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Abstract

INTRODUCTION: Children undergoing complex cranial vault reconstruction (CCVR) for craniosynostosis experience high

rates of bleeding and transfusion, increasing risk for perioperative complications. ε-Aminocaproic acid (EACA) and tranexamic

acid (TXA) are antifibrinolytic agents that have been shown to reduce intraoperative hemorrhage and transfusion requirements

during CCVR. However, the relative efficacy of these two agents has not yet been evaluated. The aim of this study was

to compare perioperative blood loss and transfusion rates in children receiving EACA vs. TXA. METHODS: All patients

who underwent CCVR from September 2015 to December 2019 at a single center were retrospectively evaluated. Primary

outcome measures included intraoperative estimated blood loss, postoperative drain output, transfusion volumes, and calculated

blood loss. Secondary outcome measures included hematologic and coagulation parameters. RESULTS: 95 patients were

included, with 47 patients in the EACA cohort and 48 patients in the TXA cohort. There were no significant differences in

demographics, surgical outcomes, blood loss, transfusion requirement, or perioperative hematologic and coagulation laboratory

values between the two cohorts. Adverse events were similar between the groups, but did include two seizure events and two

thromboembolic events related to vascular access devices. DISCUSSION: We found no significant difference in blood loss,

transfusion requirements, hematologic parameters, or outcomes between pediatric CCVR patients who received EACA vs.

TXA. Further research is needed to define optimal antifibrinolytic dosing and duration of therapy. While standard laboratory

parameters were similar between groups, future studies investigating coagulation-based and inflammatory assays may be useful

in defining surgical-induced coagulopathy.
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. Abbreviation Full Term

PT prothrombin time
PTT activated partial thromboplastin time
RBC red blood cell
SD standard deviation
TXA tranexamic acid

Meeting Abstract Publication:

This research is being presented in poster abstract form as the following:

Borst, A.J., Bonfield, C.M., Deenadayalan, P.S., Le, C.H., Helmer Sobey, J., and Reddy, S.K. ε-aminocaproic
acid (EACA) vs. tranexamic acid (TXA) in children undergoing complex cranial vault reconstruction for
repair of craniosynostosis. Poster to be presented at: Society for Pediatric Anesthesia Meeting; 2021 Feb 27;
virtual meeting platform.

Abstract

INTRODUCTION: Children undergoing complex cranial vault reconstruction (CCVR) for craniosyn-
ostosis experience high rates of bleeding and transfusion, increasing risk for perioperative complications.
ε-Aminocaproic acid (EACA) and tranexamic acid (TXA) are antifibrinolytic agents that have been shown
to reduce intraoperative hemorrhage and transfusion requirements during CCVR. However, the relative ef-
ficacy of these two agents has not yet been evaluated. The aim of this study was to compare perioperative
blood loss and transfusion rates in children receiving EACA vs. TXA.

METHODS: All patients who underwent CCVR from September 2015 to December 2019 at a single center
were retrospectively evaluated. Primary outcome measures included intraoperative estimated blood loss,
postoperative drain output, transfusion volumes, and calculated blood loss. Secondary outcome measures
included hematologic and coagulation parameters.

RESULTS: 95 patients were included, with 47 patients in the EACA cohort and 48 patients in the TXA
cohort. There were no significant differences in demographics, surgical outcomes, blood loss, transfusion
requirement, or perioperative hematologic and coagulation laboratory values between the two cohorts. Ad-
verse events were similar between the groups, but did include two seizure events and two thromboembolic
events related to vascular access devices.

DISCUSSION: We found no significant difference in blood loss, transfusion requirements, hematologic
parameters, or outcomes between pediatric CCVR patients who received EACA vs. TXA. Further research
is needed to define optimal antifibrinolytic dosing and duration of therapy. While standard laboratory
parameters were similar between groups, future studies investigating coagulation-based and inflammatory
assays may be useful in defining surgical-induced coagulopathy.

Introduction

Craniosynostosis, a condition of premature cranial suture fusion, occurs in approximately 1 in every 2,000
births.1 These patients often need complex surgical repair to correct skull deformities, and potentially pre-
vent functional neurologic and developmental compromise.1,2 Complex cranial vault reconstruction (CCVR)
is performed primarily in infants and young children and is an intricate and high-risk procedure, often re-
quiring extensive scalp dissection and multiple skull osteotomies.1 Children undergoing surgical correction
of craniosynostosis often experience high rates of bleeding and blood product transfusion, increasing the
risk of postoperative complications including mortality.3–5 The most severe and most common perioperative
issues relate to the rate and extent of blood loss, which can be up to several times the patient’s total blood
volume.3,6,7Contributing to high blood loss rates are the large surgical surfaces exposed, hyperfibrinolysis,
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. and dilutional coagulopathy.6,8–10 This is a type of controlled traumatic coagulopathy for which the precise
underlying mechanisms are not fully defined.3,6,8 Other reported complications include intraoperative cardiac
arrest, venous air embolism, hypotension, bradycardia, postoperative seizures, surgical site infections, facial
swelling with airway compromise, and unplanned postoperative mechanical ventilation.2,7,9,11–13 At our insti-
tution, approximately 30-40 children with craniosynostosis undergo CCVR each year. In the United States,
˜2000 children undergo CCVR per year, representing a unique opportunity to understand and improve rates
of perioperative blood loss.14

One recently endorsed strategy for decreasing blood loss in craniosynostosis repair is the intraoperative use
of antifibrinolytic agents. ε-Aminocaproic acid (EACA) and tranexamic acid (TXA) are synthetic lysine
analogs that block the lysine binding sites on plasminogen, resulting in antifibrinolytic activity through
inhibition of plasmin formation.10,15 Antifibrinolytics have been shown to reduce transfusion needs in surgical
and trauma-related bleeding.10,16 TXA has been shown to be effective in limiting blood loss in infants and
children undergoing CCVR, and two recent retrospective reviews suggest a benefit of EACA in this population
as well.5,14,17–19While the use of EACA and TXA to limit surgically-induced hemorrhage and transfusion
requirements during CCVR has been extensively studied, the comparison of EACA vs TXA in children
undergoing CCVR has not yet been evaluated. The aim of this study was to compare perioperative blood
loss and need for transfusion in children receiving EACA and TXA. We hypothesized that TXA is associated
with a greater decrease in blood loss and transfusion requirements when compared to EACA. A secondary
aim was to identify possible laboratory predictors of blood loss in CCVR with the ultimate goal of trying to
better understand surgical-induced coagulopathy in this population.

Methods

Study Design and Setting

This single-center retrospective observational cohort study was approved by the Vanderbilt University Med-
ical Center Institutional Review Board (IRB#191843) with a waiver of informed consent and HIPAA autho-
rization. We identified pediatric patients (birth to 12 years) who had undergone CCVR at Monroe Carell Jr.
Children’s Hospital at Vanderbilt (MCJCHV) between September 1, 2015 and December 31, 2019. Using
the electronic health record (EHR), we extracted information from the date of surgery to 30 days post-
operatively. We collected clinical information including demographics, suture type, blood loss, transfusion
data, hematologic laboratory parameters, antifibrinolytic medication use, ICU and total hospital length of
stay, and adverse outcomes. We recorded the following clinical laboratory values during the perioperative
period: hematocrit, platelet count, prothrombin time (PT), activated partial thromboplastin time (PTT),
and fibrinogen. Blood loss measurements included intraoperative estimated blood loss, postoperative drain
volumes, calculated blood loss, and estimated blood volume10:

Outcomes and Definitions

Calculated blood loss and estimated blood volume were defined as follows10:

ERCVlost = ERCVpreop + ERCVtransfused - ERCVpostop

EBVlost (mL/kg) = ERCVlost (mL)/[wt (kg) x Hctpreop/100]

EBV = 80 mL/kg (for infants < 12 months)

EBV = 75 mL/kg (for infants > 12 months)

[ERCV = estimated red cell volume, EBV = estimated blood volume, Hct = hematocrit, RBC = red blood
cell]

Data Collection and Statistical Analysis

Data were collected and stored electronically, in accordance with HIPAA and in a de-identified format, using
a registry identification number as an identifier. Data were analyzed using a statistical software package (R
3.6.3) with the assistance from the Department of Pediatrics and Biostatistics. Continuous variables were
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. presented as median and interquartile range (IQR) and categorical variables were presented as frequency
and percentage. EACA and TXA patients were compared using Wilcoxon rank sum test for continuous
variables and Chi-square test for categorical variables. Ordinal logistic regression model was used to find the
transfusion factors that associate with intraoperative and postoperative blood loss adjusting for age, weight,
operative time, surgical vault category (anterior / fronto-orbital advancement, mid-posterior, or total), and
syndromic status.

Results

Cohort Demographics and Intraoperative Management

We identified 95 patients (5 to 35 months of age) who underwent CCVR at MCJCHV between September
2015 and December 2019. All of the patients were cared for by the same pediatric plastic surgeon and
pediatric neurosurgeon. Overall, 47 patients received EACA and 48 received TXA. Dosing regimen was
largely equivalent for patients in each antifibrinolytic group, although a few patients received slightly different
dosing regimen based on the anesthesiologist’s preference. These minor dosing variations were equal between
groups. There were no major differences in demographics between the two cohorts, except that there were
slightly more syndromic patients in the EACA group (Table 1). There was no difference in operative time
or ICU length of stay, but the total hospital length of stay was slightly longer in the TXA group. There
were more intraoperative complications in the EACA group and more postoperative complications in the
TXA group, but neither reached statistical significance (Table 1). Intraoperative complications included
hypotension and possible venous air embolism. Postoperative complications included two patients with new-
onset seizure activity, one minor local allergic reaction, three patients requiring repeat operation (two for
infectious complications, one for proptosis), one transfusion reaction, and two postoperative thromboembolic
events (Table 2). Both postoperative thromboembolic events were associated with arterial lines placed for
the procedure. One did not require any intervention. The other was treated with anticoagulation for ˜2.5
months with complete resolution.

Fluid Management and Transfusions

There were no differences in intraoperative crystalloid or 5% albumin administration. Intraoperative blood
product transfusion was also equal between groups. Overall, 62% of patients received intraoperative red blood
cell (RBC) transfusion with an average volume of 15 mL/kg. Only one patient, who was in the EACA group,
received intraoperative fresh frozen plasma (FFP) and platelet transfusions. Cryoprecipitate was given to
13% of all patients intraoperatively. There was a higher percentage of patients receiving cryoprecipitate in
the EACA group, but this was not statistically significant. Postoperatively, 23% percent of patients received
RBC transfusion, with an average volume of 3 mL/kg. One patient in each group received postoperative
FFP, which was given for elevated INR without clinical symptoms. Only one patient received postoperative
cryoprecipitate, which was given for hypofibrinogenemia without evidence of bleeding. No patients received
postoperative platelet transfusion. Overall there was no difference in transfusion of blood products between
groups (Table 3).

Blood Loss

There was no difference in estimated blood loss (mL/kg) and calculated blood loss (mL/kg) between the two
groups (Table 4). Intraoperative calculated blood loss overall for all patients was 34 mL/kg, which equated
to 44% blood volume loss. Postoperative calculated blood loss was 12 mL/kg for the entire study cohort,
amounting to 15% blood volume loss. There was slightly more drain output recorded in the EACA group
during the 48 to 72 postoperative hours but no difference was observed for total drain output.

Laboratory Parameters

We collected hematologic and coagulation laboratory values on each patient in the preoperative, intraop-
erative, and postoperative setting. Laboratory values were collected up until the time of discharge. The
minimum hematocrit, platelet count, and fibrinogen values were recorded, while the maximum PT and PTT
were recorded. There were no differences in the minimum or maximum values of the collected laboratory

5
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. parameters in the preoperative, intraoperative, immediate postoperative, or postoperative time periods (Ta-
ble 5). Postoperative laboratory parameters are depicted in spaghetti plots in Supplementary Figure 1.
Hematocrit dropped as expected in the intraoperative period and many patients experienced a second drop
in the postoperative period, but nadir and recovery were highly variable. No patients developed significant
thrombocytopenia during the perioperative period. There was a trend toward a small peak in PT around
24-36 hours postoperative, but this was also variable with several outliers. PTT tended to rise with time in
the postoperative period, but this was only collected on a few patients (n=11). Hypofibrinogenemia was not
seen and fibrinogen activity tended to increase postoperatively.

Laboratory Predictors of Blood Loss

We evaluated several laboratory parameters to determine if they were could be predictive of blood loss
(Table 6). Minimum intraoperative platelet count was predictive of both intraoperative and postoperative
calculated blood loss. Minimum intraoperative fibrinogen and maximum PT were predictive of intraoperative
blood loss, while maximum intraoperative PTT was predictive of postoperative blood loss. Postoperative
laboratory values were not predictive of postoperative blood loss.

Discussion

Children undergoing surgical correction of craniosynostosis often experience high rates of bleeding and a
type of controlled traumatic coagulopathy for which the mechanisms and optimal interventions are currently
unknown.3,20,21 Antifibrinolytic therapy has been proven to be efficacious in reducing blood loss and need
for transfusion in this population, but the relative efficacy of EACA vs. TXA is unknown.17,19,22,23 Likewise,
the optimal dosing and duration of antifibrinolytic therapy remain unknown.14,23 The primary goal of this
study was to compare the rates of blood loss and transfusion in children receiving EACA vs. TXA. At our
institution, there was a transition in type of antifibrinolytic agent used from EACA to TXA at the end
of 2017, which was primarily based on drug availability. Other factors, including surgeons and anesthesia
protocols, remained equal across that time period. In our cohort, we did not find any significant difference in
blood loss, transfusion requirements, hematologic parameters, or adverse outcomes between pediatric CCVR
patients who received EACA and TXA.

Our cohort was similar to other large pediatric craniosynostosis cohorts in terms of age, weight, gender, type
of procedure, and ASA status, though we did have fewer patients with syndromic craniosynostosis compared
to many of the published groups.3,5,14,17,23Intraoperative fluid management was in line with previously
published studies.17,19,23 Transfusion rates in our cohort were lower than those previously reported in the
literature, though similar to recent reports from single institutions. A large multicenter study (n=1,814) that
included 33 institutions reported transfusion of RBC-containing products in nearly 90% of patients, FFP in
over 20% of patients and platelets and cryoprecipitate in 2-3% of patients.5 Average RBC transfusion volume
was 30 mL/kg. In our cohort, only 62% of patients received RBC transfusion, and transfusion volume was
lower at 15 mL/kg. Other groups, however, have shown a more significant reduction in transfusion rates,
such as Dadure et al. who showed a reduction in total transfusion from 70% in a placebo group to 37%
in a group given TXA.17 Goobie et al. likewise showed a reduction in blood loss, transfusion volume, and
even avoidance of all postoperative blood product transfusion in a pediatric CCVR cohort receiving TXA
compared to placebo.23

We collected and analyzed intraoperative estimated blood loss and postoperative drain output volumes
as measures of blood loss in our cohort. However, we know these measurements are highly variable and
unreliable as indicators of true blood loss.24 We found that calculated blood loss in our cohort was higher
than estimated blood loss and that blood loss continued into the postoperative period. All patients in our
cohort received antifibrinolytic therapy, and there was no observed difference in calculated blood loss or
estimated blood loss between the EACA and TXA groups. Post-operative drain output was statistically
higher in the EACA group, but likely of no clinical significance for the volumes reported. Furthermore, not
all patients had drains placed during surgery.

We looked carefully at postoperative complications with respect to possible side effects from antifibrinolytic
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. therapy. While TXA and EACA are relatively safe and inexpensive medications, there is concern about
the potential for thrombosis, increasing risk of seizures, and potential interference with the fibrinolysis
necessary for wound healing.25 There were two thromboembolic events, but both related to arterial access
devices (not venous thromboembolism) and both relatively minor in severity. Two patients did develop
seizure activity post-operatively, one with concern with baseline increased potential based on underlying
diagnosis. The other without clear etiology, but self-limited. One patient did have significant surgical site
wound infection, but wound healing was not otherwise an issue in this cohort. A large meta-analysis of
adult surgical trials using TXA did not show any increased risk for stroke, deep vein thrombosis, pulmonary
embolism, myocardial infarction, or death. The adult data do show, however, that TXA is efficacious in
decreasing blood transfusion.10,26–28 Without any evidence of a difference in outcomes between pediatric
craniofacial surgery patients receiving EACA vs TXA, centers may consider other factors such as cost, drug
availability, and safety.29,30 Aminocaproic acid is more cost-effective in most settings,29,31,32although there
have been more issues with drug supply. There may be a slightly higher risk of seizures with TXA33, but there
is not yet robust pediatric data to support this finding from retrospective review of adult surgical patients.
Our center’s current practice is to use tranexamic acid, based primarily on drug availability. However, as
we accumulate more data about the use of antifibrinolytic agents in children undergoing surgery, it will be
important to keep cost, efficacy, and safety considerations in mind.

In this study, we tried to identify laboratory parameters associated with blood loss and transfusion to
obtain a better understanding of the mechanisms of surgical coagulopathy in this population. Intraoperative
laboratory values did predict perioperative calculated blood loss. A lower intraoperative platelet count
and fibrinogen predicted decrease intraoperative CBL. Lower intraoperative platelet count also predicted
decreased CBL. However, it is important to note that none of these patients were thrombocytopenic nor
hypofibrinogenemic. In contrast, a higher intraoperative prothrombin time was associated with increased
intraoperative CBL and a higher postoperative partial thromboplastin time was associated with increased
postoperative CBL, possibly reflecting procoagulant protein losses or a more abnormal coagulation state.
While there were no differences in laboratory parameters between the two antifibrinolytic groups, there were
some interesting postoperative laboratory trends that suggest ongoing disturbance of the hemostatic system
beyond the operative period. Our data set was insufficient to draw firm conclusions about coagulopathy in
this period but suggests that future prospective laboratory-based studies looking at coagulation assays may
help elucidate some of the mechanisms of this surgical induced coagulopathy. In a retrospective study, we
were limited to analysis of laboratory markers collected by the clinical team, but it would be interesting
to consider additional markers of coagulation and fibrinolysis, including D-dimer, plasminogen activity,
and plasmin-antiplasmin complexes. Better understanding the mechanisms of coagulopathy in craniofacial
surgery and making optimal use of antifibrinolytic therapy has the potential to improve bleeding and surgical
outcomes for children with craniosynostosis. A prospective trial comparing EACA and TXA and analyzing
perioperative hematologic parameters would be beneficial in confirming the findings in our study.

Conclusion

In this single center study, no significant difference was found in blood loss, transfusion requirements, hema-
tologic parameters, or outcomes between pediatric patients who received intraoperative EACA and TXA
during CCVR for craniosynostosis correction.
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Legends

Supplemental Figure 1 Spaghetti plots of patient postoperative laboratory values vs time post-procedure. A)
Hematocrit levels (%) vs. time (minutes), B) Platelet count (103/mcL) vs. time (minutes), C) Prothrombin
time (s) vs. time (minutes), D) Partial thromboplastin time (s) vs. time (minutes), and E) Fibrinogen
(mg/dL) vs. time (minutes).
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