














thrombotic disease and suggest specific mechanisms by which
elevated fibrinogen is pathogenic.

Our study correlating abnormal fibrin quality with thrombosis
in hyperfibrinogenemia informs several patient cohort studies. Of
note, both hyperfibrinogenemia and denser, fibrinolysis-resistant
clots were observed in plasma from patients with coronary artery
disease, uniting observations of elevated fibrinogen, abnormal clot
quality, and cardiovascular disease in a single patient cohort.36

Abnormal fibrin network structure and/or function (high mechani-
cal strength and/or increased resistance to lysis) have also been
detected in plasma clots from patients with diabetes,38 ischemic
stroke,39 pulmonary hypertension,40 myocardial infarction,36,41 ve-
nous thromboembolism,42,43 and healthy relatives of patients with
premature coronary artery disease.44 Overall, these studies suggest
that abnormal fibrin quality is a pathologic mechanism operant not

Figure 5. Elevated fibrinogen increases clot stability. (A) Human PRP and PPP prepared from CTI-inhibited whole blood were spiked with fibrinogen (to 6 mg/mL final,
200%) or BSA, recalcified, and clotted with TF (“Clot viscoelastometry”). Bars represent peak CEM (mean � SD). (B-D) Recalcified human NPP spiked with fibrinogen or
control was added to confluent cell monolayers. Fibrin polymerization was initiated in the presence of tPA; clotting and lysis were measured by turbidity at 405 nm. (B-D)
Representative turbidity curves with human NPP and unstimulated HSVECs (B), SMCs (C), and TNF-�-HSVECs (D). Symbols are as follows: 3 mg/mL (E), 4.5 mg/mL (F),
6 mg/mL (f), and 7.5 mg/mL (�) fibrinogen, final. (E) Time to peak turbidity and (F) peak turbidity (mean � SD, n 
 4), respectively. *P � .05 vs 3 mg/mL fibrinogen on
HSVECs. #P � .05 vs 3 mg/mL within each cell type. (G) Recalcified murine PPP was spiked with human fibrinogen or HBS to achieve 2.4 mg/mL (E), 4.4 mg/mL (�), or
6.4 mg/mL (–) fibrinogen, final, diluted 1:3 in HBS, and clotting was initiated with TF (Innovin 1:30 000 final) and monitored by turbidity. Data are representative polymerization
curves (n 
 2). (H) Representative elastometry curves (n 
 3) of human PRP and PPP prepared from CTI-inhibited whole blood, spiked with human fibrinogen (to 6 mg/mL,
final) or BSA, recalcified, and clotted with TF in the presence of tPA (“Clot formation and lysis by turbidity”). The longer initiation phase of PRP clots versus PPP clots reflects the
time to platelet activation.31

Table 2. Elevated fibrinogen increased clot elastic modulus
during lysis

Peak CEM Area under the curve Half-lysis

PPP 1 1 1

PPP � fibrinogen 2.7 � 0.6* 3.9 � 1.5* 1.3 � 0.1*

PRP 1 1 1

PRP � fibrinogen 2.2 � 0.6* 2.6 � 1.3* 1.3 � 0.5

Data are presented as fold increase over PPP or PRP with no additional
fibrinogen.

*P � .05 versus no additional fibrinogen.
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only in hyperfibrinogenemia, but also in other prothrombotic
pathologies.

A particularly interesting outcome of our study is the observa-
tion that hyperfibrinogenemia did not cause spontaneous thrombo-
sis in vivo. This observation is consistent with reports that injecting
human fibrinogen into mice does not cause spontaneous fibrin
deposition26 and, importantly, with findings that, although hyperfi-
brinogenemia is a thrombosis risk factor,1-9 it does not cause
thrombosis ipso facto. Virchow proposed that multiple “hits” from
abnormalities in plasma composition, vascular cell function, and
blood flow are required to trigger thrombosis. This paradigm

suggests that an initiating trigger, probably exposure of cellular
PCA during plaque rupture or vasculitis, is required to initiate
thrombus formation. Indeed, markers of vascular disruption, includ-
ing circulating leukocyte and endothelial-derived microparticles,
are elevated 1.3-fold in venous thromboembolism patients.45

Consistent with this hypothesis, the prognostic importance of
elevated fibrinogen levels appears to be independent of, and
additive to, myocardial damage (troponin-T levels) in patients with
unstable CAD.8 To our knowledge, few diagnostic algorithms
simultaneously consider markers of tissue damage and plasma
hypercoagulability when assessing thrombosis risk. Of note is one

Figure 6. Hyperfibrinogenemia increases resistance to throm-
bolysis in vivo. Thrombosis was triggered in the carotid artery of
wild-type mice infused with fibrinogen (plasminogen-, fibronectin-,
VWF-, and factor XIII-depleted, concentrations indicated in the
figure) or vehicle control. After stable occlusion for 5 minutes, mice
were infused with TNKase (concentrations indicated in the figure).
Blood flow was monitored by flow probe throughout the experi-
ment. Each panel shows data from an individual mouse, represen-
tative of at least 2 mice for each condition. Shaded grey area
represents the time of FeCl3 treatment plus time to reacquire flow.
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study4 that examined independent and combined effects of elevated
fibrinogen and homocysteine (a potential initiator of endothelial
damage) on mortality of patients from a high-risk cardiology clinic;
elevated levels of both homocysteine and fibrinogen contributed to
an increased hazard ratio, consistent with our findings that endothe-
lial dysfunction (TF expression) and hyperfibrinogenemia indepen-
dently promoted thrombus formation. Reduced blood flow (stasis),
the third component of the Virchow triad, is thought to explain
differences in arterial and venous thrombosis. The shear rates
between arteries and veins differ significantly; in humans, large
arteries, such as the carotid, have wall shear rates of 300 to
800 inverse seconds, whereas venous shear rates are in the range of
20 to 200 inverse seconds.46 Interestingly, hyperfibrinogenemia has
been correlated with both arterial and venous thrombosis, suggest-
ing that hyperfibrinogenemia contributes to thrombus formation
independently of the shear rate. We addressed the role of shear by
applying the FeCl3 injury model to both high (artery) and lower
(vein) shear vessels. Thrombi from saphenous veins appeared more
fibrin-rich than thrombi from carotid arteries (Figure 2), consistent
with observations that lower shear promotes fibrin deposition.27

Notably, however, hyperfibrinogenemic mice demonstrated short-
ened TTOs and increased fibrin content in thrombi in both high and
lower shear vessels (Figures 1, 2). These findings do not diminish a
role for stasis in thrombosis but rather suggest that the contribu-
tions of shear are eclipsed in the setting of hyperfibrinogenemia and
potentially other pathologies as well.

Thrombolytic therapy has met limited success. The GUSTO-I
trial demonstrated that complete coronary artery perfusion deter-
mines 30-day survival after myocardial infarction; however, tPA
therapy achieved perfusion in only 54% of patients.47 Similarly, in
acute stroke, proximal arterial patency after tPA infusion correlated
with positive long-term outcome but was achieved in only 27% of
patients.48 Interestingly, although prior studies associated thrombus
platelet content with decreased tPA efficacy,49 our study shows that,
within a given thrombosis model, increased fibrin content also
decreases thrombolytic efficacy. This novel finding suggests that
the plasma fibrinogen level present during thrombus formation is
an independent predictor not only of thrombotic risk, but also of the
potential efficacy of thrombolysis. Of note is the experiment in
which we saw no return of flow in the occluded carotid artery
despite 2 doses of TNKase (Figure 6J); postmortem dissection
revealed diffuse bleeding from microvasculature within the neck
and abdominal cavity. Given the risk and devastating consequences
of intracerebral hemorrhage with thrombolytic therapy, our data
suggest that screening patients for fibrinogen levels may inform
risk/benefit analysis before initiating thrombolysis. Confirming a
role for fibrinogen level in thrombolysis will require a study of
patients who received thrombolytic therapy and for whom both the
fibrinogen level and degree of reperfusion are known. Our data
provide strong justification for such an investigation.

This study has potential limitations. First, we used human
fibrinogen to increase circulating levels in the mouse. However,
published studies17,25,26 as well as our data demonstrate that human

fibrinogen is stable in murine circulation and incorporated into
murine clots. Moreover, elevating either human or mouse fibrino-
gen in mouse plasma increased peak turbidity and prolonged tPA-
or TNKase-mediated fibrinolysis similar to that seen with tPA- or
TNKase-mediated lysis of human fibrinogen in human clots
(Figure 5; supplemental Figure 4). Second, the FeCl3 model may
not fully recapitulate thrombosis/thromboembolism; it will be
interesting to examine the effects of hyperfibrinogenemia in other
models (stasis- or electrolytic-based) in future studies. Finally, we
evaluated the immediate effects of fibrinogen on thrombosis;
however, elevated fibrinogen may have additional prothrombotic
effects in vivo. Previous studies50 demonstrated fibrin induction of
TF in human vascular ECs, suggesting that prolonged exposure of
vasculature to hyperfibrinogenemia may feedback on additional
cellular mechanisms.

In conclusion, our results show that hyperfibrinogenemia inde-
pendently promotes thrombus formation and stability via increased
fibrin network density and resistance to dissolution. These findings
establish hyperfibrinogenemia in the etiology of both arterial and
venous thrombosis/thromboembolism and suggest that fibrin is a
potential therapeutic target in the management of these pathologies.
Furthermore, our study establishes a model for future investiga-
tions of plasma hypercoagulability and vascular dysfunction;
modulating plasma composition via intravenous procoagulant
infusion will allow examination of the specific roles of additional
plasma proteins in thrombosis and thrombolysis.
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