
Phenotypes	of	blood	failure.	One	size	
fits	all	biology	and	resuscitation	is	the	
real	blood	failure. 
 
 
 
 

Mitchell Jay Cohen MD FACS 
The Bruce Rockwell Distinguished Chair of Trauma Surgery 
Denver Health Medical Center 
Professor and Vice Chair 
University of Colorado School of Medicine 



What	problem	are	we	trying	to	
solve	when	we	resuscitate?	

•  Stop	bleeding/progression?	
•  Treat	coagulopathy?	
•  Prevent	coagulopathy?	
•  Treat	endotheliopathy?	
•  Prevent	endotheliopathy?	

•  It	is	not	the	same	in	every	patient	and	not	the	
same	minute	to	minute.	
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observational cohort involving more than 400 trauma patients, one
third displayed laboratory signs of coagulopathy, which was asso-
ciated with sympathoadrenal activation, endotheliopathy and
excess mortality.13 High adrenalin and biomarkers reflecting
endothelial cell junction and glycocalyx activation were indepen-
dently associated with hypocoagulability and hyperfibrinolysis. A
follow-up study showed that endothelial glycocalyx degradation
may induce endogenous heparinization in patients with severe
injury and early traumatic coagulopathy.14 Vice-versa, chemical
sympathectomy attenuated inflammation, glycocalyx shedding and

coagulation disorders in acute experimental traumatic
coagulopathy.15

Iatrogenic coagulopathy aggravates TC

The iatrogenic arm of TIC includes loss, consumption and dilu-
tion of coagulation factors, the latter often being related to uncritical
volume administration during the initial phase of care to stabilize
circulatory function.3 Fibrinogen, considered as coagulation factor 1
and thereby as the substrate of clot formation, is usually the first
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Fig. 1. Current concept and understanding of the mechanisms underlying TIC.

Fig. 2. Activation of the protein C pathway when (tissue) injury is associated with (tissue) hypoperfusion/shock. Combined trauma and hypoperfusion/shock may lead to a
hypocoagulable state via formation of an anticoagulant complex (thrombinethrombomodulin complex/TTC), which converts protein C into activated protein C, leading to an
inactivation of the coagulation factors V and VIII. Activated protein C in surplus also consumes PAI-1 (plasminogen activator inhibitor-1), which may lead to an increase in tPA (tissue
plasminogen) in the context of severe trauma.
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or contact pathway activators to initiate a massive enzymatic con-
version (e.g., the calibrated automated thrombogram48). These
tests therefore give information about the potential of an individ-
ual to produce active enzyme, rather than the current level of ac-
tive enzyme, and they give little information about which
enzyme(s) is deficient should a decreased value be observed.

When fluorogenic substrates were used to measure the
levels of active thrombin and plasmin in both rat and human nor-
mal plasma samples, they were found to be very low.49 By intro-
ducing FXa to convert all prothrombin to thrombin or adding
tPA to convert all plasminogen to plasmin, the total available
amounts of prothrombin and plasminogen were determined to
be some 30 to 100 times higher than their active forms; PC was
also shown to be approximately 40 times higher than its active
form. Thus, a large supply of zymogen is available in normal con-
ditions. Deficiencies are useful for identifying consumptive coag-
ulopathy, but in the acute phase, the results can be misleading.

Uncertainties about a patient’s coagulation factors can be
magnified in light of critical interactions between enzymes that
are not doctrinally considered to be connected in the coagulation
cascade. For instance, plasmin, known for its proteolytic activity
on fibrin, can exert its effects on FV,50 FVIII,51 and FXIIIa,52

among others.53 Our laboratory has observed that increasing
the amount of thrombin to levels observed in trauma and beyond
will improve the rate of clot initiation but result in poorly formed
clots. The kinetics of clot formation matter for hemostasis;54 the
redundancies and feedback mechanisms require a multifactorial
analysis to further research efforts, not easily obtainable via stan-
dard clinical assays.

Inhibitors
Active enzymes are also difficult to measure because of

the presence of significantly higher concentrations of enzymatic
inhibitors than the zymogens (and enzymes) themselves.55

Thrombin and plasmin are rapidly removed from active circu-
lation by inhibitors such as antithrombin, thrombomodulin,

α2-antiplasmin, and α2-macroglobulin.56,57 These inhibitors’
impacts on the hemostatic system must be carefully considered
within the contexts of how coagulation factors are measured, a
task that becomes particularly complex as levels of inhibitors
also dynamically change following trauma.49,58

Aside from pure inhibition, there are opposing forces at
work—the balance of thrombin and plasmin is the most obvious
example as these two proteases function primarily to build and
destroy the fibrin network. The robust balance that exists in he-
mostasis must be significantly perturbed to result in a coagulop-
athy, suggesting that the accumulation of a number of moderate
to severe alterations may be more potent than a large imbalance
at one point within the clotting cascade.

Endothelial Elements
The complexity of the endothelial surface is one of many

additional elements outside the scope of clinical measurements.
However, endothelial activation in response to trauma, inflam-
mation, and ischemia can be detected in blood or plasma through
the release of a variety of hemostatically relevant proteins (both
procoagulant and anticoagulant), signaling molecules, and en-
dothelial glycocalyx components.59 This includes an increase
in the number of circulating microparticles generated from a
number of cell types, which provokes a higher level of variance
in the coagulation response.60–62 While the effects of these shed
elements can be observed ex vivo, the ongoing participation of
the endothelial and subendothelial surfaces is generally missed
in coagulation assays.

Viscoelastic Testing
The simplicity of the PT/aPTT tests makes them clinically

attractive, even though the conclusions that can be drawn from a
single data point are suspect. There is no correlation between a
clinically observable bleeding diathesis (e.g., validated patho-
logical bleeding scale score) in trauma patients and PT/aPTT re-
sults; these plasma-based assays are inappropriate for hemorrhage

Figure 1. Highlighting the difficulty of understanding and treating patients with ATC and TIC, shown are examples of the tools used for
diagnosis, the biochemical mechanisms hypothesized as root causes of the phenomena, and the treatments available to restore
perfusion and hemostasis in the bleeding patient. Each element has an associated problem or difficulty.

Meledeo et al.
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1.5. Interestingly, however, seriously injured patients at risk for
massive transfusion present with varied profiles of isolated pro-
longation of the INR, isolated elevated PTT, and a combination
of abnormalities. A recent report from the San Francisco
General group26 indicated prolonged INR (>1.3) in 9%, elevated
PTT (>34 seconds) in 43%, and combined PTand PTTabnormal-
ities in 48 % among coagulopathic patients. In our recent analysis
of patients requiring a massive transfusion (>10 RBC/first
6 hours), 2% had a prolonged INR (>1.3), 13% had an elevated
PTT (>30 seconds), and 72% had combined abnormalities of
INR and PTT. Of note, 13% had normal INR and PTT (manuscript
in preparation). Perhaps, more concerning, in a preliminary study
of 30 seriously injured patient in whom we measured clotting
factors activity, greater than 40% of the variation in INR and
PTT could not be explained by clotting factor deficiency. In
summary, although modest prolongation in the INR or PTT is
relatively sensitive in identifying the seriously injured patients
at risk for TIC, they do not clearly indicate its cause(s), and
consequently are weak guides for therapy. Moreover, platelet

count is very insensitive for identifying the need for platelet
transfusion. The vast majority of patients at risk for a massive
transfusion present with what is currently considered a normal
platelet count, that is, greater than 150,000/μL.22 Similarly,
most patients with TIC appear to have adequate fibrinogen
(>150 mg/dL) levels.22 Thus, platelet counts and fibrinogen
levels add little to the initial management of most patients at
risk for life-threatening hemorrhage.

The alternative to conventional laboratory assessment of
clotting functions is whole blood viscoelastic hemostatic assays
(VHA). The currently US FDA approved methods are TEG and
ROTEM.27,28 Unlike PTand PTT, which onlymeasure the plasma-
dependent enzymatic component of clotting, VHAs reflect throm-
bin generation, platelet activity, and fibrinogen crosslinking,
providing a measurement of maximum clot strength and subse-
quent clot dissolution. Recognizing these advantages, coupled
with the availability of improved equipment, has resulted in
progressive adoption of VHAs for management of TIC, but there
are few comparative studies between VHAs and conventional

Figure 3. The myriad of mechanisms driving TIC result in a spectrum of postinjury coagulopathy phenotypes, emphasizing the
potential benefit of a personalized medicine approach.

Figure 4. Transfusion of blood components for patients at risk for TIC is conceptually based on either a fixed ratio of blood
component therapy approach versus transfusion directed by laboratory assessment of the patient’s coagulation status.
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Coagulopathy in the wild... 
 
 
 













Coagulopathy	after	trauma	

Kashuk et al. (1982). J Trauma 22(8):672. 
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How	to	study	a	problem:	
Clinical	
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Acute Traumatic Coagulopathy 

•  Study at San Francisco General Hospital 
•  Ann Surg 245:812-818,  

•  209 severely traumatized patients admitted to SFGH 

•  Median time injury – hospital admission: 28 minutes  
 
•  If patients were severely injured (ISS>15) and 

hypoperfused (BD >6) they were coagulopathic. 
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Functional	Characterization	of	Acute	Traumatic	Coagulopathy
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Background Results

Methods

§ These	data	suggest	that	the	combination	of	injury	
and	shock	was	associated	with	altered	PAP,	TAT	and	
functional	activity	changes	of	the	plasma	
composition	resulting	in	hemorrhagic	thrombin	
generation	profiles.	

§ Severely	injured	and	shocked	patients	had	less	fVa
activity,	less	intact	fV and	increased	degradation	of	
fV/fVa,	suggesting	the	presence	of	increased	APC	
activity	in	mediating	ATC.

Group	1:	No	Injury,	No	Shock Figure	1:	Activated	Protein	C	and	Trauma

Supported	by	DoD W911NF-10-1-0384

§ Plasma	samples	were	collected	from	80	
critically-injured	trauma	patients	at	time	of	
admission.	

§ Coagulation	factor	levels	(II,	V,	VII,	VIII,	IX,	X),	as	
well	as	tissue	factor	pathway	inhibitor,	
antithrombin,	protein	C	plasmin-antiplasmin,	
and	TAT	were	assayed.

§ Western	blot	analyses	were	performed	using	an	
anti	fV antibody	directed	at	the	heavy	chain	
(residues	307-506).

§ Demographic,	resuscitation,	and	outcomes	data	
were	collected	in	parallel.		

§ Trauma	is	the	leading	cause	of	death	in	
individuals	under	the	age	of	44.

§ Acute	traumatic	coagulopathy	(ATC)	occurs	
when	severe	injury	is	combined	with	shock	and	
results	in	a	hypocoagulable	state	causing	
increased	bleeding,	increased	resuscitation	
requirements	and	4X	greater	mortality.	

§ Our	group	has	implicated	protein	C	activation	
as	a	likely	mechanism	for	ATC.		Here	we	
evaluated	whether	activated	protein	C	(APC)	
induces	coagulopathy	through	cleavage	of	
factor	(f)V/Va.	

Group	2:	No	Injury,	Shock

Group	3:	Injury,	No	Shock

Group	4:	Injury	and	Shock

ID Activity	(%)*

Intact	FV

+,	-,	n.d.**

(%	of	10	donor)

Fragments

+,- (identity)

αTAT,	

nM***
PAP,	nM TFPI,	nM

134 104 +	(103) + 0 2.6 1.54
148 48 +	(78) - 0 9.2 1.15
173 78 +	(178) - 0 7.5 1.70
1619 46 +	(106) - 0 3.3 1.14
1693 n.a. +	(123) - 0 2.2 1.50
474 60 +	(88) - 0 1.7 1.29
589 57 +	(149) +	(HC) 0 5.6 0.88
1379 n.a. +	(229) - 1.3 5.3 1.53
1067 40 +	(105) - 0 2.0 1.19
1890 15 +	(229) - 0 2.9 2.06
1783 34 +	(113) - 0 1.9 1.26
881 34 - (32) + 9.4 2.7 1.48
879 91 +	(178) - 0 2.0 1.68
1760 n.a. - (57) - 0 1.8 1.37
1338 98 - (44) + 11.4 6.0 2.39
75 33 +	(60) - 0 6.4 1.19
76 n.a. - (56) - 5.9 4.8 1.66
81 41 - (49) +	(HC) 8.0 52.5 1.20
513 32 +	(76) +	(HC) 8.4 40.9 2.37
865 102 +	(94) +	(HC) 0 2.1 1.86

ID Activity	(%)*

Intact	FV

+,	-,	n.d.**

(%	of	10	donor)

Fragments

+,- (identity)

αTAT,	

nM***
PAP,	nM TFPI,	nM

899 n.a. -,	n.d + 23.1 3.6 1.56
864 40 -,	n.d + 11.8 44.1 2.37
1729 n.a. +	(80) - 0 1.4 1.86
2013 116 +	(211) + 0 2.9 1.72
2204 n.a. +	(84) - 0 2.9 1.50
2205 n.a. +	(91) - 0 9.6 0.99
2256 24 +	(108) - 0 2.2 0.41
2157 87 +	(158) - 0 2.8 1.56
2224 162 +	(262) - 0 2.3 1.42
2117 32 +	(63) - 0 3.2 0.41
2146 43 - (52) + 0 31.6 1.04
1427 n.a. - (53) +	(HC) 1.3 35.8 1.70
2086 57 +	(73) + 0 2.8 1.37
2050 94 - (47) + 0 2.2 1.33
164 n.a. - (50) + 0 4.0 1.29
2175 64 +	(104) + 0 2.6 1.34
219 73 +	(85) + 0 3.8 1.35
1977 38 +	(69) +	(HC) 0 6.8 0.96
2194 49 +	(140) + 0 10.3 1.60
1964 45 +	(65) - 0 1.7 1.32

ID Activity	(%)*

Intact	FV

+,	-,	n.d.**

(%	of	10	donor)

Fragments

+,- (identity)

αTAT,	

nM***
PAP,	nM TFPI,	nM

252 n.a. +	(153) +	(HC) 5.3 31.7 2.83
1063 46 - (40) - 4.8 25.0 1.20
920 58 - (49) + 14.5 7.0 1.97
1046 30 +	(93) +	(HC) 1.5 43.7 1.98
854 49 +	(96) +	(HC) 9.7 44.9 1.94
1000 29 n.d. +	(30	KD) 29.7 49.0 2.75
447 33 +	(78) +	(30	KD) 2.3 5.6 1.55
204 87 +	(148) + 4.3 11.9 1.49
361 68 +	(111) + 4.7 13.7 1.21
955 68 n.d. + 34.2 18.0 1.42
992 46 +	(79) +	(HC) 5.4 28.9 2.38
676 62 +	(130) +	(HC) 0 7.9 0.93
951 21 n.d. +	(HC,	30KD) 27.3 44.9 3.10
685 116 +	(205) - 1.0 6.3 1.76
163 59 +	(77) - 0 15.4 1.20
761 101 +	(139) + 2.7 4.3 2.34
1008 26 +	(126) - 2.5 19.0 1.69
11 51 +	(68) - 4.1 32.2 2.02
21 21 +	(83) +	(HC) 0 19.7 0.82
3 83 +	(63) +	(HC) 0 15.6 1.39

ID Activity	(%)*

Intact	FV

+,	-,	n.d.**

(%	of	10	donor)

Fragments

+,- (identity)

αTAT,	

nM***
PAP,	nM TFPI,	nM

1891 15 - (25) +	(30KD) 5.1 49.5 0.58
2134 n.a. - (21) +	(HC,	30KD) 0 40.4 0.82
2060 44 - (26) +	(HC,	30KD) 11.7 49.1 0.95
1888 10 - (25) +	(HC,	30KD) 10.5 59.5 1.48
1586 n.a. - (45) - 0 1.9 1.38
1747 17 +	(67) +	(HC) 8.9 43.2 2.52
1827 7 - (13) +	(30KD) 22.3 59.5 1.03
1991 46 - (59) +	(HC) 4.9 14.4 1.25
2031 32 - (43) - 0 11.3 0.77
1612 n.a. - (51) - 0 1.9 1.13
1637 35 - (28) - 0 4.8 3.00
2226 21 - (38) +	(HC) 6.5 44.9 3.15
2231 n.a. +	(71) - 0 21.5 0.90
1771 n.a. +	(99) + 0 19.1 1.02
2140 46 +	(139) +	(HC) 14.4 41.0 2.27
1848 n.a. - (49) +	(HC,	30KD) 5.7 40.7 1.46
1839 n.a. - (30) +	(HC,	30KD) 15.4 44.7 1.94
1966 64 - (44) +	(HC,	30KD) 1.7 21.2 1.39
1643 4 n.d. +	(30KD) 49.0 44.9 2.06
1535 19 - (22) +	(30KD) 5.4 46.5 0.79

Conclusions

Figure	2:	Factor	V	Split	Products

Factor	V	Antigen	and	Degradation	Products

Factor	V
Antigen Below	LLNR Within NR Above	ULNR

Group 1 5 10 5

Group	2 6 11 3

Group	3 5 12 3

Group 4 16 4 0

Factor	V
Degradation Products Total	30 kD Total	HC

Both	HC	and	

30	kD

Group 1 0 4 0

Group	2 0 2 0

Group	3 3 7 0

Group 4 10 9 6



This is (not?) thrombin dependent.  

* * 



Clotting factor 
differences in coagulopathy 

¡  Significant differences in serial clotting factor 
deficits associated with coagulopathy 

Unadjusted Adjusted for injury 

OR P OR P 

Prothrombin 0.928 <0.001 0.935 <0.001 
Factor V 0.953 <0.001 0.957 <0.001 

Factor VII 0.965 <0.001 0.965 <0.001 
Factor VIII 0.997 0.002 0.996 0.002 
Factor IX 0.977 <0.001 0.977 <0.001 
Factor X 0.938 <0.001 0.948 <0.001 

ATIII 0.962 <0.001 0.965 <0.001 
aPC 1.053 <0.001 1.041 0.001 
PC 0.972 <0.001 0.975 <0.001 

PAI-1 0.993 0.324 0.982 0.123 
D-Dimer 1.025 0.009 1.012 0.265 

tPA 1.011 0.272 0.999 0.925 



Clotting factor 
differences in coagulopathy 

¡  Logistic regression model controlling for all 
measured factors simultaneously 

OR P 95% CI 
Prothrombin 0.946 0.261 (0.859 - 1.042) 

Factor V 0.967 0.155 (0.924 - 1.013) 
Factor VII 1.000 0.939 (0.974 - 1.025) 
Factor VIII 1.003 0.337 (0.997 - 1.008) 
Factor IX 0.988 0.343 (0.963 - 1.013) 
Factor X 0.960 0.244 (0.897 - 1.028) 

ATIII 1.018 0.425 (0.974 - 1.065) 
aPC 1.080 0.005 (1.023 - 1.140) 
PC 0.981 0.303 (0.945 - 1.018) 

D-dimer 0.955 0.127 (0.901 - 1.013) 



OR P 95% CI 
Factor V 0.967 0.155 (0.924 - 1.013) Factor V 0.973 0.004 (0.956 - 0.991) 

Clotting factor 
differences in coagulopathy 

¡  Logistic regression model controlling for all 
measured factors simultaneously 

aPC 1.080 0.005 (1.023 - 1.140) 



Clotting factor 
differences in early mortality 

¡ Cox proportional hazards model controlling for all 
measured factors 

aPC 1.023 <0.001 (1.011 - 1.035) 

HR P 95% CI 
Factor V 1.005 0.645 (0.984 - 1.026) 

Factor VIII 0.997 0.068 (0.993 - 1.000) 

HR P 95% CI 
Factor V 0.987 0.025 (0.976 – 0.998) 

Factor VIII 0.998 0.019 (0.995 – 1.000) 



Early Activation.. 
Later depletion? 



Maladaptive response to trauma. Early 
coagulopathy, later hypercoagulable state and loss 

of cytoprotectivity. 



Don’t forget platelets? 





Platelet Number and Mortality 

Brown L, Cohen M  
J Trauma 2011  



Platelet function 
over time 
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Platelet hypofunction: 
Outcomes 

Platelet hypofunction Normal function P-value 
(N=39) (N=52) 

Hospital LOS 6 (2-27) 10 (6.5-20) 0.090 
ICU LOS 3.5 (1-14) 3 (2-14) 0.436 

Vent-free days 12 (0-26) 26 (7.5-27) 0.040 
24h mortality 20.0% 2.1% 0.009 



How	to	study	a	problem:		
Stepping	toward	mechanism	

In	vivo	



Animal Model: Traumatic Coagulopathy   
      

•  Brain injury 

•  Hemorrhagic shock: 
–  Non-ventilated, fixed-pressure. 
–  Blood withdrawn via vascular line. 
–  MAP 35 +/- 5mmHg x 60 min. 

•  Resuscitation: 
–  LR @ 2x shed blood volume 

+ shed blood 
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aPC anticoagulant function  
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How	to	study	a	problem:		
The	next	step	towards	mechanism	

In	vitro	
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Inducing Acute Traumatic Coagulopathy In
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Abstract

Introduction
Acute traumatic coagulopathy has been associated with shock and tissue injury, and may
be mediated via activation of the protein C pathway. Patients with acute traumatic coagulo-
pathy have prolonged PT and PTT, and decreased activity of factors V and VIII; they are
also hypocoagulable by thromboelastometry (ROTEM) and other viscoelastic assays. To
test the etiology of this phenomenon, we hypothesized that such coagulopathy could be
induced in vitro in healthy human blood with the addition of activated protein C (aPC).

Methods
Whole blood was collected from 20 healthy human subjects, and was “spiked” with increas-
ing concentrations of purified human aPC (control, 75, 300, 2000 ng/mL). PT/PTT, factor
activity assays, and ROTEM were performed on each sample. Mixed effect regression
modeling was performed to assess the association of aPC concentration with PT/PTT, fac-
tor activity, and ROTEM parameters.

Results
In all subjects, increasing concentrations of aPC produced ROTEM tracings consistent with
traumatic coagulopathy. ROTEM EXTEM parameters differed significantly by aPC concen-
tration, with stepwise prolongation of clotting time (CT) and clot formation time (CFT),
decreased alpha angle (α), impaired early clot formation (a10 and a20), and reduced maxi-
mum clot firmness (MCF). PT and PTT were significantly prolonged at higher aPC concen-
trations, with corresponding significant decreases in factor V and VIII activity.

Conclusion
A phenotype of acute traumatic coagulopathy can be induced in healthy blood by the in vitro
addition of aPC alone, as evidenced by viscoelastic measures and confirmed by

PLOSONE | DOI:10.1371/journal.pone.0150930 March 23, 2016 1 / 10

OPEN ACCESS

Citation: Howard BM, Kornblith LZ, Cheung CK,
Kutcher ME, Miyazawa BY, Vilardi RF, et al. (2016)
Inducing Acute Traumatic Coagulopathy In Vitro: The
Effects of Activated Protein C on Healthy Human
Whole Blood. PLoS ONE 11(3): e0150930.
doi:10.1371/journal.pone.0150930

Editor:Wilbur Lam, Emory University/Georgia
Insititute of Technology, UNITED STATES

Received: April 24, 2015

Accepted: February 22, 2016

Published: March 23, 2016

Copyright: © 2016 Howard et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This work was supported by United States
Department of Defense grant W911NF-10-1-0384
(MJC), and United States National Institutes of Health
grant 1 UM1HL120877 (MJC). The funders had no
role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.



parameters differed significantly by aPC concentration, with linear prolongation of clotting
time (CT) and clot formation time (CFT), decreased alpha angle (α), and reduced maximum
clot firmness (MCF) (Fig 2). Mixed effects regression modeling was used to quantify these
changes, in order to account for the subject-specific nature of this hierarchical data. As demon-
strated in Table 1, mixed effects regression models showed that for every 100ng/mL increase in
aPC concentration, clotting time, or time to clot initiation, prolonged by 26 seconds. Clot for-
mation time, or time to reach a fixed level of clot, prolonged by 16 seconds. Alpha angle, which
measures the rate of clot formation, decreased by 1.5 degrees. Early clot strength, as assayed by
a10 (strength at 10 minutes) and a20 (strength at 20 minutes), was significantly reduced, by
1.11 mm and 0.84 mm, respectively. MCF, the measure of maximum clot strength, decreased
by 0.65 mm. No notable inhibition of fibrinolysis was noted, with maximum lysis (ML) actually
increased by 0.24% per 100 ng/mL aPC. Of note, all of these coefficients can be understood as
the effect of aPC on each parameter, following correction for inter-subject variation.

Fig 1. Characteristic ROTEM EXTEM tracings from a study subject. In every single one of the 20 subjects, as depicted here, increasing concentration of
aPC produced ROTEM tracings consistent with worsening acute traumatic coagulopathy.

doi:10.1371/journal.pone.0150930.g001

Fig 2. Linear regression analysis of ROTEM parameters. ROTEMEXTEM parameters changed
significantly by aPC concentration, with strong linear correlation between aPC concentration and prolonged
clotting time (CT) and clot formation time (CFT), decreased alpha angle (α), and reduced maximum clot
firmness (MCF). The coefficients of these changes are delineated in Table 1.

doi:10.1371/journal.pone.0150930.g002
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extensive cross-talk between pathways of coagulation and inflammation, analyzing specific
components or processes independent of others in the post-injury milieu can be challenging, if
not impossible.

With these prior limitations in mind, and seeking to expand our understanding of ATC,
confirm the viscoelastic signature of aPC-mediated ATC, and establish a model for further
investigation, we aimed to reproduce a phenotype of acute traumatic coagulopathy in healthy
human blood by the in vitro addition of aPC alone. To measure the effects of aPC on the
dynamics of coagulation, with special attention to the extrinsic (tissue factor) pathway, we per-
formed ROTEM EXTEM on the spiked whole blood, with resulting tracings that were consis-
tent with ATC at elevated aPC levels. Though the trauma community’s understanding of the
specific viscoelastic manifestations of ATC remains in its nascent stages, our results conform to
our clinical experience, and to both the findings of other recent clinical studies [14–16] and to
murine and rat models (data submitted for publication, [24]). The clear linear correlation of
increasing aPC to ROTEM parameters is consistent with the expected biological effect of aPC,
and makes sense given the sensitivity of ROTEM and similar viscoelastic assays to even slight
alterations in coagulation dynamics.

The suspected mechanisms of these effects were confirmed by conventional coagulation
assays and measures of factor activity. The fact that such changes were not as linearly correlated
with standard coagulation tests and factor assays as they were with ROTEM, and that signifi-
cant changes occurred primarily at the higher concentrations of aPC, may be explained by the

Fig 3. Changes in standard coagulationmeasures and factor activity assays by aPC concentration.
Findings were confirmed in conventional plasma tests, with significantly increased PT and PTT at higher
levels of APC. Corresponding decreases in Factors V and VIII are consistent with the primary anticoagulant
mechanism of APC. * indicates p-value < 0.05 by mixed effects model by-group analysis, compared to
control. PT, prothrombin time, PTT partial thromboplastin time.

doi:10.1371/journal.pone.0150930.g003
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parameters differed significantly by aPC concentration, with linear prolongation of clotting
time (CT) and clot formation time (CFT), decreased alpha angle (α), and reduced maximum
clot firmness (MCF) (Fig 2). Mixed effects regression modeling was used to quantify these
changes, in order to account for the subject-specific nature of this hierarchical data. As demon-
strated in Table 1, mixed effects regression models showed that for every 100ng/mL increase in
aPC concentration, clotting time, or time to clot initiation, prolonged by 26 seconds. Clot for-
mation time, or time to reach a fixed level of clot, prolonged by 16 seconds. Alpha angle, which
measures the rate of clot formation, decreased by 1.5 degrees. Early clot strength, as assayed by
a10 (strength at 10 minutes) and a20 (strength at 20 minutes), was significantly reduced, by
1.11 mm and 0.84 mm, respectively. MCF, the measure of maximum clot strength, decreased
by 0.65 mm. No notable inhibition of fibrinolysis was noted, with maximum lysis (ML) actually
increased by 0.24% per 100 ng/mL aPC. Of note, all of these coefficients can be understood as
the effect of aPC on each parameter, following correction for inter-subject variation.

Fig 1. Characteristic ROTEM EXTEM tracings from a study subject. In every single one of the 20 subjects, as depicted here, increasing concentration of
aPC produced ROTEM tracings consistent with worsening acute traumatic coagulopathy.

doi:10.1371/journal.pone.0150930.g001

Fig 2. Linear regression analysis of ROTEM parameters. ROTEMEXTEM parameters changed
significantly by aPC concentration, with strong linear correlation between aPC concentration and prolonged
clotting time (CT) and clot formation time (CFT), decreased alpha angle (α), and reduced maximum clot
firmness (MCF). The coefficients of these changes are delineated in Table 1.

doi:10.1371/journal.pone.0150930.g002
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Endothelial cell model   

•  HUVEC cells exposed to hypoxia for 
varying lengths. 

•  Complement activated with 30% human 
sera. 

•  Reoxygenated and cell surface 
thrombomodulin and EPCR measured by 
‘on-cell western’ 

•  Functional assay for activated protein C. 



Unpublished  

Hypoxia	and	reoxygenation	results	in	increased	TM	and	EPCR	at	the	surface	of	HUVECs	
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The	endotheliopathy	of	trauma.	



Fig.	1		Patient	Plasma	Induces	Barrier	Dysfunction.	
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Maladaptive response to trauma. Early 
coagulopathy, later hypercoagulable state and loss 

of cytoprotectivity. 



The	link	between	brain	injury	and	
acute	traumatic	coagulopathy.	



BBB	permeability	after	non-TBI	polytrauma	



Adherens	junction	protein	downregulation	after	non-TBI	brain	injury	



Junctional	protein	regulation	via	MMP-9	



What	don’t	we	have	time	to	discuss?	

•  Fibrinolysis/Fibrinolysis	shutdown?	
•  Other	thrombin	phenotypes?	
•  Other	inhibitors/anti	coagulant	pathways?	
•  Inflammatory	phenotypes?	
•  Tissue	specific	coagulation?	

•  It	is	not	the	same	in	every	patient	and	not	the	
same	minute	to	minute.	



PRECISION	MEDICINE:	
Combining	mechanism,	prediction	

and	targeted	care.	
In	silico	coagulation	modeling.	



Trauma scoring systems… 



Trauma scoring systems… 

•  Many from rules of thumb to prediction 
of massive transfusion, need for LSI, 
development of MOF/ARDS and 
mortality. 

•  Most are sparsely used due to being 
non dynamic, too complicated or 
overfit/misspecified abstractions. 





•  BD	≥	6	
•  HR	>	110	
•  SBP	<	110	mm	Hg	
•  Hgb	<	11	
	

•  BD	≥	6	
•  HR	>	105	
•  Acidosis	(ph<7.25)	
•  Hgb	<	11	
	



Multiple	Scoring	Systems	

ABC	Score	
•  Penetrating	mechanism	
•  ED	SBP	of	90	mm	Hg	or	less	
•  ED	HR	of	120	bpm	or	

greater	
•  Positive	FAST		

Massive	Transfusion	Score	
•  SBP<90mmHg	
•  BD>=-6	
•  Temp<35.5	C	
•  INR>1.5	
•  Hgb	<11g/dL	

Cotton et al, J Trauma 2009 Callcut et al, J Trauma 2011 



• 3137 patients 

• Prospectively recorded IVF 
volumes 
 
• Compared elderly (>=70) 
vs. non-elderly 

• Multivariate analysis 
 
 



We	can	do	better	than	overfit	
models.	

1.	Data	Driven	Prediction	



Precision Medicine. Prediction Without 
Overfitting 

Methods allow for complete agnosticism with 
regards to candidate variables for predicting 
outcomes of interest (thus, can use them all). 

Dynamic (time-
adaptive) prognosis 
scoring 

Dynamic variable 
importance – the 
independent 
predictive value of 
different variables 
and how this 
changes over time. 

Optimal Treatment 
regimes Planned sub-group 

analysis 

Unplanned sub-group 
analysis (data adaptive 
target parameters). 



We can determine, in the context of many competitors, 
which variables contribute most to diagnosis of outcome 

and how these change over time. 



Dynamic	prediction	modeling	and	
variable	importance.	
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Variable Importance: What drives outcome at 
each time iteration. 





A principal component analysis of coagulation after trauma

Matthew E. Kutcher, MD, Adam R. Ferguson, PhD, and Mitchell J. Cohen, MD, San Francisco, California

BACKGROUND: Clotting factor abnormalities underlying acute traumatic coagulopathy are poorly understood, with application of traditional
regression techniques confounded by colinearity.We hypothesized that principal components analysis (PCA), a pattern-finding
and data reduction technique, would identify clinically predictive patterns in the complex clotting factor milieu after trauma.

METHODS: Plasma was prospectively collected from 163 critically injured trauma patients. Prothrombin; factors V, VII, VIII, IX, X;
D-dimer; activated and native protein C; and antithrombin III levels were assayed and subjected to nonlinear PCA to identify
principal components (PCs).

RESULTS: Of 163 patients, 19.0% were coagulopathic on admission. PCA identified 3 significant PCs, accounting for 67.5% of overall
variance. PC1 identified global clotting factor depletion; PC2 the activation of protein C and fibrinolysis; and PC3 factor VII
elevation and VIII depletion. PC1 score correlated with penetrating injury and injury severity, predicting coagulopathy (odds ratio
[OR], 4.67; p G 0.001) and mortality (OR, 1.47; p = 0.032). PC2 score correlated with injury severity, acidosis, and shock, and
significantly predicted ventilator-associated pneumonia (OR, 1.59; p = 0.008), acute lung injury (OR, 2.24; p G 0.001), multiorgan
failure (OR, 1.83; p = 0.002), and mortality (OR, 1.62; p = 0.006) but was not associated with international normalized ratio
(INR)Ybased or partial thromboplastin time (PTT)Ybased coagulopathy ( p 9 0.200). PC3 did not significantly predict outcomes.

CONCLUSION: PCA identifies distinct patterns of coagulopathy: depletion coagulopathy predicts mortality and INR/PTT elevation, while fi-
brinolytic coagulopathy predicts infection, end-organ failure, and mortality, without detectable differences in INR or PTT. While
depletion coagulopathy is intuitive, fibrinolytic coagulopathymay be a distinct but often overlapping entitywith differential effects
on outcomes. (J Trauma Acute Care Surg. 2013;74: 1223Y1230. Copyright * 2013 by Lippincott Williams & Wilkins)

LEVEL OF EVIDENCE: Prognostic study, level III.
KEY WORDS: Coagulopathy; principal components analysis; fibrinolysis.

Hemorrhage remains the leading cause of potentially pre-
ventable death after trauma, complicated in up to a third of

injured patients by coagulation abnormalities present on arrival
to the emergency department.1 Although well-studied, the im-
portance of specific clotting factor abnormalities to the complex
phenomenon of acute traumatic coagulopathy is poorly under-
stood. Strong correlations between clotting factor levels pose
a significant challenge to identifying the isolated importance
of any individual factor. This colinearity makes standard re-
gression techniques prone to unstable results, difficult to gen-
eralize, and at risk of identifying spurious statistical significance.
Several mathematical techniques exist to more clearly describe
the patterns that exist in such complex, correlated data sets and to
associate these patterns with binary outcomes; principal com-
ponent analysis (PCA) is one such method.

PCA is a statistical pattern detection tool that distills a
complex set of intercorrelations down to essential clusters of

variables that move together as groups. To begin, a data set of
correlated variables is decomposed into a smaller set of
uncorrelated synthetic multivariables. A best-fit plane is de-
scribed in this multivariate space, the axes of which are termed
principal components (PCs); the location of each individual
data point in multivariate space can then be specifically de-
scribed relevant to these PCs. In this sense, PCA can be thought
of as a multivariate form of the Pearson correlation, in which
the best-fit line is replaced by a best-fit multivariate plane. The
data set described here contains arrival clotting factor mea-
surements in a panel of critically injured patients, in which
many of the individual factor levels are highly correlated with
each other. The application of PCA transforms each patient’s
individual clotting factor measurements into a smaller set of PC
‘‘scores,’’ which can be interpreted as individual patient loca-
tions within multivariate outcome space. Furthermore, each PC
can be broken down into ‘‘factor loadings’’ that describe both
the contribution of each individual clotting factor into the
calculation of that PC score as well as each factor’s relation-
ships with other factors. A detailed explanation of the rationale
and methodology of PCA is available in the Supplemental
Digital Content (see Document, Supplemental Digital Content
1, http://links.lww.com/TA/A243).

As an example, a PC controlled entirely by a single pre-
dictor would have a loading coefficient of +1.0 for the predictor
in question, with all other predictor coefficients equal to zero;
in contrast, a PC determined by mixed contributions from
multiple factors would have loading coefficients spanning values
from j1.0 to +1.0 for each contributing factor, corresponding
to positive and inverse Pearson correlations. Intuitively, PCs
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PCA model: PC1 

•  43.91% variance 
•  Negative correlation: 

– All numbered factors 
– Anticoagulants PC & AT3 

•  Depletion coagulopathy 
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PCA model: PC2 

•  13.45% variance 
•  Positive correlation: 

– D-dimer & aPC 
–  Factor VIII 

•  Fibrinolytic coagulopathy 
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PCA model: outcomes 
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A principal component analysis of
postinjury viscoelastic assays: Clotting
factor depletion versus fibrinolysis
Theresa L. Chin, MD,a Ernest E. Moore, MD,a,b Hunter B. Moore, MD,a Eduardo Gonzalez, MD,a

Michael P. Chapman, MD,a John R. Stringham, MD,a Christopher R. Ramos, MD,a

Anirban Banerjee, PhD,a and Angela Sauaia, MD, PhD,a Denver, CO

Introduction. The mechanisms driving trauma-induced coagulopathy (TIC) remain to be defined, and
its therapy demands an orchestrated replacement of specific blood products. Thrombelastography (TEG) is
a tool to guide the TIC multicomponent therapy. Principal component analysis (PCA) is a statistical
approach that identifies variable clusters; thus, we hypothesize that PCA can identify specific
combinations of TEG-generated values that reflect TIC mechanisms.
Methods. Adult trauma patients admitted from September 2010 to October 2013 for whom a massive
transfusion protocol was activated were included. Rapid TEG values obtained within the first 6 hours
after injury were included in the PCA. PCA components with an eigenvalue >1 were retained, and,
within components, variable loadings (equivalent to correlation coefficients) >j60j were considered
significant. Component scorings for each patient were calculated and clinical characteristics of patients
with high and low scores were compared.
Results. Of 98 enrolled patients, 67% were male and 70% suffered blunt trauma. Median age was
41 years (interquartile range 28–55) and median Injury Severity Score was 31.5 (interquartile range
24–43). PCA identified three principal components (PCs) that together explained 93% of the overall
variance. PC1 reflected global coagulopathy with depletion of platelets and fibrinogen whereas PC3
indicated hyperfibrinolysis. PC2 may represent endogenous anticoagulants such as the activation of
protein C.
Conclusion. PCA suggests depletion coagulopathy is independent from fibrinolytic coagulopathy.
Furthermore, the distribution of mortality suggests that low levels of fibrinolysis may be beneficial in a
select group of injured patients. These data underscore the potential of risk for concurrent
presumptive treatment for preserved depletion coagulopathy and possible fibrinolysis. (Surgery
2014;156:570-7.)

From the University of Colorado Denvera and Denver Health Medical Center,b Denver, CO

BLEEDING IS THE MAJOR CAUSE OF PREVENTABLE DEATH AF-

TER TRAUMA. Exacerbation of hemorrhage after se-
vere injury is associated with trauma-induced

coagulopathy (TIC). TIC was shown to be present
in more than 25% of severely injured patients on
arrival to the emergency department1 and subse-
quently was documented to occur at the time of
ambulance arrival in the field.2 These studies are
consistent in indicating that abnormalities in pro-
thrombin time/international normalized ratio
(INR) and partial thromboplastin time, conven-
tional laboratory assays used to identify TIC, are in-
dependent predictors of mortality after risk
adjustment.3 In an effort to replete the body with
substrate for the coagulation cascade, plasma and
platelets are presumptively administered in dam-
age control resuscitation and massive transfusion
protocols.4-8 Although the mechanisms of TIC
are poorly understood, retrospective reviews sug-
gest this early administration of plasma and plate-
lets may lead to improved outcomes and
survival4-8; however, blood components are
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Individual clotting factor contributions to mortality
following trauma

Ryan C. Kunitake, Benjamin M. Howard, MD, MPH, Lucy Z. Kornblith, MD, Sabrinah A. Christie, MD,
Amanda S. Conroy, Mitchell J. Cohen, MD, and Rachael A. Callcut, MD, MSPH, San Francisco, California

BACKGROUND: Acute traumatic coagulopathy affects 20% to 30% of trauma patients, but the extensive collinearity of the coagulation cascade
complicates attempts to clarify global clotting factor dysfunction. This study aimed to characterize phenotypes of clotting factor
dysfunction and their contributions to mortality after major trauma.

METHODS: This prospective cohort study examines all adult trauma patients of the highest activation level presenting to San FranciscoGeneral
Hospital between February 2005 and February 2015. Factors II, V, VII, VIII, IX, and X and protein C activity on admission and
mortality status at 28 days were assessed. Predictors of 28-day mortality in univariate analysis were included in multiple logistic
regression controlling for traumatic brain injury (TBI), acidosis, age, and mechanism of injury. Principal component analysis
was utilized to identify phenotypic coagulation.

RESULTS: Complete coagulation factor data were available for 876 (61%) of 1,429 patients. In multiple logistic regression, factors V (odds
ratio [OR], 0.86; 95% confidence interval [CI], 0.76–0.97), VIII (OR, 0.97; 95% CI, 0.95–0.99), and X (OR, 0.79; 95% CI,
0.68–0.92) and protein C (OR, 1.17; 95% CI, 1.05–1.30) significantly predicted 28-day mortality after controlling for age, base
deficit, mechanism of injury, and TBI. Principal component analysis identified two significant principal components (Phenotypes
1 and 2) that accounted for 66.3% of the total variance. Phenotype 1 (factors II, VII, IX, and X and protein C abnormalities) ex-
plained 49.3% and was associated with increased injury, coagulopathy, TBI, and mortality. Phenotype 2 (factors Vand VIII abnor-
malities) explained 17.0% andwas associatedwith increased coagulopathy, blunt injury, andmortality. Only Phenotype 2 remained
significantly associated with 28-day mortality in multiple logistic regression.

CONCLUSIONS: Principal component analysis identified two distinct phenotypes within the entirety of global clotting factor abnormalities, and
these findings substantiate the crucial association of factors V and VIII on mortality following trauma. This may be the first step
toward identifying unique phenotypes after injury and personalizing hemostatic resuscitation. (J Trauma Acute Care Surg.
2017;82: 302–308. Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.)

LEVEL OF EVIDENCE: Prognostic study, level III.
KEYWORDS: Clotting factors; hemorrhage; trauma-related mortality.

T rauma is the primary cause of mortality in those younger
than 47 years, and hemorrhage is the second leading cause

of trauma-related deaths, surpassed only by central nervous

system injury.1,2 A majority of deaths from hemorrhage arise
within the first 24 hours. An endogenous form of coagulopathy,
termed acute traumatic coagulopathy (ATC), affects 20% to
30% of patients immediately after injury and is believed to
contribute to early hemorrhagic death. Acute traumatic coag-
ulopathy occurs independently of the iatrogenic dilutional co-
agulopathy elicited by resuscitation efforts and has been
associated with poorer outcomes, notably larger fluid resusci-
tation requirements, prolonged intensive care unit stays, and
higher overall mortality rates.3–5

Prior work has shown the pathophysiology of ATC re-
flects overall global clotting factor dysfunction; however, the
individual clotting factor roles in the development of this coag-
ulopathy are not well defined.6,7 Uncovering the key individual
factors in ATC could allow development of targeted therapies
aimed at blunting the effect of early coagulopathy. The clotting
cascade is highly interrelated, and elucidating the individual
factor contributions to ATC requires a statistical approach that
can overcome the extensive collinearity of the clotting factors.
This interdependence of the factors renders traditional para-
metric techniques problematic and insufficient to truly under-
stand mechanistic drivers and outcome-defined phenotypes of
ATC. In contrast, nonparametric techniques such as principal
component analysis (PCA) allow for examination of highly
collinear data and have been used by our group in small
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decrease in the activity of factors V, VIII, and X, therewere 14%,
3%, and 21% increases in the odds of mortality, respectively.

To overcome the difficulties with collinearity incumbent
in a sequential protease activation sequence such as the clotting

cascade, we explored coagulopathic phenotypes after trauma
using PCA. All coagulation factors and protein C exhibited a
Kaiser-Meyer-Olkin value of greater than 0.50. Phenotypes 1
and 2 displayed eigenvalues of greater than 1.0 and collectively
explained 66.3% of the data variance (Table 3).

Phenotype 1 accounted for 49.3% of the variance, and fac-
tors II, VII, IX, and X and protein C were significant contribu-
tors (loading values >0.30). Phenotype 2 described 17.0% of
the variance, and factors Vand VIII were significant contributors
(loading values >0.30). In score plots with patients identified by
mortality status, deceased patients demonstrated significantly
decreased Phenotypes 1 and 2 scores compared with living pa-
tients that are most notable at 6 hours and persist across all mor-
tality time points (Fig. 1). In multiple logistic regression, only
Phenotype 2 (OR, 0.55; 95% CI, 0.42–0.72) remained a signif-
icant predictor of mortality at 28 days after controlling for age,
base excess, mechanism of injury, and TBI (Table 4).

Patients in the lowest quartile of Phenotype 1 were signif-
icantly more injured than the upper quartile (ISS, 26 vs. 10;

TABLE 3. Principal Component Analysis

Phenotype 1 Phenotype 2 Total

Eigenvalue 3.45 1.19
Percent variance 49.3% 17.0% 66.3%
Factors
II (% activity) 0.47 −0.06
V (% activity) 0.22 0.47
VII (% activity) 0.44 −0.21
VIII (% activity) −0.10 0.85
IX (% activity) 0.41 0.01
X (% activity) 0.49 −0.03

Protein C (% activity) 0.36 0.11

Eigenvalues greater than 1 were considered significant. Loading values greater than
|0.30| were considered significant.

TABLE 2. Univariate Analysis and Multiple Logistic Regression of Coagulation Factors

Univariate Analysis Multiple Logistic Regression

n OR 95% CI p OR 95% CI p

Factors*
II (% activity) 939 0.76 0.70–0.83 <0.001
V (% activity) 953 0.77 0.71–0.83 <0.001 0.86 0.76–0.97 0.02
VII (% activity) 913 0.99 0.95–1.04 0.77
VIII (% activity) 964 0.98 0.97–0.99 0.001 0.97 0.95–0.99 0.007
IX (% activity) 935 0.89 0.86–0.93 <0.001
X (% activity) 938 0.75 0.70–0.81 <0.001 0.79 0.68–0.92 0.002

Protein C* (% activity) 963 0.94 0.89–0.99 0.02 1.17 1.05–1.30 0.005
TBI 1,426 10.92 7.81–15.27 <0.001 17.00 8.78–32.92 <0.001
Blunt injury 1,424 2.75 2.02–3.73 <0.001 0.43 0.21–0.87 0.02
Age (y) 1,427 1.04 1.03–1.04 <0.001 1.04 1.03–1.06 <0.001
Base excess (mEq/L) 1,023 0.94 0.92–0.97 <0.001 0.90 0.86–0.94 <0.001

n = 631
AUC = 0.89

*Per 10-unit change.

TABLE 1. Baseline Characteristics

Variable % of Median (IQR)

Age, y 35 (29)
Gender
Male 80.8%
Female 19.2%

BMI, kg/m2 26.0 (6.5)
Race
White 32.3%
Latino 25.3%
Black 25.0%
Asian 14.6%
Native American 0.7%
Pacific Islander 0.6%
Other 0.8%
Unknown 0.6%

ISS 16
Base excess, mEq/L −3.8 (7.6)
GCS score 14
TBI 39.5%
Mechanism of injury
Blunt 57.0%
Penetrating 43.0%

Mortality
6 h 5.4%
24 h 9.0%
28 d 19.1%
Discharge 20.0%

BMI, body mass index; IQR, interquartile range.
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and need for transfusion; however, fibrinolytic dysregulation is as-
sociated with more severely injured patients and portends
particularly poor outcome including increased incidence of DVT and
functional disability.

Our findings are consistent with previous research in adult pa-
tients after injury. Multiple theories exist as to the underlying
mechanism that drives each abnormal component. Four potential
pathways implicated in trauma-induced coagulopathy (TIC) include:
(1) fibrinolysis, (2) abnormal clot strength or kinetics, (3) global clot-
ting factor depletion, and (4) endothelial contribution (Table 4).
Kutcher et al23 performed the 1st PCA in 2013 on adult patients with
the highest-level trauma activation, including the following clot-
ting factors: prothrombin; factors V, VII, VIII, IX, X; D-dimer; activated
and native Protein C; and antithrombin III levels. PC1 identified global
clotting factor depletion; PC2 the activation of Protein C and fibri-
nolysis; and PC3 factor VII elevation and VIII depletion. Both PC1
and PC2 were associated with mortality. The same group pub-
lished a 2nd PCA on a larger adult cohort in 2017 Kunitake et al24,
describing 2 significant principal components: PC1 (factors II, VII,
IX, and X and protein C abnormalities) was associated with in-
creased injury, elevated INR, TBI, and mortality; PC2 (factors V and
VIII abnormalities) was associated with elevated INR, blunt injury,
and mortality. Chin et al22 performed PCA on TEG parameters (ACT,
angle, K, MA, LY30, maximum rate of thrombus generation [MRTG],
time to maximum rate of thrombus generation [TMRTG], and total
thrombus generation [TTG]) from adult patients meeting criteria for

massive transfusion and described 3 significant PCs. In contrast to
our pediatric PCA utilizing TEG parameters, Chin et al’s study22 did
not adjust for fibrinolysis shutdown and utilized ranked values.
Despite these differences, each PCA identified phenotypes with some
commonalities: global clotting factor depletion, decreased clot
strength or abnormal kinetics, a unique contribution of fibrinoly-
sis, and a component that reflects contributions from the
endothelium.

An INR-based definition of TIC is a sensitive measure as it likely
captures most patients with dysregulation; however, it fails to dis-
criminate among these various mechanisms of coagulopathy. Prior
research demonstrates that elevated INR does not necessarily imply
clinical coagulopathy in children4 and that INR is associated with
both hyperfibrinolysis and fibrinolysis shutdown.26 This suggests that
INR is less often a treatment target andmore likely amarker of global
dysregulation and injury severity. In further support of this concept,
our data showed that PC2 contained INR and LY30 and were asso-
ciated with injury severity and all 4 poor outcomes; PC1, which
includes clotting factor depletion, did not contain INR. As the mech-
anism or pathways leading to INR elevation are unclear, it is unknown
whether INR elevation is a late finding in patients with factor de-
pletion versus fibrinolytic abnormalities. Perhaps later laboratory
testing would have revealed elevated INR. Additional studies into
the mechanisms associated with each phenotype are needed.

Abnormalities in fibrinolysis resulted in particularly poor out-
comes in our cohort. This is consistent with previous research in

Fig. 3. Patients with severe head injury have higher PC2 scores as compared with those with isolated trunk or extremity injury.

Table 4
Review of mechanisms and principal components in studies of critically injured patients.

Study Cohort Inclusion criteria n Mechanism

Fibrinolysis Clot strength/
kinetics

Global factor
depletion

Endothelial
contribution

Leeper et al 201726 Pediatric Highest-level trauma
activation

133 LY30, INR Platelets, MA, K ACT, K

Chin et al 201422 Adult Massive transfusion 98 LY30 K, angle, MA,
MRTG, TTG

ACT, TMRTG

Kutcher et al 201323 Adult Highest-level trauma
activation

163 Factor VIII(+),
d-dimer,
Protein C

Factors V, VII, VIII, IX,
X, Protein C,
antithrombin III

Factor VIII(–),
Factor VII,
Protein C

Kunitake et al 201724 Adult Highest-level trauma
activation

876 Factors II, VII, IX, and X,
Protein C

Factors V
and VIII
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A B S T R A C T

Background. Trauma-induced coagulopathy is common and associated with poor outcome in injured
children. Our aim is to identify patterns of coagulation dysregulation after injury and associate these phe-
notypes with relevant clinical outcomes.
Methods. We performed principal components analysis on prospectively collected data from children
with the highest-level trauma activation June 2015–June 2016. Parameters included admission interna-
tional normalized ratio, platelet count and thromboelastograms. Variables were reduced to principal
components; principal component scores were generated for each subject and used in logistic regres-
sion with outcomes including mortality, disability, venous thromboembolism, and blood transfusion in
the first 24 hours.
Results. We included 133 subjects with median interquartile range age =10 (5–13 years), median
interquartile range Injury Severity Score =17 (9–25), 73.5% boys, 70.8% blunt trauma. principal compo-
nent analysis identified 3 significant principal components accounting for 75.0% of overall variance. Principal
component 1 reflected clot strength; principal component 2 reflected abnormal fibrinolysis, both
hyperfibrinolysis and fibrinolysis shutdown; principal component 3 reflected global clotting factor de-
pletion. High principal component 1 score was associated with increased mortality (odds ratio =1.63)
and blood transfusion (odds ratio 1.36). Principal component 2 score was correlated with Injury Sever-
ity Score (rho 0.4) and associated with venous thromboembolism (odds ratio 1.84), functional disability
(odds ratio 1.66), mortality (odds ratio 2.07) and blood transfusion (odds ratio 2.79). PC3 score was as-
sociated with increased mortality (odds ratio 1.92) and blood transfusion (odds ratio 1.25).
Conclusion. Principal component analysis detects 3 patterns of coagulation dysregulation using widely
available laboratory parameters: (1) abnormalities in clot strength; (2) abnormalities in fibrinolysis, and
(3) clotting factor depletion. While all were associated with mortality and transfusion, fibrinolytic
dysregulation was associated with injury severity and portends particularly poor outcome including venous
thromboembolism and disability.

© 2017 Published by Elsevier Inc.

Background

Trauma is a leading cause of morbidity and mortality in pediat-
ric patients worldwide.1-3 Trauma-induced coagulopathy (TIC) is
common in children after injury and is associated with poor
outcome.4-13 The vastmajority of research into themechanism behind
TIC has been performed in injured adults14-18; however, disparate

pediatric anatomy, physiology, and developmental considerations
prevent direct extrapolation of these mechanisms to children.19 TIC
is traditionally defined as international normalized ratio (INR) ≥ = 1.3,
as conventional tests of coagulation have been standard in the care
of injured patients for years. However, viscoelastic hemostatic assays
(VHAs), such as thromboelastography (TEG) and thromboelastometry
(ROTEM), are now commonly used in addition to conventional co-
agulation tests to evaluate the severely injured trauma patient.20,21

VHAs containmultiple parameters that depict clot formation and deg-
radation, providing insight into the activity and functionality of various
components of the hemostatic system. The interaction among these
clotting factors has not been investigated in children.

Principal component analysis (PCA) is a technique that reduces
many variables in a dataset to discrete groups or principal

Funding assistance for statistical analysis was supported by the National Insti-
tutes of Health Grant Number UL1-TR-001857.
* Corresponding author. University of Pittsburgh School of Medicine, Children’s
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Combining	mechanism,	prediction	
and	targeted	care.	

2.	Model	Driven	Dynamics	



Building	an	autonomous	
controller:	Coagulation	control	

systems.	
	





Hockin-Mann	Chemical	Kinetic	
Equations	

96 

•  34 states, 43 chemical 
kinetic equations.  No 
Protein C or Activated 
Protein C effects. 

   
•  Rate	constants	

aggregated	from	2002	
literature.	

•  Initial	conditions	specify	
mean	plasma	
concentrations	for	
proteins,	with	tissue	
factor	(TF)	variable.	



Using	the	H-M	Model	

•  Deploy	the	model	to	determine	species	
concentrations	60s	after	measurements.		

VIIIa	[M]	
vs. Va	
[M]	on	a	
log-log	
scale,	to	
check	aPC	
effects.	



Using	the	H-M	Model	

•  Can	cluster	the	output.	

VIIIa	[M]	
vs. Va	
[M]	on	a	
log-log	
scale	with	
k-Means	
clusters.	



Clustering	Results	
Cluster	1	 Cluster	2	 Cluster	3	

P-value	(Low	8/5)	 (Medium	8/5)	 (High	8/5)	
(n=48)	 (n=125)	 (n=118)	

Age	 46.7±24.2	 45.3±19.0	 38.2±18.0	 0.006	
BMI	 26.4±4.5	 28.0±6.2	 26.8±4.9	 0.138	

%penetrating	 29.2%	 30.0%	 42.7%	 0.084	
ISS	 35.8±18.9	 25.6±13.7	 26.6±15.1	 <0.001	
BD	 -8.9±6.7	 -6.4±5.5	 -6.4±5.9	 0.038	
GCS	 5	(3-10)	 8	(3-14)	 9	(4-14)	 0.051	

Arrival	temp	 35.2±1.1	 35.5±0.9	 35.7±0.8	 0.026	
Prehosp.	IVF	 25	(0-200)	 100	(0-300)	 175	(34-500)	 0.303	

pH	 7.23±0.17	 7.28±0.14	 7.27±0.15	 0.134	
INR	 1.25	(1.1-1.6)	 1.1	(1.0-1.2)	 1.1	(1.1-1.2)	 0.004	
PT	 16	(14.4-20.2)	 14.5	(13.6-15.8)	 14.4	(13.5-15.4)	 <0.001	
PTT	 32.5	(28.6-49.8)	 28.4	(26.1-33.1)	 26.9	(25.0-30.0)	 <0.001	
aPC	 13.0	(3.6-20.2)	 2.6	(1.0-11.2)	 3.1	(1.5-12.3)	 0.010	

24h	RBC	 4	(0-14)	 1	(0-5)	 2	(0-5)	 0.014	
24h	FFP	 3	(0-11)	 0	(0-2)	 0	(0-4)	 0.013	
24h	plt	 0	(0-2)	 0	(0-0)	 0	(0-0)	 0.043	

Hospital	LOS	 8	(2-25)	 8	(2-24)	 8	(3-24)	 0.780	
ICU	LOS	 4	(2-13.5)	 4	(2-12)	 4	(2-11)	 0.946	

Vent-free	days	 0	(0-10)	 14	(0-26)	 19	(0-26)	 0.001	
Mortality	 58.3.%	 30.9%	 27.1%	 0.001	



Clustering	Results	

•  Can	cluster	the	60s-after-measurement	
output	for	measurements	at	other	times:	3h,	
6h,	12h,	24h,	48h,	72h,	96h,	120h.	

k-Means cluster 
centroids move 
up and to the 
right, in the 
direction of 
aPC 
improvement. 	
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Targeted clinical control of trauma patient coagulation
through a thrombin dynamics model
Amor A. Menezes,1,2 Ryan F. Vilardi,3 Adam P. Arkin,1,2,4* Mitchell J. Cohen5,6*

We present a methodology for personalizing the clinical treatment of severely injured patients with acute traumatic
coagulopathy (ATC), an endogenous biological response of impaired coagulation that occurs early after trauma and
shock and that is associated with increased bleeding, morbidity, and mortality. Despite biological characterization of
ATC, it is not easily or rapidly diagnosed, not always captured by slow laboratory testing, and not accurately repre-
sented by coagulation models. This lack of knowledge, combined with the inherent time pressures of trauma treat-
ment, forces surgeons to treat ATC patients according to empirical resuscitation protocols. These entail transfusing
large volumes of poorly characterized, nontargeted blood products that are not tailored to an individual, the injury,
or coagulation dynamics. Massive transfusion mortality remains at 40 to 70% in the best of trauma centers. As an
alternative to blunt treatments, time-consuming tests, and mechanistic models, we used dynamical systems theory
to create a simple, biologically meaningful, and highly accurate model that (i) quickly forecasts a driver of
downstream coagulation, thrombin concentration after tissue factor stimulation, using rapidly measurable concen-
trations of blood protein factors and (ii) determines the amounts of additional coagulation factors needed to rectify
the predicted thrombin dynamics and potentially remedy ATC. We successfully demonstrate in vitro thrombin con-
trol consistent with the model. Compared to another model, we decreased the mean errors in two key trauma pa-
tient parameters: peak thrombin concentration after tissue factor stimulation and the time until this peak occurs.
Our methodology helps to advance individualized resuscitation of trauma-induced coagulation deficits.

INTRODUCTION
Trauma is the leading cause of death and disability between the
ages of 1 and 44 (1), with bleeding contributing to the vast majority
of these deaths (2). Such hemorrhage is a clinical problem that is
complicated by an endogenous biological response called acute trau-
matic coagulopathy (ATC) (3). ATC results in impaired coagulation,
increased bleeding, greater transfusion needs, and a fourfold increase
in mortality (3). After the initial phase of hypocoagulobility, ATC pa-
tients often dynamically transition to a hypercoagulable thrombotic state
manifested by excessive clotting (3). The resulting deep vein thrombosis,
myocardial infarction, stroke, and organ failure (4) all contribute to an
extremely poor outcome in patients who survive their initial injuries.

Despite considerable research (4) on the molecular mechanisms
of ATC, there remains a mechanistic and predictive knowledge gap
that stems from an inadequate understanding of coagulation mecha-
nisms after an injury and a lack of adequate prediction and real-time
decision support for clinicians who care for the severely injured. These
failings impede improvements to urgent resuscitation. Thus, there is a
need to characterize coagulation mechanisms in trauma patients and to
use this characterization to improve the precision of individual treatments.

In the absence of dynamic diagnostics and decision support,
current trauma resuscitation practices (4) center on the nontargeted
repair of the coagulation cascade (5) (Fig. 1A) and the production
of its principal protein thrombin through the transfusion of large vol-

umes of poorly characterized fresh-frozen plasma containing multiple
clotting proteins and inhibitors in concentrations that vary from unit
to unit. These urgent-care therapies indiscriminately actuate many in-
teracting elements of the coagulation process, resulting in variable un-
targeted treatment for every patient and with every administration,
which is further exacerbated by a lack of clarity about treatment effects
on the patient’s physiological and biological trajectories resulting from
the missing diagnostics and decision support. Such blunt treatment is
often either not enough (ATC and bleeding continue) or too much
(thrombosis occurs). Both of these extremes contribute to dysregulated
inflammation and poor outcomes (4). The mortality from massive
transfusion remains at 40 to 70% in the best of trauma centers (6).
Retrospective (7) and prospective (8) studies connect the blunt addition
of fresh-frozen plasma to poor outcomes, even when the plasma is
augmented with empiric ratios of platelets and red blood cells. Trans-
fusion of fresh-frozen plasma is independently associated with a higher
risk of multiple organ failure and poor outcomes in patients with hem-
orrhagic shock (9). Meanwhile, individual interventions consisting of
personalized blood protein factor concentrations that are tailored to
specific clotting perturbations have been shown to be beneficial (4), al-
though no consensus yet exists on the amount and type of coagulation
factors to administer. There is, however, a clinical desire for specific
blood products to treat trauma coagulopathy (10). In sum, in an era
of increasing personalized medicine, there is an urgent need for tar-
geted, patient-specific trauma coagulation therapies.

Current diagnostics and decision support suffer from a dearth of
patient-specific coagulation measurements. Although clinical practice
uses several global markers [international normalized ratio (INR), par-
tial thromboplastin time (PTT), prothrombin time (PT), platelet count,
fibrinogen concentration, etc.] to diagnose the presence of ATC, these
conventional coagulation tests are not enough to tailor a specific inter-
vention and support only the decision to administer plasma or not. Cell-
based viscoelastic tests are insufficiently predictive, and their use in
resuscitation algorithms also results in nontargeted treatment. Moreover,
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Current	Understanding:	Coagulation	Cascade	
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•  Dynamical	System	Input:	Tissue	Factor	
•  Dynamical	System	Output:	Thrombin	
•  Need	an	input-to-output	measurement.	

Claim:	Possible	to	Simplify	
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Thrombin	Measurement	

•  The	Calibrated	Automated	Thrombogram	(CAT)	is	a	
fluorogenic	assay	that	measures	the	time-history	of	
thrombin	generation	in	a	blood	sample	upon	the	addition	
of	(typically	5pM	of)	tissue	factor.	
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Normal	vs.	Trauma	CATs	
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•  Can	we	emulate	trajectories	with	a	single-input	single-
output	thrombin	dynamical	system	model	with	a	separable	
delay	for	treatment	guidance?	What	kind	of	model?	



Building	a	Black-Box	Model	
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•  Can	approximate	a	
CAT	peak.			

•  Suppose	we	choose	
the	following	non-
delayed	function	as	
first	approximation:	

y(t)	=	β	t2	e-αt	
•  	t2	à	three	states.	

•  Look	at	output	in	frequency	domain	as	the	result	of	some	
dynamical	system:	
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Building	a	Black-Box	Model:	3	states,	5	pars.	
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•  Suppose	input	is	a	(unit)	impulse,	U(s)	=	1:	

	
	
	
•  System	transfer	function,	including	delay:	
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Building	a	Black-Box	Model:	Traditional	Form	

•  Define	
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Performance	
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Benefit/Results	

Challenge/Computing	Needs	

Targeted	Clinical	Control	of	Trauma	Patient	Coagulation	
Through	a	Thrombin	Dynamics	Model	

Amor	Menezes,	Ryan	Vilardi,	Adam	Arkin	and	Mitchell	Cohen	(UCB/LBNL,	UCSF/SFGH)	
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1.  Larger	study	to	improve	parametric	
inference	and	better	validate	predictions	
i.  More	data	
ii.  Data-model	reconciliation	

2.  Computer/model-aided	investigation	of	
controllability,	control	authority	

3.  Extensions	of	model’s	applicable	range	

Parameters	exactly	capture	behavior	
caused	by	protein	factor	addition	
(e.g.,	factor	II	to	normal	plasma)	

Initial	protein	factor	
concentrations	can	
exactly	predict	a	
trauma	patient	CAT	
(e.g.,	for	a	moderate	
Injury	Severity	Score)	

For	this	patient’s	
plasma,	after	adding	
concentrations	of	
factors	II,	VIII,	X,	we	
can	still	correctly	
predict	the	moved	CAT	

Have	proved	the	likelihood	of	authority	(at	
least	in	vitro)	to	achieve	a	standard	desirable	
CAT	trajectory.	
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Dynamic physiologic states exist in a physiologic state space 
 
 
 
 
 
 

 
 
 

 Our patients move through these states optimally guided 
towards health 



Trauma: a Precision Medicine Approach 
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What	we	want	to	do…	



Simplified	Version	

Manipulate	Care	to	Mitigate	Risk	
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