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Hemorrhage control and resuscitation are the top priorities in trauma
care. Exsanguination is the leading cause of possibly preventable death in
civilian [1,2] and military trauma [3]. The optimal resuscitative strategy,
however, remains controversial: who, when, and how are questions that
have yet to be answered fully in regards to fluid resuscitation.

Evolution of fluid use in trauma

During the Vietnam War era, aggressive crystalloid resuscitation became
popular because of seminal research by Shires, Moyer, Moss, and others [4–7].
Their work suggested that infusion of large-volume isotonic crystalloids im-
proved survival, and resuscitation fluids were needed not only to replace the
intravascular volume loss, but also to replenish interstitial deficits. These inves-
tigators recommended fluid replacement equal to three times the volume of
blood loss (and as high as 8:1 for severe shock). Reflecting the technology and
knowledge available at that time, the focus of research was on physiology, and
investigators concentrated primarily on the restoration of intravascular and in-
terstitial fluid deficits. As a result emphasis was placed on establishing intrave-
nous access in all trauma patients to initiate early resuscitation. The Advanced
Trauma Life Support course, which has been instrumental in standardizing
traumacare, recommends that forpatients in shock, 2Lof crystalloidsbe infused
followed by packed red blood cell transfusions. This recommendation has been
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extrapolated and it is now common that all trauma patients (not just patients in
shock) are infused with two or more liters of lactated Ringer’s (LR) solution.

In addition, Shoemaker and coworkers [8] suggested that there was an
oxygen debt that needed to be repaid, and popularized aggressive resuscita-
tion in the intensive care setting. This oxygen debt to the tissues was repaid
by ‘‘maximizing or supernormalizing’’ cardiac output [9] with volume load-
ing, blood transfusion, and inotropic drugs. This was continued until car-
diac output no longer improved, or when oxygen consumption became
independent of oxygen delivery. Numerous subsequent studies have shown,
however, that this approach does not improve outcome [10–15]. On the
other hand, aggressive fluid resuscitation may contribute to such conditions
as abdominal compartment syndrome [16–18].

If early use of fluids is beneficial, there should be some data to support
this practice. Isotonic fluids were used widely during the Vietnam conflict
as the fluid of choice in massive resuscitations, but the mortality rates failed
to improve compared with previous conflicts (Table 1). The only real change
in outcome was noted between the first and second World Wars, and this
was attributed to the widespread use of antibiotics. Coincidentally, ‘‘shock
lung’’ or ‘‘Da Nang lung,’’ which is now commonly referred to as acute re-
spiratory distress syndrome [19], was first described during this period. The
Navy Field Hospital in Da Nang, Vietnam, described this as a common
finding in severely injured patients who were aggressively resuscitated. Cur-
rent research suggests that it is caused by aberrant immune activation and
immune-mediated organ injury. This condition is thought to be a part of
a spectrum that can progress to multiple organ dysfunction syndrome. Since
the 1990s these conditions have become main causes of death in trauma pa-
tients [1,20,21], and have been extensively investigated.

Prehospital fluids

Although it was once widely believed that early aggressive fluid resuscita-
tion is beneficial, many are questioning this approach because clinical and

Table 1

Mortality rates of military conflicts

KIA% DOW%

US Civil War 16 13

Russo-Japanese War 20 9

WW I 19.6 8.1

WW II 19.8 3

Korean War 19.5 2.4

Vietnam War 20.2 3.5

Abbreviations: DOW, died of wounds refers to casualties that died after reaching a facility

with a physician; KIA, killed in action refers to casualties that died before arriving at a medical

facility with a physician.
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basic science literature fails to provide conclusive evidence supporting this the-
ory [22–29]. It is interesting that as early as 1918, Cannon and coworkers [30]
stated ‘‘inaccessible or uncontrolled sources of blood loss should not be
treated with intravenous fluids until the time of surgical control.’’ The most
controversial study proving this in humans was published in theNew England
Journal of Medicine in 1994 [24]. In that study, hypotensive patients with
penetrating injury to the torso were randomized to routine fluid resuscitation,
or resuscitation thatwas delayed until bleeding had been surgically controlled.
The results of this study demonstrated a survival advantage in the delayed
resuscitationgroup (70%versus 62%,P ¼ .04).This studyhas generatedavig-
orous debate, and its findings have been extensively scrutinized for faults.
Despite all the controversy, the most impressive finding remains the fact
that delaying fluid resuscitation did not increase mortality in these patients.
The issue of timing and volume of fluid resuscitation in bleeding patients
has also been addressed by The Cochrane Database of Systematic Reviews.
Only six randomized clinical trails met the inclusion criteria, and a careful
review failed to provide any evidence in support of (or against) early or
large-volume intravenous fluid administration in uncontrolled hemorrhage
[30a]. Theoretically, fluid resuscitation in uncontrolled hemorrhage exacer-
bates bleeding because of the disruptionof early soft thrombus, coagulopathy,
and hemodilution [31–34]. A systematic review of 52 animal trials concluded
that fluid resuscitation seemed to decrease the risk of death inmodels of severe
hemorrhage (relative risk [RR]¼ 0.48), but increased the risk of death in those
with less severe hemorrhage (RR ¼ 1.86) [35]. Furthermore, hypotensive
resuscitation, whenever tested, reduced the risk of death (RR ¼ 0.37).

Trauma as an immune disease

Experts in the field tend to agree that serious traumatic and thermal in-
juries lead to immune dysfunction and subsequent cellular damage [20]. Ac-
cording to this concept, trauma patients who survive the early postinjury
period may develop a spectrum of conditions, such as systemic inflamma-
tory response syndrome, acute lung injury, acute respiratory distress syn-
drome, and multiple organ dysfunction syndrome. Most seriously injured
patients survive the initial systemic inflammatory response syndrome re-
sponse (without developing early multiple organ dysfunction syndrome),
however, and manifest a compensatory anti-inflammatory response syn-
drome with suppressed immunity and significant risk of developing an infec-
tion. The resultant infection can then lead to late multiple organ dysfunction
syndrome and death. A number of approaches have been tried, albeit unsuc-
cessfully, to correct this posttraumatic immune dysfunction [36–38].

Fluids causing inflammation: changing paradigm

It is now recognized that resuscitation fluids are not completely innocu-
ous, and they may actually potentate the cellular injury caused by
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hemorrhagic shock. This concept of ‘‘resuscitation injury’’ has steadily
gained attention in recent years. A report by the Institute of Medicine
(IOM) in 1999 described in detail the wide spectrum of adverse consequences
that can follow resuscitative efforts [39]. Most of the adverse findings were
cytotoxic effects of various fluids. The IOM report acknowledged that the
D-isomer found in LR solution as a racemic mixture along with the L-isomer
was not optimal and recommended that efforts be made to eliminate the D-
isomer of lactate. Since that report, a number of studies have provided evi-
dence to support the new paradigm that cellular injury is influenced not only
by shock, but also by resuscitation strategies. The IOM report also recom-
mended the replacement of lactate with other substances, such as ketone
bodies. Today, with the availability of advanced cellular research techniques,
one can study the effect of resuscitation fluids on the biologic systems in
much greater detail. These findings now have practical implications. Al-
though some of the modified Ringer’s solutions (ketone and pyruvate based)
remain experimental, LR is commercially available in the conventional race-
mic formulation or as a pure L-isomer solution, with markedly different
properties. It is not clearly known whether the attenuation of cellular
injury markers seen in the preclinical studies will translate into a measurable
improvement in clinical outcome in trauma patients. Once activated, neutro-
phils bind to complimentary adhesion molecules (selectins, b2 integrins) on
the endothelium before transmigration into the tissues. It has been demon-
strated that these adhesion molecules are up-regulated following resuscita-
tion with racemic LR in a rodent model of hemorrhagic shock [40,41].
Furthermore, in these studies LR resuscitation was associated with histo-
logic evidence of acute lung injury, whereas none of these adverse findings
were noted following resuscitation with fresh whole blood.

Effect of resuscitation fluids on cellular regulation and functions

There is now accumulating evidence that most cellular functions are influ-
enced by infusion of resuscitation fluids. There are a number of key vari-
ables that govern the response: (1) fluid composition, (2) fluid tonicity, (3)
duration of exposure, (4) type of cells that are exposed, (5) presence or ab-
sence of infection or inflammation, (6) presence or absence of second hit,
and (7) timing of fluid administration. Although cellular responses during
the postresuscitation period involve almost all cell types through multiple in-
terconnected cascades, for ease of presentation, findings from selected stud-
ies have been summarized under discrete categories.

Effects of resuscitation strategies on neutrophil excitation and immune
activation in vivo

Neutrophil-mediated tissue injury has been identified as a key mechanism
of postresuscitation organ damage [42]. In a swine model of hemorrhagic
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shock, it has been shown that resuscitation with racemic LR solution (equal
amounts of D and L isomers of lactate) or mere infusion of racemic LR
(without hemorrhage) caused an increase in neutrophil oxidative burst
[43]. In a similar model, neutrophil excitation was influenced by the dose
and rate of racemic LR administration, and resuscitation with artificial col-
loids (dextran and Hespan) had an even more pronounced effect on neutro-
phil excitation [44]. No significant neutrophil excitation was seen, however,
in animals that were resuscitated with hypertonic saline (HTS) or fresh
whole blood.

Impact of resuscitation fluids on human white blood cells (ex vivo)

Similar to the animal data, exposure of human blood to isotonic crystal-
loids and artificial colloids has been shown to cause an increase in oxidative
burst, and the expression of adhesion molecules on the neutrophils in
a dose-dependent fashion [45]. Interestingly, in that study natural colloids
(albumin) did not excite the neutrophils, and exposure to HTS actually sup-
pressed neutrophil functions. This suppressive effect of HTS on neutrophil
functions may be through the modulation of chemoattractant receptor sig-
naling pathways [46]. When HTS is combined with dextran, the suppressive
properties of HTS overcome the stimulatory properties of dextran [47].
Response of cells to LR solution depends on its composition. Although
conventional LR containing racemic lactate (D- and L-isomer) is proinflam-
matory, substitution of racemic lactate with L-isomer of lactate, or ketone
bodies (b-hydroxybutyrate), can attenuate neutrophil activation and alter
the expression of leukocyte genes known to be involved in inflammation,
cell migration, and apoptosis [48]. Using customized cDNA microarrays,
it has been shown that isotonic and hypertonic fluids do not differ in their
effect on the cytokine genes in human leukocytes [49], but hypertonicity de-
creases the expression of immune activation associated genes [50]. Further-
more, the composition and tonicity of the resuscitation fluids can also have
a dramatic influence on the life span of circulating cells [51].

Differential effects of resuscitation fluids on markers of cellular injury
in various organs

Injured cells undergo death by two distinct mechanisms: apoptosis and
necrosis. Apoptosis, although more controlled, requires energy. In the ab-
sence of energy the cells may undergo death by the poorly controlled
process of necrosis. Although balanced apoptosis is essential for homeo-
stasis and in the recovery from certain disease processes [52–55], a marked
increase in apoptosis can be a marker of cellular injury and organ dys-
function [56,57]. Using apoptosis as a marker of diffuse cellular injury,
it has been shown that resuscitation with racemic LR results in increased
apoptosis in intestinal mucosa, smooth muscle, liver [58], and lung [59] in
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rodents. Pulmonary and hepatic apoptosis is markedly reduced if lactate
in the solution is substituted with b-hydroxybutyrate (ketone Ringer’s) or
sodium pyruvate (pyruvate Ringer’s) [60–62]. Designer fluids containing
other formulations of pyruvate (eg, ethylpyruvate) are also superior to
conventional solutions [63]. In a recent study Shires and coworkers [64]
have confirmed that fluids differ dramatically in their capacity to induce
tissue apoptosis, and that modified Ringer’s solutions (ketone and bicar-
bonate Ringer’s) cause significantly less apoptosis compared with the ra-
cemic LR. These findings, noted in small animal models (rodents), have
also been validated in a clinically relevant model of hemorrhage in swine,
where resuscitation with conventional LR solution increased apoptotic
cell death in liver and lung [65]. This was easily prevented by simple elim-
ination of D-lactate from the Ringer’s solution. The modified Ringer’s
solutions exert their protective effects through posttranslational modifica-
tions of key regulatory proteins [66], and by selective acetylation of his-
tones (with subsequent alterations in gene transcription) [67]. The impact
of resuscitation strategies can also be seen in well-protected sites, such as
the brain, where the physiologic state of the central nervous system cells
can be altered by changing the composition of resuscitation fluids (across
the blood-brain barrier) [68]. Furthermore, resuscitation influences not
only the regulation and functions of cells but also the integrity of the
surrounding extracellular matrix [69].

Effect on gene regulation: integrated approach to data analysis

Similar to the circulating cells, regulation of gene expression in the tissues
is also influenced by resuscitation strategies. The authors have discovered
that approximately 7% of genes in rats are altered following shock and re-
suscitation. In each organ studied, the gene expression profile was depen-
dent on the fluid used for resuscitation [70]. Although transcriptional
profiling is now a well-established technique, its application to systematic
studying of various biologic phenomena is still limited because of problems
with high-volume data analysis and interpretation. Interpretation of these
large datasets in the context of accumulated knowledge on human func-
tional networks could yield biologically meaningful information. Using
this integrated approach to data analysis, a comprehensive database has
now been published, which further confirms that cellular mechanisms at
the level of gene regulation are profoundly influenced by shock, and by
the choice of resuscitation strategy [71].

Pharmacologic resuscitation

Although resuscitation restores tissue perfusion, it does not have any
specific anti-inflammatory or prosurvival properties. To improve the out-
come, investigators have added various protective agents to the
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resuscitation regimen with good results [72–75]. An even more exciting
approach is to improve survival through specific pharmacologic agents
without any fluid resuscitation, that can alter gene transcription (epige-
netic code) to create a prosurvival phenotype. A brief description of
the underlying mechanisms may help to clarify this concept. The key reg-
ulatory site of gene transcription (and subsequent downstream pathways)
is located at the level of chromatin, a 1:1 complex of DNA and proteins,
predominantly composed of histone proteins. Various regulatory signals
can affect gene transcription by influencing the activity of histones,
most notably through acetylation. The two enzymes that govern the pro-
cess of acetylation are histone acetyl transferase [76], and histone deacey-
lase [77,78]. Modulation of the histone code is one of the most upstream
cellular events, which simultaneously regulates a subset of genes that are
coordinately expressed to produce specific downstream effects. The au-
thors have previously shown that hemorrhagic shock is associated with
an imbalance in histone acetyl transferase/histone deaceylase ratio, an al-
tered acetylation pattern of histones, and a decrease in gene transcription
potential [67]. In that experiment, resuscitation reversed the shock-
induced suppression of gene transcription in a fluid-specific fashion (ie,
each resuscitation fluid had a distinctive pattern of histone acetylation
[histone code]). Interestingly, brief administration of histone deaceylase
inhibitors in this model, during 45 minutes of resuscitation, was even
more effective in reversing the shock-induced imbalance, and increasing
acetylation of histones. The follow-up experiments have now established
that directly targeting the histones with histone deaceylase inhibitors,
such as valproic acid (300 mg/kg) and suberoylanilide hydroxamic acid,
can rapidly correct shock-induced alterations and improve survival in
preclinical models of hemorrhage [79]. Impressively, this survival advan-
tage was achieved without administration of any resuscitation fluids.
The effect of hemorrhage and resuscitation on histone acetylation is al-
most identical in rodents and swine [80], and theoretically administration
of histone deaceylase inhibitors should improve survival in large animal
models in a similar fashion (under investigation). This raises the possibil-
ity that cell survival, and ultimately organism survival, can be improved
through direct modulation of gene transcription in the setting of lethal
hemorrhage. This exciting approach is currently being tested and refined
under the Defense Advanced Research Programs Agency ‘‘Surviving
Blood Loss’’ program.

Hypertonic saline and the clinical experience

The use of HTS for resuscitation from hemorrhage was first described in
1980, when Velasco and coworkers [81] and DeFelippe and coworkers [82]
reported in separate studies that hypersomotic sodium chloride rapidly ex-
pands plasma volume after major blood loss. Because of its ability to
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mobilize interstitial fluids into the vascular space, 250 mL of 7.5% saline can
achieve results comparable with resuscitation with 2 to 3 L of 0.9% saline.
Since the original reports, HTS has been used in a variety of circumstances
and thousands of papers have appeared in the literature, including eight
double-blinded randomized trials evaluating HTS or HTS with dextran
for prehospital or emergency department treatment of traumatic hypoten-
sion. Improved rates of survival with HTS were reported with HTS in seven
of eight trials, although statistically significant improvement in overall sur-
vival was seen in only one trial. A meta-analysis for the evaluation of HTS
with dextran as the initial treatment for hypovolemic shock reviewed the
original records from six trials (and 604 subjects) [83]. Overall survival rates
were better with HTS with dextran resuscitation as compared with conven-
tional resuscitation. HTS with dextran resuscitation was particularly effec-
tive for the subgroup of patients that had sustained head injury with
a discharge survival rate of 38%, as compared with a rate of 27% for the
control group receiving saline. In the clinical literature, there has been a re-
markable absence of deleterious effects with HTS administration in more
than 1000 trauma and surgical patients. No increase in the incidence of hy-
pernatremic seizure, increased bleeding or blood transfusion requirement,
coagulopathies, renal failure, cardiac arrhythmias, or central pontine myeli-
nolysis has been attributed to hypertonic resuscitation in trauma patients.
These clinical trials had used HTS as a volume expander, but a more advan-
tageous effect of HTS administration may be the attenuation of immune-
mediated cellular injury. A number of preclinical studies have demonstrated
that HTS has the potential to modulate the posttrauma immune response,
with an overall attenuation of immune-mediated cellular injury [84,85].
The salutary properties of HTS are primarily exerted through its effects
on neutrophil-endothelial interactions. For example, in addition to decreas-
ing neutrophil excitation [43–45], HTS resuscitation decreases inflammation
[86], neutrophil-endothelial binding [87], lung damage [88], and bowel injury
[89]. A number of elegant studies have further elucidated the subcellular
pathways that are influenced by exposure to HTS [90–93]. The recently es-
tablished Resuscitation Outcome Consortium [94], funded by the National
Institutes of Health and the US Department of Defense, has started two
multicenter trials of hypertonic resuscitation in two populations of trauma
patients to be conducted simultaneously. Study 1 determines the impact
of hypertonic resuscitation on survival for blunt or penetrating trauma pa-
tients in hypovolemic shock, whereas study 2 evaluates its impact on long-
term (6 month) neurologic outcome after severe traumatic brain injury.
Both studies are three-arm, randomized, blinded intervention trials compar-
ing HTS with dextran (7.5% saline, 6% dextran 70), HTS alone (7.5% sa-
line), and normal saline as the initial resuscitation fluid administered to
these patients in the prehospital setting. In addition to the primary end
points, comprehensive data about the immunologic consequences of hyper-
tonic resuscitation are also being collected. It is hoped that these studies
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would provide the conclusive evidence that is needed to get Food and Drug
Administration (FDA) approval for the routine use of HTS in the treatment
of trauma patients.

Fluid resuscitation for combat casualties: consensus conferences

Control of hemorrhage and judicious resuscitation are critical elements of
early battlefield care. The optimal strategy for both of these goals is highly
controversial, because of a general lack of category I-II clinical evidence. In
addition to clinical benefits, the military must also take into account the logis-
tical aspects of the approach (weight, volume, storage requirements, and so
forth). The Office of Naval Research and the United States Army Medical
Research and Material Command have supported the basic research in this
field for many years. Primarily as a result of leadership and funding by the
Office of Naval Research, three significant consensus conferences were held
where data on fluid resuscitation were analyzed by experts, and recommenda-
tions made to improve clinical practice and to guide future research. The first
meeting was under the supervision of the IOM in 1998. The IOM report con-
cluded that the current resuscitation strategies were inadequate, potentially
harmful, and needed radical changes. It identified numerous areas of future
research, and recommended that combat casualties should be resuscitated
with 250 mL bolus of 7.5% saline [39]. Unfortunately, the FDA has not yet
approved this fluid for clinical use. In the follow-up meeting (June 2001, Uni-
formed Services University) a number of clinical recommendations were
made including who should (and should not) be resuscitated; end point of re-
suscitation; and the optimal fluid [95]. Because the choice was deliberately
limited to FDA-approved agents (available in the United States), hetastarch
(hydroxy ethyl starch, 500 mL) was narrowly recommended as the fluid of
choice for use in the battlefield. In the third meeting (October 2001, Toronto,
Canada) the scope was widened to include fluids that were available in other
NATO countries (even if not available in the United States) [96]. At this meet-
ing a combination fluid (7.5% saline and 6% dextran [HTS with dextran])
was recommended as the initial fluid of choice [97]. At all of these meetings
experts agreed that aggressive resuscitation is deleterious, an ideal fluid is
yet not available, and low-volume resuscitation (hypertonic, colloid, or com-
bination) is the most suitable choice for military needs. Proceedings of the last
two meetings have been published as a special supplement of the Journal of
Trauma (May 2003), including the recommendations for the initial fluid re-
suscitation of combat casualties [98].

The glaring absence of good clinical evidence has prompted collaboration
between the National Institutes of Health and the United States Department
of Defense to establish a consortium of clinical centers for conducting resus-
citation research. It is hoped that this consortium will provide the much-
needed clinical data to validate and confirm the promising basic science
findings.
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Changes in the military practice

The consensus conferences described here systematically evaluated all the
available data and made strong recommendations that have catalyzed a no-
ticeable paradigm shift. For example, the United States Army and Navy
have authorized the use of low-volume resuscitation for combat casualty
care and other NATO forces have developed similar protocols. The USMili-
tary’s Committee on Tactical Combat Casualty Care is a standing committee
comprised of members from the Army, Air Force, Navy, and Marines. This
committee currently advocates the use of ‘‘permissive hypotension,’’ which is
to administer low-volume resuscitation to keep the casualty alive with a pal-
pable pulse or consciousness but not to restore the blood pressure to normal
until definitive control of hemorrhage. Early aggressive fluid resuscitation, in
the absence of hemorrhage control, is no longer recommended. As a result,
resuscitation in the combat zones is more selective (fluids given only when
needed); is low volume; and aims for practical end points (eg, palpable pulse).
Colloid fluids (eg, Hespan and Hextand) are replacing conventional crystal-
loids for early resuscitation, minimizing the logistical burden. Also, early
hemorrhage control is being prioritized over aggressive fluid resuscitation.
The resuscitation strategies that are being used by the US military in Iraq
and Afghanistan already reflect the changing trends. It is too early to deter-
mine the direct impact of these new hemorrhage control and resuscitation
strategies on combat casualty outcomes. It is very encouraging to note, how-
ever, that for the first time since the Crimean war the killed in action rate has
markedly dropped below the historic 20% to around 10% to 14% [99,100].

Summary on current and future resuscitation fluids

Isotonic crystalloids

Significant immune activation and induction of cellular injury are seen
with these fluids, especially racemic LR solution. It is known that a very
large number of trauma patients receive LR and do well clinically. The pa-
tients who develop late complications of increased inflammatory response,
however, are usually the ones who also have undergone severe hemorrhagic
shock and massive fluid resuscitation. LR may be safe in small doses that
the body can obviously tolerate, but not in larger amounts given over short
periods following hemorrhagic shock and trauma. Modifications of LR,
such as elimination of D-lactate, can decrease these adverse effects, and com-
plete substitution of lactate with other monocarboxytates (eg, ketone bodies
or pyruvate) seems to be beneficial.

Hypertonic crystalloids

As compared with LR, HTS causes suppression of neutrophil oxidative
burst activity, decreases neutrophil-endothelial adhesions, and attenuates
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immune-mediated cellular injury. Because of its logistic advantages (smaller
volume) and immunologic benefits, HTS with or without a colloid seems to
be the ideal fluid today for military application. A manufacturer has to ob-
tain FDA approval, however, for its use as a volume expander in the United
States. Although addition of dextran to HTS tends to prolong the volume
expansion response, the authors believe that it might be easier to obtain
FDA approval for a simple solution (HTS) than a combination solution
(HTS and dextran). Studies scheduled to be performed under the National
Institutes of Health–sponsored Resuscitation Outcome Consortium are
expected to provide the conclusive evidence.

Artificial colloids

Dextran and Hespan cause significant neutrophil activation. Combina-
tion of dextran with HTS, however, blunts this response. When given in
combination, colloids add the theoretical advantage of prolonging the
hemodynamic response of HTS resuscitation.

Plasma

Plasma has a favorable effect, because it does not seem to activate neutro-
phils and numerous other pathways of cellular injury. Plasma is also a very
effective volume expander. It has all the well-recognized problems, however,
that are associated with storage, transport, and infusion of blood products.
Autologous freeze-dried plasma is a promising alternative that can be recon-
stituted in a hyperoncotic, hypertonic fashion when needed. This is currently
a focus of active investigations under the Department of Defense funded re-
search programs.

Fresh whole blood

Fresh whole blood is by far the best and most effective fluid for resusci-
tation of hemorrhagic shock in animal models. Fresh whole blood is, how-
ever, not clinically available. Even if available, logistics of storage and
transport make it an unrealistic option. One exception is the use of the
‘‘walking blood bank’’ by the military, where fresh whole blood is used in
emergency situations. There is currently tremendous interest in investigating
whether early use of whole blood (or components combined to create whole
blood) benefits the severely traumatized [101].

Artificial blood

All the artificial blood products tested to date have failed to live up to ex-
pectations. There are now reasons, however, for developing and testing fluids
that actually mimic the constituents of what humans bleed, which is whole
blood. This starts with the recognition that currently available fluids are
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not optimal. There is currently an ongoing multi-institutional phase III trial
testing a human hemoglobin–based solution. If this type of product is deemed
to be safe and beneficial, perhaps a combination product that combines freeze
dried plasma along with oxygen-carrying hemoglobin may be of benefit.

Pharmacologic resuscitation

Administering specific agents to protect against ischemia-reperfusion in-
jury and therapies that can induce a prosurvival phenotype (through up-reg-
ulation of selected genes) are attractive concepts. These are likely to be the
next frontier in resuscitation research. In the future, severely traumatized
patients may be treated with ‘‘designer fluids’’ supplemented with a cocktail
of agents specifically chosen to augment the intrinsic survival pathways.

Who, when, and how?

The answers are simple but these questions are often never asked. In
trauma, fluid resuscitation is only needed in patients who have lost blood.
It is clear that not all the trauma patients need fluid resuscitation. For bleed-
ing patients intravenous access is critical but should not be synonymous
with fluid infusion. In the absence of traumatic brain injury, ‘‘permissive hy-
potension’’ with systolic pressures greater than 80 mm Hg, consciousness, or
palpable pulse are reasonable goals until hemorrhage has been controlled.
Rather than resuscitating the patient before definitive hemorrhage control,
emphasis should be on controlling hemorrhage and using fluids only to
keep the patient alive during the process. It can be argued that the initial
fluid of choice among commercially available fluids in the United States
should be 5% HTS because it is commercially available. Two 250-mL bo-
luses are safe and offer many potential advantages. This should be followed
by infusion of L-isomer LR (Baxter, Deerfield, Illinois) if further volume ex-
pansion is needed. For the hypotensive bleeding patient, initiation of blood
transfusion should be early, and blood component therapy should be initi-
ated immediately without waiting for the development of coagulopathy.
Thawed fresh frozen plasma should be given in a 1:1 ratio to packed red
blood cells. For the military, fresh whole blood from the walking blood
bank should be obtained immediately for early use.

This aggressive approach is already being practiced at some centers with
excellent results. For example, at the Los Angeles County Medical Center,
six units of thawed fresh frozen plasma and platelets are given when six units
of packed red blood cells are transfused (Fig. 1). For patients with thoracic
hemorrhage, strong emphasis is placed on auto transfusion of blood col-
lected from the chest tube. In the intensive care unit, blood pressure, urine
output, and clinical judgment are used to guide the fluid resuscitation. As
long as the serum lactate or base excess are trending toward normal, gentle
resuscitation is preferred with an aim to correct acidosis over approximately
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24 hours. The rate of acute respiratory distress syndrome in the authors’ in-
tensive care unit has decreased from the national average of 24% to 9% in
severely injured trauma patients requiring intensive care admission [102]. Al-
though the exact causes for this dramatic reduction cannot be specifically
pinpointed, it coincides with a documented reduction in the volume of fluids
used for resuscitation.

Summary

An ideal fluid for the resuscitation of trauma victims should be safe; effi-
cacious; cheap; easy to store and transport (especially important for the mil-
itary); have the capacity to carry oxygen and nutrients to the cells; and
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COMPONENT THERAPY TRIGGERS 

EMPIRIC

1. > 6 units of PRBC 
2. History of Coumadin 

TARGETED

ABNORMAL: 
aPTT / INR 
platelet < 50x103

fibrinogen < 100 

DIFFUSE

NONSURGICAL

BLEEDING

• Request trauma cooler 
• 6 units type specific FFP 

(pre-thawed) 
• 1 unit ABO/Rh matched 

Apheresis platelets  
• cryoprecititate 

• Recombinant Factor VIIa 
• 100 mcg/kg 
• Additional doses as required 

(best if pH > 7.1 and T > 35oC) 

• Autotransfusion of shed
pleural blood.   

Fig. 1. LAC-USC trauma transfusion protocol. aPTT, activated partial thromboplastin time;

FFP, fresh frozen plasma; INR, international normalized ratio; PRBC, packed red blood cells.
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protect the cells from resuscitation injury. Unfortunately, such a fluid is not
available today. Because of the emerging data on fluid cytotoxicity, clini-
cians should consider resuscitation fluids as drugs, with well-defined indica-
tions and contraindication, safe dosages, and side effects. A logical approach
is to prevent the onset of immune dysfunction, rather than try to control
multiple interconnected cascades once they have been activated. Patient’s re-
sponse to trauma is influenced by a number of variables (comorbid prob-
lems, severity of injuries, degree of shock, delay in definitive care, and so
forth). As compared with most of the other variables that cannot be altered,
resuscitative strategy is entirely under clinicians’ control. They choose the
nature of the fluids, rate of administration, timing, and the end points of re-
suscitation. They also may decide not to resuscitate in selected patients.

References

[1] Sauaia A, Moore FA, Moore EE, et al. Epidemiology of trauma deaths: a reassessment.

J Trauma 1995;38:185–93.

[2] Acosta JA, Yang JC,Winchell RJ, et al. Lethal injuries and time to death in a level I trauma

center. J Am Coll Surg 1998;186:528–33.

[3] Wound Data and Munitions Effectiveness Team. The WDMET Study. Bethesda:

Uniformed Services University of the Health Sciences; 1970.

[4] ShiresGT, Carrico CJ, Baxter CR, et al. Principles in treatment of severely injured patients.

Adv Surg 1970;4:255–324.

[5] Shires GT, Coln D, Carrico J, et al. Fluid therapy in hemorrhagic shock. Arch Surg 1964;

88:688–93.

[6] Dillon J, Lunch LJ, Myers R, et al. A bioassay of treatment of hemorrhagic shock. Arch

Surg 1966;93:537–55.

[7] Cervera AL, Moss G. Progressive hypovolemia leading to shock after continuous hemor-

rhage and 3:1 crystalloid replacement. Am J Surg 1975;129:670–4.

[8] Shoemaker WC, Appel PL, Kram HB, et al. Prospective trial of supranormal values of

survivors as therapeutic goals in high-risk surgical patients. Chest 1988;94:1176–86.

[9] Bishop MH, Shoemaker WC, Appel PL, et al. Prospective, randomized trial of survivor

values of cardiac index, oxygen delivery, and oxygen consumption as resuscitation end-

points in severe trauma. J Trauma 1995;38:780–7.

[10] Lobo SM, Lobo FR, Polachini CA, et al. Prospective, randomized trial comparing fluids

and dobutamine optimization of oxygen delivery in high-risk surgical patients. Crit Care

2006;10:R72.

[11] McKinleyBA,KozarRA,CocanourCS, et al.Normal versus supranormal oxygen delivery

goals in shock resuscitation: the response is the same. J Trauma 2002;53:825–32.

[12] Velmahos GC, Demetriades D, Shoemaker WC, et al. Endpoints of resuscitation of criti-

cally injured patients: normal or supranormal? A prospective randomized trial. Ann Surg

2000;232:409–18.

[13] Marr AB, Moore FA, Sailors RM, et al. Preload optimization using ‘‘starling curve’’ gen-

eration during shock resuscitation: can it be done? Shock 2004;21:300–5.

[14] Yu M, Levy MM, Smith P, et al. Effect of maximizing oxygen delivery on morbidity and

mortality rates in critically ill patients: a prospective, randomized, controlled study. Crit

Care Med 1993;21:830–8.

[15] DurhamRM,NeunaberK,Mazuski JE, et al. The use of oxygen consumption and delivery

as endpoints for resuscitation in critically ill patients. J Trauma 1996;41:32–9.



69NEW DEVELOPMENTS IN FLUID RESUSCITATION
[16] Kirkpatrick AW, Balogh Z, Ball CG, et al. The secondary abdominal compartment syn-

drome: iatrogenic or unavoidable? J Am Coll Surg 2006;202:668–79.

[17] Balogh Z, McKinley BA, Cocanour CS, et al. Supranormal trauma resuscitation causes

more cases of abdominal compartment syndrome. Arch Surg 2003;138:637–42.

[18] Puritt BA. Protection from excessive resuscitation: pushing the pendulum back. J Trauma

2000;49:567–8.

[19] Ashbaugh DG, Bigelow DB, Petty TL, et al. Acute respiratory distress in adults. Lancet

1967;12:319–23.

[20] Mannick JA, Rodrick ML, Lederer JA. The immune response to injury. J Am Coll Surg

2001;193:237–44.

[21] Jarrar D, Chaudry IH, Wang P. Organ dysfunction following hemorrhage and sepsis:

mechanisms and therapeutic approaches. Int J Mol Med 1999;4:575–83.

[22] Aprahamian C, Thompson BM, Towne JB, et al. The effect of a paramedic system onmor-

tality of major open intra-abdominal vascular trauma. J Trauma 1983;23:687–90.

[23] Kaweski SM, Sise MJ, Virgilio RW. The effect of prehospital fluids on survival in trauma

patients. J Trauma 1990;30:1215–8.

[24] Bickel WH, Wall MJ, Pepe PE, et al. Immediate versus delayed fluid resuscitation for

hypotensive patients with penetrating torso injuries. N Engl J Med 1994;331:1105–9.

[25] Turner J, Nicholl J, Webber L, et al. A randomized controlled trial of prehospital intrave-

nous fluid replacement therapy in serious trauma. Health Technol Assess 2000;4:1–57.

[26] Kwan I, Bunn F, Roberts I. WHO Pre-Hospital Trauma Care Steering Committee: timing

and volume of fluid administration for patients with bleeding following trauma. Cochrane

Database Syst Rev 2001;1:CD003345.

[27] Greaves MW, Hussein SH. Fluid resuscitation in pre-hospital trauma care: a consensus

view. J R Coll Surg Edinb 2002;47:451–7.

[28] Dula DJ, Wood GC, Rejmer AR, et al. Use of prehospital fluids in hypotensive blunt

trauma patients. Prehosp Emerg Care 2002;6:417–20.

[29] Dutton RP, Mackenzie CF, Scalea TM. Hypotensive resuscitation during active hemor-

rhage: impact on in-hospital mortality. J Trauma 2002;52:1141–6.

[30] CannonWB, Faser J, Collew EM. The preventive treatment of wound shock. JAMA 1918;

47:618.

[30a] Kwan I, Bunn F, Roberts I. WHO Pre-hospital trauma care steering committee: Timing

and volume of fluid administration for patients with bleeding following trauma. Cochrane

Database Syst Rev 2003;(3):CD002245.

[31] Stern SA, Dronen SC, Birrer P, et al. Effect of blood pressure on hemorrhage volume and

survival in a near-fatal hemorrhagemodel incorporating a vascular injury. AnnEmergMed

1993;22:155–63.

[32] Selby JB, Mathis JE, Berry CF, et al. Effects of isotonic saline solution resuscitation on

blood coagulation in uncontrolled hemorrhage. Surgery 1996;119:528–33.

[33] Sondeen JL, Coppes VG, Holcomb JB. Blood pressure at which rebleeding occurs after

resuscitation in swine with aortic injury. J Trauma 2003;54:S100–7.

[34] Rotondo MF, Schwab CW, McGonigal MD, et al. Damage control: an approach for im-

proved survival in exsanguinating penetrating abdominal trauma. J Trauma 1993;35:

375–83.

[35] Mapstone J, Roberts I, Evans P. Fluid resuscitation strategies: a systematic review of

animal trials. J Trauma 2003;55:571–89.

[36] Demetriades D, Smith JS, Jacobson LE, et al. Bactericidal/permeability-increasing pro-

tein (rBPI21) in patients with hemorrhage due to trauma: results of a multicenter

phase II clinical trial. rBPI21 Acute Hemorrhagic Trauma Study Group. J Trauma

1999;46:667–76.

[37] Rhee P,Morris J, DurhamR, et al. Recombinant humanized monoclonal antibody against

CD18 in traumatic hemorrhagic shock: results of a phase II clinical trial. J Trauma 2000;49:

611–20.



70 ALAM & RHEE
[38] SeekampA, vanGriensvenM,Dhondt E, et al. The effect of anti-L-selectin (aselizumab) in

multiple traumatized patients: results of a phase II clinical trial. Crit Care Med 2004;32:

2021–8.

[39] Committee on Fluid Resuscitation for Combat Casualties. Fluid resuscitation: state of the

science for treating combat casualties and civilian trauma. Report of the Institute of Med-

icine. Washington: National Academy Press; 1999.

[40] Sun LL, Ruff P, Austin B, et al. Early up-regulation of intracellular adhesion molecule-1

and vascular cell adhesionmolecule-1 expression in rats with hemorrhagic shock and resus-

citation. Shock 1999;11:416–22.

[41] Alam HB, Sun L, Ruff P, et al. E- and P-selectin expression depends on the resuscitation

fluid used in hemorrhaged rats. J Surg Res 2000;94:145–52.

[42] Chollet-Martin S, Jourdain B, Gilbert C, et al. Interactions between neutrophils and cyto-

kines in blood and alveolar spaces during ARDS. Am J Respir Crit Care Med 1996;154:

594–601.

[43] Rhee P, Burris D, Kaufmann C, et al. Lactated Ringer’s solution resuscitation causes neu-

trophil activation after hemorrhagic shock. J Trauma 1998;44:313–9.

[44] Alam HB, Stanton K, Koustova E, et al. Effect of different resuscitation strategies on neu-

trophil activation in a swine model of hemorrhagic shock. Resuscitation 2004;60:91–9.

[45] Rhee P, Wang D, Ruff P, et al. Human neutrophil activation and increased adhesion by

various resuscitation fluids. Crit Care Med 2000;28:74–8.

[46] Junger WG, Hoyt DB, Davis RE, et al. Hypertonicity regulates the function of human

neutrophils by modulating chemoattractant receptor signaling and activating mitogen-

activated protein kinase p38. J Clin Invest 1998;101:2768–79.

[47] Stanton K, Koustova E, Alam H, et al. Effect of hypertonic saline dextran solution on

human neutrophil activation. Shock 2001;5:79.

[48] Koustova E, Stanton K, Guschin V, et al. Effects of lactated Ringer’s solutions on human

leukocytes. J Trauma 2002;52:872–8.

[49] Gushchin V, Stegalkina S, Alam HB, et al. Cytokine expression profiling in human leuko-

cytes after exposure to hypertonic and isotonic fluids. J Trauma 2002;52:867–71.

[50] Gushchin V, Alam HB, Rhee P, et al. cDNA profiling in leukocytes exposed to hypertonic

resuscitation fluids. J Am Coll Surg 2003;197:426–32.

[51] StantonK,AlamHB,Rhee P, et al. Humanpolymorphonuclear cell death after exposure to

resuscitation fluids in vitro: apoptosis versus necrosis. J Trauma 2003;54:1065–74.

[52] Steller H. Mechanisms and genes of cellular suicide. Science 1995;267:1445–9.

[53] Burek MJ, Oppenheim RW. Programmed cell death in the developing nervous system.

Brain Path 1996;6:427–46.

[54] Cohen JJ, Duke RC, Fadok VA, et al. Apoptosis and programmed cell death in immunity.

Annu Rev Immunol 1992;10:267–93.

[55] Cohen JJ. Apoptosis: mechanisms of life and death in the immune system. J Allergy Clin

Immunol 1999;103:548–54.

[56] Liaudet L, SorianoFG, Szabo E, et al. Protection against hemorrhagic shock inmice genet-

ically deficient in poly(ADP-ribose) polymerase. Proc Natl Acad Sci U S A 2000;97:

10203–8.

[57] Eichhorst ST. Modulation of apoptosis as a target for liver disease. Expert Opin Ther

Targets 2005;9:83–99.

[58] Deb S, Martin B, Sun L, et al. Resuscitation with lactated Ringer’s solution in rats with

hemorrhagic shock induces immediate apoptosis. J Trauma 1999;46:582–9.

[59] Deb S, Sun L, Martin B, et al. Lactated Ringer’s and hetastarch but not plasma resuscita-

tion after rat hemorrhagic shock is associated with immediate lung apoptosis by the upre-

gulation of Bax protein. J Trauma 2000;49:47–55.

[60] Alam HB, Austin B, Koustova E, et al. Resuscitation induced pulmonary apoptosis and

intracellular adhesion molecule-1 expression are attenuated by the use of ketone ringer’s

solution in rats. J Am Coll Surg 2001;193:255–63.



71NEW DEVELOPMENTS IN FLUID RESUSCITATION
[61] Koustova E, Rhee P, Hancock T, et al. Ketone and pyruvate Ringer’s solutions decrease

pulmonary apoptosis in a rat model of severe hemorrhagic shock and resuscitation. Surgery

2003;134:267–74.

[62] Jaskille A, Koustova E, Rhee P, et al. Hepatic apoptosis following hemorrhagic shock in

rats can be reduced through modifications of conventional Ringer’s solutions. J Am Coll

Surg 2006;202:25–35.

[63] Fink MP. Ethyl pyruvate: a novel treatment for sepsis and shock. Minerva Anesthesiol

2004;70:365–71.

[64] Shires GT, Browder LK, Steljes TPV, et al. The effect of shock resuscitation on apoptosis.

Am J Surg 2005;189:85–91.

[65] Ayuste EC, Chen H, Koustova E, et al. Hepatic and pulmonary apoptosis following hem-

orrhagic shock in swine can be reduced through modifications of conventional Ringer’s

solutions. J Trauma 2006;60:52–63.

[66] Jaskille A, AlamHB, Rhee P, et al. D-Lactate increases pulmonary apoptosis by restricting

phosphorylation of BAD and eNOS in a rat model of hemorrhagic shock. J Trauma 2004;

57(2):262–9.

[67] Lin T, Alam HB, Chen H, et al. Cardiac histones are substrates of histone deacetylase

(HDAC) activity in hemorrhagic shock and resuscitation. Surgery 2006;139:365–76.

[68] Lin T, Koustova E, Chen H, et al. Energy substrate supplemented resuscitation affects

monocarboxylate transporter levels and gliosis in rat model of hemorrhagic shock.

J Trauma 2005;59:1191–202.

[69] Chen H, Inocencio R, Alam HB, et al. Differential expression of extracellular matrix re-

modeling genes in rat model of hemorrhagic shock and resuscitation. J Surg Res 2005;

123:235–44.

[70] Alam HB, Stegalkina S, Rhee P, et al. cDNA array analysis of gene expression following

hemorrhagic shock and resuscitation in rats. Resuscitation 2002;54:195–206.

[71] Chen H, Alam HB, Querol RI, et al. Identification of expression patterns associated with

hemorrhage and resuscitation: integrated approach to data analysis. J Trauma 2006;60:

701–23.

[72] Coimbra R, Porcides R, Loomis W, et al. HSPTX protects against hemorrhagic shock re-

suscitation-induced tissue injury: an attractive alternative to Ringer’s lactate. J Trauma

2006;60:41–51.

[73] Macias CA, Kameneva MV, Tenhunen JJ, et al. Survival in a rat model of lethal hemor-

rhagic shock is prolonged following resuscitation with a small volume of a solution contain-

ing a drag-reducing polymer derived from aloe vera. Shock 2004;22:151–6.

[74] Van Way CW, Dhar A, Morrison D. Hemorrhagic shock: a new look at a new problem.

Mo Med 2003;100:518–23.

[75] Szalay L, Shimizu T, Suzuki T, et al. Androstenediol administration after trauma-hemor-

rhage attenuates inflammatory response reduces organ damage and improves survival

following sepsis. Am J Physiol Gastrointest Liver Physiol 2006;291(2):G260–6.

[76] Grunstein M. Histone acetylation in chromatin structure and transcription. Nature 1999;

389:349–52.

[77] Ruijteeer AJM. Histone deasetylases (HDACs): characterization of the classical HDAC

family. Biochem J 2003;370:737–49.

[78] Marks PA, Miller T, Richon VM. Histone deasetylases. Curr Opin Pharmacol 2003;3:

344–51.

[79] Gonzales E, Chen H, Munuve R, et al. Valproic acid prevents hemorrhage-associated

lethality and affects the acetylation pattern of cardiac histones. Shock 2006;25:395–401.

[80] Ahuja N, Ayuste E, Koustova E, et al. Acetylation of cardiac histones and expression of

histone regulated genes can be modulated through fluid resuscitation in a swine model of

hemorrhage. J Am Coll Surg 2005;201:S24.

[81] Velasco IT, Ponieri V, RochaM, et al. Hyperosmotic NaCl and severe hemorrhagic shock.

Am J Physiol 1980;239:H664.



72 ALAM & RHEE
[82] DeFelippe J Jr, Timoner IJ, Velasco IT, et al. Treatment of refractory hypovolemic shock

by 7.5% sodium chloride injections. Lancet 1980;2:1002.

[83] WadeCE,KramerGC,Grady JJ, et al. Efficacy of hypertonic 7.5% saline and 6%dextran-

70 in treating trauma: a meta-analysis of controlled clinical studies. Surgery 1997;122:

609–16.

[84] Junger WG, Coimbra R, Liu FC, et al. Hypertonic saline resuscitation: a tool to modulate

immune function in trauma patients? Shock 1997;8:235–41.

[85] Rotstein OD. Novel strategies for immunomodulation after trauma: revisiting hypertonic

saline as a resuscitation strategy for hemorrhagic shock. J Trauma 2000;49:580–3.

[86] Bahrami S, Zimmermann K, Szelenyi Z, et al. Small volume fluid resuscitation with hyper-

tonic saline prevents inflammation but not mortality in a rat model of hemorrhagic shock.

Shock 2006;25:283–9.

[87] Pascual JL, Ferri LE, Seely AJ, et al. Hypertonic saline resuscitation of hemorrhagic shock

diminishes neutrophil rolling and adherence to endothelium and reduces in vivo vascular

leakage. Ann Surg 2002;236:634–42.

[88] Murao Y, Loomis W, Wolf P, et al. Effect of hypertonic saline on its potential to prevent

lung tissue damage in a mouse model of hemorrhagic shock. Shock 2003;20:29–34.

[89] MuraoY,HataM,OhnishiK, et al. Hypertonic saline resuscitation reduces apoptosis and tis-

suedamageof the small intestine in amousemodel ofhemorrhagic shock. Shock2003;20:23–8.

[90] Sheppard FR, Moore EE, McLaughlin N, et al. Clinically relevant osmolar stress inhibits

priming-induced PMN NADPH oxidase subunit translocation. J Trauma 2005;58:752–7.

[91] GonzalesRJ,MooreEE, CieslaDJ, et al.Hyperosmolarity abrogates neutrophil cutotoxity

provoked by post-shock mesenteric lymph. Shock 2002;18:29–32.

[92] Staudenmayer KL, Maier RV, Jelacic S, et al. Hypertonic saline modulates innate immu-

nity in a model of systemic inflammation. Shock 2005;23:459–63.

[93] Cuschieri J, Gourlay D, Garcia I, et al. Hypertonic preconditioning inhibits macrophage

responsiveness to endotoxin. J Immunol 2002;168:1389–96.

[94] Resuscitation outcomes consortium. Available at: https://roc.uwctc.org/tiki/tiki-index.

php. Accessed November 7, 2006.

[95] Uniformed Services University of the Health Sciences. Combat fluid resuscitation. Spon-

sored by US Office of Naval Research; US Army Medical Research and Material Com-

mand; Department of Surgery; Department of Military and Emergency Medicine.

Bethesda, June 18–20, 2001.

[96] Defense and Civil Institute of Environmental Medicine. Fluid resuscitation in combat.

Sponsored by Defense R &D Canada, Defense and Civil Institute of Environmental Med-

icine, Department of Surgery, University of Toronto, and the Office of Naval Research.

Toronto, Ontario, October 25–26, 2001.

[97] Champion HR. Combat fluid resuscitation: introduction and overview of conferences.

J Trauma 2003;54:7–12.

[98] Rhee P, Koustova E, Alam HB. Searching for the optimal resuscitation method: recom-

mendations for the initial fluid resuscitation of combat casualties. J Trauma 2003;54:52–62.

[99] Gwande A. Casualties of war: military care for the wounded from Iraq and Afghanistan.

N Engl J Med 2004;351:2471–5.

[100] Holcomb JB, Stansbury LG, Champion HR, et al. Understanding combat casualty statis-

tics. J Trauma 2006;60:397–401.

[101] Hess JR, Holcomb JB, Hoyt DB. Damage control resuscitation: the need for specific blood

products to treat the coagulopathy of trauma. Transfusion 2006;46:685–6.

[102] MartinM, Salim A,Murray J, et al. The decreasing incidence and mortality of acute respi-

ratory distress syndrome after injury: a 5-year observational study. J Trauma 2005;59:

1107–13.


	New Developments in Fluid Resuscitation
	Evolution of fluid use in trauma
	Prehospital fluids
	Trauma as an immune disease
	Fluids causing inflammation: changing paradigm
	Effect of resuscitation fluids on cellular regulation and functions
	Effects of resuscitation strategies on neutrophil excitation and immune activation in vivo
	Impact of resuscitation fluids on human white blood cells (ex vivo)
	Differential effects of resuscitation fluids on markers of cellular injury in various organs
	Effect on gene regulation: integrated approach to data analysis
	Pharmacologic resuscitation

	Hypertonic saline and the clinical experience
	Fluid resuscitation for combat casualties: consensus conferences
	Changes in the military practice
	Summary on current and future resuscitation fluids
	Isotonic crystalloids
	Hypertonic crystalloids
	Artificial colloids
	Plasma
	Fresh whole blood
	Artificial blood
	Pharmacologic resuscitation

	Who, when, and how?
	Summary
	References


