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is one of the most complicated aspects in post-cardiac surgery patients.
This study aimed to determine whether an anticoagulation monitoring
protocol in pediatric post-cardiac surgery patients treated with venoarterial
ECMO (VA) results in fewer complications and improves morbidity. This
is a quasi-experimental before-and-after study, with a retrospective,
observational, descriptive design, conducted at the Christus Muguerza
Hospital in Monterrey, Mexico. The variables were activated clotting time
(ACT), activated partial thromboplastin time (aPTT), anti-Factor Xa (anti-Xa)
activity, and antithrombin IIl (AT Ill) parameters. Test results were correlated
with the unfractionated Heparin (UFH) infusion rate (IU/kg/h) at the sampling
time. The mean heparin dose was 21.09 |U/kg/hr. ACT got 188.6 seconds,
and ACT-based therapeutic anticoagulation got in 180-220 seconds. The
aPTT in this study was 62.15 seconds. The anti-Xa level was 0.27 UL/mL,
and the AT Il level was 47.52 IU. We got a survival rate of 60 %. The main
hemorrhagic complications were severe bleeding at 10 % and systemic
thrombosis at 10 %. The major complications were sepsis, renal failure,
and severe bleeding. More prospective trials are required to delineate the
dose change with UFH and prevent adverse clinical outcomes in different
pediatric cardiac surgery conditions.
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Anticoagulation during ECMO after pediatric cardiac surgery. /
Anticoagulacion durante ECMO tras cirugia cardiaca pediatrica.

RESUMEN

El uso de la oxigenaciéon por membrana extracorpérea (ECMO) en el tratamiento de las
complicaciones cardiacas es cada vez mayor. El control de la anticoagulacién en pediatria es uno
de los aspectos mas complicados en los pacientes postcirugia cardiaca. Esta investigacién tuvo
como objetivo determinar si un protocolo de monitorizacion de la anticoagulacion en pacientes
pediatricos postcirugia cardiaca tratados con ECMO venoarterial (VA) resulta en menos
complicaciones y mejorar la morbilidad. Se trata de un estudio cuasiexperimental de tipo antes
y después, con un disefio retrospectivo y observacional, descriptivo, realizado en el Hospital
Christus Muguerza de Monterrey, México. Las variables fueron el tiempo de coagulacién activado
(ACT), el tiempo de tromboplastina parcial activada (aPTT), la actividad anti-Factor Xa (anti-Xa)
y los parametros antitrombina Ill (AT Ill). Los resultados de las pruebas se correlacionaron con
la tasa de infusion de heparina no fraccionada (UFH) (Ul/kg/h) en el momento de la toma de
muestras. La dosis media de heparina fue de 21.09 Ul/kg/h. La ACT fue de 188.6 segundos y la
anticoagulacion terapéutica basada en ACT de 180 a 220 segundos. El aPTT obtenido en este
estudio fue de 62.15 segundos. El nivel de anti-Xa fue de 0.27 UL/mL y el de AT Il de 47.52 ULI.
Obtuvimos una tasa de supervivencia del 60 %. Las principales complicaciones hemorragicas
fueron sangrado grave al 10 % y trombosis sistémica al 10 %. Las principales complicaciones
fueron sepsis, insuficiencia renal y hemorragia grave. Se necesitan mas ensayos prospectivos
para delinear el cambio de dosis con la UFH y prevenir resultados clinicos adversos en diferentes
afecciones de cirugia cardiaca pediatrica.

PALABRAS CLAVE: Soporte vital extracorpéreo, Oxigenacion por Membrana
Extracorporea, Anticoagulantes, Heparina, Inhibidores del factor Xa, Pediatria.

Introduction

Extracorporeal membrane oxygenation (ECMO) is a life support procedure that has been
used globally since the 1960s (Soares et al., 2021). Its use is often indicated in severe respiratory
or cardio-respiratory insufficiency (Bembea et al., 2013). ECMO is a procedure in which an
extension of blood circulation is created. During the process, the blood is oxygenated, warmed
to a suitable temperature, and pumped back into the patient (Lequier et al., 2013). While blood
is pumped in the extracorporeal circuit, the risk of activation of the natural coagulation process,
hemostasis, and thrombosis is very high (Mosier et al., 2015). Blood clot formation is activated
when the blood comes in contact with any non-endothelial surface, regularly at the site of vascular
injury or in the extracorporeal circuits. The disrupted vascular endothelium or non-endothelial

Revista Bio Ciencias 12, e1805. 2



Vargas Camacho et al., 2025.

surface releases von Willebrand factor and tissue factor, which exert procoagulant properties and
help in platelet plug formation (Chegondi et al., 2022). The cell surface glycoprotein receptors
help platelet adhesion to the endothelial cells and the extracellular matrix. Following adhesion,
platelets get activated through their secreted substances and intracellular signaling mechanisms
(McMichael et al., 2022). The extrinsic coagulation pathway starts when the tissue factor binds
to factor VII, which further activates factor X with the help of platelet-derived phospholipids
and calcium. Activated factor X interacts with factor V, phospholipid, and calcium and converts
prothrombin to thrombin (factor lla). Using a positive feedback loop, thrombin activates the intrinsic
pathway coagulation factors V, VIII, Xl, and XIll, and further produces thrombin. Prothrombin to
thrombin conversion represents the initial step in the common pathway. Thrombin further activates
fibrinogen to form fibrin strands. Then factor Xlll converts the fibrin strands into fibrin mesh, which
ultimately stabilizes the platelet plug (Ozment et al., 2020).

Then, it is necessary to use anticoagulation therapy to avoid thrombosis in ECMO-treated
patients. Although there are some conditions in which ECMO is run without anticoagulant for a
few hours, cardiac surgery has active bleeding as a complication with prolonged Activated Partial
Thromboplastin Time (aPTT) (Davenport, 1997). Consensus on the optimal tests for assessing
anticoagulation during ECMO has yet to be established. For the success of ECMO, anticoagulation
is a very important factor among others such as vascular access and cannula position (Barton et
al., 2019). There is no ideal anticoagulant, however, the most widely used in all centers in the world
is unfractionated heparin (UFH), it is the known one. Among the most widely used anticoagulants
for ECMO, UFH is the first choice because of its advantages, such as ease of monitoring, low cost,
availability, intravenous administration, and reversibility (Levy et al., 2022). Heparin is a naturally
occurring glycosaminoglycan that normally adheres to the endothelium, but it can also be secreted
into the bloodstream (ELSO, 2014; MacLaren & Monagle, 2014).

Generally, in most centers, if the patient does not have active bleeding and their PTTs are
adequate, a heparin bolus of 50-100 |U/kg is started at the time of cannulation. Each case should
be preferred, especially in the postoperative period. In cardiac surgery if heparin with protamine
has not been reversed, we must wait, and take an activated clotting time at the bedside Activated
Clotting Time (ACT), if the ACT drops to 300 seconds or less, the heparin infusion should be
started at 10-20 IU/Kg/hour as long as there is no active bleeding, or in the case of postoperative
cardiac surgery in children that the cost of the tubes is less than 50 mL/hour (ELSO, 2014).
According to ELSO recommendations (ELSO, 2014) the protocol drives to maintain ACT 180-220
with a heparin infusion regimen between 20-50 IU/kg/hour, considering that the use of diuretics
and renal replacement therapy increases heparin clearance and the possibility of needing more
doses. Coagulation monitoring during support is carried out by ACT times a day, depending on the
patient. With this, we evaluate the activation of the intrinsic and the common coagulation pathway
during ECMO support., it is about doubling the aPTT to maintain it for 70-80 seconds. Anti-factor
X is the gold standard test for the measurement of heparin action. This evidence relies on the
ability of heparin to catalyze antithrombin inhibition of factor Xa. The range goes from 0.2 to 0.5 U/
mL to consider a good anticoagulant activity (Chlebowski et al., 2020). To date, no consensus on
a standardized method of administering and monitoring anticoagulation during ECMO has been
reached (Chlebowski et al., 2020).
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Since the first use of ECMO in a newborn, performed by Bartlett et al. (1976), over 40,000
newborns have been treated with this therapy worldwide (Van Ommen et al.,, 2018). Despite
technological advances and increased clinical experience, hemostatic complications, including
hemorrhage and thrombosis, continue to be significant problems in infants undergoing ECMO
globally (Perez Ortiz et al., 2021). Hemorrhagic complications, including intracranial hemorrhage,
have been reported in up to 29.1 % of neonatal patients and 28.5 % of pediatric patients treated
with ECMO. Likewise, thrombotic complications, such as circuit thrombosis and cerebral infarction,
have been documented in up to 16.7 % of neonates and 12.4 % of pediatric patients, representing
a critical factor of morbidity and mortality in these populations (Drop et al., 2020; Perez Ortiz et
al., 2021). In Mexico, the implementation of ECMO is relatively recent, and only initial findings of
the ECMO program have been reported by the Neonatology Department of the Hospital Christus
Muguerza in Monterrey, Mexico (Vargas-Camacho et al., 2020). Thus, this study aimed to describe
the anticoagulation procedures, tests, and outcomes in post-cardiac surgery neonates and children
treated with ECMO at Christus Muguerza Hospital in Monterrey, Mexico.

Material and Methods
Design

This is a quasi-experimental before-and-after study, with a retrospective and observational,
descriptive design, conducted at the Christus Muguerza Hospital in Monterrey, Mexico.

Objective

Whether an anticoagulation monitoring protocol in pediatric post-cardiac surgery
patients treated with venoarterial (VA) ECMO (VA-ECMO) results in fewer complications and
improved morbidity.

Population

In this study, the postoperative records of all neonates and children who underwent
congenital heart disease and were treated with VA-ECMO in the Pediatric Intensive Care Unit of
Christus Muguerza Hospital in Monterrey, Mexico, from 2013 to 2018 were reviewed. This hospital
is a private third-level hospital, and has 6 beds in intensive care therapy, as ECMO treatment
has given relatively high treatment costs, only a few children in postoperative cardiac surgery
are eligible to use this procedure. The ECMO in the Pediatric Intensive Care Unit of Christus
Muguerza Hospital in Monterrey, Mexico, has almost eleven years of experience treating pediatric
patients (2013 to date). The data of the patients were separated into 2 groups: neonates, when
they were from patients operated on at the month of birth, and children when they were operated
on after one month of life.
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Selection criteria

Inclusion criteria

The criteria of inclusion were all records of postoperative neonates and children with congenital heart
disease, regardless of age, gender, or reason for cardiovascular surgery. This will include complications
because of sepsis, multiorgan dysfunction syndrome, complications because of acute renal failure,
multiorgan dysfunction syndrome, and hemorrhagic complications, including intracranial hemorrhage (ICH),
pulmonary hemorrhage, gastrointestinal bleeding, bleeding at the cannulation site, mediastinal or thoracic
hemorrhage, bleeding in other organs and tissues.

Exclusion criteria

Patients with chromosomal abnormalities or congenital coagulation disorders.
Elimination criteria

Files with illegible or incomplete data.

Procedures

In the Christus Muguerza Hospital in Monterrey, all patients operated on for congenital
heart disease are cannulated. The cannulation was central, leaving the thorax open and covered
with sterile plastic. During cardiac surgery, this patient’s extracorporeal circulation is not ECMO.
After surgery, some patients may need cardiac and pulmonary support with ECMO. If clinical and
economic conditions are met these patients, enter an ECMO treatment protocol. During these
procedures, all patients use a VA Ma quet® ECMO circuit with Bioline cover and Quadrox® pediatric
oxygenating membrane (Maquet Cardiopulmonary AG, Hirrlingen, Germany) with Rotaflow system
(Maquet Cardiovascular, Wayne, NJ, USA). The patients underwent ultrasound evaluation before
the procedure to rule out cerebral hemorrhage. In the mentioned period, 25 patients were found,
and all of them met the requirements to be included in this study.

Sample

A census-ratio method was carried out to identify all patients who meet the selection
criteria. Demographic, clinical, laboratory, imaging, and survival data were prospectively collected
for each enrolled subject.

Blood sampling and analysis
Venous blood samples (5 mL in 3.2 % sodium citrate) were collected at 3 h, 6 h, 24 h, and
daily after ECMO initiation until discontinuation. ACT was monitored every 3 hours; prothrombin

time (PT), aPTT, and platelets every 6 hours; and anti-factor Xa and antithrombin IlI (AT IIl) every
24 hours, and homeostasis was maintained according to ELSO guidelines 11.
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Survival to decannulation and hospital discharge

The primary outcomes of interest were complications up to decannulation and hospital
discharge. Procedures performed in the pediatric intensive care unitin patients treated with ECMO
include monitoring of vital signs, fluid balance, diuresis, and with near-infrared tissue spectroscopy.
All patients were managed with analgesia and sedation, and 54.5 % underwent hemofiltration
or hemodiafiltration. A pediatric cardiologist performed echocardiography every 24 hours to
measure ejection fraction, ventricular function, and changes in the targets of anticoagulation
in response to decreased flow. Weaning criteria were applied by consensus according to the
clinical and echocardiographic data of each patient. SvO2, hematocrit, and continuous post-
membrane saturation were also monitored. All patients were managed during the procedure with
heparin anticoagulation until they had an ACT <300 seconds and aPTT <80 seconds. ACT was
monitored every 3 hours; PT, aPTT, and platelets every 6 hours; and anti-factor Xa and AT llI
every 24 hours, and homeostasis was maintained according to ELSO (ELSO, 2014) guidelines.
Blood flows were maintained between 100 and 150 mL/kg/h with resting pulmonary flows and
volume-controlled ventilation.

Statistical Analysis

Data were obtained from the files by direct observation and then compiled in a database
using Microsoft Office® Excel® (Microsoft Corp., Redmond, WA/USA). The data recorded included
sociodemographic information, ECMO times, kind of circuit, blood flow parameters, anticoagulation
drugs used, and coagulation parameters during ECMO. Data are presented as the median of each
variable after longitudinally calculating the variables for each patient. The Independent Variables
(IV) included in the study were the main intervention as a study factor, where we included the
anticoagulation monitoring protocol in VA-ECMO, and heparin dose adjustments based on ELSO
guidelines. As well as the clinical and demographic characteristics of the patients, such as age
(neonates <30 days vs. infants >30 days), sex (male/female), and the different primary diagnoses
of heart disease. The Vs also included those related to VA-ECMO support (in days), the dose
of heparin administered (U/kg/h), the type of ECMO circuit used, the anticoagulation parameters
monitored (ACT, PT, aPTT, Anti-Xa, AT Ill), and the use of hemofiltration or hemodiafiltration.
The Dependent Variables (DV) included in the study were the different bleeding complications,
thrombotic complications, systemic complications, and clinical outcomes.

Results and Discussion

Of the 25 patients reviewed, 52.0 % were neonates, and 48 % were children. Of which
52 % were female and 48 % male. The percentage of newborns (10 days) was 52 %, and the
percentage of infants (<30 days) was 48 %. The most common postoperative diagnoses (Table
1) were transposition of the great vessels (20.0 %), tetralogy of Fallot (16.0 %), hypoplastic
left heart (16.0 %), pulmonary atresia (12.0 %), pulmonary stenosis (12.0 %), Interventricular
communication (IVC) (12.0 %), and two other heart diseases (8.0%). In this case, all participants
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underwent VA-ECMO. The most relevant outcomes were, the mean dose of heparin determined
in this study was 21.09 U/kg/h, while the average ACT was 188.6 seconds, and finally, the mean
levels of Xa were 0.27 Ul/mL. All the averages of the anticoagulation parameters monitored during
the procedure are shown in Table 2. During weaning, treatment modifications were made based
on changes in blood flow determined by the procedures established by the ECMO management
protocol described by the ELSO. Survival was 12/20 patients (60.0 %), and the average length
of stay on ECMO was 5.5 days. The main bleeding complications were severe bleeding (defined
as +6-7 mL x Kg/hr) in 2/20 patients (10 %) and systemic thrombosis in 2/20 patients (10 %). The
main causes of mortality were sepsis, acute renal failure, and multiple organ failure syndrome
(Table 3).

The recommended dose of heparin to start anticoagulation therapy in pediatric patients
on ECMO (McMichael et al., 2022) is 10-20 Ul/kg/h, which can be increased up to 20-50 U/kg/h
according to ACT. In this study, we maintain a level of heparin according to ELSO recommendations
(ELSO, 2014). Sulkowski et al. (2014), reported heparin doses of 28.5 U/kg/h in 26 neonates
treated with ECMO. Likewise, Bembea et al. (2013), used heparin at 34 U/kg/h in their study
in 34 pediatric patients treated with ECMO. In both studies, they used higher doses of heparin
in similar samples of patients. ACT results can be affected by factors other than UFH, including
anemia, hypofibrinogenemia, thrombocytopenia, and other coagulation factor deficiencies, which
may accurately reflect a patient’s overall anticoagulation state. Therapeutic anticoagulation has
been classically defined as an ACT range of 180-220 seconds (ELSO, 2014). The average ACT
obtained in this study was 188.6 seconds, considering that Sulkowski et al. (2014), described an
average ACT level of 196 seconds in 27 neonates treated with ECMO. In this study, PT reported
was at 21.85 seconds, whereas Bembea et al. (2013), reported 11.9 seconds. This represents
1.8 times more elevated. We did not find a statistically significant difference between elevated
PT and liver damage or increased risk of bleeding in our patients. However, it may be necessary
to increase the sample to be able to determine these differences. The aPTT is a plasma-based
test that uses an activator (silica, ellagic acid), calcium, and phospholipids to measure the time to
fibrin formation in the absence of cellular components. Each center’s laboratory should establish
a therapeutic range for aPTT results to compensate for the variable response of aPTT reagents
to UFH (ELSO, 2014). Bembea et al. (2013), reported that aPTT levels averaged 91.5 seconds in
34 patients, with a range of 66.4-128.3 seconds. The aPTT level recorded in this study was 62.15
seconds, whereas Bingham et al. (2018), reported 83 seconds in a study of 35 pediatric patients.
Measuring ex vivo UFH concentrations by protamine titration is both reliable and reproducible, but
is not as readily available or easy to automate. Most ELSO centers that use the anti-Xa assay as
part of their anticoagulation protocol aim for 0.3—-0.7 IU/mL. However, anti-Xa assays can also vary
in their responsiveness to UFH and are subject to significant problems in assay standardization
(ELSO, 2014).

A study involving 20 patients in the pediatric cardiac intensive care unit at the University
of Alabama used an anti-Xa assay to monitor ECMO patients for a median of 88 hours. Their
results correlated well with UFH status. Additional advantages of the assays include a reduced
need for blood sampling, fewer blood product transfusions, and fewer thrombotic/hemorrhagic
complications (Cho et al., 2017; Sulkowski et al., 2014). Our protocol supports these results, at
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a mean sampling time of 3.9 days versus 88 hours (3.6 days), an even lower population of 20
patients, and a survival rate of 50 %. As shown by different research groups, there is a weak or no
correlation between ACT and concurrent heparin dose during ECMO, while anti-Xa demonstrates
a stronger correlation with heparin dosing (Liveris et al., 2014; Sulkowski et al., 2014). This is
because heparin functions to inhibit coagulation by binding to and accelerating antithrombin
activity. The active form of heparin in the blood is the heparin/antithrombin complex. The anti-Xa
measures the activity of the heparin/antithrombin complex and is sensitive to changes in heparin
and antithrombin levels in the sample (Saifee et al., 2020). Rama et al. (2021), reported better
outcomes in anticoagulation with anti-Xa levels in the range of 0.3—0.7 Ul/mL. Our results are
comparable with those described by Rama et al. (2021), as they match (0.27 + 0.12 IU/mL) within
the reported threshold in the mean of the reported samples from our 25 patients. Henderson
et al. (2018), reported that an anti-Xa level above 0.25 IU/mL was optimal for preventing circuit
thrombosis in 26 pediatric patients receiving VA-ECMO and reported a 61 % survival. Likewise,
obtained results are very similar to those reported by Henderson et al. (2018), where observed
that a mean heparin anti-Xa level of at least 0.25 IU/mL reduced circuit thrombosis, with survival
results very similar to those of our study (60 % / 61 %) in a very similar number of pediatric patients
(25 / 26) receiving VA-ECMO.

AT lll is often produced by the liver and is a natural inhibitor of all serine proteases (except
for factor Vlla and protein C). Most of its anticoagulant effects result from the inhibition of thrombin
and factor Xa. The optimal AT Il activity for any patient receiving UFH anticoagulation during
an ECMO procedure is unknown. Low AT Il activity (normal in infants) produces a reduction
in the effect of heparin (Moynihan et al., 2017). The AT Ill level determined in this study was
47.52 UL, whereas Nelson et al. (2017), reported that a group of pediatric VA-ECMO patients
given recombinant AT Il got significantly higher AT Ill activity levels, with activity levels defined as
>80 %, compared to 28 % in historical patients. Longer time within the ACT target range was
achieved with a lower heparin dose, no increase in hemostatic complications, and trends toward
fewer heparin changes and less use of blood products. Suggesting that continuous infusion of AT
Il during ECMO may define changes in practice that could improve patient safety.

Sepsis is a highly relevant complication in pediatric patients undergoing VA-ECMO.
Several studies have documented a high incidence of infections in this population, highlighting
the importance of strict surveillance and effective preventive strategies. A retrospective study by
Santiago-Lozano et al. (2018), which included 100 children treated with ECMO, reported that
60.4 % of patients developed infections during extracorporeal support. Although this high rate
of infections did not show a statistically significant association with increased mortality, a trend
toward longer length of stay in the pediatric intensive care unit (PICU) was clear in infected
patients. In addition, this same study identified duration of ECMO support as a key risk factor for
the infection development. It was observed that patients with an ECMO duration longer than seven
days had a higher incidence of infections, suggesting that prolonged extracorporeal support may
predispose to infectious complications (Santiago-Lozano et al., 2018). Another critical aspect of
reducing the risk of infections is the experience of the personnel in the cannulation technique.
It has been shown that peripheral cannulation is a viable option in patients with pediatric septic
shock, especially when the procedure is performed in centers with a high volume of ECMO and
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with experience in the sepsis management (Melnikov et al., 2022). Adequate training of the health
care team in the insertion and maintenance of vascular access is essential to minimize the risk of
infections associated with extracorporeal support.

Acute kidney injury (AKI) is a frequent and severe complication in pediatric patients
undergoing VA-ECMO. The AKI incidence in this population varies widely, with reports ranging
from 26 % to 85 %, depending on the primary diagnosis of heart disease, the severity of renal
involvement, the management by the multidisciplinary team, and the hospital setting. This
variability underscores the complexity in the identification, prevention, and treatment of AKI in
patients on VA-ECMO (Ostermann & Lumlertgul, 2021). Patients on VA-ECMO have a higher
incidence of AKI compared to those on ECMO-venous (VV-ECMO), with reported rates of 61 %
and 46 %, respectively. This difference may be attributed to the greater severity of cardiac disease
in patients requiring VA-ECMO, as well as to the hemodynamic alterations inherent to this type
of support, which include renal hypoperfusion, fluctuations in arterial pressure, and ventricular
dysfunction. The etiology of AKI in pediatric patients undergoing VA-ECMO is multifactorial. The
most frequent causes include renal hypoperfusion secondary to hemodynamic instability, systemic
inflammation generated by activation of the immune response, the use of nephrotoxic agents
such as aminoglycoside antibiotics or loop diuretics, sepsis that compromises perfusion and renal
function, and different factors intrinsic to ECMO, such as hemolysis, activation of the inflammatory
cascade and alterations in renal autoregulation (Rodriguez-Duran et al., 2022). The presence of
AKIl in pediatric patients on VA-ECMO is associated with a significant increase in morbidity and
mortality. Several studies have shown that in-hospital mortality in patients on VA-ECMO ranges
from 40 % to 60 %, with AKI being a contributing factor to this adverse outcome. In addition, the
need for renal replacement therapy (RRT) is common in this population, with a reported incidence
of up to 45 %, which emphasizes the importance of prevention and treatment strategies aimed at
optimizing renal function in these patients (Ostermann & Lumlertgul, 2021; Rodriguez-Duran et
al., 2022).

Anticoagulation in pediatric patients undergoing VA-ECMO represents a significant clinical
challenge due to the delicate balance between the risk of thrombosis and bleeding, both associated
with high mortality and morbidity (Dalton et al., 2015, 2017). The marked interindividual variability
in response to UFH, influenced by factors such as age, weight, liver, and renal function, as well
as the presence of underlying coagulopathies, highlights the need to implement personalized
anticoagulation protocols in this population (Cunningham et al., 2016). Traditionally, anticoagulation
monitoring during ECMO has been based on conventional tests, such as ACT and aPTT. However,
measurement of anti-factor Xa (anti-Xa) activity has emerged as a more accurate alternative
to assess the anticoagulant effect of UFH. Unlike ACT and aPTT, the anti-Xa assay is specific
for heparin activity and is not affected by factors such as coagulopathies, thrombocytopenia, or
hemodilution. Additionally, advanced tools such as thromboelastography (TEG) and rotational
thromboelastometry (ROTEM) allow a comprehensive assessment of hemostasis, providing
detailed information on clot formation and stability, which is crucial in the context of ECMO (Fuentes
et al., 2019). Another key factor in the efficacy of UFH is AT Ill, whose acquired deficiency is
frequent in critical pediatric patients and can generate resistance to heparin, requiring higher
doses to achieve an adequate anticoagulant effect. In this sense, monitoring and supplementation
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of AT lll when necessary is a fundamental pillar in personalized anticoagulation protocols (Fuentes
et al., 2019). The implementation of individualized anticoagulation protocols, which integrate the
combined monitoring of anti-Xa, TEG/ROTEM, and AT lll levels, can significantly improve clinical
outcomes in pediatric patients undergoing VA-ECMO. These protocols allow precise adjustments
in UFH dosing, reducing the risk of thrombotic and hemorrhagic complications. In addition, training
of medical and nursing staff in the interpretation of these advanced tests is essential to ensure
correct application and optimization of anticoagulation therapy in this vulnerable population
(Fuentes et al., 2019).

Our study shows that specific coagulation outcomes for heparin anticoagulation in pediatric
postsurgical cardiac patients treated with VA-ECMO depend on different factors, both patient and
heparin infusion rate, as it should be tailored to the individual according to cardiac pathology, the
situation in the institution, an assessment of heparin effect, and global assessments of overall
hemostatic function. However, the choice of dose and dosing regimen of UFH remains a challenge
for medical staff for several reasons. UFH has a narrow therapeutic window and wide variability
in the dose-response relationship (Derbalah et al., 2019). It's pharmacodynamic (PD) properties
are difficult to characterize due to complex mechanisms of interaction with the hemostatic system.
The complex, heterogeneous chemical composition of UFH prevents accurate characterization of
its pharmacokinetic (PK) properties (Derbalah et al., 2019). Despite the challenges presented by
heparin, it is the standard systemic anticoagulant in ECMO worldwide. Its advantages include its
low cost, rapid onset of action, short half-life, reversibility, and familiarity of use. Other advantages
of UFH are its non-anticoagulant effects, anti-inflammatory properties, inhibition of reactive oxygen
species generation, tissue repair and protection properties, and cardiovascular protective effects.
Despite its widespread use, dose titration remains controversial, with a low correlation between
anti-Xa, ACT, and aPTT, and expected results during this protocol (Baird et al., 2007; Cashen et al.,
2019; Cassinelli & Naggi, 2016). Our results of UFH dose response in different pediatric cardiac
pathologies were remarkably similar between patients, suggesting that individualized therapy
could be an alternative in absolute values. There is an urgent need for population-based studies
to standardize pharmacokinetic/pharmacodynamic models of infusion dose response to heparin
(Moynihan et al., 2017). Since the pharmacokinetics and pharmacodynamics of heparin differ with
age, blood product administration, and renal replacement therapy (Moynihan et al., 2017).

The results suggest that the type of cardiac surgery in pediatric ECMO patients may
explain some variability in UFH dose. However, these results should be interpreted with caution,
since there are no previous research studies with response to UFH treatment in our population,
where different pathologies with pediatric complications of cardiac surgery were included with a
small sample of patients, as were included in this study. More multicenter clinical trials are needed
to better explain our results and improve dose prediction with UFH and improve anticoagulation
complications in pediatric surgeries.
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Table 1. Characteristics of the study population.

Variable

Gender

Age (Stage)

Diagnosis

ECMO mode

Scale

Male
Female

Newborn (230 days)
Lactant (>30 days)

Transposition of the great vessels (GVT)
Tetralogy of Fallot

Hypoplastic left heart

Pulmonary atresia

Pulmonary stenosis

Interventricular communication (CIV)

Others
VA-ECMO
VV-ECMO

VV- to VA-ECMO

Cases (n) Percentage (%)
12 48
13 52
13 52
12 48
5 20.0
4 16.0
4 16.0
3 12.0
3 12.0
3 12.0
2 8.0
25 100
0 0

0

ECMO: Extracorporeal Membrane Oxygenation; VA: venoarterial; VV: veno-venous; n: numbers of participants;

%: Percentage.

Table 2. Mean extracorporeal membrane oxygenation (ECMO) times
and anticoagulant parameters used during ECMO therapy*.

Variable Mean
ECMO time 5.5 days
Heparin (dose) 21.09 U/kg
ACT 188.6 s
PT 21.85s
aPTT 62.15s
Anti-Xa 0.27 Ul/mL
Antithrombin 111 47.52 Ul

Standard Deviation
2.3 days

8.5 U/kg

34.7s

43s

94s

0.12 Ul/mL

12.3 Ul

ECMO: Extracorporeal Membrane Oxygenation; ACT: Activated Coagulation Time; PT: Prothrombin Time;
aPTT: Activated Partial Thromboplastin Time; Seconds: s. *Data are presented as median for each variable
after longitudinally calculating the variables for each patient.
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Table 3. Main complications observed during extracorporeal
membrane oxygenation therapy in pediatric patients.

Complications Cases (n) Percentage (%)
Sepsis 3 30
Acute renal injury 3 30
Multi-organ dysfunction syndrome 2 20
Cerebral hemorrhage 2 20

The numbers of the complications are n; Percentages are %.

Study strengths

This study presents important strengths that position it as a valuable contribution to
research on postsurgical pediatric patients treated with VA-ECMO. First, the sample size of our
study is comparable to previous research conducted in different countries (Bembea et al., 2013;
Cho et al., 2017; Henderson et al., 2018; Rama et al., 2021; Sulkowski et al., 2014).The use
of standardized sampling and data collection methodologies ensures homogeneity in outcome
assessment and allows comparability with international studies, strengthening the external
validity of our findings. Secondly, the multidisciplinary approach of the research represented an
added value in the interpretation and analysis of the data. The integration of a steering committee
composed of academic researchers, intensivists, cardiovascular surgeons, specialized nurses,
and ECMO experts ensured a rigorously designed study protocol and an interpretation of the
results based on clinical and scientific experience. Another relevant strength was the use of
multiple biomarkers and coagulation tests to assess the hemostatic status of patients. Indicators
such as Heparin, ACT, PT, aPTT, Anti-Xa, and AT Ill allowed an accurate and detailed assessment
of the anticoagulation profile in patients treated with VA-ECMO. The use of these objective
parameters reduced the possibility of variability in the results and facilitated the identification of
interindividual differences according to the different postsurgical diagnoses. Finally, the study
design was performed in a high-specialty referral hospital in Mexico, with access to advanced
technologies and state-of-the-art medical services in VA-ECMO. This reinforces the feasibility
and replicability of the study in other institutions with similar infrastructure within the country.
However, it also provides a methodological basis that can be used as a reference in centers with
fewer resources, favoring the adaptation and optimization of anticoagulation strategies in VA-
ECMO in different hospital contexts.

Study limitations

This study has certain methodological and contextual limitations that should be considered
when interpreting its findings. First, the cross-sectional and observational nature of the study
precludes establishing causal relationships between anticoagulation monitoring and clinical
outcomes in postsurgical pediatric patients treated with VA-ECMO. The associations identified
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reflect correlations but cannot be considered direct determinants of outcomes. Second, the
sample size is limited due to the high complexity and cost of ECMO treatment in Mexico, which
restricts access to this therapy in the pediatric population. This may affect the statistical power
of the study and limit the generalizability of the results to other clinical settings with different
resources and hospital capabilities. Another limitation is the exclusion of certain patients due to
the paucity of clinical and laboratory data, which prevented a more comprehensive analysis of
hemostatic variables and long-term outcomes. In this regard, follow-up data on long-term survival
and possible clinical sequelae in this population are not yet available.

Furthermore, the study focused exclusively on patients undergoing VA-ECMO, without
including cases of VV-ECMO. Given that VV-ECMO has different indications and physiological
dynamics, the results of this study cannot be extrapolated to this modality, suggesting the need
for further investigations in patients treated with VV-ECMO. In addition, a control group was
not included due to the low prevalence of pediatric ECMO patients in the region, making direct
comparison with populations not exposed to the intervention difficult. The limited availability of
patients with sufficient economic coverage to access treatment is a determining factor in the
reduction of the sample size. It has been documented that hospital costs for ECMO support can
range from $42,554 to $537,554 USD, which restricts access and the possibility of larger studies
(Aiello & Loomba, 2017; Moynihan et al., 2017). On the other hand, there is high heterogeneity in
the underlying diagnoses, as the cohort included seven distinct types of congenital heart disease in
which VA-ECMO was used (Table 1). This diversity in the population studied may have influenced
the variability of the results, which represents a limitation in terms of clinical homogeneity and
comparison of outcomes between the different subgroups. Despite these limitations, this study
provides valuable information that allows us to compare our results with international literature and
to recognize areas of opportunity to optimize the management of anticoagulation in VA-ECMO.
Furthermore, the findings obtained may serve as a reference for other institutions with limited
experience in ECMO, contributing to the improvement of therapeutic and monitoring strategies in
clinical settings with limited resources.

Future research

First, large-scale multicenter studies are needed in several Mexican cities to optimize
the monitoring of anticoagulation in pediatric post-surgical patients undergoing VA-ECMO.
These investigations would allow assessment of variability in the response to anticoagulation
and facilitate the design of personalized therapeutic strategies according to the specific cardiac
diagnosis. Secondly, the implementation of educational programs aimed at health professionals
in public and private hospitals where VA-ECMO is not currently used is required. Training on its
indication, management, and follow-up would help to expand its availability and improve the care of
pediatric patients with acute heart failure. Thirdly, it is crucial to develop sex- and age-differentiated
interventions aimed at pediatric populations with greater susceptibility to cardiovascular disease
early in life. The identification of these high-risk subgroups would allow the design of more
effective preventive and therapeutic strategies. Fourth, future research should address the impact
of socioeconomic and sociocultural factors on the prevalence, access to treatment, and clinical
outcomes of pediatric heart disease in Mexico. Analyzing these variables will allow a better
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understanding of health inequalities and will favor the implementation of public policies aimed at
improving equity in access to VA-ECMO and other advanced cardiovascular treatments.

Conclusions

A slightly lower mean value of anti-Xa (0.27 = 0.12 IU/mL) was obtained following the
anticoagulation guidelines described by ELSO in ECMO patients; with these results, we obtained
a survival rate of 60 %. The main hemorrhagic complications were severe bleeding in 10 % and
systemic thrombosis in 10 %. The mortality rate was 40 % of them, and 20 % were caused by
coagulation disorders. The main complications were sepsis, renal failure, and severe bleeding. The
high prevalence of sepsis in children undergoing VA-ECMO highlights the need for comprehensive
strategies that include prevention, early detection, and adequate treatment of infections.
Implementation of strict infection control protocols and optimization of cannulation techniques are
essential to improve clinical outcomes in this vulnerable population. It is essential to implement
strategies for early monitoring and management of renal function in pediatric patients undergoing
VA-ECMO. Early identification of risk factors, hemodynamic optimization, minimization of the use
of nephrotoxic agents, and continuous monitoring of renal function can contribute to reducing
the incidence and severity of AKI in this vulnerable population. The variability in the response
to anticoagulation in pediatric patients undergoing VA-ECMO justifies the need for personalized
protocols. The adoption of more specific monitoring tools and consideration of individual factors
may lead to safer and more effective management of anticoagulation in this vulnerable population.
Pharmacokinetic/pharmacodynamic modeling of the pediatric population is required, as well as
a greater number of prospective trials to delineate the dose adjustment with UFH and prevent
adverse clinical outcomes in different pediatric cardiac surgery conditions.
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