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Abstract

Despite over a half-century of recognizing fibrinolytic abnormalities after trauma, we remain in 

our infancy in understanding the underlying mechanisms causing these changes, resulting in 

ineffective treatment strategies. With the increased utilization of viscoelastic hemostatic assays 

(VHAs) to measure fibrinolysis in trauma, more questions than answers are emerging. Although it 

seems certain that low fibrinolytic activity measured by VHA is common after injury and 

associated with increased mortality, we now recognize subphenotypes within this population and 

that specific cohorts arise depending on the specific time from injury when samples are collected. 

Future studies should focus on these subtleties and distinctions, as hypofibrinolysis, acute 

shutdown, and persistent shutdown appear to represent distinct, unique clinical phenotypes, with 

different pathophysiology, and warranting different treatment strategies.

Trauma-induced coagulopathy (TIC) encompasses a spectrum of coagulation changes after 

severe injury. There are multiple TIC phenotypes categorized by changes in thrombin 

generation, platelet function, and fibrinolysis, measured by coagulation protein levels1 and 

functional viscoelastic assays.2,3 In this multifactorial disease process, inhibiting systemic 

hyperfibrinolysis has become a focus of early resuscitation efforts due to the reported 

survival benefit of antifibrinolytics in trauma.4 Consistent with the findings in trauma, 

several large randomized clinical trials (RCTs) have shown a reduction in blood product 

administration with empiric antifibrinolytics in cardiac5 and orthopedic surgery.6 However, 

the benefits of these agents appeared to be limited in trauma patients in profound shock.7,8

A proposed mechanism for the limited efficacy of antifibrinolytics in mature trauma centers 

has been attributed to the large incidence of low fibrinolytic activity after severe injury.9 

Low fibrinolytic activity, as measured by thromboelastography, has been associated with 

increased mortality.10–12 This has been termed “fibrinolysis shutdown,” but the definition 

can be further refined by whether this is a genuine inhibition of the fibrinolytic system after 

being initially activated, or if the fibrinolysis had never been initiated (hypofibrinolysis). 

While, intuitively, low systemic fibrinolysis levels measured by viscoelastic hemostatic 

assays (VHAs) would be associated with a hypercoagulable state, a cohort of these patients 
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can also have elevated fibrin degradation products and bleeding complications,13,14 

indicative of a hidden fibrinolytic activity. This phenomenon has been termed “occult” 

hyperfibrinolysis, and it is speculated that pathologic active fibrinolysis at a local injury 

level fails to extend into the circulation, remaining undetectable by VHA. However, this data 

interpretation is questionable because fibrinolysis quantification is based on circulating D-

dimer and plasmin–antiplasmin (PAP) complexes, which have a half-life exceeding 12 

hours.15

Despite the repeatedly demonstrated association between VHA-measured low fibrinolysis 

and increased mortality, ongoing confusion exists on the terminology, physiology, and 

clinical significance of impaired fibrinolysis in trauma. The purpose of this review is to 

provide an historical perspective on clinical studies that described and tested therapies for 

fibrinolysis shutdown, as well as appraise and synthesize the existing literature on impaired 

postinjury fibrinolysis to define future directions in managing these coagulation changes and 

considerations for using antifibrinolytics in this patient population.

HISTORY OF FIBRINOLYSIS SHUTDOWN AND TERMINOLOGY

Fibrinolysis Shutdown

The term fibrinolysis shutdown was first used in 196916 in a description of the effects of 

electroplexy, myocardial infarction, and elective surgery on fibrinolysis. This study 

documented a commonality of an acute stress event activating the fibrinolytic system, 

followed by an endogenous inhibition of the fibrinolytic system that lasted for days to weeks 

depending on the clinical scenario. This study was stimulated by a previous report by Innes 

and Sevitt17 who described a progressive prolongation of euglobulin lysis time (ELT) from 

admission to 6 hours after injury. Prior work by Hardaway et al18 in the 1950s suggested that 

trauma patients develop early hypercoagulability, resulting in disseminated intravascular 

coagulation (DIC) in the microvasculature, which triggered a subsequent endogenous 

autoheparinization and fibrinolysis to prevent progression to irreversible shock. Pathologic 

fibrinolysis shutdown was demonstrated in animals recovering from hemorrhagic shock that 

failed to clear microthrombi in small visceral vessels, resulting in organ failure,19 reversible 

by profibrinolytic agents after resuscitation.20 Cafferata et al21 in 1969 provided the most 

compelling evidence of fibrinolytic system failure in 12 patients with uncontrolled bleeding 

after surgical hemostasis in trauma. Eight of these patients had thrombi in their lungs; in 1 

nonsurvivor treated with antifibrinolytic, the bleeding rate did not change. The authors 

proposed heparin should be used in this clinical scenario but cautioned that “courage to 

administer” this therapy was needed in the setting of unclear surgical hemostasis.

Fibrinolysis Shutdown Versus Hypofibrinolysis

Investigations of coagulation in elective surgery patients in the 1970s identified an increased 

risk of deep vein thrombosis (DVT) with low fibrinolytic activity after surgery,22 although 

this was not reproduced in other studies.23,24 Variable definitions and assays to define 

fibrinolysis shutdown were likely responsible for these inconsistencies. The ELT to 

definition of fibrinolysis shutdown was commonly used in coagulation research, but was 

known to have limitations.25 Griffith26 and Knight et al27 both demonstrated that prolonging 
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of ELTs postoperatively successfully predicts postoperative thrombotic complications. To 

add further confusion, the term hypofibrinolysis was introduced in 1974.28 This new type of 

impaired fibrinolysis was diagnosed by a lack of ELT shortening or persistently elevated 

plasminogen activator inhibitor activity in blood samples obtained after venous occlusion of 

the upper extremity.29–32 Hypofibrinolysis represents an impaired activation of the 

fibrinolytic system, whereas fibrinolysis shutdown is activation of the fibrinolytic system 

with subsequent inhibition beyond a physiologic level.

Plasminogen activator inhibitor 1 (PAI-1) identification in the 1980’s as a key regulator of 

tissue plasminogen activator (t-PA) was a critical advance in understanding fibrinolysis,33 

although evidence of its existence dated back to the 1960s.34 This fast-acting t-PA inhibitor 

was subsequently identified as a culprit in postoperative DVT.35 The first study to associate 

PAI-1 with fibrinolysis shutdown in trauma was published in 198536 based on a review of 

the acute phase response by Kushner37; it was speculated that PAI-1 was an acute phase 

protein produced as a response to injury.36 A decade later, it was demonstrated that 

endothelial cells synthesized and released PAI-1 in response to an unknown plasma mediator 

in patients undergoing orthopedic surgery.38 Of numerous antigen activity levels measured 

pre- and postvenous occlusion, residual PAI-1 activity was associated with the highest DVT 

risk.29 Hypofibrinolysis and fibrinolysis shutdown have been demonstrated in other 

conditions such as diabetic vascular disease,39,40 and active inflammatory bowel disease.41 

There is also a genetic autosomal dominant inheritance of impaired t-PA release, which is 

associated with DVTs.31 Additional work has implicated impaired urokinase release as a 

potential cause of hypofibrinolysis and risk for DVT.42 An important limitation in the 

current literature is assuming that hypofibrinolysis shutdown and fibrinolysis shutdown 

represent the same pathophysiology. Many clinic studies citing low fibrinolytic activity only 

include 1 measurement of fibrinolysis over time, which cannot effectively differentiate the 2 

pathologies. A history of nomenclature on low fibrinolytic activity is depicted in Figure 1.

EARLY CLINICAL TRIALS OF TREATMENTS FOR FIBRINOLYSIS 

RESISTANCE

Early Clinical Studies Using Fibrinolytic Activators to Lyse Acute Thromboses

The treatment of acute thrombosis through activation of the fibrinolytic system preceded 

clinical trials aimed to treat fibrinolysis shutdown. Yamakawa43 in 1918 demonstrated 

activation of proteolytic enzymes, resulting in fibrin clot degradation, by removal of 

unidentified fibrinolytic inhibitors through chemical modification of plasma. Chloroform-

incubated blood promoted fibrinolysis through removing a yet to be defined fibrinolytic 

inhibitor.44 The major breakthrough in treating acute thrombosis via fibrinolysis was the 

isolation of fibrinolysin (streptokinase) from hemolytic Streptococcus in the 1930s by Tillett 

and Garner.45 This group also provided one of the first descriptions of acquired fibrinolysis 

resistance in humans.46 Despite demonstration of fibrinolysin causing clot degradation in 

vitro,47 the mechanism for fibrin degradation remained unclear for over a decade. 

Christensen and Macleod48 in 1945 demonstrated that fibrin degradation occurred indirectly 

via activation of a circulating zymogen.48 This key identification of this abundant zymogen, 

plasminogen, would lead to the future of lytic therapy for acute thrombotic complications.
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The first successful use of a plasminogen activator (streptokinase) to treat human disease 

occurred in 1949 to clear complex parapneumonic infections.49 Systemic streptokinase was 

used nearly a decade later to treat myocardial infarctions,50 which changed to t-PA in the 

1980s because of increased clot lysis efficacy with fewer adverse events.51 Hesitance to use 

plasminogen activators in trauma has stemmed from its use to treat pulmonary embolism, in 

which urokinase (u-PA) was effective in clearing clots and reduced mortality, but led to a 

40% bleeding complication rate.52

Stanozolol to Treat Postoperative Fibrinolysis Shutdown

In the 1970s, intramuscular anabolic steroids (stanozolol) were found to increase fibrinolysis 

and were efficacious in treating Raynaud disease, by increasing blood flow with concurrent 

reduction in fibrinogen.53 However, subsequent double-blinded studies in elective surgery,54 

vascular surgery,55 and intensive care unit56 failed to demonstrate a clinical benefit. 

Enthusiasm for treating fibrinolysis resistance weaned with these repeatedly negative trials. 

The RCTs treating fibrinolysis shutdown are summarized in Table 1.

Plasminogen Activators to Treat Postinjury Fibrinolysis Shutdown

Treatment of fibrinolysis shutdown with a fibrinolytic agent was investigated in the 1960s.20 

Hardaway et al57 translated these findings to humans and infused u-PA in patients with 

severe lung injury, markedly reducing oxygen requirements without bleeding complications. 

This mixed-population phase I trial included trauma patients within 48 hours postinjury. 

Despite the encouraging results, no other human trials to treat organ failure with a 

plasminogen activator have been completed. However, continued animal work supporting 

plasminogen activators to treat acute lung injury (ALI)58,59 is encouraging.

Using plasminogen activators as prophylaxis for patients at elevated risk of pulmonary 

embolism reduced hemodynamic collapse and death, but increased bleeding.60 The risk of 

increasing intracranial hemorrhage after blunt trauma makes plasminogen activators a less 

appealing target, as roughly a quarter of severely injured patients have intracranial bleeding.
61 To our knowledge, there are no current RCTs to treat posttrauma or surgical fibrinolysis 

shutdown with plasminogen activators.

CURRENT UNDERSTANDING OF FIBRINOLYSIS SHUTDOWN AND FUTURE 

DIRECTION IN TRAUMA

Fibrinolysis Shutdown: A Target for Reducing Postinjury Thrombotic Complications and 
Organ Failure

Trauma patients are prone to thrombotic events, with DVT rates approaching 60% with 

surveillance.62 There is evidence for thrombosis in the pulmonary vasculature in nearly 25% 

of severely injured patients within 48 hours of their injury.63 Furthermore, microvascular 

clots in organs other than the lungs have been implicated in nonlung organ dysfunction.64,65 

It is intuitive that even in the setting of injury with hemorrhage, fibrinolysis is required for 

overall homeostasis to clear the microvasculature of excessive fibrin deposition. ALI models 

implicated PAI-1, in addition to other antifibrinolytics (α−2 antiplasmin and thrombin 

activatable fibrinolysis inhibitor [TAFI]), as culprits in progression to pulmonary failure.66 
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In 1991, Enderson et al67 observed that most multisystem trauma patients had low 

fibrinolytic activity and elevated D-dimer. Moore et al9 13 years later reported that 65% of 

severely injured patients had low VHA-measured fibrinolytic activity within 12 hours of 

injury. This low VHA-measured fibrinolysis (identified at the time as fibrinolysis shutdown) 

was associated with increased mortality (due to organ failure) compared to patients with 

physiologic levels of fibrinolytic activity. VHA-detected fibrinolysis shutdown in children 

was subsequently demonstrated to be associated with both increased mortality and VTE.12 

This VHA-defined shutdown was also associated with a high number of traumatic brain 

injury deaths.10

Subsequently, numerous studies have identified a consistent trend in which a low rate of clot 

degradation, as measured by VHA, is associated with increased mortality (Table 2). The 

definitions of shutdown were based on the thrombelastography (TEG) variable lysis at 30 

minutes (LY30) prediction of mortality in adult9 and pediatric trauma patients,12 with a 

threshold of <0.9%. This same cutoff has been validated to identify increased mortality in 

trauma with both kaolin14 and rapid activated TEG.10 A recent analysis suggests that an 

LY30 <0.5% in a rapid TEG may have improved specificity for identify patients with low 

fibrinolytic activity and increased mortality.70 Rotational thrombelastography (ROTEM) 

detection of fibrinolysis shutdown has also been defined as maximum lysis (ML) l <5%,13 

<3%,71 and clot lysis index (CLI) >97%.70

Defining Fibrinolysis Shutdown: Discrepancies in Whole Blood Versus Plasma Analysis

Defining fibrinolysis shutdown in trauma remains challenging. This would be ideally 

accomplished by measuring all the fibrinolytic regulators (plasma and cellular based), paired 

with a functional fibrinolytic assay. The historic gold standard for measuring fibrinolysis 

activity is the ELT. As previously mentioned, prolonged ELT in trauma patients has been 

associated with thrombotic morbidity.17 However, this assay is time and resource intensive, 

lacks sensitivity for detecting fibrinolysis inhibition,25 and does not account for the 

confounding effect of platelets and antiplasmin on fibrinolysis because it is not whole blood 

based. The importance of platelet functionality on clot generation has been well established,
72 and the local microenvironment promotes a stable clot structure that is fibrinolysis 

resistant.73 Platelets provide the highest concentration of circulating PAI-1,74 which can 

effectively be released by thrombin activation, successfully blocking t-PA.75 While an 

association of increased platelet function with fibrinolysis shutdown has not been described, 

sensitivity to t-PA–mediated fibrinolysis correlates with platelet dysfunction in trauma 

patients.76

Other techniques to assess fibrinolytic activity include measurements of fibrinolysis 

degradation products (D-dimer) or complexes, such as the PAP complex. Because the 

fibrinolytic system is dynamic, and these biomarkers have extended plasma half-lives (D-

dimer: 16 hours, PAP: 12 hours),15 isolated measurements do not represent the patient’s 

current systemic fibrinolytic activity. The time course of these fibrinolysis products has not 

been fully elucidated in injured patients, whose fibrinolytic system could have been activated 

before the first blood draw. This highlights the importance of functional, “real time,” whole 
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blood assays to quantify fibrinolysis activity in trauma patients. The clinical laboratory 

measurements of pathologic fibrinolysis phenotypes are summarized in Table 3.

Local Versus Systemic Fibrinolysis

The measurement of systemic fibrinolysis does not necessarily reflect local fibrinolytic 

activity. Discrepancies in the biomarkers of fibrinolysis activation and low systemic 

functional fibrinolytic activity have been appreciated for over 25 years.67 Raza et al81 

described this discordance between VHA and plasma bases assays when reporting that 57% 

of acutely injured trauma patients had low fibrinolysis and high PAP complexes. Low levels 

of VHA-measured fibrinolysis activity with simultaneous high levels of D-dimer and 

PAP14,81 have recently been reported. It remains unclear if these patients have ongoing local 

fibrinolysis at the injury site not reflective of systemic circulation or if they had prior 

activation of their fibrinolytic system and have now shut it down.

There are no prospective trauma studies confirming a reduction in D-dimer and PAP levels 

over time in patients treated with antifibrinolytics presenting to the hospital with low 

fibrinolytic activity. However, antifibrinolytics can effectively reduce elevated fibrinolytic 

activity measured by VHAs on subsequent blood draws.8 PAP and D-dimer levels in severe 

injury would be expected to be markedly elevated as the clot forms at the site of injury, 

creating the potent cofactor fibrin,82 for generating plasmin in a t-PA–mediated fashion. 

Despite the limitations of D-dimer and PAP to quantify fibrinolysis, their elevated levels on 

presentation to the hospital are biomarkers of injury severity and poor prognosis.13,14,81,83

Factors that line the endothelium, such as S100A10 on Annexin A-2, can augment plasmin 

generation.84 In a large prospective multicenter study from Europe, circulating S100A10 

was associated with elevated PAP and D-dimer levels, but 2 distinct cohorts existed with 

elevated S100A10.13 The cohort with low ML on ROTEM (presumed fibrinolysis shutdown) 

had a 30% mortality rate within several days after injury, compared to patients with an 

elevated ML (presumed hyperfibrinolysis) who died predominantly within the first 24 hours. 

The high S100A10 group with low ML (presumed shutdown) had a lower rate of massive 

transfusion and increased rate of thrombotic complication. While the low ML cohort may 

have “occult” hyperfibrinolysis at the site of injury, the data are not consistent with this 

proposal, because the low ML high PAP patients did not die early from bleeding. These 

laboratory derangements would be expected in patients with prior activation of their 

fibrinolytic system, who have shut it down by the time of blood draw. Plasmin generation via 

the S100A10 Annexin pathway occurs in a non–fibrin-dependent mechanism,84 which does 

not necessarily represent active fibrinolysis. The local regulation of fibrinolysis and plasmin 

generation is summarized in Figure 2.

In the study by Gall et al,13 patients with low ML and high D-dimer levels had additional 

coagulation abnormalities and increased blood transfusions compared to patients with low 

D-dimer levels. Recently, Cardenas et al14 reported that bleeding trauma patients with low 

LY30 and elevated D-dimer levels had prolonged international normalize ratio of 

prothrombin time (INR), partial thromoplastin time (PTT), and platelet inhibition. They also 

described a pattern of trauma patients with plasma-based detection of fibrinolysis with 

elevated fibrin degradation products and PAP levels, but no evidence of systemic fibrinolysis 

Moore et al. Page 7

Anesth Analg. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activity at the time of blood draw. This laboratory assessment fits the clinical phenotype of 

fibrinolysis shutdown. A recent publication from Toronto71 also implicated fibrinolysis 

shutdown with an independent increased risk of blood transfusions. These investigators 

found no difference in mortality in patients with fibrinolysis shutdown compared to 

moderate levels of fibrinolysis after adjusting for confounders. They suggested that 

fibrinolysis shutdown was a protective mechanism after severe injury to reduce bleeding. 

However, this study was limited to 58 deaths and used 7 covariates, raising questions about 

statistical power and model overfitting.

There is ongoing debate on the most reliable method for measuring fibrinolysis after trauma, 

and whether we should treat patients with presumed fibrinolysis abnormalities based on 

VHA or plasma-based laboratory tests (D-dimer, Clauss fibrinogen). These questions will 

need RCTs. To date, the only RCT contrasting these 2 techniques in trauma was a single-

center study that demonstrated nearly a 50% mortality reduction with goal-directed 

resuscitation guided by VHA over conventional assays85; however, the specific impact of 

using LY30 over D-dimer levels to guide tranexamic acid (TXA) use was not explicitly 

evaluated in this study for its impact on mortality. Recent analysis demonstrated that both of 

the commonly used clinical VHA (TEG and ROTEM) have good agreement in identifying 

the same patients with low fibrinolysis activity after injury that has elevated mortality.70

Subphenotypes of Low Fibrinolysis Activity on Presentation to the Hospital

Recent studies from different countries13,14,71 suggested that trauma patients presenting to 

the hospital with low fibrinolytic activity may be paradoxically at risk of bleeding. Indeed, 

there is a subphenotype of fibrinolysis shutdown that has increased susceptibility to t-PA–

mediated fibrinolysis and platelet dysfunction.86 This paradoxical coagulation phenotype 

likely happens in patients who had previously activated their fibrinolytic system, but had 

shut the system down by the time of their first blood draw, given the evidence of depletion of 

fibrinolytic inhibitors. Based on the original description of fibrinolysis shutdown in trauma,
17 this is likely true fibrinolysis shutdown, and it remains unclear if this early inhibition of 

fibrinolysis is a protective or pathologic event after injury.

The other subphenotype of fibrinolysis shutdown, described in a Denver study,86 lacked t-PA 

sensitivity with retention of fibrinolytic inhibitors and had a 5-fold elevation in mortality 

compared to patients lacking t-PA sensitivity without fibrinolysis shutdown. This patient 

population may have hypofibrinolysis rather than fibrinolysis shutdown, because there was 

no clear evidence that they had activated their fibrinolytic system. Definitive proof of 

hypofibrinolysis by using isolated extremity venous occlusion31 would be clinically 

challenging in the setting of trauma. An alternative laboratory measurement to differentiate 

hypofibrinolysis from fibrinolysis shutdown is needed; potential strategies include 

measuring PAI-1 activity32 and documenting minimal elevation of PAP or D-dimer after 

injury. Differentiating hypofibrinolysis from fibrinolysis shutdown in trauma is critical 

because both types of patients present with low fibrinolytic activity but represent different 

pathophysiology. Clustering all patients who present with a low TEG LY30 into the 

fibrinolysis shutdown category has been an oversight. Studies are needed to differentiate the 
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fibrinolysis subphenotypes to define the spectrum of postinjury fibrinolysis pathology and 

develop targeted treatment modalities.

Timing of Fibrinolysis Changes

Perhaps the most critical component of treating postinjury fibrinolysis is understanding the 

relationship between time from injury and its measurement in systemic blood samples. The 

transition from a wide range of fibrinolysis activity to fibrinolysis resistance within hours of 

injury has been documented for over 50 years,17 reaffirmed in the 1980s,36 and further 

verified within the past 5 years.87 These transitions make research and treatment 

challenging, as patients can shift between different states of fibrinolytic activity from injury 

to resuscitation. Single blood draws can capture ephemeral fibrinolytic states. The longer the 

delay from injury to blood sampling, the higher the probability that the patient has low 

fibrinolytic activity measured by VHA. This is evident in several studies. Blood samples 

obtained from patients obtained with a median of 2 hours from injury had a prevalence of 

58% of shutdown.13 This was comparable to the prevalence of shutdown in patients with 

bloods samples obtained on admission to the intensive care unit,11 while 65% of severely 

injured patients with blood samples within 12 hours of injury had fibrinolysis shutdown.9 

This contrasts to early field blood draws in trauma activations (not all severely injured 

patients), among which the prevalence of shutdown may be as low as 22%.86 A schematic of 

how trauma patients can be misclassified by fibrinolysis phenotype is depicted in Figure 3. 

Contrasting similar patient populations at comparable times from injury is essential for 

advancing our understanding of fibrinolysis after injury. It is likely that a significant number 

of patients in the reports by Moore et al,9 Meizoso et al,11 and Gall et al13 were 

misclassified as being in acute fibrinolysis shutdown due to the timing from injury to blood 

draw. Blood samples obtained within an hour of injury indicate that the acute fibrinolysis 

shutdown prevalence is 20%–40%.10,12,71

Decades of research have demonstrated a transition to fibrinolysis resistance several hours 

after injury or surgery,16,17,24,36,38 which is different than acute fibrinolysis shutdown. The 

transition to fibrinolysis resistance has been proposed to be an acute phase response via 

PAI-1 upregulation.36 In a small study of hyperfibrinolytic trauma patients who did not 

receive antifibrinolytics, fibrinolysis was significantly inhibited within 4 hours of injury, 

correlating to a several thousand fold PAI-1 upregulation during this time frame.87 With an 

endogenous transition to increased fibrinolysis resistance with PAI-1 production after 

resuscitation, differentiating pathologic early fibrinolysis shutdown, from a physiologic 

acquired shutdown is difficult. Elevated PAI-1 activity is not characteristic of acute 

fibrinolysis shutdown,86 and the mediator of this early low fibrinolytic activity is yet to be 

identified. Tissue injury appears to play a role in impairing fibrinolysis in animal models,
88–90 which is consistent with the association of blunt injuries with acute fibrinolysis 

shutdown.10 This endogenous impairment of fibrinolysis followed by a PAI-1 surge after 

resuscitation could be responsible for persistent fibrinolysis shutdown.

The duration of fibrinolysis shutdown after postinjury resuscitation may be the critical insult 

leading to organ injury and thrombotic complications. Acute phase reactants are proposed to 

play both protective and destructive roles.37 Specifically, fibrinolysis activation in trauma 
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followed by a delayed upregulation of fibrinolytic inhibitors would be an expected 

physiologic response to prevent excessive bleeding, but at the cost of increased thrombotic 

risks. The upregulation of fibrinolysis inhibitors after fibrinolysis activation is appreciated in 

thrombolytic therapy, whereas in the postlytic period, PAI-1 levels become upregulated.91 

This PAI-1 elevation after reperfusion is presumably a physiologic response, because the 

prevalence of low fibrinolytic activity between 4 and 6 hours after injury exceeds 80%, yet 

only patients with persistently low fibrinolysis at 24 hours from injury have adverse 

outcomes.87 A Miami study suggests an 8-fold mortality increase in trauma patients that 

retain low fibrinolytic activity for 7 days postinjury, compared to those who recover from 

shutdown.11 A similar observation was also appreciated from data combined from multiple 

trauma centers, in which patients who remained in fibrinolysis shutdown at 24 hours had a 

3-fold increased rate in mortality.92 Similarly, persistent fibrinolysis shutdown after 

resuscitation has also been associated with adverse outcomes in pediatric trauma.93 The 

mechanism for persistent fibrinolysis shutdown is presumed to be related to PAI-1. While 

data are lacking in trauma, prospective observation data in patients with sepsis showed 

improved survival with recovery of fibrinolytic activity associated with decreases in PAI-1.94

DISCUSSION AND FUTURE DIRECTION

Low Fibrinolysis Activity at Hospital Arrival: Fibrinolysis Shutdown Versus 
Hypofibrinolysis

Low fibrinolytic activity measured by VHA is common in severely injured trauma patients 

on hospital presentation. These patients have increased mortality compared to patients with 

moderate levels of fibrinolysis. Subphenotypes of low fibrinolysis early after injury are 

apparent. One subphenotype has laboratory measurements suggesting prior activation of 

their fibrinolytic system with current low systemic fibrinolytic activity, which can be 

appropriately defined as fibrinolysis shutdown (Figure 3). Patients with early fibrinolysis 

shutdown can have associated prolonged INR, low fibrinogen, and platelet dysfunction, with 

ongoing blood transfusion requirements. These patients require treatment of their 

coagulation abnormalities, which includes goal-directed plasma, cryoprecipitate, and 

platelet-based resuscitation. In the setting of uncontrolled bleeding, empiric blood 

component low-ratio driven resuscitation is appropriate until coagulation assay results can 

be obtained.95 While this patient population may have local fibrinolysis at the site of injury, 

the role of antifibrinolytics in this population remains unclear.

The other phenotype of low fibrinolytic activity on presentation to the hospital can be 

termed hypofibrinolysis (Figure 3). While a laboratory definition of hypofibrinolysis is yet 

to be determined (VHA, D-dimer level, PAP level, PAI-1 activity, or other), these patients do 

not manifest prior evidence of a large activation of the fibrinolytic system and retain normal 

or even elevated levels of fibrinolysis inhibitors. These patients are less likely to have 

bleeding complications, but have increased mortality compared to other trauma patients with 

higher VHA-measured systemic fibrinolytic activity without evidence of depletion of 

systemic fibrinolytic inhibitors. Potential therapeutic targets for patients with 

hypofibrinolysis would include early anticoagulation versus profibrinolytic agents such as t-

PA. Genetic linkage of hypofibrinolysis has previously been appreciated in patients with 
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DVT due to impaired t-PA release from venous occlusion.96 However, the safety of 

anticoagulating of hypofibrinolysis in this patient population after trauma has not been 

studied. This patient population would be unlikely to respond to antifibrinolytic agents given 

that they have a weakened endogenous capacity to generate plasmin and attempts to reduce 

this further would be essentially pointless. The key clinic implication is differentiating 

hypofibrinolysis from fibrinolysis shutdown as they represent different pathophysiology. 

Assuming that all trauma patients with low systemic fibrinolytic activity measured with 

viscoelastic assays are the same will result in a failure to develop effective resuscitation 

strategies and lead to continued confusion in the trauma literature.

Acquired Fibrinolysis Resistance and Persistent Fibrinolysis Shutdown

After resuscitation, an acute phase response generates PAI-1 upregulation of causing 

fibrinolysis resistance in most trauma patients. Acquired fibrinolysis resistance between 4 

and 12 hours after injury is not associated with increased morbidity or mortality and likely 

represents a physiologic response to injury and recovery from hemorrhagic shock. 

Therefore, when evaluating trauma patients’ fibrinolytic status, results from blood samples 

early after injury should not be considered the same as those from samples obtained 2–4 

hours after resuscitation. Pooling results of these temporally distinct samples will 

misclassify pathologic and physiologic fibrinolysis. The transition from physiologic to 

pathologic acquired fibrinolysis resistance appears to become evident at 24 hours after 

injury, presumably due to persistently elevated PAI-1. Recovery from fibrinolysis resistance 

is associated with improved survival in sepsis and trauma.

Attenuation of PAI-1 level activity 24 hours after injury is an appealing therapeutic target to 

treat fibrinolysis shutdown in trauma, because identification of these patients and initiation 

of therapy can be done in a logistically feasible time frame. The question remains whether 

the optimal treatment strategy in these patients is to reduce fibrinolysis inhibitors such as 

PAI-1, or whether a plasminogen activator can be used without increased bleeding, 

particularly in the setting of traumatic brain injury. There is currently a phase II randomized 

control trial, Statin and Aspirin in Trauma (STAT), using these medications to treat 

persistent fibrinolysis shutdown underway. (NCT02901067).

Relevance of Antifibrinolytics

The benefits of antifibrinolytics in treating pathologic hyperfibrinolysis detected by VHA 

were proposed by Dr Stazl’s liver transplant team in 1966.97 However, their enthusiasm for 

utilization of aminocaproic acid was diminished after they had experienced a series of lethal 

thrombotic complications with empiric use several years later. This prompted their 

recommendation to use antifibrinolytics only when there was laboratory evidence of 

excessive fibrinolysis and the patient was actively bleeding.98 In trauma, the antifibrinolytic 

tranexamic acid gained popularity after the Effects of Tranexamic Acid on Death, Vascular 

Occlusive Events, and Blood Transfusions in Trauma Patients with Significant Haemorrhage 

(CRASH)-2 trial which showed a modest reduction in mortality in a 20,000-patient 

multicenter study performed in predominantly resource-limited countries.4 Subsequent 

observational studies in mature trauma systems have failed to identify an overall survival 

benefit in all trauma patients who receive TXA.7,99–102 However, in a subgroup analysis, 
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patients in hemorrhagic shock appear to have a survival benefit99,102 which is consistent 

with the CRASH-2 trial that patients with extremely low systolic blood pressures had the 

greatest survival benefit.4 This has fueled an active debate in trauma if patients receive TXA 

selectively based on their fibrinolytic status103 or if VHA measurement is irrelevant for 

guiding TXA use and any bleeding patient should receive this medication.104

Post hoc analysis of the CRASH-2 data identified the danger associated with TXA use was 

related to delivery 3 hours after injury, which was associated with increased mortality.105 

While these deaths were attributed to bleeding, it is unclear why they occurred. An animal 

model suggests that this is related to increased plasmin generation through an alternative 

pathway of urokinase generation via TXA conformational changes to plasminogen.106 It is 

important to consider that patients with microvascular thrombosis can be bleeding to death 

as described by Cafferata et al21 in 1969. However, there were not increased thrombotic 

complications in the TXA arm appreciated in subgroup populations of CRASH-2.107 

Combining the CRASH-2 with postpartum hemorrhage with 40,000 patients supports a 

survival benefit in TXA when combining these large studies with an emphasis on early 

administration.108 However, these large analyses are not reflective of advanced trauma 

systems, particularly in regional trauma centers with immediately available blood 

components or whole blood. Recent evidence in mature trauma systems has identified TXA 

as a risk factor for increased thrombotic complications.109,110 This was supported by a 

randomized control trial for TXA use in traumatic brain injury.111 Interestingly, a 2-g dosing 

of tranexamic acid over 1 g has been reported at a national meeting to reduce mortality in 

traumatic brain injury, but results are yet to be published. Beyond thrombotic complications, 

there is a concern that TXA is associated with increased mortality when given to patients 

with physiologic levels in fibrinolysis and no benefit in patients in fibrinolysis shutdown.112 

While the mechanism and causality remain unclear, TXA use is associated with a persistent 

fibrinolysis shutdown113 which is associated with increased mortality.11,92,93 Based on 

animal work,20 prolonged fibrinolysis shutdown would be a risk factor for mortality due to 

microvascular thrombosis leading to organ failure because of failure to clear these clots, but 

the clinical translation has not been validated.

The literature supporting TXA-guided therapy based on hyperfibrinolysis measure by VHA 

also remains unclear. Even goal-directed TXA has not been associated with improved 

overall survival114 but has been associated with an early reduction in mortality.115 This is 

consistent with a recent meta-analysis of TXA use associated with a reduction in 24-hour 

mortality but not 30-day mortality.116 This can be interpreted in 2 ways, one in which is 

TXA reduced early mortality from bleeding, but increases the risk of delayed death from 

subsequent prolongation of fibrinolysis shutdown rendering the overall survival negated; or 

2, VHA are insensitive to accurately identify which patients are hyperfibrinolytic. Continued 

research is needed in this field, and the answer will likely not ultimately be obtained until a 

randomized control trial is created to address this clinical question.

From these conflicting data, several considerations can be made in regard to the use of TXA 

in trauma and the relevance to hyperfibrinolysis. The first is that the survival benefit of TXA 

in a mature trauma system is limited to patients in profound hemorrhagic shock or severe 

head injury, within 3 hours of injury. On the other hand, the administration of TXA prolongs 
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the time a patient remains in fibrinolysis shutdown, which is a risk factor for delayed 

mortality. There is now concern that TXA use in mature trauma systems is associated with 

thrombotic complications. The treating teams of these severely injured trauma patients 

should be aware of the patients who received TXA, which may help with future decision 

making on anticoagulation or imaging to rule out thrombotic complications. The decision to 

give trauma patients TXA should be an informed and collaborative team approach. 

Emergency medicine, anesthesiologists, and surgeons should all agree when it is appropriate 

to deliver the medication and should anticipate the sequelae of medically inducing 

fibrinolysis shutdown. It is essential to remember that hyperfibrinolysis after trauma is an 

early event that has long been successfully corrected by resuscitation without 

antifibrinolytics due to endogenous fibrinolysis shutdown.17 The question remains who will 

optimally benefit from pharmacologic intervention of this process.

CONCLUSIONS

In conclusion, despite over a half-century of recognition of fibrinolytic abnormalities 

postinjury, our understanding of the underlying mechanisms causing these changes remains 

in infancy, resulting in ineffective treatment strategies. With the increased utilization of 

VHA to measure fibrinolysis in trauma, more questions than answers are emerging. 

Although it seems certain that low fibrinolytic activity measured by VHA is common after 

injury and associated with increased mortality, we now recognize subphenotypes within this 

population. To understand why trauma patients manifest with specific coagulation 

abnormalities, it is important to describe the specific patient cohort and the specific time 

from injury when samples are collected. Ideally, this would include having a relatively 

homogeneous group (similar injury pattern and degree of shock) and sequential sample 

collection within short intervals between. These studies will provide crucial information to 

advance TIC research, as hypofibrinolysis, acute fibrinolysis shutdown, and persistent 

fibrinolysis shutdown appear to represent distinct, unique clinical phenotypes, with different 

pathophysiology, and warranting different treatment strategies.
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Figure 1. 
Timeline of fibrinolysis nomenclature.
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Figure 2. 
Local regulation of fibrinolysis. The different levels of regulation of fibrinolysis and clot 

generation at a local level. The vascular wall at the site of injury promotes platelet 

aggregation and thrombin generation. This results in fibrin polymerization. At the same 

time, the endothelium is activated to release tissue plasminogen activator (t-PA) via a yet to 

be defined mechanism. This results in local plasmin activation via t-PA binding to the 

growing fibrin chain and colocalization of plasminogen. The resulting plasmin cleaves the 

fibrin chain, exposing more sites for plasminogen and t-PA to bind increasing fibrinolytic 

activity promoting clot degradation. Plasmin can also be generated in a non–fibrin-mediated 

fashion away from the site of injury with endothelial surface receptors such as annexin and 

s100, which colocalize t-PA and plasminogen promoting plasmin generation. This plasmin 

generation and fibrinolysis is kept in check with circulating proteins that bind and complex 

t-PA and plasmin (plasminogen activator inhibitor 1 [PAI-1] and α2 antiplasmin). Platelets 

can also locally release these fibrinolytic inhibitors. Fibrin clot degradation is also regulated 

by intrinsic clot properties such as fibrin cross-linking and cleavage of lysine residues which 

were not incorporated due to size. The laboratory assessment of fibrinolysis measures the 

efferent blood from the site of injury that has mixed with the systemic circulation. D-dimer 

and plasmin–antiplasmin (PAP) complexes will remain in the circulation for hours after 

injury while t-PA PAI-1 complexes are cleared in minutes from the liver (although in states 

of shock duration remains unknown). Measurement of total antigen of these proteins does 

reflect the activity, as the complex, which cannot generate plasmin, is included in the total 

antigen measurement. Viscoelastic hemostatic assays (VHA) assessment of blood contains 

components of the proteases and inhibitors from the site of injury and other remote ischemic 

organ beds, but not the local injury milieu which has been diluted and altered after it has 

been through circulation. Neither laboratory technique depicts the local endothelial 

contribution to clot strength and fibrinolysis.
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Figure 3. 
Timing of blood draw and fibrinolysis phenotypes. The theoretical time course of 

fibrinolysis changes of the various phenotypes of fibrinolysis after severe injury. With severe 

injury and shock, the expected response is activation of the fibrinolytic system to 

counterbalance early hypercoagulability. This occurs early after injury and often before 

prehospital providers arrive on the scene. After initial prehospital resuscitation, the 

phenotypes of postinjury fibrinolysis emerge. Patients who develop acute fibrinolysis 

shutdown will have a rapid transition to a low fibrinolytic state, while patients with 

physiologic fibrinolysis will have a more gradual decline in fibrinolytic activity. The 

hypofibrinolytic phenotype will have a blunted response to trauma and retain low 

fibrinolysis activity early after injury. Early blood draws (within hour of injury) can stratify 

patients into respective phenotypes except for hypofibrinolysis and fibrinolysis shutdown. 

After resuscitation, all phenotypes converge into a low fibrinolytic state due to a 

postresuscitation acquired fibrinolysis resistance from plasminogen activator inhibitor 1 

(PAI-1) elevation. Patients who have sustained hyperfibrinolytic after initial in-hospital 

resuscitation efforts are unlikely to be alive several hours after injury. Obtaining blood 

samples several hours after provides a feedback on successful resuscitation efforts, but 

differentiating a patient’s initial fibrinolytic phenotype based on viscoelastic hemostatic 

assays (VHA) is not possible as all prior phenotypes have converged to a fibrinolytic 

resistant state. This postresuscitation fibrinolytic resistant state is not associated with 

increased mortality, but the duration that these patients remain in fibrinolysis shutdown 

predicts adverse outcomes. ICU indicates intensive care unit.
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