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Abstract

Patient blood management (PBM) is an evidence-based, roach aimed at optimizing the
care of patients who might require transfusion. While PB idely adopted in adult practice, its

application in pediatric settings remains limited a
clinical challenges of this population. This reV1ew
PBM in pediatric patients. Key elements of pe
management of preoperative anemia, strategi
to enhance patients’ physiological tolerance
studles support the use of restrlctlve transti

¢ the unique physiological and
rrent strategies and future directions of
de the preservation of red cell mass and the
rogenic and surgical blood loss, approaches
d optimization of transfusion practices. Recent

s for critically ill children, neonates, and specific
1sease, demonstrating no added benefit of liberal
transfusion practices. Looking ahea ancds in precision medicine, artificial intelligence, and non-
invasive monitoring technolo ; d to further individualize transfusion practices and strengthen
PBM implementation in p i er, high-quality pediatric-specific research remains essential
to establish standardize and ensure safe, effective, and patient-centered blood management.
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Introduction
t s have long been an indispensable component of clinical practice, particularly in life-
ing situations where they serve a vital role. However, the risk of serious complications including
, infections, transfusion-related acute lung injury, transfusion-associated circulatory overload, and
une reactions is notably higher in pediatric patients, and concerns such as transfusion-related
nomodulation further underscore the need to restrict transfusions to cases with well-defined clinical
dications [1,2,3,4]. Moreover, as blood is a unique and irreplaceable biological product sourced solely
from humans, challenges in maintaining a sufficient and safe supply further reinforce the need for its
rational and judicious use. In this context, patient blood management (PBM) is defined as an evidence-
based multidisciplinary approach that focuses on optimizing the patient’s own blood, minimizing blood
loss and bleeding, and improving the patient’s physiological tolerance to anemia to improve outcomes
while reducing the need for allogeneic transfusions. Applying the principles of PBM ensures that blood




from a limited number of donors is used for the patients who need it most, reducing the need for
transfusions and therefore healthcare costs [5,6,7,8].

PBM programs have gained great importance in the world in recent years due to their significant
contributions to the health system and they are being used by many health institutions and health authorities
with increasing frequency [9,10]. In 2021, a World Health Organization policy brief titled “The Urgent
Need to Implement Patient Blood Management” provided a strategic roadmap that moves beyond
theoretical awareness and advocates for the integration of PBM practices into health systems [11]. In
Tiirkiye, the Ministry of Health, in partnership with the European Union, launched the “Think—Protect—
Manage” PBM project on March 20, 2019. Operating until March 16, 2022, the initiative aimed to enhanc
transfusion safety and promote the judicious use of blood by developing a National Patient Blood
Management Strategy and Action Plan [12].

PBM is well established for adults but underused in pediatric medicine, where the unique physio
patient population demands tailored strategies. Evidence supports interventions such as ane

populations, and future perspectives together with a review of the current literature

Basic Concepts of PBM

PBM is structured around three core objectives:

1) To optimize and improve red cell mass by identifying and treating ative anemia‘aflan early stage,
thereby preventing unnecessary transfusions.

2) To minimize blood loss and maintain the hemostatic balance as effe s.possible.

3) To enhance the patient’s physiological tolerance to anemi athy, ultimately aiming to
reduce transfusion requirements (Table 1) [5,6,7,8,9,18].

Beyond these pillars, PBM provides a comprehengiye fra that spans from early diagnosis and the

effective treatment of anemia to preserving blood
ical intervention to preserve its
physiological balance. It emphasizes holistic ing hemostasis, thrombosis risk, and
oxygen delivery, over a narrow focus on ane . lmportantly, the modern PBM approach prioritizes
patient safety, focusing on individualized, pa
participation in care [19].
In the following subsections, strate i e three core pillars of the PBM approach will be
discussed in detail (Table 1).
Optimization of Red Cell
The presence of anemia i ns or in the preoperative period has been associated with
increased mortality [20]. 1. [21] found preoperative anemia in 46.2% of pediatric cases,
identifying it as an in i ctor for postoperative morbidity. The most recent guidelines
recognize preopetati ia as a strong predictor of transfusion and poor clinical outcomes [22].
Therefore, the hould be thoroughly investigated even in patients with mild and
asymptomatic

alent condition in the pediatric age group, particularly in children under the age of
mmonly associated with nutritional deficiencies such as iron, vitamin B12, and folic
tritional anemias such as iron, B12, or folate deficiency, hematological response
within days, with hemoglobin levels improving significantly within 1-2 weeks and full
expected in 1-2 months [23]. Therefore, especially for elective surgeries, it is recommended to
reening for anemia at least 3-6 weeks prior to the scheduled operation and to initiate diagnostic
therapeutic measures tailored to the underlying etiology if anemia is detected [22,24]. Oral iron
ins the first-line treatment for pediatric iron deficiency anemia due to its safety and effectiveness.

ile oral treatment is typically sufficient, studies in adults suggest that parenteral iron provides faster
correction [25,26,27]. Parenteral formulations should be reserved for cases of oral intolerance,
malabsorption, or urgent need for rapid hemoglobin improvement, such as preoperative or severely
symptomatic patients. In cases of iron deficiency anemia, rapid correction via transfusion has been
associated with an increased risk of postoperative complications [28]. In cases of hemodynamic instability,



a single-unit red blood cell transfusion may be needed to correct microvascular hypoxemia and reduce
morbidity; further transfusions should be avoided once stability is achieved [29].

Use of Erythropoiesis-Stimulating Agents (ESAs)

Another preoperative approach involves the use of ESAs such as erythropoietin. Assessment of iron status
is essential prior to the initiation of erythropoietin treatment. Adult studies support the efficacy of ESAs in
reducing transfusions, and limited data suggest similar potential in children [30]. In pediatric cardiac
surgery, a single preoperative erythropoietin dose has been shown to significantly decrease transfusion
needs [31]. Additionally, the successful use of ESAs has been reported in the children of Jehovah’s
Witnesses, who refuse blood transfusions for religious reasons [32]. Given the paucity of pediatric
evidence, current recommendations suggest reserving ESAs for cases where transfusion is unacceptab
associated with high levels of risk.

Other measures to preserve red cell mass include providing iron prophylaxis during infancy, dela
clamping at birth, and, in neonates, the use of intensive phototherapy or intravenous immun b
appropriate to reduce the need for exchange transfusion.
Strategies to Minimize Blood Loss

Minimization of latrogenic Blood Loss

Iatrogenic blood loss from frequent tests and procedures is a major but preventablg

and optimizing test frequency should be adopted. In addition, surgica
minimizing blood loss. The use of minimally invasive approaches,
electrocautery, and topical hemostatic agents such as fibrin sealant

In this context, institutional protocols and staff trai
improve patient outcomes.

Preoperative Autologous Blood Donation
Preoperative autologous blood donation in ¢
transfusion-transmitted infections. However,
conﬂ1ct1ng Whlle some ev1dence sugeg

e 1980s amid rising concern over
arding its effectiveness in children remains
s donation may reduce allogeneic transfusion

Moreover, adverse effects s
reported more frequently i
Acute Normovolemic
ANH, performed in th
patient, followed byai

y to oxygen-carrying capacity but also to hemostatic function [13].

withdrawn to reduce the hematocrit level to 20%-25%, depending on preoperative

, these target levels may vary based on individual factors such as the patient’s age, body

ematological profile, and type of surgical procedure.

evidence from the literature indicates that ANH is a safe and feasible option in pediatric patients

40], its clinical use has recently declined due to inconsistent outcomes and a lack of standardization.

efore, referring to the Standards for Perioperative Autologous Blood Collection and Administration
ay aid its implementation [41].

Cell Salvage

Cell salvage is an effective intraoperative blood management strategy, particularly in surgeries where blood

loss of approximately 1-2 units is anticipated, or in patients with rare blood types [42,43]. With this

technique, blood aspirated from the surgical field using dual lumen suction systems is anticoagulated with

heparin, filtered, and then processed by centrifugation to wash the red blood cells. This process separates



the erythrocytes from plasma, platelets, leukocytes, and residual heparin, resulting in concentrated red
blood cells, which are subsequently reinfused into the patient [43].

With advances in technology, cell salvage has become increasingly feasible and practical in pediatric
surgical cases [44]. For example, in a prospective randomized trial involving 100 neonates and infants
undergoing open-heart surgery, Cholette et al. [45] reported that cell salvage significantly reduced
transfusion requirements. Moreover, compared to preoperative autologous blood donation, cell salvage is
considered to be a more cost-effective option [46].

A drawback of this technique is dilutional coagulopathy, increasing bleeding risk. However, the SAME™
device enables reinfusion of both red cells and platelets, with promising pediatric outcomes reported [47].
Antifibrinolytic Agents

Tranexamic acid (TXA) is an effective antifibrinolytic for reducing blood loss in cases of pediatrig
and trauma. In a randomized, double-blind, placebo-controlled trial, TXA was shown to significa
reduce transfusion requirements in pediatric patients undergoing craniosynostosis surgery [

significant increase in serious adverse events [49,50,51]. A comprehensive meta-ang
prophylactic epsilon-aminocaproic acid administration significantly reduced the ag

recommended strategy in current pediatric cardiac surgery practices |-
Coagulation Factor Concentrates
Hypofibrinogenemia is a frequent intraoperative issue and a key prg
of pediatric craniosynostosis and scoliosis surgeries, fibrinogen rep
showed reduced transfusion needs with early intervention (mé
The effect was less notable in scoliosis cases due to lower plo S
Regarding prothrombin complex concentrate (PC@), its us p
year of age resulted in significantly less bleeding a
study by Faraoni et al. [56], pediatric patients with

ided by viscoelastic tests
ness of <13 mm vs. <§ mm).

tric cardiac surgery patients under 1
compared to controls [55]. Ina
owing cardiopulmonary bypass received
both groups showed comparable blood loss
and transfusion volumes, the incidence of th plications was significantly higher in the
rFVIla group (30% vs. 8%).
Although these findings highlight the f factor replacement therapy, further research is
needed to establish optimal thresho sing strategies, and specific indications for its use in pediatric
surgical settings.

Use of Viscoelastic Testing
When evaluating hemostasi
the personal and famil
for predicting bleedlng
factors and their glim r minimization, when possible, helps to reduce blood loss to the lowest
possible level. £ erate procedures, routine coagulation tests are generally not deemed
necessary [58,99]. In recent years, the use of viscoelastic tests such as thromboelastography (TEG) and

essential to consider age-specific reference ranges alongside
leedlng A h1st0ry—based assessment remams the most reliable approach

ic assessments of hemostasis may support more accurate and individualized
fusion decisions [60,61,62]. In pediatric cardiac surgery, TEG-guided management

d cryoprecipitate use, lowering transfusion costs [63].

f the Patient’s Physiological Tolerance to Anemia and Optimization of Transfusion

BM pillar focuses on enhancing tolerance to anemia and coagulopathy by optimizing
iopulmonary function and using restrictive transfusion thresholds [15]. While adult PBM strategies
clear benefits [64], pediatric applications remain challenging due to differences in hemostasis,
leeding patterns, and transfusion needs. Therefore, transfusion in children should be individualized,
considering the anemia etiology, symptom severity, and cardiopulmonary status rather than fixed
hemoglobin thresholds [13,14].
Recent studies show that monitoring technologies such as near-infrared spectroscopy (NIRS), when
combined with hemodynamic and biochemical parameters (e.g., lactate, base deficit, pH), can assess
oxygen delivery and consumption more precisely [65]. This technology has been particularly valuable for



preterm neonates of very low birth weight, where assessments based solely on hemoglobin levels may be
insufficient. In such cases, cerebral and somatic oxygenation status evaluated by NIRS has been reported to
reflect hypoxia more accurately compared to hemoglobin-based assessments alone [66,67]. Hypothermia
and acidosis, by impairing coagulation pathways and platelet function, contribute to bleeding and increased
transfusion needs, especially in surgical cases or critically ill patients. Addressing these factors through
normothermia and acid-base balance is therefore integral to PBM strategies [68].

Pediatric PBM strategies increasingly emphasize restrictive transfusion thresholds as a key component in
optimizing transfusion practices. This approach is supported by multiple studies showing that restrictive
strategies are at least as effective as liberal transfusion practices in critically ill neonates and children, wit
the added benefits of reduced exposure to transfusion-related risks [69,70,71].

A key source of guidance in this area is the Transfusion and Anemia Expertise Initiative (TAXI),
published a consensus statement in 2018 providing hemoglobin-based transfusion recommendati

tailored to specific clinical scenarios. According to these recommendations, transfusion is n d

clinically stable critically ill children when hemoglobin is >5 g/dL, in cases of respiratory e W
hemoglobin is >5-7 g/dL, or in cases of hemorrhagic shock if hemoglobin is >7 g/dL. In co t, for high-

recommended, typically ranging from 7 to 10 g/dL [72].
According to the TAXI guidelines, routine red blood cell transfusion is not reco

should undergo an etiology-focused evaluation, and if transfusion is de
transfusion hemoglobin level should be 9.5 g/dL [72].

In older pediatric populations, the TAXI-CAB consortium has sugg
transfusion may be considered for critically ill children with thromb
failure, malignancy, or hematopoietic stem cell transplantatig en plate ounts fall below 10x10%/L.
Additionally, it has been noted that prior to invasive procedn j n may be recommended if the
platelet count is below 20x10°/L, whereas for cou X and 50x10°/L, evidence supporting
a clear benefit of transfusion remains insufficient es for different clinical situations are
summarized in Table 2.

In FFP transfusion, the decision-making proc
recommendations emphasize that isolated v
for guiding transfusion decisions based on a

nternational normalized ratio, are insufficient
1d. The clinical context must also be taken into
account. In pediatric practice, FFP is for active bleeding in the setting of documented
coagulation factor deficiencies, or ive procedures for patients with significant coagulopathy.
Routine prophylactic use of FFR,to laboratory abnormalities without clinical bleeding, or its
use solely as a protein suppl i inemic states, is not recommended. In the absence of
moderate or severe bleedi ophylactic FFP transfusion is considered limited in conditions
i ated intravascular coagulation, sepsis, or major surgery [73].

Although no significan
restrictive transfusion ies, this does not indicate that the restrictive approach can be safely applied to

e Special Pediatric Populations
Infants and NICU Patients)
ized controlled trials such as TOPS [74] and ETTNO [75] have supported the safety of
ood cell transfusion strategies in various clinical scenarios. Studies have shown that
transfusion thresholds of 7-9 g/dL for stable, growing preterm infants and thresholds of 9-11
itically ill or ventilated neonates are associated with outcomes comparable to liberal strategies.
ilarly, British guidelines recommend a hemoglobin threshold of 7 g/dL for transfusion in stable, non-
otic pediatric patients [76]. These findings suggest that a hemoglobin threshold of 7 g/dL is safe and
ay significantly reduce transfusion requirements.
Restrictive strategies are now also being extended to other blood components. The multicenter PlaNeT-2
trial, conducted with preterm neonates, demonstrated that a lower prophylactic platelet transfusion
threshold of 25x10%/L was safer than a higher threshold of 50x10°/L, significantly reducing bleeding,
morbidity, and mortality [77].



In neonates, platelet transfusion thresholds vary according to the underlying clinical condition. In high
bleeding-risk scenarios, such as patients on extracorporeal membrane oxygenation support or those
requiring systemic anticoagulation, a threshold between 50x10°/L and 100x10%/L is generally
recommended. In cases of intracranial hemorrhage, a target platelet count of >100x10%/L is advised
[77,78,79,80].

For cases of neonatal alloimmune thrombocytopenia, a more restrictive approach is typically used, with a
threshold of 50x10°%/L during the first week of life and 30x10°/L thereafter [81,82].

Hematology and Oncology Patients

Pediatric hematology and oncology patients frequently require transfusion support due to chemotherapy-
induced cytopenia, bone marrow failure, or disease-related complications such as bleeding or anemia
Despite this, restrictive transfusion thresholds are increasingly emphasized to minimize transfusio
complications such as alloimmunization, iron overload, and transfusion reactions. The American
Association of Blood Banks and British guidelines suggest a restrictive red blood cell trans
of 7-8 g/dL in stable, non-bleeding patients, with individualized thresholds for symptomati
patients [76,83].

Platelet transfusions are often prophylactically administered in this population. A t
is commonly applied for stable patients, while higher thresholds of 30-50x10°/L
procedures or active bleeding. In patients with fever, sepsis, or coagulopathy, plate
adjustment [76,84].

Pediatric Cardiac Surgery Patients
Cholette et al. [69] evaluated arteriocerebral oxygen content and lacta
cyanotic congenital heart disease who received postoperative red b
differences were found between the restrictive (hemoglobin of <9 g
strategies in terms of these parameters. However, patients inthejre
fewer red blood cell transfusions (mean of 0.43 units vs.
This supports the feasibility of restrictive transfus
further studies to confirm their safety and efficacy.
Critically Ill Children in Intensive Care Units
Evidence from multicenter randomized contr
additional benefit of liberal transfusion strat
trial involving 637 hemodynamically stable hildren demonstrated that a liberal threshold
(hemoglobin of >9.5 g/dL) offered ng ica over a restrictive threshold (=7 g/dL) [70,71].
Similarly, in pediatric patients wit @ ptic shock, no significant differences were observed
between liberal and restrictive esfregarding multiorgan dysfunction, length of stay in the intensive
care unit, or mortality [84]. onsistent with adult data from the Transfusion
Requirements in Septic S

and had lower donor exposure.
tric cardiac patients, warranting

iatric critical care has consistently shown no
restrictive thresholds [70,71]. For example, a

ophylactic or on-demand clotting factor concentrates such as FVIII, FIX, or von
(vWF) form the cornerstone of therapy [87,88].

therapy is reserved for situations such as major trauma or surgery, life-threatening
nsive to factor concentrates, and rare bleeding disorders with no specific replacement

ilia patients, non-factor therapies (e.g., emicizumab) and antifibrinolytics have also contributed
educed transfusion needs by maintaining baseline hemostasis [89,90]. In addition, desmopressin

'AVP) can be used in children with mild hemophilia A or type 1 von Willebrand disease to transiently
increase factor VIII and vWF levels, further supporting hemostatic control in selected cases [87].
Importantly, minimizing iatrogenic blood loss, ensuring early diagnosis, and using point-of-care testing for
coagulation assessment help reduce unnecessary transfusion exposure.

Multidisciplinary Approach and Clinical Implementation

Effective implementation of PBM in pediatric settings necessitates a well-coordinated multidisciplinary
approach [91]. PBM teams typically include pediatricians, hematologists, anesthesiologists, surgeons,




nurses, and laboratory personnel, each contributing to anemia management, transfusion decision-making,
intraoperative blood conservation, and postoperative monitoring [92]. The development of standardized
clinical protocols is essential for the consistent application of PBM principles. However, implementation in
pediatric practice presents unique challenges, including the lack of robust pediatric-specific evidence,
limited awareness among healthcare providers, and the absence of institutional protocols tailored to
children. Addressing the barriers will require institutional support, the integration of PBM into electronic
health records, and comprehensive, team-based education to foster a culture of safe and individualized
blood management in pediatric care. In Tiirkiye, significant steps have been taken to facilitate the clinical
implementation of PBM through a joint project launched by the Ministry of Health and the European Uni
in 2019 and completed in 2022. Over this 3-year period, extensive training programs for clinicians wi
conducted, national PBM guidelines were published, and a decision-support software tool was
implemented to assist healthcare professionals in evidence-based transfusion decision-making [1

Future Perspectives
As pediatric PBM continues to evolve, future developments are expected to focus on precii

intelligence to support real-time clinical decision-making, allowing for individualizg
thresholds and more accurate predictions of bleeding risk. Additionally, advances,i

algorithms, supported by high-quality randomized controlled trials, re
Furthermore, integrating PBM principles into electronic health record
education, and implementing standardized protocols will be essenti
pediatric practice.

Conclusion

PBM for pediatric patients is not solely aimed at regulatln
comprehens1ve patient-centered approach focuse

1ces; it constitutes a

t safety and clinical outcomes.
coperative anemia, reduction of
intraoperative blood loss, and postoperative hemato i ort'can significantly reduce transfusion
requirements. Moreover, the integration of re ign thresholds, iron therapy, antifibrinolytic
agents, cell salvage systems, and viscoelasti r enhanced the effectiveness of PBM
strategies. PBM has now evolved beyond str: erely aim to reduce transfusion needs to
encompass the broader concept of bl phasizes the holistic preservation of circulatory

literature supports its use as
evidence-based transfusi
tailored to neonates an
practice and promote t

lastic test-guided algorithms, and personalized applications
ill facilitate the broader implementation of PBM in pediatric clinical
1 and efficient use of blood as a resource.
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e 1. Strategies targeting the three core pillars of pediatric patient blood management.




* Definition and detection of anemia according to age

* Placental transfusion

* Delayed cord clamping

* Iron supplementation

* Prophylactic iron in preterm and term infants

* Nutritional deficiency: dietary recommendations and treatment

* Detection and management of preoperative anemia (oral/parenteral)
* Other types of nutritional anemia (e.g., B12, folate deficiency)

* Use of ESAs

* Reducing the need for exchange transfusion in neonatal jaundice

* Use of IVIG if necessary

* Intensive phototherapy

Blood conservation strategies

* Minimizing blood loss from phlebotomy
* Use of non-invasive techniques and
point-of-care testing devices

* Autologous blood donation

* ANH

* Cell salvage

1. Optimization of
red cell mass

Optimization of

coagulation/hemostasis
* Preoperative planning for patients
with known bleeding disorde
* Use of hemostatic agent
(antlﬁbrmolytlc agents pla

echniques

2. Minimization of
blood loss Avoiding hypothermia
* Viscoelastic testing

* Use of topical

hemostatic agents

3. Enhancement of

the patient’s * Transfusion decisions based not only on hemoglobin leve the patient’s clinical status and
physiological underlying condition

tolerance to * Restrictive transfusion strategy

anemia and » Maintaining a single-unit transfusion policy

optimization of * Maintaining normothermia

transfusion * Ensuring acid-base balance

practices

ANH: acute normovolemic hemodilution; FFP: fresh
inant factor VIla.

ESAS: Erythropoietin-stimulating agents; IVIG: intravenou
frozen plasma; PCC: prothrombin complex concentrate; rF

Table 2. Platelet transfusi tric patients according to clinical indications [73,76].
Indication Platelet threshold (x10°/L) Notes
Active bleeding Depends on clinical context Individualized based on severity and cause
<10 Routine prophylaxis recommended to prevent spontaneous
bleeding
<20 Higher threshold due to increased bleeding risk
<50 Consider a higher threshold if technical difficulty or
coagulopathy exists
75-100 May be increased to >100x10°/L for surgery at critical sites
(central nervous system including eyes) or high-risk
procedures
tral venous catheter <20
insertion
Tunneled central venous catheter <50
insertion
Bleeding during extracorporeal
membrane oxygenation or during surgery | 50-100




Platelet dysfunction with active bleeding
and/or need for invasive procedure

Not applicable

Platelet transfusion is based on function, not count alone

Hypoproliferative thrombocytopenia (no
bleeding, stable)

10

May be increased to 15-20x10”L for hematopoieti m cell

transplantation






