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Introduction

Venous thromboembolism (VTE), which includes both deep vein thrombosis (DVT) and pulmonary embolism
(PE), is a significant but preventable vascular disease that causes the formation of blood clots in the venous
system of the body. VTE is recognized globally as the third most common cardiovascular disease, following
myocardial infarction and stroke, with significant morbidity and mortality [1]. Epidemiological studies have
shown that approximately 1 in 1000 adults in the world is affected by venous thromboembolism (VTE) each
year, with the prevalence of VTE increasing with age, hospitalization, and the presence of various medical
illnesses [2]. Of all VTE cases, DVT accounts for approximately two-thirds of all VTE cases, whereas
pulmonary embolism (PE) accounts for the remaining cases. One of the most significant long-term
complications of DVT is the development of post-thrombotic syndrome (PTS). This condition occurs in 40-
50% of patients within the first few years of the onset of the disease [3]. Further, in more serious cases, part
of the thrombus may break off and travel in the bloodstream to lodge in the pulmonary vessels, thereby causing
pulmonary embolism. PE is a life-threatening complication. It is responsible for causing considerable mortality
among patients with VTE. Though significant advances have been made in the management of VTE with
anticoagulant or thrombolytic therapy, VTE is still a significant clinical concern because of its tendency to
cause recurrence. Studies have indicated that there is a 20-30% chance of recurrence of VTE in patients in ten
years following the first episode, especially in patients with persistent risk factors or metabolic disorders [4].
Recently, metabolic syndrome (MetS) has emerged as an important factor that may be associated with the
development or recurrence of venous thrombosis. Metabolic syndrome is defined as a group of metabolic
disorders that include central obesity, hypertension, insulin resistance, hyperglycemia, and dyslipidemia with
high triglycerides and low high-density lipoproteins (HDL) in the blood [5]. Over the past few decades, there
has been a significant increase in the prevalence of metabolic syndrome in the global population. Metabolic
syndrome affects almost 30—45% of adults in many countries due to an increase in obesity [6].

Increasing evidence suggests that metabolic syndrome can induce a pro-inflammatory, pro-thrombotic
condition, which can predispose individuals to VTE. The co-existence of various components of metabolic
syndrome can induce several pathophysiological changes, including endothelial dysfunction, platelet
hyperreactivity, chronic low-grade inflammation, coagulation, and impaired fibrinolysis [7]. Adipose tissue,
particularly visceral fat, is an active endocrine organ that produces pro-inflammatory cytokines, adipokines,
such as leptin and adiponectin, which affect vascular homeostasis and coagulation pathways. Moreover, an
increase in levels of plasminogen activator inhibitor-1 (PAI-1) in individuals with metabolic syndrome can
inhibit fibrinolysis, thus predisposing them to thrombosis [8]. These mechanisms induce a hypercoagulable
state, which can increase the incidence of VTE in patients with metabolic syndrome, including the recurrence
of VTE. Various methods, including clinical probability scores, D-dimer, are used for the clinical diagnosis of
VTE. These methods are commonly used in clinical practice for the diagnosis of VTE. These methods,
however, have some limitations. For instance, an increase in levels of D-dimer can also be observed in other
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clinical conditions, such as infections, inflammation, trauma, or in the postoperative period, which can lead to
unnecessary imaging investigations [9]. Thus, there is an increasing interest in identifying new markers for
the early diagnosis of VTE, which can predict recurrence in patients with VTE, including those with metabolic
syndrome. Various markers, such as neutrophil-lymphocyte ratio (NLR), platelet-lymphocyte ratio (PLR),
mean platelet volume (MPV), adipokines, endothelial markers, coagulation markers, etc., have been studied
in recent years [10]. These markers are of particular interest because most of them can be measured by routine
blood counts, which can be used for clinical purposes.

Advances in molecular biology have also led to the introduction of emerging biomarkers, which include
microRNAs and metabolomic profiles. This may lead to further insights into the molecular pathways that
connect venous thrombosis and metabolic dysfunction [11]. This may also lead to the early identification of
people who are at increased risk of developing thrombosis, although they are yet to show symptoms [12]. It is
essential to understand the relationship between metabolic syndrome and VTE in order to improve diagnostic
techniques and develop effective prevention techniques [13]. It is essential to understand that the risk of
developing VTE is not the same among all populations. Gender, ethnicity, and geographical distribution are
some of the factors that affect the risk of developing the disease [14]. For example, women are at increased
risk of developing VTE due to hormonal influences, pregnancy, and the use of oral contraceptives [15].
Additionally, genetic predispositions and environmental factors may be the reason behind the risk of
developing VTE among different ethnic groups [16].

As the incidence of metabolic syndrome continues to escalate worldwide and evidence of the role of this
syndrome in venous thrombosis mounts, the need for a better understanding of the molecular mechanisms that
connect these diseases becomes even more important [17]. In addition, the discovery of reliable biomarkers
may help in the early diagnosis and management of the disease [18]. In this regard, this review aims to give a
comprehensive overview of the pathophysiological mechanisms that connect metabolic syndrome and venous
thromboembolism, especially in relation to circulating biomarkers [19]. In addition, this review will look into
both traditional and new biomarkers of thrombosis, their significance, and how they may be used for the early
diagnosis and management of DVT [20]

Search Strategy

To explore the association of metabolic syndrome with VTE, the literature search was carried out with
emphasis on the biomarkers that are responsible for the early detection of the disease and the recurrence
of VTE. The most important databases were searched with the keywords such as “deep vein thrombosis,”
“venous thromboembolism,” “metabolic syndrome,” “obesity,” “adipokines,” “microRNA,” etc., and the
Boolean operators such as AND and OR. The review is based on the peer-reviewed articles that were
published in the range of 2000-2024. The emphasis was given to the recent studies. The studies were
selected based on the relevance to the mechanisms of the disease and the role of metabolic syndrome in
the development of VTE. The studies that were carried out on the basis of the gender and ethnic variations
were also taken into consideration. The reference lists of the relevant studies were also searched. The
above-mentioned methods were useful in providing a general overview of the recent studies on the topic
of metabolic syndrome-related venous thrombosis and the role of serum biomarkers in the early detection
of the disease.

99 66 99 ¢¢

Epidemiology, Prevalence, and Recurrence of VTE in Metabolic Syndrome

Venous thromboembolism (VTE), which includes DVT and PE, is considered to be a critical health
problem that has significant implications for cardiovascular health and mortality worldwide [1]. VTE is
recognized as the third most common cardiovascular disease, following myocardial infarction and stroke
[1]. According to research findings, VTE affects about 1-2 people per 1000 every year, and the risk
increases with age, hospitalization, cancer, surgery, and metabolic disorders [2]. Although the prevalence
of VTE is low among the younger population, the risk increases dramatically among people aged above
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60 years [24]. Apart from the health-related problems, VTE has the potential to cause subsequent
complications, which include post-thrombotic syndrome and chronic thromboembolic pulmonary
hypertension [25]. Both of these conditions are likely to impair the physical functioning of the patient
[26]. Although there is some improvement in the prevention and treatment of VTE, the risk of death is
still high among people suffering from the disease [27]. PE is the leading cause of death among people
suffering from VTE, and the disease is responsible for the death of hundreds of thousands of people
worldwide each year [28]. Apart from the health-related problems, VTE is likely to cause significant
economic burden due to hospitalization, the use of anticoagulants, and the risk of subsequent thrombosis
[29].

Prevalence and Burden of Metabolic Syndrome in VTE

Metabolic syndrome (MetS) refers to a group of metabolic abnormalities that include central obesity, hypertension,
insulin resistance, hyperglycemia, elevated triglycerides, and low levels of high- density lipoprotein (HDL)
cholesterol [5]. Over the past several decades, the prevalence of metabolic syndrome has increased significantly
across the world, largely due to lifestyle changes, poor dietary habits, and reduced physical activity. Current
estimates suggest that around 30-45% of adults in many populations are affected by metabolic syndrome, making
it a major global public health issue [6]. Research increasingly shows that metabolic syndrome is strongly associated
with a higher risk of venous thromboembolism [30]. Metabolic syndrome (MetS) is associated with several
metabolic changes that can promote the development of blood clots. These disturbances contribute to chronic low-
grade inflammation, dysfunction of the vascular endothelium, increased platelet activation, and reduced fibrinolysis,
all of which create a pro-thrombotic environment [7]. Among the components of metabolic syndrome, abdominal
obesity and insulin resistance are considered particularly important in the development of thrombosis [31]. Visceral
fat is not just a passive fat store; it functions as an active endocrine tissue that releases inflammatory cytokines and
adipokines, which can disrupt normal vascular function [32]. As a result, the production of procoagulant factors such
as fibrinogen and plasminogen activator inhibitor-1 (PAI-1) may increase. Elevated levels of these factors reduce
fibrinolysis and promote the formation of blood clots [8].

Recurrence Risk in Obesity and Metabolic Syndrome

One of the major problems in dealing with venous thromboembolism (VTE) is that it is prone to recurrence [4].
Long-term studies indicate that 20-30% of patients may be at increased risk for recurrence within ten years of
experiencing their first VTE event, especially if underlying risk factors persist in their system [33]. In recent times,
obesity and metabolic syndrome have also been identified as playing a significant role in elevating the risk for
recurrence [34]. For example, in a recent study by Stewart and Kline (2020), it was found that people suffering from
metabolic syndrome were significantly at increased risk for recurrence after experiencing their first VTE event [35].
Moreover, people who had co-occurring metabolic syndrome had a higher risk for recurrence compared to those
without metabolic disorders [36]. This indicates that metabolic syndrome may be acting as a persistent
prothrombotic state rather than an acute risk factor for VTE recurrence.

Previous studies have also pointed to the fact that obesity is an essential factor in the occurrence of VTE relapse
[37]. The studies done by Ageno and other epidemiological studies have pointed to the fact that people who have a
higher BMI are more likely to be at risk of experiencing first-time and recurrent events of VTE [38]. This is mainly
because of the prothrombotic state that is brought about by the inflammation, coagulation factors, and reduced
fibrinolysis that is associated with obesity [39]

Mortality and Clinical Severity

The presentation of venous thromboembolism differs significantly in different people. While some
people may be asymptomatic for the disease, others may be at risk of experiencing life-threatening
conditions such as pulmonary embolism [28]. In addition to the immediate threat of death resulting from
the disease, the recurrence of the disease may also result in future health complications that may be costly
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to the healthcare system in the long term [29]. The outcome of the disease in people suffering from
metabolic syndrome may be severe because they are likely to suffer from coexisting conditions such as
type 2 diabetes, hypertension, and cardiovascular disease [5]. This may make the management of the
disease complicated and may also result in the side effects experienced by the patient when they take the
drugs to manage the disease [27].

Importance of Metabolic Syndrome in VTE Epidemiology

The association of metabolic syndrome and venous thromboembolism is of significant importance in the
present scenario, as the incidence of metabolic syndrome is rising worldwide [6]. As the prevalence of
obesity and insulin resistance is rising, people in the future might be more likely to suffer from blood
clotting disorders [31]. The awareness of the importance of metabolic syndrome as a risk factor for
venous thromboembolism can help healthcare professionals to identify people who are more likely to
develop VTE in the future and take steps to prevent it [30]. However, as metabolic syndrome is
considered to be a long-term risk factor for venous thromboembolism, monitoring and prevention are of
utmost importance to reduce the chances of recurrent venous thromboembolism in patients with
metabolic syndrome [4]. Simple measures such as maintaining physical weight, having a healthy and
balanced diet, and managing metabolic syndrome can be of significant importance in reducing the risk
of venous thromboembolism in patients with metabolic syndrome [40].

Pathophysiology of Venous Thrombosis in Metabolic Syndrome

Venous thromboembolism (VTE) is a multifactorial disease that is defined as the formation of thrombi
in the venous system, especially in the deep veins of the lower limbs [1]. This is an important clinical
condition that has the potential to cause morbidity and mortality [3]. The formation of venous thrombosis
is influenced by various factors, including hemodynamic changes, vascular structural changes, and
changes in the composition and properties of blood [7]. Metabolic syndrome is defined as a cluster of
metabolic disorders that include central obesity, insulin resistance, dyslipidemia, and hypertension [5].
This condition is increasingly being recognized as an important risk factor for venous thrombosis [30].
The metabolic syndrome is associated with a number of biochemical and cellular changes that result in a
prothrombotic state [7]. This means that people with metabolic syndrome are at an increased risk of
developing venous thrombosis due to changes in the coagulation system, vascular integrity, and
hemodynamics [7].

At the molecular level, metabolic syndrome is associated with an increase in proinflammatory cytokines,
adipokines, and reactive oxygen species [7]. These factors are responsible for endothelial dysfunction,
which is an essential step in the development of thrombotic processes [7]. Endothelial dysfunction leads
to alterations in the functional role of the endothelium, which maintains an antithrombotic and
vasodilatory role. Endothelial dysfunction leads to vasoconstriction, platelet adhesion, and activation of
coagulation pathways [7]. Moreover, insulin resistance and hyperglycemia contribute to endothelial
dysfunction [5].

The second key factor in the development of metabolic syndrome is the imbalance in the coagulation
process, which leads to a hypercoagulable state [7]. This is confirmed by an increase in coagulation
factors such as fibrinogen, factor VI1, and factor V111, as well as an increase in the activity of plasminogen
activator inhibitor-1, which inhibits the process of fibrinolysis [8]. Moreover, platelet hyperactivity is
also observed in metabolic syndrome [7].

The imbalance in the coagulation process leads to a shift towards the formation of thrombi rather than
their dissolution [7]. Hemodynamic factors also have an important role to play in the pathogenesis of
venous thrombosis in metabolic syndrome [7]. Obesity and physical inactivity, which are commonly
associated with metabolic syndrome, contribute to venous stasis by affecting venous return and the
efficiency of the skeletal muscle pump [31]. An increase in intra-abdominal pressure, which is associated
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with central obesity, also compromises venous return, particularly in the lower limbs [31]. This
compromises venous return, leading to venous stagnation, which facilitates the interaction of coagulation
factors with the endothelium, thus leading to thrombus formation [7]. Adipose tissue, particularly visceral
adipose tissue, is an active endocrine organ that produces various bioactive substances, which include
leptin, resistin, and pro-inflammatory cytokines [32]. These factors have all been shown to contribute to
thrombogenesis [7]. The cumulative effects of all these factors, therefore, lead to a pro-inflammatory and
pro-thrombotic state, which significantly increases the risk of venous thromboembolism in patients with
metabolic syndrome [7].

It is, therefore, evident that the pathophysiology of venous thrombosis in metabolic syndrome is not due
to a single factor, but rather the cumulative effects of various factors, which include metabolic, pro-
inflammatory, and pro-thrombotic factors, leading to an imbalance in the delicate balance of pro-
thrombotic and anti-thrombotic factors, thus leading to thrombus formation [7].

This complex process can be better understood through established conceptual frameworks and
anatomical considerations, which are discussed in the following sections

Virchow’s Triad

However, the concept of Virchow's triad is still of great value in understanding venous thrombosis [7].
The first factor in Virchow's triad is venous stasis. This is defined as the slowing or stopping of the blood
in the veins [7]. The slowing of the blood in the veins does not directly cause venous thrombosis.
However, it does play a part in it. The slowing of the blood in the veins allows the coagulation factors to
accumulate in the blood. This, in turn, leads to venous thrombosis [7]. The slowing down of the blood in
the veins also means that it is not diluted with coagulating factors, which in turn leads to venous
thrombosis. The second factor in Virchow's triad is damage to the endothelium. This is damage to the
inner surface of the veins [7]. This damage to the inner surface of the veins leads to inactivation of the
anti-coagulant properties of the veins. When the inner surface of the veins is damaged, it leads to exposure
of the underlying collagen. This, in turn, leads to venous thrombosis [7]. There are many clinical
situations that lead to damage to the inner surface of the veins. This damage in turn leads to venous
thrombosis. This includes surgery, trauma, immobilization, heart failure, and cancer [23]. The third factor
in Virchow's triad is hypercoagulability. This is the imbalance of the procoagulant and anticoagulant
factors in the blood [7]. This could be inherited or acquired. Hypercoagulability could be caused by
inherited disorders such as factor V Leiden mutation, obesity, cancer, hormone replacement therapy, and
inflammatory disease [31]. This increases the risk of venous thrombosis through the increase of
coagulation factors, which in turn increases the levels of thrombin [7].

Sites and Mechanisms of Venous Thrombus Formation

The most common sites for venous thromboembolism are those with slow or interrupted blood flow [7].
In the deep veins in the legs, the most common sites are the pockets in the valves [7]. In the veins, the
presence of the valves helps the blood move upwards towards the heart. However, the area after the
valves sometimes has slow blood flow. In the event that there is stagnation of blood in this area, the
oxygen saturation is reduced, and this leads to hypoxia [7]. The presence of hypoxia in the blood activates
the endothelial cells [7]. In the presence of low oxygen in the blood, the endothelial cells overexpress the
adhesion molecules such as P-selectin [7]. The presence of these adhesion molecules attracts the platelets
and white blood cells. The white blood cells with tissue factors bind to the endothelial cells and initiate
the clotting process [7]. The role of tissue factor in the formation of thrombi is significant. It is involved
in the activation of thrombin formation, activation of coagulation, and deposition of fibrin [27]. The
venous thrombus is composed of various structures, which include an outer layer of fibrin with red blood
cells, an inner layer of platelets, strands of extracellular DNA, which are derived from neutrophils that
are activated to form neutrophil extracellular traps, which in turn leads to the stabilization of the
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thrombus, enlargement of the thrombus, interaction with platelets, thus improving the thrombotic process
[40].

Under normal conditions, various physiological mechanisms of anticoagulation are in place that help in
controlling blood clots and maintaining the balance in the process of hemostasis [41]. The physiological
mechanisms of anticoagulation include the protein C and S complex, the antithrombin complex, and
tissue factor inhibitors [42]. However, when the balance is disturbed in the process of hemostasis, the
risk of thrombosis is increased [29].

Mechanisms by Which Metabolic Syndrome Increases Thrombotic Risk

Metabolic syndrome also causes venous thrombosis through different but related mechanisms. Among all the
different Similarly, metabolic syndrome also leads to venous thrombosis through different, though related,
pathways [7]. Out of all the different manifestations of metabolic syndrome, obesity and insulin resistance
have been found to play a major role in venous thrombosis [31]. In people suffering from metabolic syndrome,
adipose tissue acts as an active endocrine organ [32]. This adipose tissue releases various different
inflammatory mediators or adipokines. High levels of pro-inflammatory cytokines like tumor necrosis factor-
alpha (TNF-alpha) and interleukin-6 (IL-6) activate endothelial cells and stimulate coagulation [7]. On the
other hand, low levels of anti-inflammatory adipokines like adiponectin impair endothelial function and
activate platelets [32].

Moreover, the pro-inflammatory state of obesity is also related to elevated levels of plasminogen activator
inhibitor-1 (PAI-1), which is involved in the inhibition of fibrinolysis and affects the process of fibrin clot
degradation [8]. This could potentially cause an increase in the longevity of thrombi in the circulation, which
in turn could cause an increased incidence of VTE recurrence [4]. Another factor that could be of crucial
importance in the hypercoagulable state of patients with metabolic syndrome is insulin resistance, which could
potentially cause hypercoagulability in patients with metabolic syndrome through the promotion of oxidative
stress, endothelial dysfunction, and increased platelet reactivity [5]. The metabolic changes could potentially
cause hypercoagulability in patients with metabolic syndrome and make them more prone to venous
thrombosis [7]. Moreover, patients with metabolic syndrome have elevated levels of different coagulation
factors in their circulation, such as fibrinogen, factor VII, and factor VIII, and also elevated platelet activity,
which could potentially cause hypercoagulability and the formation of thrombi in the venous system [7].

Platelet-Neutrophil-Lymphocyte Crosstalk and Thrombo-Inflammation

Recently, the interaction of platelets, neutrophils, and lymphocytes in venous thrombosis has gained
significant importance [40]. The activation of neutrophils in thromboinflammation is significant, as
neutrophils are responsible for the formation of neutrophil extracellular traps, which are structures that
promote thromboinflammation by increasing the formation of fibrin and platelet activation [40]. Moreover,
platelet activation can interact with neutrophils through adhesion molecules, thus increasing
thromboinflammation [7]. Simultaneously, decreased levels of lymphocytes have also been observed in states
of inflammation due to systemic immune activation [7].

The interaction of platelets, neutrophils, and lymphocytes in venous thrombosis has thus provided new markers
of inflammation, such as the neutrophil-lymphocyte ratio (NLR) and platelet-lymphocyte ratio (PLR) [10]. An
increase in the levels of NLR and PLR thus indicates increased neutrophil activation, platelet activation, and
decreased levels of lymphocytes, thus indicating a high level of thromboinflammation [10]. Thus, new markers
of inflammation have been studied for their potential to predict thromboinflammation in patients with VTE.
The interaction of platelets, neutrophils, and lymphocytes in venous thrombosis thus provides valuable insights
into the association of metabolic syndrome with venous thrombosis [7]. Moreover, this interaction also
provides valuable insights into the increasing interest in the use of markers for the early diagnosis of VTE
[10].
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Biomarkers for Early Identification of DVT in Patients with Metabolic Syndrome

Biomarkers linked to deep vein thrombosis (DVT) in individuals with metabolic syndrome (MetS) can
generally be grouped into several categories, including inflammatory markers, platelet-related markers,
adipokine markers, lipid-related markers, endothelial and coagulation markers, as well as newer omics-based
biomarkers [10]. This classification is helpful because metabolic syndrome contributes to thrombosis through
multiple overlapping biological processes, such as chronic inflammation, dysfunction of adipose tissue,
endothelial damage, platelet activation, and reduced fibrinolysis [7].

At present, no single biomarker is able to independently diagnose DVT associated with metabolic syndrome
[41]. However, using traditional laboratory markers together with newly identified biomarkers may enhance
early detection, help evaluate the risk of recurrence, and provide a better understanding of the underlying
mechanisms involved in the disease [42].

Conventional and Clinically Relevant Biomarkers

Among all the tests currently available, D-dimer as a marker of DVT diagnosis has been the most frequently
used [9]. This is because it plays a significant role in the formation and degradation of fibrin [9]. However, it
has also been observed that D-dimer lacks sufficient specificity, as it can be raised in patients suffering from
diseases like infection, inflammation, cancer, trauma, pregnancy, and old age [9]. Therefore, in patients
suffering from metabolic syndrome, where the level of inflammation may already be raised, D-dimer as a
diagnostic test should always be used as part of a structured algorithm [21]. Other important biomarkers that
can be used for the diagnosis of patients suffering from metabolic syndrome include CRP, mean platelet
volume, neutrophil-to-lymphocyte ratio, platelet-to-lymphocyte ratio, and lipid-related biomarkers like HDL
and Apo Al [10]. These tests can be carried out as part of routine blood tests, and since they are non-invasive,
they are cost-effective. Although these tests may not help in the diagnosis of patients suffering from metabolic
syndrome, they can still give useful information [10]

Adipokine Biomarkers

Adipokines are particularly important when studying thrombosis in metabolic syndrome because they directly
connect visceral obesity, chronic inflammation, endothelial dysfunction, and coagulation abnormalities. In
obesity and MetS, adipose tissue undergoes structural and metabolic changes, including cell enlargement, local
hypoxia, macrophage infiltration, and inflammatory remodeling. These changes increase the production of
proinflammatory mediators such as leptin, interleukin-6, tumor necrosis factor-a, and plasminogen activator
inhibitor-1 (PAI-1), while reducing levels of protective adipokines such as adiponectin [32,8]. The combined
effect of these alterations promotes endothelial activation, reduced fibrinolysis, enhanced platelet activity, and
increased coagulation factor expression, thereby creating a prothrombotic environment [7].

Adiponectin

Adiponectin possesses anti-inflammatory, endothelial-protective, and possibly antithrombotic effects [43]. It
is also known that levels of adiponectin are generally lower in people with obesity, insulin resistance, and
central adiposity [32]. It was proposed that higher levels of adiponectin could offer protection from VTE,
whereas lower levels could increase the risk of VTE in patients with metabolic syndrome [44]. For instance,
in a study by Mrozinska et al., it was demonstrated that lower levels of adiponectin, which were determined
after DVT, were associated with an increased risk of PTS, regardless of the presence of obesity [45]. This
again emphasizes the importance of adipokine imbalance in the context of VTE.

Leptin

Leptin is known to be a pro-inflammatory adipokine, and its concentration is known to rise with increasing
adiposity [32]. Leptin is also known to be involved in endothelial cell activation, platelet activation, and
procoagulant pathways [7]. A Mendelian randomization analysis carried out in 2023 found that higher
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circulating leptin is associated with an increased risk of VTE, DVT, and pulmonary embolism, whereas
adiponectin is found to have protective effects [46]. Therefore, it is proposed that this balance of leptin and
adiponectin plays an important role in thrombotic complications in metabolic syndrome [7].

Inflammatory Biomarkers

Inflammation is an essential aspect of venous thrombosis, especially in patients with metabolic syndrome [7].
One of the most commonly investigated markers of inflammation in the context of VTE is C-reactive protein
(CRP). The results of the cohort study based on the ARIC data revealed that elevated CRP is independently
associated with the incidence of VTE [47]. However, it is not considered a specific marker of DVT and should
be regarded as an inflammatory marker rather than a VTE biomarker [10]. High-sensitivity CRP (Hs-CRP)
could be more informative in the context of VTE in the prognostic setting [48]. The results of the studies of
cancer-associated thrombosis indicate that VTE recurrence could be predicted based on the results of
measurements of Hs-CRP after discontinuation of anticoagulant therapy and D-dimer in cancer patients [49].
Elevated Hs-CRP in patients with metabolic syndrome could be associated with not only ongoing metabolic
inflammation but also thrombotic risk [7].

Lipid-Associated Biomarkers

Alterations in lipid metabolism are major components of metabolic syndrome, with several studies examining
the link between HDL, ApoAl, and ratios of lipoproteins with VTE [50]. Previous work indicated that elevated
levels of HDL and ApoAl may be associated with reduced risk of recurrent VTE [51]. However, more recent
studies have provided inconsistent results. Some have indicated that patients with DVT or PE have reduced
levels of HDL, while others have not found any strong association with first-time VTE events [52].

In relation to metabolic syndrome, lipid levels should be regarded as background markers of metabolic and
vascular risk rather than being used in any way in the diagnosis of VTE [5]. A reduced level of HDL, increased
triglycerides, and abnormal ApoB/ApoALl ratios may all be associated with endothelial dysfunction and
underlying vascular inflammation [7]. However, in relation to DVT, they have little value in diagnosis [10].

Platelet-Related Biomarkers Mean Platelet Volume (MPV)

MPV is an accessible platelet index that indicates the platelet volume and activity [10]. The Tromso study
showed that elevated levels of MPV were linked with the risk of developing VTE and unprovoked VTE [53].
The study supported the role of platelet activation in VTE [7]. However, studies have reported conflicting data
on the MPV levels and VTE [54]. Therefore, it is important to approach the MPV levels with caution [10].

Thromboxane A2

Thromboxane A2 is a platelet-derived mediator that stimulates vasoconstriction and platelet aggregation [55].
Although it is not measured in clinical practice, experimental studies indicate that it plays an important role in
the development of venous thrombosis [56]. In one study by Tarantino et al., platelet-derived thromboxane
was found to be involved in the development of venous thrombosis in animal models [57]. This indicates that
platelet activation is involved in venous and arterial thrombosis [7]. In the context of the metabolic syndrome,
in which platelet hyperreactivity is common, the role of the thromboxane pathways in the relationship between
obesity and the risk of DVT is noteworthy [31].

CBC-Derived Inflammatory Ratios

Complete Blood Count-derived ratios have shown promise as a useful, simple, and inexpensive tool for clinical
practice [10]. Among these ratios, the Neutrophil-to-lymphocyte ratio and the Platelet-to-lymphocyte ratio are
of particular significance, as they are indicative of thromboinflammatory processes in MetS-related DVT [10].
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Neutrophil-to-Lymphocyte Ratio (NLR)

NLR is an indicator of the interplay between neutrophil-mediated inflammation and lymphocyte suppression
[10]. Neutrophils also cause thrombosis by forming neutrophil extracellular traps (NETs) and activating tissue
factor-mediated coagulation [40]. A 2022 study’s meta-analysis indicated that NLR had moderate value in
diagnosing VTE [58]. A 2023 study’s meta-analysis on DVT also indicated that NLR had sensitivity and
specificity in diagnosing DVT, thus making it an adjunctive tool in diagnosing DVT [59].

Platelet-to-Lymphocyte Ratio (PLR)

PLR is related to the level of platelet activation and the level of inflammation in the body [10]. As metabolic
syndrome is associated with hyperreactive platelets and inflammation, the PLR is clinically pertinent in this
case [7]. According to the meta-analysis of 2023, the PLR also has moderate diagnostic potential in DVT,
although the heterogeneity of the data is still large [60].

Combined Interpretation of NLR and PLR

The value of NLR and PLR may be maximally utilized if used in conjunction with each other, especially in
conditions of obesity, metabolic syndrome, malignancy, or postoperative inflammatory conditions [10].
Literature has demonstrated that patients with conditions of acute DVT have higher levels of white blood cell
count, neutrophil count, platelet count, NLR, PLR, and MPV in comparison with healthy controls [61].

Clinical Use Protocol
NLR and PLR should be used as adjuncts rather than alternatives to other diagnostic tests like D-dimer and
compression ultrasonography [21]. The appropriate place for NLR and PLR is in the diagnosis of:

. Suspected DVT in patients with significant inflammatory/metabolic burden [10]
. Thrombosis in obese and metabolic syndrome patients [31]

o Cancer-associated thrombosis [49]

o Evaluation for recurrence in acute VTE [4]

However, in patients with sepsis, infections, hematologic disorders, steroid therapy, and major inflammatory
disorders, NLR and PLR need to be used cautiously due to significant effects on leukocyte and platelet counts
[61].

Endothelial and Coagulation Biomarkers

Tissue Factor and Tissue Factor—Bearing Microparticles

Tissue factor (TF), the main initiator of the extrinsic coagulation cascade, is believed to be involved in
thrombosis in the context of inflammation [56]. It has been found that elevated tissue factor activity is present
in cancer thrombosis, although its predictive value is variable depending on cancer types and methods of
evaluation [62]. Moreover, elevated TF-bearing microparticles in cancer patients with VTE have also been
reported, indicating their potential role as markers of the procoagulant status of the circulation in cancer
patients [63,64].

VVon Willebrand Factor and Factor V111

Endothelial activation markers, including von Willebrand factor (VWF) and factor VIII, have also been linked
with an increased risk of VTE [65]. High levels of VWF have been associated with both incident VTEs and
long-term venous complications [66]. Experimental studies have suggested that thromboinflammatory
mechanisms involving VWF may be involved in obesity-associated thrombosis [67]. Although these markers
have been strongly linked with VTE risk, they have not been used for routine clinical diagnosis [10].
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Emerging Biomarkers MicroRNA

MicroRNAs are small non-coding RNAs that play a role in regulating gene expression involved in endothelial
cell function, inflammation, platelet activation, and blood coagulation [68]. Based on these roles, microRNAs
have been studied as a potential biomarker for venous thrombosis [69]. Nevertheless, the clinical applicability
of microRNAs as a biomarker for venous thrombosis is still not fully realized [70]. A study on the diagnostic
potential of microRNAs as a biomarker for DVT found that miR-145-5p had a relatively low accuracy for the
diagnosis of acute DVT, and further studies are required before it can be applied in clinical settings [71].

Metabolomics

Metabolomics has been recognized as a potential tool in the discovery of new biomarkers, as it is more focused
on the analysis of the metabolic changes occurring in the body during the process of disease [72]. Studies have
recently identified the metabolomic patterns in the body of patients suffering from acute VTE, which could be
potential diagnostic markers in the future [73]. However, more research is required in this direction before the
metabolomic markers could be implemented in the real world [74].

Comparative Evaluation of Biomarkers in MetS-Associated DVT

The growing number of biomarkers being studied in relation to VTE is an indication of the complex biological
mechanisms that occur in thrombosis, especially in patients with metabolic syndrome [7]. The differences in
the studied biomarkers include their biological source, diagnostic accuracy, availability, cost, and validation
[42]. Some of the studied biomarkers have already been implemented in clinical practice, but others have not
[42]. However, they may be valuable in the future in relation to early detection, recurrence prediction, and
personalized risk assessment of thrombosis [42]. A comparative analysis of all the studied biomarkers is
significant in establishing which ones are more valuable in clinical practice in relation to DVT in patients with
metabolic syndrome [42]. Generally, studied biomarkers have been classified according to their utility in
clinical practice into diagnostic, recurrence, metabolic syndrome-related, and research biomarkers [42].
Another difference in studied biomarkers is that some routine low-cost biomarkers have been developed from
routine laboratory tests, while others have been developed using other techniques [42]

Diagnostic Biomarkers

Diagnostic biomarkers are mainly used for the detection and exclusion of DVT in patients who present
with symptoms suggestive of venous thrombosis [21]. Among the available biomarkers, D-dimer is the
most commonly used diagnostic biomarker for DVT [9]. An increase in D-dimer levels is associated with
fibrin degradation products. This indicates that coagulation and fibrinolysis are occurring simultaneously
[9]. When used in conjunction with clinical probability assessment tools like the Wells score, it is highly
effective in ruling out DVT [21]. However, it is not very specific, as increased levels are also associated
with other clinical disorders like infections, inflammation, cancer, trauma, and pregnancy [9]. Other
biomarkers like C-reactive protein (CRP) and high-sensitivity CRP (Hs-CRP) have also been evaluated
for their association with venous thrombosis [47]. Although it has been found that levels of CRP are
increased in patients with DVT, it is not specific and is associated with other inflammatory disorders
[10]. These biomarkers are therefore not recommended as specific biomarkers for the diagnosis of DVT.
More recently, inflammatory biomarkers derived from routine complete blood count (CBC) parameters
like the neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) have also been
evaluated [10]. These are cheap, readily available, and may be indicative of the thrombo -inflammatory
processes that occur in the formation of venous thrombi. Evidence from meta-analyses suggests that both
NLR and PLR are of moderate value and may be useful adjuncts to well-established diagnostic tools such
as D-dimer and ultrasound imaging [58,60].
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Prognostic and Recurrence Biomarkers

Apart from diagnosis, there are a number of biomarkers that have shown promise in the prediction of
clinical outcomes and the risk of recurrent VTE [42]. Among them, Hs-CRP and D-dimer have shown
promise in predicting VTE recurrence after discontinuation of anticoagulant therapy, especially in
cancer-associated VTE [49]. Platelet-related biomarkers, such as mean platelet volume (MPV), have also
shown promise [53]. The mean platelet volume is a measure of the size of platelets, and higher levels of
MPYV are indicative of a higher level of reactivity. Studies have shown that there may be a positive
correlation between the levels of mean platelet volume and the risk of unprovoked VTE [53]. Lipid-
related biomarkers, such as high-density lipoprotein (HDL) and apolipoprotein A1 (ApoAl), may also
play a role in influencing the risk of VTE [50]. It has been shown that lower levels of HDL are associated
with a higher risk of recurrent VTE, although this may not be true for all populations [52].

Biomarkers Specifically Linked to Metabolic Syndrome

Amongst them, certain biomarkers have been of particular interest in relation to metabolic syndrome, as
they have been associated with the underlying metabolic and pro-inflammatory processes that predispose
individuals to thrombosis [7]. Of particular interest in relation to metabolic syndrome have been
adipokines, which include adiponectin and leptin [43]. These have been implicated in linking obesity,
insulin resistance, and inflammation with thrombosis [7]. Specifically, in individuals with metabolic
syndrome, high levels of leptin and low levels of adiponectin have been associated with thrombosis due
to their impact on endothelial dysfunction, platelet activation, and fibrinolysis [7]. Other thrombosis-
associated biomarkers that have been linked with thrombosis in relation to metabolic syndrome include
tissue factor, VWF, and factor VIII [56,65]. These have been associated with thrombosis in metabolic
and inflammatory conditions. Specifically, high levels of VWF have been associated with both arterial
and venous thrombosis [65]. Furthermore, high levels of VWF have been linked with endothelial damage
in obesity-associated vascular disease [67]. Such thrombosis-associated biomarkers have provided
valuable insights into the biological mechanisms that link metabolic syndrome with venous thrombosis
[7]. Such biomarkers may also be used in the future to identify individuals at high risk of thrombosis
[42].

Biomarkers in Clinical Use vs. Research-Stage Biomarkers

From a practical point of view, it is also helpful to distinguish between routine clinical practice and
research-based investigations [42]. Routine clinical practice-based biomarkers include D-dimer, C-
reactive protein (CRP), mean platelet volume (MPV), and ratios of complete blood count results,
including neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) [10]. However,
an important drawback is that they have low specificity. Therefore, their results always have to be
interpreted in conjunction with clinical findings and imaging results [21]. Furthermore, there are several
other biomarkers that are still in the investigational phase [42]. These include microRNAs, metabolomics,
and extracellular vesicle-associated tissue factor [68,72,62]. Some microRNA patterns have been
suggested to be capable of identifying individuals at high risk of developing VTE [69]. Moreover, they
may also be beneficial in gaining more insight into disease mechanisms. Some unique patterns have been
recognized in patients with acute VTE [70]. Therefore, they may be beneficial in early diagnosis and risk
stratification. However, they still have to be further validated for routine clinical practice [74].

Diagnostic Value of Biomarkers: Sensitivity, Specificity, and Clinical Utility

From a practical point of view, it is also helpful to distinguish between routine clinical practice and
research-based investigations [42]. Routine clinical practice-based biomarkers include D-dimer, C-
reactive protein (CRP), mean platelet volume (MPV), and ratios of complete blood count results,
including neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) [10]. However,
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an important drawback is that they have low specificity. Therefore, their results always have to be
interpreted in conjunction with clinical findings and imaging results [21]. Furthermore, there are several
other biomarkers that are still in the investigational phase [42]. These include microRNAs, metabolomics,
and extracellular vesicle-associated tissue factor [68,72,62]. Some microRNA patterns have been
suggested to be capable of identifying individuals at high risk of developing VTE [69]. Moreover, they
may also be beneficial in gaining more insight into disease mechanisms. Some unique patterns have been
recognized in patients with acute VTE [70]. Therefore, they may be beneficial in early diagnosis and risk
stratification. However, they still have to be further validated for routine clinical practice [74].

Other commonly studied markers, such as C-reactive protein, mean platelet volume, neutrophil-
lymphocyte ratio, and platelet-lymphocyte ratio, are generally thought to be of secondary importance in
the process of thrombosis, rather than playing a key role in the process [10]. These markers are thought
to primarily reflect the process of inflammation associated with thrombosis, rather than directly reflecting
the presence of thrombi [10]. These markers, however, may offer some useful ancillary information on
the degree of inflammation associated with thrombotic risk in patients with metabolic syndrome [7].

On the other hand, there are several other markers, including adipokines, endothelial injury markers, as
well as emerging omics-based markers such as microRNAs and metabolomics, which are in the early
stages of investigation [43,65,68,72]. These markers, although showing promise in the investigation of
thrombosis, have not yet been adequately validated or standardized for clinical use [74].

Diagnostic Algorithm for Suspected DVT in Patients with Metabolic Syndrome

For early detection of deep vein thrombosis (DVT) in patients with metabolic syndrome, there is a need
for a systematic approach in diagnosing DVT [21]. This is usually carried out using a stepwise approach
that combines clinical evaluation, risk assessment tools, laboratory-based investigations, and imaging
techniques for accurate diagnosis of DVT in patients with metabolic syndrome [21]. Patients with
metabolic syndrome have underlying conditions that include low-grade inflammation, endothelial
dysfunction, platelet activity, and reduced fibrinolysis [7]. These underlying conditions increase the risk
of thrombosis in patients with metabolic syndrome. Therefore, there is a need for a systematic approach
in diagnosing DVT in patients with metabolic syndrome. A systematic approach in diagnosing DVT in
patients with metabolic syndrome could be carried out using clinical scoring systems in conjunction with
laboratory-based investigations [21]. The existing clinical guidelines suggest a stepwise approach in
diagnosing the disease, which starts with symptom assessment and risk factor assessment, followed by
laboratory investigations and imaging, if necessary [21]. In cases of metabolic syndrome, other laboratory
tests such as the neutrophil-lymphocyte ratio and platelet-lymphocyte ratio can also be considered useful
in providing supplementary information in relation to the underlying thrombo-inflammatory state of the
patient [10].
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Fig No: 01 -“Mechanistic Pathways of Thrombogenesis in Metabolic Syndrome”
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Table No: 01 - “Emerging Biomarkers and Molecular Signatures in Deep Vein Thrombosis:
Towards Precision Diagnosis”

Stepwise Diagnostic Approach
The proposed diagnostic approach for a suspected DVT diagnosis in a patient suffering from metabolic
syndrome consists of a number of steps [21].

Step 1: Clinical evaluation of symptoms and risk factors

The diagnostic algorithm for DVT begins with a clinical evaluation of the patient [21]. The clinical
presentation of DVT often involves signs such as unilateral leg pain, swelling, and tenderness, as well as
signs of localized redness and warmth [21]. In addition, the history of the patient should be taken into
consideration for any potential risk factors for DVT, such as surgery, malignancies, hormonal therapy,
obesity, and previous history of VTE [23].

Step 2: Identification of features of metabolic syndrome

The next step is for the healthcare providers to determine whether or not the patient meets the criteria for
having metabolic syndrome [5]. Some of the features that are usually associated with metabolic syndrome
include obesity, high blood pressure, insulin resistance or high levels of glucose in the blood, high
triglycerides, and low levels of high-density lipoproteins [5]. Metabolic syndrome is significant in that it
is associated with inflammation and hypercoagulability, which increase the risk of DVT [7].
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Step 3: Applying clinical probability scoring (Wells score)

The Wells score is used to estimate the pre-test probability of DVT [21]. Using the Wells score, patients
with suspected DVT are classified into low, moderate, or high probability of having DVT [21]. This score
is used in determining what next step should be taken in the management of patients with suspected DVT.

Step 4: Measurement of levels of D-dimer

If the patient is classified as having low or moderate clinical probability of having DVT, then D-dimer
levels should be measured [9]. A low D-dimer is significant in that it excludes DVT [9]. However, if D-
dimer levels are high, then further investigation is needed since D-dimer is not specific [9].

Step 5: Routine hematological assessment (Complete Blood Count)
A complete blood count (CBC) is beneficial in assessing the levels of leukocytes and platelets, which
may be related to underlying inflammation or thrombosis [10].

Step 6: Calculation of inflammatory ratios (NLR and PLR)

Using the results of complete blood count, it is possible to calculate the neutrophil-to-lymphocyte ratio
(NLR) and platelet-to-lymphocyte ratio (PLR), which may be used as markers of inflammation or
thrombo-inflammatory conditions [10]. These ratios may be used in supporting the clinical suspicion of
DVT, especially in patients with metabolic syndrome, obesity, or other underlying conditions of
inflammation [10].

Step 7: Compression ultrasonography

If there is still high clinical suspicion of DVT or elevated levels of D-dimer, compression ultrasonography
is recommended [21]. Compression ultrasonography is still the first choice in imaging techniques and is
used in diagnosing DVT in most clinical situations [21].

Step 8: Biomarker assessment for recurrence risk after diagnosis

After establishing that DVT is present, further investigations using other biomarkers may be conducted
in assessing patients at high risk of recurrence [42]. Such biomarkers include high-sensitivity CRP, NLR,
PLR, adipokines, or endothelial markers [42]. Such markers may be used in identifying underlying
prothrombotic conditions associated with metabolic syndrome [7].

Interpretation of the Diagnostic Algorithm

The proposed diagnostic algorithm emphasizes the importance of combining clinical evaluation,
laboratory biomarkers, and imaging studies rather than solely relying on the results of one diagnostic tool
[21,42,74]. The role of the D-dimer level in the exclusion of DVT is unchanged, although the CBC-based
biomarkers NLR and PLR may assist in the evaluation of the patient’s inflammatory and metabolic
conditions that contribute to the development of thrombosis [9,10,74].

In the context of the patient with metabolic syndrome, the integration of inflammatory and metabolic
biomarkers may assist the physician in better understanding the patient’s thrombo-inflammatory
condition and risk of recurrence and cardiovascular risk profile [43,65,68,72]. However, these biomarkers
should be viewed as supplementary diagnostic tools and not alternatives to established diagnostic
modalities such as compression ultrasonography [21].

Further research may be undertaken that will improve the diagnostic efficacy of biomarker-based
diagnostic modalities and may lead to the development of diagnostic tools that are specific to the patient
with metabolic syndrome [42,68,72]
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Clinical Implications: How Biomarkers May Influence Anticoagulant Selection and Duration of
Therapy

While a number of studies have been conducted on various biomarkers in the setting of VTE, the role of
these biomarkers in the clinical setting appears to be a constantly evolving area of study [42]. At this
time, these biomarkers are not used to dictate the type of anticoagulant that a patient should receive, but
rather are used to help guide risk stratification, assess the risk of recurrence, and help guide the duration
of therapy, etc. [21]. In a patient with MetS, a number of different factors, including a state of chronic
low-grade inflammation, endothelial dysfunction, and metabolic abnormalities, may all play a role in a
state of hypercoagulability, and this may increase the risk of recurrent VTE, potentially leading to
considerations of long-term therapy [7,4].

The clinical guidelines currently in place emphasize that the type of anticoagulant that a patient should
receive should be based on patient-specific characteristics, such as renal function, cancer, risk of
bleeding, body weight, and the presence of co-existing medical conditions, etc. [21]. However, a number
of biomarkers may give insight into whether or not a patient has a hypercoagulable state, and this may
help dictate whether or not long-term anticoagulant therapy should be considered [42].

Biomarkers and Recurrence-Risk Guided Treatment

One of the most promising clinical applications of biomarkers is the ability to identify patients at high risk of
developing recurrent VVTE after the initial event [58].

The most consistent clinical application of the biomarkers currently in use has been the clinical value of the
D-dimer [58,68]. Clinical studies have confirmed that patients with persistently elevated levels of the D-dimer
after the termination of anticoagulant therapy are at an increased risk of developing recurrent VTE. In such
cases, long-term anticoagulant therapy may be warranted [58,68].

Other inflammatory biomarkers such as high-sensitivity C-reactive protein (Hs-CRP), neutrophil-to-
lymphocyte ratio (NLR), and platelet-to-lymphocyte ratio (PLR) may also be used to indirectly indicate the
presence of VTE. In patients with metabolic syndrome, in whom the inflammatory process is usually in an
active state, these biomarkers may be used to indicate the presence of VTE and the risk of developing recurrent
VTE [65,66,71].

However, it is important to remember that the application of biomarkers should be made in the context of the
patient’s clinical presentation and risk factors. The patient’s clinical presentation and imaging studies must be
taken into consideration when making clinical decisions [68].

Biomarkers and Anticoagulant Duration

However, it is still a major clinical issue to determine for how long anticoagulant therapy is necessary
for a patient who has experienced a DVT event [21]. The usual approach is to administer 3—6 months of
anticoagulant therapy, and then reassess the risk of recurrence for that patient [21]. Biomarker approaches
have also been proposed as a means to assist in making this decision [58]. For instance, if D-dimer levels
remain high after receiving anticoagulant therapy, it may be an indication that coagulation is still active
in the body [9,58]. Similarly, if pro-inflammatory biomarkers remain high, it may be an indication that
coagulation is still active in the body [47].

The metabolic disorders that are associated with MetS, particularly obesity and insulin resistance, may
also play a role in maintaining coagulation activity in the body [7,31]. These biomarker approaches may
eventually be used as part of personalized approaches to determining for how long anticoagulant therapy
is necessary for a patient who has experienced a DVT event [42]. However, further studies need to be
conducted in order for biomarker approaches to be used in clinical practice [42].

Metabolic Syndrome and Response to Newer Anticoagulants
However, the advent of direct oral anticoagulants (DOACSs), which include factor Xa inhibitors and
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thrombin inhibitors, has significantly changed the management of VTE. DOACs have shown superior
benefits over traditional VKASs in the management of VTE, given their predictable pharmacokinetics,
reduced drug interactions, and lack of the need to monitor anticoagulant activities in patients with VTE
[21].

Metabolic syndrome can affect the management of VTE in patients with the syndrome in several ways.
Obesity can affect drug distribution and pharmacokinetics of anticoagulant drugs [31], while insulin
resistance and systemic inflammation can increase baseline thrombotic risk in patients with VTE [7], and
dyslipidemia and endothelial dysfunction can cause persistent vascular activation in patients with VTE,
leading to an increased risk of VTE in patients with metabolic syndrome [7].

However, DOACs have shown excellent efficacy and safety in patients with VTE and metabolic
syndrome, and anticoagulant management should be carefully considered in patients with VTE and
metabolic syndrome, taking into account factors such as body weight and renal function and
comorbidities in patients with VTE and metabolic syndrome [21].

Current Limitations of Biomarker-Guided Therapy

Despite the encouraging results, several factors at the moment limit the clinical application of biomarker -
based treatment approaches [42]. These factors include the absence of standard cutoff values for several
biomarkers, the varying methods of laboratory-based measurements across studies, the small number of
clinical studies that have prospectively examined the efficacy of biomarker-based treatment approaches,
and the lack of data on the application of these approaches in the context of metabolic syndrome [42].
The biomarkers should be viewed at the moment as supportive tools that assist clinical evaluation but do
not replace established treatment guidelines [21].

Gender, Ethnicity, Obesity, and Other Modifiers of Biomarker Performance

The results of thrombosis-related biomarkers may be affected by various factors. Knowledge of these factors
is important when making decisions in the context of the application of the results of the biomarkers in the
management of patients with metabolic syndrome [13,16,18].

Gender Differences

There are reports of gender-related differences in the risk of thrombosis in various studies [13,16]. For
instance, pregnancy, the use of contraceptive pills, and hormone replacement therapy are reported to affect the
risk of thrombosis [13,17].

Ethnicity and Genetic Factors

The risk of thrombosis differs among various ethnic groups in the world [16,18]. Genetic factors that
predispose individuals to thrombophilia and abnormalities in the coagulation process differ in various ethnic
groups [16].

Some genetic factors that predispose individuals to thrombosis are more common in some ethnic groups.
Genetic factors that predispose individuals to thrombosis and affect the coagulation process and inflammatory
pathways may affect the levels of the biomarkers and the results obtained in the context of the application of
the biomarkers in the management of patients with metabolic syndrome [14-16].

Obesity and Metabolic Factors

The role of obesity in metabolic syndrome is closely linked with chronic inflammatory and hypercoagulable
conditions [4,16,18]. The altered adipose tissue in obesity is known to secrete inflammatory mediators and
procoagulants that may increase levels of various biomarkers such as CRP, NLR, PLR, and leptin [7,32,47,42].
Thus, it is possible that the levels of these biomarkers may be naturally elevated in the context of obesity and
may have implications for the diagnosis and prognosis [16,18].
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Cancer and Age-Related Factors

The patient population with cancer represents another category of patients with extremely high levels of risk
for developing VTE [23]. The levels of various biomarkers such as CRP, NLR, and PLR may be significantly
altered in cancer patients because of the inflammatory and hypercoagulable effects of cancer [47,10,58]. In
the context of age-related factors, it is known that the levels of various biomarkers such as CRP and NLR are
naturally elevated with age and may have implications for the diagnosis and prognosis [16,18]

Future Directions

Rapid advances in the field of molecular biology and data science are expected to further expand the role
of biomarkers in the diagnosis and management of DVT [42]. Several promising areas of research are
being pursued. One of the notable advancements is the development of multimarker diagnostic panels,
which include inflammatory, metabolic, endothelial, and coagulation markers. These may provide better
accuracy in diagnosing DVT compared to individual markers [42].

Another emerging trend is machine-learning-based prediction models, which combine clinical data,
imaging, and biomarker data to provide individualized predictions of DVT [21]. In addition, omics-based
technologies such as transcriptomics, proteomics, metabolomics, and microRNA analysis are also
providing insights into the underlying biological mechanisms of venous thrombosis [12,42]. These
technologies may also pave the way for precision medicine in metabolic syndrome patients in the future
[42].

Future research directions in DVT may also include standardized diagnostic cutoffs for NLR and PLR,
validation of microRNA and metabolomics-based biomarkers, developing treatment guidelines based on
these biomarkers, and sex- and ethnicity-specific biomarker profiles [10,12,42]. These advances may
pave the way for personalized management of DVT in metabolic syndrome patients in the future [42].
Conclusion

Currently, metabolic syndrome is well accepted as a significant entity that poses a risk of thrombosis.
The presence of chronic inflammation, endothelial dysfunction, activated platelets, and impaired
fibrinolysis generates a biological environment that favors the occurrence of venous thromboembolism,
especially DVT.

While a number of biomarkers have been studied, no individual biomarker currently available can give a
final diagnosis or predict the outcomes of the disease. The traditional role of D-dimer, however, still
dominates the current diagnostic criteria. At the same time, the results of routine blood tests, such as the
neutrophil-to-lymphocyte ratio, platelet-to-lymphocyte ratio, and mean platelet volume, may provide
useful information on the inflammatory and thrombotic mechanisms of the disease.

A number of biomarkers, including adipokines, von Willebrand factor, and tissue factor, may provide
useful information on the biological mechanisms that connect metabolic syndrome and the risk of
thrombosis. In addition, new molecular biology-based biomarkers, such as microRNAs and
metabolomics, may provide promising tools for early detection and risk assessment. However, these new
markers also need further research and validation before they can be used in clinical practice.

Future studies may be focused on the development of integrated approaches that take into consideration
the inflammatory markers, metabolic markers, endothelial markers, and coagulation markers. The
development of such markers may be beneficial in improving the accuracy of diagnosis and providing
personalized approaches in the early detection and management of deep vein thrombosis in patients with
metabolic syndrome.
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