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“There is a single light of science,  

and to brighten it anywhere is to brighten it everywhere. ” 

Isaac Asimov 
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Background 

Critically ill patients include a wide range of patient groups sharing several 

frequently occurring complications, such as the development of hypovolemia and 

anemia. The course of developing hypovolemia and anemia, nevertheless, may 

differ according to the underlying condition. Effective volume therapy is the main 

therapeutic strategy to prevent inadequate tissue perfusion and disturbed oxygen 

delivery in patients undergoing hypovolemia. If hypovolemia and anemia are not 

corrected directly, this situation could be followed by shock, irreversible cell 

damage, organ failure and finally, death. In order to develop treatment strategies, the 

mechanisms underlying shock, resuscitation, and ischemia/reperfusion (I/R) injury 

should be well understood. In general, therapy of shock aims to correct the main 

pathology leading to shock, as well as to correct early the perfusion deficit at the 

cellular level and to provide adequate oxygen delivery to the cells. 

 

Oxygen transport to tissues 

Oxygen delivery to the tissues, in general, is simply calculated as the product of 

blood flow and arterial oxygen content. It is obvious that decreases in flow, arterial 

oxygen content (a decrease in red blood cell mass or hemoglobin oxygen saturation, 

or an inability to use the oxygen available in the circulation), and dissolved oxygen 

result in tissue hypoxia. If the decrease in oxygen-carrying capacity is more than 

compensatory mechanisms can handle, further decreases in oxygen delivery can lead 

to an increase in extraction ratio. Further decreases in oxygen delivery will result in 

decreases in oxygen consumption and leave the tissues hypoxic, and if not corrected 

this may lead to irreversible tissue damage and organ failure. If such a condition is 

imminent and decreases in systemic hemoglobin levels occur, the therapy of choice 

is the administration of blood transfusions. However, oxygen flux into the tissues 

and finally into the cells also depends on many other factors, such as blood flow 

distribution between organs and within the microcirculation, functional capillary 

density, red blood cell transit times, physical, rheological and functional properties 

of red blood cells, tissue diffusion coefficient, oxygen transport across the cell 

membrane, and finally mitochondrial function and oxygen requirement. 

The microcirculation is a vascular system that is comprised of the smallest 

blood vessels (i.e., diameter < 100 mm), where oxygen delivery to the tissues is 

accomplished. This network of small vessels consists of arterioles, capillaries, and 

venules and terminal lymphatic vessels. The main purpose of the microcirculatory 

function is to maintain tissue oxygenation and thus organ function and, additionally, 
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transporting nutrients to tissue cells and to expel metabolic products. The 

microcirculation also plays a central role in (regional) blood pressure/flow 

regulation and in providing adequate immunological function and delivering 

therapeutic drugs to target cells. The microcirculation has an oxygen-dependent 

regulatory system, which is connected to the systemic circulation, but is also able to 

regulate and direct blood flow to the tissues depending on the metabolic need of 

those tissues [1]. The flow of blood in the microcirculation, even under normal 

conditions, is highly heterogeneous, but by its heterogeneity ensures a homogenous 

distribution of oxygen in the tissues [2]. Therefore, in order to regulate 

microcirculatory blood flow and thereby oxygen transport to the microcirculation 

instantly, hypoxia-detecting mechanisms are required. Under normal physiological 

conditions, this finely regulated system of arterioles, capillaries, and venules can 

supply oxygen in excess of oxygen demand, so that the tissues can continue their 

function under changing metabolic demands. 

Besides the negligible amount of oxygen dissolved in plasma, red blood 

cells are the only cell group responsible for the transport of oxygen to and carbon 

dioxide from the tissues. In order to fulfill this role, red blood cells use hemoglobin 

molecules which they produce during their maturation process. In addition to their 

role in oxygen and carbon dioxide transport between organs and lungs, new 

functions of red blood cells have been found which have led to the idea that red 

blood cells also play an important role in vascular regulation. Increasing numbers of 

studies have demonstrated that red blood cells induce vasodilation in the presence of 

hypoxia and promote oxygen transport. Two important compounds have been 

proposed in relation to this function: ATP and nitric oxide [3-7]. It has been 

proposed that nitric oxide release during hypoxia is associated with the bioavailibity 

of S-nitrosothiol [8] and/or nitrate [9] and nitrite [5] in red blood cells, of which are 

able to donate nitric oxide under hypoxic condition [7]. Such hypoxia-induced, red 

blood cell-associated release of vasodilator substances is now regarded as an 

important vascular regulatory mechanism, ensuring an oxygen supply adequate for 

the needs of tissues. 

 

Anemia and hypovolemia in critical illness 

It was earlier shown that while other non-bleeding critically ill patients only exhibit 

a remarkable decrease in hemoglobin values in the first 3 days, hemoglobin values 

in septic critically ill patients kept on continuing to decrease even after 3 days [10-

12]. The etiology of anemia in critically ill patients is multifactorial. Among the 

many causes, blood loss due to bleeding (surgical procedures and gastrointestinal 
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bleeding) remains the main cause. Blood loss in critically ill patients occurs often 

due to emergency and traumas, surgeries and gastrointestinal bleedings [12]. 

Hemoglobin concentrations, however, may also decrease in non-bleeding critically 

ill patients. Under normal physiological conditions erythropoietin production is 

induced by hypoxia, as occurs in decreases in red blood cell mass and anemia, which 

in the end corrects the tissue hypoxia. In critically ill patients, however, the 

erythropoietin response to anemia is blunted due to cytokines and inflammatory 

response [13]. Furthermore, frequent blood sampling is another contributing factor 

to anemia [10, 11]. Additionally, increased blood volume secondary to vasodilation 

may cause a decrease in hematocrit, in the presence of constant RBC mass [14]. 

Finally, alterations in red blood cell rheology, leading to increased destruction of red 

blood cells by reticulo-endothelial system, are suggested to be another factor 

contributing to anemia in critically ill patients [15-17]. Red blood cell membrane 

alterations could occur due to the production of inflammatory mediators by white 

blood cells, by bacteria, or by the red blood cell membrane itself.  

 Another important clinical complication is capillary leakage; a medical 

condition characterized by leaking of intravascular fluids into the extravascular 

space, resulting in hypovolemia and consequent hypotension, tissue edema and 

finally multiple organ failure due to limited microvascular perfusion. This condition 

is observed in patients following shock, ischemia-reperfusion, toxemias, burns, low 

flow states and injuries. A diminished microvascular perfusion due to reduced 

intravascular volume associated with an increased interstitial fluid volume plays an 

important role in impairing tissue oxygenation and transport of metabolites and 

energy substrates. Ideal volume resuscitation therapy may successfully restore 

intravascular volume and microcirculatory perfusion. 

 

Brief history of blood transfusion practice 

The unique function of blood was known by many early civilizations long before the 

scientific era. It was believed to have a healing ability and to be associated with life, 

figuring in various beliefs and myths. The first known transfusion attempt was 

made, according to legend, in the 15th century, when the blood of three healthy boys 

was transfused into the veins of the then sick pope Innocentius VIII, unfortunately 

without success. Two centuries later a Frenchman, Jean-Baptiste Denis, transfused 

the blood of a calf into a man. However, up to the beginning of the 20th century 

more than a half of the transfused patients died, threatening the development of 

transfusion medicine. This changed as a result of the findings of Karl Landsteiner 

who, while investigating failed blood transfusions, identified different blood types, 
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resulting in the ABO and rhesus blood group systems. The development of cross-

matching strongly decreased adverse transfusion reactions. A second important 

development in blood transfusion practice was the introduction by Richard 

Lewisohn in 1915 of sodium citrate as an anticoagulant storage solution. This 

important development turned the transfusion of blood into a relatively safe and 

bearable procedure for both the donor and the patient. The rapidly evolving 

transfusion technology solved the problem of short storage time, which became an 

issue during the Second World War due to the need for large amounts of blood. The 

development of plastic containers eased the storage and transport of blood units. In 

the 1950s the separation of blood components, and in the last three decades the 

developments of additive solutions, rejuvenation and leukodepletion fuelled by the 

increasing demand for allogeneic red blood cell transfusions, significantly improved 

the quality of stored red blood cells.  

 

Red blood cell storage 

Continued developments in storage techniques have resulted in improved storage 

times as well as red blood cell quality. In this context we refer to ‘storage’ as liquid 

preservation, as this is the most common blood preservation technique currently in 

use. The increasing demand for allogeneic blood transfusions has resulted in 

millions of liquid-stored allogeneic red blood cell units being used annually for 

transfusions worldwide. This practice is based on the theoretical expectation that 

increasing the intravascular mass of red blood cells will increase oxygen delivery to 

the tissues. However, accumulating evidence is showing that this expectation may 

not be true, and that there is a negative relationship between the storage time and red 

blood cell viability and function.  

The increasing concerns about the efficacy of allogeneic blood transfusions 

forces the question about the impact of storage on red blood cell function and hence 

on their use for blood transfusion. First, however, the issue of how the physical and 

biochemical properties of red blood cells are altered under conditions of storage 

should be considered. Indeed, it has been shown that red blood cells undergo a 

number of changes during liquid storage that affect their viability and their ability to 

deliver oxygen to the tissues. We can classify the alterations in two major groups; 

biomechanical and biochemical. These alterations are known as storage lesion. One 

possible mechanism that may account for alterations in the oxygen transporting 

capabilities of transfused red blood cells is their ability to generate nitric oxide under 

acidic and hypoxic conditions. Nitric oxide and its products, besides many other 

roles in the organisms, can be regarded as being among the major compounds 
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accounting for vascular regulation due to their vasodilatory action on blood vessels. 

Recent studies have shown that red blood cells are able to release nitric oxide in the 

presence of hypoxia, and that this nitrite-mediated mechanism accounts for hypoxia-

induced vasodilation [8]. It could well be that this NO-mediated function of red 

blood cells may be affected during storage. 

 

Fluid therapy 

An alternative for blood transfusion is volume resuscitation using crystalloid and 

colloid solutions. Besides the oxygen-carrying properties of blood and its 

components, the condition of the microcirculation is a main determinant in 

achieving optimal tissue oxygenation. In this line, fluid resuscitation can be used for 

promoting microcirculatory function and tissue oxygenation. The main goal of fluid 

therapy is to reestablish an adequate circulation with sufficient arterial blood 

pressure and cardiac output, and ultimately to restore tissue perfusion and 

oxygenation [18]. Therefore, volume resuscitation therapy should focus not only on 

correcting systemic hemodynamics, but also on improving microcirculatory 

perfusion and oxygenation.  

The ideal solution is one which can replace blood volume losses rapidly, 

normalize microcirculatory flow and function, have a sufficiently long intravascular 

life, be free of side effects, particularly regarding infection, coagulation and 

anaphylactic reactions, improve hemorrheology, be readily metabolized and 

excreted, and be cost-effective. For fluid therapy to be effective, it is imperative that 

it reaches the microcirculation to promote tissue perfusion. The positive and 

negative effects of crystalloids and colloids have been discussed for a long time. The 

advantages of crystalloid solutions are that they are less allergic and more readily 

available on the market. On the other hand, colloids are more effective in 

resuscitation with lower volume and rarely cause peripheral edema. Several studies 

have shown that colloids are a more efficient regimen to ensure adequate 

microcirculatory flow than crystalloids [19, 20]. As such, hydroxyethyl starch (HES) 

solutions have been the most commonly used plasma substitutes among colloid 

solutions [21-23]. HES solutions have been introduced some three decades ago as an 

alternative to the traditional plasma expanders at that time (e.g. albumin and 

dextrans), and are increasingly being used for the prevention and treatment of 

hypovolemia in numerous clinical situations, such as surgical, trauma, burn and 

intensive-care patients. HES solutions are artificial colloid solutions that are 

modified natural polysaccharides with volume-expansion properties. Natural 

starches cannot be used as plasma substitutes because circulating amylase 
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hydrolyzes these unstable organic compounds rapidly. By substituting hydroxyethyl 

for hydroxyethyl groups, hydrolysis by amylase becomes delayed, thereby retarding 

its metabolic degradation and elimination from the circulation [24, 25]. 

HES solutions are characterized by their concentration, molecular weight, 

molar substitution ratio, degree of substitution and C2/C6 ratio. They are usually 

dissolved in 0.9% sodium chloride (NaCl). The molar substitution ratio expresses 

the molar ratio of the total number of hydroxyethyl groups to the total number of 

glucose molecules. Different molar substitution ratios, from 0.4 to 0.7, have been 

used. The degree of substitution is defined as the ratio of substituted glucose units to 

the total number of glucose units. The type of substitution is identified by the C2/C6 

hydroxyethylation ratio, which indicates the position of the hydroxyethyl groups on 

the glucose molecule (C2, C3 and C6). A higher hydroxyethylation ratio leads to 

slower breakdown of HES [26]. Hydroxyethylation takes place at positions 2, 3, and 

6 of carbon on the glucose units, but most frequently at positions C2 and C6, so that 

the C2/C6 ratio is generally given when referring to a particular type of HES 

compound [27]. The molar substitution ratio is one of the major determinant factors, 

besides molecular weight and C2/C6 ratio, to assess the pharmacodynamic behavior 

of HES. In vivo, the molecular weight of the HES compound is responsible for the 

colloidal activity. Therapeutic and side effects of each type of HES solution also 

depend on the molar substitution and the C2/C6 ratio. Higher values of these 

variables result in longer degradation half-life and prolonged volume-expansion 

effect [28] as well as increased side effects. 

Stable hemodynamics and improved rheology are considered as important 

benefits of hemodilution with HES infusions. Even though the fluids cannot carry 

oxygen, increased tissue oxygenation has been found in patients, which is used as a 

clinical indicator of improved oxygen availability at the microcirculatory and 

cellular level [29]. Tissue oxygen tension can be considered as reflecting the balance 

between oxygen delivery by microcirculatory perfusion and oxygen consumption in 

the tissue. New techniques are providing more precise insight into the properties and 

determinants of oxygen transport to tissue. In this way, oxygen-dependent 

quenching of phosphorescence of the Palladium (Pd) porphyrin technique has been 

effective in non-invasively measuring microcirculatory oxygenation within and 

between organ systems following hemodilution [30-33]. The effects of different 

volume-replacement strategies on tissue oxygenation are not clearly known, and are 

the subject of ongoing research.  
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The critically ill kidney 

As described above, anemia and hypovolemia are common complications in 

critically ill patient. In this respect, the kidney has been found to be highly 

susceptible to these conditions due to its complex morphological structure and high 

oxygen demand. As such, acute kidney injury (AKI) is a frequent and costly clinical 

complication in critically ill patients. Using the RIFLE criteria in 20,126 

hospitalized patients, Uchino et al. has found that 20% of the patients as having 

some degrees of acute renal impairment, and 3.7% of these patients had acute renal 

failure (ARF) [34]. Besides hypovolemia and anemia, ischemia/reperfusion (I/R) 

injury occurring during surgery and shock is one of the major causes of this 

condition in native and transplanted kidneys [34-38]. The pathogenesis and 

pathophysiology AKI is highly complex [37, 38]. In addition to hypoxic hit 

consequent to ischemia, the reperfusion phase (e.g., as a result of clamp release, 

fluid resuscitation, or blood transfusion) has been associated with additional renal 

injury. Shock- and I/R-induced activation of inflammatory pathways has been 

shown to worsen ARF [39-42]. Furthermore, increased production of radical oxygen 

species (ROS) and reactive nitrogen species (RNS) [43-46], and a regional 

imbalance between vasoactive mediators leading impaired microcirculatory 

perfusion and to cellular damage, apoptosis and irreversible kidney failure [37, 38]. 

Because the efficacy of blood transfusions are still a matter of debate and 

red blood cell units are relatively expensive, the first step in the correction of sepsis- 

and hemorrhage-induced hypotension and organ hypoperfusion is aggressive volume 

replacement therapy using fluids [47], which aims to increase the circulating 

intravascular volume, blood pressure, and organ perfusion [48, 49]. However, in 

contrast to blood, resuscitation fluids have poor oxygen transporting capacity and 

rheological properties. In addition, the fluids used for volume replacement therapy 

have been suggested to increase inflammation and disturb homeostasis and the acid-

base balance [50-53]. Over time, a variety of colloid and crystalloid solutions has 

been used, including isotonic saline and saline-based colloid solutions. Although 

saline-based solutions have been associated with disturbed acid-base balance due to 

non-physiological electrolyte composition and pH, these yet remain the most 

popular solutions for volume replacement therapy in peri-operative care [54-60]. 

With this in mind, it becomes more and more clear that adjuvant therapies, in 

addition to blood transfusion and fluid resuscitation should be used for optimal 

prevention and/or treatment of ARF.   

 

 



18 
 

References 

 
1. Jagger JE, Bateman RM, Ellsworth ML, Ellis CG. Role of erythrocyte in regulating 

local O2 delivery mediated by hemoglobin oxygenation. Am J Physiol Heart Circ 

Physiol. 2001;280:H2833-9. 

 

2. Shonat RD, Johnson PC. Oxygen tension gradients and heterogeneity in venous 

microcirculation: a phosphorescence quenching study. Am J Physiol. 

1997;272:H2233-40. 

 

3. Sprague RS, Ellsworth ML, Stephenson AH, Kleinhenz ME, Lonigro AJ. 

Deformation-induced ATP release from red blood cells requires CFTR activity. Am 

J Physiol. 1998;275:H1726-32. 

 

4. Dietrich HH, Ellsworth ML, Sprague RS, Dacey RG Jr. Red blood cell regulation of 

microvascular tone through adenosine triphosphate. Am J Physiol Heart Circ 

Physiol. 2000;278:H1294-8. 

 

5. Cosby K, Partovi KS, Crawford JH, Patel RP, Reiter CD, Martyr S, Yang BK, 

Waclawiw MA, Zalos G, Xu X, Huang KT, Shields H, Kim-Shapiro DB, Schechter 

AN, Cannon RO 3rd, Gladwin MT. Nitrite reduction to nitric oxide by 

deoxyhemoglobin vasodilates the human circulation. Nat Med. 2003;9:1498-505. 

 

6. Crawford JH, Isbell TS, Huang Z, Shiva S, Chacko BK, Schechter AN, Darley-

Usmar VM, Kerby JD, Lang JD Jr, Kraus D, Ho C, Gladwin MT, Patel RP. 

Hypoxia, red blood cells, and nitrite regulate NO-dependent hypoxic vasodilation. 

Blood. 2006;107:566-74. 

 

 

7. Kleinbongard P, Schulz R, Rassaf T, Lauer T, Dejam A, Jax T, Kumara I, Gharini 

P, Kabanova S, Ozüyaman B, Schnürch HG, Gödecke A, Weber AA, Robenek M, 

Robenek H, Bloch W, Rösen P, Kelm M. Red blood cells express a functional 

endothelial nitric oxide synthase. Blood. 2006;107:2943-51. 

 

8. Jia L, Bonaventura C, Bonaventura J, Stamler JS. S-nitrosohaemoglobin: a dynamic 

activity of blood involved in vascular control. Nature. 1996;380(6571):221-6. 

 

9. Schechter AN, Gladwin MT. Hemoglobin and the paracrine and endocrine 

functions of nitric oxide. N Engl J Med. 2003;348(15):1483-5. 

 



19 
 

10. Vincent JL, Baron JF, Reinhart K, Gattinoni L, Thijs L, Webb A, Meier-Hellmann 

A, Nollet G, Peres-Bota D; ABC (Anemia and Blood Transfusion in Critical Care) 

Investigators. Anemia and blood transfusion in critically ill patients. JAMA. 

2002;288:1499-507. 

 

11. Nguyen BV, Bota DP, Mélot C, Vincent JL. Time course of hemoglobin 

concentrations in nonbleeding intensive care unit patients. Crit Care Med. 

2003;31:406-10. 

 

12. Corwin HL, Gettinger A, Pearl RG, Fink MP, Levy MM, Abraham E, MacIntyre 

NR, Shabot MM, Duh MS, Shapiro MJ. The CRIT Study: Anemia and blood 

transfusion in the critically ill--current clinical practice in the United States. Crit 

Care Med. 2004;32(1):39-52. 

 

13. Rogiers P, Zhang H, Leeman M, Nagler J, Neels H, Mélot C, Vincent JL. 

Erythropoietin response is blunted in critically ill patients. Intensive Care Med. 

1997;23:159-62. 

 

14. Vincent JL, Piagnerelli M. Transfusion in the intensive care unit. Crit Care Med. 

2006;34:S96-101. 

 

15. Astiz ME, DeGent GE, Lin RY, Rackow EC. Microvascular function and rheologic 

changes in hyperdynamic sepsis. Crit Care Med. 1995;23:265-71. 

 

16. Baskurt OK, Gelmont D, Meiselman HJ. Red blood cell deformability in sepsis. Am 

J Respir Crit Care Med. 1998;157:421-7 

 

17. Piagnerelli M, Boudjeltia KZ, Vanhaeverbeek M, Vincent JL. Red blood cell 

rheology in sepsis. Intensive Care Med. 2003;29:1052-61. 

 

18. Komori M, Takada K, Tomizawa Y, Uezono S, Nishiyama K, Ozaki M. Effects of 

colloid resuscitation on peripheral microcirculation, hemodynamics, and colloidal 

osmotic pressure during acute severe hemorrhage in rabbits. Shock. 2005;23:377-

82. 

 

19. Marik PE, Iglesias J, Maini B. Gastric intramucosal pH changes after volume 

replacement with hydroxyethyl starch or crystalloid in patients undergoing elective 

abdominal aortic aneurysm repair. J Crit Care. 1997;12:51-5.  



20 
 

 

20. Standl T, Burmeister MA, Schroeder F, Currlin E, Schulte am Esch J, Freitag M, 

Schulte am Esch J. Hydroxyethyl starch (HES) 130/0.4 provides larger and faster 

increases in tissue oxygen tension in comparison with prehemodilution values than 

HES 70/0.5 or HES 200/0.5 in volunteers undergoing acute normovolemic 

hemodilution. Anesth Analg. 2003;96:936-43. 

 

21. Allison KP, Gosling P, Jones S, Pallister I, Porter KM. Randomized trial of 

hydroxyethyl starch versus gelatine for trauma resuscitation. J Trauma. 

1999;47:1114–21. 

 

22. Feng X, Hu Y, Ding J, Ge Y, Song J, Ai Q, Zhang Z, Xu J. Early treatment with 

hydroxyethyl starch 130/0.4 causes greater inhibition of pulmonary capillary 

leakage and inflammatory response than treatment instituted later in sepsis induced 

by cecal ligation and puncture in rats. Ann Clin Lab Sci. 2007;37:49-56. 

 

23. Dieterich HJ, Weissmuller T, Rosenberger P, Eltzschig HK. Effect of hydroxyethyl 

starch on vascular leak syndrome and neutrophil accumulation during hypoxia. Crit 

Care Med. 2007;34:1775–82. 

 

24. Wiedermann CJ. Hydroxyethyl starch – can safety problems be ignored? Wien Klin 

Wochenschr. 2004;116:583–94. 

 

25. Warren BB, Durieux ME. Hydroxyethyl starch safe or not. Anesth Analg. 

1997;84:206–12. 

 

26. Dieterich HJ. Recent developments in European colloid solutions. J Trauma. 

2003;54:S26–30. 

 

27. von Roten I, Madjdpour C, Frascarolo P, Burmeister MA, Fisch A, Schramm S, 

Bombeli T, Spahn DR. Molar substitution and C2/C6 ratio of hydroxyethyl starch: 

influence on blood coagulation. Br J Anaesth. 2006;96:455-63. 

 

28. Van der Linden P, Ickx BE. The effects of colloid solutions on hemostasis. Can J 

Anaesth. 2006;53:S30–9. 

 

29. Intaglietta M. Microcirculatory basis for the design of artificial blood. 

Microcirculation. 1999;6:247–58. 

 

30. van Bommel J, Siegemund M, Henny CP, Trouwborst A, Ince C. Critical 

hematocrit in intestinal tissue oxygenation during severe normovolemic 

hemodilution. Anesthesiology. 2001;94:152–60. 

 



21 
 

31. Schwarte LA, Fournell A, van Bommel J, Ince C. Redistribution of intestinal 

microcirculatory oxygenation during acute hemodilution in pigs. J Appl Physiol. 

2005;98:1070–5. 

 

32. Johannes T, Mik EG, Ince C. Dualwavelength phosphorimetry for determination of 

cortical and subcortical microvascular oxygenation in rat kidney. J Appl Physiol. 

2006;100:1301–10. 

 

33. Johannes T, Mik EG, Nohe B, Unertl KE, Ince C. Acute decrease in renal 

microvascular PO2 during acute normovolemic hemodilution. Am J Physiol Renal 

Physiol. 2007;292: F796–803. 

 

34. Uchino S, Bellomo R, Goldsmith D, Bates S, Ronco C. An assessment of the 

RIFLE criteria for acute renal failure in hospitalized patients. Crit Care Med. 

2006;34:1913-7. 

 

35. Zanardo G, Michielon P, Paccagnella A, Rosi P, Caló M, Salandin V, Da Ros A, 

Michieletto F, Simini G. Acute renal failure in the patient undergoing cardiac 

operation. Prevalence, mortality rate, and main risk factors. J Thorac Cardiovasc 

Surg. 1994;107:1489-95. 

 

36. Schwilk B, Wiedeck H, Stein B, Reinelt H, Treiber H, Bothner U. Epidemiology of 

acute renal failure and outcome of haemodiafiltration in intensive care. Intensive 

Care Med. 1997;23:1204-11. 

 

37. Weight SC, Bell PR, Nicholson ML. Renal ischaemia--reperfusion injury. Br J 

Surg. 1996;83:162-70. 

 

38. Bonventre JV, Weinberg JM. Recent advances in the pathophysiology of ischemic 

acute renal failure. J Am Soc Nephrol. 2003;14:2199-210. 

 

39. Ueda N, Walker P, and Shah SV (1995) Oxidant stress in acute renal failure, in: 

Acute renal failure: New Concepts and Therapeutic Strategies (Goligorsky MS and 

Stein JH eds), Churchill Livingstone, New York 

 

40. Linas SL, Whittenburg D, Parsons PE, Repine JE. Ischemia increases neutrophil 

retention and worsens acute renal failure: role of oxygen metabolites and ICAM 1. 

Kidney Int. 1995;48:1584-91. 

41. Okusa MD. The inflammatory cascade in acute ischemic renal failure. Nephron. 

2002;90:133-8. 

 

42. Li L, Okusa MD. Blocking the immune response in ischemic acute kidney injury: 

the role of adenosine 2A agonists. Nat Clin Pract Nephrol. 2006;2(8):432-44. 

 



22 
 

43. Noiri E, Peresleni T, Miller F, Goligorsky MS. In vivo targeting of inducible NO 

synthase with oligodeoxynucleotides protects rat kidney against ischemia. J Clin 

Invest. 1996;97:2377-83. 

 

44. Walker LM, Walker PD, Imam SZ, Ali SF, Mayeux PR. Evidence for peroxynitrite 

formation in renal ischemia-reperfusion injury: studies with the inducible nitric 

oxide synthase inhibitor L-N(6)-(1-Iminoethyl)lysine. J Pharmacol Exp Ther. 

2000;295:417-22. 

 

45. Viñas JL, Sola A, Hotter G. Mitochondrial NOS upregulation during renal I/R 

causes apoptosis in a peroxynitrite-dependent manner. Kidney Int. 2006;69:1403-9. 

 

46. Legrand M, Mik EG, Johannes T, Payen D, Ince C. Renal hypoxia and dysoxia after 

reperfusion of the ischemic kidney. Mol Med. 2008;14:502-16. 

 

47. Spahn DR, Cerny V, Coats TJ, Duranteau J, Fernández-Mondéjar E, Gordini G, 

Stahel PF, Hunt BJ, Komadina R, Neugebauer E, Ozier Y, Riddez L, Schultz A, 

Vincent JL, Rossaint R; Task Force for Advanced Bleeding Care in Trauma. 

Management of bleeding following major trauma: a European guideline. Crit Care. 

2007;11:R17. 

 

48. Menashe PI, Ross SA, Gottlieb JE. Acquired renal insufficiency in critically ill 

patients. Crit Care Med. 1988;16:1106-9. 

 

49. Hoffmann JN, Vollmar B, Laschke MW, Inthorn D, Schildberg FW, Menger MD. 

Hydroxyethyl starch (130 kD), but not crystalloid volume support, improves 

microcirculation during normotensive endotoxemia. Anesthesiology. 

2002;97(2):460-70. 

 

50. Santibanez-Gallerani AS, Barber AE, Williams SJ, ZhaoB S Y, Shires GT. 

Improved survival with early fluid resuscitation following hemorrhagic shock. 

World J Surg. 2001;25:592-7. 

 

51. Xiao N, Wang XC, Diao YF, Liu R, Tian KL. Effect of initial fluid resuscitation on 

subsequent treatment in uncontrolled hemorrhagic shock in rats. Shock. 

2004;21:276-80. 

 

52. Yada-Langui MM, Anjos-Valotta EA, Sannomiya P, Rocha e Silva M, Coimbra R. 

Resuscitation affects microcirculatory polymorphonuclear leukocyte behavior after 

hemorrhagic shock: role of hypertonic saline and pentoxifylline. Exp Biol Med 

(Maywood). 2004;229:684-93. 

 

53. Crimi E, Zhang H, Han RN, Del Sorbo L, Ranieri VM, Slutsky AS. Ischemia and 

reperfusion increases susceptibility to ventilator-induced lung injury in rats. Am J 

Respir Crit Care Med. 2006;174:178-86. 



23 
 

 

54. Wilcox CS. Regulation of renal blood flow by plasma chloride. J Clin Invest. 

1983;71:726-35. 

 

55. Wilcox CS, Peart WS. Release of renin and angiotensin II into plasma and lymph 

during hyperchloremia. Am J Physiol. 1987;253:F734-41. 

 

56. Bullivant EM, Wilcox CS, Welch WJ. Intrarenal vasoconstriction during 

hyperchloremia: role of thromboxane. Am J Physiol. 1989;256:F152-7. 

 

57. Scheingraber S, Rehm M, Sehmisch C, Finsterer U. Rapid saline infusion produces 

hyperchloremic acidosis in patients undergoing gynecologic surgery. 

Anesthesiology. 1999;90:1265-70. 

 

58. Waters JH, Miller LR, Clack S, Kim JV. Cause of metabolic acidosis in prolonged 

surgery. Crit Care Med. 1999;27:2142-6. 

 

59. Waters JH, Gottlieb A, Schoenwald P, Popovich MJ, Sprung J, Nelson DR. Normal 

saline versus lactated Ringer's solution for intraoperative fluid management in 

patients undergoing abdominal aortic aneurysm repair: an outcome study. Anesth 

Analg. 2001;93:817-22. 

 

60. Jucá CA, Rey LC, Martins CV. Comparison between normal saline and a 

polyelectrolyte solution for fluid resuscitation in severely dehydrated infants with 

acute diarrhoea. Ann Trop Paediatr. 2005;25:253-60. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


