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Abstract
Antithrombin (AT) is a natural anticoagulant with anti-inflammatory properties that has demonstrated value in sepsis, disseminated intravascular coagulation and in burn and inhalation injury. With high doses, AT may decrease blood loss during eschar excision, reducing blood transfusion requirements. There are no human randomized, placebo-controlled studies, which have tested the true benefit of this agent in these conditions. Two main forms of AT are either plasma-derived antithrombin (phAT) and recombinant antithrombin (rhAT). Major ovine studies in burn and smoke inhalation injury have utilized rhAT. There have been no studies which have either translated the basic rhAT research in burn trauma, or determined the tolerance and pharmacokinetics of rhAT concentrate infusions in burn patients. Advantages of rhAT infusions are no risk of blood borne diseases and lower cost. However, the majority of human burn patient studies have been conducted utilizing phAT. Recent Japanese clinical trials have started using phAT in abdominal sepsis successfully. This review examines the properties of both phAT and rhAT, and analyzes studies in which they have been utilized. We believe that it is time to embark on a randomized placebo-controlled multi-center trial to establish the role of AT in both civilian and military patients with burn trauma.
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Core tip: Based on ovine and rat research, and civilian population studies, antithrombin (AT) therapy with either human plasma-derived antithrombin or recombinant antithrombin (rhAT) may be a valuable adjunct treatment in patients with ≥ 25% total body surface area burn. AT has anticoagulant and anti-inflammatory properties, a positive effect on cardiopulmonary function, and wound healing, with concomitant decreases in pneumonia and mortality. Studies in human volunteers with endotoxemia have shown that rhAT doses as high as 200% and 500% are tolerated safely. With adequate high doses, AT may decrease blood loss during eschar excision, and reduce blood transfusion requirements.
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BACKGROUND 
World-wide, there are an estimated 265000 deaths per year attributed to burns and inhalation injury, mainly in countries with lower incomes, especially in the World Health Organization (WHO) South-East Asia area[1]. In the United States alone, the American Burn Association 2015 Fact Sheet compiled data estimates that there have been 3240 deaths from fire and smoke inhalation, 486000 burn injuries requiring medical treatment, and 40000 requiring hospitalization with a survival rate of 96.7%[2]. In spite of major improvements in burn care during the past 30 years, inhalation injury has not been adequately addressed, and is often the main reason patients die even when they have recovered from their burns. Currently, there are no definitive clinical trials for agents that would reverse or improve the inflammatory response, cytokine release, capillary leakage, pulmonary edema, and cellular influx into the lung parenchyma in these patients. It has been well documented in the literature that burn and inhalation injury patients have varying degrees of disseminated intravascular coagulation (DIC), hypercoagulability with thromboembolism, and systemic inflammatory response syndrome (SIRS). Current beneficial relevance of antithrombin (AT) to burn trauma has not been proven[3-6]. Human and ovine studies have shown that AT can have an impact on the morbidity and mortality associated with burn trauma[7,8]. In this review we will examine the utility of AT as a natural anticoagulant and anti-inflammatory agent in the treatment of ≥ 25% total body surface area (TBSA) burns and inhalation injury. The review will describe the status quo of overall research in the field and problems that have been resolved. 

Human plasma-derived antithrombin
Paul Morawitz[9] was the first to coin the word “antithrombin” (as an inhibitor of thrombin) in his review in 1904. AT was then identified in 1939 as a co-factor of heparin in preventing thrombin formation and inactivating thrombin by forming the thrombin-AT complex[10].
Plasma-derived antithrombin (phAT) is a 58200 kDa serine protease inhibitor of the serpin family which, as a natural anticoagulant: Neutralizes activated serine proteases like factors X, IX, XI, X12; complexes with and deactivates thrombin (factor II); and increases the rate of dissociation of factor VIIa-tissue factor complex to reduce factor VIIa activity[11,12]. Since the anticoagulant activity of phAT is potentiated by interactions with endothelial heparin sulfates, this effect is localized to the blood vessels where it competes with heparin for the glycosaminoglycans through thrombomodulin to activate the release of prostacyclin[11,12]. phAT also has anti-inflammatory properties: It complexes with thrombin, removes it from circulation, and decreases production of TNF-alpha which plays a major role in the SIRS syndrome initiated cytokine proliferation[13,14]. phAT may improve wound healing in a hypercoagulable system by reducing thrombosis and maintaining a more vascularized subcutaneous tissue[15,16]. If there is a decrease of thrombosis and microthrombi under the burned skin due to AT-treatment, there would be increased intensity of heat shock protein (hsp) expression in the underlying tissue of the burned area, leading to more viable cells expressing the hsp genes[16]. phAT-treated burned skin had a significantly increased intensity of expression of hps70 (P < 0.02 and of grp78 (P < 0.01) compared to controls[16]. 
AT plasma levels in healthy blood donors are age-related; between the ages of 25-30 years, women have lower phAT levels compared to men; between the ages of 35 and 50 years, the levels are the same; and over 50 years of age, women have higher phAT levels and increased levels of Factor VII and fibrinogen[17,18]. phAT was used successfully in patients with hereditary AT deficiency[19]. 
In the past 20 years, published human studies and case reports have documented benefit from the use of phAT in patients with DIC and sepsis[20-23]. The Kybersept study of 2314 septic patients (multi-national, randomized, placebo controlled) was undertaken to determine if there was decreased mortality in patients with phAT treatment (30000 units over 4 d); there was no significant benefit of AT in 28 day mortality rates[24]. In addition, the subset of patients who received heparin with phAT had increased risk of bleeding episodes[24]. However, in this study, there was no adjustment of the AT dose for weight, and burn trauma patients were not included. In a subset of the Kybersept septic patients who had clinical DIC, Kienast et al[25] found that patients treated only with phAT did not have increased bleeding compared to controls. These results had a negative and cautionary impact on further investigations of phAT in in critically ill patients with DIC and sepsis[25]. 

Recombinant antithrombin 
Recombinant antithrombin (rhAT) as a sterile lyophilized powder became available in the 1990s. As a recombinant product, it eliminates the morbidity of blood borne pathogens and is less expensive than phAT[26]. It is currently FDA approved for hereditary AT deficient patients[26]. A detailed biochemical analysis found that rhAT transgenically produced from goat milk is comparable to clinical grade human plasma-derived AT with respect to specific activity, purity, amount of aggregates, primary sequence, secondary and tertiary structure[26]. Recombinant AT has a shorter half- life than phAT (10.16 ± 1.28 h vs 2.8-3.8 d)[26,27]. rhAT also has a greater affinity for heparin than phAT, which may be due to differences in glycosylation[26]. Because rhAT is cleared faster from the circulation compared to phAT, it is usually administered as a continuous intravenous infusion. It has been studied in an ovine model of burn and inhalation injury. Other rhAT formulations are produced from the Chinese hamster ovary cells, baby hamster kidney cells and a methylotropic yeast, Pichia pastoris[28]. The primary available rhAT product is Atryn™ (GTC BioTherapeutics, Framingham, MA). It is approved for use in patients with congenital AT deficiency, and is well tolerated and effective[29]. Leitner et al[30] studied the effects of rhAT in 30 healthy volunteers. rhAT was infused to increase AT plasma levels to 200% and 500% of normal in a randomized, double-blind, placebo-controlled fashion[30]. Then endotoxin (LPS), 2 ng/kg was administered. Infusion of rhAT dose-dependently decreased coagulation activation (P < 0.01), and interleukin-6 levels (P < 0.01)[30]. rhAT also decreased peak interleukin-6 levels by 40% in both study groups (222 pg/mL and 216 pg/mL vs 357 pg/mL in the placebo group, (P < 0.001)[30]. In summary, rhAT dose-dependently inhibited tissue factor-triggered coagulation[30]. While rhAT has been used in normal volunteers and in patients with hereditary AT deficiency, there have been no human studies in patients with burn and inhalation injuries.

phAT studies in burn trauma
Table 1 is a compendium of six studies using phAT in human subjects. Of these, 5 reported patient benefits in terms of either pulmonary function, wound healing or mortality. All the studies used different treatment methods and could not be compared to each other. The results in the Danielsson study were compromised by the use of very low doses of phAT, which were continued for 3-4 d[31]. The study had a total of only 6 patients, with small and large burns in one cohort, each of whom were administered a different dose of phAT, without achieving levels above the “normal”[31]. In addition, the authors started heparin on day 3 in both the phAT-treated and non-treated patients, further complicating the clinical picture and data analysis[31]. Therefore, the study conclusion that phAT was not of benefit in burn trauma was based on inadequate numbers, low AT levels, and overall inconclusive evidence[31].
In contrast, Del Principe reported a significant decrease in mortality with the use of infused phAT to > 100% of normal in an Italian pediatric population[32]. 
In the Niedermayr et al[33] study, burn and inhalation patients were followed by daily AT plasma levels and received AT concentrates to correct any deficiencies to physiologic levels of 70%-120%. Controls had less inhalation injury (14% vs 50%) and the %TBSA was much lower (17 ± 17 vs 36 ± 24); one might, therefore, expect the control arm with less injury severity to have a significantly lower mortality (7% vs 36%)[33]. In this study, all patients received heparin to maintain an APTT of 50 s[33]. Pharmacokinetics of bolus vs continual infusion of phAT revealed that continual infusion consumed less drug over time and sustained fewer unintentional decreases in plasma once the steady state was reached; this also provided a cost benefit for the patient[33]. 
Lavrientieva et al[34] published a prospective, randomized study of 31 severely burned patients comparing phAT-treated patients with controls. AT administration was started from the 1st post-burn day and continued for the next 3 d[34]. The AT dose was titrated to the target value of plasma AT activity > 150%[34].  The baseline AT in controls was 54.7% ± 26% on admission and increased to 70.4% ± 19% on day 4; the baseline AT in the phAT-treated patients was 44.3% ± 16% and increased to 121.2% ± 18%[34]. On the basis of specific coagulation markers for DIC such as thrombin-antithrombin complex (TAT) and D-dimer, 19 (61.3%) of patients had non-overt DIC on admission and 9 (29%) had overt DIC on admission[34]. The study did not provide subset analyses of their patients, separating the less injured %TBSA from the more severely injured ones[34]. 
Kowal-Vern et al[15] prospectively studied 18 patients with ≥ 20% TBSA burns ± inhalation injury to assess phAT concentrate infusions for safety and efficacy, and impact on pulmonary function. Since phAT had not been previously utilized in burn trauma, patients were consented on the basis of their decision to either receive the concentrate or to enter as a control patient, not randomized. Nine patients received q 8 h phAT concentrate infusions to raise the plasma level in the first 72 h of hospitalization[15]. The empiric choice, to maintain a high level at > 175% plasma levels was not adequate in treating these patients, to prevent thrombosis of blood vessels, DIC, and stymie the SIRS response that was initiated by release of the thrombin into the circulation (Figure 1)[15]. 
The loading dose and q 8 h dosing strategy showed variable levels of phAT in patients over the course of 3 d, (Figure 2)[15]. 
Changes in coagulation activation, fibrinolysis, and anti-inflammatory effects did not extend past the last phAT concentrate dose[15]. More than likely, the half-life of phAT was decreased due to the consumption and loss during the acute resuscitative period. By day 5, control patient AT levels were returning to normal in the less severe cases; liver production of AT was, therefore, intact in most cases unless liver failure developed during treatment[15,35]. Aspartate aminotransferase (AST) levels are markedly elevated in burn patients compared to other liver enzymes most likely as a reaction to the inflammation that is occurring rather than liver disease or failure on admission[35]. 
Several investigators recommended that phAT concentrates be given to achieve > 200% plasma level for adequate anticoagulation and anti-inflammatory activity[36-39]. One patient with 80% TBSA and inhalation injury received the higher recommended doses of phAT concentrate and the four extremity eschar was easily separated from the viable subcutaneous tissues with no blood loss and no excision[40]. Figure 3 shows the severity of the burn with a well-defined escharotomy scar on the lower extremity. Figure 4 shows how easily the eschar is peeled back off the viable subcutaneous tissue below. Histopathology showed viable sebaceous glands and a vascular bed at the separation edge beneath the burnt non-viable skin[40]. 

Human and ovine studies of AT concentrates for pulmonary injury in burn trauma
Utilizing AT concentrates as replacement therapy for burn trauma, there has been one human study assessing pulmonary function and a number of ovine model studies evaluating burn trauma and specifically lung pathophysiology. Although a small study, the Loyola group compared nine phAT-treated burn patients to 23 control patients[7]. Forty-three percent of controls and 23% of phAT-treated patients developed pneumonia, P < 0.01[7]. With potential decreased airway resistance and increased oxygenation, phAT-treated patients had significantly fewer episodes of pneumonia compared to controls[7]. AT concentrate infusions were judged safe and a good option to shorten hospital stay, promote graft viability and survival, and improve pulmonary function in burn injury[7,15]. 
In a later comparison study of 11 Inhalation injury patients to 11 inhalation+burn injury patients, the inhalation group had a significantly lower 5% ± 4% TBSA compared to 37% ± 24% TBSA in the inhalation+burn group, P < 0.001[41]. phAT plasma levels were significantly decreased in inhalation±burn injury patients (41% + 16% of normal) compared to those with inhalation injury (81% ± 26%), P < 0.003[41]. The bronchoalveolar lavage (BAL) did not show any AT levels in the inhalation only patients, but the inhalation + burn injury patients had 1% ± 3% phAT in the lavage[41]. TNF-α levels were significantly increased in BAL compared to plasma on admission and days 3-6 in both groups, P < 0.001[41]. BAL IL-6 levels increased in severity through days 3-6, in contrast to plasma levels which decreased in intensity by days 3-6[41]. This increase and persistence of BAL TNF-alpha and IL-6 may have contributed to the pulmonary perturbations of these patients.
The major work on lung pathophysiology in burn trauma and smoke inhalation injury has been performed at the University of Texas Medical Branch in Houston, Texas[8,42-44]. They have shown therapeutic benefits of rhAT on burn injury and pulmonary function in their well-established ovine burn and smoke inhalation-induced model of acute lung injury (ALI)/acute respiratory distress syndrome (ARDS)[8,42-44]. The ovine model is a 48 h protocol of burn and smoke inhalation injury in sheep with different medication regimens[8,42-44]. Murakami et al[8] investigated the treatment impact of rhAT on sepsis after smoke inhalation in sheep and found that rhAT attenuated the septic shock and the acute lung injury and maintained platelet counts at baseline. Enkhbaatar et al[42] were able to prevent the formation of airway fibrin clots causing airway obstruction and Acute Lung Injury and ARDS, with aerosolized anticoagulants (rhAT and heparin) and attenuated all the expected pulmonary pathophysiology. 
In contrast to the Kybersept trial where the combination of phAT and heparin increased bleeding episodes, there was no increased bleeding noted by the combination of intravenous rhAT and aerosolized heparin[42]. This may possibly be a result of the increased affinity of rhAT to heparin, and less competition for attachment to the endothelial surfaces of blood vessels. The other explanation may be that the mode of agent delivery by separate intravenous and aerosolized routes results in different modes of interaction with the coagulation cascade and fibrinolysis. Rehberg et al[43] put together a useful compendium of their research with the ovine model and pulmonary pathophysiology in burn trauma[43]. Two centers have described the phenomenon of leukocyte activation contributing to pulmonary vascular permeability and pulmonary edema in conjunction with inflammatory agents such as thrombin which promotes systemic capillary leakage and systemic interstitial edema[44,45]. 

DIC 
DIC is defined by the International Society on Thrombosis and Hemostasis (ISTH) as an “acquired syndrome characterized by the intravascular activation of coagulation with loss of localization arising from different causes”[46]. It is a clinicopathologic diagnosis and requires the following laboratory diagnostic tests in an acute care setting: Platelets ≤ 100000/mm3, increased fibrin related markers as D-dimer or fibrin degradation products (FDP), a prolonged prothrombin time (PT), a prolonged activated Partial Thromboplastin Time (aPTT), and a fibrinogen (Fbg) < 1 g per liter[46]. Depending on the score, it can be diagnostic of either overt or non-overt DIC[46]. These required parameters for diagnosing DIC have not always been utilized by studies on burn in the literature. The clearest indication for use of AT replacement in trauma may be in the treatment of severe thermal burns. Hemostatic interactions are composed of the coagulation system, the fibrinolytic system, cellular elements (platelets, endothelium), and vasculature balanced in an intricate interrelationship to maintain homeostasis. Most of the global markers of hemostasis as PT, aPTT, and Fbg are not sensitive enough to detect a hypercoagulable state, changes in fibrinolysis, or non-overt DIC. Thus, PT, aPTT, and Fbg levels provide only a superficial impression of hemostasis and become abnormal only when severe coagulation-related disorders are established. Acute thermal injury initiates an activation of coagulation and fibrinolysis resulting in either an overt or non-overt DIC, which increases in severity with the severity of the injury (%TBSA/inhalation injury[35,47,48]. These hemostatic abnormalities are a result of increased consumption of coagulation and fibrinolytic factors, dilution by the resuscitative fluids, and loss of plasma and fluids through the injured integument. AT concentrates have been used successfully in patients with DIC[20-23]. 
Significant coagulation abnormalities in burned patients have been demonstrated in the literature for the past 30 years. A detailed discussion of these would deserve a separate review. Prior to providing phAT concentrates to burn trauma patients, both Kowal-Vern et al[35] and Lavrentieva et al[47] investigated the coagulation and fibrinolytic markers in these burn patient populations to determine the extent of the coagulopathy present. Most pronounced was the decrease in AT, which was significantly suppressed on the first day of burn injury and correlated with the degree of burn injury; it was also the earliest to recover by day 5 to within normal levels[35]. These abnormalities caused an increased state of fibrinolysis and thrombogenicity in the patients, which was confirmed by specific markers of activation such as D-dimer, TAT complex, plasminogen activator inhibitor-1 (PAI-1), and tissue plasminogen activator (tPA)[35,47]. 
The DIC pathophysiology initiates coagulation and fibrinolysis through endothelial cells or tissue injury, with release of cytokines and other acute phase reactants. Once activated, the proteolytic enzymes, thrombin and plasmin, circulate systemically; their respective concentration determines either a bleeding or thrombotic tendency. AT protects the body against excess clotting by neutralizing thrombin; it is the most important physiological inhibitor of thrombin and factor Xa. In all instances of significant trauma, AT is consumed and plasma AT levels may rapidly decrease to levels at which the process of coagulation will proceed unchecked, quickly leading to deficits in oxygenation, organ failure and shock. There is a significant body of literature that correlates low levels of plasma AT following severe injury and trauma, with an increase of organ failure and death. AT replacement may affect the outcome of all of these conditions. 

SIRS 
The human body maintains homeostasis with all systems such as coagulation, inflammation, and innate immunity on a daily basis; any insult such as burn, inhalation, infection, sepsis induces a SIRS reaction to control and heal the injury imposed on the body[49]. The cytokine cascade initiates pulmonary inflammation even in the absence of smoke inhalation. AT is a key protagonist affecting not only the coagulation cascade, but also modulating the cytokine release and a major anti-inflammatory agent in plasma, counteracting the boundless SIRS release on the homeostasis of an acutely injured burn patient. AT promotes the release of prostacyclin on the endothelial surface which, as an anti-inflammatory agent, counteracts the production of monocytes and inhibits the release of cytokines such as TNF-alpha[13,14]. Hur et al[50] evaluated 67 burn patients with 27 cytokines and found that IL-1RA, IL-6, and MCP-1 may be used to predict mortality[50]. It appears that the presence and intensity of cytokines, chemokines and growth factors in the pulmonary bronchi and alveoli corresponds to the severity of the inhalation injury[51]. Neonatal rats receiving 100% oxygen for nine days developed pulmonary edema and hypercellularity on days 1-3 which resolved by days 6-9; this condition was accompanied by the production of TNF-alpha and IL-6 in the bronchoalveolar lavage which were not present in the control rats[52]. Intra-alveolar TNF-alpha and IL-6 were also significantly increased in a rat model subjected to burn and inhalation injury[53]. 

Thrombosis and thromboembolism
There is an interrelationship between the degree of burn and the extent of thrombosis in burned tissue[54]. A second-degree burn has thrombi in the venules only, and a third-degree burn has thrombi in the venules and arterioles[55]. Cotran et al[56]  have elegantly demonstrated by electron microscopy, in a rat model, that after a mild thermal injury and at the periphery of more severe burns, there is an increase in vascular permeability produced by gaps in the endothelium with no demonstration of endothelial damage[56]. As the severity of thermal injury increases, arterioles, small vessels, and capillaries undergo endothelial necrosis or stasis; larger vessels may continue to leak[56]. When stasis occurs, an amorphous material, chylomicra or thrombi of platelets, and necrotic debris clog the vascular lumen[56]. Animal studies have shown that the presence of infection and sepsis induces a significant increase in thrombosis and distant pyogenic abscesses[56-58]. Autopsy cases have shown pulmonary microthrombi and partially dissolved fibrin in vessels of burn patients contributing to sludging of cells in vessels[59]. However, there have been no prior published histopathological representations of “normal” and phAT-treated human third degree burnt skin, Figure 5 (unpublished data). Subcutaneous tissue vascular thrombi and debris are depicted in Figure 6 (unpublished data).

Cardiac function
Burn patients are known to have myocardial dysfunction which increases in severity with the severity of the injury and is worse if there are any cardiac co-morbidities present. In their ovine burn and smoke inhalation model, Rehberg et al[60] have noted that post injury infusion of 6 u/kg per hour of rhAT for 48 h improved myocardial contractility and decreased myocardial oxygen consumption. In addition, TNF alpha and interleukin 6 were not released and the sheep did not accumulate as much systemic fluid[60].

Bacterial translocation
Many of the infections seen in burn patients appear to come from the bacteria transferred from the gut into the systemic circulation to provide the nidus for the infectious complications of burn patients[61]. The ovine model of burn and smoke inhalation injury documented that when the lung is injured, gut bacteria are transported systemically during acute injury because blood is shunted from the intestinal tract into the cardiopulmonary system, and through the systemic capillary leakage[43]. Using an Albino rat model, Herek infused the animals with phAT with 250 u/kg phAT prior to infecting them and creating a burned surface; phAT-treated rats had reduced intestinal villi degeneration and decreased bacterial translocation to mesenteric lymph nodes, spleen and liver compared to sham and control rat (P < 0.02)[62]. This study followed the work of Ozden who showed that an infusion of phAT prevented an ischemic reperfusion injury in the rat[63].

DISCUSSION
There are two forms of AT used in these studies-rhAT and phAT. rhAT has been primarily used in basic/animal research studies, while phAT has been used in clinical studies. This may lead to questions about the relevance of the basic science studies to human care. The safety of the commercially produced phAT and rhAT concentrates in treating acquired and congenital AT (H) deficiencies has been well documented. High dose AT replacement has been supported in polytrauma and patients with septic shock and DIC[20,23,25]. 
AT use in disseminated intravascular coagulopathy and sepsis has been evaluated but has not yet been proven useful conclusively[3-6]. It is still worthwhile to pursue AT as a potential treatment in burn and inhalation injury[64]. AT would be of extreme value to the (3%-9% of burn patients with ≥ 25% BSA) as well as to inhalation injury patients. With the research recommendations for high AT dosing (> 200%), the lack of bleeding during burn eschar removal may eliminate the need for blood transfusions, an intervention known to increase infectious complications and mortality in burn patients[65]. There are no new products in development with both anticoagulant and anti-inflammatory potential such as those possessed by phAT and rhAT to treat severe thermal burns. Not only do rhAT and phAT have the potential to inhibit thrombin and thrombin generation, they can also reduce the systemic inflammatory response that contributes to pulmonary and organ failure, and shock. The vast majority of products in active clinical development for the treatment of burns and inhalation injury does not address systemic injury and falls into the following categories: topical wound healing formulations, artificial skin products and temporary wound coverings, products for the control of bacterial colonization at wound sites, cultured skin and cells for dermal tissue repair, and proteolytic enzymes. 

Future research to maximize the practical impact on the field
AT research requires a multicenter randomized placebo-controlled clinical trial. Accrual may be challenging because of smaller numbers (3%-9% of the burn population) than those of patients with sepsis or DIC, but 100-200 patients with reproducible and creditable results would likely determine the utility of AT therapy. This is certainly attainable. 
Going forward, primary research objectives should be to determine whether rhAT can safely replace phAT and can maintain AT plasma levels between 200%-250% (normal AT plasma level = 80%-120%) in the first three days post-burn. Secondary objectives are to determine whether patients who receive rhAT or phAT realize significant reductions in pneumonia rates, extent of grafting needed, acute care stays, mechanical ventilation, the number of days of supplemental oxygen, positive end-expiratory pressure (PEEP), and mortality. Decreases in the frequency of organ failure may also be found. It would also be quite worthwhile to assess the effect of high-dose AT on burn eschar “peeling off” to decrease the need for operative excision.
The lower cost of rhAT may also allow for dissemination of this treatment approach in lower income international communities, where burn injuries are prevalent, highly morbid and often fatal.

CONCLUSION
AT therapy for patients with major burn and inhalation injuries may be a very valuable adjunct to standard treatment. The current literature has shown, albeit in small studies in the civilian population and animal research, that AT therapy has a positive effect on pulmonary function, wound healing, with a decrease in pneumonia and mortality. rhAntithrombin may be a very viable option because the literature has shown that it is safe in humans and animals. AT infusions have shown a positive effect on capillary leakage, pulmonary function, wound healing, DIC, inflammation, cardiac function and decreasing bacterial translocation systemically, pneumonia and mortality. Human study volunteers, given endotoxin and rhAT concentrates in doses as high as 200% and 500% of normal AT levels, tolerated them safely. It is time for a multicenter, randomized, placebo-controlled. Standardization of burn trauma patients should include the DIC scoring system guidelines recommended by the International Society of Thrombosis and Hemostasis[46]. AT levels should be targeted to more than therapeutic levels (200%-250%) over a four day period after injury for the most beneficial clinical response in burn patients with ≥ 25%TBSA. rhAT pharmacokinetics should be initiated in burn and inhalation patients to determine the appropriate dosage for treatment response. Each of the proposal elements represents a significant technological challenge and medical advance. The development of this treatment modality has universal benefits for severe burn trauma patients, both on the battlefield or in the civilian sector. In addition, the broad benefits of AT treatment may be widely applicable in a variety of traumatic injuries and acute care settings.
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Figure 1 ATIII levels after calculations for bolus single infusions to attain > 175% plasma antithrombin levels (personal file AKV). AT: Antithrombin.
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Figure 2 A 72 h depiction of q 8 h dosage coefficient of variations for the antithrombin-treated burn patients (black dots) compared to control plasma antithrombin levels (white squares) (personal file AKV). AT: Antithrombin.
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Figure 3 The severity of injury requiring an escharotomy in a burn patient with 80% total body surface area (personal file AKV). 
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Figure 4 The “peeling off” of the eschar, not requiring knife excision with exposed viable subcutaneous tissue and minimal bleeding (personal file AKV).
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Figure 5 A representation of the pathology in third degree burnt skin from a patient treated with plasma-derived antithrombin and in patient without plasma-derived antithrombin treatment. Whereas the skin beneath the control eschar is dead and non-viable with clotted and coagulated blood vessels, the skin and subcutaneous tissue beneath the phAT-treated skin is more viable in comparison with fewer thrombi (personal file AKV). phAT: Plasma-derived antithrombin.
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Figure 6 The thrombi, sludge and necrotic debris in burnt skin subcutaneous tissue blood vessels. A: Illustrates a blood vessel with sludge and fibrin debris; B: Depicts a small vessel with fibrin debris; C: Shows a clotted vessel; D: A larger vessel occluded with amorphous material. Magnification 40 ×, PTAH staining (personal file AKV).


Table 1 Literature review of plasma-derived antithrombin studies in human burn patients
	Ref.
	# phAT patients
	#
controls
	Age
(yr) mean
	%TBSA
	# doses
	Admit AT % levels 
	phAT dose
units

	AT % level desired
	AT % level achieved
	AT Level predict Mortality
	Other

	1Danielsson et al[31],
1997 
	6
	8
	37
(20-56)
	49
(26-75)
	9 days
	< 50
	333-3800 
 
	> 70
	50-75
	None
	Heparin also

	3Kowal-Vern et al[7,15], 2000-2001
	9
	9
	45-30
	40-45
	9 q 8 h
	45
(35-55) 
	97 u/kg/dose
	175
	120
(95-145)
	None
	Pneumonia↓ in AT-treated

	3Kowal-Vern et al[40], 2003 
	2
	0
	1.8
	70
	9 q 8 h
	25-66
	1000 u/dose
	200
	 173
(114-224)
	None
	None

	Del Principe et al[32],  2003 
	50
	0
	<16
	>30
	9 q 8 h
	--
	--
	100
	105
(85-125)
	P = 0.0005

	None

	2Niedermayr et al[33], 2007 
	108
	93
	53
(30-76)
	36
(12-60)
	--
	85
(63-107)
	--
	70-120
	70-120
	P = 0.003

	Heparin also (APTT-50 sec)

	4Lavrentieva et al[34], 2008 
	15
	16
	22-66
	44
(22-66)
	3 d
	44
(28-81)
	65 u/kg per day
	> 150
	124
(106-148)
	None
	AT-treated ↑ survival P = 0.004


In age, %TBSA. 1AT-treated group received continuous unfractionated heparin from day 3. One thousand six hundred and sixty-seven u/patient daily as did the controls; 2The controls had less inhalation injury (14% vs 50%) and the %TBSA was much lower (17 ± 17 vs 36 ± 24); 3Calculations for the loading dose were 97 u/kg per loading dose and the next 9 doses were At 2/3 of the loading dose; 4Unknown if AT given q 8 h or as a continuous infusion. AT: Antithrombin; phAT: Plasma-derived antithrombin; TBSA: Total body surface area.
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image5.png
Comparison of AT (H)-treated skin on the left to the control burnt skin on
the right of the ruler. There are more microthrombi in the control burnt
skinbeneath the surface. The under-surface of the burn is more vascular
in the AT(H)-treated skin.
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