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Introduction

Venous thrombosis (VT) is a common clinical condition with 
a significant financial burden on the US healthcare system. 
Despite its prevalence, the diagnosis and management 
VT remains rudimentary (1-4). Anticoagulation and 
thrombolytic therapies are the mainstay of VT treatment 
despite a rapid decrease in their effectiveness as thrombus 
composition evolves with age, and are most effective in the 
acute phase. An understanding of the biology of thrombosis 
will allow for more effective tailored therapy for VT (5).

Cases of VT in the US exceed 1 million per year, 

most commonly occurring in the lower extremities (1,4).  
The etiology of VT is multifactorial, involving risk factors 
described by Virchow including venous endothelial injury 
(e.g., trauma or surgery), hypercoagulability (cancer, 
pregnancy, protein C mutations), and venous stasis (damage 
to venous valves, immobility, previous thrombus), as well 
as intrinsic factors such as genetics (2,5). VT can lead to 
a myriad of complications including swelling, erythema, 
neurovascular compromise, threatened loss of limb, 
acute respiratory symptoms, pulmonary hypertension, 
cardiovascular collapse, thromboembolism and death. While 
most cases of VT resolve with treatment, residual fibrotic 
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changes persist in many patients (1,6). As a thrombus 
matures, fibrosis can cause post-thrombotic syndrome (PTS) 
and, when the venous valves are involved, it can result 
in valvular incompetence. This can lead to chronic pain, 
heaviness, leg cramping, limb edema, stasis dermatitis and, 
at end stage, venous ulcerations. No effective treatment 
exists for PTS, and incidence is as high as 60% at 2 years 
when acute VT is treated with anticoagulation therapy 
alone (6,7).

The morbidity and mortality following acute pulmonary 
embolism (PE) is likely even higher. A minority of 
patients can develop chronic thromboembolic pulmonary 
hypertension (CTEPH) following PE, defined by pre-
capillary pulmonary hypertension from vascular scarring (8).  
While the incidence of CTEPH following acute PE is 
believed to be between 0.4–8.8% (9-15), it is estimated that 
nearly one half of patients with PE experience some form 
of chronic dyspnea (16), with roughly the same proportion 
of patients have persistent defects on pulmonary V/Q scan 
chronically after treatment (17,18). The morbidity with 
this chronic dyspnea is significant, with decreased exercise 
tolerance based on 6-minute walk tests and right ventricular 
dysfunction or hypokinesis in nearly 20% of patients (18,19).

Anticoagulation and thrombolytic therapies are 
the mainstay of treatment despite a rapid decrease in 
effectiveness as chronic thrombus transformation evolves (5). 
The anticoagulation therapy alone may prevent thrombus 
propagation and recurrence or PE; however, it does not 
always provide an active and complete thrombus resolution 
which might require additional therapeutic adjuncts (8-10).  
Accurate early diagnosis and effective intervention are 
essential for decreasing mortality and immediate or long-
term associated morbidities (7,20). Due to the dynamic 
nature of thrombosis, the age and composition of a 
thrombus are critical to its management (20,21). Here, 
we discuss temporal thrombus modifications and how 
this transformation may mirror imaging characteristics, 
therapeutics performance, and clinical outcome.

Outcomes and current guidelines

Venous disease presentation can be variable from 
asymptomatic to subclinical to symptomatic, depending 
on the extent of thrombotic lesion, location, number of 
sufficient collaterals, and the severity of the vascular disease 
occlusion and associated inflammation. Acute thrombi 
usually respond well to anticoagulant and thrombolytic 
therapies and result in restored venous function. However, 

in certain pathologic conditions, the thrombolytic process 
gets thwarted, resulting in a refractory thrombus which is 
difficult to manage clinically (8). A large body of literature 
acknowledges the steady transformation of VT over 
time (2,4,22,23). As a thrombus matures it undergoes 
reorganization in a process that resembles wound healing 
(24-26). Leukocytes and other inflammatory cells infiltrate 
the thrombus; cellular components are replaced by collagen 
deposits, and a neovascular network is formed (27,28). 
These processes alter the composition and properties of 
the thrombus, provoking its resistance to thrombolytic 
therapies (2,8,20). Therefore, the earlier anticoagulation 
therapies are employed, the better the outcome for the 
patient. For example, one study showed that patients with 
deep vein thrombosis (DVT) who receive therapeutic 
levels of anticoagulation therapy within the first 24 hours 
of presentation had a 17–19% decrease in VT recurrence 
compared to those who received therapy after 24 hours (29). 
The role of early thrombolytics in the setting of VTE and 
PE is less clear and the focus of much research. The most 
recent Cochrane review article cited that the incidence of 
PTS after acute VT decreased by 1/3 with thrombolytic 
therapy, but found little difference between systemic 
versus catheter directed therapy (30). Unfortunately, early 
results from the RTC ATTRACT trial, which compared 
catheter directed therapy to anticoagulation alone, did not 
demonstrate a significant difference between these two 
therapies in the incidence of PTS (31). Several recent meta-
analyses have concluded somewhat conflicting results on 
the use of thrombolytics in the setting of acute PE, with 
the most recent review with Gao et al. concluding a lower 
all-cause mortality in treatment of acute intermediate risk 
PE compared to anticoagulation alone, and more remote 
analyses found no significant difference between the two 
treatments (32,33). 

Thrombus resolution with anticoagulation alone 
proceeds slowly (34). Studies show that ~50% of patients on 
long-term anticoagulation alone continue to have abnormal 
venous hemodynamics on ultrasound imaging 1 year after 
diagnosis and treatment (35). Compared to acute thrombi, 
which are at high risk for fragmentation and embolization, 
residual chronic thrombi are stable and resistant to both 
anticoagulation and thrombolytic treatment (29,36,37). 
Several studies have described the hardening of chronic 
thrombi due in large part to the cross linking of fibrin and 
replacement of cellular material by collagen (29,36,38).  
By 1 week, thrombus collagen content may reach 
approximately 20%, and after three weeks it may be as high 
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as 80% (25). While the process of thrombus maturation 
is variable, it is approximated that thrombi 15 days of age 
or older will undergo significant modification and can 
be considered chronic (29,39). These chronic thrombi 
become increasingly resistant to both anticoagulation and 
thrombolytic therapies (5).

Barring any contraindications, anticoagulation is the 
current recommended first-line treatment for VT. Most 
anticoagulation therapy usually proceeds in two stages: 
initial treatment, followed by long-term maintenance 
therapy, traditionally with vitamin K antagonists (VKA) 
or low molecular weight heparin (LMWH) (20,40). In 
acute thrombi, anticoagulation prevents progressive fibrin 
cross-linking and thrombus propagation, allowing natural 
thrombolytic mechanisms to proceed. Early administration 
of anticoagulation therapy reduces average VT recurrence 
rate from 12.9% in the first year to 5.4% (1,4), with a 
potential 1.9% risk of bleeding (40,41). Despite its rapid 
effect on fibrin, anticoagulants do not affect the cellular 
or connective tissue components of thrombi (5). Thus, 
no consensus exists regarding how long anticoagulation 
therapy should be continued.

While therapeutic anticoagulation helps achieve venous 
patency and lowers the risk of recurrence, patients treated 
with anticoagulation alone remain at high risk for post 
thrombotic syndrome (PTS) (42,43). Previous studies have 
suggested that incidence of PTS is greatly decreased when 
anticoagulation is used in conjunction with mechanical or 
pharmaceutical thrombolysis however, early results from 
the ATTRACT trial did not demonstrate a significant 
difference between these two therapies (30,31). However, 
therapy with ultrasound assisted thrombolytic catheters 
have shown no difference compared to conventional 
catheter directed therapy in a recent RTC (44). While 
thrombolytic therapy has been shown to improve short 
term hemodynamic benefit, no studies to date have shown 
a decreased incidence of CTEPH or improvement in 
subsequent pulmonary V/Q scans with combined therapy 
of thrombolytics and anticoagulation versus anticoagulation 
alone (45-47). It is unclear if this relates to the unique 
immunologic and physiologic environment within the lungs 
and is an area that warrants further research.

Currently, thrombolytic therapy is only recommended 
in patients with neurovascular compromise and limb 
threatening ischemia (swollen and blue or white limb) in 
the setting of VT, or hemodynamic instability (hypotension 
and tachycardia) and/or evidence of right heart strain 
based on echocardiography in the setting of PE (48,49). 

Thrombolytic agents can be administered systemically or 
locally via a catheter based delivery technique to actively 
degrade cross-linked fibrin (50,51). In contrast, mechanical 
thrombolysis is not routinely used as a first-line for VT 
management due to increased risk of bleeding (8% when 
using tPA in combination with mechanical thrombosis) 
and lack of prospective randomized control studies (21,40). 
As with anti-coagulative therapies, increased connective 
tissue in the aging thrombus decreases the effectiveness of 
thrombolytic therapies significantly (36). Thus it is critical 
that the most appropriate VT treatment be considered 
in the context of thrombus age and thrombus tissue 
characteristics.

Four stages of thrombus evolution

Chronological transformation of the thrombus is a spectrum 
of continuous modification which progresses through four 
stages: induction, acute fibrin dominant, intermediate and 
chronic connective tissue dominant stages. While one phase 
may dominate, all four are likely to be present to varying 
degrees in any given thrombus (2,35). Currently, clinical 
history is the primary method of determining the age of a 
thrombus. However, collateral venous circulation may cause 
VT to be asymptomatic for days or weeks, making patient 
history an inconsistent tool for assessing thrombus age 
(35,40). Inherent patient-to-patient variation also creates 
difficulty in standardizing thrombus age chronologically. 
Therefore, it is useful to include thrombus composition 
in our definition of age (22,39). Ideally, as composition 
evolves over time, so should therapy. For each phase, the 
histological, molecular, biochemical, and clinical factors 
are discussed. Pharmaceutical and imaging strategies are 
examined separately.

Stage I: induction

The initiation of VT is multifactorial and poorly 
understood, but results in disruption of the homeostatic 
balance between thrombosis and thrombolysis, ultimately 
favoring thrombogenesis (1). Once a small nidus has 
formed, generally around a vascular defect, venous valve 
or area of stasis, thrombin rapidly converts fibrinogen to 
fibrin, and fibrin polymerization is potentiated via positive 
feedback to create a loose fibrin network (2,22). Initiation 
also triggers an inflammatory response resulting in a 
cascade of cytokines, further perpetuating coagulation as 
well as potentially initiating thrombus resolution (24,26). 
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This process is generally rapid and subclinical but sets the 
stage for either thrombus propagation or resolution.

Stage II: fibrin-dominant, acute thrombus

Following initiation, acute thrombi are comprised primarily of 
two components, dense fibrin mesh and cell layers (Figure 1).  
The inflammatory cytokine cascade that began in the 
induction phase continues and increases. As activated fibrin 
polymerizes and begins to form crosslinks, red blood cells 

(RBCs) and, to a lesser degree, platelets become trapped 
within the thrombus (2). Continuous intravascular flow 
causes cells and fibrin to be deposited in alternating layers 
called Zahn’s lines, a classical finding in VT (2,52,53). The 
fibrin component of an acute thrombus is continuously 
being remodeled, undergoing both polymerization and 
degradation. This makes the acute thrombus highly sensitive 
to anticoagulation and thrombolytic therapies, which 
promote fibrin breakdown (35,54). However, fibrinolysis 
does not break down cellular components of the thrombus. 
RBCs continue to constitute the bulk of acute thrombi, while 
platelets, activated by tissue factor and other inflammatory 
signals, express P-selectin, helping to facilitate the infiltration 
of leukocytes. Neutrophils are the first leukocytes to 
get recruited, followed by monocytes and differentiated 
macrophages (25). As these cells infiltrate and become 
activated, the thrombus becomes increasingly resistant to 
anticoagulation and thrombolytic therapies (52,55).

During this stage, an increasing number of neutrophils 
and monocytes can be seen in the thrombus, but no fibrotic 
changes are noted. The growing numbers of neutrophils 
augment and mediate both the plasmin system and 
deposition of matrix metalloproteinases (MMPs) which 
help in the remodeling of the extracellular matrix with the 
thrombus (56). The presence of monocytes also augments 
the plasmin system, and can degrade fibrin even in the 
absence of plasmin (57). Collagen is rarely visible, and the 
thrombus structure is dominated by fibrin and cellular 
materials, including a network of histone and extracellular 
DNA (8,58). Hemosiderin-positive macrophages, indicative 
of RBC breakdown, are also rarely detected in this stage. 
On average, the fibrin dominant thrombus persists for 
approximately 5 to 7 days (20).

Stage III: intermediate thrombus

The intermediate thrombus (Figure 2) is marked by the 
appearance of thrombus organization with the presence 
of poorly organized collagen deposits, initiation of 
neovascularization, and increased leukocyte infiltration 
(25,27). Circulating bone marrow progenitor stem cells 
migrate to the thrombus and differentiate into fibroblasts 
and vascular smooth muscle cells. The increased fibroblast 
presence in the thrombus during this stage mediates a 
fibroproliferative response. Monocyte chemoattractant-1 
(MCP), lysyl oxidase, and transforming growth factor-β 
(TGF-β) are released, facilitating collagen synthesis and 
deposition. As connective tissue transformation increases, 

Figure 1 Image is 100× in magnification. Hematoxylin and eosin 
staining of a 5 micron section of a femoral vein fixed in 10% 
formalin and embedded in paraffin. The image demonstrates 
marked dilation of the vein containing a thrombus that is 3 days 
old. Black arrowhead indicates the vein wall.

Figure 2 Image is 100× in magnification. Hematoxylin and eosin 
staining of a 5 micron section of a femoral vein fixed in 10% 
formalin and embedded in paraffin. The image demonstrates a 
venous thrombus that is 30 days old with decreased dilation of the 
vein and significant fibrosis. Black arrowhead indicates the chronic 
fibrotic thrombus.
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fibrinolysis gradually declines, which mirrors a progressive 
decrease in circulating D-dimer levels, the soluble products 
of degraded fibrin (24,59). Recruited neutrophils in the 
thrombus tissue actively release additional pro-inflammatory 
mediators as well as nuclear material to form neutrophil 
extracellular traps (NETs), which is suggested to contribute 
to thrombus stability and chronic remodeling (52,60). It 
has been shown that the presence of neutrophils during this 
stage is crucial to thrombus organization, and also appears 
to play a role in muscle fiber injury through a Toll-like 
receptor 4 pathway (61). Neutropenic animal models have 
demonstrated increased venous wall stiffness with collagen 
deposition, increased profibrotic growth factors during 
remodeling and altered release of MMPs and uPA when 
compared to control models (56). During this transitional 
stage, loosely organized collagen can be visible, and the 
number of leukocytes increases, predominantly monocytes 
and macrophages. Hemosiderin-stained macrophages can be 
readily identified, as significant RBC breakdown occurs (26).  
The thrombus appears more organized 7 to 10 days after 
presentation, classically beginning at the periphery of the 
thrombus and working inward with great variation (52).

Stage IV: organized chronic thrombus

As the process of thrombus organization continues, collagen 
deposition becomes more visible and structured. Leukocyte 
infiltration shifts toward macrophages, and if present, the 
micro vessel network becomes well defined (25). At this point 
the bulk of the fibrin within the thrombus is cross-linked 
and resistant to lysis (51,62). Fibrinolysis occurs only at low 
levels, associated with low plasma levels of D-dimer. Only 
two-fifths of patients have measurable levels of D-dimer 
by the end of the first month, and this decreases to one-
tenth of patients by the end of the third month. Persistent 
fibrinolysis beyond 3 months is usually associated with 
thrombus recurrence (2). In a recent study, Savchekno 
et al. provided evidence that NETs play a significant and 
previously obscure role in the stability of human thrombi 
during this stage of thrombus remodeling (52). Activated 
neutrophils within an aging thrombus release highly 
negatively charged genomic DNA tethered with histones or 
other thrombogenic nuclear or cytoplasmic proteins, which 
form web-like structures in response to inflammatory stimuli. 
Furthermore, in vivo studies have shown that NETs appear 
to bind to RBCs and promote platelet aggregation (60).  
This contributes to thrombus stability and produces a 
pro-thrombogenic environment independent of fibrin 

degradation, making older clots highly resistant to 
thrombolytic therapy (50).

In the organized thrombus, the thrombus becomes 
primarily acellular connective tissue, which is incorporated 
into the venous wall and become endothelialized. This stage 
of chronic thrombus resolution is slow, beginning with the 
end of fibrinolysis (1–3 months). Beyond seven months after 
thrombus formation, any residual venous occlusion will 
be a result of thrombus remodeling to a permanent post 
thrombotic scar (2,63). The incorporation of the scar tissue 
decreases the compliance of the normally thin walled vein, 
which can serve as a nidus for future thrombus formation.

Stage-specific therapy

Three main therapeutic goals exist in the treatment of VT: 
slowing the deposition of new fibrin, degrading the existing 
clot, and preventing distant thromboembolism. Therapeutic 
strategies are commonly used in combination to accomplish 
these goals (5,64,65).

Incipient clots are mostly asymptomatic, and this phase 
is the definitive target of prophylactic anticoagulation in 
high risk patients (66-71). Therapeutic anticoagulation 
is currently recommended for all stages of VT and works 
to inhibit propagation of the fibrin framework (5,20). 
Common anticoagulants such as unfractionated heparin 
(UFH), LMWH, and VKA are most effective on acute 
and subacute thrombi (41,72). As LMWHs and VKAs do 
not act on polymerized, clot-bound fibrin, they are less 
effective in chronic thrombi (31). Recently, novel non-
vitamin-K-antagonist oral anticoagulants (NOACs), such 
as apixaban, dabigatran, edoxaban, and rivaroxaban have 
come into clinical practice, and studies have found all to be 
non-inferior to current standards (20,73-76). These new 
agents have a wider therapeutic window compared to VKAs 
and do not require frequent monitoring of INR given their 
comparative resistance to small dietary changes. These 
agents have become increasingly safer as more and more 
reversal agents enter the market, and a recent meta-analysis 
has suggested that patients on NOACs that present with 
bleeding events have a less severe presentation and similar 
course compared with VKAs (74,77).

In the case of patients at high risk for cardiopulmonary 
or neurovascular compromise, arterial thrombus or those 
with unique anatomic variations including atresia or 
agenesis of the IVC, either pharmaceutical or mechanical 
thrombolysis should be considered in combination 
with anticoagulation (20,21,78-81). Venous, catheter-
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Figure 3 CT venogram demonstrates acute thrombus (A) in the 
right common femoral vein (white arrowhead) causing distention 
of the vessel lumen. Follow up CT venogram in 6 months 
(B) demonstrates chronic changes with the vessel remaining 
unopacified on delayed phases (white arrowhead).

directed thrombolysis (CDT) with exogenous tPA actively 
degrades fibrin crosslinks and decreases both the density 
and complexity of the thrombus as measured by fractal 
dimension (5,21,78). In thrombi less than 2 weeks old, 
CDT has shown some success at increasing venous patency 
and decreasing incidence of PTS than anticoagulation alone 
(20,21), although early results from the ATTRACT trial 
did not demonstrate a significant difference between these 
two therapies (31). Although the proportion of patients 
that experienced PTS between the two groups was not 
significantly different, smaller studies have demonstrated 
that mechanical thrombolysis shows better outcomes in 
chronic thrombi than CDT treatment alone. In one study, 
90% of patients demonstrated a high degree of thrombolysis 
and venous patency as well as decreased recurrence at  
1 year with CDT and mechanical thrombolysis together (21).  
While CDT and mechanical thrombolysis offer more 
options to physicians, especially for the treatment of chronic 
thrombi, they carry a high risk of bleeding complications, 
reported as high as 8% (21).

More novel therapies are being explored beyond 

standard anticoagulation and thrombolysis, particularly 
with the development of more precise in vitro 3D printed 
thrombus models (82). Given the expression of fibrinolytic 
promotors by monocytes in the aging thrombus, early 
animal models have suggested that thrombus organization 
can be accelerated with injection of monocyte chemotactic 
protein-1 (MCP-1) (83,84). It is possible that MCP-1  
could play a role in future catheter directed therapy in 
the treatment of VT and prevention of PTS, and may 
supplement thrombolytic therapy should recanalization fail. 
Additionally, given the network of extracellular DNA and 
histones in acute thrombus, the use of deoxyribonuclease 
enzymes may be an additional future tool in catheter 
directed therapy (58).

Stage-specific imaging

Selection of effective VT therapy depends on many factors 
including the accurate determination of thrombus age and 
maturity. Numerous imaging modalities exist to diagnose 
and evaluate VT. However, to date no single method has 
been validated or standardized for clinical use.

Computed tomography venography (CTV) has 
historically been considered the gold standard in the 
diagnosis of most forms of VT (Figure 3). Due to high cost, 
invasiveness, and risk of contrast-related complications, 
this test is less frequently used clinically (78). Conversely, 
Doppler ultrasound is inexpensive, non-invasive, accurate, 
and does not utilize ionizing radiation, and has become the 
most widely used imaging technique in the diagnosis of 
peripheral VT (29,38,85). Although Doppler ultrasound 
can be used to differentiate between acute and chronic 
thrombus (Figure 4), patient habitus, acoustic windows 
and edema within the soft tissues make differentiate 
unrealizable. Furthermore, while CTV and Doppler 
ultrasound can identify a thrombus, they provide no clinical 
information about thrombus composition (38,40). Recently, 
ultrasound elastography has emerged as a possible modality 
for determining thrombus age by non-invasive imaging. 
As thrombi age, they become mechanically less compliant 
due to steady fibrin cross linking and progressive collagen 
deposition over time (29,86). Mature thrombi, which are 
rich in collagen and cross-linked fibrin, harden and show 
a progressive decrease in elasticity. Elastography, which 
relies on the Young modulus and strain measurements, can 
both qualitatively and semi-quantitatively characterize the 
elastic properties of tissues, and is useful for determining 
the pathologic age of a thrombus. While this has shown 
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promise in animal models, the heterogeneity and significant 
variability within a thrombus may result in variable 
elastogram readings as portions of a thrombus may be at 
different stages of remodeling, a clear limitation should this 
be adapted for clinical use (86,87). As an additional adjunct, 
advances are being made with nuclear imaging to provide 
temporal information about thrombus composition (88,89). 
Uptake has been demonstrated in acute thrombus on F-18 
FDG PET/CT scans due to the associated inflammatory 
response. As the thrombus organizes and the inflammation 
decreases, radiotracer uptake similarly decreases, allowing 
temporal information about the clot. Recently, shear 
wave magnetic resonance elastography has been tested 
for potentially assessing thrombus age by visualizing the 
heterogeneity and the mechanical properties of thrombi 
and predicting thrombi breakage, as well as in monitoring 
thrombolytic therapy (90,91).

There is a growing need to develop better novel 
minimally invasive imaging techniques and diagnostic tools 
to accurately determine the age of the venous thrombus. 
New laboratory techniques must be developed, refined, and 
standardized in order to fulfil this goal (89). More studies 
are needed to validate proper imaging techniques and usher 

them into mainstream clinical practice. This will improve 
efficacy of current VT treatments and help eliminate 
adverse outcomes.

Conclusions

While our understanding of thrombosis is not complete, the 
concept that thrombus structural evolution during chronic 
transformation is not novel (5). Better clinical markers of 
thrombus maturity are necessary, as this understanding 
dictates whether anticoagulation, pharmacological 
thrombolysis, mechanical thrombolysis, or a combination 
of these is needed. Understanding the age of the thrombus 
will allow physicians to balance the benefits and risks of 
treatment, as well as the likelihood of treatment success. 
Pharmaceutical advances and recent evidence regarding 
the biology of thrombi are changing clinical practice. It is 
time to reassess our treatment of VT and move to an era 
of tailored therapy that integrates current knowledge and 
best practices and focus efforts on novels therapies to better 
address the collagen rich chronic thrombi that have proven 
more difficult to treat.
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