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Objectives and overview of early TIC

= History and epidemiology

= Definitions

= Drivers

= Mechanisms and biologic endotypes
= Treatments

= Controversies



History and epidemiology of TIC

uncontrolled hemorrhage

Early preventable deaths after injury in civilian and military due to

Impaired coagulation following injury observed for centuries

« Cannon WB 1917; Hardaway RM 1962; Simmons RL 1969

Selected readings:

Tisherman, S. A. et al. Detailed description of all
deaths in both the shock and traumatic brain injury
hypertonic saline trials of the Resuscitation Outcomes
Consortium. Ann. Surg. 261, 586-590 (2015).

Eastridge, B. J. et al. Death on the battlefield
(2001-2011): implications for the future of combat
casualty care. J. Trauma Acute Care Surg. 73,
S431-S437 (2012).

Brohi, K., Singh, J., Heron, M. & Coats, T. Acute
traumatic coagulopathy. J. Trauma Acute Care Surg.
54, 1127-1130 (2003).

Brohi K, Cohen MJ, Davenport RA. Acute coagulopathy of
trauma: mechanism, identification and effect. Curr Opin Crit
Care. 2007.



History and epidemiology of TIC

= Early preventable deaths after injury in civilian and military due to

uncontrolled hemorrhage

= |Impaired coagulation following injury observed for centuries
« Cannon WB 1917; Hardaway RM 1962; Simmons RL 1969

= Last 20 years: multiple biologic endotypes
= No standardized definition of TIC

= Hemorrhagic deaths occur early after injury

Selected readings:

Tisherman, S. A. et al. Detailed description of all
deaths in both the shock and traumatic brain injury
hypertonic saline trials of the Resuscitation Outcomes
Consortium. Ann. Surg. 261, 586-590 (2015).

Eastridge, B. J. et al. Death on the battlefield
(2001-2011): implications for the future of combat
casualty care. J. Trauma Acute Care Surg. 73,
S431-S437 (2012).

Brohi, K., Singh, J., Heron, M. & Coats, T. Acute
traumatic coagulopathy. J. Trauma Acute Care Surg.
54, 1127-1130 (2003).

Brohi K, Cohen MJ, Davenport RA. Acute coagulopathy of
trauma: mechanism, identification and effect. Curr Opin Crit
Care. 2007.



2 Important concepts

= 1. Early vs. Later TIC is not a concept of time



Definition of early

= There isn’t a good time definition

= The transition from a
hypocoagulable to a
hypercoagulable biology




Definition of early

= |t is probably VERY early

= |t is possible it may start
iImmediately

= |t is probably a continuum
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2 Important concepts

= 1. Early vs. Late TIC is not a concept of time
= 2. There is no unifying single driver or mechanism
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Moore EE, Moore HB, Komblith LZ, Neal MD, Hoffman M,
Mutch NJ, Schochl H, Hunt BJ, Sauaia A. Trauma-
induced coagulopathy. Nat Rev Dis Primers. 2021 Apr
29;7(1):30.(2021).

Selected readings:

Frith, D. et al. Definition and drivers of acute traumatic
coagulopathy: clinical and experimental investigations. J.
Thromb. Haemost. 8, 1919-1925 (2010).

Niles, S. E. et al. Increased mortality associated with the
early coagulopathy of trauma in combat casualties. J.
Trauma 64, 1459-1463; discussion. 1463-1465 (2008).

Cap, A. & Hunt, B. J. The pathogenesis of traumatic
coagulopathy. Anaesthesia. 70, 96-101 (2015).

Cohen, M. J. et al. Early coagulopathy after traumatic
brain injury: the role of hypoperfusion and the protein C
pathway. J. trauma. 63, 1254—-1261; discussion 1261—
1262 (2007).

Martini, W. Z. & Holcomb, J. B. Acidosis and
coagulopathy: the differential effects on fibrinogen
synthesis and breakdown in pigs. Ann. Surg. 246, 831—
835 (2007).

Lier, H., Krep, H., Schroeder, S. & Stuber, F.
Preconditions of hemostasis in trauma: a review. The
influence of acidosis, hypocalcemia, anemia, and
hypothermia on functional hemostasis in trauma. J.
Trauma. 65, 951-960 (2008).

Mitrophanov, A.Y., Szlam, F., Sniecinski, R. M., Lewy, J.
H. & Reifman, J. Controlled multifactorial coagulopathy:
effects of dilution, hypothermia, and acidosis on thrombin
generation in vitro. Anesth. Analg. 130, 1063-1076
(2020).

Gando, S. Tissue factor in trauma and organ dysfunction.
Semin. Thromb. Hemost. 32, 48-53 (2006).

Maegele, M. et al. Coagulopathy and haemorrhagic
progression in traumatic brain injury: advances in
mechanisms, diagnosis, and management. Lancet Neurol.
16, 630-647 (2017).



Hypocoagulability
Hypercoagulability

Hypoperfusion

L

J

)

Hypoxia

* Epinephrine
= Tissue factor exposure

e

Clotting

-

Tissue injury

|

DAMPS

» Histanes or DNA
» Polyphosphates
* HMGB1

Endothelial activation

I

!

Immune system activation

™

Modifying factors
= Genetics

= Comorbidities
= Medications

\

Platelet activation

/

4+—————— = Complement
activation
= NE Tosis

® Extravascular

vesicles

Activated
protein C

Factor Va

Heparan
sulphate

= Acidosis

» Hypothermia
= Dilution

Fibrinogen

L
Thrombin }—
e

|

'

}

Factors Platelet Fibrinogen
consumption dysfunction depletion
I )
a? antiplasmin
Fibrin f————m-----—o Plasmin
Reduced clot formation <—  pliielet

Increased clot formation <— dysfunction

) |

<— tPA }—— PAI-1

Metabolites

* Succinate

= Taurochaolic acid
Haemolysis

+ d enolase

= a globin
Annexin A2

— Plasminogen

Figure:

Moore EE, Moore HB, Komblith LZ, Neal MD, Hoffman M,
Mutch NJ, Schochl H, Hunt BJ, Sauaia A. Trauma-
induced coagulopathy. Nat Rev Dis Primers. 2021 Apr
29;7(1):30.(2021).

Selected readings:

Frith, D. et al. Definition and drivers of acute traumatic
coagulopathy: clinical and experimental investigations. J.
Thromb. Haemost. 8, 1919-1925 (2010).

Niles, S. E. et al. Increased mortality associated with the
early coagulopathy of trauma in combat casualties. J.
Trauma 64, 1459-1463; discussion. 1463-1465 (2008).

Cap, A. & Hunt, B. J. The pathogenesis of traumatic
coagulopathy. Anaesthesia. 70, 96-101 (2015).

Cohen, M. J. et al. Early coagulopathy after traumatic
brain injury: the role of hypoperfusion and the protein C
pathway. J. trauma. 63, 1254—-1261; discussion 1261—
1262 (2007).

Martini, W. Z. & Holcomb, J. B. Acidosis and
coagulopathy: the differential effects on fibrinogen
synthesis and breakdown in pigs. Ann. Surg. 246, 831—
835 (2007).

Lier, H., Krep, H., Schroeder, S. & Stuber, F.
Preconditions of hemostasis in trauma: a review. The
influence of acidosis, hypocalcemia, anemia, and
hypothermia on functional hemostasis in trauma. J.
Trauma. 65, 951-960 (2008).

Mitrophanov, A.Y., Szlam, F., Sniecinski, R. M., Lewy, J.
H. & Reifman, J. Controlled multifactorial coagulopathy:
effects of dilution, hypothermia, and acidosis on thrombin
generation in vitro. Anesth. Analg. 130, 1063-1076
(2020).

Gando, S. Tissue factor in trauma and organ dysfunction.
Semin. Thromb. Hemost. 32, 48-53 (2006).

Maegele, M. et al. Coagulopathy and haemorrhagic
progression in traumatic brain injury: advances in
mechanisms, diagnosis, and management. Lancet Neurol.
16, 630-647 (2017).



Hypocoagulability
Hypercoagulability

Hypoperfusion

L

Tissue injury

J

)

Hypoxia

* Epinephrine
= Tissue factor exposure

e

Clotting

-

|

DAMPS

» Histanes or DNA
» Polyphosphates
* HMGB1

Endothelial activation

I

!

Immune system activation

™

Modifying factors
= Genetics

= Comorbidities
= Medications

\

Platelet activation

/

4+—————— = Complement
activation
» NETosis

® Extravascular

vesicles

Activated
protein C

Factor Va

Heparan
sulphate

= Acidosis

» Hypothermia
= Dilution

Fibrinogen

L
Thrombin }—
e

|

'

}

) |

Fibrinogen <— tPA |——— PAI-1

Factors Platelet
consumption dysfunction depletion
J J
a? antiplasmin
Fibrin ff————— Plasmin
Reduced clot formation <—  pliielet

Increased clot formation <— dysfunction

Metabolites

* Succinate

= Taurochaolic acid
Haemolysis

* g enolase

+ a globin
Annexin A2

— Plasminogen

Figure:

Moore EE, Moore HB, Komblith LZ, Neal MD, Hoffman M,
Mutch NJ, Schochl H, Hunt BJ, Sauaia A. Trauma-
induced coagulopathy. Nat Rev Dis Primers. 2021 Apr
29;7(1):30.(2021).

Selected readings:

Frith, D. et al. Definition and drivers of acute traumatic
coagulopathy: clinical and experimental investigations. J.
Thromb. Haemost. 8, 1919-1925 (2010).

Niles, S. E. et al. Increased mortality associated with the
early coagulopathy of trauma in combat casualties. J.
Trauma 64, 1459-1463; discussion. 1463-1465 (2008).

Cap, A. & Hunt, B. J. The pathogenesis of traumatic
coagulopathy. Anaesthesia. 70, 96-101 (2015).

Cohen, M. J. et al. Early coagulopathy after traumatic
brain injury: the role of hypoperfusion and the protein C
pathway. J. trauma. 63, 1254—-1261; discussion 1261—
1262 (2007).

Martini, W. Z. & Holcomb, J. B. Acidosis and
coagulopathy: the differential effects on fibrinogen
synthesis and breakdown in pigs. Ann. Surg. 246, 831—
835 (2007).

Lier, H., Krep, H., Schroeder, S. & Stuber, F.
Preconditions of hemostasis in trauma: a review. The
influence of acidosis, hypocalcemia, anemia, and
hypothermia on functional hemostasis in trauma. J.
Trauma. 65, 951-960 (2008).

Mitrophanov, A.Y., Szlam, F., Sniecinski, R. M., Lewy, J.
H. & Reifman, J. Controlled multifactorial coagulopathy:
effects of dilution, hypothermia, and acidosis on thrombin
generation in vitro. Anesth. Analg. 130, 1063-1076
(2020).

Gando, S. Tissue factor in trauma and organ dysfunction.
Semin. Thromb. Hemost. 32, 48-53 (2006).

Maegele, M. et al. Coagulopathy and haemorrhagic
progression in traumatic brain injury: advances in
mechanisms, diagnosis, and management. Lancet Neurol.
16, 630-647 (2017).



Hypocoagulability
Hypercoagulability

Hypoperfusion

L

Tissue injury

J

v

Hypoxia

» Epinephrine
* Tissue factor exposure

!

DAMPS

* Histones or DNA
s Polyphosphates
* HMGB1

/ Endothelial activation

Clotting l

-

Immune system activation

™

Modifying factors
= Genetics

= Comorbidities
= Medications

\

Platelet activation

/

4+—————— = Complement
activation
» NETosis

® Extravascular

vesicles

Activated Heparan
protein C sulphate
= Acidosis
ke » Hypothermia
Factor Va = Dilution
Fibrinogen

I ! l
Thrombin }— Factors Platelet Fibrinogen =— tPA }——  PAI-1
consumption dysfunction depletion
| ) Metabolites
* Succinate
= Taurochaolic acid
+—— Haemolysis
+ d enolase
a? antiplasmin + a globin
Annexin A2
_— Fibrin [ — Plasmin +«————  Plasminogen
Reduced clot formation <—  pliielet

Increased clot formation <— dysfunction

Figure:

Moore EE, Moore HB, Komblith LZ, Neal MD, Hoffman M,
Mutch NJ, Schochl H, Hunt BJ, Sauaia A. Trauma-
induced coagulopathy. Nat Rev Dis Primers. 2021 Apr
29;7(1):30.(2021).

Selected readings:

Frith, D. et al. Definition and drivers of acute traumatic
coagulopathy: clinical and experimental investigations. J.
Thromb. Haemost. 8, 1919-1925 (2010).

Niles, S. E. et al. Increased mortality associated with the
early coagulopathy of trauma in combat casualties. J.
Trauma 64, 1459-1463; discussion. 1463-1465 (2008).

Cap, A. & Hunt, B. J. The pathogenesis of traumatic
coagulopathy. Anaesthesia. 70, 96-101 (2015).

Cohen, M. J. et al. Early coagulopathy after traumatic
brain injury: the role of hypoperfusion and the protein C
pathway. J. trauma. 63, 1254—-1261; discussion 1261—
1262 (2007).

Martini, W. Z. & Holcomb, J. B. Acidosis and
coagulopathy: the differential effects on fibrinogen
synthesis and breakdown in pigs. Ann. Surg. 246, 831—
835 (2007).

Lier, H., Krep, H., Schroeder, S. & Stuber, F.
Preconditions of hemostasis in trauma: a review. The
influence of acidosis, hypocalcemia, anemia, and
hypothermia on functional hemostasis in trauma. J.
Trauma. 65, 951-960 (2008).

Mitrophanov, A.Y., Szlam, F., Sniecinski, R. M., Lewy, J.
H. & Reifman, J. Controlled multifactorial coagulopathy:
effects of dilution, hypothermia, and acidosis on thrombin
generation in vitro. Anesth. Analg. 130, 1063-1076
(2020).

Gando, S. Tissue factor in trauma and organ dysfunction.
Semin. Thromb. Hemost. 32, 48-53 (2006).

Maegele, M. et al. Coagulopathy and haemorrhagic
progression in traumatic brain injury: advances in
mechanisms, diagnosis, and management. Lancet Neurol.
16, 630-647 (2017).



Hypocoagulability Hypoperfusion Tissue injury Figure:
Hypercoagulability L J l )
'I' Moore EE, Moore HB, Kornblith LZ, Neal
Hypoxia DAMPS Modifying factors MD, Hoffman M, Mutch NJ, Schéchl H,
» Histones or DNA = Cenetics Hunt BJ, Sauaia A. Trauma-induced
» Epinephrine » Polyphosphates + Comorbidities coagulopathy. Nat Rev Dis Primers. 2021
* Tissue factor exposure * HMGB1 * Medications Apr 29;7(1):30.(2021)
| |
Selected readings:

Vulliamy, P. et al. Alterations in platelet
behavior after major trauma: adaptive or
maladaptive? Platelets 32, 295-304
(2020).

Endothelial activation \
/ I \' Neal, M. D. The great platelet paradox:

l Platelet activation <——— = Complement ewolution of platelet contribution to

activation hemostasis, inflammation, and thrombosis

o NETosis after injury. Blood Adv. 4, 2556 (2020).
* Extravascular

Immune system activation vesicles

- . . l
Thrombin }— Factors Platelet Fibrinogen =— tPA }——  PAI-1
consumption dysfunction depletion
Activated Heparan | ) Metabolites
® protein C sulphate » Succinate
* Taurochaolic acid
= Acidasis «—— Haemolysis
L * Hypothemmia * a enolase
Factor Va * Dilution a? antiplasmin + a globin
Annexin AZ
Fibrinogen —0w—— Fibrin [ — Plasmin +«————  Plasminogen
Reduced clot formation <—  pliielet
Increased clot formation <«— dysfunction




Hypocoagulability Hypoperfusion Tissue injury Figure:
Hypercoagulability L J l )
'I' Moore EE, Moore HB, Kornblith LZ, Neal
Hypoxia DAMPS Modifying factors MD, Hoffman M, Mutch NJ, Schéchl H,
» Histones or DNA = Cenetics Hunt BJ, Sauaia A. Trauma-induced
» Epinephrine » Polyphosphates + Comorbidities coagulopathy. Nat Rev Dis Primers. 2021
* Tissue factor exposure * HMGB1 * Medications Apr 29;7(1):30.(2021)
| |
Selected readings:

Vulliamy, P. et al. Alterations in platelet
behavior after major trauma: adaptive or
maladaptive? Platelets 32, 295-304
(2020).

Endothelial activation \
/ I \' Neal, M. D. The great platelet paradox:

Platelet activation <——— = Complement ewolution of platelet contribution to
activation hemostasis, inflammation, and thrombosis
s NE Tosis after injury. Blood Adv. 4, 2556 (2020).

 Extravascular
Immune system activation vesicles

- . . l
Thrombin }— Factors Platelet Fibrinogen =— tPA }——  PAI-1
consumption dysfunction depletion
Activated Heparan | ) Metabolites
® protein C sulphate » Succinate
* Taurochaolic acid
= Acidasis «—— Haemolysis
L * Hypothemmia * a enolase
Factor Va * Dilution a? antiplasmin + a globin
Annexin AZ
Fibrinogen —0w—— Fibrin [ — Plasmin +«————  Plasminogen
Reduced clot formation <—  pliielet
Increased clot formation <«— dysfunction




Hypocoagulability
Hypercoagulability L

Hypoperfusion

Tissue injury

il

DAMPS

Figure:

Moore EE, Moore HB, Komnblith LZ, Neal

T Modifying factors MD, Hoffman M, Mutch NJ, Schéchl H,
» Histanes or DNA * Genetics Hunt BJ, Sauaia A. Trauma-induced
» Epinephrine » Polyphosphates + Comorbidities coagulopathy. Nat Rev Dis Primers. 2021

* Tissue factor exposure

* HMGB1

= Medications

Apr 29;7(1):30.(2021)

Selected readings:

Vulliamy, P. et al. Alterations in platelet
behavior after major trauma: adaptive or
maladaptive? Platelets 32, 295-304
(2020).

Endothelial activation
5

I \

Platelet activation

Neal, M. D. The great platelet paradox:
» Complement ewolution of platelet contribution to

activation hemostasis, inflammation, and thrombosis
s NETosis after injury. Blood Adv. 4, 2556 (2020).

I
 Extravascular
Immune system activation vesicles

- . - l
Thrombin }— Factors Platelet Fibrinogen =— tPA }——  PAI-1
consumption dysfunction depletion
© Activated Heparan | ) Metabolites
protein C sulphate » Succinate
* Taurochaolic acid
= Acidasis «—— Haemolysis
L * Hypothemmia * a enolase
Factor Va * Dilution a? antiplasmin + a globin
Annexin AZ
Fibrinogen —0w—— Fibrin [ — Plasmin +«————  Plasminogen
Reduced clot formation <—  pliielet
Increased clot formation <«— dysfunction




Endothelium

Neutrophil Syndecans
Proteoglycans RBC Hyaluronan 1 .
Hyaluronan ~ g ‘(}
HS s Thrombus formation
' Leukocyte adhesion
® Platelet i

"_—-—--

o

. Glycocalyx

> @ Albumin
Extravasation ) Antithrombin

-
Basement membrane O
VE cadherin

Endothelial cell

| Adhesion molecule

Figure:
Iba T, Lewy JH. Derangement of the endothelial glycocalyx in
sepsis. J Thromb Haemost. 2019 Feb;17(2):283-294.

Selected readings:

Kozar, R. A. & Pati, S. Syndecan-1 restitution by

plasma after hemorrhagic shock. J. Trauma Acute Care Surg.
78, S83-S86 (2015).

Simao, F. & Feener, E. P. The effects of the contact activation
system on hemorrhage. Front. Med. 4, 121 (2017).

Johansson, P. I, Stensballe, J., Rasmussen, L. S. & Ostrowski,
S. R. A high admission syndecan-1 lewvel, a marker of
endothelial glycocalyx degradation, is associated with

inflammation, protein C depletion, fibrinolysis, and increased
mortality in trauma patients. Ann. Surg. 254, 194-200 (2011).

Gonzalez Rodriguez, E. et al. Syndecan-1:
a quantitative marker for the endotheliopathy of
trauma. J. Am. Coll. Surg. 225, 419427 (2017).

Ban, K. et al. Plasma- Mediated gut protection after
hemorrhagic shock is lessened in syndecan-1-/- mice. Shock
44, 452457 (2015).

Ostrowski, S. R. & Johansson, P.|. Endothelial

glycocalyx degradation induces endogenous

heparinization in patients with severe injury and early traumatic
coagulopathy. J. Trauma Acute Care Surg. 73, 60—66 (2012).

Cohen, M. J. et al. Critical role of activated protein C in early
coagulopathy and later organ failure, infection and death in
trauma patients. Ann. Surg. 255, 379-385 (2012).

Pati, S. et al. Protective effects of fresh frozen plasma on
vascular endothelial permeability, coagulation, and resuscitation
after hemorrhagic shock are time dependent and diminish
between days 0 and 5 after thaw. J. Trauma 69, S55-S63
(2010).

Kozar, R. A. et al. Plasma restoration of endothelial glycocalyx
in a rodent model of hemorrhagic shock. Anesth. Analg. 112,
1289 1295 (2011).



Platelets

= Thrombocytopenia associated with bleeding
= Majority with initial normal platelet counts

Selected readings:

Jacoby RC, Owings JT, Holmes J, Battistella FD,
Gosselin RC, Paglieroni TG. Platelet activation
and function after trauma. J Trauma. 2001
Oct;51(4):639-47

Kornblith, L. Z. et al. Fibrinogen and platelet
contributions to clot formation: implications for
trauma resuscitation and thromboprophylaxis. J.
Trauma Acute Care Surg. 76, 255-256;
Discussion 262—-263 (2014).

Zipperle, J. et al. Potential role of platelet-
leukocyte aggregation in trauma- induced
coagulopathy: ex vivo findings. J. Trauma Acute
Care Surg. 82, 921-926 (2017).

Dunbar NM, Chandler WL. Thrombin generation in
trauma patients. Transfusion. 2009;49:2652—60.

Starr, N. E. et al. Identification of injury and shock
driven effects on ex- vivo platelet aggregometry: a
cautionary tale of phenotyping. J. Trauma Acute
Care Surg. 89, 20-28 (2020).

Kornblith, L. Z. et al. Perhaps it's not the platelet:
ristocetin uncovers the potential role of von
Willebrand factor in impaired platelet aggregation
following traumatic brain injury. J. Trauma Acute
Care Surg. 85, 873-880 (2018).

Plautz, W. E. et al. Von Willebrand factor as a
thrombotic and inflammatory mediator in critical
iliness. Transfusion 60, S158-S166 (2020).

Moore, H. B. et al. Shock induced systemic
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Treatment of TIC

= Mechanically stopping the hemorrhage
= Reversing shock

= Restoring vascular homeostasis
* Whole blood
Plasma
Platelets
Fibrinogen
Coagulation factors
Anti-fibrinolytics (TXA)
= Viscoelastic goal-directed resuscitation
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More questions than answers...

How do we distinguish dynamically the transition between hypocoagulable and hypercoagulable endotypes? Can a patient have
both at the same time? Does this start immediately?

What are the mediators of tissue injury and shock that induce early TIC?

What is the crosstalk betweeninflammation and coagulation in TIC?

What are the relative contributions of each identified mediator and are these biomarkers or mechanistic drivers?

Yes, ENDOTHELIUM, BUT: Does endothelial injury cause TIC or does TIC cause endothelial injury? Or both? Is heparan
sulfate involved?

Yes, PLATELETS, BUT: Are platelets truly dysfunctional ? What does ex-vivo plateletimpairment really mean?
Yes, PROTEIN C, BUT: Is this part of bleeding and clotting, or inflammation, or both? Whatis the right balance?
Yes, THROMBIN, BUT: Whatis the appropriate thrombin concentrationin TIC and when?

Yes, FIBRINOGEN, BUT: Whatis the critical level of fibrinogen that warrants replacement?

Yes, FACTORS, BUT: Whatlevel offactor activityis really needed in TIC and when?

Yes, FIBRINOLYSIS, BUT: How does time play a role in the fibrinolytic system in TIC and what is the right amount of activity
acrossthe phasesof TIC?

How do we maintain adaptive desired biologic responses and prevent maladaptive undesired responses?

What ARE the desired adaptive responses?

What about sex effects? Specific organ injury effects? Other modifiers?

And, many more...
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