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Abstract

The neonatal hemostatic system is different from that of adults. The differences in levels of 

procoagulant and anticoagulant factors and the evolving equilibrium in secondary hemostasis 

during the transition from fetal/neonatal life to infancy, childhood and adult life are known 

as “developmental hemostasis”. In regard to primary hemostasis, while the number (150,000–

450,000/μl) and structure of platelets in healthy neonates closely resemble those of adults, there 

are significant functional differences between neonatal and adult platelets. Specifically, platelets 

derived from both cord blood and neonatal peripheral blood are less reactive than adult platelets to 

agonists such as adenosine diphosphate (ADP), epinephrine, collagen, thrombin, and thromboxane 

(TXA2) analogs. This platelet hyporeactivity is due to differences in expression levels of key 

surface receptors and/or in signaling pathways, and is more pronounced in preterm neonates. 

Despite these differences in platelet function, bleeding times and PFA-100 closure times (an 

in vitro test of whole blood primary hemostasis) are shorter in healthy full-term infants than 

in adults, reflecting enhanced primary hemostasis. This paradoxical finding is explained by the 

presence of factors in neonatal blood that increase the platelet-vessel wall interaction, such 

as high von Willebrand factor (vWF) levels, predominance of ultralong vWF multimers, high 

hematocrit and high red cell mean corpuscular volume. Thus, the hyporeactivity of neonatal 

platelets should not be viewed as a developmental deficiency, but rather as an integral part of a 

developmentally unique, but well balanced, primary hemostatic system. In clinical practice, due 

to the high incidence of bleeding (especially intraventricular hemorrhage, IVH) among preterm 

infants, neonatologists frequently transfuse platelets to non-bleeding neonates when platelet counts 

fall below an arbitrary limit, typically higher than that used in older children and adults. However, 

recent studies have shown that prophylactic platelet transfusions not only fail to decrease bleeding 

in preterm neonates, but are associated with increased neonatal morbidity and mortality. In this 

review we will describe the developmental differences in platelet function and primary hemostasis 
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between neonates and adults, and will analyze the implications of these differences to platelet 

transfusion decisions.
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Although recent research has shown that platelets play roles in many diverse biological 

processes, their role in haemostasis and thrombosis is of unquestionable importance and it 

will be the focus of our review.

Functional differences between neonatal and adult platelets

While the number (150,000–450,000/μl), mean platelet volume (MPV and structure of 

platelets in healthy neonates closely resemble those of adults, there are significant functional 

differences between neonatal and adult platelets.

Upon damage to the vascular endothelium, sub-endothelial matrix (SEM) proteins such as 

collagen and von Willebrand Factor (vWF) are exposed, which provide docking sites for 

platelet receptors. These receptors bind SEM proteins and trigger platelet activation, shape 

change and degranulation, resulting in the recruitment and activation of more platelets from 

the circulation.

I. Initiation (platelet adhesion)

The adhesion mechanism is highly dependent on blood flow. Under high flow conditions 

(arteries and microcirculation), adhesion is mediated by the binding of the high molecular 

weight vWF to its platelet receptor (GPIb/IX/V). In this condition of blood flow, GPIIb/

IIIa (αIIbβ3 integrin, essential for platelet aggregation) also participates. Under low flow 

conditions (venous territory), in contrast, platelet adhesion is mediated by the direct binding 

of GPIa/IIa (α2β1 integrin) to collagen.1 Expression levels of the main platelet adhesive 

receptors, including GPIb-IX-V (receptor for vWF), GPIa-IIa (receptor for collagen), and 

GPIIb-IIIa (receptor for fibrinogen, fibronectin and vWF) have been studied in neonatal (vs 

adult) platelets (Figure 1).

Overall, most studies have shown that the surface expression of αIIbβ3 is around 15–20% 

lower on neonatal platelets than on platelets of older children and adults,2 while levels of 

GPIb-IX-V2 and GPIa-IIa3 are similar in these three groups (Figure1). Applying quantitative 

flow cytometry (q-FC), our group recently evaluated the number of antigenic molecules 

of GPIIIa (the β3-integrin subunit from the GPIIb-IIIa complex), GPIbα (from the GPIb-

IX-V), and GPIa (from the GPIa-IIa) per platelet in pre-term and full-term neonates and 

in adults.4 We also found a mild reduction in the expression of integrin αIIbβ3, but no 

significant differences in the levels of integrin GPIbα and α2β1 (Figure1). In contrast, 

other authors have found increased GPIbα levels in cord blood (CB)-derived platelets of 

full-term5 and preterm neonates,6 measured by immunoblotting5 or q-FC,6 respectively. In 

the latter study, preterm neonates exhibited higher GPIbα expression levels and an increased 

number of platelets interacting with vWF, with a positive correlation between both.6

Ferrer-Marín and Sola-Visner Page 2

Platelets. Author manuscript; available in PMC 2023 January 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Regarding adhesion assays, different results have been found depending on the sample 

(plasma-free vs. whole blood), flow conditions (static or dynamic) and developmental stage. 

Under static and plasma-free conditions, we observed delayed adhesion and spreading of 

washed full-term CB platelets, compared to washed adult platelets.7 In neonatal whole 

blood, however, where higher concentrations of ultra-large multimers of vWF are found,8, 9 

adhesion of platelets from full-term neonates is similar to10 or higher11 than that of adult-

platelets, both under static11 and flow conditions.10

II. Extension (platelet activation)

In parallel to the adhesion process, the coagulation system (secondary hemostasis), activated 

by endothelial damage, generates small amounts of thrombin. This, together with collagen 

and high local ADP concentrations, causes platelet activation and degranulation. Platelet 

activation begins with a ligand (such as ADP, epinephrine, TXA2, thrombin or collagen) 

binding to its receptor.

Hyporeactivity of neonatal platelets to TXA2, ADP and thrombin (Gαq protein- 
coupled receptors)—Multiple studies have consistently showed that in vitro stimulation 

of full-term and preterm neonatal platelets with thrombin, the TXA2 mimetic U46619, or 

ADP induces a poor response compared to that seen in adult platelets.2, 10, 12 The decreased 

expression of the protease-activated thrombin receptors (PAR1 and PAR 4) is one of the 

factors that may explain the hyporeactivity of neonatal platelets to thrombin,5 (Figure1). 

However, other factors could be involved. Indeed, although the differences between neonatal 

and adult platelets are more pronounced for PAR4 than for PAR1 expression,5 we found that 

platelets from preterm and full-term neonates exhibited a marked reduction in fibrinogen 

binding and P-selectin expression in response to PAR-1 (over 40–50%), but a minimal 

reduction in response to PAR-4.4 Regarding the platelet hyporeactivity in response to ADP 

and TXA2, developmental differences have not been found in the expression levels of P2Y1/

P2Y12,
13 (the ADP receptors) or in the number or affinity of TXA2 receptors.14

Importantly, the TXA2 receptors, P2Y1 (one of the two ADP receptors) and PAR1/PAR4 

(both thrombin receptors) belong to the G-protein coupled receptors (GPCR) family, which 

couples through the Gαq-protein to phospholipase-Cβ (PLCβ).15 A previous study showed 

that the poor response of neonatal platelets to TXA2 is caused by decreased GTPase activity 

of the α-subunit of Gq,16 which is more pronounced in platelets of preterm infants.16, 17 

Since the ADP and thrombin receptors also couple through the Gαq-protein, decreased 

GTPase activity of Gαq could contribute to the poor response of neonatal platelets to these 

three agonists.

Hyporeactivity of neonatal platelets to epinephrine (binding to Gαz-protein 
coupled receptors)—Although in vitro neonatal platelets show a relative hyporeactivity 

to most platelet agonists, the poorest responses are observed with epinephrine and collagen. 

Using ligand-binding studies, an early study in 1981 demonstrated that the number of 

α-adrenergic receptors on neonatal platelets is approximately half the number on adult 

platelets.18 Consistently, a more recent study showed a 50% reduction in ADRA2A mRNA 

expression levels in neonatal compared to adult platelets.19 Furthermore, epinephrine 
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receptors couple to Gαz, and Gαz mRNA and protein expression levels were also recently 

found to be decreased in CB platelets,19 (Figure 1).

Hyporeactivity of neonatal platelets to collagen (binding to ITAM receptors)—
The major collagen receptors on platelets are integrin α2β1 and GPVI, both of which 

support adhesion and activation in response to collagen. GPVI shares a common signal 

transduction pathway with the other hemi-ITAM receptor in platelets, CLEC-2.4 Both 

GPVI and CLEC-2 activate Src and Syk tyrosine kinases, culminating in the activation of 

PLCγ2 and Ca2+ mobilization4 (Figure 1). While there is no difference in α2β1 expression 

levels between neonatal and adult platelets,3, 20 two recent studies showed a significant 

hypo-responsiveness of preterm and full-term neonatal platelets to GPVI and CLEC-2 

ligands (collagen-related peptide, CRP, and rhodocytin, respectively).4, 10 Same results 

were obtained in fetal and neonatal murine platelets.4 These findings are explained by a 

significant reduction in the expression levels of the GPVI-FcRγ complex and CLEC-2, 

accounted for at the transcriptional level (reduced GP6, FCER1G and CLEC1B mRNA 

levels), coupled with an intracellular signaling defect, as reflected by the reduced CRP- and 

rhodocytin-induced phosphorylation of PLCγ2 and Syk.4

Neonatal platelet signaling machinery.—Agonist–receptor interactions trigger a series 

of activation responses, including an increase in intracellular calcium (Ca2+) levels, 

degranulation, a conformational change in the GPIIb/IIIa complex toward a high-affinity 

conformation (Figure 1), and cytoskeletal reorganization allowing platelet spreading.

Intracellular calcium signaling.: Neonatal platelets exhibit impaired mobilization of 

calcium following agonist stimulation.17 Since the Ca2+ content of the dense tubular system, 

the major intracellular Ca2+ store, is similar in neonatal and adult platelets, the observed 

phenotype is most likely due to a reduction in the calcium signaling pathway. The main 

mechanism of Ca2+ influx from the extracellular space is store-operated Ca2+-entry (SOCE) 

upon activation by the Ca2+ sensor STIM1. Data from a mRNA expression array in ultrapure 

platelets obtained from adult blood and CB suggest that the altered Ca2+ mobilization in 

neonatal platelets may be due to differences in the expression levels of the genes involved in 

Ca2+ signaling.19

Degranulation and spreading.: P-selectin translocates from α-granules to the platelet 

surface membrane following platelet activation. Interestingly, although both human and 

murine neonatal platelets show decreased surface P-selectin expression upon activation 

compared to adult platelets, the total P-selectin content is developmentally reduced in 

platelets from newborn mice21, 22 but not in platelets from human neonates7. In regard 

to granule content, ultrastructural studies have shown that whereas the number of dense 

granules in human neonatal platelets is lower than in adult platelets,23 the number of 

α-granules, which are the most abundant, is similar7, 23–25. The reduced exocytosis of 

α-granules in CB-derived platelets is associated with a lower expression of β1-tubulin 

(required for granule centralization) and of Syntaxin-11/Munc18b complex and VAMP7 

(SNARE proteins required for the fusion of vesicles to plasma membranes).7 As a 
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result, neonatal platelet spreading is reduced and delayed both in humans (in plasma-free 

conditions)7 and in mice.21

III. Perpetuation (platelet aggregation)

Agonist–receptor interactions trigger a series of activation responses, including a 

conformational change in the platelet integrin αIIbβ3 (GPIIb/IIIa) toward a high-affinity 

conformation for its ligands, fibrinogen and vWF1 (Figure 1). Platelets from pre-term and 

full-term neonates display a mild reduction in the expression of integrin αIIbβ3,2, 4 which 

may contribute to the mild impairment in αIIbβ3 activation (i.e. fibrinogen binding) by all 

agonists.4, 26, 27 In mice, however, despite similar αIIbβ3 levels in neonates and adults,4 

there is a marked impairment in fibrinogen binding in response to ITAM and some GPCR 

receptors due to the reduced levels of adaptor molecules that regulate integrin activation.27

Hypersensitivity of neonatal platelets to inhibitory signals—At the site of injury, 

platelets adhere, activate and aggregate to form a “plug”. To limit the uncontrolled growth of 

the hemostatic plug, the endothelium responds by reversing platelet reactivity (“endothelial 

thromboregulation”).1 Recently, development differences in platelet inhibitory signaling 

pathways were reported. Compared to adult platelets, neonatal platelets display a hyper-

sensitivity to inhibition by PGE1, increased basal and PGE1-induced cAMP levels, higher 

Gαs protein expression and a trend to increased PKA-dependent protein phosphorylation28. 

Thus, the functional increase in the PGE1-cAMP-PKA axis may also contribute to neonatal 

platelet hypo-responsiveness.

Duration of the hyporeactivity platelet in fetal/neonatal life—Overall, the poor 

responses of neonatal platelets to both activating and inhibiting agonists appear to 

result from differences in the receptor expression level and/or in the signaling pathways 

downstream from the receptor15 (Figure 1). Although the decreased number of α-adrenergic 

receptors on neonatal platelets, seems to persist for as late as two months of age,15 both 

full-term2, 29 and preterm neonates12 improve their responses to most platelet agonist to 

near-adult levels by 10–14 postnatal days.

Developmental differences in the interactions between platelets and 

leucocytes, NET-formation and beyond

Beyond its role in hemostasis and thrombosis, platelets also play critical roles in other 

physiological and pathological processes including, among others, inflammation, host 

defense, vascular integrity, and development.30

Activated platelets interact with leukocytes (neutrophils and monocytes) modulating each 

other’s functions. Platelets enhance leukocyte activation through the release of CCL5 

(RANTES) and platelet factor 4 (PF4), and in turn, neutrophils stimulate platelet activation 

by releasing elastase and cathepsin G.31 The two major receptor-ligand interactions in 

platelet-neutrophil communication are P-selectin/P-selectin glycoprotein ligand-1 (PSGL1) 

and GPIbα/Mac-1. Downstream effects of the platelet–neutrophil interaction include, among 

others, activation of tissue factor (TF), production of inflammatory cytokines by both 
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platelets and leukocytes, and generation of neutrophil extracellular traps (NETs).31 NETs 

are extracellular structures composed by DNA and histones associated with antibacterial 

proteins that entrap, immobilize and kill pathogens, aiding against infection.32 Thus, 

activated platelets may facilitate pathogen clearance by activating neutrophils, promoting 

NET formation, and generating microthrombi (Immunothrombosis).33 Likely due to the 

lower expression of P-selectin in neonatal platelets upon activation, formation of platelet-

neutrophil aggregates is lower in CB of premature newborns than in adult blood.34 In 

addition, human neonates exhibit significantly reduced NET formation due to the presence 

of a NET inhibitor produced by the placenta. 35 This effect disappears between 3 and 14 

days after birth.35

Activated platelets also release extracellular vesicles, a heterogeneous pool of vesicles that 

share many functional features with platelets, such as high procoagulant capacity.36 The 

majority of extracellular vesicles in the blood (60 to 90%) are platelet-derived37 and they 

include apoptotic bodies (1–5 μm), microparticles (0.1–1 μm) and exosomes (~100 nm). 

Interestingly, isolated microparticles derived from CB have increased procoagulant activity 

compared to microparticles isolated from adult plasma, despite similar phosphatidylserine 

content.15 Recently, Peñas-Martinez et al. characterized plasma exosomes from CB and 

adult blood. A Mass Spectrometry-based proteomic analysis showed 104 differentially 

expressed proteins (FCh > 2), 64 of which were upregulated in neonatal (vs. adult) 

exosomes. Newborn plasma exosomes exhibited an abundance of proteins involved in 

platelet function and hemostasis, such as platelet activation and signaling proteins (integrins 

αIIb and β3; GNAI2, filamin-A; Talin-1, RAP1A, CD9); ligand receptor (CD36); platelet 

chemoattractant proteins (PF4); and proteins associated to coagulation, and thrombus 

formation (Factor V, Factor VIII, vWF, fibrinogen, α2-macroglobulin).38 Taken together, 

these studies suggest that platelet-derived exosomes, in particular, and extracellular vesicles, 

in general, could play an important role in the hemostatic balance during development.

Hyporeactivity of neonatal platelets is not synonymous with 

thrombocytopathy: Whole-blood hemostasis

In vitro platelet function studies in neonates have been hampered by difficulties in obtaining 

adequate blood samples from neonates, particularly those born preterm. For that reason, 

most studies so far have been conducted on full term CB samples. A few studies have 

compared CB to peripheral blood, and have found that platelet count, MPV, expresión 

of surface glycoproteins and surface activation markers, 2, 39, while platelet function and 

primary hemostasis are different. 39, 40.Last generation technologies have allowed the study 

of platelet function using smaller blood volumes and in the context of neonatal/cord whole 

blood instead of platelet-rich plasma (PRP). These studies have shown that, despite the poor 

reactivity of platelets during fetal/neonatal life, healthy full-term neonatal platelets show 

similar or even more extensive adhesion than adult platelets on SEM coated surfaces.11 

In capillary blood obtained from healthy full-term neonates, neonatal platelet adhesion 

and aggregate formation, under both static and shear conditions, were similar to adult 

blood.10 Furthermore, bleeding times41 and closure times (CT) measured using the Platelet 

Function Analyzer (PFA-100), an in vitro test of primary hemostasis,42–44 are shorter in 

Ferrer-Marín and Sola-Visner Page 6

Platelets. Author manuscript; available in PMC 2023 January 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



healthy full-term neonates than in adults. This seemingly paradoxical finding has been 

explained by the presence of factors in neonatal blood that enhance the platelet–vessel 

wall interaction, such as increased vWF levels and function, higher hematocrits, and higher 

mean corpuscular volumes of erythrocytes.45 Thus, in healthy full-term neonates under 

physiological conditions, the relative hyporeactivity of neonatal platelets is viewed not as a 

deficiency, but rather as an integral part of a unique and well balanced neonatal hemostatic 

system, which is otherwise titled toward a procoagulant phenotype.26

Importantly, bleeding times and PFA-100 closure times in response to collagen and ADP 

(CT-ADPs) are inversely correlated to gestational age.40, 46 Compared to full-term infants, 

preterm neonates have more pronounced platelet hyporeactivity in response to agonists 

and longer bleeding times and CT-ADPs, although at all gestational ages they remain 

shorter or similar to adult CT-ADPs.40 Taken together, these findings suggest that heathy 

preterm neonates have an “appropriate” or well-balanced primary hemostatic system. Under 

pathological conditions, however, the pro-adhesive mechanisms might be insufficient to 

compensate for the platelet hyporeactivity. Supporting this hypothesis, platelet adhesion to 

SEM is significantly reduced in sick47 and septic preterm infants,48 compared to healthy 

preterm infants or full-term newborns. However, although preterm infants are those at 

highest risk of bleeding, the majority of studies on neonatal platelet function have been 

conducted on full-term neonates. In fact, an important limitation of the in vitro studies 

published to date has been the reliance on full term cord blood samples for most studies 

(due to availability), and the paucity of data on how platelet function and primary hemostasis 

change over time after birth, particularly in “healthy” preterm neonates. Therefore, it is 

unclear whether the increased platelet hypofunction observed in preterm infants contributes 

in any way to their high bleeding risk.49

Bleeding risk in neonates and children

In a prospective multicenter study that included almost 170 infants with platelet counts <60 

× 109/L, bleeding risk was significantly associated with a lower gestational age at birth 

(63% among infants <28 weekś gestational compared to 14% among those ≥ 28 weeks), but 

not with a lower platelet count.50 Bleeding in extremely preterm infants is most commonly 

intracranial. In fact, approximately 25–30% of neonates with very low birth weight (VLBW, 

<1500 g at birth) develop an intraventricular hemorrhage (IVH), usually in the first week 

of life.51 As with the risk of bleeding, the frequency of thrombocytopenia increases with 

decreasing gestational age, reaching ~70% among neonates born with a weight <1,000g.52

The pathogenesis of bleeding in preterm neonates is complex and multifactorial 

and results from the interaction of developmental stage-specific factors (such as 

vascular fragility, cardiovascular and respiratory instability, changes in vascular perfusion 

pressures),53 along with factors related to the underlying disease process (sepsis, 

necrotizing enterocolitis, need for mechanical ventilation, among others). Indeed, with 

the same degree of thrombocytopenia, infants with sepsis, necrotizing enterocolitis and 

alloimmune thrombocytopenia had a higher incidence of serious bleeding than infants with 

thrombocytopenia due to intrauterine growth restriction.50
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Although within the infant population preterm infants have the highest risk of bleeding, 

infants in general have a higher risk of bleeding than adults. In a large randomized 

controlled trial to evaluate the impact of three different prophylactic platelet doses in 

children (n=198, 0–18 years) and adults (n=1044) with onco-hematologic neoplasms,54 

the incidence of grade 2 or higher bleeding ranged from 43–79% in adults and up to 

84% in children. Within the same range of platelet counts, children had a higher risk of 

bleeding than adults, suggesting that the excess risk of bleeding in children is not due to 

the degree of thrombocytopenia. Importantly, a direct correlation between the severity of the 

thrombocytopenia and the occurrence of major bleeding has not been found in any age group 

(neither in children nor in adults),50, 55, 56 suggesting that other clinical factors, and not only 

the platelet count, are important.

Platelet-transfusion thresholds

Over two-thirds of platelet transfusions in neonates are prescribed prophylactically. In the 

setting of bleeding, platelets are often transfused to keep platelet counts >50.000/μL,57 

although this depends on the degree and underlying reason for bleeding.58–60 For example, 

the threshold increases above 50.000/μL-100.000/μL in neonates with bleeding on ECMO or 

during surgery.57, 59

Thresholds for prophylactic platelet-transfusion are much more controversial. Data from the 

PLADO study suggest that, in adults without associated risk factors, the risk of bleeding 

does not appear to change once the platelet count is above 5000/μL.54 The results of 

the PLADO study along with several randomized trial in stable onco-hematology patients 

showed that using the standard trigger level (10,000/μL) is associated with no increase in 

the risk of bleeding compared to higher trigger levels (20,000/μL or 30,000/μL).61 In this 

adult population, however, a therapeutic-only platelet transfusion policy was associated with 

increased risk of bleeding compared with a prophylactic platelet transfusion policy.62 These 

data are in concordance with a platelet kinetic study in adult patients with bone marrow 

hypoplasia, in which a platelet count of 7,000/μL was required to maintain endothelial 

integrity.63 However, the platelet count is not the only consideration when determining 

bleeding risk in individual patients. Adult patients with splenomegaly, fever, infections, 

graft-versus-host disease, anticoagulant therapy, etc. might need a higher prophylactic 

platelet-transfusion threshold to ensure that the nadir platelet count is always maintained 

above the critical 5000–7000/μL.61

As adults and older children, thrombocytopenic neonates may have clinical factors 

associated with an increased platelet consumption and/or an increased risk of bleeding (e.g. 

prematurity, fever, sepsis, infections, cardiovascular instability, mechanical ventilation, or 

coagulopathy). Because of their high risk of both thrombocytopenia and bleeding, preterm 

neonates are commonly transfused prophylactically when the platelet count falls below 

an arbitrary limit, which is usually higher than for older children or adults.49 Indeed, a 

recent multicenter study including 972 VLBW infants treated in 6 US NICUs showed that 

a large proportion (65%) of platelet transfusions were given to VLBW infants with platelet 

counts greater than 50,000/μL.64 In the same study, severity of illness influenced transfusion 

decisions. However, the severity of thrombocytopenia did not correlate with the risk for 
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IVH, and platelet transfusions did not reduce this risk. Despite the questionable benefit 

of prophylactic platelet-transfusion in neonates, the majority of platelet transfusions in the 

NICU are given in the absence of bleeding50, 58, 65, 66 and with a large variability in platelet 

transfusion thresholds used67, 68. This high variability is in part due to lack of understanding 

of the platelet count below which a transfusion is beneficial. Three randomized controlled 

trials have tried to answer this question.

Platelet transfusions in neonates

The first randomized controlled trial of neonatal platelet transfusion thresholds was 

published in the early 1990s.69 Premature neonates (<1500 gr) with moderate 

thrombocytopenia (platelet count between 50,000–150,000/μL) were randomly assigned 

to receive a platelet transfusion during the first week of life when the platelet-count was 

<150,000/μL or <50,000/μL or with active bleeding. The authors found no differences in 

the incidence or severity of intracranial hemorrhages between the 2 arms of the study.69 

It is important to emphasize that neonates with severe thrombocytopenia (<50,000/mm3), 

at the time of randomization, were excluded from this study. In the absence of new 

trials, neonatologists adopted a platelet count of 50,000/mm3 as the standard threshold 

for prophylactic platelet transfusion in preterm neonates. Whether, in the absence of 

active bleeding, platelet counts lower than 50,000/mm3 could be safely tolerated remained 

unresolved.

Twenty five years after the publication of this initial trial, an international multicenter 

randomized study (PlaNeT-2) was designed to answer this question. In this trial, 660 

infants with a gestational age <34 weeks, without active bleeding and with a platelet 

count <50,000/mm3, were randomized to receive prophylactic platelet transfusions when the 

platelet count was lower than 50,000/mm3 (high threshold group) vs lower than 25,000/mm3 

(low threshold group).70 In the high threshold group, 90% of the infants received at least one 

platelet transfusion, as compared with 53% in the low threshold group. Surprisingly, within 

28 days after randomization, a significantly higher incidence of death or major bleeding was 

reported in the high threshold group compared to the low threshold group (26% vs 19%, 7% 

absolute-risk reduction). The incidence of bronchopulmonary dysplasia was also higher in 

the high threshold group. The rate of serious adverse events related to platelet transfusion, in 

contrast, was comparable in both groups.70

A later sub-analysis of the PlaNeT-2 trial investigated whether all preterm neonates benefit 

from the low threshold. For this, the authors developed a multivariate logistic regression 

model to predict the baseline risk of major bleeding and/or mortality for all neonates 

enrolled in PlaNeT-2.71 Based on their predicted baseline risk, neonates were ranked in 4 

groups/quartiles (very low, low, moderate and high risk) and the absolute risk difference 

between the high threshold group (<50,000/ mm3) and low threshold group (<25 000/mm3) 

was assessed within each quartile. Importantly, the 25,000/mm3 threshold was associated 

with an absolute risk reduction in all risk groups (even in high risk neonates), suggesting 

that a 25,000/mm3 prophylactic platelet-transfusion threshold can be adopted in all preterm 

neonates, irrespective of predicted baseline outcome risk.71 However, it is important to 

note some limitations. First, only 37% of infants in PlaNeT-2 were randomized by day of 
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life 5, the highest-risk period of bleeding (although this might reflect the time of onset of 

thrombocytopenia). Second, almost 40% of the infants received one or more transfusions 

before randomization, for unclear reasons and at non-specified platelet counts.72

The third trial explored the effects of a higher transfusion threshold on the time to closure 

of a patent ductus arteriosus in premature neonates, and found no differences between liberal 

(<100,000/mm3) and restrictive (<20,000/mm3) platelet-transfusion criteria.73 However, in 

the liberal transfusion group, 41% of infants had any grade of IVH compared with 4.5% in 

the restrictive group (P = .009).

Overall, these studies strongly supported previous observational studies describing that 

increasing the transfusion threshold is not effective in preventing bleeding and suggesting 

an association between platelet transfusions and increased neonatal morbidity and mortality 
58, 60, 74, 75.

The mechanisms by which platelet transfusions in preterm neonates may be harmful are 

not well understood but this topic has been discussed in detail by Moore and Curley.76 

Some mechanisms have been suggested (Figure 2): a) A biophysical mechanism or 

hemodynamic effect, based on rapid volume expansion in a population that is vulnerable 

due to vascular fragility and low intracranial pressures. Transfused preterm neonates 

receive platelet suspensions at a volume (~15 mL/kg) that is up to 3 times higher 

than that typically transfused to adults or older children (~5 mL/kg), but at the same 

infusion time (~30 min); b) Thromboinflammation. As discussed above, adult platelets 

are more reactive than neonatal platelets. In vitro, “transfusion” of adult platelets into 

thrombocytopenic CB resulted in shorter CTs-EPI (PFA-100) and higher clot strength 

and firmness than in vitro “transfusion” of neonatal autologous platelets.77 Whether this 

hypercoagulable profile promotes microthrombus formation in vivo is unknown. However, 

transfusion of adult platelets into the fetal murine circulation also led to rapid platelet 

aggregate formation,21 suggesting that this “developmental mismatch” may induce a 

prothrombotic phenotype. In this regard, prophylactic platelet transfusion in adults with 

HIV while on platelet antiaggregants has been associated with increased mortality.78 

Moreover, in thrombotic microangiopathies such as thrombotic thrombocytopenic purpura or 

disseminated intravascular coagulation, where microvascular thrombi coexist with purpura 

and bleeding, prophylactic platelet-transfusions are not recommended. Whereas, in vivo, the 

formation of microaggregates or microthrombosis induced by transfusions of adult platelets 

on neonatal blood is currently only a hypothesis, there is increasing evidence that platelets 

play a key role in processes such as inflammation and immune responses.30 Platelet-derived 

proangiogenic factors, reactive oxygen species (ROS) and inflammatory mediators may 

exacerbate the bronchopulmonary dysplasia in this vulnerable population.70

Overall, changes during development affect not only platelet reactivity, but many other 

aspects of platelet biology.19, 38, 79 Whether and how these ontogenetic differences influence 

the “off target” effects (i.e. beyond hemostasis) of platelets and the interplay between 

thrombosis, inflammation and immunity during development is poorly understood.38, 80
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Implications for transfusion practice

1. In the absence of bleeding, when to transfuse. The available evidence suggests 

that platelet counts alone are likely not a good marker to evaluate bleeding risk in 

neonates, and especially in preterm infants. Thus, new risk prediction biomarkers 

(such as the CT-ADP measured with a PFA-100)81 or dynamic risk prediction 

models (with time-dependent variables)82 are currently under investigation and 

awaiting evaluation in external cohorts for their value in supporting clinical 

decisions. In the meantime, however, results from randomized controlled trials 

strongly suggest that platelet transfusions might have deleterious effects in 

neonates, and that non-bleeding neonates in general benefit from a restrictive 

transfusion threshold of <25,000/μL regardless of their baseline risk. Whether 

this threshold can be further lowered will require additional studies.

2. What product to transfuse. Platelets used in neonatal transfusion are typically 

collected by apheresis from a single donor, instead of pooled platelets from 

multiple donors. International practice is different between countries. Some 

countries provide a specific product for neonatal transfusion, whereas others 

used the standard adult product and give less of it based on ml/kg dosing. 

Other countries produce smaller units split from one donation so that donor 

exposure (risk) can be limited by reserving multiple packs from the same 

donor for the same patient. In the UK, since January 2020, “neonatal” platelets 

packs manufactured by NHS Blood and Transplant in the UK include 20% 

of platelet additive solution (PAS).83 PAS was already used to prepare platelet 

products for adults and older children, and for neonates in other countries. In 

addition, the number of platelets per volume of component was reduced ~20% 

in these new “neonatal” platelet packs from the UK. .Moreover, platelets used in 

neonatal transfusion should be CMV-negative or leukoreduced (CMV-safe).57 

ABO-identical or ABO-compatible platelets are always desirable. However, 

evidence on the effects of ABO-incompatible platelet transfusions in neonates 

is limited, and ABO compatibility of platelet products depends mainly on 

logistical reasons in the blood bank.76, 84 Regarding the use of pathogen 

reduction systems, such as INTERCEPT and MIRASOL, for reducing the risk of 

platelet transfusion-transmitted infection, studies in the pediatric population are 

rare, and data in adults suggest that these products increase platelet transfusion 

requirements in some populations, including the pediatric population.59

3. How to transfuse. A typical dose is 10–20 (~15) mL/kg of a platelet suspension, 

which is a substantially higher volume than that transfused to adult recipients. 

This volume represents 17% of the total circulating blood volume for a 

1-Kg preterm infant,80 and is traditionally infused within 30–60 min. This 

rapid volume expansion may lead to changes in cerebral blood flow and 

intracranial pressure in vulnerable neonates, and ultimately, to an increased risk 

of developing or worsening IVH.80 For those reasons, since the publication 

of the PlaNeT-2 study, we recommend limiting the platelet transfusion volume 

to 10 mL/kg and extending the transfusion time to over 2–3 hours. This is 
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consistent with the recommendations from the American Association of Blood 

Banks (AABB) to transfuse blood products at a rate not faster than 5 mL/kg/h. 

In support of this practice, a study comparing platelet transfusions given over 30 

minutes vs. 2 hours to neonates found no differences in platelet recovery85. Thus, 

this might be an appropriate strategy to mitigate the risks of platelet transfusions 

in extremely preterm neonates, although further studies are needed to determine 

whether changes in the infusion rate indeed decrease the risk of bleeding.

Conclusions

Although the hyporeactivity of neonatal (vs. adult) platelets has been known for decades, the 

underlying molecular mechanisms are only recently being elucidated, including changes at 

the transcriptomic level, in the expression and/or functionality of receptors, and in signalling 

pathways. This platelet hyporeactivity is counterbalanced by other factors that promote 

hemostasis and clot formation. In fact, healthy term neonates have a low risk of bleeding. 

However, preterm and sick neonates are at increased risk of both thrombocytopenia and 

bleeding, and receive platelet transfusions from adult donors (in most cases prophylactically) 

when the platelet threshold falls below a limit generally higher than that established for 

adults. This liberal practice of transfusing platelets to this vulnerable population has not 

only failed to reduce the risk of bleeding, but, on the contrary, has been shown to increase 

bleeding and mortality. A major effort is underway to find new biomarkers and models 

to predict bleeding risk in this population. In addition, studies to determine the specific 

mechanisms that mediate the platelet transfusion-related increases in neonatal bleeding and 

mortality are critically important. Without this information, it is difficult to know what the 

main drivers of these adverse effects are, and what characteristics an ideal platelet product 

for neonates would have. In the meantime, the Hippocratic principle “primum non nocere” 

and “blood product not indicated is contraindicated” should be applied.
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Figure 1. 
Schematic representation of the main platelet signaling pathways, surface receptors, 

and their ligands. The red arrows indicate developmental differences (upregulation or 

downregulation) in expression level or function of the various receptors and signaling 

molecules in neonatal compared to adult platelets.
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Figure 2. 
Schematic representation of the process of platelet collection and transfusion into neonates, 

and the potential factors mediating the deleterious effects of platelet transfusions in preterm 

infants.
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