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Abstract

BACKGROUND—Coagulopathy in traumatic brain injury (CTBI) is a well-established
phenomenon, but its mechanism is poorly understood. Various studies implicate protein C
activation related to the global insult of hemorrhagic shock or brain tissue factor release with
resultant platelet dysfunction and depletion of coagulation factors. We hypothesized that the
platelet dysfunction of CTBI is a distinct phenomenon from the coagulopathy following
hemorrhagic shock.

METHODS—We used thrombelastography with platelet mapping as a measure of platelet
function, assessing the degree of inhibition of the adenosine diphosphate (ADP) and arachidonic
acid (AA) receptor pathways. First, we studied the early effect of TBI on platelet inhibition by
performing thrombelastography with platelet mapping on rats. We then conducted an analysis of
admission blood samples from trauma patients with isolated head injury (n = 70). Patients in shock
or on clopidogrel or aspirin were excluded.

RESULTS—In rats, ADP receptor inhibition at 15 minutes after injury was 77.6% =+ 6.7% versus
39.0% = 5.3% for controls (p < 0.0001). Humans with severe TBI (Glasgow Coma Scale [GCS]
score < 8) showed an increase in ADP receptor inhibition at 93.1% (interquartile range [IQR],
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44.8-98.3%; n = 29) compared with 56.5% (IQR, 35-79.1%; n = 41) in milder TBI and 15.5%
(IQR, 13.2-29.1%) in controls (p = 0.0014 and p < 0.0001, respectively). No patient had
significant hypotension or acidosis. Parallel trends were noted in AA receptor inhibition.

CONCLUSION—PIatelet ADP and AA receptor inhibition is a prominent early feature of CTBI
in humans and rats and is linked to the severity of brain injury in patients with isolated head
trauma. This phenomenon is observed in the absence of hemorrhagic shock or multisystem injury.
Thus, TBI alone is shown to be sufficient to induce a profound platelet dysfunction. (J Trauma
Acute Care Surg. 2014;76: 1169-1176.
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Trauma-induced coagulopathy affects approximately one third of severely injured trauma
patients and is likely multifactorial in its etiology.! The coagulopathy of traumatic brain
injury (CTBI) is a recognized component of trauma-induced coagulopathy, but its
mechanism is poorly understood. Some studies indicate that CTBI stems from maladaptive
protein C activation and hyper-fibrinolysis related to the global insult of hemorrhagic shock
and tissue injury.2 Conversely, other data implicate tissue factor (TF) release from the
injured brain, with resultant platelet dysfunction and depletion of coagulation factors.3

Several studies have also shown a link between the severity of TBI and platelet
dysfunction.3-> Recently, platelet dysfunction was described as the earliest manifestation of
CTBI in the setting of multisystem trauma.*® The severity of early platelet dysfunction in
multisystem trauma has a positive correlation with the overall degree of injury as measured
by the Injury Severity Score (ISS), hypoperfusion as measured by the base deficit (BD), and
mortality.3-8 However, efforts to prove a mechanistic link between brain injury and platelet
inhibition have been confounded by the frequent concomitant presence of global
hypoperfusion and acidosis (either from ischemia or respiratory insufficiency), which could
account for the observed platelet defect.3-10

We hypothesized that the platelet dysfunction of CTBI is, in fact, an intrinsic effect of brain
injury and is a distinct phenomenon from the coagulopathy induced by hemorrhagic shock
and general tissue injury in trauma. Thus, (1) the platelet dysfunction of CTBI should be
immediately observable in TBI patients, independent of global ischemia and acidosis, and
(2) the severity of platelet dysfunction will correlatewith the severity of TBI.%:6 We first
developed a rat model for TBI, to test the hypothesis that early platelet inhibition occurs in
isolated brain injury. We then observed our human TBI patients prospectively, to explore the
relationship between the severity of TBI and platelet dysfunction (as measured by
thrombelastography with platelet mapping [TEG/PM]) in the subset of TBI patients with
isolated TBI and without evidence of shock or acidosis.

J Trauma Acute Care Surg. Author manuscript; available in PMC 2014 June 22.
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PATIENTS AND METHODS
Rat TBI Model

Twenty-five male Sprague-Dawley rats, weighing 245 g to 285 g, were anesthetized with
isoflurane and subjected to blunt TBI, administered via a rubber-tipped metal impactor
applied to the exposed skull, at a speed of 6 m/s.11 Upon awakening, the rats displayed
behavioral markers of TBI, such as imbalance, posturing, and spasticity. Blood was
collected from the inferior vena cava at 15 minutes after injury and analyzed immediately
with the TEG/PM assay. Blood was also taken for TEG/PM from 20 uninjured controls.
This methodology was approved by the University of Notre Dame Institutional Animal Care
and Use Committee.

Human TBI Patients

This study was part of an ongoing prospective observational study conducted at Denver
Health Medical Center, Denver, Colorado, and Memorial Hospital of South Bend, Indiana,
aimed at characterizing patterns of acute coagulopathy in trauma.8 The subset evaluation
from the Memorial Hospital focused on the assessment of platelet function in TBI using
TEG/PM. Field or emergency department (ED) admission blood was collected on
consecutive trauma patients between December 2010 and June 2013. Only patients with
isolated TBI were included for this study (n = 70). We defined isolated TBI as an head
Abbreviated Injury Scale (AIS) score of 3 or greater and other AlIS score of 2 or lower,
without evidence of circulatory shock (systolic blood pressure [SBP] < 90 mm Hg) or
acidosis (venous BD > 8).46-9.11 Average elapsed time from injury to blood sample
collection was approximately 30 minutes.1! Patients younger than 15 years; intoxicated or
sedated patients; those receiving blood components before admission or with a significant
(=3 hour) delay between injury and admission; those on anticoagulants, clopidogrel, aspirin,
or nonsteroidal anti-inflammatory drugs; and those deemed moribund in the field and not
expected to survive beyond the ED were excluded.2:58.12

Data Collection

Admission blood samples were analyzed by TEG/PM at the point of care by the ED
perfusionist.

Conventional coagulation tests (CCTSs) (i.e., partial thromboplastin time [PTT], prothrombin
time/international normalized ratio [INR], and platelet count) and serum chemistries were
performed by the hospital core laboratory. BD was calculated from venous serum
bicarbonate using the standard Henderson-Hasselbalch formula. With the use of a BD
derived by this methodology, a deficit of 8 mEg/L corresponds to a deficit of 6 mEq/L
derived from an arterial blood gas, the usual threshold for prediction of poor outcomes in
trauma.58:13.14 Demographic and clinical data collected included age, sex, injury
mechanism, SBP, Glasgow Coma Scale (GCS) score, ISS and all-cause 30-day mortality.
The admission GCS score was used to stratify TBI into severe (GCS score < 8) versus mild-
to-moderate (GCS score < 8) categories, based on the standard of clinical practice of
prophylactically intubating TBI patients with a GCS score of 8 or lower.8 Data collection
and storage processes were in compliance with Health Insurance Portability and

J Trauma Acute Care Surg. Author manuscript; available in PMC 2014 June 22.
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Accountability Act regulations and were approved by both institutional review boards.
Informed consent was obtained from volunteers. Waivers of informed consent were obtained
for trauma patients under protocols approved by the respective institutional review boards.

Healthy Controls

Tenhealthy volunteers older than18 yearswere recruited at the Memorial Hospital of South
Bend, Indiana, for use as controls. Sixty percent of the controls were male, and the mean age
was 42 £+ 5.1 years. These patients underwent TEG/PM and CCTs. Pregnant volunteers;
those with genetic bleeding disorders; those taking oral contraceptives, antiplatelet, or anti-
coagulant agents; and those with a history of trauma were excluded. These controls are part
of a larger prospective study regarding platelet function during trauma.>815

TEG and TEG/PM

In both humans and rats, platelet function was analyzed using the TEG/PM assay
(Haemonetics, Braintree, MA).16 Whole blood was collected in two tubes, one containing
citrate (3.2%) and the other containing heparin (17 U/mL). TEG/PM assays were performed
within 30 minutes of sample collection, in accordance with the manufacturer’s instructions.
TEG/PM values are reported in terms of percent inhibition of the platelet response to
stimulation by either adenosine diphosphate (ADP) or arachidonic acid (AA).>8:16 This
parameter is a calculated value obtained by comparing the viscoelastic strength of the
thrombus,in termsofmaximum amplitude (MA), ofthree separate TEG tracings as follows:
(1) a kaolin/Ca?* activated whole-blood sample collected in citrate, representing the
patient’s maximum hemostatic activity (MAThrombin); (2) a fibrin-only clot formed by an
activator solution composed of reptilase and factor Xllla in heparinized blood (MAGgiprin);
and (3) a platelet-containing clot, stimulated with either 2-mM ADP (MAppp) Or 1-mM AA
(MAAan) as platelet agonists, again in heparinized blood. The percentage of platelet
inhibition in response to either the ADP or AA agonist was calculated using these three MA
values in the following equation (Fig. 1):16

%Inhibition=100%—100%x [ (M A ,,, ,orMA,, ) — MA,,, . | (MA ~ MA

Thrombin F?'b'm'n)]

Statistical Analysis

All statistics and plots were generated with Prism version 5 software (GraphPad Software,
La Jolla, CA). Normality was determined by a D’ Agostino-Pearson omnibus test. Non-
Gaussian distributed data sets were expressed as median and interquartile range (IQR), and
the two-tailed, nonparametric Mann-Whitney U-test was used for comparisons. Box and
whisker plots were filtered to 5th to 95th percentile, with outliers and mean values denoted.

RESULTS

Rats

In our rat model of isolatedsevere blunt TBI, ADP receptor inhibition at 15 minutes after
injury was 77.6% =+ 6.7% versus 39.0% + 5.3% for uninjured controls (p < 0.0001, n = 20—
25 per group).

J Trauma Acute Care Surg. Author manuscript; available in PMC 2014 June 22.
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Similarly, AA receptor inhibition was 48.6 = 5.7 versus 28.9 + 2.8 for controls at the same
time point (p = 0.0005) (Fig. 2).

Human Subjects

All 70 patients enrolled with isolated TBI had imaging-proven intracranial bleeding, diffuse
axonal injury, or brain parenchymal disruption from a penetrating injury. Subdural
hematoma was the most frequent radiographic finding. Seventy-six percent of the enrollees
were male, and the median age was 45.9 + 2.5 years. Eighty-seven percent of the enrollees
had a blunt mechanism, including 19 ground level falls, 17 motor vehicle collisions, 11
motorcycle collisions, 7 elevated falls, and 7 blunt assaults. The remainder was composed of
three gunshot wounds and six other penetrating cases. Median ISS was 26 (IQR, 17-29),
with a head AlS score of 4 (IQR, 3-5). Subdividing this group into patients with severe TBI
(GCS score < 8) and those with mild-to-moderate TBI (GCS score < 8), ISS was 27 (IQR,
18-30) and head AIS score was 4.5 (IQR, 3-5) in the severe TBI group compared with an
ISS of 25 (IQR, 17-26) and head AIS score of 4 (3.75-5) in the mild-to-moderate group.
Overall, the mean GCS score was 9.7 = 0.6. The median GCS score in the severe TBI
subgroup was 4 (IQR, 3-6) versus 14 (IQR, 11.8-15) for the mild-to-moderate subgroup.
There was no difference in age or sex between GCS subgroups. Fifteen patients died of their
injuries.

Human TEG/PM

In TBI patients, the median inhibition of platelet function with respect to stimulation by the
ADP pathway was 64.5% (IQR, 39.3-95.1%), compared with 15.5% (IQR, 13.2-29.1%) in
the healthy controls (nonparametric Mann-Whitney U-test, p < 0.0001). When stratified
based on severity of TBI, the severe (GCS score < 8) cohort showed a median ADP
inhibition of 93.1% (IQR, 44.8-98.3%, n = 29) compared with 56.5% (IQR, 35-79.1%, n =
41) in the mild-to-moderate (GCS score < 8) cohort (p = 0.0014). With respect to platelet
function stimulated via the AA pathway, the cohort of all TBI patients displayed 25.6%
(IQR, 3.1-76.7%) inhibition compared with 2.2% (IQR, 0.0-5.8%) in the controls (p =
0.0027). Stratifying by severity of brain injury did not reveal significant differences with
respect to AA pathway inhibition between the severe and mild-to-moderate cohorts (14.4%
[IQR, 0-62.2%] vs. 40.4% [IQR, 12.9-78.9%]) (Fig. 3 and Table 1).

Representative TEG/PM traces of a severe TBI patient (GCS score, 3) and a healthy
volunteer are shown in Figure 4.

Human Physiologic Data

No patients had significant acidosis or hypotension. The mean based deficit (BD) in the
cohort of all TBI patients was —0.6 + 0.36 mEq/L. There was a slight difference in BD
between the severe (GCS score < 8) and mild-to-moderate (GCS score < 8) cohorts (0.10 £
0.56 vs. —1.1 £+ 0.47 mEq/L, respectively) but with both values centered within the reference
range and with the worst BD (being 5) occurring in a mildly injured patient with GCS score
of 13. Similarly, SBP was normal (=90 mm Hg) in all subjects, with a mean of 137 £ 3 mm
Hg. There was no significant difference in SBP between cohorts with GCS score greater
than 8 and those with GCS score of 8 or lower.

J Trauma Acute Care Surg. Author manuscript; available in PMC 2014 June 22.
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CCTs and Kaolin TEG

In addition to TEG/PM, CCTs were also performed on TBI patients and controls. There was
no difference in platelet count between the cohort of all TBI patients and healthy controls
(204 + 8.9 x 103/uL vs. 229 + 28 x 103/uL). Whenstratifying by TBI severity, platelet count
was somewhat lower in the mild-to-moderate cohort (181 + 11.1 x 103/uL) than in the
severe TBI cohort (236 + 12.7 x 103/uL), but both were within normal limits. There was a
slight prolongation of INR in the cohort of all TBI patients (1.1; IQR, 1.0-1.2) compared
with controls (0.8; IQR, 0.7-0.9), but these values were still within the reference range, and
there was no difference between severe and mild-to-moderate TBI subcohorts. Conversely,
PTT was slightly short-ened in the TBI cohort compared with the control (30.0 + 0.7
seconds vs. 33.0 = 1.6 seconds), but this was not statistically significant, and again, no
difference was observed between the severe and mild-to-moderate TBI subcohorts. Kaolin
TEG R-time (clot kinetics) and MA (clot strength) were within the reference range for all
cohorts.

DISCUSSION

In this prospective study of coagulopathy in isolated TBI, patients with any degree of TBI
(defined as head AlS score = 3) have a marked inhibition of platelet stimulation by both the
ADP and AA pathways, compared with uninjured controls. Moreover, the degree of ADP
pathway inhibition is significantly higher in the more severe subgroup of TBI patients with a
GCS score of 8 or lower (the standard clinical cutoff for GCS score at which patients are
considered to have a “severe” TBI and are prophylactically intubated) compared with those
with mild-to-moderate TBI. Conversely, there is no clinically significant derangement of
BD, SBP, INR, PTT, or platelet count in this cohort of patients with isolated head injury.
These findings tend to confirm our hypothesis that TBI alone is sufficient to produce a
marked impairment of platelet function, and this is further supported by a parallel
observation in our rat model of isolated TBI.

Cohen et al.2 cite tissue hypoperfusion-mediated activation of the aPC pathway with
downstream enhancement of fibrinolysis and other anticoagulant pathways as a central
component necessary for the development of the CTBI. However, Lustenberger et al.% have
challenged the concept of tissue hypoperfusion-mediated coagulopathy by demonstrating
that 60.4% of their patient group had coagulopathy, as defined by CCT parameters (INR <
1.2, PTT < 36, and platelet count < 100,000/uL), in the absence of significant BD. In the
present study, none of our TBI patients had evidence of global hypoperfusion, as manifested
by a significant BD or hypotension. This finding supports the hypothesis that platelet
dysfunction in TBI is a distinct phenomenon from the platelet dysfunction observed in
multisystem trauma and hemorrhagic shock.

As the platelet dysfunction observed in this study stems from an isolated TBI and occurs
almost immediately after injury (as demonstrated in both rats and humans), it is conceivable
that the phenomenon is caused by a substance liberated from the brain parenchyma
secondary to mechanical disruption of the blood-brain barrier (BBB). Histopathologic
demonstration of sub-arachnoid hemorrhage in our rat model (as shown in Fig. 5) and the
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consistent finding of extraaxial hemorrhage in our human patients confirm disruption of the
BBB in our TBI subjects.

One candidate for this hypothetical substance released by BBB disruption is TF. Brain TF is
qualitatively different from that found in most other tissues inasmuch as it is isolated by the
BBB and is unexposed to soluble clotting factors and largely unsaturated by factor Vlla.
Therefore, liberation of this “free” TF into the circulation, where factor Vllawould normally
exist in excess, provokes TF binding to Vlla on a massive scale, which would result in the
stimulation of thrombin production in the “initiation” phase of coagulation as described by
Hoffman and Monroe.” It is conceivable that the early result of this flood of TF-generated
thrombin after TBI is a “platelet exhaustion syndrome,” wherein large numbers of
circulating platelets exist in an activated but refractory state.18 These platelets are incapable
of stimulation and cannot form a stable thrombus via the usual pathways.3->:8.:9.12,17,19
Furthermore, hyperstimulated platelets may shed microparticles with disruption of the
membrane skeleton that may contribute further to platelet dysfunction and to an overall
consumptive coagulopathy.3:11.12,19-21

More immediately, the finding of an early and severe platelet dysfunction in isolated TBI
has profound implications for the therapeutic management of patients with these injuries.
While one limitation of the present study was an inability to evaluate the effect of the
observed platelet dysfunction on intraoperative bleeding (as most patients who underwent a
neurosurgical procedure first received a platelet transfusion), excessive bleeding has been
noted in cardiology and cardiothoracic surgery patientswith ADP inhibitionin excess of
60%.22 The levels of ADP receptor dysfunction we observe in TBI are well in excess of this
value and are found to be coupled to significant AA receptor inhibition as well, presenting a
clinical scenario similar to that of a patient taking a combination of clopidogrel and
nonsteroidal anti-inflammatory drugs. Thus, this finding on TEG/PM supports early platelet
transfusion in the context of an intracranial hemorrhage at risk for expansion.

It is important to note that the vast majority of these patients not only had normal platelet
counts and other CCTs but also had relatively normal kaolin TEG parameters (R, angle, and
MA) (Table 1). Thus, in the setting of a largely isolated platelet dysfunction, hemostatic
agents such as rVVIla and FFP should be given with extreme caution to avoid thrombosis of
the microcirculation in early TBI.#23-25 Moreover, we and others have previously shown
that platelet dysfunction is a much more sensitive indicator of coagulopathy than the CCTs
and these CCTs have a low and variable sensitivity for predicting clinical bleeding in trauma
and varying cutoffs for definition of CTBI.3-926 Therefore, rather than giving empiric
therapy, TBI patients should receive hemostatic agents and platelet transfusions guided by
the best possible indicators of whole-blood hemostatic competence, including TEG/PM or
other direct metrics of qualitative platelet function and not merely their quantitative
abundance. Even if such tests are not readily available, our findings suggest maintaining a
high index of suspicion for platelet dysfunction in isolated TBI patients and a low threshold
for platelet transfusion if evidence of bleeding exists.23-25:27

J Trauma Acute Care Surg. Author manuscript; available in PMC 2014 June 22.
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DISCUSSION

Dr. Mitchell Jay Cohen (San Francisco, California): It is my great pleasure and honor to
act as a discussant for this excellent science performed by Dr. Chapman and the very
productive and excellent groups from Denver and Notre Dame.

In this study the authors address the incidence of platelet dysfunction after traumatic brain
injury in rats and humans. In their study they report ADP and arachodonic acid receptor
inhibition in rats and ADP receptor inhibition in humans. This study represents excellent
translational work examining the important topic of platelet dysfunction after injury.

Initial evidence that platelet dysfunction may occur after trauma manifests in data that
platelet transfusion was protective in both polytrauma and TBI despite normal platelet
counts. Our group in San Francisco and others subsequently reported using platelet
aggregometry that there is a profound platelet dysfunction in approximately 50% of patients,
despite normal platelet counts.

Here the Denver/Notre Dame groups extend and expand these analyses in translational work
on TBI in both rats and humans. Parenthetically, this work represents translational animal
and human investigation which, in my opinion, is desperately needed as we all work to
unravel the mechanisms of coagulopathy after injury. | do have a few questions:

First, in the controlled cortical impact rat model was there sectioning and histology of the
brain injury? Was there quantification of the bleeding and volume of brain injury in this
model?

Second, in terms of human subjects, what was the degree of confirmed brain injury? As you
know, there is great variability and sometimes coding error in the AIS scores for head. | see
you quantify what kinds of injuries the patients suffered but was there any volumetric or
biomarker severity grading? Were there different types of injuries associated with differing
platelet receptor deficits of severities, depending on the type of traumatic brain injury?

Third, importantly, how do you reconcile the fact that there is platelet inhibition but
otherwise completely normal coagulation by both INR and TEG?

Fourth, in the very well-written manuscript, you state the that the “finding supports the
hypothesis that platelet dysfunction in TBI is a distinct phenomenon from the platelet
dysfunction observed in multisystem trauma and hemorrhagic shock.” I will admit that after
several re-reads | don’t understand this.

J Trauma Acute Care Surg. Author manuscript; available in PMC 2014 June 22.
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Our group and, for that matter, your group have presented data on activated protein C
coagulopathy in other mechanisms which suggest an aggregate that shock and injury are not
necessary to cause coagulopathy. Matthew Kutcher’s platelet dysfunction data presented at
the AAST does not necessarily need both shock and injury. And this is in keeping with your
data so please explain how isolated TBI occurs by some different effect or mechanism.

Lastly, while | very much appreciate your mechanistic thinking and speculation behind the
reasons for platelet dysfunction, I note that there are several other hypotheses regarding
platelet dysfunction, including involving microparticle shedding, endothelial interactions
and direct platelet inhibition.

I’m curious, what will you do or what have you done to quantify this? And have you
actually looked at tissue factor to prove your hypothesis of platelet exhaustion?

Overall, I congratulate the authors on an excellent work in a very important, interesting
field. And I look forward to years of additional collaborative work from this group.

Thank you very much for the podium.

Dr. Michael P. Chapman (Denver, Colorado): Thank you, Dr. Cohen. You’ve obviously
made a very thorough read of this and those are very insightful points.

I’m not going to answer them in order, though. I’m going to address your most complicated
ones first and, in the interest of time, 1 will try to get to them all.

Perhaps your most important point is that it’s unclear how we support the hypothesis that the
platelet dysfunction that we observe is a distinct phenomenon from the accepted
coagulopathy of trauma that your group and our group has been working on understanding
for many years.

The previous work of both you and others in animals seems to indicate that classical trauma-
induced coagulopathy is dependent, to some degree, on two hits: tissue injury and ischemia;
although, certainly there are cases where we have observed this with tissue injury alone.

Kutcher’s paper explicitly implicates shock, though, noting that base deficits of nearly seven
was the average in his cohort that displayed marked platelet inhibition. None of the patients
in our study had any evidence of shock whatsoever, let alone profound enough and
persistent enough shock to render the patient globally acidotic and ischemic.

Additionally, the trauma-induced coagulopathy that we see in most of our patients, both sort
of anecdotally and in our more rigorous studies, is typically a poly-coagulopathy with
disorders of the enzymatic and cellular components of coagulation and some component of
fibrinolysis frequently thrown in as well.

As the phenomenon that we describe here is very consistently isolated platelet dysfunction
and occurs without the ischemia that we think of as the sine qua non of classic TIC, | would
tend to say that this is pretty much by definition mechanistally different, at least at the
initiation phase.

J Trauma Acute Care Surg. Author manuscript; available in PMC 2014 June 22.
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That said, | think we are increasingly coming to the understanding that TIC is, as | alluded
to, a polymorphic entity that is comprised of several components governed, to some extent,
by the patient’s phenotype, the types of injured vascular beds, the type of denuded
endothelium that’s involved, and many other factors that we are probably yet to understand,
which is all the more reason why | think it’s valuable to study TIC in a reductionist manner
whenever possible, look at isolated organ system injury.

This is hard to do in people; it’s something that a lot of people do in animals. This isolated
TBI is one opportunity to look at that in isolation, which leads into your question, of course,
about mechanism. Really, these two go hand-in-hand.

And we absolutely did indulge in a bit of speculation in the discussion section of our paper.
Not so much from a desire to wax lyrical, but because we felt that it was necessary to at least
present some sort of plausible mechanism for our finding and a direction for others and
ourselves to pursue.

Certainly the vast amount of free tissue factor in the brain is one hypothesis. The unique
endothelial environment of the brain and particularly its disruption and the disruption of the
blood brain barrier, the exposure of platelets to a novel environment that they don’t usually
interact with, all these things may well be the case.

I think testing these involves, as you said, looking for biomarkers to really prove a good
dose response and better developed animal models, particularly in probably some larger
animals like swine, which gets into your other two questions about how we quantitate this in
people. So, a more granular analysis of radiographic abnormalities is in the works.

Every patient in this study had some sort of radiographic abnormality, be that intracranial
blood or diffuse exonal injury. And doing volumetric studies and things like that with it is a
future step that we absolutely think is critical. We agree with you with regard to that.

And the same would go for the rats. We have the brains collected. We have not, indeed,
done volumetric analysis on that tissue. Again, | think we may focus our efforts on larger
animal studies at this point.

Your other very important question, it’s that it is a little odd that we see this isolated platelet
dysfunction with no other coagulopathy. I think on its face it is a little surprising: perfectly
normal TEGS, perfectly normal coags and bad platelets. But I think it’s careful patient
selection that may be responsible for that.

We truly have patients with nothing else wrong with them other than a blow to the head.
And this platelet injury, this platelet dysfunction, would normally go unrecognized without
the use of things like aggregometry or platelet mapping.

What the specific bad humor is that is coming out of your brain is speculative and that’s
where we are heading next.

Thanks.
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Figure 1.
Overview of TEG and TEG/PM. A, Standard TEG parameters: enzymatic time to clot

formation (R), clotting time until 20-mm amplitude is achieved (K), measurement of clot
kinetics (a angle), maximum clot strength reported as MA in millimeters, and clot lysis 30
minutes after MA (LY30). B, TEG/PM. The amplitude (millimeters), depicted on the y-axis,
in response to platelet agonists MAapp or MAan is compared with the whole-blood clot
strength when clotting is initiated via the usual thrombin pathway (MAThrombin) Minus the
fibrin contribution (MAgiprin)- This normal control tracing shows ADP- and AA-stimulated
thrombus formation similar to the whole-blood clot strength (MAapp Or MAaa near
MAThrombin) With an ADP inhibition of 8% and AA inhibition of 1%. Figure 1 is modified
(with permission) from Neurocrit Care 2013;18:201-208.
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Figure 2.
Platelet inhibition in rats following severe isolated blunt TBI. ADP receptor inhibition at 15

minutes after injury was 77.6% + 6.7% (n = 25) versus 39.0% = 5.3% for uninjured controls
(n=20) (p <0.0001). A parallel trend of lesser magnitude was noted for AA receptor
inhibition in the TBI group at 48.6% % 5.7% versus 28.9 + 2.8 for uninjured controls (p =
0.0005).

J Trauma Acute Care Surg. Author manuscript; available in PMC 2014 June 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Castellino et al.

Page 15

A B

100 - 100 1 T T
g 1 €
H 5
B 50 4 h E 501 /
2 = , *
€ J- £ O +
-— < 7
8 1 3
< ~ * 7

. 200 Z l
Controls AllTBI GCS>8 GCS<8 Controls AllTBI GCS>8 GCS<8
Figure 3.

Box and whisker plots of ADP and AA receptor inhibition in control versus TBI cohorts. A,
ADP receptor inhibtion of all TBI is 64.5% (IQR, 39.3-95.1%, n = 70) compared with
15.5% (IQR, 13.2-29.1%, n = 10) (Mann-Whitney U-test p < 0.0001) in the healthy
controls. ADP inhibition of severe TBI cohort, GCS score of 8 or lower, was 93.1% (IQR,
44.8-98.3%, n = 29) and 56.5% (IQR, 35-79.1%, n = 41) (p = 0.0006) in the cohort with
GCS score greater than 8. Mean values denoted by “+.” B, AA receptor inhibition of all TBI
is 25.6% (IQR, 3.1-76.7%, n = 70) compared with 2.2% (IQR, 0.0-5.8%, n=10) (p=
0.0027) in the healthy controls. AA inhibition of severe TBI, GCS score of 8 or lower, was
14.4% (IQR, 0-62.2%, n = 29) and 40.4% (IQR, 12.9-78.9%, n = 41) (p = 0.3460) in the
cohort with a GCS score greater than 8. Mean values denoted by “+.”
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Representative TEG/PM tracings of a severe TBI patient versus an uninjured control. A,
Severe TBI. In this patient with a GCS score of 3, ADP receptor inhibition is 100%, as
evidenced by the lack of increase in clot strength when platelets are stimulated by ADP,
compared with a fibrin-only clot. B, Uninjured control. ADP receptor inhibition of a healthy
volunteer with a GCS score of 15. The ADP receptor inhibition is very low at 13.9%,
denoting a normal platelet contribution to clot strength when stimulated by exogenous ADP.
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Figure 5.
Representative histopathologic sections of post-TBI rat brains (hematoxylin and eosin,

original magnification 40x). In the slides taken 30 minutes after injury, subarachnoid
hemorrhage was a consistent finding (arrows), confirming disruption of the BBB in our TBI
model.
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