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Abstract

Background: Trauma is the leading cause of death and disability in children in the USA. Tranexamic acid (TXA)
reduces the blood transfusion requirements in adults and children during surgery. Several studies have evaluated TXA
in adults with hemorrhagic trauma, but no randomized controlled trials have occurred in children with trauma. We
propose a Bayesian adaptive clinical trial to investigate TXA in children with brain and/or torso hemorrhagic trauma.

Methods/design: We designed a double-blind, Bayesian adaptive clinical trial that will enroll up to 2000 patients. We
extend the traditional Emax dose-response model to incorporate a hierarchical structure so multiple doses of TXA can
be evaluated in different injury populations (isolated head injury, isolated torso injury, or both head and torso injury).
Up to 3 doses of TXA (15mg/kg, 30mg/kg, and 45mg/kg bolus doses) will be compared to placebo. Equal allocation
between placebo, 15mg/kg, and 30mg/kg will be used for an initial period within each injury group. Depending on
the dose-response curve, the 45mg/kg arm may open in an injury group if there is a trend towards increasing efficacy
based on the observed relationship using the data from the lower doses. Response-adaptive randomization allows
each injury group to differ in allocation proportions of TXA so an optimal dose can be identified for each injury group.
Frequent interim stopping periods are included to evaluate efficacy and futility. The statistical design is evaluated
through extensive simulations to determine the operating characteristics in several plausible scenarios. This trial
achieves adequate power in each injury group.

Discussion: This trial design evaluating TXA in pediatric hemorrhagic trauma allows for three separate injury
populations to be analyzed and compared within a single study framework. Individual conclusions regarding optimal
dosing of TXA can be made within each injury group. Identifying the optimal dose of TXA, if any, for various injury
types in childhood may reduce death and disability.

Keywords: Bayesian statistics, Tranexamic acid, Pediatrics, Adaptive clinical trial design, Response-adaptive
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Background
Trauma is the leading cause of death and disability in
children in the USA [1]. In the initial 24 h after injury,
hemorrhage is the leading cause of death [2]. Tranex-
amic acid (TXA) is an antifibrinolytic lysine analog that
blocks the conversion of plasminogen to plasmin thereby
helping to attenuate bleeding. TXA reduces the blood
transfusion requirements in adults and children during
surgery [3–7]. The effectiveness of TXA in the surgical
setting led to the Clinical Randomization of an Antifibri-
nolytic in Significant Hemorrhage (CRASH-2) and
CRASH-3 trials, two separate international randomized
controlled trials of early administration of TXA to adults
with hemorrhagic torso trauma (CRASH-2) and
hemorrhagic brain injuries (CRASH-3) [8, 9]. In
CRASH-2, TXA reduce mortality with no increase in ad-
verse events compared to placebo. In CRASH-3, patients
randomized to TXA had lower mortality, but it was not
statistically significant. In addition, a post hoc analysis of
the CRASH-2 trial demonstrated improved functional
outcomes associated with TXA use [10].
Several challenges exist for studying the efficacy of

TXA in children. First, children are different from adults
with regard to anatomy, physiology, and metabolism, all
of which may affect the efficacy and safety profiles of
TXA differently in children than it does in adults, creat-
ing uncertainty about the optimal dosing in children.
Second, the efficacy and safety of TXA may be different
in children with torso/abdominal hemorrhage than in
children with brain hemorrhage, and children with both
torso and brain hemorrhage (polytrauma) may also
respond differently. Because severe hemorrhagic injury is
less frequent in children than in adults, conducting
separate clinical trials for each hemorrhagic condition in
children (isolated brain, isolated torso, and polytrauma
injuries) would be inefficient and costly. However, con-
ducting a trial that combines all severe pediatric
hemorrhagic injury groups in a single analysis could
neglect important systematic differences in treatment
effect that may exist between the groups. A pilot study
enrolling 31 patients was successfully completed demon-
strating the feasibility of patient consent, enrollment,
and follow-up procedures [11], but a larger study is
needed to assess efficacy.
Bayesian adaptive clinical trials have been successfully

used to help study rare diseases and infrequent condi-
tions [12, 13]. Adaptive designs allow for the features of
the study to change in a pre-specified way based on ac-
cumulating data during the trial. These approaches are
becoming more common, and the FDA has recently re-
leased guidance on adaptive designs in industry clinical
trials [14].
The Traumatic Injury Clinical Trial Evaluating Tran-

examic Acid in Children (TIC-TOC) trial is a Bayesian

adaptive prospective, double-blinded, placebo-controlled,
multicenter adaptive trial to assess the efficacy and safety
of TXA in children with severe hemorrhagic injury to
the brain and/or torso. The trial includes several innova-
tive features designed to improve the efficiency of the
trial and address inherent challenges. This trial will test
the efficacy of at least two doses of TXA in children with
hemorrhagic brain and/or torso injuries. The use of
dose-response modeling and response-adaptive
randomization allow efficient investigation of several
doses, including a staggered approach to initiating the
highest dose, which has been successfully performed in
other studies [15, 16]. Additionally, we will incorporate a
hierarchical model that leverages data across the injury
groups for efficient estimation and inference. Finally, we
propose a novel patient-centered endpoint that captures
both the outcome and its trajectory.

Methods/study design
The Traumatic Injury Clinical Trial Evaluating Tranex-
amic Acid in Children (TIC-TOC) study will be a multi-
center trial in children with hemorrhagic brain and/or
torso injuries. Study drug (TXA or placebo) will be given
within 3 h of injury starting with a 30-min bolus dose
followed by an 8-h infusion.
The trial will enroll up to 2000 children whose

hemorrhagic injuries are classified as “Brain,” “Torso,” or
“Both” at 30–40 academic level 1 trauma centers in the
USA. The sample size will be adaptively determined by
frequent interim analyses that will be performed after
500, 750, 1000, 1250, 1500, and 1750 patients are ran-
domized. Initially, patients will be randomized equally
among three study arms: placebo, TXA 15mg/kg bolus
dose then a 2 mg/kg/h infusion, and TXA 30mg/kg
bolus dose then a 4 mg/kg/h infusion, with the possibil-
ity of initiating a TXA 45mg/kg bolus dose then a 6 mg/
kg/h infusion arm later in the trial based on accumulat-
ing data. At each interim analysis, the randomization
probabilities will be adjusted to preferentially allocate
patients to better performing dosing arms, while the pla-
cebo arm probability will stay fixed. The trial will use a
Bayesian hierarchical model that allows the estimates of
the treatment effect for each of the injury types to be in-
formed by the data accumulated from all injury types.
SPIRIT reporting guidelines were used in this manu-
script [17].

Primary outcome measure: the Pediatric Quality of Life
Inventory (PedsQL) area under the curve
The Pediatric Quality of Life Inventory (PedsQL) is a
survey that assesses various quality aspects of a child’s
life [18]. There are different versions based on a child’s
age to account for development stages. The total score
for all age versions ranges from 0 to 100 where higher
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scores correspond to a better quality of life, and the in-
strument has been validated across age groups. In the
TIC-TOC study, the PedsQL survey will be administered
1 week, 1 month, 3 months, and 6 months after injury.
The primary outcome in the TIC-TOC trial will be the
area under the curve (AUC) of these surveys which re-
sults in a continuous outcome measure ranging between
0 and 100 [19]. AUC is commonly used for the analysis
of longitudinal quality of life surveys and our approach
to the derivation of AUC is similar to published litera-
ture [20, 21]. All four PedsQL measures (at the various
time points) will be used in the calculation of the AUC
for the Brain and the Both injury groups. Most patients
with Torso injuries are expected to recover by one
month, regardless of what treatment the patient receives.
For this reason, in the Torso injury group, only the 1
week and 1 month surveys will be included in the pri-
mary outcome calculation. The AUC captures both the
amount of recovery as well as the rate of recovery within
a single measurement. It also allows a varying number of
time points across injury groups to be incorporated into
a single measure that is comparable across injury groups.
The AUC may be calculated in the presence of missing
follow-up visit surveys if the PedsQL is observed for at
least one timepoint using the trapezoid rule. If only one
follow-up PedsQL outcome is observed, that value is
assigned to the AUC. For any single timepoint, a differ-
ence between PedsQL surveys of 4.5 units has been con-
sidered to represent a clinically meaningful difference
[22]. We have applied this 4.5 clinically meaningful dif-
ference to the AUC outcome as well.

Statistical model
A dose-response model is used to characterize the rela-
tionship between the dose of TXA and outcomes as de-
fined by the PedsQL AUC. The selected model is a
hyperbolic Emax model [23], which is commonly used in
dose-ranging studies in all stages of drug development
[24]. The model has the distinguishing feature that it is
monotonic; thus, higher doses are expected to have
greater difference from placebo in average PedsQL AUC
values.
The hyperbolic Emax model is typically used within a

single population of interest. Since the TIC-TOC trial
investigates three distinct, yet related, populations (Brain
injury, Torso injury, and Both), we extend the model to
accommodate multiple injury types. We introduce a
hierarchical structure [25] to the model that allows
inferences to be drawn within each injury group while
leveraging data from all patients in the trial. This inte-
gration (“borrowing”) of information across injury
groups is a key feature of the design and is especially
critical for the Both injury group because the sample size
is expected to be substantially smaller than for the other

injury groups. The hierarchical model is specified a
priori but the behavior of the model is dynamic in that it
will borrow or share more information across injury
groups when the observed effects of TXA compared to
placebo are similar across injury groups, while the model
results in less borrowing and more independent esti-
mates when there is a more heterogeneous result ob-
served. In addition, this borrowing reduces the overall
probability of making at least one false claim of success
under the scenario in which none of the injury groups
has true benefit (the global null). When there is no effect
of TXA in any injury group, the borrowing mitigates the
impact of spurious results within a particular arm of an
injury group. A benefit of the hierarchical model is a
greater precision of estimates and better decisions re-
garding benefit of TXA in each injury type [25]. Details
of the statistical model, including prior distributions, are
provided in the supplement (Adaptive Design Report).
All inferences about the primary outcome will be

based on this prespecified model, which will be periodic-
ally updated as described below using a Bayesian frame-
work as data accrues during the trial. Probabilities
derived from this model will guide all adaptive decisions
within each injury type, including the response-adaptive
randomization, the evaluation of pre-specified stopping
rules, and whether to open a higher dose arm. The adap-
tive design rules are described below.

Response adaptive randomization
Response-adaptive randomization allows the proportion
of patients allocated to the different dosage arms to
change throughout the trial based on accumulating data.
There are different methods and algorithms used to im-
plement response-adaptive randomization; our method
is similar to that described in Trippa et al. [26]. From
the statistical model, we determine which dose is esti-
mated to have at least 80% of the treatment effect (ED80)
attributable to the maximum dose (i.e., 45 mg/kg). The
randomization probabilities within each injury type will
be proportional to the probability that each dose is the
ED80 within that injury type. By targeting the ED80, the
algorithm will tend to back away from the highest dose
whenever a lower dose is available that maintains most
of the treatment effect of the higher dose. This strategy
helps minimize the number of children exposed un-
necessarily to high doses.
Response-adaptive randomization is implemented

starting after 500 total patients have been enrolled. After
that, the proportions allocated to each arm within each
injury are updated every time an additional 250 patients
have been enrolled (i.e., after 500, 750, 1000, 1250, 1500,
and 1750 patients). The allocation proportions across
arms can differ between the injury groups. Only individ-
uals who have an observed outcome will contribute to
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the response adaptive randomization. This means that
recently randomized patients without an observed out-
come will not contribute when the study reaches the in-
terim sample size (e.g., 500), but will contribute their
information to the following interim analysis assuming
they have an observed outcome at that point. Because
this study is conducted in a blinded fashion and study
drug is given over 8 h, patients who were randomized to
an arm that is suspended will have completed treatment
by the time the allocations are updated and will not be
notified of the suspension.
An additional constraint is applied to prevent the

algorithm from assigning patients to underperforming
doses. Within any injury group, if the randomization
allocation probability drops below 10% for a given
dose, that dose is temporarily dropped from the
randomization sequence for that injury group. At
future interim looks, it is possible that a dropped
dose could re-enter the allocation proportions based
on the additional accumulating data. The placebo arm
is forced to remain in the study and is not allowed to
be dropped. If the response-adaptive randomization
results in only two arms being used at a single time
within an injury group, the allocations are forced to
be 50% placebo and 50% to the TXA dose being
used. Otherwise, the placebo arm allocation probabil-
ity is fixed at 33% throughout the trial.

Adding the high dose
A common concern in drug development is that too
narrow of a dose range is explored, which limits the
selection of doses to continue on to the later phase
trials [27]. If too low of a dose is selected, this mis-
take increases the risk of failure as the full potential
of the drug is not considered. The exploration of
higher doses needs to be appropriately balanced with
any safety concerns. Although TXA has been demon-
strated to be safe in other populations, the TIC-TOC
trial will start enrolling in each injury group with
three arms (placebo [0 mg/kg], TXA 15 mg/kg, and
30 mg/kg). Within a single injury group, we will add
a 45 mg/kg arm of TXA if both of the following con-
ditions are met for that injury group:

� There is at least a 50% posterior probability that the
model-estimated difference in AUC between the 45
mg/kg arm and placebo is greater than or equal to
4.5 quality of life units for that injury group (the
minimum clinically meaningful difference) based on
extrapolating the results seen in the 15 mg/kg and
30 mg/kg arms, and

� There are no safety concerns for a higher dose
identified by the Data and Safety Monitoring Board
based on current data.

If the 45 mg/kg dosing arm is opened within an injury
group, the initial randomization probability for that dose
will be capped at no more than 20% until the probabil-
ities are re-evaluated at the next interim look. This cap
is instituted to ensure that preliminary safety data can be
collected on the 45mg/kg arm within an injury group
before a larger proportion of patients is randomized to
that dose. After the 45mg/kg dosing arm has been initi-
ated for at least one interim period, the maximum alloca-
tion proportion for the 45mg/kg arm increases to 50%.

Stopping rules and decision boundaries
The final analysis for each injury type does not occur
until after all enrolled patients in that injury type have
reached the last PedsQL survey timepoint. At the final
analysis, an injury group will be meeting the criteria for
efficacy if there is sufficiently high probability that the
dose-response model has a positive slope. We will use
the probability that each dose has at least 80% of the
treatment effect (ED80) attributable to the maximum
dose when updating the allocation sequence. However,
for the final analysis, our goal is to evaluate whether
there is an efficacy signal of TXA as a whole which is
why we evaluate the slope of the curve.
An injury group may stop enrollment early either for

reaching a sample size cap (1600, 900, and 300 patients,
respectively for the Brain, Torso, and Both groups), for
futility, or for the expectation of success. Stopping for ef-
ficacy and futility will be considered after 1000 patients
are enrolled and after each additional 250 patients there-
after (i.e., after 1000, 1250, 1500, 1750, and 2000 [max-
imum sample size] total patients are enrolled). When an
injury group stops for efficacy or futility, the official ana-
lysis will be performed once all patients randomized in
that injury group have reached their last follow-up
period. At that point, the data will be locked and the
final analysis for the injury group will be performed with
all new accumulated data (even from other injury
groups).
From the model, we compute the posterior probability

of a positive treatment effect within each injury group.
This probability is evaluated against the boundaries in
Table 1. For example, after 1000 patients have been

Table 1 Boundaries of posterior probabilities of efficacy for
stopping accrual and for final analysis decisions

Total
sample size

Brain Torso Both

Efficacy Futility Efficacy Futility Efficacy Futility

1000 0.990 0.050 0.980 0.050 0.975 0.050

1250 0.990 0.100 0.980 0.100 0.975 0.100

1500 0.990 0.150 0.980 0.150 0.975 0.150

1750 0.990 0.200 0.980 0.200 0.975 0.200

Final analysis 0.981 0.250 0.978 0.250 0.975 0.250
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randomized, the Torso group may stop accrual for ex-
pected success if the probability of a positive treatment
effect at the current sample size is at least 0.980 or stop
for futility if the probability of a positive treatment effect
at the current sample size is lower than 0.05.
The stopping boundaries were selected a priori to con-

trol for the probability of a false positive conclusion
within an injury type below 2.5% (one-sided) under the
global null scenario (no effect in the Brain, Torso, nor
Both injury groups), which was verified through simula-
tion. When a stopping boundary is crossed, recruitment
is stopped for that injury group, and the patients cur-
rently enrolled in that injury group continue to have
follow-up until all individuals in that group have been
evaluated at all follow-up time periods. Due to the infre-
quency of patients in the Both injuries group, if both the
Brain and Torso injury groups stop enrollment for any
reason, we will stop recruitment in the Both injuries
group regardless of the current effect size. This is to pre-
vent the trial from continuing for an infeasible amount
of time. For similar reasons, if either the Brain injury
group or the Torso injury group meet stopping boundar-
ies, the remaining enrolling injury groups are limited to
a maximum sample size cap (to not excessively prolong
the study). Based on clinical knowledge about the pro-
portions that these injuries occur (assumed to be 60%
Brain injuries, 30% Torso injuries, 10% Both injuries),
the maximum sample size for the Brain, Torso, and Both
groups are set to 1600, 900, and 300 patients, respect-
ively. These caps allow for fluctuation in the assumed in-
jury distribution since the maximum total sample size
stays fixed at 2000 patients.

Final analysis of the both group
Due to the lower prevalence of children with both head
and torso injuries, we do not expect that the trial will
have sufficient power to detect benefit in this group on
its own at interim analyses at the assumed effect sizes of
TXA, even with the hierarchical model. At the end of
the trial, if both the Brain and Torso groups are shown
to be efficacious and the Both group has not yet crossed
a stopping boundary, a separate hyperbolic Emax model
will be performed on the Both injury group. For this
model, informative priors will be constructed using the
estimates obtained in the Brain and Torso groups.
Additional details are provided in the supplement
(Adaptive Design Report).

Simulations
To evaluate the behavior of the adaptive design, we per-
formed computer simulations of the trial across a range
of plausible scenarios. We created a set of hypothetical
dose-response relationships for PedsQL AUC for each
injury type. For each of the scenarios displayed in Fig. 1,

we simulated 5000 trials. In each trial, we generated
PedsQL AUC scores according to the truth for the sce-
nario and had the computer conduct the design as speci-
fied above. This process was repeated, and the behavior
of each “virtual trial” was tracked, including the number
of patients assigned to each dose within each injury type,
when accrual was stopped and the reason, and the se-
lected dose, if any, for each injury type. These operating
characteristics were then summarized across all simu-
lated trials for each scenario.
The effect sizes for the Brain, Torso, and Both groups

are shown in their respective columns. The lines plotted
display the treatment effect (the difference between each
dose and placebo). Flat lines at 0 indicate the null effect
(i.e., no difference between TXA and placebo) and is
represented in scenario 1. Scenarios 2 through 4 indicate
varying levels of efficacy of TXA. Scenarios 5 through 8
represent mixed situations and are used to understand
the impact of the hierarchical model when TXA is effi-
cacious in at least one injury group but not in at least
one other. Scenario 9 represents a situation where TXA
is harmful in one injury type and efficacious in the other
two.

Operating characteristics
Using these stopping boundaries, the following operating
characteristics were determined through simulation
among nine scenarios. For our simulations, power was
defined within an injury group as the probability of suc-
cessfully identifying TXA is superior to placebo when
that is the case based on the estimated dose response
curve. Due to the borrowing of information across injury
groups, the thresholds are more liberal (lower thresh-
olds) compared to traditional boundaries. This is be-
cause it is more difficult to reject the null hypothesis
with the borrowing unless you are seeing a large signal
in one injury group or a consistently positive signal
across all three injury groups (i.e., the borrowing
smooths out spurious results within a particular arm of
an injury group). The one-sided type I error rate is pre-
served in the Brain (2.1%), Torso (2.2%), and Both (1.4%)
injury groups under the null scenario.
Under the hypothesized effect size (scenario 2), there

is 94.9% power in the Brain group, 82.9% power in the
Torso group, and 64.4% power in the Both group to de-
tect a difference in PedsQL AUCs between placebo and
TXA. The operating characteristics of the other scenar-
ios can be seen in Table 2.
The probability of stopping the entire trial at each in-

terim look assessing futility and efficacy are also dis-
played (meaning all three injury groups have stopped
enrollment). Under the null scenario, there is a 91%
chance that the trial will continue to enroll 2000 patients
and approximately a 20% chance in each injury group
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that the 45 mg/kg arm will be opened. Under the hy-
pothesized effect (scenario 2), the probability of stopping
at each interim look ranges between approximately 15%
and approximately 25%. There is a 64% to 74% probabil-
ity in each injury group that the 45mg/kg dosing arm
will be opened. In scenario 3, there are varying effects of
TXA across the injury groups. As seen in Fig. 1, in this

scenario, TXA is less efficacious in the Torso group
compared to the Brain and Both groups. This corre-
sponds to a substantial decrease in power for the Torso
group and only a minor decrease in power in the Brain
group. The inability to claim benefit in the Torso group
also results in a decrease in power for the Both group
(due to the hierarchical model). In the settings where

Fig. 1 Nine scenarios are presented to understand the operating characteristics of the model. Effect sizes for the PedsQL AUC compared to the
placebo arm are plotted for each dose for the Brain, Torso, and Both injury groups. Lines above zero on the vertical axis indicate efficacious
scenarios where flat lines at zero indicate the null scenario (no benefit). Lines below zero on the vertical axis indicate harmful scenarios
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TXA is more efficacious than hypothesized (scenario 4),
the power greatly increases for identifying benefit in the
Torso and Both injury groups and there is a larger likeli-
hood that the trial will stop early. Due to the borrowing
of information across the injury groups, the one-sided
type I errors are mildly inflated in scenarios when there
is an effect in at least one group and no effect in at least
one other group (scenarios 5 through 8). In the scenario
where there is a harmful effect in the Brain group but ef-
ficacious in Torso and Both, we have less than a 0.1%
chance that we conclude TXA is efficacious in the Brain
injury group (scenario 9). The Torso group maintains
adequate power (71.4%) to detect an effect of TXA. This
scenario demonstrates how borrowing is reduced when
the observed effects are conflicting.

Expected sample sizes by injury group and dose
Due to the response-adaptive randomization, the pro-
portions of patients in each study dosing arm change
based on the accumulating data. For each simulated trial,

we record the sample size per dose at the time that an
injury group stops accrual. The median sample size for
each study arm within each injury group is displayed for
the hypothesized scenario (scenario 2) in Fig. 2. The bars
extending from each median display the 10th and 90th
percentile sample sizes among the simulations. Because
response adaptive randomization does not begin until
500 patients have been randomized, there is a minimum
number of patients that are expected to be observed for
the placebo, 15 mg/kg, and 30 mg/kg dosing arms in the
three injury groups, regardless of the effect size. In the
hypothesized scenario, the assumed effect sizes are 3.6 units
(15mg/kg), 4.5 units (30mg/kg), and 4.9 units (45mg/kg),
so that the ED80 would be the minimum dose that results
in an effect size of at least 3.9 quality of life units in AUC
(i.e., 4.9 effect size at 45mg/kg * 80% effectiveness = 3.9
quality of life threshold). In this case, the 30mg/kg dose
would be the correct ED80 in each injury group. As ex-
pected and demonstrated in Fig. 2, the response-adaptive
randomization favors the 30mg/kg arm.

Table 2 Operating characteristics of nine different scenarios

Scenario Power Probability of stopping the entire trial at specific interim looks Probability of opening 45mg/kg dose

Brain† Torso† Both† 1000 1250 1500 1750 2000 Brain Torso Both

1 2.1% 2.2% 1.4% 0.3% 1.8% 2.5% 4.4% 91.0% 21.5% 20.6% 21.7%

2 94.9% 82.9% 64.4% 16.9% 22.5% 19.8% 15.9% 24.8% 73.9% 70.7% 63.9%

3 92.3% 64.6% 52.4% 10.1% 15.2% 15.9% 16.7% 42.1% 72.5% 65.0% 65.1%

4 97.0% 89.0% 73.1% 23.8% 27.8% 20.3% 14.3% 13.7% 79.3% 76.1% 68.7%

5 92.5% 5.0% 39.0% 2.1% 4.2% 5.6% 18.2% 69.9% 67.3% 35.5% 59.8%

6 4.4% 65.9% 30.5% 0.9% 2.4% 4.6% 5.4% 86.6% 30.4% 63.4% 56.4%

7 3.2% 61.0% 3.2% 0.9% 2.2% 4.2% 5.9% 86.9% 27.0% 57.7% 30.6%

8 90.6% 4.3% 5.3% 1.9% 4.0% 5.6% 11.4% 77.2% 64.7% 31.6% 34.7%

9 0.0% 71.4% 24.7% 3.5% 11.6% 18.6% 20.1% 46.1% 9.4% 53.0% 41.2%
†Italicized cells indicate the one-sided type I error rate in those scenarios. Bolded cells indicate the postulated scenario

Fig. 2 Summaries of expected sample sizes by injury group and arm for the hypothesized scenario (scenario 2 [dose responsive benefit seen in all
three injury groups]). The bars display the median and the lines display the 10th and 90th percentile of the expected sample sizes across simulations
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Figure 3 displays the average sample sizes under the
null scenario (scenario 1). The adaptive randomization
tends to apply roughly equal allocation across the dosing
arms. Even though the 45 mg/kg dosing arm is opened
in approximately 20% of the null simulations as seen in
Table 2, very few patients are actually allocated to the
45mg/kg dosing arm. This is partly due to the restric-
tions that are placed on the allocation probabilities to
the high dose once it is introduced.

Discussion
The TIC-TOC trial will provide an important addition
to medical research for the treatment of children with
hemorrhagic injuries. Although there are substantial data
regarding the effectiveness of TXA for mitigating bleed-
ing in both adults and children during surgery [3–7],
and a mortality benefit of TXA for adults with
hemorrhagic torso [8] and brain injuries [9], there have
been no clinical trials of TXA for injured children. This
critical gap in knowledge has substantial implications. If
TXA were found to be efficacious in children with
hemorrhagic injuries, it would likely be a safe, inexpen-
sive adjunct in the management of injured children
worldwide. If not found to be efficacious, or if safety is-
sues outweighed its benefits, TXA should not be used
for routine care of children with hemorrhagic injuries.
This trial design offers solutions to the unique chal-

lenges of investigating TXA in injured children by mak-
ing the most efficient use of valuable patient resources
to answer several research questions. These include
whether TXA provides benefit in three different injury
groups, and which dose should be used in this setting.
The incorporation of early stopping rules allows enroll-
ment to end within an injury group once the research
question has been answered or is futile.
A traditional clinical trial might either limit enrollment

to a single injury type, or would pool data together

across injury types, assuming a common treatment ef-
fect. Our Bayesian adaptive design incorporates a statis-
tical model that will provide a distinct treatment effect
estimate for each injury type that leverages data for all
injury types, to the extent that the treatment effects are
similar. Our hierarchical model considers the three in-
jury types to be unordered groups. A more sophisticated
model might be conceived that better reflects the nature
of the groups, that is, that the Both group overlaps the
Brain and Torso groups. Designing the study with the
Bayesian framework allows for easy interpretation of the
study results compared to what is typically provided by
frequentist analyses [28].
The response-adaptive randomization provides a more

ethical approach because patients within the trial are
more likely to be assigned to the study arm that appears
to be more efficacious at the time. There have been
simulation studies that suggest that response-adaptive
randomization has limitations and unintentional conse-
quences to the study design. However, this has been pre-
dominantly in two-arm trial settings in which the
control arm allocation is allowed to decrease or when
appropriate tuning parameters are not chosen [29–31].
Trippa et al. [26] demonstrate that response-adaptive
randomization can require fewer overall patients com-
pared to a fixed design while maintaining a certain level
of statistical power. A detailed discussion and simulation
study showing the benefit of response-adaptive
randomization in scenarios like what is used in the TIC-
TOC study design can be found elsewhere [32]. The in-
vestigators of that study compared various versions of
response-adaptive randomization previously published
and discuss the effect response-adaptive randomization
has on power, sample size, and arm selection. Another
limitation of response-adaptive randomization is the
presence of time trends. In particular, if there is a time
effect for the treatment of patients, then decisions made

Fig. 3 Summaries of expected sample sizes by injury group and arm for the null scenario (scenario 1 [no benefit or harm seen with TXA across
injury groups]). The bars display the median and the lines display the 10th and 90th percentile of the expected sample sizes
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earlier in a trial may not reflect what should have
occurred at a later time (which might result in
parameter drift in the ongoing model estimation).
For this study population, the management of
pediatric hemorrhagic trauma patients has not chan-
ged significantly in years. Due to the severity of the
patient’s situation, they are prioritized upon emer-
gency department arrival so we do not believe there
will be concerns for time trends during enrollment.
In the unexpected situation where a time trend is
observed, a time variable will be incorporated into
the regression as described in Robertson [33].
In pediatric surgery, up to 100 mg/kg doses of TXA

are used [6]. Therefore, there is clinical precedent to use
higher doses than 30 mg/kg of TXA in children. How-
ever, we are taking a cautious approach, starting with
lower doses and adaptively expanding randomization to
the higher dose. Additionally, by targeting the dose that
is estimated to have at least 80% of the treatment effect
attributable to the maximum dose, the response-
adaptive randomization algorithm will favor lower doses
whenever they provide comparable efficacy to higher
doses. There are potential limitations when adding a
new dose to a study as illustrated by Lee [34] such as
time trends, type I error inflation, and implementation
challenges for existing patients. As discussed above, the
presence of time trends is not expected in this popula-
tion. This statistical design evaluates the dose response
curve compared to placebo instead of a separate com-
parison for each individual dose which removes a com-
mon multiplicity concern. In addition, the type I error
rates in each injury group have been verified through
simulation. The study is implemented in a blinded fash-
ion so concerns about the addition of the 45mg/kg arm
is mitigated by the fact that only certain unblinded
personnel will be aware of what each patient has re-
ceived. We have chosen to restrict the maximum
allowed proportion initially allocated to the 45mg/kg
arm to 20%, recognizing that this does not allow a sub-
stantial number of patients to be monitored at the 45
mg/kg arm for safety events. In the rare event that there
is a safety concern with 45mg/kg, we would likely ob-
serve a safety signal among the placebo, 15 mg/kg, and
30mg/kg arms earlier in the trial before that arm is
opened during a regularly scheduled data and safety
monitoring board review.
In multi-arm trials, using a dose-response curve has

many benefits compared to estimating the response for
each dose separately [35]. In a traditional trial, patients
may be allocated to a higher dose immediately which
could lead to safety concerns or which might not con-
sider a higher dose and lose the possibility of detecting
the treatment effect of an optimal dose. Using the
Bayesian adaptive approach, we open a higher dose in a

systematic fashion based on accumulating data. This is
conceptually similar to phase I dose escalation trials
[36]. The model also adjusts for multiplicities so there is
no penalty for multiple arms. Incorporating this struc-
ture reduces the variances when looking at trends be-
tween doses.
The hyperbolic Emax model has been extended in pre-

vious settings, for example to accommodate non-
monotonic dose-response relationships [37]. The TIC-
TOC study will implement a different extension of the
hyperbolic Emax model to allow for incorporation of
multiple injury groups into a single analysis. The hier-
archical structure allows for the more robust inference
of less prevalent injuries such as the group of children
with both brain and torso injuries. Other methods have
implemented these structures in the past [12, 25].
During the process of designing this trial, we consid-

ered a range of parameters controlling the extent of
borrowing across injury types through the hierarchical
model. We also explored different stopping boundaries.
Due to the safety profile of TXA and what has been
established regarding the efficacy signal in adults, we
designed this trial to provide a definitive answer (effi-
cacy or futility) of whether TXA should be given to
children who experience a traumatic hemorrhagic in-
jury. We chose a less aggressive futility rule to provide
the robust evidence needed to avoid using TXA if it
does not improve outcomes for children in emergency
situations. After considering the operating characteris-
tics of each of these design variants, the design de-
scribed above was selected, as it provided adequate
power for the anticipated treatment effect scenario
while not inflating the false positive rate beyond a rea-
sonable degree due to the borrowing across injury
types. These selected stopping boundaries provide op-
erating characteristics with reasonable trade-offs in the
sample size distributions.
At the end of the trial, if efficacy has been declared in

the Torso injury and Brain injury groups, but not yet in
the Both injury group, we provide a method for analyz-
ing the Both group to reach a more appropriate conclu-
sion about the potential benefit of TXA in that arm.
This process incorporates clinical reasoning into the
statistical model. In a scenario in which efficacy is dem-
onstrated in the Torso and the Brain injury groups, it
would be intuitive to think it would be efficacious in the
Both injury group. Designing the analyses this way al-
lows us to make informative decisions about the Both
injury group (e.g., what is the optimal dose that pro-
viders should use in practice) without completely disre-
garding the collected data from the Both group. This
design still controls the type I error rate in each injury
group under the global null scenario (i.e., no benefit in
any injury group).
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Conclusion
The TIC-TOC trial will provide critical information to
medical research for the treatment of children with
hemorrhage injuries. Existing established trial methods
have been incorporated into this novel Bayesian adaptive
design to increase the efficiency of the study. The design
allows for inferences of optimal design in various types
of injuries and allocates more patients to doses that ap-
pear to be most beneficial throughout the study. It
would not be feasible to study children with multiple
trauma consisting of both brain and torso injuries with-
out this design. At the end of the trial, investigators will
have better guidance of whether TXA is efficacious for
children with hemorrhagic injuries and what dose of
TXA to use for the specific injury types.
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