or more who
are admitted to hospital in England and Wales for at
least three nights, died in hospital or were transferred to
another hospital for specialist care [8]. The exclusion
criteria were isolated mild traumatic brain injury with
loss of consciousness, superficial scalp injury, patients
65 years or older with femoral neck or single pubic rami
fracture, fracture or dislocation of the foot or hand,
closed fracture or dislocation of an isolated limb, simple
skin laceration with blood loss < 20%.

Because death due to bleeding is not recorded in the
TARN database, we used early deaths and early deaths
with evidence of haemorrhage as a proxy for death due
to bleeding. Causes of trauma deaths depend on time
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and location of death [9]. Prehospital immediate deaths
are likely to be due to traumatic brain injury or cardio-
vascular injuries [10]. The main causes of in-hospital
deaths are exsanguination and brain injury [11]. Two
studies, one in North America and one including two
large European registries (UK and Germany) showed
that deaths due to exsanguination occurred within 24 h
with a peak at 6 h after admission [9, 12]. Deaths due to
head injuries occurred within 72h with a peak at 24 h
after admission. Consequently, we included deaths from
all cause within 12h of injury (excluding asphyxia,
drowning, hanging, or massive destruction of skull or
brain) and deaths between 12 to 24 h with evidence of
bleeding (activation of massive transfusion protocol or
blood within 6h or an abbreviated injury scale (AIS)
diagnosis associated with haemorrhage listed in the Sup-
plementary file 1).

We assessed the accuracy, discrimination and calibra-
tion of the BATT score. Accuracy was assessed using
the Brier score. Because the Brier score depends on the
prevalence of the outcome, we also calculated the scaled
Brier score to account for the baseline risk of death due
to bleeding (Supplementary file 2). The scaled Brier
score ranges from O to 100% and indicates the degree of
error in prediction [13]. A scaled Brier score of 0%
shows perfect accuracy. Discrimination is the ability of
the score to correctly identify patients with the outcome.
We estimated the sensitivity, specificity, positive and
negative likelihood ratio for each threshold of the BATT
score. The likelihood ratio is the likelihood of a positive
score in a patient with the outcome compared to the
likelihood of a positive score in a patient without the
outcome [14]. The positive likelihood ratio is the ratio of
sensitivity to 1-specificity. The negative likelihood ratio
is the ratio of 1-sensitivity to specificity. A positive likeli-
hood ratio of 10 or above will result in a large increase
in the probability of the outcome. A negative likelihood
ratio of 0.1 or less will result in a large decrease in the
probability of the outcome. We plotted the Receiving
Operating Characteristic (ROC) curve which is the sensi-
tivity (true positives) on 1-specificity (false positives) for
different threshold of the BATT score [15]. An ideal
score will reach the upper left corner (all true positive
with no false positive). We estimated the area under the
ROC curve (AUROC) that corresponds to the concord-
ance statistic (C-Statistic) for binary outcome. A C-
statistic of 1.0 shows perfect discrimination ability. Cali-
bration is the agreement between observed and pre-
dicted outcomes. We estimated calibration in the large
as the difference between the mean predicted and ob-
served probabilities and the ratio of the predicted and
observed number of events (P/O). We also plotted the
observed and predicted probabilities of death by decile
of the score and with local regression based on LOESS
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algorithm [13]. We estimated the calibration intercept
and slope of the calibration plot as a measure of spread
between predicted and observed outcome. Ideally, the
intercept would be zero indicating that the predictions
are neither systematically too low or too high and the
slope would be 1 [16]. There were missing value for
some predictors but no missing outcome data. To esti-
mate baseline risk for the full dataset, we replaced miss-
ing predictors using multiple imputation by chained
equations on early death, age, systolic blood pressure, re-
spiratory rate, heart rate, Glasgow coma scale, time for
injury, time for prehospital ambulance arrival, and time
for hospital admission with 20 imputed datasets.

Evaluation of TXA treatment criteria

We evaluated two different TXA treatment strategies:
(1) prehospital treatment of all trauma patients with an
ISS =9 at the scene of the injury, (2) hospital treatment
of all trauma patients with an ISS>9 in the emergency
department (ED). We compared each treatment strategy
according to different thresholds of the BATT score to
assess its clinical usefulness and treatment criteria.

We estimated the impact of TXA treatment for each
treatment criteria. Since randomized trials of TXA in
trauma patients report no increase in deaths from ad-
verse events, the net impact of TXA was given by the
number of deaths due to bleeding avoided by the treat-
ment [6, 17]. To estimate the number of deaths avoided
by TXA, we predicted the baseline risk of death due to
bleeding using our previously published prognostic
model [5]. To estimate post-treatment probabilities, we
applied the treatment effect to these baseline risks taking
into account time to treatment [4]. The risk difference
was used to estimate the number of deaths avoided. To
account for miscalibration of predicted baseline risks, we
conducted a sensitivity analysis using observed early
deaths with evidence of haemorrhage as baseline risks.
The details of both modelling methods and equations
are described in the Supplementary file 3. We plotted
the cumulative number of death due to bleeding avoided
by BATT score threshold in a decision curve analysis as
described by Vickers et al. [18] We compared decision
curve analysis for each scenario. We estimated the num-
ber needed to treat to save one life for each BATT score
threshold and each scenario. The registry-based study
design predetermines the sample size. All analyses were
performed using STATA software (version 16.0; Stata
Corp, College Station, TX, USA).

Results
Table 1 shows the BATT Score. The minimum score is
0 and the maximum score is 27.
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Table 1 BATT score
Age 2 65 years old + 1
2 75 years old +2
Systolic Blood Pressure < 60mmHg + 14
> 60 and < 100 mmHg + 5
Glasgow Coma Scale <8 + 4
> 8and <12 + 3
Respiratory rate < 10 or 2 30/min + 2
Alt: Oxygen saturation < 90 + 2
Heart rate > 100/min + 1
Penetrating injury Yes + 2
High velocity trauma Yes +2

The score is not suitable for isolated limb trauma or isolated neck femoral
fracture in people older than 65 years

External validation - patient’s characteristics

We validated the score in 104,862 trauma patients with
an ISS>9 who were transported to hospital by ambu-
lance in England and Wales between 2017 and 2018.
Their characteristics are summarized in Table 2. The
mean age was 62 years and 3189 (3%) had penetrating
injuries. The median time from injury to ambulance ar-
rival was 69 min, IQR (24—174). Mean ISS was 16 (+ 9)
and 46% of patients had an ISS > 16. TXA was adminis-
tered in 9915 (9%) patients. Of these 5185 (52%) re-
ceived it prehospital. The median time from injury to
treatment was 48 min, IQR (35-68) when TXA was
given prehospital and 148 min, IQR (103-251) when it
was given in hospital. 2760 (3%) of the trauma patients
received TXA within 1 h and 5727 (6%) received TXA
within 3h of injury. The mean ISS of patients treated
with TXA was 23 (+13) compared with 14 (+7) for pa-
tients who were not treated (P<0.001). Most patients
treated with TXA had a low or intermediate risk of
death due to bleeding (Fig. 1). Most patients treated had
a BATT score of 2. The proportion of patients who re-
ceived prehospital TXA increased with the BATT score.
There was no loss to follow-up at 30days. A total of
2517 (2.4%) patients died within 24 h and 8874 (8.5%)
died within 30 days. Early death with evidence of haem-
orrhage was reported for 1219 (1.2%) patients.

External validation

The Table 3 shows the performance of the BATT score.
The scaled Brier score was 6%. The receiving operator
curve, the sensitivity and specificity at different thresh-
olds of the BATT score are shown in Supplementary
files 4 and 5. A threshold of 2 or more had a sensitivity
of 99% and a negative likelihood ratio of 0.03. The C-
statistic was 0.90; 95% CI (0.89-0.91). The observed
(1.16%) and predicted (1.15%) probabilities of death due
to bleeding were similar (p = 0.81). The calibration curve
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Table 2 Characteristics of the trauma patients used to validate the BATT score
N=104,862 Missing

Mean age (SD) 62 (24) 0

<18, N (%) 5616 (5) -

18-44, N (%) 19,744 (19) -

45-64, N (%) 26,354 (25) -

65-74, N (%) 3(13) -

275, N (%) 40,025 (38) -
Sex female, N (%) 47346 (45) 0
Penetrating injury, N (%) 3189 (3) 0
Circumstances, N (%) 0

Motor vehicle crash 19,709 (19) -

Fall less than 2m 65,573 (62) -

Fall more than 2 m 10,604 (10) -

Blast — Blow — Crush 5266 (5) -

Shooting 234 (0) -

Stabbing 2538 (2) -

Other 1938 (2) -
First systolic blood pressure, mean (SD) 138 (28) 12,450 (12)
First systolic blood pressure < 90 mmHg, N (%) 3033 (3)
First Glasgow coma scale, N (%) 12,695 (12)

14-15 90,579 (86) -

9-13 8566 (8) -

3-8 5717 (6) -
First heart rate, mean (SD) 86 (20) 11,479 (11)
Heart rate > 120 bpm, N (%) 5475 (5)
Time from injury to ambulance arrival <3 h, N (%) 79,430 (76) 50,496 (48)
Time from injury to hospital admission <3 h, N (%) 63,246 (60) 50,465 (48)
Injury Severity Score, mean (SD) 16 (9) 0

ISS 9-15, N (%) 58,695 (56) -

ISS 16-24, N (%) 24,635 (23) -

1SS 25-34, N (%) 17,682 (17) -

ISS =35, N (%) 3850 (4) -
Tranexamic acid treatment 9915 (9) 13,115 (13)

Prehospital 5185 (5) -

Hospital 4576 (4) -

Unknown 176 (0.1)
Any blood product received 4922 (5) 0

Massive transfusion protocol activated 2487 (2) -

Blood received within 6 h of injury 2277 (2) -

showed slight over-prediction in low risk patients and
under-prediction in intermediate and high-risk patients
(Supplementary file 6). The calibration intercept was
close to zero (0.00032) with a calibration slope of 1.09

(Table 3).

Clinical usefulness

Figure 2 is a decision curve analysis showing the number
of deaths due to bleeding avoided by TXA treatment by
BATT score threshold. Treating all trauma patients as
soon as possible at scene or in the ambulance prevented
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more deaths than in hospital treatment. The cumulative
number of deaths avoided decreased as the BATT score
threshold increased. Table 4 shows the number of deaths
avoided for the different scenarios and the sensitivity
analysis based on observed early deaths in 2017 and
2018 in England and Wales. The sensitivity analysis con-
firms that prehospital treatment provides the maximum
benefit with a lower number needed to treat than hos-
pital treatment. Table 5 shows the number of deaths

Table 3 Performance of the BATT score
BATT score 95% CI

Overall performance

Brier score 0.0107

Scaled Brier score (%) 6
Discrimination

C-statistic 0.90 0.89-0.91
Mean predicted death due to bleeding (%)

If patient died from bleeding 6.5

If patient did not die from bleeding 1.1 1.1-11

Discrimination slope (%) 54 0.053-0.056
Calibration

Observed deaths due to bleeding (%) 1.16 1.1-12

Predicted deaths due to bleeding (%) 1.15 1.1-12

Calibration-in-the-large (%) 0.01 0.00-0.01

Ratio Predicted/Observed 0.99 0.94-1.05

Calibration Intercept 0.00032

Calibration slope 1.09 1.07-1.11

avoided and the number needed to treat for each BATT
score threshold when patients are treated as soon as
possible in the prehospital setting and within 3 h of in-
jury. A BATT score treatment threshold of 2 corre-
sponds to the treatment of 61,598 patients (59% of
major trauma patients included in TARN registry with
ISS >9) and results in 210 deaths avoided (Table 5). A
BATT score treatment threshold below 2 resulted in 6
to 14 additional deaths avoided with an additional num-
ber needed to treat for one death avoided more than
1000 patients (Table 5, Fig. 3).

Discussion

Main findings

In 2017 and 2018, only 9% of trauma patients in England
and Wales received TXA and only 3% received it within
an hour of injury. Pre-hospital treatment of trauma pa-
tients with a BATT score of 2 or more would substan-
tially increase the number of premature deaths that
could be avoided with TXA.

Strengths and limitations

Our study has important strengths. Our prognostic score
was derived using multivariable methods within a large
international prospective cohort study with minimal
missing data. We then validated the score in a second
large cohort that was not used to derive the score [19].
We validated the BATT score in data from a large na-
tional trauma registry which includes trauma patients
with a wide range of bleeding severity thus providing a
heterogenous case-mix that allows accurate assessment
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of discrimination [20]. The score is based on variables
recorded by paramedics at the scene of the injury when
the decision to treat with TXA must be made. The large
number of patients in this study increases the precision
of the results. There were few missing values for pre-
dictor variables and no missing outcome data. The out-
come was well defined and recorded at fixed time point.
These strengths help to ensure the validity of the results.

Our study also has limitations. Measurement error of
predictor variables could affect discrimination and

calibration. Random error could arise for all predictors
(blood pressure, heart rate, Glasgow Coma scale, Re-
spiratory rate) and lead to reduce discrimination and
calibration. Systematic errors arising from the use of
monitoring devices is more likely to affect calibration
[21]. Because the outcome ‘death due to bleeding’ was
not available in TARN database, we used early death as
a proxy for death due to bleeding [22]. However, any
outcome misclassification would be expected to decrease
the C-statistic and reduce model performance [23] and

Table 4 Comparison of number of deaths due to bleeding avoided by tranexamic acid treatment

Patients treated N (%) N= Deaths avoided N

Deaths avoided per 10,000 patients

Number needed to treat to avoid

104,862 (95% CI) N (95% CI) one death
Based on predicted probabilities
Current 9915 (11) 55 (54-57) 5 (5-5) 180
strategy®
All 79,430 (76) 224 (220-228) 21 (21-22) 355
prehospital
All'in 63,246 (60) 146 (144-149) 14 (14-14) 430
hospital
Based on observed probabilities (sensitivity analysis)°
Current 9915 (11) 168 (157-178) 16 (15-17) 59
strategy®
All 79,430 (76) 323 (305-341) 31 (29-33) 244
prehospital
All'in 63,246 (60) 240 (226-253) 22 (21-24) 273
hospital

NNT Number Needed to Treat

Current strategy observed in the UK-TARN data based on clinical judgment and current guidelines in UK

BSensitivity analysis based on observed deaths due to bleeding
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Table 5 Number of deaths due to bleeding avoided and number needed to treat with pre-hospital treatment within 3 h of injury
according to BATT score threshold as treatment criteria

BATT Score Total patients Number of patients Number of deaths Standardized Number  Additional NNT€ for
Threshold for included in considered for avoided by BATT number of deaths needed to change of one point
TXA treatment  TARN N (%) treatment® N (%) score threshold avoided per 10,000 treat® of BATT score

214 586 (< 1) 534 (< 1) 37 47 14 -

213 737 (< 1) 671 (< 1) 42 53 16 27

212 960 (1) 883 (1) 47 59 19 42

2N 1266 (1) 1150 (1) 53 6.7 22 45

210 1727 (2) 1557 (2) 59 74 27 23

29 2533 (2) 2272 (2) 68 86 34 79

238 3859 (4) 3420 (3) 80 10.1 43 128

27 6879 (7) 5898 (6) 97 12.2 61 146

26 10,071 (10) 8584 (8) 109 13.7 78 224

25 16,032 (15) 13,335 (13) 124 15.6 108 317

24 22,946 (22) 18,769 (18) 136 17.1 138 452

23 33,483 (32) 27,062 (26) 152 19.1 179 518

22 80,071 (76) 61,598 (59) 210 264 293 595

21 89,948 (86) 68,452 (65) 216 27.2 316 1142

20 104,862 (100) 79430 (76) 224 28.2 354 1372

TXA Tranexamic acid, NNT Number needed to treat

Number of trauma patients within 3 h of injury and the arrival of the first ambulance. Proportions are based on all patients included in the TARN registry
with ISS>9

bStandardized number of deaths avoided per 10,000 trauma patients within 3 h included in the TARN registry with an 1SS >9

“Additional trauma patients needed to treat for each death avoided compared to the BATT score threshold above
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since the C-statistic was high and model performance
was excellent, misclassification is unlikely to be an im-
portant weakness. Because time from injury to ambu-
lance arrival and hospital admission was missing for
nearly half of the patients, we imputed these data. Mis-
classification of time to treatment could affect our esti-
mate of the net benefit [24]. The estimates of deaths
avoided are unlikely to be generalizable since they de-
pend on the risk of death, which may vary in different
settings. To model the number of deaths avoided, we
used treatment effect estimates from randomised trials
and so the estimates should be unconfounded. However,
confounders in this observational study might affect our
estimates of the absolute number of deaths avoided and
so this must be considered with caution. Because we
used the same method to estimate the impact of each
strategy, it is unlikely that the comparison between dif-
ferent strategies was adversely affected by potential con-
founders. Furthermore, we are reassured by the result of
the STAAMP trial assessing TXA in trauma patient in
the prehospital setting [25]. The magnitude of the treat-
ment effect observed in this trial is similar to that ob-
served in the CRASH-2 trial although the estimate was
more imprecise.

Relation to other studies

To the best of our knowledge, ours is the only score that
predicts traumatic death due to bleeding. Existing haem-
orrhage scores predict massive transfusion which is an
imperfect surrogate of death due to bleeding and vulner-
able to survival bias (i.e. TASH score, ABC score) [26,
27].

Clinical implications

Clinical guidelines recommend TXA treatment for pa-
tients with or at risk of significant bleeding and that
treatment is given as soon as possible [3]. Due to the
lack of clear treatment criteria, many trauma patients
are not receiving TXA or else receive it too late. A study
on paramedic perceptions concerning tranexamic acid
use in bleeding in trauma patients showed that lack of
self-confidence, uncertainty about haemorrhage risk and
the need to give TXA by slow intravenous injection
(over 10 min) were the main barriers to TXA adminis-
tration [28]. Our data suggest that using a BATT score
threshold of 2 or more would improve outcomes with a
fourfold increase in bleeding deaths prevented by TXA.
This clear criterion could improve prehospital adminis-
tration of TXA by paramedics. Although the use of this
threshold would increase the number of patients treated,
TXA is safe and inexpensive and is likely to be highly
cost-effective [29, 30]. Randomised trials of TXA in
trauma and surgery have included over 50,000 patients
and no increase in vascular occlusive events has been
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found [4, 17, 31-33]. Recent trials in prehospital trauma
did not find any increase in vascular occlusive events as-
sociated with TXA and provide evidence for applicability
of TXA treatment in the prehospital setting [25, 34].

Recent research has found that TXA is well tolerated
and rapidly absorbed after intramuscular injection reach-
ing therapeutic concentrations within 15 min in bleeding
trauma patients [35]. Further research is needed to as-
sess the cost-effectiveness of different treatment thresh-
olds and whether use of the BATT score and
intramuscular TXA administration by paramedics in-
creases the pre-hospital administration of TXA to pa-
tients at risk of bleeding from trauma. Prospective
validation of the BATT score would certainly increase
its value for clinical use.

Conclusion

The BATT score is a validated tool, easy to perform at
the scene of injury to identify trauma patients at risk of
death from bleeding. A score of 2 or more would be an
appropriate threshold for pre-hospital tranexamic acid
treatment.
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Web Appendix

Supplementary file 1. Abbreviated Injury Scale diagnosis associated with haemorrhage

- Blood loss > 20%.

- Aorta [OR] Vena Cava [OR]carotid [OR]femoral [OR]Major arteries [OR]veins AND
laceration.

- Spleen [OR]liver [OR] Kidney [OR] Myocardium [AND] major laceration.
- Major haemothorax.

- Retroperitoneum haemorrhage.

Supplementary file 2. Formula for the Brier Score and Scaled Brier Score
. _1on 2
Brier Score= —~ 1Y —p)

Which Y is the observed outcome and p the prediction of the model.

Brier Scorema= P X (1 — P)? + (1 — P) x P?

Which P is the mean of the prediction p.

. 1-Brier
Scaled Brier score= —————
Brier max

Scaled Brier score ranges from 0% to 100%



Supplementary file 3. Methods to model tranexamic acid treatment effect and death due to
bleeding avoided.

First method

a) We estimated the baseline probabilities of death due to bleeding in the TARN population
(P1).

P1=[0.5344157 - 0.5726779 + (0.0604783 * age) - (0.0013908 * age2) + (0.000012 * age3) +
(0.0234826 * isbp) - (0.0005366 * isbp2) + (0.00000158 * isbp3) - (0.6336347 * igcs) + (0.0738416 *
igcs2) - (0.0029216 * iges3) - (0.0085677 * ihr) + (0.0001027 * ihr2) - (0.1709854 * irr) + (0.0059866 *
irr2) - (0.000054 * irr3) + (0.3056116 * penetrating)] * 0.82

P1 (Baseline probabilities of death due to bleeding); ISBP (initial systolic blood pressure); IGCS (initial Glasgow coma scale);
IHR (initial heart rate); IRR (initial respiratory rate); Penetrating injury.

b) We used previous studies exploring treatment effect by time and baseline risk (TE).
TE= OR txa/time * OR txa/baseline risk
TE (treatment effect); OR (Odds ratio)

OR txa/time is function of delay from Accident to Ambulance Arrival (Prehospital treatment) or Delay

from Accident to Hospital Arrival (In-hospital treatment). (REF Lancet Gayet)

0.70235307 if delay=0 min
0.70698462 if delay=5 min
0.71164609 if delay ==10 min
0.71633767 if delay ==15 min
0.72105956 if delay ==20 min
0.72581194 if delay ==25 min
0.73059501 if delay ==30 min
0.73540897 if delay ==35 min
0.740254 if delay ==40 min
0.7451303 if delay ==45 min
0.75003808 if delay ==50 min
0.75497752 if delay ==55 min
0.75994883 if delay ==60 min

0.76495222 if delay ==65 min
0.76998788 if delay ==70 min
0.77505601 if delay ==75 min
0.78015683 if delay ==80 min
0.78529054 if delay ==85 min
0.79045734 if delay ==90 min
0.79565744 if delay ==95 min
0.80089106 if delay ==100 min
0.80615841 if delay ==105 min
0.81145969 if delay ==110 min
0.81679513 if delay ==115 min
0.82216493 if delay ==120 min
0.82756932 if delay ==125 min

OR txa/baseline risk is constant=1 (Ref BJA)

0.83300851 if delay ==130 min
0.83848272 if delay ==135 min
0.84399218 if delay ==140 min
0.849537009 if delay ==145 min
0.8551177 if delay ==150 min

0.86073421 if delay ==155 min
0.86638687 if delay ==160 min
0.87207589 if delay ==165 min
0.87780151 if delay ==170 min
0.88356395 if delay ==175 min
0.88936344 if delay ==180 min

c) We estimated Post-Treatment probabilities of death due to bleeding (P2)

P2=P1 * TE

d) We estimated the number of death due to bleeding avoided by tranexamic acid.

e) Net benefit

Number of death avoided=) P1 — ) P2

Net benefit= Number of death avoided — Number of death due to side effect

We considered tranexamic acid treatment within 3 hours from injury. In this time interval, we did not
find any randomized control trial reporting death due to side effect or any increase of non-fatal

vascular occlusive event.

Net Benefit = Number of death avoided



Sensitivity analysis (Second method)

a) We estimated the baseline probabilities of death due to bleeding in the TARN population
(Plobs).

We divided death due to bleeding by treatment effect for patient treated by tranexamic acid to
estimate baseline probabilities.

Deathyps

Plovs= (Death,ps)if rxa=o0 + ( TE )if TXA==1

Deathobs=Early death with evidence of haemorrhage

b) We estimated Post-Treatment probabilities of death due to bleeding (P2)
P2=Pl1,s * TE
c) We estimated the number of death due to bleeding avoided by tranexamic acid.

Number of death avoided =), P1 — ). P2

d) Net benefit
Net benefit= Number of death avoided — Number of death due to side effect

We considered tranexamic acid treatment within 3 hours from injury. In this time interval, we did not
find any randomized control trial reporting death due to side effect or any increase of non-fatal

vascular occlusive event.

Net Benefit = Number of deaths avoided



Supplementary file 4. Receiving Operator Curve for external validation of the BATT score.
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Supplementary figure 5. Sensitivity and specificity according to BATT score for death due to

bleeding.
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Supplementary file 6. Calibration curve for external validation of the BATT score.
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Supplementary file 7. Number of deaths avoided due to prehospital tranexamic acid by BATT score
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A: Estimated number of deaths avoided based on predicted baseline risk.

B: Estimated number of deaths avoided based on observed probabilities of death (Sensitivity
analysis).
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