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1. INTRODUCTION

Hemostasis represents a balance between procoagulant and anticoagulant mechanisms that 
maintains vascular integrity. Disruption of this balance may lead to thrombosis, which is a major cause 
of morbidity and mortality worldwide (Furie et al., 2008). Thrombus formation is a complex process 
involving platelet activation, thrombin generation, fibrin formation, and changes in the vascular wall 
(Furie et al., 2008). Beta-thalassemia is an inherited disorder caused by reduced or absent synthesis 
of β-globin chains, leading to ineffective erythropoiesis, chronic hemolysis, and anemia of varying 
severity. Advances in transfusion protocols and iron chelation therapy have significantly improved patient 
survival. As a consequence, long-term complications have become more apparent, including endocrine 
dysfunction, cardiovascular disease, and thromboembolic events (Cappellini et al., 2015), (Pennell et al., 
2005), (Farmakis et al., 2022). In recent years, thrombosis has emerged as an important clinical issue 
in patients with thalassemia, particularly in those with non–transfusion-dependent thalassemia (NTDT) 
and in splenectomized patients (Taher et al., 2008), (Eldor et al., 2002), (Cappellini et al., 2012). This 
review focuses on thrombosis and hypercoagulable state in beta-thalassemia, integrating established 
pathophysiological mechanisms with clinically relevant laboratory markers. Emphasis is placed on 
differences between clinical phenotypes and on current monitoring strategies in transfusion-dependent 
thalassemia (TDT). Particular attention is given to the increasing use of MRI-based assessment of organ 
iron overload, as well as to dynamic markers of labile plasma iron and oxidative stress (Farmakis et al., 
2022), (Kirk et al., 2009), (Pootrakul et al., 2004), (Levi et al., 2018).

Hemostasis encompasses three closely related processes: primary hemostasis, secondary 
hemostasis (coagulation), and fibrinolysis. Primary hemostasis involves the formation of a platelet plug. 
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After vascular injury, platelets adhere to the exposed subendothelium through interactions with von 
Willebrand factor and collagen. This adhesion leads to platelet activation and aggregation, resulting in 
the formation of an initial hemostatic plug. Secondary hemostasis stabilizes this plug through activation of 
the coagulation cascade, which generates thrombin. Thrombin converts fibrinogen into fibrin and further 
amplifies platelet activation as well as the activation of additional coagulation factors (Furie et al., 2008), 
(Musallam et al., 2011). Physiological regulation of coagulation is maintained by natural anticoagulant 
systems, including antithrombin, protein C/protein S pathway, and tissue factor pathway inhibitor, together 
with a tightly controlled fibrinolytic system. Standard laboratory tests such as prothrombin time (PT/INR) 
and activated partial thromboplastin time (aPTT) assess isolated components of the coagulation cascade 
but do not reflect the overall balance between procoagulant and anticoagulant systems. This limitation 
is particularly relevant in chronic hypercoagulable states, including those associated with thalassemia, 
where routine tests may appear in the reference range despite an increased thrombotic risk (Eldor et al., 
2002), (Singer et al. 2006).

2. THROMBOSIS: MECHANISMS AND CHALLENGES IN LABORATORY ASSESSMENT

Thrombosis is traditionally explained by Virchow’s triad, which comprises endothelial injury, 
abnormal blood flow, and hypercoagulability. These components interact dynamically and their relative 
contribution varies according to the vascular bed and the underlying clinical context. Venous thrombosis 
is typically fibrin-rich and is commonly associated with blood stasis, reduced venous flow, and systemic 
hypercoagulable state. In contrast, arterial thrombosis is predominantly platelet-rich and is usually linked 
to endothelial disruption, plaque rupture, and conditions of high shear stress, where platelet activation 
plays a central role (Furie et al., 2008). Laboratory assessment of thrombosis relies on indirect markers 
of coagulation activation and fibrin turnover. D-dimer is widely used as a marker of fibrin formation and 
degradation and is particularly useful for excluding acute venous thromboembolism in low-risk settings. 
However, its specificity is limited in chronic inflammatory conditions, liver disease, pregnancy, and other 
states associated with increased baseline coagulation activation. 

In broader systemic coagulopathies, such as disseminated intravascular coagulation (DIC), 
diagnostic approaches incorporate composite scoring systems that integrate platelet count, prothrombin 
time, fibrinogen, and D-dimer or fibrin degradation products. These tools aim to reflect the overall 
disturbance of hemostasis rather than individual laboratory abnormalities. Expert reviews emphasize that 
management in such settings is largely supportive and should be tailored to the underlying cause and 
the patient’s bleeding or thrombotic risk (Tripodi et al., 2009). In patients with thalassemia, increasing 
attention has been directed toward global coagulation assays, such as thrombin generation tests, as 
well as toward cellular and endothelial biomarkers that may better reflect the prothrombotic milieu of 
the disease. These approaches are particularly relevant for risk stratification and for understanding 
phenotype-specific patterns of thrombosis.

3. BETA-THALASSEMIA AND MARKERS OF HYPERCOAGULABILITY 

Beyond chronic anemia, beta-thalassemia is increasingly recognized as a systemic disorder with 
significant vascular and thrombotic complications. The interplay between ineffective erythropoiesis, 
chronic hemolysis, oxidative stress, and inflammation creates a biological milieu that favours endothelial 
dysfunction, hypercoagulability, and thrombosis.

Clinically, beta-thalassemia presents with a wide range of phenotypes. Beta-thalassemia minor 
(trait) is typically associated with mild microcytic anemia, elevated HbA2 levels, and a relatively preserved 
or increased red blood cell count, and is generally not linked to clinically significant thrombotic risk. 
At the other end of the spectrum, TDT requires regular lifelong red blood cell transfusions to maintain 
adequate hemoglobin levels and suppress ineffective erythropoiesis. While transfusion therapy mitigates 
some disease-related prothrombotic drivers, it introduces additional factors such as iron overload, 
chronic inflammation, and exposure to central venous catheters, all of which may influence thrombotic 
risk. NTDT includes intermediate phenotypes characterized by chronic anemia, persistent ineffective 
erythropoiesis, and intermittent transfusion requirements. This group carries the highest burden of 
thrombotic complications. Persistent hemolysis, increased intestinal iron absorption driven by hepcidin 
suppression, and the high prevalence of splenectomy contribute to a vascular risk profile that differs from 
that observed in TDT patients. Clinical observations consistently demonstrate a higher incidence of both 
venous and arterial thrombotic events in NTDT, particularly following splenectomy (Taher et al., 2008), 
(Eldor et al., 2002), (Cappellini et al., 2012). 
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Hypercoagulability in beta-thalassemia is multifactorial and reflects the interaction of cellular, 
endothelial, and plasma abnormalities. Accumulating evidence supports the presence of a lifelong 
prothrombotic state driven by red blood cell membrane damage, chronic platelet activation, endothelial 
dysfunction, and alterations in natural anticoagulant and fibrinolytic pathways (Eldor et al., 2002)

Red blood cell membrane injury represents a central pathogenic mechanism. Oxidative stress 
and membrane remodeling lead to externalization of phosphatidylserine (PS) on the erythrocyte surface, 
providing a catalytic platform for the assembly of coagulation complexes and enhanced thrombin generation 
(Eldor et al., 2002), (Cappellini et al., 2012). In parallel, chronic hemolysis releases free hemoglobin and 
heme into the circulation, resulting in nitric oxide scavenging, endothelial dysfunction, and progressive 
vasculopathy (Taher et al., 2008), (Cappellini et al., 2012). Platelet activation is another consistent feature 
of beta-thalassemia and is particularly pronounced in splenectomized patients, in whom clearance of 
activated platelets and circulating cellular fragments is impaired. Associations between platelet activation, 
pulmonary vascular disease, and hypercoagulability have been reported, supporting a contributory role of 
platelets in both microvascular and macrovascular complications (Kheansaard et al., 2018). More recently, 
extracellular vesicles (EVs), including circulating microparticles (MPs) derived from red blood cells, 
platelets, and endothelial cells, have emerged as important amplifiers of coagulation. Experimental data 
from β-thalassemia/HbE models indicate that circulating MPs directly promote endothelial dysfunction, 
supporting a pathophysiological link between EV burden and vascular complications (Klaihmon et al., 
2024). In addition, whole-blood viscoelastic assays, such as thromboelastometry, have demonstrated 
a hypercoagulable profile in splenectomized patients, underscoring the importance of cellular elements 
that are not captured by conventional platelet-poor plasma assays (Vehapoglu et al, 2014). These 
observations highlight that thrombotic risk in beta-thalassemia is closely linked to disease pathogenesis 
and is modulated by clinical phenotype, splenic status, transfusion exposure, and iron burden. 

Laboratory assessment of hypercoagulability in beta-thalassemia remains challenging. No single 
laboratory parameter reliably reflects the overall balance between procoagulant and anticoagulant forces 
in this condition. Assessment therefore requires a phenotype-oriented approach that combines routine 
laboratory data with more specialized tests in selected high-risk patient populations. Routine laboratory 
markers provide indirect but clinically relevant information. Platelet count is often increased, particularly 
after splenectomy, reflecting both thrombocytosis and heightened platelet activation. Markers of hemolysis, 
including lactate dehydrogenase and indirect bilirubin, reflect the degree of red blood cell destruction and 
are closely linked to endothelial dysfunction and nitric oxide depletion. D-dimer levels may be elevated 
in some patients, but their interpretation is limited by confounding factors including chronic hemolysis, 
ongoing inflammation, and liver involvement. Global coagulation assays allow for a more integrated 
evaluation of coagulation potential. Thrombin generation testing reflects the combined contribution of 
cellular and plasma-based procoagulant mechanisms and has demonstrated increased endogenous 
thrombin potential in patients with more severe thalassemia phenotypes. Whole-blood viscoelastic 
assays provide complementary insights and are particularly informative in splenectomized patients, in 
whom cellular elements play a dominant role in driving hypercoagulability that may not be apparent in 
platelet-poor plasma based assays (Eldor et al., 2002), (Cappellini et al., 2012), (Vehapoglu et al, 2014). 
Circulating MPs and other EVs expand the laboratory framework for assessing thrombotic risk. Both 
experimental and clinical studies in β-thalassemia/HbE have shown that patient-derived microparticles 
induce endothelial dysfunction, supporting their role not only as biomarkers but also as active mediators 
to the prothrombotic vascular milieu (Klaihmon et al., 2024).

Available evidence indicates that hypercoagulability in beta-thalassemia is best characterized 
through a combined assessment of conventional laboratory parameters, global coagulation assays, 
and cellular biomarkers, interpreted within the appropriate clinical and phenotypic context. Laboratory 
markers of hypercoagulability exhibit phenotype-specific patterns across the spectrum of β-thalassemia. 
Conventional coagulation screening tests, including PT and aPTT, are typically within the reference range 
across all phenotypes (thalassemia minor, NTDT, and TDT), despite well-documented clinical evidence 
of a prothrombotic state, highlighting their limited sensitivity for detecting chronic hypercoagulability 
(Al-Sanabra et al., 2025), (Lecut et al., 2015). Exposure of PS on red blood cell (RBC) membranes, 
reflecting the presence of procoagulant RBCs, is minimal in thalassemia minor, markedly increased in 
NTDT, and generally moderate in TDT. The higher burden observed in NTDT has been attributed to 
persistent hemolysis and ineffective erythropoiesis, whereas regular transfusions in TDT partially dilute 
the population of damaged erythrocytes (Kuypers et al., 2007), (Ibrahim et al., 2014). Markers of platelet 
activation follow a similar phenotype-dependent gradient. They are usually low in thalassemia minor, 
significantly increased in NTDT, particularly after splenectomy, and moderate to high in TDT, especially 
in splenectomized individuals (Cappellini et al., 2012), (Eldor et al., 2002). Splenectomy consistently 
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emerges as an important modifier, amplifying platelet count, platelet activation, and circulating procoagulant 
elements. Circulating MPs and EVs, particularly PS-positive microparticles derived from RBCs, platelets, 
and endothelial cells are increased in both NTDT and TDT compared with minor forms. Levels tend to 
be especially elevated in splenectomized patients, supporting their contribution to thrombin generation 
and endothelial dysfunction (Abdel et al., 2022), (Ammar et al., 2014), (Kheansaardet al., 2018). Global 
coagulation assays provide a more integrated evaluation of thrombotic potential. Thrombin generation 
testing often demonstrates increased endogenous thrombin potential in NTDT and in high-risk TDT 
subsets, while whole-blood viscoelastic assays may reveal enhanced clot strength in splenectomized 
patients (Tripodi et al., 2009). In contrast, signal intensity is usually low or unremarkable in thalassemia 
minor. Natural anticoagulant (protein C, protein S, and antithrombin) are generally preserved in minor forms 
but may be reduced in NTDT and TDT. These reductions are often context-dependent and influenced by 
liver dysfunction, chronic hemolysis, or splenectomy (Ahmadi et al., 2024), (Ali et al., 2024) 

Interpretation of thrombotic risk in thalassemia must be phenotype-specific, as hypercoagulability 
is not a single measurable abnormality but rather the result of interacting cellular, vascular, and treatment-
related factors. In beta-thalassemia minor, a consistent laboratory pattern suggestive of hypercoagulability 
is generally lacking, and clinically relevant thrombotic events are uncommon. Laboratory evaluation in this 
setting is therefore primarily diagnostic rather than prognostic. In contrast, NTDT is associated with a 
clearly increased prothrombotic tendency. Clinical studies and large reviews consistently report a higher 
incidence of thromboembolic events in NTDT, particularly in splenectomized patients. As a result, NTDT 
represents a clinical setting in which closer surveillance, individualized risk assessment, and consideration 
of thromboprophylaxis in selected high-risk situations are warranted (Taher et al., 2008), (Eldor et al., 
2002), (Cappellini et al., 2012), (Tanno et al., 2007).

In TDT, regular transfusions suppress ineffective erythropoiesis and reduce the proportion of 
abnormal endogenous red blood cells, potentially mitigating some red cell-driven procoagulant mechanisms. 
However, this benefit is counterbalanced by a distinct set of modifiers, including transfusional iron 
overload, chronic low-grade inflammation, and an increased risk of catheter-related thrombosis. Current 
management increasingly relies on MRI-based quantification of organ iron burden. In particular, cardiac 
T2* imaging has emerged as a robust predictor of cardiac complications, outperforming serum ferritin and 
liver iron concentration in stratifying myocardial risk (Kirk et al., 2009), (Levi et al., 2018), (Cappellini et 
al., 2020).  In addition, dynamic iron parameters such as labile plasma iron (LPI) provide insight into short-
term chelation effectiveness and exposure to redox-active iron, with potential implications for endothelial 
dysfunction and hypercoagulability (Pootrakul et al., 2004).

4. MANAGEMENT OF THROMBOSIS IN BETA-THALASSEMIA

Thrombotic complications in beta-thalassemia include venous thromboembolism, such as deep 
vein thrombosis and pulmonary embolism, as well as cerebrovascular events and pulmonary vascular 
disease. The clinical presentation and overall thrombotic risk are influenced by several modifiers, including 
splenectomy, thrombocytosis, severity of hemolysis, transfusion exposure, and the presence of additional 
acquired risk factors  (Eldor et al., 2002), (Cappellini et al., 2012), (Kheansaard et al., 2018). Splenectomy 
represents one of the most important risk modifiers. Its prothrombotic effect is thought to be mediated by 
persistent platelet activation, increased levels of circulating MPs and EVs, and alterations in whole-blood 
rheology. Data from whole-blood viscoelastic testing support the concept that cellular components play a 
central role in driving hypercoagulability after splenectomy, a phenomenon that is not adequately captured 
by conventional plasma-based assays (Vehapoglu et al., 2014).

Management of thrombosis in beta-thalassemia should be individualized and based on overall risk 
assessment. Routine long-term anticoagulation is not universally recommended. However, risk-adapted 
thromboprophylaxis may be appropriate in selected high-risk situations, including the perioperative 
period, pregnancy, prolonged immobilization, prior thrombotic events, and the presence of central venous 
catheters. Decisions regarding anticoagulation should carefully balance thrombotic risk against bleeding 
risk and consider disease phenotype and comorbidities. In TDT, contemporary management increasingly 
emphasizes systematic monitoring of iron-related toxicity. Current guideline-based approaches, including 
those outlined by the Thalassaemia International Federation, recommend defined transfusion targets, 
individualized chelation strategies, and regular organ surveillance, with particular emphasis on MRI-
based assessment of iron burden (Farmakis et al., 2022). Optimized iron control may have indirect but 
clinically relevant effects on vascular function and thrombotic risk.

Disease-modifying therapies in beta-thalassemia have the potential to influence hypercoagulability 
indirectly by reducing ineffective erythropoiesis, hemolysis, and transfusion requirements. In a phase 
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3 clinical trial, luspatercept significantly reduced transfusion burden in patients with TDT (Cappellini et 
al., 2020). By improving erythroid maturation and reducing red blood cell turnover, such therapies may 
alter key upstream drivers of the prothrombotic state over time. Advances in the understanding of iron 
regulation have also highlighted the importance of the erythropoiesis–hepcidin axis. Experimental models 
have demonstrated that erythroferrone contributes to hepcidin suppression and iron overload in beta-
thalassemia, while elevated levels of growth differentiation factor 15 (GDF15) have been shown to further 
inhibit hepcidin expression (Kautz et al., 2015), (Tanno et al., 2007). These pathways are being recognized 
as potential therapeutic targets, with possible downstream implications for oxidative stress, endothelial 
dysfunction and hypercoagulability.

Despite these advances, data specifically addressing thrombosis-related outcomes and longitudinal 
changes in coagulation biomarkers remain scarce. Further prospective studies are warranted to determine 
how emerging therapies affect thrombotic risk and whether laboratory markers of hypercoagulability 
parallel clinical improvement.

5. CONCLUSIONS

Beta-thalassemia is a systemic disorder in which disturbances of coagulation and vascular biology 
contribute substantially to long-term morbidity. Hypercoagulability results from the interplay of procoagulant 
red blood cell surfaces, chronic platelet activation, endothelial dysfunction, circulating MPs and EVs, 
and context-dependent alterations in natural anticoagulant pathways. Differences in clinical presentation 
and laboratory profiles across beta-thalassemia minor, NTDT, and TDT support a phenotype-adapted 
approach to thrombosis risk assessment. In modern care, particularly for transfusion-dependent patients, 
MRI-based quantification of organ iron burden and monitoring of dynamic iron species such as labile 
plasma iron are increasingly integrated into routine practice and may have important implications for 
vascular risk and hypercoagulability. A deeper understanding of disease-specific mechanisms, integrated 
with individualized clinical and laboratory assessment, is essential for optimizing thrombosis prevention 
and management in β-thalassemia.
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