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ABSTRACT

Background: Extensive blood loss is common in pediatric
craniosynostosis reconstruction surgery. Tranexamic acid
(TXA) is increasingly used to reduce perioperative blood loss in
various settings, but data on its efficacy are limited in children.
The purpose of this randomized, double-blind, placebo-con-
trolled, parallel trial was to evaluate the efficacy of TXA in pe-
diatric craniosynostosis correction surgery. The primary and
secondary outcome variables were reduction in perioperative
blood loss and reduction in blood transfusion, respectively.
Methods: Forty-three children, ages 2 months to 6 yr, received
either placebo or TXA in a loading dose of 50 mg�kg�1, fol-
lowed by an infusion of 5 mg�kg�1�h�1 during surgery. TXA
plasma concentrations were measured.
Results: The TXA group had significantly lower periopera-
tive mean blood loss (65 vs. 119 ml�kg�1, P � 0.001) and
lower perioperative mean blood transfusion (33 vs. 56 ml�
kg�1, P � 0.006) compared to the placebo group. The mean
difference between the TXA and placebo groups for total

blood loss was 54 ml�kg�1 (95% CI for the difference,
23–84 ml�kg�1) and for packed erythrocytes transfused was
23 ml�kg�1 (95% CI for the difference, 7–39 ml�kg�1). TXA
administration also significantly diminished (by two thirds)
the perioperative exposure of patients to transfused blood
(median, 1 unit vs. 3 units; P � 0.001). TXA plasma con-
centrations were maintained above the in vitro thresholds
reported for inhibition of fibrinolysis (10 �g�ml�1) and plas-
min-induced platelet activation (16 �g�ml�1) throughout
the infusion.
Conclusions: TXA is effective in reducing perioperative
blood loss and transfusion requirement in children undergo-
ing craniosynostosis reconstruction surgery.

C RANIOSYNOSTOSIS, or premature closure of the
skull sutures, is a relatively common disorder, with

an incidence of 0.4-1/1,000 births.1 Conventional treatment
involves expansion and remodeling of the cranium in early
infancy to prevent increased intracranial pressure, cerebral
compression, and blindness.2 Such extensive procedures re-
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What We Already Know about This Topic

• Surgery to correct premature closing of skull sutures results in
extensive blood loss.

• Antifibrinolytic drugs, such as tranexamic acid, can decrease
surgical blood loss.

What This Article Tells Us That Is New

• In infants and young children undergoing craniosynostosis
surgery, tranexamic acid significantly reduces blood loss and
transfusion requirements.

Presented at the ANESTHESIOLOGY/FAER Session of the Amer-
ican Society of Anesthesiologists Annual Meeting, October
19, 2010.

� This article is accompanied by an Editorial View. Please see:
Holcomb JB: Tranexamic acid in elective craniosynostosis
surgery: It works, but how? ANESTHESIOLOGY 2011; 114:
737–8.

Anesthesiology, V 114 • No 4 April 2011862

D
ow

nloaded from
 http://pubs.asahq.org/anesthesiology/article-pdf/114/4/862/253199/0000542-201104000-00021.pdf by guest on 15 N

ovem
ber 2022



sult in considerable blood loss3 and transfusion-related mor-
bidity and mortality.4,5 Complications related to periopera-
tive bleeding include severe hypotension, metabolic acidosis,
cardiac arrest, transfusion reactions, venous air embolism,
coagulopathies, infections, acute lung injury, postoperative
ventilation, and death.5–12 Decreasing blood loss and trans-
fusion requirements should improve patient safety, expedite
postoperative recovery, and decrease hospital costs.

Antifibrinolytic agents decrease surgical blood loss and
exposure to allogeneic blood transfusion under a variety of
circumstances.13,14 Tranexamic acid (TXA, trans-4-amino-
methyl cyclohexane carboxylic acid) is a synthetic amino acid
lysine analog that forms a reversible complex with both plas-
minogen and plasmin by binding at lysine-binding sites.
This binding competitively blocks the conversion of plas-
minogen to plasmin. It inhibits the proteolytic action of
plasmin on fibrin clot and platelet receptors and inhibits
fibrinolysis at the surgical wound.15 TXA binds poorly to
plasma proteins and is excreted primarily by the kidneys
unchanged. TXA has been used clinically for decades and has
Food and Drug Administration approval for the indications
of prophylaxis and treatment of bleeding during dental sur-
gery in patients with hemophilia.16 Randomized trials of
TXA use in pediatric cardiac and major noncardiac surgery
have found that TXA demonstrates efficacy in reducing peri-
operative blood loss and the amount of blood transfused
without apparent morbidity or mortality.14,17

The aim of this prospective, randomized, double-blind,
placebo-controlled, parallel trial was to evaluate the efficacy
of a dose regimen of TXA to reduce blood loss and transfu-
sion in children undergoing craniosynostosis reconstruction
surgery. We hypothesized the primary and secondary out-
come variables of the administration of TXA in this setting to
be significantly reduced blood loss and significantly reduced
blood transfusion, respectively.

Materials and Methods

Patient Population
After the authors received approval of the Committee on
Clinical Investigation, Children’s Hospital Boston, Boston,
Massachusetts, and obtained informed parental consent for
this study, 46 children (age range, 2 months to 6 yr) under-
going craniosynostosis reconstruction surgery were recruited
for the study. Patients were excluded if there was a history of
(1) hematologic abnormalities or coagulation, hepatic, renal,
or vascular disorders or (2) ingestion of nonsteroidal antiin-
flammatory agents within 2 days or acetylsalicylic acid within
14 days before the scheduled surgery date.

Patients were randomly assigned using a simple random-
ization procedure to receive either intravenous TXA (TXA
group) or 0.9% saline (placebo group). A 1:1 allocation ratio
computer-generated, random number table was used, and
the results were kept in sealed envelopes.

Perioperative Management
After induction of anesthesia and before skin incision,
patients received a loading dose of 50 mg�kg�1 TXA
(Cyclokapron�; Pharmacia and Upjohn Co., Pfizer Inc.,
New York, NY) diluted in saline to a volume of 1 ml�kg�1

administered as an infusion over 15 min, followed immedi-
ately by an infusion of 5 mg�kg�1�h�1 (0.1 ml�kg�1�h�1).
Patients in the placebo group received 1 ml�kg�1 saline
(0.9%) over 15 min followed immediately by an infusion of
0.1 ml�kg�1�h�1. Both the loading dose and infusion of TXA
and saline were administered via standard programmable
syringe pumps. All solutions were prepared in identical
50-ml syringes by the hospital pharmacy. The anesthesiolo-
gists, operating room personnel, and study staff were un-
aware of the treatment assignment. The TXA dose was de-
liberately selected at 50% of the dose we previously
investigated in children 7 yr and older.18 This extrapolation
was based on 1-month and 1-yr-old infants’ 50th percentile
body surface area measuring one third and one half, respec-
tively, that of a 7-yr-old child.19 We recognize that, in the
absence of pharmacokinetic knowledge of TXA in children,
there is no single reliable scaling method that would guide
the prediction of the appropriate dose.

Anesthetic management was standardized and consisted
of an inhalation induction with sevoflurane, nitrous oxide,
and oxygen followed by intravenous vecuronium (0.1 mg�
kg�1). Anesthesia was maintained using sevoflurane (age-
adjusted, end-tidal concentration of approximately 1 mini-
mum alveolar concentration) in oxygen–air, intravenous
sufentanil, and intermittent vecuronium as required. A load-
ing dose of 0.2–0.5 �g�kg�1 sufentanil was administered
before incision followed by an intravenous infusion of 0.1–
0.5 �g�kg�1�h�1. The dose of sufentanil was adjusted to
maintain mean blood pressure above 45 mmHg and within
20% of the preinduction baseline. All patients were intu-
bated and mechanically ventilated to maintain normocapnia.
Each patient had at least two large-bore intravenous lines
established, along with an arterial and a urinary catheter.
Esophageal temperature was maintained between 35.5° and
36.5°C. A precordial doppler probe was placed to monitor
for venous air embolus.

Fluid therapy and blood loss were managed by the admin-
istration of crystalloid solutions, human albumin (5%), and
blood products. Decisions regarding replacement and main-
tenance of intravascular volume were at the discretion of the
individual anesthesiologist and guided by monitoring arterial
blood pressure, urinary output (� 1 ml�kg�1�h�1), hemato-
crit, and arterial blood gas measurements performed every 30
min. Packed erythrocytes (PRBC) were transfused if the he-
matocrit was � 0.25.

Fresh frozen plasma, platelets, and cryoprecipitate were
administered intraoperatively in accordance with the recom-
mendations of the American Society of Anesthesiologists
Task Force on Blood Component Therapy.20 PRBC were
transfused at 10–15 ml�kg�1 increments to increase the he-
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matocrit by approximately 7–10% and achieve a target he-
matocrit of approximately 0.30 at the end of the surgery.

Arterial blood samples were analyzed for hematocrit
and electrolytes before the administration of the study
drug and every 30 min thereafter until the end of surgery
and at 24 h in the intensive care unit. Prothrombin time,
partial thromboplastin time, platelet count, and fibrino-
gen concentration were measured preoperatively, intraop-
eratively after the estimated loss of approximately one
blood volume, and postoperatively.

At the end of the surgery, the trachea was extubated suc-
cessfully in all patients. All surgical procedures were per-
formed by one of two plastic surgeons and a single neurosur-
geon. Anesthesia management was provided by one of the
study investigators.

Arterial blood samples for the measurement of TXA were
collected before administration of the study drug (TXA or
saline), at the completion of the loading dose, at 15-min
intervals for the first hour, 30-min intervals for the second
hour, and 60-min intervals for the remainder of the oper-
ation. Final samples were drawn at the end of the opera-
tion and 24 h after discontinuation of the infusion. The
blood samples were immediately anticoagulated with
EDTA and stored on ice. Plasma was separated by centrif-
ugation (1,000 g for 10 min at 4°C) and stored at �70°C
pending TXA analysis.

Measurement of TXA Concentrations
Measurement of TXA in plasma was performed using high-
performance liquid chromatography (HPLC) as described in
detail by Davey et al.21 and Dowd et al.22 with some modi-
fications as described in the appendix. All TXA samples were
analyzed in duplicate. Samples in the placebo group were also
analyzed for TXA concentration.

Assessment of Coagulation and Blood Loss
An additional 1.8 ml blood was collected for thromboelas-
tography (TEG�; Hemoscope, Niles, IL) analysis before
study drug administration, before blood product transfu-
sion, and at the end of the operation.

Because the estimation of blood loss is known to be inac-
curate in this setting, blood loss was calculated using a for-
mula previously described for this population,6,23,24

ERCVlost � ERCVpreop � ERCVtransfused � ERCVpostop

(1)

where

ERCV(estimated red cell volume) �

estimated blood volume (EBV) � hematocrit/100 (2)

The estimated blood volume was 80 ml�kg�1 for infants
younger than 12 months and 75 ml�kg�1 for children older
than 12 months.

ERCVtransfused was calculated as follows:

ERCVtransfused � PRBC (ml) transfused �

hematocrittransfused PRBC/100 (3)

where hematocrittransfused PRBC was 0.65 for Citrate Phos-
phate Dextrose Adenine-1 units given to infants younger
than 12 months (as measured by Children’s Hospital Boston
blood bank for the last 40 units given [Steven Sloan, M.D.,
Ph.D., Assistant Professor of Pathology, Medical Director, Pe-
diatric Transfusion Medicine, Children’s Hospital Boston,
Harvard Medical School, Boston, Massachusetts, written com-
munication, August 2010]) and 0.6 for Additive Solution-3
units given to children older than 1 yr.25

The estimated blood volume loss was calculated by:

EBVlost(ml/kg) � ERCVlost(ml)/[wt(kg)

� hematocritpreop/100]. (4)

All patients were examined postoperatively for clinical evi-
dence of adverse events related to TXA, including clinically
evident thromboembolic (including deep vein thrombosis)
or neurologic events. Surgeons examined patients during
outpatient clinic follow-up visits, and parents received a fol-
low-up phone call from one of the investigators within 6
months after surgery to inquire about any apparent late ad-
verse effects.

The primary and secondary outcome variables were re-
duction in perioperative blood loss and reduction in periop-
erative blood transfusion, respectively.

Statistical Analysis
The TXA and placebo groups were compared with respect
to demographics, baseline characteristics, intraoperative
and postoperative laboratory and vital data, thromboelas-
tography data, the amount of blood loss, PRBC transfu-
sion, and length of stay in the intensive care unit and
hospital. The distribution of all continuous variables that
followed a normal Gaussian distribution as assessed by the
Kolmogorov-Smirnov Lilliefors goodness-of-fit test26 are
presented as mean � SD and compared between groups
by the two-sample Student t test. Mean differences in total
blood loss and PRBC transfused between the two groups
were described with 95% confidence intervals. Categori-
cal data, such as gender, race, American Society of Anes-
thesiologists (ASA) physical status, and presence of in-
creased intracranial pressure, were compared by the
Pearson chi-square test. Continuous data not conforming
to a normal distribution because of skewness, including
length of stay and units of transfused blood, are reported
using medians and ranges and compared with the non-
parametric Mann–Whitney U test. Fisher exact test was
used to test differences in proportions based on small
numbers in a two-by-two table, such as percentage of
patients in each group needing fresh frozen plasma, cryo-
precipitate, or platelets. Multiple linear regression analysis
was applied to compare total blood loss and total PRBC
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transfused to test whether differences between the TXA and
placebo groups hold after accounting for the effects of seven
other covariates: body weight, duration of surgery, second op-
eration, percentage of bone involved, number of sutures, post-
operative hematocrit, and evidence of increased intracranial
pressure.27 Adjusted R2 was used as a measure of model fit to the
data.28 In this prospective study, power analysis was performed
a priori using the nQuery Advisor package (version 7.0; Statis-
tical Solutions, Saugus, MA) to determine the required number
of patients to randomize, and the sample sizes of 23 patients per
group provided 80% statistical power (two-tailed � � 0.05,
� � 0.20) for detecting a moderate to large effect size (mean
difference� SD) of 0.85 or greater in total blood loss between
the two groups using the two-sample Student t test with a two-
tailed � level of 0.05.29 The desired effect size was 0.85 because
we had expected to capture a mean difference in total
blood loss between the TXA and placebo groups of ap-
proximately 50 ml/kg with an expected SD of 50 – 60
ml/kg. We used the traditional two-tailed � level of 0.05
as the criterion for statistical significance because the
mean difference in total blood loss was the primary effi-
cacy outcome of interest. For all statistical tests, a two-
tailed value of P � 0.05 was considered the criterion for
statistical significance. Statistical analysis was conducted

using the SPSS package version 18.0 (SPSS Inc./IBM,
Chicago, IL).

Results

Patient Demographics
Forty-six patients, ages 2 months to 6 yr (23 � 19 months),
were enrolled in the study between February 2007 and Au-
gust 2010. Three patients were excluded from analysis in the
placebo group because of a protocol violation in one and a
change in surgical procedure on the day of surgery in the
other two. Forty-three patients completed the study and
were randomly assigned to the TXA (n � 23) or placebo
group (n � 20). Patients in the TXA group were similar to
those in the placebo group in demographics (table 1).

Effect of TXA on Blood Loss and Transfusion
Figure 1 and table 2 show the amount of perioperative blood
loss and PRBC transfusion in these patients. Intraoperative
blood loss was lower in the TXA group than in the placebo
group (mean, 62 vs.101 ml�kg�1; P � 0.008). Postoperative
blood loss was lower in the TXA group than in the placebo
group (median, 3 vs. 12 ml�kg�1; P � 0.001). The mean
difference between the TXA and placebo groups for total

Table 1. Demographics and Baseline Characteristics of the Two Treatment Groups

Variable TXA Group (n � 23) Placebo Group (n � 20) P Value

Age (months) 23 � 19 25 � 20 0.80
Weight (kg) 11.4 � 3.5 11.7 � 4.2 0.81
Gender 0.55

Male 15 (65%) 11 (55%) —
Female 8 (35%) 9 (45%) —

Race 0.59
Caucasian 18 (78%) 16 (80%) —
Hispanic 3 (13%) 1 (5%) —
African American 2 (9%) 2 (10%) —
Asian 0 (0%) 1 (5%) —

ASA physical status 0.44
I 5 (22%) 2 (10%) —
II 12 (52%) 14 (70%) —
III 6 (26%) 4 (20%) —

Presence of syndrome* 4 (17%) 5 (25%) 0.71
Reoperation† 6 (26%) 5 (25%) 0.99
Duration of surgery (min) 272 � 76 252 � 58 0.32
Percent bone involved 74 � 17 66 � 19 0.15
Number of sutures‡ median (range) 2 (1–4) 1 (1–4) 0.85
Preoperative hematocrit (%) 34.2 � 2.7 35.0 � 4.0 0.45
Preoperative platelets (103 cells � �l�1) 412 � 92 408 � 178 0.92
Preoperative PT (s) 10.5 � 0.5 10.6 � 0.4 0.50
Preoperative PTT (s) 27.7 � 3.1 26.7 � 2.7 0.77
Preoperative INR 0.98 � 0.05 0.99 � 0.04 0.53
Preoperative fibrinogen (mg�dl�1) 280 � 58 260 � 33 0.40
Creatinine (mg�dl�1) 0.26 � 0.07 0.27 � 0.07 0.89
Increased ICP 11 (48%) 7 (35%) 0.54

* Syndromes include Pfeiffer, Crouzon, Saethre-Chotzen, Apert, and Rubinstein-Taybi. † Indicates patients had previous craniosyn-
ostosis surgery. ‡ Sutures include sagittal, metopic, coronal, and lambdoid.
ASA � American Society of Anesthesiologists; ICP � intracranial pressure, as detected by preoperative papilledema with or without
intraoperative evidence of endocortical erosion of the cranial bones; INR � international normalized ratio; PT � prothrombin time;
PTT � partial thromboplastin time; TXA � tranexamic acid.
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blood loss was 54 ml�kg�1 (95% CI for the difference:
23–84 ml�kg�1).

All patients in both groups received blood transfusions
(fig. 2). The volume of PRBC transfused intraoperatively
was significantly lower in the TXA group than the placebo
group (mean, 33 vs. 48 ml�kg�1; P � 0.03), as was the
PRBC volume transfused within 24 h after surgery (me-
dian, 0 vs. 5 ml�kg�1; P � 0.001). The mean difference
between the TXA and placebo groups for PRBC trans-
fused was 23 ml�kg�1 (95% CI for the difference: 7–39
ml�kg�1). The number of units of PRBC transfused intra-
operatively (median, 1 vs. 2 units; P � 0.001) and within
24 h after surgery (median, 0 vs. 1 units; P � 0.001) was
significantly lower in the TXA group than in the placebo
group. Fifty percent of the patients in the placebo group

required postoperative blood transfusion, whereas no pa-
tients in the TXA group required such transfusion. In addi-
tion, more patients in the placebo group than in the TXA
group were treated with intraoperative fresh frozen plasma
(table 3).

Multivariable analysis, adjusting for covariates with re-
spect to total (intraoperative and postoperative) blood loss
and total PRBC transfusion, revealed that among the
eight variables tested (TXA treatment, body weight, du-
ration of surgery, second operation, percentage of bone
involved, number of sutures, postoperative hematocrit,
and evidence of increased intracranial pressure), only ad-
ministration of TXA and body weight independently pre-
dicted total blood loss and transfusion (table 4).

Fig. 1. Total blood loss in the tranexamic acid (TXA) and
placebo groups. The solid horizontal lines represent mean
blood loss volume in the TXA group (65 ml�kg�1) compared
with that in the placebo group (119 ml�kg �1) (P � 0.001).
Triangles represent individual patients.

Table 2. Blood Loss, Packed Erythrocyte Cell Transfusion, and Length of Stay

Variable TXA Group (n � 23) Placebo Group (n � 20) P Value

Blood loss (ml�kg�1)
Intraoperative 62 � 22 101 � 63 0.008*
Postoperative 3 (0–25) 12 (5–64) � 0.001*
Total 65 � 26 119 � 67 � 0.001*

PRBC transfused (ml�kg�1)
Intraoperative 33 � 13 48 � 29 0.03*
Postoperative 0 (0–0) 5 (0–31) � 0.001*
Total 33 � 13 56 � 35 0.006*

Number of patients transfused postoperatively 0 (0%) 10 (50%) 0.01*
Units of blood transfused

Intraoperative 1 (1–2) 2 (1–4) � 0.001*
Postoperative 0 (0–0) 1 (1–2) � 0.001*
Total 1 (1–2) 3 (1–4) � 0.001*

Length of stay (days)
ICU 1 (1–14) 1 (1–3) 0.99
In hospital 3 (2–20) 3 (2–6) 0.62

Plus–minus values are mean � SD with groups compared by the Student t test. Other data are summarized using the median (range)
because of significant skewness, with groups compared by the nonparametric Mann–Whitney U test.
* Statistically significant.
ICU � intensive care unit; PRBC � packed erythrocytes; TXA � tranexamic acid.

Fig. 2. Total packed erythrocyte (PRBC) volume transfusion
in the tranexamic acid (TXA) and placebo groups. The solid
horizontal lines represent mean PRBC volume transfused in
the TXA group (33 ml�kg �1) compared with that in the pla-
cebo group (56 ml�kg �1) (P � 0.006). Triangles represent
individual patients.
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No patients in the TXA group had any complications. One
patient in the placebo group, who required PRBC in the inten-
sive care unit, had a transfusion reaction. No patient in either
group had clinical evidence of thromboembolic or neurologic
complications.

Effect of TXA on Coagulation Profile
Thromboelastography parameters of Reaction time (mm), Co-
agulation time (mm), Maximum amplitude (mm), � Angle (°),
and Fibrinolysis at 30 and 60 minutes (%) were not significantly
different between groups for the three time points measured:

Table 3. Intraoperative and Postoperative Data

Variable TXA Group (n � 23) Placebo Group (n � 20) P Value

Intraoperative —
Heart rate (beats/min) 117 � 11 118 � 10 0.78
SBP (mmHg) 85 � 6 89 � 9 0.16
DBP (mmHg) 42 � 6 45 � 7 0.24
MAP (mmHg) 50 � 5 54 � 7 0.17
SpO2 (%) 100 � 0.4 100 � 0.2 0.51
Crystalloids (ml�kg�1) 48 � 28 49 � 18 0.92
Albumin (ml�kg�1) 21 � 14 25 � 19 0.47
Urine output (ml�kg�1) 9 � 6 8 � 5 0.74
Hematocrit (%) 32.0 � 3.5 31.9 � 4.2 0.90
Platelets (K cells/�l) 226 � 77 231 � 110 0.88
INR 1.24 � 0.22 1.22 � 0.12 0.77
Fibrinogen (mg�dl�1) 168 � 57 156 � 53 0.51
PT (s) 12.5 � 0.9 12.8 � 1.2 0.45
PTT (s) 27.6 � 4.8 26.4 � 4.3 0.47
Use of FFP 0 (0%) 4 (20%) 0.04*
Use of platelets 0 (0%) 0 (0%) 1.00

Postoperative —
Hematocrit (%) 31.3 � 3.8 28.2 � 6.5 0.07
Platelets (103 cells��l�1) 219 � 62 203 � 66 0.43
INR 1.15 � 0.11 1.17 � 0.22 0.85
Fibrinogen (mg�dl�1) 302 � 51 269 � 72 0.28
PT (s) 12.1 � 0.9 12.0 � 1.0 0.65
PTT (s) 31.6 � 5.5 27.6 � 3.0 0.15
Crystalloids (ml�kg�1) 53 � 19 54 � 24 0.88
JP drain output (ml�kg�1) 12 � 4 12 � 6 0.89
Use of FFP 1 (4%) 2 (10%) 0.59
Use of platelets 0 (0%) 2 (10%) 0.21
Use of cryoprecipitate 1 (4%) 2 (10%) 0.59

Plus–minus values are mean � SD.
* Statistically significant.
DBP � diastolic blood pressure; FFP � fresh frozen plasma; INR � international normalized ratio; JP � Jackson Pratt; MAP � mean
arterial pressure; PT � prothrombin time; PTT � partial thromboplastin time; SBP � systolic blood pressure; SpO2 � oxygen saturation;
TXA � tranexamic acid.

Table 4. Predictors of Total Blood Loss and Total Packed Erythrocyte Transfusion

Variable

Total Blood Loss (ml�kg�1) Total PRBC Transfusion (ml�kg�1)

Univariate Analysis
Test, P Value

Multivariable
P Value

Univariate Analysis
Test, P Value

Multivariable
P Value

TXA t � 3.55, � 0.001 � 0.001* t � 2.95, 0.006 � 0.001*
Body weight r � �0.37, 0.02 0.003* r � �0.50, � 0.001 � 0.001*
Duration r � �0.26, 0.09 0.93 r � 0.32, 0.03 0.88
Reoperation t � 0.94, 0.36 0.67 t � 0.82, 0.42 0.29
% Bone r � �0.12, 0.44 0.92 r � 0.02, 0.90 0.36
Number of sutures r � �0.06, 0.70 0.64 r � 0.01, 0.91 0.87
Postoperative hematocrit r � �0.20, 0.18 0.32 r � �0.07, 0.65 0.52
Increased ICP t � 1.05, 0.30 0.80 t � 0.92, 0.36 0.95

* Significant independent multivariable predictor based on multiple linear regression. Adjusted model R2 � 0.48 for total blood loss,
R2 � 0.45 for total transfusion.
ICP � intracranial pressure; PRBC � packed erythrocytes; TXA � tranexamic acid.
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during surgery at baseline, before the first PRBC transfusion,
and at the end of surgery.

TXA Plasma Concentrations
The observed TXA plasma concentration versus time curves of
each patient during surgery are shown in figure 3. TXA plasma
concentrations remained above 16 �g�ml�1 at all time points
during the surgery in all patients. In the placebo group, no
plasma TXA concentration was detected in any patient.

Discussion
The main findings of this study are that (1) administration of
TXA significantly reduces both total blood loss and volume
of PRBC transfused and (2) a 50 mg�kg�1 bolus dose followed
by an infusion of 5 mg�kg�1�h�1 maintains TXA plasma con-
centrations above the in vitro thresholds reported for inhibition
of fibrinolysis (10 �g�ml�1)30 and plasminogen-induced
platelet activation (16 �g�ml�1)30 –32 throughout the in-
fusion duration.

Intraoperative administration of TXA produced a signif-
icant reduction of blood loss (ml�kg�1) by a mean value of
38% intraoperatively and 72% during the first 24 h after
surgery. TXA also significantly reduced the volume of PRBC
transfused (ml�kg�1) by 32%. In the first 24 h after surgery,
no child in the TXA group required blood transfusion,
whereas 10 children (50%) in the placebo group required an
average PRBC transfusion of 4.5 ml�kg�1 (table 2). TXA
administration also significantly diminished the overall ex-
posure of the patients to donor blood by two thirds (median,
1 unit vs. 3 units; P � 0.001) (table 2).

Multivariable analysis showed the strength of the relation-
ship between TXA and a reduction in perioperative blood
loss and transfusion. The efficacy of TXA holds after adjust-
ing for the effects of seven other covariates (body weight,
duration of surgery, second operation, percentage of bone
involved, number of sutures, postoperative hematocrit, and
evidence of increased intracranial pressure). The only predic-
tor of blood loss and transfusion, besides TXA, was body
weight less than 10 kg. Blood loss during craniosynostosis
surgery may be disproportionately greater in infants with

smaller body weight than in older children because the head
represents a larger percentage of total body surface area.33

The findings of this study are in agreement with previous
reports of the inverse relationship between body size and the
amount of blood loss and transfusion requirements during
craniosynostosis reconstruction surgery.3,6,8

Several strategies to reduce blood loss and transfusion in
children undergoing craniosynostosis reconstruction surgery
have been investigated. The interpretation of these studies,
which use monotherapy and multimodal strategies, is diffi-
cult because of inconsistent experimental methodology.
These strategies include increasing preoperative erythrocyte
mass using erythropoietin,34–37 perioperative blood salvage
(cell saver),38–41 normovolemic hemodilution,42 and con-
trolled hypotension.43 Several studies have found that eryth-
ropoietin alone or in combination with other methods is
effective in reducing allogeneic blood transfusion.34–37 One
potential drawback to using erythropoietin in healthy pa-
tients is the prohibitive cost and the logistical burden of
weekly injections for 3–4 weeks before surgery. The use of
cell saver has had mixed reviews with minimal, if any, benefit
noted.38–41 Other strategies for conserving blood, such as
acute hemodilution or controlled hypotension, may compro-
mise tissue oxygen delivery during rapid blood loss, particu-
larly in infants.

Tranexamic acid has been effectively used to reduce blood
loss and transfusion in pediatric cardiac,24,44,45 orthope-
dic,18,46 and cranial remodeling surgery47 without morbidity
in small patient populations. However, it is difficult to com-
pare these studies because TXA was used in wide dose ranges
(from 10 to 100 mg�kg�1 loading doses and 1–10 mg�
kg�1�h�1 infusion rates) and the children were of different
ages and undergoing different surgical procedures.

There is only one small prospective, randomized, placebo-
controlled, single-blinded study that compared the effective-
ness of TXA (n � 10) with placebo (n � 10) in reducing
blood loss and transfusion in children undergoing cranial
remodeling surgery.47 TXA was administered intermittently;
15 mg�kg�1 before surgical incision, every 4 h during sur-
gery, and every 8 h throughout the first 48 h after surgery.
The results showed a significant reduction (by 31%) in intraop-
erative blood loss. There were no significant differences between
the groups in blood transfusion requirement during the intra-
and postoperative periods. This dosing regimen produced much
less intraoperative and postoperative reductions in blood trans-
fusion requirement than we found in our study.

TXA Plasma Concentrations
It is uncertain what the required plasma concentration of
TXA is to inhibit fibrinolysis in children or adults. In vitro
data suggest that the minimal plasma concentration of TXA
needed to inhibit tissue activator activity by 80% is 10 �g�
ml�1.30 TXA also may abolish plasmin-induced platelet ac-
tivity in vitro at 16 �g�ml�1.31,32

Fig. 3. Tranexamic acid (TXA) plasma concentrations
versus time.
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The dosing schedule selected in this study produced in-
dividual plasma concentrations of TXA above 16 �g�ml�1 in
all patients at all times during surgery. Arguably, this dosing
scheme may have been high, particularly the loading dose,
because peak plasma concentrations were 4–20 times greater
than the presumed therapeutic plasma concentration.
Higher plasma concentrations may cause side effects. How-
ever, no incidences of neurologic events, including seizures
or thromboembolic complications, were observed in our
study or in other previous trials that used a wide range of
TXA doses in a limited number of children undergoing non-
cardiac surgery. Recently, a large series of infants and chil-
dren (1–19 months; n � 114) undergoing cardiac surgery
reported a probable association of postoperative seizures to
administration of high doses of TXA (50 mg�kg�1 at the
beginning and end of cardiopulmonary bypass and 100 mg
addition to the priming solution).48 This higher seizure rate
of 3.5% did not reach statistical significance compared with
the seizure rate associated with the administration of apro-
tinin. The study did not analyze the possible causes (ischemic
vs. nonischemic) of the seizures.

A significantly increased susceptibility to seizures after
administration of large doses of TXA has been reported re-
cently in adults undergoing cardiopulmonary bypass cardiac
surgery.49,50 We did not observe thrombotic or neurologic
adverse effects or other side effects in the current study; how-
ever, our study was not powered to detect adverse events.

We noted a relatively wide interpatient variability in the
plasma TXA concentrations, which might be attributable to
elimination of TXA through rapid surgical blood loss or
interindividual differences in TXA volume of distribution
and elimination clearance. This also may explain the failure to
achieve stable plasma concentrations at a steady infusion rate of
TXA. Despite this large variability in plasma concentration, the
TXA dosing schedule in the current study maintained concen-
trations above the presumed antifibrinolytic threshold of
16 �g�ml�1. Additional studies of TXA pharmacokinetics and
dose response are warranted to evaluate the optimal dose sched-
ule for specific surgical procedures in children.

After discontinuation of TXA infusion, blood loss and the
transfusion requirement remained significantly low for the
following 24 h. The extended effect of TXA and reduction of
blood transfusion requirement after discontinuation of the
drug was observed in our study and in studies of children
after craniofacial,47 orthopedic,18,46 and cardiac44,51 surger-
ies, despite the short mean elimination half-life of 120 min.
This effect probably was attributable to residual tissue TXA
at the surgical wound site.46

Measurement of the thromboelastographic parameters of
time, rate, and strength and stability of the clot were not, as
expected, different between the groups, indicating that no
patient experienced coagulopathy. The efficacy of TXA de-
spite the absence of systemic fibrinolysis suggests that the
mechanism of action of TXA is not systemic but rather a
localized effect at the site of the surgery. Supporting this

theory is the topical application of TXA in cardiac surgery
and orthopedic surgery having been found to be effective at
reducing bleeding and transfusion requirements.52,53

Conclusion
A dosing regimen of 50 mg�kg�1 TXA initially followed by a
5 mg�kg�1�h�1 infusion is effective in reducing blood loss
and transfusion requirements in children undergoing cranio-
synostosis surgery.

The authors thank Brenda Barton, R.N., Research Nurse, and Van-
essa Young, R.N., Research Nurse, Department of Anesthesiology,
Perioperative, and Pain Medicine, Children’s Hospital Boston, Bos-
ton, Massachusetts, for their assistance.
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Appendix

TXA HPLC Analysis

Reagents
Tranexamic acid for use as a standard was provided by Pharmacia/
Upjohn, division of Pfizer Inc (New York, NY). Phenyl isothiocyanate
and L-norleucine were of peptide sequencing grade. All organic chem-
icals and reagents used for HPLC were of HPLC grade or better.

Plasma Preparation and Derivatization
One hundred microliters plasma was mixed with an equivalent
volume of 1 mM L-norleucine that had been prepared in 0.1 N HCl
and then partially purified using Amicon Ultra/Ultracel 10K mem-
brane filters (Millipore, Billerica, MA). After centrifugation at
6,400 revolutions per minute for 30 min, 50 �l filtrate was dried
under vacuum and treated with 10 �l solution containing 1 M
sodium acetate:tetraethylammonium:methanol (2:2:1 v/v). Sam-
ples were vacuum-dried and derivatization performed by adding 20
�l methanol:tetraethylammonium:water:phenyl isothiocyanate (7:
1:1:1, v/v) for 20 min at room temperature. The derivatized samples
were vacuum-dried, reconstituted in 100 �l solution containing 5
mM sodium phosphate, pH 7.4, and acetonitrile (950:50 v:v) and
transferred to glass tubes for HPLC analysis.

HPLC
The chromatographic system was an Agilent 1200 Series (Santa
Clara, CA) with equipment that included an autosampler, in-line
degasser, binary pump, oven, and photodiode ultraviolet/visible
light detector. The analytical column was a Nova-Pak C18 (4 �m;

3.9 � 300 mm; Waters Corp, Milford, MA). Mobile phase A
contained 70 mM sodium acetate, pH 6.5, and acetonitrile (975:25
v:v). Mobile phase B contained acetonitrile:water:methanol (450:
400:150 v:v). The flow rate was 1 ml � min�1 using a gradient, as
outlined in table 5 above; column temperature was maintained at
38°C. The elution of derivatized TXA and L-norleucine (internal
standard) was monitored at 254 nm.

Assay Performance
Standard curves were linear over a TXA concentration range of
10–1,800 �g�ml�1; the standard curve linear regression R2 typically
equaled 0.96–0.98. The lower limit of detection was 3–5 �g�ml�1.
The coefficient of variation for samples in the concentration range of
25–250 �g�ml�1 was 7.8% (SD increased proportionately with mea-
sured concentration). Assay accuracy and precision in plasma samples
were 93% and 95%, respectively.

Table 5. High-performance Liquid Chromatography
Gradient for Tranexamic Acid

Time (min) %B

0 3
13.5 9
20 30
30 30
35 100
45 100
52 3
54 3

%B � percentage of mobile phase B.
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