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Fluids are a vital tool in the armament of acute care clinicians in both civilian and military resuscitation. We now better understand complications from inappropriate resuscitation with currently available fluids; however, fluid resuscitation undeniably remains a life-saving intervention. Military research has driven the most significant advances in the field of fluid resuscitation and is currently leading the search for the fluids of the future. The veterinary community, much like our civilian human counterparts, should expect the fluid of the future to be the fruit of military research. The fluids of the future not only are expected to improve patient outcomes but also be field expedient. Those fluids should be compatible with military environments or natural disaster environments. For decades, military personnel and disaster responders have faced the peculiar demands of austere environments, prolonged field care, and delayed evacuation. Large scale natural disasters present field limitations often similar to those encountered in the battlefield. The fluids of the future should, therefore, have a long shelf-life, a small footprint, and be resistant to large temperature swings, for instance. Traumatic brain injury and hemorrhagic shock are the leading causes of preventable death for military casualties and a significant burden in civilian populations. The military and civilian health systems are focusing efforts on field-expedient fluids that will be specifically relevant for the management of those conditions. Fluids are expected to be compatible with blood products, increase oxygen-carrying capabilities, promote hemostasis, and be easy to administer in the prehospital setting, to match the broad spectrum of current acute care challenges, such as sepsis and severe systemic inflammation. This article will review historical military and civilian contributions to current resuscitation strategies, describe the expectations for the fluids of the future, and describe select ongoing research efforts with a review of current animal data.
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THE DRIVE FOR THE FLUIDS OF THE FUTURE


Military Research and Needs

Military research has driven much of the resuscitation advances over the years. Large scale conflicts and field-specific demands have outlined the need to address common conditions. Hemorrhagic shock, traumatic brain injury, burns, and sepsis are responsible for the vast majority of combat casualties from the most recent conflicts in the Middle East (1–3). Hemorrhage remains by far the leading cause of preventable deaths (1). Those observations lead the military trauma community to develop field-expedient solutions relevant to operative constraints.



Civilian Resuscitation

While resuscitation differs drastically between a warzone and a civilian setting, there is still a need for novel resuscitation fluids in non-combat scenarios. Patient care at the point-of-injury and during transport to definitive care can also be challenging during non-military operations. This is illustrated by massive casualties scenarios where blood supplies and resuscitation teams are rapidly exhausted. Resuscitation resources may be overwhelmed and exhausted following natural (hurricanes, flooding, etc.), or human-made disasters (terrorist attacks). Resuscitation in underserved areas, such as rural communities or Native American reservations, presents similar challenges. Care-providers practicing in those environments will likely benefit from field-expedient novel fluids. Most deaths occur within the first 6 h following trauma (4), which emphasizes the importance of adequate resuscitation tools near the point-of-injury.



Veterinary Resuscitation

Military working dogs are exposed to significant hazards during deployment and suffer similar injuries as their human counterparts. Hemorrhagic shock and sepsis are also concerning in those patients. There is limited research explicitly pertaining to canine resuscitation in austere environments and prolonged field care scenarios.

Civilian veterinary populations will also benefit from advances toward fluids of the future. Law enforcement and search and rescue dogs may present similar injury patterns as military working dogs (5). They often operate in austere environments with limited resources and may suffer similar injuries (gun, stab wounds, burns, impalement, etc.). Aside from potential medical benefits over current products, fluids of the future are also likely to be used in smaller clinics that cannot carry products with demanding storage requirements or a short shelf life.




THE IDEAL FLUID

Shock is defined by the American College of Surgeons as the inadequate perfusion of tissue, such that the oxygen and blood volume delivery fail to meet the cellular metabolic and oxygen consumption needs. This definition does not however account for cytopathic shock, whereby cells may not be able to produce ATP despite normal oxygen delivery (6–8). Therefore, the treatment of shock focuses on restoring tissue oxygen delivery by improving blood volume and flow in both the macro and microcirculation. Sustaining arterial content of oxygen is a cornerstone of resuscitation as well. However, despite the normalization of markers of tissue oxygen delivery (blood pressure, hemoglobin concentration, arterial partial pressure in oxygen, etc.), patients may suffer ongoing organ injury due to microcirculation and mitochondrial disorders. The ideal fluids should provide a solution to the various components of the physiopathology of shock. While the quest for the ideal fluid is still ongoing, its characteristic can be outlined in Table 1.


Table 1. Desirable properties of an ideal resuscitation fluid.
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NOVEL CRYSTALLOIDS

Crystalloids, both hyper- and isotonic, have been extensively studied for the management of various types of fluid-responsive shocks. Advances in knowledge have also underlined their limitations, such as hemodilution, blood acidification, hypothermia, coagulopathies, etc. (9). Those side effects serve as a canvas for research and development efforts.

Recently a crystalloid that supports nitric oxide synthesis (by containing nitrate and nitrite) and free-radical scavenging (by containing magnesium and transition metals) was similar to whole blood at improving hemodynamic markers of hypoperfusion (mean arterial pressure, serum lactate, central venous oxygen saturation) in pigs subjected to hemorrhagic shock (10). This product showed similar histological markers of tissue and glycocalyx injury compared to whole blood. Such effort seeks to address microcirculatory dysfunction observed during states of shock, while utilizing a non-hemoglobin-based resuscitation tool.

Another approach has been to add polymers of polyethylene glycol (PEG) to exert osmotic and hydrophilic actions in the microcirculation. Much remains to be done regarding the coagulation effects of the product (11); pigs subjected to hemorrhagic shock and resuscitated with the investigational product had reduced maximal amplitudes when compared to control animals. The solution still showed promising results in pre-clinical studies comparing it to whole blood or starches (12). Survival rate at 24 h were significantly higher when pigs were resuscitated from hemorrhagic shock with the PEG product, when compared to whole blood and hextend (100, 17, and 0%, respectively). The PEG solution also improved mean arterial pressure and capillary perfusion when compared to the other products.

Hypertonic saline is a product that has been heavily studied in brain injury resuscitation. Hypertonic saline (3.5–7%) has been enriched with adenosine, lidocaine, and magnesium. The use of this formula, named ALM therapy, also led to promising results in pre-clinical rodent and swine models. The solution extends survival, reduces ongoing hemorrhage, modulate coagulopathy, and prevents immunodeficiency (13). Encouraging benefits have been observed in rodent models of traumatic brain injury with increased survival, cardiac function, and cortical blood flow (14). Conversely, in pigs receiving lipopolysaccharide, ALM therapy led to a reversible hypotensive and hypometabolic state, with reduced markers of inflammation (15). This exemplifies that a given product is likely to be beneficial in specific shock scenarios. There is a paucity of data explaining the actual mechanism of action of the drug; modulation of damage-associated molecular pathways and reduction in the inflammasome (Multiprotein complex that activates the pro-inflammatory cytokines interleukin 1b and 18) activity might contribute to clinical effects (16).



NOVEL BLOOD PRODUCTS/BLOOD PRODUCT REPLACEMENT

Current evidence strongly supports using blood products over crystalloids or synthetic colloids to treat human patients with hemorrhagic shock in both civilian and military patients. There is ample evidence showing the deleterious effects of over resuscitation with isotonic crystalloids associated with edema, cellular, metabolic, and immune dysfunction (17). Analysis of military casualties has shown that the use of blood in the treatment of combat casualties has saved lives. In a recent report, investigators estimated that 873 additional service members would have died in the wars in Iraq and Afghanistan had they not received blood products for their traumatic injuries (18). The clinical benefits of blood conflict with their use: they come in limited supply or might be unavailable altogether in combat, are complicated to store, have a limited shelf life, and can be associated with bacterial contamination (19, 20). The development of field-expedient blood products or substitutes is a primary focus for the military community. Synthetic products allow control of the supply chain while avoiding the risk of transferring disease from blood donor to the recipient.


Red Blood Cells Replacement Products

The development of hemoglobin-based oxygen carriers (HBOC) has been a dynamic field for decades. Numerous products showed promises in animal models but unfortunately were not successful in human clinical trials. A single meta-analysis, which has since been criticized (21–23), cast serious doubt on the clinical benefits of HBOC while outlining a high incidence of complications (24). Therefore, there is currently no FDA-approved HBOC in clinical use in human or veterinary medicine. Lack of clinical benefit has been attributed to nitric oxide-scavenging properties of hemoglobin leading to hypertension, oxygen oversupply, heme-mediated oxidative stress (25–27). Another limitation of earlier HBOC was the lack of dynamic oxygen affinity. In health, the hemoglobin saturation curve is sigmoid due to its allosteric effector 2,3-Diphosphoglycerate (2,3-DPG) and collaborative binding of oxygen (i.e., cooperativity: binding of the first oxygen molecule facilitates the binding of the next one, etc.). First-generation HBOC did not present such properties (28). Common side effects reported after using a wide range of HBOC products include gastrointestinal symptoms, pancreatic and liver enzyme elevation, myocardial infarction, arrhythmias, renal injury, and death (29).

While clinical complications were outlined, this meta-analysis also provided the industry with guidance to improve future products. Refinement involved chemical alterations to prolong half-lives such as polymerization or linking to non-protein molecules such as PEG or polyoxyethylene. HBOCs can be administered with antioxidant molecules, such as ascorbic acid, to prevent oxidative stress (30). Cross-linking with antioxidant enzymes, such as superoxide dismutase or catalase, has also been investigated in a rat model of severe cerebral ischemia-reperfusion showing improved perfusion and injury mitigation (31).

A PEGylated carboxyhemoglobin compound (Sanguinate™) is in clinical development. PEGylation prolongs circulating half-life by interfering with cell surface receptors involved in removal from circulation, prevents extravasation by increasing molecular weight, and reduces immunogenicity. Carboxylation prevents the formation of methemoglobin during storage. This molecule also releases carbon monoxide; while at high concentration, carbon monoxide is toxic, at lower concentrations, it protects cells from ischemia by mitigating inflammation, oxidative stress, and apoptosis (32). In rats subjected to hemorrhagic shock, PEGylated carboxyhemoglobin reduced evidence of renal injury (tubular histologic damage as well as neutrophil gelatinase-associated lipocalin and tumor necrosis factor alpha immunohistochemistry) despite not improving renal tissue oxygenation (33). In another study, PEGylated carboxyhemoglobin resulted in less volume requirement and prolonged survival when compared to synthetic colloids (6% hetastarch) (34). In a rat model of LPS-induced shock, animals receiving an isotonic crystalloid and the carboxyhemoglobin compound showed improvement in renal cortical microcirculatory partial pressure in oxygen as well as intravital microscopy markers of improved skeletal muscle microcirculation, when compared to those receiving the isotonic crystalloid alone. The addition of norepinephrine did not further enhance cortical oxygen delivery. While there was no difference across groups in biomarkers of renal injury, the carboxyhemoglobin did not improve immunohistological markers of renal injury (35).

PEGylated carboxyhemoglobin has been further coupled with polynitroxyl. This chemical modification leverages the benefits of carboxylation, as discussed above, while providing superoxide dismutase and catalase-like activities. This modification affords antioxidant properties. This molecule was recently investigated in a guinea pig model of combined traumatic brain injury and hemorrhagic shock, which are the most lethal injuries in military casualties (36). Administration of this hyperoncotic solution following controlled cortical impact and hemorrhagic shock improved perfusion and reduced neuronal injury compared to lactated Ringer's.

Hemopure® (or HBOC-201) is another promising HBOC. It is a glutaraldehyde-polymerized, bovine hemoglobin. This compound has been studied in large animals for selective aortic arch perfusion (SAAP), an advanced endovascular resuscitation technique combining aortic balloon occlusion and proximal perfusion. In combination with SAAP, this HBOC was associated with successful outcomes following traumatic cardiac arrest modeled in pigs (37, 38). Such approach will potentially allow for prompt, blood-free augmentation in arterial oxygen content following traumatic exsanguination in the prehospital settings.

Side effects associated with first-generation HBOC have in part been attributed to their small molecular size (39). Another product refinement effort, therefore, focuses on developing products made up of large molecular weight hemoglobin polymers. Larger HBOCs reduce extravasation and renal injury, as well as nitric oxide scavenging. Those benefits materialized in a rat study of hemorrhagic shock, where large polymerized bovine hemoglobin restored blood pressure and cardiac function similar to fresh whole blood. Stored whole blood, however, was associated with renal and hepatic injury (40). The effects of those products on coagulation have yet to be determined. For instance, Polyheme®, a now-discontinued product, enhanced fibrinolysis (41), which is already a concern in trauma patients. There is, therefore, a concern that hyperfibrinolysis might be a property shared across various HBOCs.

Another product under development leverages a heme-based protein found in the thermostable bacterium Thermoanaerobacter tengcongensis. This molecule has a higher affinity for oxygen than hemoglobin, which allows for preferential delivery to hypoxic tissue. It also has a lower affinity for nitric oxide, which theoretically will not present the same hypertensive complications observed with first-generation HBOC. Similar to other blood product substitutes, the molecule is polymerized and PEGylated to prolong half-life (42). Being smaller than a red blood cell, the compound travels more easily through the microcirculation. In an ovine model of myocardial injury, administration of Omniox® resulted in improved myocardial oxygenation and contractility compared to control (42).

Another compound derived from the lugworm (Arenicola marina) is also penetrating the market as a preservation solution for organ transplants. The molecule is a large hemoglobin molecule that spontaneously occurs in the polychaete. It can load 156 oxygen molecules for transport, which is much higher than the four molecules the mammalian hemoglobin carries (43). The molecule, when administered to rats subjected to controlled cortical impact, improved blood pressure and, importantly, improved brain tissue oxygenation transiently (44). If further studies continue to show similar success, this compound might provide a bridging tool for patients with traumatic brain injury in the prehospital setting.

Hemoglobin can also be encapsulated to delay removal from circulation (45). The encapsulation process protects the molecules from degradation and oxidation while allowing for oxygen movement across the membrane. Much remains to be done to evaluate the immunogenicity of individual constructs. However, chronic administration of one of these encapsulated compounds to rats did not lead to significant antibody formation or tissue injury (46). The hemoglobin molecule can also be encapsulated with other molecules that preserve its structure and function (carbonic anhydrase, antioxidant enzymes, methemoglobin reductase, 2,3 DPG) (47). One such example is the bioparticle Erythromer®. Human hemoglobin is encapsulated in a membrane with compounds to lower oxygen affinity, prevent oxidation and prolong half-life. The bioparticle remains smaller than a red blood cell, thereby allowing it to navigate more easily through the microcirculation. The product also has the potential to be freeze-dried. In the lung, due to the higher pH, a novel compound bound to the inner membrane of the construct simulates 2,3 DPG activity. When the pH decreases, the novel compound interacts with hemoglobin and facilitates oxygen release. This facilitated release promotes oxygen delivery to hypoxic tissues.

In vitro production of red blood cells has been another approach to overcoming short supplies in red blood cells (48, 49). Farmed red blood cells development will free blood banks from concerns arising from donor-induced contamination of blood products and would provide a sustainable source of red blood cells if scaled appropriately. The ideal farmed red blood cell should be universally compatible and lead to no immunologic reaction. Most research efforts in the field have been funded by the Defense Advanced Research Projects Agency and leverage human stem cells to grow cultured red blood cells.

Research focusing on non-hemoglobin-based oxygen transport has been a dynamic field owing to earlier complications associated with HBOC as well as intrinsic limitations of hemoglobin-derived substitutes. Of those, perfluorocarbons (PFC) have been heavily studied. PFCs are amphipathic molecules; they transport oxygen with a weaker bond than hemoglobin, which leads to a linear oxygen saturation curve rather than a sigmoidal curve. While this translates to the need for higher partial pressure in oxygen for similar oxygen loading, oxygen unloading to tissue is better. Once in emulsion, those molecules can circulate through the microcirculation more efficiently than red blood cells owing to their smaller size. Similar to many HBOCs, several PFCs compounds have failed to translate from bench to bedside, but research and development efforts are still ongoing. Recent hemorrhagic shock studies in swine failed to show a benefit of a newer molecule (dodecafluoropentane) co-administered with fresh frozen plasma when compared to whole blood (50).

Iron-containing porphyrins have also been studied but do not currently seem to be an active area of product development. A porphyrin molecule can be combined with an iron atom to replicate the heme molecule (51). This molecule has then been encapsulated into a PEGylated lipid bilayer (52).



Novel Platelet Products

Platelets are certainly the most challenging blood product to collect, process, ship, and store. Furthermore, they are expensive, have a short shelf life (5–14 days), and carry a higher risk of transfusion complications than other blood products such as packed RBC and plasma (53). In human medicine, platelets comprise only 10% of blood transfusion yet results in 25% of the transfusion reactions (54). Platelet transfusions are occasionally needed in times of severe thrombocytopenia due to immune-mediated conditions, neoplasia, bone marrow suppression and disseminated intravascular coagulopathy (55). Additionally, in people, platelet transfusions have been recommended as part of a balanced hemostatic resuscitation strategy for individuals who have sustained severe trauma and blood loss (56). However, transfusion of canine platelets is uncommon in veterinary medicine due to the high cost, decreased availability, and short shelf life (typically 5–7 days at room temperature) of fresh platelets (57).

Artificial platelets will address some of these challenges. SynthoPlate® is made of liposomes that are “decorated” with multiple types of peptides on their surface. One peptide is a von Willebrand factor binding peptide, which facilitates adherence to circulating or tethered von Willebrand factor. Another peptide is a collagen-binding peptide allowing the liposome to adhere to exposed collagen. The third peptide is GP IIb-IIIa binding fibrinogen-mimetic peptide allowing the liposome to participate in aggregation with other platelets (58). SynthoPlate® is not designed to replicate all of the capabilities of natural platelets such as degranulation, contraction, and morphologic changes. However, SynthoPlate® can help active platelets adhere to surfaces as well as allow multiple platelets to bind to them, acting as an extender for the host platelets (59).

SynthoPlate® has shown promise in several animal studies. Early studies showed that a mixture of aggregation and adhesions peptides reduced tail vein bleeding time in mice compared to liposomes decorated with only one type of peptide or saline (59). Another interesting study examined the effect of SynthoPlate® in thrombocytopenic mice. In this study, the investigators showed that SynthoPlate® administered to thrombocytopenic mice reduced bleeding time in a dose-dependent fashion. Even more interesting, at the highest dose of SynthoPlate® administered, bleeding times in these mice returned to near control levels suggesting that SynthoPlate® can potentially control bleeding even in animals with very low levels of natural platelets (60). In a model of uncontrolled hemorrhage, mice were administered SynthoPlate® either before or after liver injury. Under both conditions, SynthoPlate® administration resulted in significantly decreased blood loss compared to animals that did not receive SynthoPlate® (61). Finally, a large animal model showed similar results. In this model, pigs with a femoral artery injury were administered a bolus of SynthoPlate® as part of a resuscitation strategy. Not only was bleeding reduced in the pigs administered SynthoPlate® but the authors also reported an improved survival. In the SynthoPlate® group there was 100% survival after 60 min and 75% survival after 90 min, while the control group showed a 25% survival after 60 min and 0% survival after 90 min (58).

Synthetic platelet products offer several benefits over natural and modified platelets. They are shelf stable at room temperature and are expected to have a robust shelf life. They can be produced in large quantities once manufacturing has been optimized. Cryopreserved and lyophilized platelet products need to be harvested from donors and then processed, which could affect the availability of the finished products. Additionally, all platelet products derived from donors carry some risk of transfusion reaction, although the incidence of transfusion reactions secondary to platelet administration in veterinary medicine is not well established (55, 57). Perhaps the most attractive aspect of these synthetic platelet products for veterinary professionals is that they are expected to have little antigenicity and have already proven to work in several species without significant immunologic reactions. This could provide veterinarians the ability to treat many species with platelet-like products that have not been available previously.

While this product is early in its development and studies have yet to be performed in small animals, there are numerous potential clinical indications for synthetic platelets in veterinary medicine particularly in resource-constrained practices. Synthetic platelets are not a substitute for live platelets; however, they can be made economically and are not immunogenic (as expected). They may provide a way for general practitioners and specialists to treat immune mediated thrombocytopenia, consumptive coagulopathies, and bone marrow suppression, among other conditions. Treating feline patients, where no licensed platelet products for this species exist and fresh feline platelet products are not routinely available, might be of particular interest. These synthetic platelets may be able to extend the effect of the remaining platelets in animals preventing a bleeding diathesis while clinicians treat the underlying disease.

Naturally occurring platelet-derived hemostatic agents have also been evaluated as a replacement for current platelet products. Extracellular vesicles are small (10–1,000 nm diameter; exosomes 50–100 nm; microvesicles 100–1,000 nm) particles that express similar surface proteins as the cells they are secreted from. They contain a broad range of mediators and are capable of interacting with other cells and transferring their content to a target-cell. Platelet-derived extracellular vesicles isolated from leukoreduced apheresis platelets had endothelium-sparing properties and stimulated whole blood aggregation. Those vesicles reduced blood loss in a mouse model of uncontrolled blood loss (62).



Freeze-Dried/Lyophilized Platelets

The introduction of lyophilized platelets (LP) has been a promising development in platelet substitutes. Lyophilized canine platelets (StablePlate®) is an FDA-approved and commercially available product that may simplify and increase platelet administration to veterinary patients. These LPs are made by obtaining leukoreduced apheresis platelets from donor dogs. These platelets are stabilized with trehalose, a disaccharide found in organisms able to withstand intense dehydration, mixed with a buffering solution and lyophilized (63, 64). This process allows the LPs to be room stable for up to 12 months and can be rapidly reconstituted with sterile water. This product is licensed for use in thrombocytopenic dogs with uncontrolled bleeding. A similar human-derived product dubbed Thrombosomes® is currently being investigated for use in people (65). A similar product called Stasix has also been developed was used in a swine liver injury model. In this experiment, pigs underwent a liver injury and were treated with either a low dose of Stasix or saline. Eighty percentage of the pigs treated with Stasix survived while only 20% survived in the saline treated group. However, pathologic thrombi were noted in the Stasix treated group, suggesting there may be some safety concerns with this product (66).

In 2017, investigators reported on the safety of canine LPs in a coronary bypass canine model. The group performed coronary bypass on eight dogs and returned up to 33% of their circulating platelet count with LPs. The group reported normal coagulation parameters and no abnormal thrombus formation in these dogs (67). More recently, Goggs et al. performed a multicenter randomized clinical trial of LP vs. dimethyl sulfoxide stabilized cryopreserved canine platelets for severely thrombocytopenic dogs (68). The group found that at 1 h after infusion the LP group had lower bleeding scores than the cryopreserved platelet group, but there was no significant difference at 24 h between groups. Furthermore, there was no difference between groups in platelet count change, need for additional red blood cell transfusions or survival to discharge. Studies are ongoing investigating the utility of canine LP for use in hemorrhagic shock and trauma.



Fresh-Frozen Plasma Replacement Products

The development of an FDA-approved freeze-dried plasma (FDP) has been a priority for the Department of Defense. Current candidates include single-donor or pooled products. Heterogeneity in plasma hemostatic properties between donors is compensated for by pooling, thereby homogenizing clinical efficacy. Plasma can be purified by leukoreduction, solvent/detergent treatment, or microfiltration to obtain a product void of cells or cell debris. It can then be freeze-dried-lyophilized through a combination of low temperature, low pressure and low moisture circulating air or it can be spray dried by aerosolizing it into a high-temperature chamber to remove the moisture (69). FDP has regained prominence for trauma resuscitation in people. Three different countries are now manufacturing FDP for people (70), and it has been used with great success on the battlefield during the recent conflicts (71, 72). Beyond its use on the battlefield, FDP has shown to be efficacious in use for civilian traumas. In a study of aeromedical evacuation civilian trauma patients in the United Kingdom, patients transfused with FDP prehospital had a decreased need for red cell transfusions and decreased time to administration of blood products (73). FDP offers numerous advantages over FFP. FDP is shelf-stable at room temperatures and can be quickly reconstituted in <5 min with sterile water. FDP is currently recommended by the Department of Defense to resuscitate individuals in hemorrhagic shock when whole blood is not available or as part of a balanced resuscitation strategy (1 pRBC: 1 plasma: 1 platelets).

Currently, two companies have produced canine FDP with the help of Department of Defense funding. Bodevet Inc. has produced a pooled plasma product dubbed StablePlas®, which is expected to be FDA cleared and commercially available soon. Another company, Mantel Technologies, is also producing a high-quality canine FDP product. Both products can be manufactured in a plasma bag, can be reconstituted in under 5 min with sterile water, and have a long shelf life at room temperature. In a recent study, both products were considered to have hemostatic properties equivalent to canine fresh frozen plasma and in general retained their hemostatic capacity for up to 14 days after reconstitution when refrigerated (74). DoD funded studies are ongoing evaluating the in vivo use of canine FDP in hemorrhagic shock and trauma.



Resuscitation Adjuncts

Regardless of the qualities of a novel fluid, there is also a growing interest in non-fluid-based resuscitation adjuncts for patients with hemorrhagic shock. Resuscitative endovascular balloon occlusion (or REBOA) is an endovascular hemorrhage control tool whereby a balloon-tipped catheter is inserted in the aorta (75). The balloon can be inflated in various locations of the aorta depending on the source of bleeding. Aortic occlusion can be complete, partial (allowing limited flow, continuously, around the balloon), or intermittent (the balloon is completely inflated and completely deflated at fixed intervals or after a set hypotension threshold is reached). REBOA is a bridging therapy that allows rapid stabilization of the patient until definitive care. However, it creates a severe ischemia-reperfusion syndrome for which the fluids of the future might be important and especially relevant. Other similar resuscitation tools that will be improved with new generation fluids include SAAP and extracorporeal membrane oxygenation.




LIMITATIONS

Reviewing the literature to discuss fluids of the future outlines that much remains to be done to have a product with proven benefits in veterinary patients and that also overcame regulatory evaluation to make it to market. Synthetic platelets are the most likely product to become available to veterinary researchers to validate their efficacy in various clinical scenarios since they are FDA approved. The gap between bench to bedside is a major limitation for several of those products as many will not prove efficacious in our patients. This is the main focus of translational research. Animal data, especially in dogs and pigs, is the basis for translation into veterinary and human clinical practice. Many of the observed benefits of the products reviewed here might disappear in clinical studies. Veterinarians, physicians, bioengineers should strive to collaborate to ultimately evaluate those products to ultimately improve patient outcome. Such success will likely be the result of partnership between military agencies, civilian researchers, and private companies.



CONCLUSIONS

Fluids are unquestionably an important part of resuscitation from several states of shock. Clinical and laboratory research have outlined several limitations of currently available products, which motivates efforts to develop new-generation fluids that will hopefully overcome those limitations. The search for the ideal fluid is driven by military research owing to specific operational constraints. Those efforts are also paralleled and supported by civilian efforts. Altogether, those research and development initiatives are likely to benefit both civilian and military veterinary patients. There are several candidates covering a wide range of syndromes, many of those remain early in the spectrum of translation from laboratory research to clinical use.
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Example of characteristics for the ideal resuscitation fluid
No storage lesion for prolonged periods at ambient temperatures up to
130°F (54°C)

Ready or easlly prepared for use

Universally compatible

Support oxygen-carrying capacity
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Minimal or mitigating effect on edema
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