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Insights into the association between coagulopathy and 
inflammation: abnormal clot mechanics are a warning of 
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Stephanie A. Savage1, Ben L. Zarzaur1, Greg E. Gaski2, Tyler McCarroll3, Ruben Zamora4,  
Rami A. Namas4, Yoram Vodovotz4, Rachael A. Callcut5, Timothy R. Billiar4, Todd O. McKinley3

1Department of Surgery, University of Wisconsin School of Medicine & Public Health, Madison, Wisconsin, USA; 2Department of Orthopedics, 

Inova Fairfax Medical Campus, Fairfax, Virginia, USA; 3Department of Orthopedics, Indiana University School of Medicine, Indianapolis, Indiana, 

USA; 4Department of Surgery, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania, USA; 5Department of Surgery, University of 

California Davis School of Medicine, Davis, California, USA

Contributions: (I) Conception and design: TO McKinley, BL Zarzaur, SA Savage; (II) Administrative support: TO McKinley, GE Gaski; (III) 

Provision of study materials or patients: Y Vodovotz, R Zamora, RA Namas, TR Billiar, TO McKinley; (IV) Collection and assembly of data: T 

McCarroll, GE Gaski, SA Savage; (V) Data analysis and interpretation: SA Savage, BL Zarzaur, Y Vodovotz, RA Namas, R Zamora, TR Billiar, RA 

Callcut, TO McKinley; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Stephanie A. Savage, MD, MS. Department of Surgery, University of Wisconsin School of Medicine, G5/341 CSC, 600 Highland 

Ave., Madison, WI 53792, USA. Email: savage@surgery.wisc.edu.

Background: Severe injury initiates a complex physiologic response encompassing multiple systems and 
varies phenotypically between patients. Trauma-induced coagulopathy may be an early warning of a poorly 
coordinated response at the molecular level, including a deleterious immunologic response and worsening 
of shock states. The onset of trauma-induced coagulopathy (TIC) may be subtle however. In previous work, 
we identified an early warning sign of coagulopathy from the admission thromboelastogram, called the 
MAR ratio. We hypothesized that a low MAR ratio would be associated with specific derangements in the 
inflammatory response.
Methods: In this prospective, observational study, 88 blunt trauma patients admitted to the intensive care 
unit (ICU) were identified. Concentrations of inflammatory mediators were recorded serially over the course 
of a week and the MAR ratio was calculated from the admission thromboelastogram. Correlation analysis 
was used to assess the relationship between MAR and inflammatory mediators. Dynamic network analysis 
was used to assess coordination of immunologic response.
Results: Seventy-nine percent of patients were male and mean age was 37 years (SD 12). The mean ISS 
was 30.2 (SD 12) and mortality was 7.2%. CRITICAL patients (MAR ratio ≤14.2) had statistically higher 
shock volumes at three time points in the first day compared to NORMAL patients (MAR ratio >14.2). 
CRITICAL patients had significant differences in IL-6 (P=0.0065), IL-8 (P=0.0115), IL-10 (P=0.0316) 
and MCP-1 (P=0.0039) concentrations compared to NORMAL. Differences in degree of expression and 
discoordination of immune response continued in CRITICAL patients throughout the first day.
Conclusions: The admission MAR ratio may be the earliest warning signal of a pathologic inflammatory 
response associated with hypoperfusion and TIC. A low MAR ratio is an early indication of complicated 
dysfunction of multiple molecular processes following trauma.
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Introduction

The Inflammation and Host Response to Injury research 
program, commonly known as the Glue Grant, has raised 
the awareness of the innate inflammatory response to injury 
since its inception in 1998 (1). This ongoing collaborative 
is one of the earliest research programs to elucidate the 
complex interplay between tissue damage, inflammation and 
a multitude of systemic responses. Defining an individual 
patient’s physiologic response to severe injury is challenging, 
however. In addition to variability in type and degree of 
injury and the severity of shock at admission, there is likely 
a genotypic contribution that influences response at a 
molecular level (2,3). In an age of personalized medicine, 
there is a focus on identifying biomarkers that reflect these 
underlying genotypic contributions to disease progression.

Activation of the inflammatory cascade following injury 
is meant to initiate healing, to prevent propagation of injury 
and to serve as a barrier to infection (4). The severity of 
the initial tissue insult contributes to the inflammatory  
response (5). In severe cases, trauma triggers a ‘genomic 
storm,’ in which dysconjugate expression of both pro- 
and anti-inflammatory pathways leads to a systemic 
inflammatory response syndrome (SIRS) (6,7). SIRS 
develops in the days following injury, but the first 
inflammatory signature can be seen within 90 min. of 
injury (8). The degree and duration of these inflammatory 
responses ultimately influences clinical course and outcome.

Inflammation and coagulation are known to interact at 
multiple points during their individual cascades, however. 
Inflammation may drive coagulation, coagulation may act 
to regulate the inflammatory cascade (9). In previous work, 
this group has evaluated the immediate coagulopathic 
response to injury, and how subtle early derangements in 
clot formation reflect a dysregulated immune response (10). 
The MAR ratio was created to incorporate specific aspects 
of the clotting cascade expressed from thromboelastography 
(TEG)—the MA reflecting clot strength and the R-time 
expressing onset of clot formation. By associating the 
onset of clot formation, including ‘relative’ delays, with 
the structural integrity of the subsequent clot formed, we 
postulated that there were significant malfunctions in clot 
formation present, despite seemingly normal individual 
TEG values. Accordingly, this ratio may be a sensitive 
biomarker of a patient-specific phenotype of abnormal clot 
formation. 

The purpose of this study was to understand how early 
derangements in the coagulation system, quantified by 

the MAR ratio, reflect the magnitude and coordination 
of immune system activation. We hypothesized that low 
MAR ratios, pathologically associated with increased blood 
utilization and mortality, would be associated with specific 
early derangements in the immunologic response to injury 
when compared to patients with normal MAR ratios. 
We present the following article in accordance with the 
STROBE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-3651).

Methods

This secondary analysis prospectively observed one 
hundred consecutive, multiply injured patients admitted 
to the trauma intensive care unit (TICU) or the operating 
room from April 2015 through September 2016. Patients 
were excluded if they had a non-survivable head injury, 
if they did not have an admission TEG, or if the TEG 
measurement was delayed, defined as more than 200 min. 
following admission. Pregnant patients, those with a pre-
existing clotting disorder or actively taking antiplatelet or 
anticoagulant agents, those less than 18 years or greater 
than 60 years of age, and prisoners were excluded. The 
study was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013). The study was approved by 
the Institutional Review Board of Indiana University School 
of Medicine (number 1411863767) and informed consent 
was taken from all individual participants.

Basic demographic data, injury characteristics, and 
laboratory data were collected. Total volumes of transfused 
packed red blood cells (PRBC), fresh frozen plasma (FFP), 
platelets, and cryoprecipitate (cryo) were recorded for the 
first 24 hours of admission. The primary outcome was the 
association between MAR ratio and inflammatory response. 
Secondary outcome variables included blood product 
utilization, as well as reaching critical administration 
threshold status (CAT+), a marker of large-volume 
hemorrhage defined as three units of PRBC transfused in 
any 60 minutes period (11). Intensive care unit (ICU) and 
hospital length of stay, and mortality were also recorded. 
There was no follow-up involved in this study.

Calculation of the MAR ratio

The MAR ratio was calculated from the admission TEG. 
The ratio was calculated as 

MAR ratio = MA/R-time
Values less than or equal to 14.2 were considered 
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abnormal (CRITICAL) based upon prior work (10). Values 
greater than 14.2 were considered NORMAL.

Blood processing

Blood was collected upon presentation to the Emergency 
Department (ED) (time 0), at 8 hours, 24 hours, and daily 
to day seven following injury or TICU discharge. Blood 
samples were all processed within two hours of collection. 
Samples were centrifuged at room temperature at  
1,500 rpm for 10 min. 1.0 mL of plasma was introduced 
into separate cryovial tubes and immediately frozen at  
−80 degrees Celsius.

Evaluation of the inflammatory response to injury

Serial quantification of inflammatory mediator values 
occurred over the first week following admission. An 
admission sample was taken immediately after arrival to the 
ED. Subsequent samples were taken at 8 and 24 hours and 
then daily until discharge from the TICU or day seven.

Plasma analyses were performed using a Luminex™ 
panel Bioassay of 20 inflammatory mediators for each 
patient. Mediators included Interleukin (IL)-10, IL-17A, 
IL-1 receptor antagonist (IL-1RA), IL-1β, IL-4, IL-5, IL-6,  
IL-7, IL-8, interferon gamma-induced protein of 10 kDa 
(IP-10), monocyte chemoattractant protein-1 (MCP-1),  
IL-22, IL-9, IL-33, IL-21, IL-23, IL-17E/IL-25, 
soluble IL-2 receptor-α  (sIL-2Rα) ,  and monokine 
induced by interferon gamma (MIG). High mobility 
group box 1 (HMGB1) was assayed using a specific 
enzyme-linked immunosorbent assay (ELISA-Shino 
Test Japan). A wide array of inflammatory mediators 
may be involved in the response to injury (12). Based 
on review of the literature, eight mediators were chosen 
a priori  to evaluate the relationship between their 
expression and coagulopathy following trauma (IL-1β, 
IL-4, IL-6, IL-8, IL-10, IL-23, HMGB1, and MCP-1)  
(4,6,7,13-18). Correlation analysis was used to define the 
relationship between the MAR ratio and these mediators. 
Mediators demonstrating a significant relationship to the 
MAR ratio were then further assessed using multivariable 
linear growth models, controlling for age and ISS.

Trauma-induced coagulopathy (TIC) is associated 
strongly with the magnitude of injury and hemorrhage (19). 
Therefore, propensity score matching was used to further 
refine the groups, by normalizing for injury severity and 

degree of shock. This allowed better identification of 
differences in immunologic responses between CRITICAL 
and NORMAL MAR ratio patients. CRITICAL patients 
were matched to NORMAL patients based on age, gender 
and ISS (INJURY subgroup). A second, more stringent 
matching (SHOCK subgroup) compared CRITICAL 
and NORMAL patients matched by age, gender, ISS and 
admission base deficit. 

Dynamic Network Analysis (DyNA) was then used to 
demonstrate the degree of coordination in the immunologic 
response to injury over the first 24 hours (20,21). This 
analysis was carried out to define, in a granular fashion, the 
central inflammatory network nodes as a function of both 
time and patient sub-group. Using inflammatory mediator 
measurements of at least three time-points for each patient, 
networks were created over two consecutive time periods 
(0–8 and 8–24 h) using MATLAB® software (10,11,15). 
Network edges (connections), defined as the number of 
trajectories of serum inflammatory mediators that move in 
parallel, were created if the Pearson correlation coefficient 
between any two nodes (inflammatory mediators) at the 
same time-interval was greater or equal to a threshold of 
0.7 (a correlation value commonly used to characterize 
trajectories that move in parallel either up or down). The 
network complexity for each time-interval was calculated 
using the following formula: Sum (N1 + N2 +…+ Nn)/n-1, 
where N represents the number of connections for each 
mediator and n is the total number of mediators analyzed. 
The total number of network connections represents the 
sum of the number of connections across all time-intervals 
for all patients in a given patient sub-group.

Statistical analysis

Tests for normality were used and continuous variables 
were analyzed with either the χ2 or Kruskal-Wallis 
test. Correlation analysis was utilized to determine the 
relationship between the admission R-time and MA 
and the specified inflammatory mediators. Results were 
expressed as correlation coefficients with P values less 
than 0.05 demonstrating significance. Multivariable linear 
growth models, controlling for age and ISS, were used 
to compare the MAR ratio to significant inflammatory 
mediators. SAS v. 9.4 for Windows (SAS Institute, Cary, 
NC, USA) was utilized for these statistical analyses. A 
pairwise, retrospective 1:1 propensity matched sub-analysis 
was performed using IBM SPSS Statistics® case-control 
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matching algorithm. 
Results

One hundred patients were initially enrolled in this pilot 
study. Three patients with non-survivable brain injuries 
were excluded. Nine additional patients were removed due 
to missing or delayed TEG data. Eighty-eight patients were 
thus included in this analysis.

The mean age of the study population was 37 years  
(SD 12) and 79% of patients were male. Ninety-eight 
percent of patients suffered a blunt mechanism of injury. 
The mean ISS was 30.2 (SD 13). The mean hemoglobin at 
admission was 12.6 g/dL (SD 2.4), median base excess was 
−5.0 mEq/L (IQR, −7.5, −2.0) and median shock index was 
0.84 (0.66, 1.09). The median ICU length of stay was 6 days 
(IQR, 3, 14) and the mean hospital length of stay was 15.5 
days (SD 10.7). Overall mortality was 7.2%.

The median MAR ratio for the entire cohort was 16.9 
(IQR, 13.1, 20.0). Previous work has indicated that the 
R-time and MA may be the most important TEG values 
in predicting the propensity to develop TIC (10). For the 
88 patients included in analysis, the median admission 
R-time was 3.7 seconds (IQR, 3.1, 4.2). The median α-angle 
was 70.9° (IQR, 66.4, 73.6). Median admission MA was  
61.4 mm (IQR, 55.4, 64.3). Median LY-30 was 0.005% 

(IQR, 0.001, 0.02).
Characteristics of CRITICAL and NORMAL patients 

are demonstrated in Table 1. There were no differences 
in patient age, gender, mechanism or injury or overall 
injury severity score. There was no statistical difference in 
ICU and hospital length of stay between groups, though 
NORMAL patients had a clinically longer ICU stay  
[7 days (IQR, 3, 15)] and hospital stay [15 days (IQR, 8, 
20)], compared to CRITICAL patients [ICU 5 days (IQR 3, 
10), P=0.4154 and hospital 8 days (IQR, 6, 25), P=0.2177]. 
Overall mortality was the same between groups.

Physiologic status at admission was evaluated with 
base deficit and shock index. CRITICAL patients had a 
significantly lower based deficit [−7 mEq/L (−8, −2)] at 
the time of admission compared to NORMAL patients  
[−4 mEq/L (−7, −2), P=0.0081]. Though the total shock 
index was much more significant in CRITICAL patients 
[0.92 (0.64, 1.59)] than those in the NORMAL group 
[0.8 (0.66, 1.04)], this did not reach statistical significance 
(P=0.2374).

CRITICAL patients required significantly more PRBC, 
FFP and platelets compared to NORMAL patients. 
Increased blood product utilization also translated to more 
CRITICAL patients reaching the critical administration 
threshold (CAT+). Fifty-two percent of CRITICAL patients 

Table 1 Characteristics of CRITICAL and NORMAL patients

Patient characteristics CRITICAL (MAR <14.2) NORMAL (MAR ≥14.2) P value

Age (years)† 31 [24, 48] 41 [29, 48] 0.1348

Gender (% male) 70% 84% 0.1966

Injury severity score (ISS)† 30 [22, 41] 27 [17, 36] 0.1754

Mechanism of injury (% blunt) 100% 96.5% 0.3246

Base deficit (mEq/L) −7 (−8, −2) −4 (−7, −2) 0.0081

Shock index 0.92 (0.64, 1.59) 0.79 (0.66, 1.04) 0.2374

Critical administration threshold (CAT+) (%) 52% 23% 0.0078

Red blood cells (units) ‡ 11 (17.5) 2.8 (5.9) 0.0006

Fresh frozen plasma (units) ‡ 4.8 (8.4) 1.2 (3.1) 0.0067

Platelets (units) ‡ 1.2 (2.24) 0.3 (0.9) 0.0047

Cryoprecipitate (units) ‡ 0.74 (1.6) 0.2 (0.7) 0.0722

Hospital days† 8 [6, 25] 15 [8, 20] 0.2177

Intensive care unit (ICU), days† 5 [3, 10] 7 [3, 15] 0.4154

Mortality (%) 7.4% 7% 0.3416
†, interquartile ranges (confidence intervals); ‡, mean (standard deviation).
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were CAT+ compared to 23% of NORMAL patients 
(P=0.0078).

Evaluation of cytokine response to injury

Of the eight a priori inflammatory mediators, we compared 
the admission concentrations for CRITICAL and 
NORMAL patients (Table 2). CRITICAL patients had 
significantly higher concentrations of IL-6 [302.5 (IQR, 
72.7, 1,145) vs. 94 (IQR, 43.7, 272.4), P=0.0065], IL-8 [75.6 
(IQR, 23.7, 117.8) vs. 24.2 (IQR, 12.7, 67.6), P=0.0115], 
IL-10 [140.1 (IQR, 79.4, 463) vs. 83.8 (IQR, 28.1, 226.1), 
P=0.0316] and MCP-1 [2,263 (IQR, 704, 5,580) vs. 776.2 
(IQR, 469.6, 1,727), P=0.0039]. There were no differences 
in admission concentrations of IL-1b, IL-4, IL-23 or 
HMGB-1.

A correlation analysis was also performed between the 
eight a priori inflammatory mediators and the admission 
R-time and MA. A significant positive correlation was seen 
between the R-time and IL-6 (0.453, P<0.0001), IL-8 (0.466, 
P<0.0001) and MCP-1 (0.369, P=0.0003). A significant 
negative correlation was found between the MA and IL-6 
(−0.387, P=0.0001), IL-8 (−0.310, P=0.0025), IL-10 (−0.261, 
P=0.0117) and MCP-1 (−0.300, P=0.0034).

Subgroup analysis: concentrations of inflammatory 
mediators

Propensity matching was performed based on age, 
gender and ISS (INJURY group, N=15 per group), as 
well as for age, gender, ISS and admission base deficit 
(SHOCK Group, N=11 per group). For INJURY patients, 
concentrations of IL-10, IL-6, MCP-1 and HMBG-1  

were significantly higher in CRITICAL patients than 
in NORMAL patients at 0hr. (Figure 1, NORMAL is 
represented by the vertical line at ‘1’). CRITICAL patients 
also had significantly lower IL-1b at 0 h. Concentrations 
of most cytokines equilibrated between CRITICAL and 
NORMAL over the first 24 hours in Group 1, except for 
IL-1b which was lower at 48 h in CRITICAL patients and 
IL-4 which remained significantly lower in CRITICAL 
patients at both 8 and 48 h. 

The SHOCK group, which accounted for admission 
physiology via inclusion of base deficit, resulted in 11 
patients per matched group. IL-10 and HMBG-1 were 
elevated in CRITICAL patients, though this did not 
quite reach statistical significance (0.05<P<0.1) (Figure 2, 
NORMAL is represented by the vertical line at ‘1’). By 
48 hours from injury, however, CRITICAL patients in 
the SHOCK group did have a significantly lower IL-4 
compared to NORMAL patients. 

Dynamic network analysis

DyNA was used to characterize the coordination of the 
immune response following injury. CRITICAL patients in 
the INJURY subgroup had decreased coordination of their 
inflammatory mediators at the time of admission, with only 
10 of 20 markers demonstrating connectivity with other 
mediators between 0 and 8 h after injury (Figure 3). Over 
the first day, the orchestration of the immune response 
became more robust, with more mediators involved and a 
greater degree of interconnectivity in CRITICAL patients 
from 8 to 24 h. In comparison, NORMAL patients had 17 
of 20 mediators with interconnectivity during the first 8hr 
after injury. This degree of coordination was perpetuated 

Table 2 Cytokine Concentrations at Admission for CRITICAL and NORMAL subgroups

Cytokines CRITICAL (MAR <14.2) NORMAL (MAR ≥14.2) P value

IL-1b (Interleukin 1 beta) 1.09 (0, 2.6) 1.32 (0.3, 2.8) 0.3721

IL-4 (Interleukin 4) 0 (0, 0) 0 (0, 0) 0.6230

IL-6 (Interleukin 6) 302.5 (72.7, 1,145.0) 94.0 (43.7, 272.4) 0.0065

IL-8 (Interleukin 8) 75.6 (23.7, 117.8) 24.2 (12.7, 67.6) 0.0115

IL-10 (Interleukin 10) 140.1 (79.4, 463.0) 83.8 (28.1, 226.1) 0.0316

IL-23 (Interleukin 23) 9,644 (5,487, 20,802) 15,474.5 (5,441, 32,000) 0.2637

MCP-1 (Monocyte Chemoattractant 
Protein 1)

2,263 (704, 5,580) 776.2 (469.6, 1,727) 0.0039

HMGB-1 (High Mobility Group Box 1) 16.3 (6.0, 30.4) 9.4 (5.4, 20.2) 0.0970
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over the first day. A similar pattern of coordination was seen 
with CRITICAL and NORMAL patients in the SHOCK 
subgroup (Figure 4).

Conclusions

Injury provokes a cascade of responses designed to control 
damage and return the organism to homeostasis. Both the 
coagulation and inflammatory cascades are stimulated by 
this process. Inter-connected, they propagate and regulate 

one another. Over-expression or malfunction in components 
of either system leads to maladaptive responses such as TIC 
and systemic inflammatory response syndrome (SIRS).

TIC is driven by multiple factors, including consumption 
of coagulation factors with unbalanced replacement, 
increased production of fibrinogen and factor VIII and 
increased activation of platelets (15,22). Dysregulation 
of this system contributes to a feedback loop, which 
potentiates the shock state, increases the likelihood of 
multi-organ dysfunction (MOD) and includes abnormal 

Figure 1 Expression of inflammatory mediators for CRITICAL and NORMAL patients in the Injury subgroup analysis at admission and 8, 
24 and 48 hours following admission. Cytokine expression is demonstrated for CRITICAL patients, in comparison to NORMAL patients, 
represented by the vertical line at ‘1’. For example, IL-10 in Group 1 CRITICAL patients, hour 0, is 5.5 fold greater than in NORMAL 
patients. IL-10, Interleukin 10; IL-6, Interleukin 6; MCP-1, Monocyte Chemoattractant Protein 1; HMGB-1, High Mobility Group 
Box 1; IL17E/IL-25, Interleukin 17E/Interleukin 25; IL-1RA, Interleukin 1 Receptor Antagonist; MIG, Monokine Induced by Gamma 
Interferon; IP-10, Interferon γ-induced Protein 10; IL-8, Interleukin 8; sIL-2RA, Soluble Interleukin 2 Receptor α; IL-22, Interleukin 22; 
IL 23, Interleukin 23; IL-33, Interleukin 33; IL-17A, Interleukin 17A; IL-21, Interleukin 21; IL-7, Interleukin 7; IL-9, Interleukin 9; IL 1b, 
Interleukin 1β; IL-5, Interleukin 5; IL 4, Interleukin 4.
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inflammatory responses. 
Patient-specific differences in the immunologic response 

to injury also contribute to TIC, as seen with the data 
from this study. In sub-cohorts matched for injury severity 
(INJURY) and further matched for injury severity and 
magnitude of shock (SHOCK), coagulopathic patients 
demonstrated a profound reduction in the coordination of 
their initial immunologic response, reflected by reduced 
connectivity in inflammatory mediators during the hours 
after injury. The poorly coordinated inflammatory response 
may lead to increased morbidity from hypoperfusion and 

shock states, as well as SIRS and MOD (13,22-25). Excess 
expression of pro-inflammatory cytokines and thrombin 
attract neutrophils, which are activated by the dysregulated 
inflammatory state, the ‘genomic storm’ (7,14). Activated 
neutrophils also express myeloperoxidases and elastase, 
which contribute to the endothelial damage caused by 
the initial injury (14). Further, the injured endothelium 
then contributes to a pro-thrombotic, and typically anti-
fibrinolytic, state. Via up-regulation of the inflammatory 
response, as well as sequelae of SIRS, injury leads to 
coagulopathy. 

Figure 2 Expression of inflammatory mediators for CRITICAL and NORMAL patients in the Shock subgroup analysis at admission and 8, 
24 and 48 hours following admission. Cytokine expression is demonstrated for CRITICAL patients, in comparison to NORMAL patients, 
represented by the vertical line at ‘1’. IL-10, Interleukin 10; IL-6, Interleukin 6; MCP-1, Monocyte Chemoattractant Protein 1; HMGB-1, 
High Mobility Group Box 1; IL17E/IL-25, Interleukin 17E/Interleukin 25; IL-1RA, Interleukin 1 Receptor Antagonist; MIG, Monokine 
Induced by Gamma Interferon; IP-10, Interferon γ-induced Protein 10; IL-8, Interleukin 8; sIL-2RA, Soluble Interleukin 2 Receptor α; IL-
22, Interleukin 22; IL 23, Interleukin 23; IL-33, Interleukin 33; IL-17A, Interleukin 17A; IL-21, Interleukin 21; IL-7, Interleukin 7; IL-9, 
Interleukin 9; IL 1b, Interleukin 1β; IL-5, Interleukin 5; IL 4, Interleukin 4.
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In the current study, we sought to determine if the low 
MAR ratio, which reflects the dysfunctional coagulation 
of TIC, also reflected the inflammatory milieu following 
major injury. Patients in this study were severely injured, as 
demonstrated by a mean ISS of 30 and a median admission 
base excess of −5.0 mEq/L. CRITICAL and NORMAL 
patients had similar injury severity scores, mechanism of 
injury, admission hemoglobin and admission shock index, 
though the shock index was quite clinically divergent. 

CRITICAL patients did demonstrate a significantly worse 
base deficit. When focusing on transfusion requirements in 
these patients, CRITICAL patients required significantly 
more PRBC’s, FFP and platelets. They also reached 
the critical administration threshold at double the rate 
of NORMAL patients. The fact that the two groups 
appear clinically similar at the moment of admission 
but demonstrate different blood product consumptions 
reaffirms the association between the MAR ratio and TIC.

Figure 3 Dynamic network analysis (DyNA) demonstrating inflammatory coordination for the Injury subgroup analysis (matched for age, 
gender, and ISS). The top row represents CRITICAL patients at two time intervals (0–8 and 8–24 hours), while the bottom row represents 
normal patient over the same interval. Inflammatory mediators are nodes, with red nodes dynamically involved in interactions, represented 
by the arrows. DyNa, Dynamic Network Analysis; IL-10, Interleukin 10; IL-6, Interleukin 6; MCP-1, Monocyte Chemoattractant Protein 
1; HMGB-1, High Mobility Group Box 1; IL17E/IL-25, Interleukin 17E/Interleukin 25; IL-1RA, Interleukin 1 Receptor Antagonist; 
MIG, Monokine Induced by Gamma Interferon; IP-10, Interferon γ-induced Protein 10; IL-8, Interleukin 8; sIL-2RA, Soluble Interleukin 
2 Receptor α; IL-22, Interleukin 22; IL 23, Interleukin 23; IL-33, Interleukin 33; IL-17A, Interleukin 17A; IL-21, Interleukin 21; IL-7, 
Interleukin 7; IL-9, Interleukin 9; IL 1b, Interleukin 1β; IL-5, Interleukin 5; IL 4, Interleukin 4.
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The inflammatory and coagulation cascades are complex 
processes which interact with, and influence, one another. 
These interactions are dynamic and have increasingly been 
described using computational modeling techniques like 
Dynamic Bayesian networks (DNB) and Dynamic Network 
Analysis (DyNa). DyNa is particularly helpful in evaluation 
of networks over distinct time intervals. The DyNa allows 
identification of the primary inflammatory mediators (nodes) 
and their interactions with other biomarkers at various time 

points, and in specific patient subgroups (26,27).
Our data demonstrated differences in individual 

immunoactive molecules in the early period following 
injury. There were significant decreases in immunologic 
coordination, as reflected in the decreased connectivity 
seen in the DyNA of CRITICAL patients. Taken together, 
these findings identify patient-specific differences in the 
immunologic response to injury that are explicitly associated 
with a coagulopathic phenotype. 

Figure 4 Dynamic network analysis (DyNA) demonstrating inflammatory coordination for the Shock subgroup analysis (matched for age, 
gender, ISS and admission base deficit). The top row represents CRITICAL patients at two time intervals (0–8 and 8–24 hours), while the 
bottom row represents normal patient over the same interval. Inflammatory mediators are nodes, with red nodes dynamically involved in 
interactions, represented by the arrows. DyNa, Dynamic Network Analysis; IL-10, Interleukin 10; IL-6, Interleukin 6; MCP-1, Monocyte 
Chemoattractant Protein 1; HMGB-1, High Mobility Group Box 1; IL17E/IL-25, Interleukin 17E/Interleukin 25; IL-1RA, Interleukin 
1 Receptor Antagonist; MIG, Monokine Induced by Gamma Interferon; IP-10, Interferon γ-induced Protein 10; IL-8, Interleukin 8; sIL-
2RA, Soluble Interleukin 2 Receptor α; IL-22, Interleukin 22; IL 23, Interleukin 23; IL-33, Interleukin 33; IL-17A, Interleukin 17A; IL-21, 
Interleukin 21; IL-7, Interleukin 7; IL-9, Interleukin 9; IL 1b, Interleukin 1β; IL-5, Interleukin 5; IL 4, Interleukin 4.
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To further quantify the inflammatory response to 
trauma, we focused on eight cytokines a priori, due to their 
established relationships to injury and inflammation or 
SIRS. Interleukin-6 is produced by T-lymphocytes and 
macrophages, is a pro-inflammatory mediator and amplifies 
the inflammatory response (4,13,16). Hepatocytes are also 
a major source of IL-6 in situations of sterile inflammation, 
such as injury, and IL-6 drives thrombin production 
by monocytes (28). IL-6 has variably been associated 
with infectious complications, MOD, and mortality 
(17,28-30). Interleukin-8 attracts polymorphonuclear 
leukocytes and macrophages to wound sites, and has 
also demonstrated significant elevations in the setting 
of tissue injury (4). Interleukin-1 cytokines are pro-
inflammatory and contribute to thrombin generation, with 
elevations seen in disseminated intravascular coagulation  
(DIC) (14). Interleukin-10, MCP-1, and HMGB1 have 
all been associated with a pro-inflammatory response and 
shock (6,13). Interleukin-4 is an anti-inflammatory cytokine 
and is suppressed following trauma (13). Interleukin-23 
(IL-23) has been associated with both pro- and anti-
inflammatory roles. IL-23 drives Th17 cell differentiation, 
which likely play a role in the pro-inflammatory response to 
trauma (18,31).

Initial correlation analysis was performed between the 
eight potentially significant cytokines and the individual 
components of the MAR ratio—the R-time and the MA. 
A significant positive correlation was noted between 
increasing concentrations of IL-6, IL-8, and MCP-1 and 
longer R-times. Interpreted one way, increases in these 
inflammatory mediators is associated with delays in the 
onset of clot formation. Conversely, a significant negative 
association was detected between increasing values of IL-
6, IL-8, IL-10, and MCP-1 and decreasing MA. These 
increased inflammatory mediators are thus associated with 
the formation of weaker clot.

Changes in inflammatory mediator concentrations over 
time were also assessed with linear growth-curve modeling. 
For this analysis, we used the calculated MAR ratio and 
controlled for age and ISS. In model development, we 
considered gender, due to some literature supporting 
differences in coagulation response by gender, but this 
was not significant to the model and was discarded. Based 
on previous work, we used a cut-off MAR ratio of 14.2 
with ratios <14.2 (CRITICAL) associated with worse  
outcomes (10).

CRITICAL patients had significantly higher values 

of IL-6, IL-8, IL-10, and MCP-1 at admission than did 
patients with NORMAL ratios. All cytokine concentrations 
decreased at a significant rate compared to the admission 
value. We performed a subgroup analysis in an attempt to 
isolate the interaction between coagulopathy, as seen in the 
CRITICAL and NORMAL patients, and the inflammatory 
response. In order to do this, we used propensity matching 
to control for patient age, gender, magnitude of injury and, 
in a further refined match, magnitude of shock at admission 
as represented by base deficit. 

The subgroup analysis demonstrated that CRITICAL 
patients had significantly different concentrations of key 
mediators, most noticeable at time of admission. The DyNA 
also demonstrated that there were significant differences in 
the coordination of the immune response between groups. 
CRITICAL patients also displayed a significantly less 
coordinated early inflammatory response to injury, with 
fewer involved inflammatory mediators, most notable in the 
earlier time-point. In comparison, the NORMAL patients 
had a much more coordinated response, as demonstrated 
by the greater interaction between mediators at early time 
points and 24 hours.

Patients with low ratios are unique and the CRITICAL 
MAR is only the tip of an iceberg. CRITICAL and 
NORMAL patients appear very similar at the time of 
admission, in terms of gender, age and injury severity. 
Clinical gestalt is therefore not enough to identify this 
phenotype. The low MAR ratio in CRITICAL patients 
identifies a malfunction of the coagulation system that may 
initially be subtle, yet indicative of a progressive traumatic 
coagulopathy. Even when normalized for injury severity and 
hemorrhage, these same patients demonstrated abnormal 
and poorly coordinated inflammatory responses. The 
importance of the MAR ratio is to indicate the profound 
uncoupling of multiple systems, at the molecular level, in 
response to severe injury.

The study does have limitations, one of which is size. 
Overall mortality was low in both groups despite a high 
burden of injury. No significant difference in mortality, 
or hospital and intensive care unit length of stay, was 
demonstrated between these cohorts. However, the 
purpose of this study was to assess coagulopathy and 
the inflammatory response following major injury and, 
therefore, the study was not powered to investigate 
differences in mortality. Prior work on the MAR ratio 
does demonstrate a mortality difference (10). Additionally, 
subgroup analysis resulted in small cohort sizes used in 
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DyNa for both INJURY and SHOCK groups. Though 
the analysis controlled for important patient variables and 
did demonstrate significant differences in immunologic 
coordination, the small groups may have introduced an 
unintentional bias.

Additionally, the population of this study primarily 
suffered a blunt mechanism of injury. Patients with severe 
blunt and penetrating injuries are physiologically different, 
so results of this study cannot be assumed applicable for 
penetrating trauma patients without further investigation. 
Finally, the relationship between DyNA and the MAR 
ratio was evaluated using a dichotomous cutoff, with the 
CRITICAL and NORMAL thresholds derived from our 
previous work. There may be more meaningful physiologic 
relationships that exist between other MAR values, on a 
continuous scale, and trauma-relevant phenotypes. However, 
we chose thresholds for this analysis based on our initial 
work and our data demonstrate that the initial MAR ratio 
serves as an effective biomarker to anticipate higher volume 
hemorrhage and immunologic dysfunction after injury. 

In conclusion, the MAR ratio is one piece of a much 
larger puzzle representing the complicated response 
to severe injury. Rather than producing a predictable 
inflammatory progression, blunt injury initiates a ‘storm’ of 
inflammatory mediators both innate and adaptive. These 
participate in a complex interplay with various systems, 
including coagulation. 

Patients who progress to TIC demonstrate a significant 
interaction between dysfunctional clot formation and 
alterations in inflammatory mediators. Differences in initial 
immunologic response in TIC patients were affected by the 
magnitude of injury and hemorrhage, but these differences 
persisted in sub-cohorts of patients normalized for ISS and 
base deficit, indicating that patient-specific differences in 
response to injury may affect TIC. In effect, injury merely 
initiates a complex interplay between clot formation and 
inflammation that is expressed as one phenotype of TIC. 
The MAR ratio is the earliest warning signal of one such 
pathologic phenotype.
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