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Aprotinin is not currently marketed in the US. E-Aminocaproic Acid and Tranexamic Acid are not 
indicated for the treatment of children undergoing cardiac surgery. 

Cardiopulmonary Bypass (CPB) and cardiac surgery causes pathologic activation of the coagulation, 
inflammatory and fibrinolytic systems. This activation is associated with a number of adverse 
consequences including bleeding, transfusion, pulmonary morbidity, infection and death. As early as 
1962, it was recognized that the use of antifibrinolyic medications such as aprotinin, epilson-
aminocaproic acid (EACA) and tranexamic acid (TA), may attenuate some of this hemostatic activation 
and decrease adverse outcomes. 

Pediatric patients are at particular risk for adverse effects due to surgery and CPB. Their smaller size, 
immature coagulation system, the complexity of congenital heart disease and surgical approaches for 
correction all contribute to an increased risk for bleeding, transfusion and re-exploration. In addition, 
congenital heart disease is associated with additional coagulation abnormalities such as platelet 
disorders and hyperfibrinolysis. 

So before we answer the question of “which drug?” we should look at whether we should use any 
antifibrinolytic drug at all. Although it is well accepted that fibrinolysis contributes significantly to 
bleeding in adult cardiac surgery, direct evidence that this is true for pediatric heart surgery is lacking. 
However, numerous studies have shown the efficacy of aprotinin, TA, and EACA in reducing bleeding 
and transfusion in congenital heart surgery. (See Tables) 

Table 1. Lysine Analogues Studies. 

Study Yr N Age Bleed Trans Other Load  

(mg/kg) 

Infusion 

(mg/kg/hr) 

Prime 

(mg/kg) 

EACA 

McClure  1974 56 >2y +   75  15 510 mg/unit 

RBC 

Williams 1999 140 1-16y + - RE(+),PV(-) 150  30 0 

Rao  2000 170 2m-14y + + CT,RE(+) 100 (c) 0 100 

Chauhan  2000 140 2m-14y + + CT(-); RE(+) 100(c) 0 100 

Chauhan  2004 a 100 2m-14y + + CT,RE(+) 100(c) 0 100 



TA  

Zonis  1996 82 1d-14y +/- (b) +/- (b)  50  0 0 

Reid  1997 41 6m-12y + - CT,$(+);PV(-

) 

100  10 100 

Levin  2000 56 1d-16y - -  50 0 0 

Chauhan  2003 120 2m-14y + + CT,RE(+) 10 (c) 0 10 

Chauhan  2004 150 2m-15y - 

+ 

+ 

+ 

- 

+ 

+ 

+ 

RE(-) 

RE(+) 

RE(+) 

RE(+) 

50 

10 

10(c) 

20(c)  

0 

1 

0 

0 

0 

0 

10 

0 

Chauhan  2004 a 100 2m-14y + + CT,RE(+) 10(c) 0 10 

Bulutcu  2005 50 2m-9y + + CT(+) 100 (c) 0 100 

Giordano 2012 231 <18 yr + +  20 (c)   

 

All are randomized controlled trials, except Williams and Giordano (46), which are retrospective. Bleed = 

blood loss at 24 hours; Trans = transfusion of red blood cells and/or products; + = significant benefit vs. 

control; - = no benefit. Other is other reported outcomes including time required for chest closure (CT), 

Re-exploration for bleeding (RE), Postoperative ventilation time (PV), and cost ($). RBC = Red blood cells. 

(a) This was a three-group study: Epsilon-aminocaproic acid, Tranexamic acid, placebo; results shown as 

each drug vs placebo. (b) Significant benefit only in post-hoc sub-group of cyanotic patients. (c) This 

dose was repeated after weaning from cardiopulmonary bypass.  



  

Randomized Controlled Studies of Aprotinin vs. Placebo. 

Study Yr N Age Bleed Trans Other Load  

(KIU/kg) 

Infusion 

(KIU/kg/hr) 

Prime  

(KIU/kg) 

Huang  93 30 24m-10y + NR  35-50,000 3.5-5 6.5-7.5 x 105 

Dietrich  93 60 22d-21m - 

+ 

- 

- 

 15,000 

30,000  

0 

0 

15,000 

30,000 

Boldt   93 42 13 +/- 8m - -  20,000 

35,000  

20,000(b) 

10,000 

20,000 

35,000 

Boldt  93 48 3d-16 m 

21-70 m 

- 

(a) 

(a) 

(a) 

 25,000 

25,000   

25,000(c) 

25,000(c) 

25,000 

25,000 

Herynkopf  94 30 8m-11y - + SD, CT(-) 20,000  10,000 20,000 

Boldt  94 30 33 +/-9m - -  30,000  30,000(b) 30,000 

Seghaye  96 25 9m-12y - - PV(-) 10,000  0 10,000 

D’Errico  96 57 4m-12y - + SD, $(+)  1.7 x 106 /M2 4 x 105/M2 1.7 x 106 /M2 

Davies  97 42 1d-10y - - CT(-); SD(+) 1-1.7 x 106 

/M2 

4-5 x 105/M2 1-1.7 x 106 /M2 

Miller  98 45 5-14m - 

- 

+ 

+ 

$,CT,PV(-) 

$,CT(+)PV(-) 

20,000 

40,000  

10,000 

20,000 

20,000 

40,000 

Wipperman  99 34 6d-15y NR -  28,000 7,000 28,000 

Chauhan  00 180 2.5m-13y + + CT(-) 10,000  10,000 10,000 

Mossinger  03 60 2d-1y + + PV(+) 30,000  0 500,000 KIU 

Bulutcu  05 50 2m-9y + + CT(+) 30,000  0 30,000 (c) 

 

Age is given as range or mean +/- standard deviation. Bleed = blood loss at 24 hours; Trans = transfusion 

of red blood cells and/or hemostatic products; + = treated patients showed benefit relative to controls; - 

= no benefit was shown; NR = not reported; Other is other reported outcomes including surgeon’s 



subjective evaluation of “dryness” of the wound (SD), time required for chest closure (CT), Postoperative 

ventilation time (PV), and total hospital cost ($). (a) placebo group had less bleeding and transfusion 

than treated group. KIU = kallikrein inhibiting units. (b) This dose was given as an hourly bolus rather 

than a continuous infusion. (c) This dose was repeated after weaning from bypass.  

 Tables adapted from Anesth Analg 2008;106:1087–1100 

 

Which Drug? 

It is worth noting from the Tables that the evidence of efficacy is generally better for TA and EACA than 

for aprotinin. Aprotinin is fundamentally a different drug from TA and EACA. Aprotinin is a non-specific 

serine protease inhibitor derived from bovine lung. It is a peptide with a molecular weight of 6512 

Daltons and was widely used in the United States and worldwide from 1993-2007, when it was 

withdrawn from the US, Canadian and European markets over concerns for safety. Aprotinin is believed 

to exert its beneficial effects through inhibition of kallikrein and plasmin, with decreased hemostatic 

activation, inhibition of fibrinolysis and preservation of platelet function. Although the European 

Medicines Agency and the Health Canada have removed restrictions to aprotinin marketing, use is 

currently limited. 

Epsilon-aminocaproic acid (EACA) and tranexamic acid (TA) are analogues of the amino acid lysine. They 

exert their antifibrinolytic effect by competitive inhibition of the binding of plasminogen to fibrin, which 

is necessary for its conversion to plasmin. TA may also improve hemostasis by preventing plasmin-

induced platelet activation. EACA is available in only a few countries and is used primarily in the US. TA 

has more general use worldwide. 



There are several published studies comparing these drugs for efficacy. In 2000, Chauhan et al. 

published a study comparing aprotinin and EACA in 300 cyanotic patients having cardiac surgery. There 

was no difference between EACA- and aprotinin-treated patients in 24-h blood loss, transfusion, 

reexploration, or coagulation tests. Subsequently, the same group compared TA and EACA in a placebo-

controlled study of 150 patients with cyanotic disease. Both drugs were superior to placebo, but there 

was no significant difference between the treated groups with respect to 24-h blood loss, transfusion or 

reexploration rate. Aprotinin and TA were studied by Bulutcu et al. in 2005. Again, aprotinin and TA 

groups fared better than placebo in 24-h blood loss and transfusion, with no significant differences 

between the treated groups. Schouten et al published a metaanalysis of studies of the three 

antifibrinolytic drugs in 2009. For pediatric cardiac surgery, there was no difference in efficacy among 

the TA, EACA and aprotinin, although all three were superior to placebo. Finally Pasquali used the 

Society of Thoracic Surgeons Congenital Heart Surgery database to analyze relative efficacy. 22,258 

patients from 25 centers were included. Compared to placebo, aprotinin significantly decreased the 

composite outcome of bleeding and mortality. In the subgroup of repeat sternotomies, aprotinin 

decreased in-hospital mortality and bleeding. Aprotinin did not improve outcomes in the subgroup of 

neonates. EACA was not significantly different than aprotinin for reducing bleeding or mortality. 

TA showed improved efficacy over aprotinin for in-hospital mortality and bleeding. This held true for 

neonates but not for the subgroup of reoperative sternotomies. Notably, aprotinin was not associated 

with an increase in kidney injury requiring dialysis. 

A large database study showing no increase in renal failure or mortality in children treated with 

aprotinin relative to placebo is notable, because it was a series of such studies that were the first nails in 

the coffin for aprotinin. Starting in 2006 with a study by Mangano et al published in the New England 

Journal, 3 successive studies showed an increase in adverse events associated with the administration of 



aprotinin in adult patients undergoing cardiac surgery. The final nail was the BART study, a prospective, 

randomized trial comparing aprotinin with lysine analogue antifibrinolytics in adult cardiac surgery. The 

study was terminated early after an interim safety analysis showed a relative risk of death of 1.53 in 

aprotinin-treated patients relative to TA and EACA. The FDA directed Bayer to remove aprotinin from 

the market, and it has remained unavailable not only for adult use but also for pediatric use in the US 

since 2007. Aprotinin was always a drug that caused polarization, with large groups of “believers” in its 

safety and efficacy, and another camp of detractors, who were always convinced it was dangerous. 

(Notably, it was one of the latter who wrote the NEJM editorial accompanying the Mangano paper). The 

pediatric cardiac community was perhaps more upset than others by the sudden departure of aprotinin 

because the evidence had nothing to do with pediatric use. Since Bayer had never sought FDA approval 

for aprotinin, there was no large source of controlled prospectively collected data to examine safety in 

our population. The published efficacy studies were all severely underpowered for safety analysis, and 

most did not even report adverse outcomes in detail. Subsequently, several studies were published 

using smaller datasets to examine the safety question in pediatric patients.  

Four single-center retrospective studies were published by Backer et al in 2007, Manrique et al and 

Guzzetta et al in 2009, and Leyvi et al in 2011. Backer compared 1251 aprotinin treated children with 

1230 patients undergoing surgery during the pre-aprotinin era. They showed no difference between 

groups in mortality, AKI or the need for dialysis. The next two studies showed no increase AKI from 

aprotinin relative to untreated controls in 395 and 200 children, respectively. The third compared 

Aprotinin with EACA in 178 patients and found a relative risk of 4.7 for AKI in the aprotinin treated 

patients. A large retrospective paper using the Pediatric Health Information Systems database, 

published in 2010 looked at over 30,000 patients. 44% of patients had been treated with aprotinin, and 

on multivariate analysis these patients were found not to have an increased risk of mortality or dialysis.  



Two other safety considerations are worth noting. High dose TA has been shown to be associated with 

an increased risk of postoperative seizures after adult cardiac surgery. The interaction of TA at inhibitory 

receptors in the CNS suggests that this association is likely causal. Although this association has not yet 

been observed in pediatric heart surgery, it is still likely prudent to use the lowest effective dose on TA 

in any population. As a bovine-derived peptide aprotinin has significant antigenic potential, and 

reported incidences of anaphylaxis are significant, particularly with re-exposure. Given the high 

incidence of repeat operations in congenital heart disease, consideration should be given to both the 

initial and subsequent choice of aprotinin in this population, and appropriate precautions taken during 

administration, particularly for re-exposure. 

So, which drug? The first consideration is most likely: what do you have? If you have only one, use that, 

if you have access to all three, there is little to choose among them for both safety and efficacy, 

although there is some evidence to suggest better efficacy of TA. But why should that be, particularly 

why should EACA and TA be any different? Why should two drugs that do exactly the same thing, i.e. 

block the binding of plasminogen to fibrin, have different effects? Perhaps we aren’t giving equivalent 

doses. 

DOSE 

It is difficult to find an example of more misguided notions of how to dose an entire class of 

pharmaceuticals in perioperative medicine than what we have been doing with antifibrinolytics. 

In preparation for first clinical use of aprotinin, Bayer pharmacologists calculated a dose required to 

establish and maintain the putative therapeutic concentration: 200 KIU/ml. The calculated dose was: 

2,000,000 KIU load followed by a 500,000 KIU/hr infusion 

To overcome the diluting effect of the CPB prime, they suggested adding 1,000,000 KIU to the reservoir. 



This dose was used in a small clinical series, but pharmacokinetic surveillance showed a larger than 

expected drop in concentration upon the initiation of CPB, suggesting that aprotinin binds to the CPB 

circuit. Dosing recommendations were revised to make the pump prime dose 2,000,000 units, and “full 

Hammersmith” dosing was born. Essentially all of Bayer’s data generated for FDA approval used this 

dose. 

A few key points: 

The dose was not altered for patients of different mass. 

The fact that the patient load and the pump prime doses are identical is serendipitous, i.e. separate 

calculations reached by different sets of pharmacokinetic parameters. 

Drugs with different characteristics (e.g. LYSINE ANALOGUE AMINO ACIDS) behave very differently; 

specifically they do not bind to the CPB circuit. 

Yet 95% of dosing schemes used for aprotinin and lysine analogues in pediatric heart surgery ignore 

these facts, and use the same dose for the patient and the pump.  

We have been treating children with TA and EACA as if they were adults getting aprotinin! 

What then should we be doing? 

Two issues need to be addressed to determine the optimal dosing scheme for infants and children being 

treated with any drug. 

1. What is the effective concentration? 

2. What are the pharmacokinetic parameters in the relevant population to direct us in establishing and 

maintaining the effective concentration? 



 

Recently, several studies have been published examining the pharmacokinetics and pharmacodynamics 

of TA and EACA in the pediatric population, so we have some answers to questions 1 and 2.  

The concentration of EACA required to inhibit fibrinolysis in adult plasma vitro was established by 

McNicol in 1962 to be 130 mcg/ml, and this concentration/effect was supported subsequently by 

Nielsen et al in 2007 using thromboelastography. Yurka et al in 2010 found that neonatal plasma, with 

its immature fibrinolytic system, requires a lower concentration of around 50 mcg/ml to inhibit 

fibrinolysis. The concentration of TXA required to inhibit fibrinolysis in fibrin plates using bovine 

fibrinogen was established by Andersson et al in 1968 to be 10 μg/mL for 80% inhibition and 25 μg/mL 

for 90% inhibition. In 2013, Yee et al found a similar inhibitory concentration for adult plasma, 17.5 

mcg/kg, but again a lower concentration inhibited neonatal fibrinolysis: 6.5 mcg/ml. It is not clear how 

the effective concentration changes over time as a neonate becomes an older infant and eventually a 

child. 

Grassin_Delyle et al modeled the pharmacokinetics of TA in children in 2013. The authors used their 

model to estimate concentrations of TA produced by several published dosing schemes. Two are shown 

below:         



   

As can be seen from these graphs, concentrations may vary between sub therapeutic and 35-fold higher 

than therapeutic when doses are determined without attention to pharmacokinetic principles. Grassin-

Delyle et al recommend a dosing scheme of a 6.4 mg/kg loading dose followed by an infusion of 2-3.1 

mg/kg/hr (larger doses in smaller patients), which modeled well: 

  

   

The group is currently working on a similar study in infants. 



Ririe et al published a similar paper examining the kinetics of EACA in children undergoing cardiac 

surgery in 2002. PK parameters were similar to those for TA. The authors proposed a PK-based dosing 

scheme of 75 mg/kg followed by a 75 mg/kg/hr infusion. In contrast to Delyle, the suggest a CPB-prime 

dose, which they inexplicable base on the weight of the patient: 75 mg/kg. This also models well: 

  

Our group has just completed a study accepted by Anesthesiology investigating the kinetics of EACA in 
neonates. Clearance was reduced relative to older children and adults. Given the lower effective 
concentration for neonates, we recommend a loading dose of 40 mg/kg with an infusion of 30mg/kg/hr, 
and a pump prime dose of 0.1 mg/ml of prime volume. This also models well: 

 

Anesthesiology, 2015 In Press 



It should be noted that there is considerable inter-individual variation in EACA and TA levels. Both Ririe 
et al and our group propose a dosing scheme that targets a concentration twice the putative effective 
concentration to achieve effective levels in >90% of patients. Grassin-Delyle et al did not appear to 
account for this variability. Another important consideration is that establishing the pharmacologic basis 
of dose schemes is only the first step in establishing an optimal dose. Clinical studies employing the 
suggested dosing schemes are necessary to confirm these as correct doses.  

 

Aprotinin 

Bayer accumulated a significant amount of pharmacodynamic and pharmacokinetic data in adults, but 
less is known about aprotinin in infants and children. Given the significant differences in the neonatal 
coagulation system, it is likely that the effective concentration of aprotinin for inhibition of plasmin and 
kallikrein is different in these patients than older children and adults, but this has not been studied. 
Probably the best data for pediatric aprotinin pharmacology comes from 2 studies: one published in 
2003 by Mossinger et al, and the other by Oliver et al in 2004. Both studies investigated a dose intended 
to achieve the adult therapeutic concentration of 200 KIU/ml. Mossinger et al compared placebo to 
aprotinin with a loading dose of 30,000 KIU/kg and a pump prime dose of 500,000 KIU without an 
infusion in 60 patients under 10 kg. While blood loss was decreased in aprotinin treated patients, 
aprotinin concentrations fell steadily through CPB, demonstrating the necessity of an infusion: 

  

 

Oliver et al used a loading dose of 25,000 KIU/kg and an infusion of 12,500 KIU/kg/hr, with 35,000 
KIU/kg added to the pump in 30 patients less than 16 years old. Therapeutic concentrations were 
established and maintained in older children, but children under 10kg never reached 200KIU/ml. (See 
below) The authors noted the inadequacy of weight-based prime doses and recommended a fixed dose 
for the pump based on the prime volume. It is also likely that the volume of distribution in neonates is 



higher than older children. These last two factors taken together may explain the relative lack of efficacy 
of aprotinin in neonates. 

 

There is much yet to be learned about the efficacy of antifibrinolytics in pediatric cardiac surgery. What 
is the effective concentration of aprotinin to inhibit plasmin or kallikrein in infants and children? When is 
the most important time to have a therapeutic concentration? We also do not yet fully understand 
where these drugs are effective. Is it enough to inhibit fibrinolysis in plasma? Or is inhibition at the tissue 
(wound) level necessary? If so, are different plasma levels necessary to maintain these tissue levels? 
There are also clearly local practice factors involved in bleeding outcomes in pediatric heart surgery. 
Some surgeons are more attentive to hemostasis than others. Some centers routinely prime the pump 
with (adult) plasma (producing a response to antifibrinolytics between that of the patient and a normal 
adult). Pump prime volumes, circuits, heparin management all differ between institutions and are likely 
important in determining blood loss. 

But despite the uncertainty, I bet you still want answers. I will try. Please understand these are only my 
informed and necessarily ignorant guesses. Ultimately the responsibility of treating your patient lies 
with you, and with it the liability for using these drugs in these or any doses. 

How much? 

Drug  Load (KIU or mg 
/kg) 

Prime dose KIU or 
mg/100 ml of 
prime volume 

Infusion KIU or 
mg/kg/hr 

Aprotinin   Neonate 40,000 40,000 15,000 
Aprotinin Child 30,000 40,000 12,500 
TA Neonate 6 1  3 
TA Child 7 2 3.5 
EACA Neonate 50 10 40 
EACA Child 75 25 75 
 

 



Additional reading: 

N Engl J Med 2006; 354:353-365 

Ann Thorac Surg 2010;90:14–21 

J Thorac Cardiovasc Surg 2012;143:550-7 

Anesth Analg 2008;106:1087–1100 

Anesthesiology 2013;118:853-62 

 


