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ranexamic acid (TXA) is a life-saving treatment for traumatic hemorrhage, but the optimal dosing regimen remains unknown.
Different doses and treatment strategies have been proposed, including single bolus, repeated bolus, or bolus plus infusion. The
aim of this study was to determine the effect of different TXA dosing strategies on clinical outcomes in bleeding trauma patients.
METHODS: S
econdary analysis of a perpetual cohort study from a UK Level I trauma center. Adult patients who activated the local major hem-
orrhage protocol and received TXAwere included. The primary outcomewas 28-day mortality. Secondary outcomeswere 24-hour
mortality, multiple organ dysfunction syndrome, venous thromboembolism, and rotational thromboelastometry fibrinolysis.
RESULTS: O
ver an 11-year period, 525 patients were included. Three dosing groups were identified: 1 g bolus only (n = 317), 1 g bolus +1 g
infusion over 8 hours (n = 80), and 2 g bolus (n = 128). Demographics and admission physiology were similar, but there were dif-
ferences in injury severity (median Injury Severity Score, 25, 29, and 25); and admission systolic blood pressure (median Systolic
Blood Pressure, 99, 108, 99 mmHg) across the 1-g, 1 g + 1 g, and 2-g groups. 28-day mortality was 21% in each treatment group.
The incidence of multiple organ dysfunction syndrome was significantly higher in the bolus plus infusion group (84%) vs. 1 g bo-
lus (64%) and 2 g bolus (62%) group, p = 0.002, but on multivariable analysis was nonsignificant. Venous thromboembolism rates
were similar in the 1-g bolus (4%), 2 g bolus (8%) and bolus plus infusion groups (7%). There was no difference in rotational
thromboelastometry maximum lysis at 24 hours: 5% in both the 1-g and 2-g bolus groups vs. 4% in bolus plus infusion group.
CONCLUSION: C
linical outcomes and 24-hour fibrinolysis state were equivalent across three different dosing strategies of TXA. Single bolus admin-
istration is likely preferable to a bolus plus infusion regimen. (J Trauma Acute Care Surg. 2024;96: 216–224. Copyright © 2023
American Association for the Surgery of Trauma.)
LEVEL OF EVIDENCE: T
herapeutic/Care Management; Level III.

KEYWORDS: T
ranexamic acid; hemorrhage; fibrinolysis.
H emorrhage remains the leading cause of early, preventable
death in major trauma patients with rapid hemostasis neces-

sary to prevent exsanguination or the sequela of significant blood
loss.1–7 Patients with major bleeding are at risk of developing acute
traumatic coagulopathy (ATC), which is described as a complex
and endogenous derangement of the hemostatic system and associ-
ated with a fivefold increase in mortality.8 Hyperfibrinolysis is a
major component of ATC, with inappropriately high fibrin
breakdown primarily driven by the shock-induced expression
of tissue-type plasminogen activator and the consumption of
plasminogen activator inhibitor 1 (PAI-1) which is mediated
by activated protein C.9,10 Hyperfibrinolysis is, therefore, a cru-
cial therapeutic target to improve hemostasis in patients with
major traumatic hemorrhage.11

Tranexamic acid (TXA) is an antifibrinolytic drug now
commonplace in hemostatic resuscitation for trauma patients,
and acts through inhibiting the conversion of plasminogen into
plasmin.12,13 For patients at risk of bleeding or with active hemor-
rhage, the CRASH-2 clinical trial showed that when TXA was
dosed as a 1-g bolus followed by a 1-g infusion given over 8 hours,
it significantly reduced mortality without any increased adverse
events, including venous thromboembolism (VTE).14 In clinical
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practice, the administration of a 1-g infusion over many hours,
as per the CRASH-2 protocol, can prove logistically challenging
during the initial trauma resuscitation, particularly when patients
require a number of life-saving interventions. In view of these po-
tential difficulties in adhering to the trial protocol, alternative dos-
ing strategies have been investigated for trauma hemorrhage.15–19

The prehospital STAMPP trial found a reduction inmortality with
the use of two, sequential 1-g boluses, followed by a 1-g infusion
when compared with placebo.16 In addition, there are theoretical
concerns about the prolonged exposure to TXAvia an 8-hour in-
fusion during the very dynamic phase of postinjury fibrinolysis.
Typically, in the first 24 hours after major trauma, fibrinolysis
transitions from hyperfibrinolysis or physiologic fibrinolysis to
hypofibrinolysis, with the latter associated with multiple organ
dysfunction (MODS).20 It is currently not known how different
dosing schedules of TXA influence fibrinolytic profiles or clinical
outcomes and whether the CRASH-2 protocol, with the inherent
difficulties of consistent administration of the infusion, remains
the optimal treatment strategy.

In this study, we aimed to compare clinical outcomes in pa-
tients who received TXA as per CRASH-II protocol, or according
to alternative regimens of 1-g and 2-g boluses. The primary out-
come was mortality at 28 days. Secondary outcomes included
mortality at 24 hours, adverse events, e.g., VTE, MODS, length
of stay (LOS) in survivors and ventilator days. In addition, we
sought to investigate the effect of alternative dosing strategies
on both early and late fibrinolysis, as well as coagulopathy. We
hypothesized that the use of bolus-only dosing strategies of
TXA is not associated with a higher mortality, adverse events
(specifically VTE and MODS), coagulopathy, or fibrinolysis.

METHODS

Study Design and Participants
This is a subanalysis of perpetual, single-center observa-

tional cohort study from an urban Level I UK trauma center. Pa-
tients included in this study are a derived subset from the Activa-
tion of Coagulation and Inflammation in Trauma II multicenter
217
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study (ACIT-II, UK CRN ID 5637, ISRCTN12962642). The
ACIT-II study enrolls adult (>16 years) victims of traumatic injury
who met criteria for trauma team activation at the study hospital.
Exclusion criteria were transfer from another hospital, presenta-
tion greater than 120 minutes from injury time, burns comprising
>5% BSA or when recruitment was considered inappropriate by
the trauma team leader. An independent senior physician pro-
vided consent for recruitment of incapacitated patients on ad-
mission. Subsequently, wherever possible, deferred written in-
formed consent was obtained from the patient or their next of
kin. Ethical approval was obtained from the East London and
The City Research Ethics Committee (07/Q0603/29), and all
procedures were performed in accordance with the 1964 Hel-
sinki Declaration and its later amendments or comparable ethi-
cal standards. The study was conducted in accordance with the
STROBE checklist for cohort studies as per the EQUATOR net-
work guidelines (Supplemental Digital Content, Supplemental
Fig. 1, http://links.lww.com/TA/D330).
Major Hemorrhage Protocol and Additional
Inclusion and Exclusion Criteria

At our institution, and the regional helicopter emergency
medical service, TXA is administered primarily as part of the
major hemorrhage protocol (MHP), which is triggered in the
presence of a systolic blood pressure of <90 mm Hg and
suspected active hemorrhage. The MHP was updated to include
TXA administration as per the CRASH-2 trial protocol in 2011,
with prehospital administration of TXA by paramedics and phy-
sicians implemented nationally in 2012. The local in-hospital
dosing regimen was changed several times following its introduc-
tion. From October 2016, TXAwas given as a 1-g bolus only, then
from January 2020 TXAwas given either as two separate 1-g bo-
luses or a single 2-g bolus. The treatment algorithms within the
MHPunderwentmultiple other revisions in linewith contemporary
research findings over the course of this study. This included
changes to transfusion practice, such as the introduction of
prehospital red blood cell (RBC) transfusions in 2012 and the use
of a 1:1 ratio of RBC and fresh frozen plasma in 2015. Further-
more, theMHPwas updated in 2013 to include the use of rotational
thromboelastometry (ROTEM), the results of which guided the
targeted use of blood components and additional doses of TXA.

In this study, only patients who activated the MHP on or
prior to admission and were documented to have received
TXA according to one of the following dosing regimenswere in-
cluded: 1 g bolus (single bolus), 1 g bolus plus 1 g infusion (bo-
lus plus infusion), 1 g bolus plus 1 g bolus or 2 g bolus. In view
of the limited time between the administration of the two boluses
in the 1-g plus 1-g boluses group, these patients and those who
received the 2-g bolus were analyzed together (double bolus).
Patients were excluded if they were either co-enrolled in the
CRASH-3 or INTACT trials; it was not possible to determine
the total amount of TXA given within 24 hours from injury;
the TXA dosing regimen differed from the three defined treat-
ment subgroups; the patient withdrew consent; or if a patient
failed to meet the ACIT-II criteria retrospectively.21,22 While our
subanalysis represents a retrospective analysis of the ACIT-II cohort,
the prospective nature of data collection protocolized within this
study somewhat minimizes the selection bias associated with retro-
218
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spective studies. Data regarding TXAdosingwere corroboratedwith
a retrospective review of the medical notes to reduce recall bias.

Data Collection and Blood Sampling
Demographic data, injury characteristics, and vital param-

eters were collected by a dedicated team of clinical research fel-
lows upon admission to the emergency department. Fluid and
blood product resuscitation was recorded prospectively over
the first 24 hours from injury. The Sequential Organ Failure As-
sessment score, adverse outcomes (including VTE) and mortal-
ity were collected daily over a period of 28 days following injury
or until death/discharge. As part of the ACIT-II study, blood
samples were collected on admission and at 24 (±2) and 72
(±12) hours. Routine laboratory measurements, including inter-
national normalized ratio (INR), platelet count, fibrinogen
levels, and blood gas analysis were performed respectively at
the central hospital laboratory or using point-of-care blood gas
analyzers according to standard operating procedures.

Rotational Thromboelastometry
Blood samples collected in 2.7 mL citrated vacutainers

(0.109 M, 3.2% sodium citrate; Becton, Dickinson and Company,
Plymouth, UK) were analyzed with ROTEM delta devices (Tem In-
ternational GmbH, Munich, Germany) according to manufacturer
instructions. EXTEM assays triggered via tissue factor were used
and the maximum lysis (ML) parameter was included in this study.
EXTEM ML represents the proportion of maximum clot firmness
lost by the end of the assay primarily secondary to fibrinolysis.

Definitions
Hyperfibrinolysis was defined as EXTEMML >15% and

hypofibrinolysis as EXTEMML <5%.23 Coagulopathy was de-
fined as INR >1.2. Major and massive hemorrhage were defined
as the use of ≥4 and ≥10 units of RBC in 24 hours
respectively.24,25 Multiple organ dysfunction syndrome was de-
fined as a Sequential Organ Failure Assessment score >5 within
the first 7 days of admission and traumatic brain injury was de-
fined as a head Abbreviated Injury Scale score ≥3.26

Statistical Analysis
Statistical analyses were performed using R Studio v1.3.959

(R Studio PBC, Boston, MA) and Prism v9.0.0 (GraphPad Soft-
ware Inc., SanDiego, CA). A pretest log normality and distribution
were carried out to determine normal distribution. Categorical var-
iables are presented as frequency (percentage) and statistical signif-
icance was tested using the χ2 test, expressed with a p value (p).
Continuous variables are presented as median (interquartile range).
The Kruskal-Wallis test was used to test for statistically significant
differences in median values between the three cohorts, which
was expressed with a p value (p). Temporal analyses were con-
ducted, investigating the incidence of clinical outcomes, such
as 28-day mortality, MODS, and VTE by study year.

Multivariable logistic regressions were used to investigate the
independent effect of TXA dosing regimens on mortality at 28 days,
mortality at 24 hours, andMODS. The results of multivariable logis-
tic regression were expressed as odds ratios (ORs) with 95% confi-
dence intervals (95% CIs) and p values (p). Multivariable linear re-
gressionswere used to analyze the independent effect of TXAdosing
regimens on total LOS in survivors (LOS), adult critical care LOS in
survivors, EXTEM ML at 24 hours and 72 hours. The results of
© 2023 American Association for the Surgery of Trauma.

tion for the Surgery of Trauma.

http://links.lww.com/TA/D330


Figure 1. Flow diagram of patient inclusion and exclusion.
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multivariable linear regressionwere presented as coefficients (Coeff)
with standard errors (Std. Error) and p values (p). Pertinent con-
founding variables were identified with univariable analysis of the
TABLE 1. Clinical Data

Single Bolus Bolus Plus

n 317 80

Patient characteristics

Age (y) 33 (23–50) 32 (24–

Male (%) 262 (83%) 53 (66

Injury characteristics

ISS 25 (14–38) 29 (24

Blunt injury (%) 193 (61%) 59 (74

AIS ≥3 head and neck injury (%) 104 (35%) 27 (34

AIS ≥3 thoracic injury (%) 168 (55%) 57 (71

AIS ≥3 abdominopelvic injury (%) 77 (26%) 21 (26

AIS ≥3 extremity injury (%) 132 (43%) 41 (51

Clinical characteristics

Admission SBP (mm Hg) 99 (76–123) 99 (81

Admission GCS 13 (6–15) 13 (5–

Admission BD (mmol/L) 7.0 (3.5–12.6) 8.5 (5.2

Transfusion and fluids at 24 h

Total PRBC (units) 4 (2–7) 6 (4–

Total FFP (units) 4 (1–7) 5 (4–

Total cryoprecipitate (pools) 0 (0–2) 2 (0–

Total platelets (pools) 0 (0–1) 1 (0–

Total crystalloids/clear fluids (L) 3.00 (1.49–4.37) 3.85 (2.6

p = single bolus vs. bolus plus infusion vs. double bolus.
AIS, Abbreviated Injury Scale; SBP, systolic blood pressure; GCS, Glasgow Coma Score; BD

© 2023 American Association for the Surgery of Trauma.
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admission and demographic data. Statistically significant variables
were considered for inclusion in the multivariable models.
Model assumptions were assessed using quantile-quantile plots,
Infusion Double Bolus All Patients p

128 525 —

55) 32 (23–45) 32 (23–50) 0.74

%) 108 (84%) 423 (81%) 0.002

–43) 25 (16–34) 25 (16–38) 0.001

%) 57 (45%) 309 (59%) <0.001

%) 33 (27%) 164 (33%) 0.29

%) 59 (48%) 284 (56%) 0.004

%) 49 (40%) 147 (29%) 0.01

%) 42 (35%) 215 (43%) 0.06

–118) 108 (90–119) 101 (81–122) 0.16

14) 14 (6–15) 14 (6–15) 0.16

–15.1) 6.1 (2.8–11.1) 7.2 (3.6–12.6) 0.04

9) 4 (2–9) 5 (2–8) 0.01

8) 4 (1–9) 4 (1–8) 0.006

2) 2 (0–3) 2 (0–3) 0.12

2) 0 (0–1) 0 (0–1) 0.008

2–5.32) 2.00 (1.00–3.16) 2.84 (1.37–4.35) <0.001

, base deficit; PRBC, packed red blood cells; FFP, fresh frozen plasma.
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predictor scatterplots, Cook's distance plots, and standardized
residual plots. Different multivariable models were rationalized
using the likelihood ratio test to assess error and the C statistic
to assess discriminatory ability. A complete-case analysis was
implemented, and a two-sided p value <0.05 was considered sta-
tistically significant.

RESULTS

Between January 2008 and November 2021, 2,538 pa-
tients were enrolled into the ACIT-II study, with 798 (31%) re-
quiring the activation of the MHP (Fig. 1). Five hundred
twenty-five (68%) did not meet any additional exclusion
criteria and received TXA according to one of the dosing regimens
investigated in this study. The majority, 317/525 (60%), received
a single bolus, 80/525 (15%) a bolus plus infusion (CRASH-II
protocol), and 128/525 (25%) a double bolus. While these dos-
ing regimenswere protocolized for use at different time intervals
throughout the study, significant overlap was identified, espe-
cially with the use of single boluses before it was formally intro-
duced (Supplementary Table 1, http://links.lww.com/TA/D331)
representing deviation from the protocol in place at the time.
TABLE 2. Coagulation and Fibrinolysis Characteristics

Single Bolus Bolus Plus

Admission coagulation

n 251 66

INR >1.2 80 (32%) 27 (41

Platelet count (�109/L) 216 (167–258) 207 (15

Fibrinogen (g/L) 1.8 (1.3–2.2) 1.6 (1.

Admission fibrinolysis

n 278 74

EXTEM maximum Lysis (%) 3 (1–6) 3.5 (1.

EXTEM maximum Lysis >15% (%) 8 (3%) 2 (3%

EXTEM maximum lysis <5% (%) 167 (60%) 51 (69

24-h Coagulation

n 218 60

INR >1.2 47 (22%) 9 (15

Platelet count (�109/L) 121 (93–153) 112 (88

Fibrinogen (g/L) 3.2 (2.8–4.0) 3.1 (2.

24-h Fibrinolysis

n 226 65

EXTEM maximum Lysis (%) 5 (3–8) 4 (3–

EXTEM maximum lysis >15% (%) 3 (1%) 0 (0%

EXTEM maximum lysis <5% (%) 100 (44%) 35 (54

72-h Coagulation

n 183 53

INR >1.2 11 (6%) 3 (6%

Platelet count (�109/L) 118 (92–150) 110 (84

Fibrinogen (g/L) 5.4 (4.6–6.8) 5.2 (4.

72-h Fibrinolysis

n 59 29

EXTEM maximum lysis (%) 6 (4–8.5) 6 (4–

EXTEM maximum lysis >15% (%) 2 (1%) 2 (1%

EXTEM maximum lysis <5% (%) 21 (36%) 84 (29

p = Single Bolus vs. Bolus Plus Infusion vs. Double Bolus.

220
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While there were no differences in age between the three
study groups, the bolus plus infusion group had more females
(34%) versus single bolus (17%) versus double bolus (16%)
(p = 0.002; Table 1). Similarly, patients in this group had signif-
icantly higher median Injury Severity Score (ISS)24–43 versus
single bolus ISS14–38 versus double bolus ISS (25, 16–34;
p = 0.001). Patients who received bolus plus infusion had signif-
icantly higher rates of blunt injury, while the double bolus group
had a higher proportion of severe abdominal injuries (Table 1).
The bolus plus infusion group were more shocked with higher
median base deficit values (8.5 mmol/L, 5.2–15.1 mmol/L) ver-
sus single bolus (7.0 mmol/L, 3.5–12.6 mmol/L) vs. double bo-
lus (6.1 mmol/L, 2.8–11.1 mmol/L; p = 0.04) and had signifi-
cantly greater transfusion requirements (Table 1).

With respect to conventional coagulation tests, the bolus plus
infusiongrouppatients had lowermedian admission fibrinogen levels
(1.6 g/L, 1.2–1.9 g/L) versus single bolus (1.8 g/L, 1.3–2.2 g/L)
versus double bolus (1.8 g/L, 1.6–2.3 g/L; p = 0.002) with no
difference in admission INR or EXTEM ML (Table 2). Simi-
larly, there were no significant differences in coagulation or fi-
brinolysis between the three groups at 24 hours. However, at
72 hours, a small but significant difference in median EXTEM
Infusion Double Bolus All Patients p

103 420 —

%) 34 (33%) 141 (34%) 0.38

9–250) 226 (165–272) 215 (166–261) 0.34

2–1.9) 1.8 (1.6–2.3) 1.8 (1.3–2.2) 0.002

115 467 —

2–5) 4 (1.5–7) 4 (1–6) 0.34

) 1 (1%) 11 (2%) 0.48

%) 65 (57%) 283 (61%) 0.23

75 353 —

%) 18 (24%) 74 (21%) 0.42

–151) 123 (95–164) 120 (92–156) 0.14

8–3.7) 3.5 (2.7–4.1) 3.2 (2.8–3.9) 0.34

76 367

6) 5 (3–7) 5 (3–7) 0.18

) 3 (1%) 4 (1%) 0.65

%) 34 (45%) 169 (46%) 0.38

64 300 —

) 1 (2%) 15 (5%) 0.36

–146) 114 (92–139) 116 (90–149) 0.2

6–5.8) 6.1 (5.1–8.2) 5.4 (4.7–7.1) 0.002

0 59 290 —

9) 0.01 6 (4–8.5) 6 (4–9)

) 0.51 2 (1%) 2 (1%)

%) 0.17 21 (36%) 84 (29%)
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MLwas present between bolus plus infusion (6%, 4–7%) versus
single bolus (7%, 5–10%) versus double bolus (6%, 4–8.5%;
p = 0.01). However, there was no significant difference in the
prevalence of hyperfibrinolysis or hypofibrinolysis between
the three groups at any timepoint (Table 2). Furthermore, on
multivariable linear analysis at 24 hours and 72 hours, ML in
the bolus only groups were not significantly different from the
bolus plus infusion group (Supplemental Table 2, http://links.
lww.com/TA/D331).

There was no significant difference in 28-day mortality,
with all groups demonstrating a mortality of 21% (p > 0.99;
Table 3). Cause of death was most commonly due to traumatic
brain injuries (36%) followed by multiorgan failure (23%), with
no significant difference in cause of death between the study
groups (p = 0.26). The secondary outcome of mortality at
24 hours did not significantly differ between the three groups
(p = 0.51; Table 3). On multivariable regression analysis, mor-
tality at 28 days was not independently related to the TXA dos-
ing regimen, single bolus (OR, 1.32; 95% CI, 0.60–2.92) and
double bolus (OR, 0.89; 95% CI, 0.35–2.26) when compared with
the bolus plus infusion regimen (Supplemental Digital Content,
Supplemental Table 3, http://links.lww.com/TA/D331). Addition-
ally, no temporal trend in 28-day mortality was identified on a
year-by-year analysis (p = 0.16; Supplementary Table 4, http://
TABLE 3. Outcomes

Single Bolus Bolus Plus In

Mortality

n 317 80

28-d Mortality 67 (21%) 17 (21%

24-h Mortality 32 (10%) 5 (6%)

Days to death 2 (0–5) 2 (0–4)

Cause of death

n 67 17

Head injury 26 (39%) 7 (41%

Multiple injuries 5 (8%) 3 (18%

Uncontrolled bleeding 10 (15%) 2 (12%

Unknown 2 (3%) 0 (0%)

Multiorgan failure 14 (21%) 4 (24%

Other 10 (15%) 1 (6%)

Adverse events

n 285 75

MODS (%) 182 (64%) 63 (84%

VTE (%) 11 (4%) 6 (8%)

VTE type

PE (%) 6 (55%) 1 (17%

DVT (%) 3 (27%) 3 (50%

Multifocal VTE (%) 1 (9%) 2 (33%

Unknown (%) 1 (9%) 0 (0%)

LOS

n 250 63

Total LOSSurvivors, d 24 (9–41) 31 (16–5

ACCU LOSSurvivors 6 (2–16) 8 (4–21

Ventilatory supportSurvivors, d 2 (0–8) 4 (1–14

p = Single Bolus vs. Bolus Plus Infusion vs. Double Bolus.
PE, pulmonary embolism; DVT, deep vein thrombosis; ACCU, adult critical care unit.

© 2023 American Association for the Surgery of Trauma.
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links.lww.com/TA/D331). Following adjustment for confounding
variables, no statistically significant difference in 24-hour mortality
was present between the bolus plus infusion group and the single
bolus or the double bolus group (Supplemental Digital Content,
Supplemental Table 3, http://links.lww.com/TA/D331).

The crude incidence of MODS was significantly different
between the three treatment groups, and highest in the bolus plus
infusion group (84%) when compared to the single bolus (64%)
and double bolus (63%) groups (p = 0.002; Table 3). However,
in multivariable regression analysis neither the single bolus group
(OR, 0.97; 95% CI, 0.34–2.80) nor the double bolus group (OR,
0.72; 95%CI, 0.22–2.36) showed an independent relationship with
MODS (Supplemental Table 3, http://links.lww.com/TA/D331).
Analysis of the temporal trend inMODS incidence by year of study
recruitment demonstrated a strong trend toward higher rates of
MODS in the early years of the study when the bolus plus infusion
strategy was commonly in use, (p = 0.05) (Supplemental Digital
Content, Supplemental Table 4, http://links.lww.com/TA/D331).

There was no difference in overall VTE rates between the
bolus plus infusion (8%) versus single bolus (4%) versus double
bolus (7%; p = 0.31) or the type of VTE (Table 3). Multivariable
analysis of VTE rates highlighted no independent relationship
between the single bolus regimen (OR, 0.75; 95% CI,
0.26–2.18) and the double bolus regimen when compared with
fusion Double Bolus All Patients p

128 525 —

) 27 (21%) 111 (21%) >0.99

14 (11%) 51 (10%) 0.51

1 (0–3) 1 (0–4) 0.49

27 111 0.88

) 7 (26%) 40 (36%)

) 4 (15%) 12 (11%)

) 4 (15%) 16 (14%)

1 (4%) 3 (3%)

) 8 (30%) 26 (23%)

3 (11%) 14 (13%)

114 474 —

) 70 (62%) 315 (67%) 0.002

8 (7%) 25 (6%) 0.31

0.06

) 8 (100%) 15 (60%)

) 0 (0%) 6 (24%)

) 0 (0%) 3 (12%)

0 (0%) 1 (4%)

101 414 —

5) 16 (6–34) 23 (9–42) 0.001

) 6 (0–15) 6 (2–16) 0.03

) 2 (0–6) 2 (0–8) 0.01
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the bolus plus infusion regimen (Supplemental Digital Content,
Supplemental Table 3, http://links.lww.com/TA/D331). Furthermore,
therewas no temporal trend in VTE incidence over the course of this
study (p= 0.41) (Supplemental Digital Content, Supplemental Table
4, http://links.lww.com/TA/D331). Among survivors, hospital LOS
and adult critical care LOSwere significantly longer in the bolus plus
infusion group, but this was not apparent on multivariable linear re-
gression (Supplemental Table 2, http://links.lww.com/TA/D331).
Ventilatory support duration in days was not statistically signif-
icant on univariable analysis with TXA treatment group (Sup-
plemental Table 2, http://links.lww.com/TA/D331).

DISCUSSION

Tranexamic acid use in traumatic hemorrhage has been
the subject of intense research and debate for over a decade, in
addition to nontrauma pharmacokinetic studies reporting inves-
tigations into different dosing strategies outside of traumatic
hemorrhage and coagulopathy.13,27–30 In this study, we found
no differences in mortality or adverse events between a single
bolus and double bolus strategy when compared with the
CRASH-2 trial dosing protocol (1 g bolus plus 1 g infusion).
This finding is in agreement with previous studies that have
found no significant difference in clinical outcomes for patients
in which the (second) in-hospital dose of TXA is omitted.15,17,18

However, these studies have not reported on outcomes in pa-
tients who received 2 g of TXAvia a bolus when compared with
infusion. The recent STAAMP trial demonstrated a reduced
mortality at 30 days in patients who received two, 1 g boluses
of TXA with a 1-g infusion when compared with placebo.16

We observed low rates of hyperfibrinolysis on ROTEM across
all three treatment groups at admission and at 24 hours. Overall,
these results suggest that a single, 1 g bolus may have equivalent
antifibrinolytic efficacy compared with other dosing regimens
of TXA, and clinically is significant given that ROTEM
hyperfibrinolysis is associated with higher mortality.11,31

Our analysis revealed heterogeneity between the study
groups in admission physiology and blood transfusion require-
ments. It is unclear if this is due to a difference in the severity
of hemorrhagic shock between the treatment groups or a reflec-
tion of the temporal differences between dosing groups and
changes in transfusion practice over time. Over time, the MHP
has been shown to result in more conservative blood component
use, which may represent another explanation for the higher
transfusion requirements in the earlier patient cohort.2 Further
there was significant heterogeneity in the sex ratio of the treat-
ment groups with the more shocked, bolus plus infusion group
consisting of a significantly higher proportion of female pa-
tients. Sex-dependent differences in outcome for trauma patients
treated with TXA remains an active area of research. Murine
studies investigating the physiological response to TXA used
to treat TBI have demonstrated a preferential benefit in male
subjects.32 Other studies have highlighted no difference in the
reduction in mortality between male and female patients but
have found that female patients are less likely to receive
TXA.33,34 Therefore, the potential impact of this heterogeneity
should be considered when interpreting the results of this study.

Despite this heterogeneity, there were minimal differ-
ences between these groups in measures of admission and 24-hour
222

Copyright © 2023 American Associa
coagulopathy and fibrinolysis through conventional laboratory
testing and ROTEM. Prehospital administration of TXA is stan-
dard practice in our trauma system and this has most likely
dampened differences in fibrinolysis upon admission. More-
over, the poor sensitivity of ROTEM for hyperfibrinolysis will
mask any subtle differences across the groups.11,35 While the
lower level of fibrinolysis at 72 hours in the bolus plus infusion
and the double bolus groupmight suggest a late effect of the sec-
ond bolus/infusion of TXA, this was no longer evident after ad-
justment for confounding variables.

The association of TXAwith VTE and MODS continues
to be debated in the trauma community36–38 with an increase
in microvascular occlusion, secondary to a reduction in fibrino-
lytic activity proposed as a potential mechanism for increasing
the rate of MODS.39 Our cohort did demonstrate a significantly
higher prevalence of MODS in the bolus plus infusion group.
However, this difference did not persist after adjustment for con-
founding variables, and no statistically significant difference in
death from MOF was found in our cohort. Our study showed
no differences in VTE occurrence between the three study, sim-
ilar to that demonstrated by van Wessem et al.17 Moreover, the
frequency of VTE in our study was lower or in keeping with
those reported in the literature.36,40

There are several limitations to this study. First, the retro-
spective analysis of prospectively collected data, which comes
with its own inherent biases, including selection bias, and the
use of a historical control in our study. Second, our center does
not have a practice for routine screening of VTE in trauma,
rather clinical signs and symptoms of VTE trigger further inves-
tigation when deemed appropriate by a healthcare professional.
Venous thromboembolisms may be detected incidentally during
other radiologic investigations but we did not collect data on
symptomatic versus nonsymptomatic VTE. Clinical VTE detec-
tion has remained the standard throughout the study but may
represent a limitation in and of itself. However, routine screening
of VTE in trauma patients is a long-standing topic of debatewith
no consensus.41 Critics argue that VTE screening detects
non-clinically meaningful thrombosis and that the detection of
subclinical VTE can lead to harmful anticoagulation use.42

Third, while patients were protocolized to receive a set dose of
TXA, a subset of patients may have received higher or lower
TXA doses based on other clinical factors. This hypothesis is
supported by our protocol adherence analysis and the large num-
ber of patients who were excluded for receiving nonprotocolized
doses of TXA. The higher ISS and shock severity in the bolus plus
infusion group may have resulted from the clinical decision to ad-
minister additional TXA, such as an infusion or additional bolus,
representing a selection bias. Conversely, patients whowere not as
severely injured may have had additional infusions or boluses or
TXA withheld, biasing our analysis. Fourth, this patient cohort
may not be generalization to allMHP patients, as a subset of a pro-
spective cohort study with stringent inclusion/exclusion criteria
and those patients with missing data and derivations from
protocolized use of TXA limited our sample size. Finally, we lim-
ited our analysis to a single clinical measure of fibrinolysis
(EXTEM ML) and more sensitive biomarkers measures might
have demonstrated greater differences in fibrinolysis after injury.43

In conclusion, we have found no significant difference in
mortality or adverse clinical outcomes between the three
© 2023 American Association for the Surgery of Trauma.
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treatment strategies. The lack of significant, detectable differ-
ences in fibrinolytic activity also supports the comparable effi-
cacy of simplified no-infusion dosing strategies. These alterna-
tive regimens for TXA administrationmay providemore pragmatic
and preferable alternatives to the traditional bolus plus infusion
protocol for major trauma hemorrhage.
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