
Does Tranexamic Acid Improve Clot Strength
in Severely Injured Patients Who Have

Elevated Fibrin Degradation Products and Low
Fibrinolytic Activity,Measured by Thrombelastography?

Hunter B Moore, MD, PhD, Ernest E Moore, MD, FACS, Michael P Chapman, MD, Kirk C Hansen, PhD,
Mitchell J Cohen, MD, FACS, Frederic M Pieracci, MD, MPH, FACS, James Chandler, BA,
Angela Sauaia, MD, PhD
BACKGROUND: Elevated D-dimers in injured patients with paradoxically low fibrinolysis activitymeasured by visco-
elastic assays have been speculated to be “occult” fibrinolysis.However, an alternative explanation is
that these patients have previously activated their fibrinolytic system and have shut it down by the
time of blood draw, and would gain no benefit in clot strength with tranexamic acid (TXA). We
hypothesize that TXAwill not increase clot strength in injured patients with lowfibrinolytic activity
measured by thrombelastography (TEG), despite biomarkers of fibrinolysis activation.

STUDY DESIGN: Three TEG assays (rapid, tissue plasminogen activator, and functional fibrinogen) were run
on trauma patients. The tissue plasminogen activator TEG served as a functional assay to
quantify depletion of fibrinolysis inhibitors (DFI). Patients were stratified by DFI vs non-
DFI and then by rapid TEG lysis at 30 minutes phenotype cutoffs. Response to TXA was
evaluated with functional fibrinogen TEG by calculating percent change in clot strength with
the addition of exogenous TXA in the TEG cup.

RESULTS: Six hundred and thirty patients with a median new injury severity score of 20 were analyzed.
Depletion of fibrinolysis inhibitors was present in 116 (18%). The DFI patients had significantly
increased D-dimer (p< 0.001) and lower fibrinogen (p< 0.001). TheDFI patients had increased
rates of massive transfusion (33% vs 3.3%; p< 0.001) and mortality (40% vs 6.2%; p< 0.001).
Among DFI patients, TXA significantly improved fibrin clot strength with hyperfibrinolysis
(þ19% clot strength; p < 0.001) but not with shutdown (þ1.2%) or physiologic (-2.5%).

CONCLUSIONS: Patients with DFI have multiple abnormalities of their coagulation system, but only DFI patients
with hyperfibrinolysis have improved fibrin clot strength with TXA. (J Am Coll Surg 2019;229:
92e101. � 2019 Published by Elsevier Inc. on behalf of the American College of Surgeons.)
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Abbreviations and Acronyms

DFI ¼ depletion of fibrinolysis inhibitors
INR ¼ international normalized ratio
IQR ¼ interquartile range
LY30 ¼ lysis 30 minutes after maximum amplitude
NISS ¼ New Injury Severity Score
TEG ¼ thrombelastography
t-PA ¼ tissue plasminogen activator
TXA ¼ tranexamic acid
VHA ¼ viscoelastic hemostatic assay
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Early activation of the fibrinolytic system with subsequent
inhibition of fibrinolysis after injury was first described by
Innes and Sevitt in 1964.1 This phenomenon was subse-
quently defined as fibrinolysis shutdown, which was also
observed in multiple clinical settings in which patients
experienced an acute physiologically stress.2 Although
animal work has demonstrated the adverse effects of fibri-
nolysis shutdown driving organ failure and irreversible
shock,3 poor outcomes with low fibrinolytic activity after
injury were not recognized until 50 years later.4 Visco-
elastic assessment of blood demonstrating low fibrinolytic
activity has documented increased mortality in adults5-8

and children9 after injury and in the ICU.6

Recently, a sub-phenotype of trauma patients with low
fibrinolysis activity measure by thrombelastography
(TEG) with a paradoxical sensitivity to tissue plasmin-
ogen activator (t-PA) was identified.10 Several additional
studies have also described patients with low fibrinolytic
activity measured by viscoelastic hemostatic assays
(VHA), but elevated levels of D-dimer levels and plasmin
antiplasmin levels,6-8 indicating these patients had acti-
vated their fibrinolytic system. Some authors have inter-
preted these findings to suggest VHAs are insensitive to
measuring fibrinolysis in trauma patients,6 and specifically
these patients harbor an “occult” hyperfibrinolysis.8

However, an alternative explanation for these findings
is that patients have previously activated their fibrinolytic
system and have shut it down by the time of blood draw,
similarly to what was described decades earlier.1 Unlike t-
PA and plasmin, which have circulating half-lives of
minutes,11,12 D-dimer and plasmin antiplasmin levels
remain in the circulation for 12 to 16 hours.13 Therefore,
if the classic description of fibrinolysis shutdown is accu-
rate, patients with low fibrinolysis measured by VHA and
elevated D-dimer levels would not obtain a hemostatic
benefit with TXA. We hypothesize that TXA will not in-
crease fibrin clot strength in injured patients with low
fibrinolytic activity measured by TEG, despite biomarkers
of fibrinolysis activation.
METHODS

Patients characteristics and outcomes

Adult trauma patients meeting criteria for the highest level
of activation at our Level 1 trauma center (Ernest E Moore
Shock andTraumaCenter at DenverHealth) from 2014 to
2018 were included in this analysis. Patients had samples
collected under protocols approved by the Colorado Mul-
tiple IRB for prospective evaluation of coagulation status in
response to trauma. Patient demographics, injury mecha-
nism, laboratory results, and transfusion requirements
were recorded by professional research assistants who pro-
vide on-site, continuous coverage of the emergency depart-
ment. Injury severity was calculated by Abbreviated Injury
Scale scores for the head/neck, chest, abdomen, and
extremities, which was summated as the top 3 scores, irre-
spective of location, to calculate the New Injury Severity
Score (NISS). The patient’s coagulation score was calcu-
lated at the time of emergency department admission by
the surgical attending using previously published grading
scores.14 Massive transfusion was defined as >10 units of
RBC within the first 6 hours post injury. Cause of death
was adjudicated by the senior investigator (EEM) at the
weekly laboratorymeetings. The research teamwas blinded
to the patient’s coagulation status when discussing mortal-
ity outcomes. Attributable causes of death included lack of
mechanical surgical control (exsanguination from inability
to achieve surgical bleeding controlled), coagulopathy
(ongoing bleeding, despite surgical control), physiologic
collapse (continued metabolic failure despite mechanical
control of bleeding), traumatic brain injury, and multiple
organ failure.

Blood collection

Bloodwas collected in 3.5-mL tubes containing 3.2%citrate
in the prehospital ambulance or on arrival to the emergency
department. Professional research assistants performed
coagulation assays within 2 hours of blood draw. Additional
assays were ordered at the discretion of the treating surgeon
and performed by the hospital laboratory.

Viscoelastic assays

All viscoelastic assays were conducted by a team of trained
professional research assistants with extensive experience
performing TEG assays. Citrated blood samples were
analyzed using the TEG 5000 Thrombelastography He-
mostasis Analyzer (Haemonetics, Niles, IL). The
following indices were obtained from the tracings of the
TEG: activated clotting time (minutes), angle (degrees),
maximum amplitude (mm), and lysis 30 minutes after
MA (LY30, %).
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Rapid TEG (kaolin and tissue factor-activated TEG)
was conducted according to manufactured recommenda-
tions. An additional modified assay to quantify sensitivity
to fibrinolysis was done in parallel, termed t-PA challenged
TEG. In brief, 500 mL of whole blood was pipetted into a
customized vial containing lyophilized t-PA (Thrombo
Therapeutics, Inc) to a final concentration of 75 ng/mL,
and mixed by gentle inversion. A 340-mL aliquot of this
mixture was then transferred to a 37�C TEG cup, pre-
loaded with 20 mL of 0.2 mol/L of CaCl2 without tissue
factor or kaolin activator. The differential functional
fibrinogen TEG (DIFF-TEG; Thrombo Therapeutics,
Inc) assay was also performed to measure the degree of
TXA-reversible fibrinolysis in the patient’s blood sample.
The DIFF-TEG assay consists of the comparison of 2
channels of Functional Fibrinogen assay (Haemonetics),
both of which are run on platelet-inhibited samples con-
taining abciximab, and one channel additionally contain-
ing a maximal inhibitor concentration of TXA lyophilized
in the TEG cup (180 mg per cup).

Statistical analysis

SPSS, version 23 (IBM) was used for statistical analyses.
Clinical and TEG measurements are presented as median
and interquartile range (IQR, 25th to 75th percentile). Us-
ing receiver operating characteristic curves, the inflection
point for massive transfusion with the t-PA TEG LY30
was used to re-identify a cut point for patients who had
an increased risk of bleeding, using the Youden index.
We used this cut point as an indication of pathologic
depletion of fibrinolytic inhibitors, and used the prote-
omics of 108 patients from an earlier study10 to confirm
depletion of fibrinolytic regulators. The methods for
quantifying proteins levels have been described previ-
ously.15 Fibrin clot strength in response to TXA was
assessed based on the percent change of clot strength be-
tween the patient’s ex vivo functional fibrinogen with
TXA to strength without. The TEG indices and clot
strength in response to TXA were contrasted between co-
horts using a Mann-Whitney U test (for 2 comparisons)
or Kruskal-Wallis test (for 3 or more comparisons). Cat-
egorical variables were contrasted by chi-square analysis.
RESULTS

Study population

There were 630 patients included in this study, 46 pa-
tients in the prospective database were excluded for not
having rapid TEG or t-PA TEG. Median age of the study
population was 34 years (IQR 27 to 48 years) and subjects
were predominantly male (80%). The majority were
severely injured (median NISS 20; IQR 9 to 34) with
55% of patients sustaining blunt trauma. Massive transfu-
sion occurred in 8.7% of patients and the overall mortal-
ity was 12%.

Depletion of fibrinolytic inhibitors

Receiver operating characteristic identified a t-PA TEG
LY30 >42% as an inflection point for massive transfusion
using the Youden index. In the nested cohort of patients
with earlier proteomic analysis, patients with a t-PA TEG
LY30 higher than this threshold had a reduction in the ma-
jority of proteases known to inhibit fibrinolysis (a2 antiplas-
min, thrombin activatable fibrinolysis inhibitor, coagulation
factor XIII, vitronectin; all, p < 0.001) and depletion of
plasminogen (p < 0.001) (Table 1). The DFI patients
had significantly elevated D-dimers (14.9; IQR 3.5 to 20.0
vs 1.8; IQR 0.4 to 6.6; p< 0.001) and decreased fibrinogen
levels (163; IQR 124 to 2,250 vs 230; IQR 118 to 292;
p < 0.001) compared with non-DFI patients in the overall
study population indicating that the fibrinolytic system had
been activated.

Clinical characteristics of depletion of fibrinolysis
inhibitors patients

The t-PA TEG stratified 18% of patients as having DFI.
Clinical characteristics of DFI vs non-DFI are listed in
Table 2 with no major differences between age and injury
mechanism, but patients with DFI were more severely
injured, with higher degrees of shock, and all coagulation
measurements were more hypocoagulable.

Sub-phenotypes of fibrinolysis coagulation and
blood product requirements

The distribution of fibrinolysis phenotypes differed be-
tween DFI and non-DFI patients (p < 0.001). In the
DFI cohort, the distributions were 21% shutdown, 41%
physiologic, and 37% hyperfibrinolysis. In the non-DFI
group, physiologic was the most common (71%), followed
by shutdown (23%), and hyperfibrinolysis was present in
<5%. Within the DFI phenotype, hyperfibrinolysis pa-
tients had lower fibrinogen levels, lower platelet counts,
higher international normalized ratio (INR) of prothrom-
bin time, higher partial thromboplastin time, and all TEG
indices were more hypocoagulable that other DFI pheno-
types (Table 3). In the DFI cohort, only patients with
hyperfibrinolysis had an increase in fibrin clot strength
with TXA when assessed ex vivo (hyper: 19; IQR 4 to
60, shutdown: 1.2; IQR -11 to 9, physiologic: -2.5; IQR
-10 to 4; p < 0.001) (Fig. 1). Hyperfibrinolytic DFI pa-
tients had the lowest median systolic blood pressure on
arrival to the hospital (70 mmHg; IQR 0 to 114 mmHg)
and the shutdown patients were predominantly normoten-
sive (median systolic blood pressure 114 mmHg; IQR 88



Table 1. Protein Concentrations in Patients With and Without Depletion of Fibrinolytic Inhibitors

Protein Non-DFI, median (range) DFI, median (range) p Value

Fibrinogen a 127.2 (99.59e155.7) 93.75 (64.90e108.1) <0.001

Fibrinogen b 260.8 (206.5e328.0) 195.3 (131.6e228.6) 0.001

Fibrinogen g 108.0 (89.08e136.6) 81.23 (54.92e96.88) 0.002

Plasminogen 16.09 (13.01e19.73) 12.80 (8.582e16.65) 0.005

a2 antiplasmin 5.334 (4.515e6.168) 3.850 (2.570e4.896) <0.001

a2 macroglobulin 286.6 (215.4e328.9) 264.3 (157.0e346.5) 0.569

Factor XIII A 1.288 (1.006e1.520) 0.962 (0.742e1.150) <0.001

Factor XIII B 2.141 (1.839e2.380) 1.691 (1.286e2.074) 0.001

TAFI 0.309 (0.250e0.350) 0.240 (0.167e0.293) 0.001

C-1 esterase inhibitor 14.02 (11.69e16.36) 11.33 (8.157e14.570) 0.008

a1 anti-trypsin 129.6 (111.8e151.0) 110.3 (74.31e143.3) 0.030

Vitronectin 25.75 (21.16e29.96) 19.59 (13.14e24.69) <0.001

Albumin 3,093 (2,770e3,529) 2,665 (1,933e3,388) 0.466

All measurements are in mg/dL.
DFI, depletion of fibrinolysis inhibitors; TAFI, thrombin-activated fibrinolysis inhibitor.
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to 144 mmHg) (Table 3), with both cohorts being equally
severely injured with a median NISS of 43.
In the non-DFI cohort patients in shutdown had a

higher NISS, lower fibrinogen level, lower platelet counts,
and lower TEG maximum amplitude compared with
other phenotypes (Table 3). Transfusions were infrequent
in the non-DFI cohort, but shutdown patients had higher
RBC count and plasma transfusions at 6 hours compared
with other phenotypes (Table 3). There was no significant
increase in fibrin clot strength with TXA when assessed
ex vivo in the non-DFI cohort (hyper: -4%; IQR -8 to
Table 2. Demographics, Injury Patterns, and Outcomes in Pat

Variable

Age, y, median (IQR)

Male, %

Blunt injury, %

New Injury Severity Score, median (IQR)

Systolic blood pressure, mmHg, median (IQR)

Lactate, mmol/L, median (IQR)

International normalized ratio of prothrombin time, median (IQR)

Partial thromboplastin time, seconds, median (IQR)

Platelet count of 100,000, median (IQR)

Activated clotting time of TEG, s, median (IQR)

Angle, degrees, median (IQR)

Maximum amplitude, mm, median (IQR)

Lysis at 30 min after maximum amplitude, %, median (IQR)

Coagulopathy score, median (IQR)

Massive transfusion, %

Mortality, %

DFI, depletion of fibrinolysis inhibitors; IQR, interquartile range (25the75th p
3, shutdown: -2%; IQR -5 to 3; physiologic: -2%; IQR
-5 to 4; p < 0.549) (Fig. 1).

Fibrinolysis sub-phenotype outcomes

In the DFI cohort, hyperfibrinolytic patients had fewer
ICU and ventilator-free days when compared with the
other cohorts (Table 4). These patients received more
units of RBCs and plasma (Table 3). Although not signif-
icant, the hyperfibrinolytic DFI phenotype had almost
double the rate of massive transfusion (42% vs 27% shut-
down and 28% physiologic; p ¼ 0.287). The use of TXA
ients With and Without Depletion of Fibrinolytic Inhibitors

Non-DFI DFI p Value

33 (26e48) 37 (26e50) 0.270

79 83 0.445

53 62 0.069

19 (11e34) 34 (25e50) <0.001

113 (92e142) 92 (70e130) <0.001

3.4 (2.4e4.8) 6.5 (3.2e11.3) <0.001

1.1 (1.0e1.2) 1.4 (1.2e2.0) <0.001

27 (24e30) 38 (30e51) <0.001

257 (211e305) 182 (133e219) <0.001

121 (113e128) 128 (113e152) <0.001

73 (69e76) 66 (57e72) <0.001

64 (60e68) 54 (43e60) <0.001

1.7 (0.8e2.9) 3.4 (1.3e44.3) <0.001

1 (1e2) 2 (1e4) <0.001

3.3 33 <0.001

6.2 40 <0.001

ercentile); TEG, thrombelastography.



Table 3. Demographics, Injury Patterns, Coagulation Parameters, and Transfusion Outcomes Between Sub-Phenotypes

Variable

Non-DFI

p Value

DFI

p ValueShutdown Physiologic Hyperfibrinolysis Shutdown Physiologic Hyperfibrinolysis

Blunt, % 57 51 52 0.845 56 64 65 0.769

New Injury Severity Score,
median (IQR)

17 (16e28) 17 (8e29) 16 (9e26) 0.031 43 (22e66) 34 (29e54) 43 (34e50) 0.530

Head AIS, median (IQR) 0 (0e2) 0 (0e3) 0 (0e2) 0.398 3 (0e5) 3 (0e5) 4 (0e5) 0.837

Chest AIS, median (IQR) 0 (0e3) 0 (0e3) 0 (0e2) 0.158 3 (3e3) 3 (1e3) 2 (2e3) 0.234

Abdomen AIS, median (IQR) 0 (0e2) 0 (0e2) 1 (0e2) 0.548 2 (0e3) 3 (1e4) 0 (0e2) 0.968

Systolic blood pressure, mmHg,
median (IQR)

118 (91e141) 128 (97e142) 141 (126e156) 0.138 113 (88e144) 86 (65e121) 70 (0e114) 0.004

Dedimer, mg/mL, median (IQR) 7.13 (1.3e20.01) 1.5 (0.4e6.3) 1.2 (0.5e4.8) 0.242 13.7 (2.9e20.0) 10.6 (0.5e19.4) 20.0 (8.6e20.0) 0.051

Fibrinogen, mg/dL, median
(IQR)

200 (167e269) 247 (211e316) 228 (179e347) 0.010 164 (114e268) 200 (176e234) 133 (98e164) 0.005

International normalized ratio of
prothrombin time, median
(IQR)

1.1 (1.0e1.3) 1.1 (1.0e1.1) 1.1 (0.9e1.1) 0.201 1.3 (1.1e1.8) 1.2 (1.1e1.35) 1.7 (1.4e2.3) <0.001

Partial thromboplastin time, s,
median (IQR)

27 (25e32) 26 (24e29) 23 (21e34) 0.203 37 (28e48) 30 (26e38) 47 (39e72) <0.001

Platelet count of 100,000, median
(IQR)

241 (169e288) 249 (222e315) 293 (168e441) 0.001 184 (104e234) 217 (173e265) 168 (125e213) 0.003

Activated clotting time of TEG, s,
median (IQR)

121 (113e128) 121 (113e128) 121 (121e132) 0.303 121 (205e156) 121 (113e136) 144 (121e175) 0.002

Angle, degrees, median (IQR) 73 (67e76) 73 (69e77) 71 (66e76) 0.078 67 (55e74) 69 (64e74) 60 (50e69) 0.003

Maximum amplitude, mm,
median (IQR)

66 (64e71) 68 (65e72) 66 (61e71) 0.005 53 (47e63) 57 (55e63) 45 (32e56) <0.001

RBC, U, median (IQR) 0 (0e3) 0 (0e1) 0 (0e2) 0.037 0 (0e11) 4 (0e21) 8 (4e21) 0.040

Plasma, U, median (IQR) 0 (0e2) 0 (0e1) 0 (0e2) 0.007 0 (0e6) 3 (0e7) 5 (2e13) 0.034

Cryoprecipitate, U, median (IQR) 0 (0e0) 0 (0e0) 0 (0e0) 0.106 0 (0e1) 0 (0e0) 0 (0e2) 0.226

Platelets, U, median (IQR) 0 (0e0) 0 (0e0) 0 (0e0) 0.039 0 (0e2) 0 (0e1) 1 (0e2) 0.077

Tranexamic acid, % 5 1 4 0.006 15 42 42 0.685

Massive transfusion, % 6 3 0 0.240 28 27 42 0.287

AIS, Abbreviated Injury Severity Scale score; DFI, depletion of fibrinolysis inhibitors, IQR, interquartile range (25the75th percentile); TEG, thromboelastography.
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Figure 1. Change in clot strength based on the differential func-
tional fibrinogen thrombelastography. DFI, depletion of fibrinolysis
inhibitors
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was also more common, but not significant in the hyper-
fibrinolysis (42%) and physiologic (42%) group
compared with shutdown (15%; p ¼ 0.685). The hyper-
fibrinolytic DFI cohort had a higher rate of deep vein
thrombosis, and the shutdown cohort had the highest
rate of pulmonary embolism, but neither were statistically
significant (Table 4). The mortality showed a U-shaped
distribution, with hyperfibrinolysis having a 51% mortal-
ity rate and shutdown elevated (36%) compared with
physiologic (31%), but did not reach significance
(Table 4). There were no significant differences in causes
of mortality between the phenotypes, but nearly one-
quarter of patients with hyperfibrinolysis died from phys-
iologic exhaustion, and only 8% per the other phenotype.
Dying from coagulopathy occurred in <10% of the total
study population. In patients who did not receive TXA,
the survival time was significantly shorter in patients
with hyperfibrinolysis compared with other cohorts
(p < 0.007). In patients who received TXA, no survival
time differences were appreciated (Fig. 2). Within DFI
phenotypes, there was a shorter survival time in patients
with physiologic fibrinolysis who received TXA
(p ¼ 0.043), which was not significant for shutdown,
but limited to only 2 patients who received TXA. The
outcomes of survivors in the DFI cohort were different,
with fewer than half of the shutdown and hyperfibrino-
lytic patients returning home, and nearly 70% of physio-
logic survivors were discharged home.
In the non-DFI cohort, the shutdown phenotype had

fewer ICU and ventilator-free days compared with other
phenotypes (Table 4). The rates of deep vein thrombosis
and pulmonary embolism were low in this overall cohort,
with no differences between phenotypes, although the
hyperfibrinolysis phenotype had the highest rate of deep
vein thrombosis (4%). The mortality rate was the highest
in the shutdown group compared with other phenotypes
(Table 4). Traumatic brain injury was the most common
cause of death in patients with shutdown, which was signif-
icantly higher than other phenotypes. Bleeding-related
mortality was low in this overall study population, with
no differences between phenotypes. Survivor dispositions
were significantly different between groups with both shut-
down and hyperfibrinolysis having lower rates of patients
returning home, compared with physiologic, and higher
rates of patients transferred to long-term care facilities.
DISCUSSION
In a cohort of trauma patients meeting the highest level of
trauma activation at our Level I trauma center, 18% of
patients had an elevated LY30 t-PA TEG, consistent
with depletion of fibrinolysis inhibitor deficiency. Deple-
tion of fibrinolysis inhibitors was associated with
increased D-dimers, hypocoagulability, massive transfu-
sion, and increased mortality. However, within the DFI
cohort, only trauma patients with an rapid TEG with
an LY30 >3% gained an increase in fibrin clot strength
with TXA when tested ex vivo. Those patients with lower
LY30s within the DFI cohort and without DFI demon-
strated no increase in clot strength with TXA. Patients
with DFI and the lowest LY30 consistent with fibrinolysis
shutdown, harbor additional coagulation abnormalities,
including prolonged INR, decreased platelets, and low
fibrinogen, but do not have evidence of excessive fibrino-
lytic activity at the time of their blood draw. Although
this shutdown cohort had the lowest transfusion require-
ments, the overall mortality was not lower than patients
with physiologic fibrinolysis, and the majority of these pa-
tients who survived their injury did not return home.
Our study’s description of trauma patients harboring

low fibrinolytic activity measured by viscoelastic assays
and elevated D-dimer levels is consistent with what Innes
and Sevitt1 described nearly half a century earlier using the
euglobulin lysis test and D-dimer levels. Although low
fibrinolysis causing morbidity in animal shock models3,16

and human trauma patients,17 fibrinolysis shutdown in
trauma was not mentioned in an article until 1985,18

and increased morbidity associated with shutdown was
not published until 2014.4 Contemporary trauma litera-
ture has defined shutdown as a low TEG LY305-7,9,19 or
low maximum lysis7,8 with the rotational thromboelas-
tometry (ROTEM) device, but this does not account
for additional laboratory measurement confirming earlier
activation of the fibrinolytic system.



Table 4. Demographics, Injury Patterns, Coagulation Parameters, and Transfusion Outcomes Between Sub-Phenotypes

Variable

Non-DFI

p Value

DFI

p ValueShutdown Physiologic Hyperfibrinolysis Shutdown Physiologic Hyperfibrinolysis

ICU-free, d, median (IQR) 24 (15e26) 26 (23e28) 25 (22e27) <0.001 15 (0e23) 19 (0e25) 0 (0e16) 0.006

Ventilator-free, d, median (IQR) 26 (17e28) 27 (26e28) 27 (26e28) <0.001 17 (0e25) 24 (0e27) 0 (0e22) 0.005

Length of stay, d, median (IQR) 9 (4e17) 6 (2e12) 9 (3e16) 0.020 11 (2e28) 7 (2e15) 3 (1e18) 0.299

Deep vein thrombosis, % 0.8 1.9 4 0.567 0 0.5 4.7 0.180

Pulmonary embolism, % 1.7 1.6 0 0.999 8 2 0 0.165

Disposition, % 0.015 0.032

Home % 68 77 68 43 70 30

Rehab/skilled nursing facility % 17 16 20 25 18 35

Long-term acute care % 15 7 12 32 12 35

Mortality, % 12.5 4.3 0 0.003 36.0 31.0 51.0 0.141

Mechanical bleeding, % 0 0.5 0 0.999 4.0 2.0 4.6 0.831

Coagulopathy, % 1.7 0.3 0 0.268 8.0 4.2 7.0 0.785

Physiologic exhaustion, % 0.8 0 0 0.281 8.0 8.3 23.2 0.105

Traumatic brain injury, % 9.2 3.0 0 0.010 12.0 14.5 16.2 0.944

Multiple organ failure, % 0.8 0.5 0 0.630 4.0 2.0 0 0.691

DFI, depletion of fibrinolysis inhibitors; IQR, interquartile range (25the75% percentile).

98 Moore et al Low Fibrinolysis and Fibrin Degradation Products J Am Coll Surg
Evidence that not all trauma patients with low TEG
LY30 had activated their fibrinolytic system emerged
when sub-phenotypes of “shutdown” were identified.10

This earlier study used a cutoff of t-PA sensitivity to strat-
ify patients based on healthy volunteer data, and not
based on a clinical end point, such as massive transfusion,
which was used in this study. Subsequently, 2 additional
studies have indicated sub-phenotypes of fibrinolysis shut-
down.6,8 The first study in the US2 used D-dimer, plasmin
antiplasmin levels, and TEG LY30 to stratify patients into
low, moderate, and high fibrinolysis levels in a cohort of
trauma patients who were receiving blood products from
the PROPPR study.19 This study identified that 94% of
the population with a shutdown level LY30 had
Figure 2. Differences in survival times between p
stratified by fibrinolysis phenotype and whether th
(B) did receive TXA. Patients who did not receive T
and in the cohort of patients who received TXA
Contrasting phenotypes, only TXA (p ¼ 0.043) w
physiologic cohort.
abnormally elevated D-dimer levels, supporting that these
patients were in fibrinolysis shutdown due to previous
fibrinolysis activation. This patient population also
harbored an elevated INR, low platelet count, and
received a median of 9 U RBCs during resuscitation.
However, there was significantly less bleeding than hyper-
fibrinolytic trauma patients who received a median of 15
U of blood. In this study, the shutdown cohort had a
higher mortality rate than the physiologic fibrinolysis
cohort (17% vs 11%), which were both considerably
lower than hyperfibrinolytic patients (51%). These data
indicate that the majority of trauma patients who are
receiving blood product resuscitation with low LY30
have shut down their fibrinolytic system, but are still at
atients with depletion of fibrinolysis inhibitors
ey (A) did not receive tranexamic acid (TXA) or
XA hyperfibrinolysis had the highest mortality,
mortality was higher in the shutdown cohort.
as associated with increased mortality in the
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risk of bleeding from other coagulation abnormalities.
These associations were also appreciated in our study
and in both studies from Canada7 and Europe.8

A European study speculated that low fibrinolysis
measured by ROTEM and high D-dimer levels are a
sign of occult hyperfibrinolysis at the site of injury,
rather than shutdown.8 This “occult fibrinolysis” cohort
of patients had a prolonged INR, but a median of
0 RBC units transfused, which was significantly lower
than patient with hyperfibrinolysis and elevated D-dimer
levels (median 6 units). Both of these cohorts had
elevated mortality compared with patients with normal
fibrinolytic activity (7% vs occult 30% and hyperfibri-
nolysis 59%). The occult cohort also had a delayed mor-
tality, with a median time of 2 days compared with
hyperfibrinolysis, who died within 24 hours of injury.
It is difficult to reconcile that the “occult” fibrinolysis
cohort was bleeding to death from unmeasured fibrino-
lysis. The DFI shutdown cohort described in our study
has many similarities to the occult lysis phenotype
described in Europe, as these patients harbor additional
coagulation abnormalities and have an elevated mortal-
ity rate compared with patients with normal fibrinolysis.
Our study also indicates that these patients have a lack
of excessive fibrinolytic activity, as their ex vivo TEG
with TXA failed to improve fibrin clot strength
(Fig. 1). Collectively, there is no evidence that TXA
use in the shutdown cohort has a benefit in reducing
blood transfusions or mortality.
A recent study from Toronto has speculated that fibri-

nolysis shutdown is protective to counter hypocoagulabil-
ity.7 Using a multivariate regression analysis, the
unadjusted mortality in patients with shutdown was not
significant. However, a much larger study with more
than 2,500 trauma patients with blood samples obtained
within an hour from injury failed to identify a survival
benefit in severely injury patients after controlling for con-
founding variables.5 It is known that even hyperfibrino-
lytic trauma patients will transition to low fibrinolytic
activity after resuscitation, and typically do this within 2
hours of injury.20 An early surge in plasminogen activator
inhibitor-1 (PAI-1) after injury was described in 198518

and speculated to occur by investigators decades earlier.1

Our data support that hypotension drives pathologic
fibrinolysis, as the median SBP of DFI hyperfibrinolytic
patients was 70 mmHg, which is consistent with animal
models,21,22 and previous clinical observations.4,5

Conversely, those patients with normal blood pressure
but who were severely injured were more likely to be
DFI with shutdown. This population was likely hyperfi-
brinolytic at one point, but with normalization of blood
pressure had endogenously suppressed fibrinolytic activity
without TXA.
This transition to fibrinolysis resistance is likely a phys-

iologic response to severe injury, as it has been described
that >80% of severely injured trauma patients have t-PA
resistance within the first 24 hours of injury,20 but adverse
outcomes are not appreciated until patients retain low
fibrinolytic activity beyond 24 hours.23,24 This has clinical
significance as blood draws obtained more than 2 hours
from injury do not necessarily reflect the trauma patient’s
acute fibrinolytic phenotype. Evidence for this is demon-
strated in patient with blood samples obtained up to 12
hours from injury, in which fibrinolysis shutdown is iden-
tified in >50% of patients,4,23 and for samples obtained
within an hour, the prevalence rate is 20% to 40%.5,9,10

Consequently, combing patient samples to define a single
phenotype from admission beyond the first 2 hours poses
the risk of misclassifying patients with a mixture of acute
fibrinolysis shutdown that appears to be pathologic, with
a physiologic shutdown that occurs after resuscitation and
does not appear to be pathologic, unless it persists beyond
24 hours.23,24 Arguable because most patients transition
into fibrinolysis shutdown, empiric TXA could be harm-
less. However, TXA has been associated with prolonged
fibrinolysis shutdown.20,25 Therefore, delivering TXA to
trauma patients who do not gain clot strength has an
unclear benefit with a concern for causing harm. As sug-
gested previously, the potential vulnerable population is
patients with physiologic levels of fibrinolysis,26 which
our study illustrated in the DFI physiologic cohort
(Fig. 2). These findings add to the growing literature on
the selective use of TXA in trauma based on fibrinolytic
status.27,28 An important consideration to take into
account is that TXA does not replace fibrinolytic inhibi-
tors. Tranexamic acid binds to plasminogen, causing a
confirmation change preventing its binding to fibrin.29

In the absence of t-PA, the inhibitory effects of TXA to
convert plasminogen into plasmin are limited, and para-
doxically can increase plasmin generation when urokinase
is present,30 which has been associated with increased
intracranial bleeding in experimental traumatic brain
injury models.31

Limitations of this study include ex vivo effects of TXAon
fibrin clot strength. The in vivo effects remain speculative,
just as the hypothesis of occult fibrinolysis.8 Local clotmedi-
ators of fibrinolysis are nearly impossible to assess in human
subjects, and there could be upregulation of endothelial re-
ceptors, such as S100A10, which were found in higher con-
centrations in circulation from the European study.8

However, this is also a systemic measurement of a receptor
that lines the endothelium and, when knocked out in a
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mouse, causes microvascular thrombosis.32 Therefore, it re-
mains unclearwhether this S100A10 is pathologic or protec-
tive after trauma, and with its upregulation associated with
minimal blood loss, it is difficult to suggest it requires inhi-
bition with a known protective role of the microvasculature.
Although in vitro studies have suggested TXA has a protec-
tive role of the endothelium,33,34 additional in vitro data now
demonstrate that TXA can be proinflammatory and activate
complement when there is a lack of a t-PA,35 so speculation
from in vitro data needs to be interpreted with caution.
Another limitation of this study is defining a cut point
with the t-PA TEG to stratify patients for DFI and create
sub-phenotypes. We had previously used a t-PA TEG
LY30 >95th percentile of healthy controls to define these
sub-phenotypes of shutdown.10 However, the proteomic
data from this study did not define a clear pattern associated
with a specific phenotype or cause of death.With our refined
definition of sub-phenotypes of fibrinolysis, it appears that
we have identified a cohort of patients who have maximal
benefit from TXA (DFI hyperfibrinolysis), and a cohort of
patients who might be harmed (DFI physiologic). This
study supports the earlier analysis that an LY30 of >3% is
not adequate to determine who benefits from TXA,36 as
only a portion of these patients are DFI and are at risk of
massive bleeding.
Early TXA use in hypotensive patients (systolic blood

pressure <75 mmHg) is the only cohort of patients
who had a survival advantage in the CRASH II trial.37

However, it has been difficult to identify the correct pa-
tient population in prospective randomized controlled tri-
als in trauma who need blood product resuscitation. This
was evident in CRASH II, in which fewer than half of pa-
tients received an RBC transfusion, which we also appre-
ciated in our recent prehospital plasma cohort, with
enrollment criteria designed to capture patients who
would require blood product resuscitation.38 Ultimately,
a multicenter clinical trial is needed to determine whether
goal-directed TXA used in a mature trauma system with
VHA capacity can improve outcomes. To date, a single-
center randomized controlled trial using VHA reduced
mortality by nearly 50%,39 which is a larger reduction
in mortality than CRASH II37 and retrospective analysis
in both MATTERs (Military Application of Tranexamic
Acid in Trauma Emergency Resuscitation) studies.40,41
CONCLUSIONS
Patients with DFI exhibited high rates of massive transfu-
sion and mortality. Although these patients have multiple
abnormalities of their coagulation system, with evidence
of earlier activation of fibrinolysis, only DFI patients
with hyperfibrinolysis have improved fibrin clot strength
with TXA treatment. These data indicate that DFI is a
risk factor for coagulopathy, but these patients might
have adverse outcomes with routine antifibrinolytic
therapy.
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Discussion

DR JOHN SANTANIELLO (Oak Lawn, IL): The CRASH II and
MATTERs trials established that tranexamic acid (TXA) benefits

patients with hemorrhage in a select cohort, namely, those with
fibrinolysis �3% on a rapid thrombelastography (TEG). Tranexa-
mic acid did reduce mortality in CRASH II, but it was unclear
whether it was due to prevention of clot lysis and improved coag-

ulation with decreased bleeding, because there was no statistical dif-
ference in RBC transfusion in those groups. Because TXA inhibits
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