Oxygen delivery

S. M. Hameed; W. C. Aird; S. M. Cohn

Wanting to conserve whatever oxygen remained in my tank, | asked him to reach inside my backpack and turn off the valve on my regulator,
which he did. For the next ten minutes I felt surprisingly good. My head cleared. | actually seemed less tired than with the gas turned on. Then,
abruptly, | felt like | was suffocating. My vision dimmed and my head began to spin. | was on the brink of losing consciousness. Instead of turning
my oxygen off, Harris, in his hypoxically impaired state, had mistakenly cranked the valve open to full flow, draining the tank. I'd just squandered
the last of my gas going nowhere.—Jon Krakauer, mountain climber, describing the effects of improved and impaired oxygen delivery near the

summit of Mount Everest (1)

rom the elevations of moun-

taintops to the depths of the

ocean, life seeks to sustain it-

self through its supply of oxy-
gen. In humans, the struggle against
death, from any cause, is the struggle to
maintain or restore adequate oxygen de-
livery and consumption. Medical person-
nel responding to all varieties of acutely
life-threatening events are governed by
algorithms that begin by restoring airway
patency, optimizing gas exchange, and
ensuring a hemodynamic state that can
support effective distribution of oxygen to
the tissues. In this review, we will focus
on the advances that have lead to our
current knowledge of the pathophysiol-
ogy of oxygen delivery.

Evolutionary Perspectives

In our absolute need for oxygen, we are
no different from the unicellular organisms
from which we evolved. Single-cell eu-
karyotes obtain their oxygen through sim-
ple diffusion, a process that is proportional
to the difference in partial pressure, propor-
tional to the area of the membrane, and
inversely proportional to the distance the
gas must travel. Approximately 600 million
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years ago, single-cell organisms evolved
into multicellular forms. The earliest of
these species were small, segmented, and
highly adapted to meet their oxygen needs
by simple diffusion. However, as body plans
became more complex, there was a need to
overcome the time-distance constraints of
diffusion; hence, the evolution of the car-
diovascular system as a means to provide
bulk flow to the various tissues of the body.
Indeed, the body plan of most multicellular
organisms can be reduced to the scheme
shown in Figure 1. There are four critical
steps in the chain of oxygen transport: a)
bulk flow from the environment to a highly
vascularized surface, whether the skin,
gills, or lung; b) diffusion into the blood; c)
bulk flow to the various tissues of the body;
and d) diffusion into the mitochondrial
sink of each and every cell. Note that the
scheme does not defy the laws of physics:
oxygen transport is ultimately dependent
on simple diffusion, at the level of the lung-
blood interface and the blood-tissue inter-
face.

Oxygen is poorly soluble in water and
plasma. Therefore, most multicellular or-
ganisms with a cardiovascular system
have evolved to a respiratory pigment
that serves to bind and carry oxygen in
the blood. In invertebrates, the respira-
tory pigment (usually hemocyanin, rarely
hemoglobin) circulates freely in solution.
This observation provides the rationale
for developing hemoglobin substitutes in
transfusion medicine. In vertebrates, the
respiratory pigment (always hemoglobin)
is packaged in red blood cells in which it
is protected from the oxidative stresses of
the environment and in which oxygen
binding may be finely tuned according to
allosteric and cooperative interactions.
The red blood cells of fish, amphibians,
reptiles, and birds are nucleated. In fact,

the anucleate red blood cell is unique to
mammals. There are several possible evo-
lutionary explanations for the loss of the
red blood cell nucleus. First, the exclu-
sion of the nucleus would provide more
room in the cell for hemoglobin. Second,
an anucleate red cell would be predicted
to have less weight and increased deform-
ability. Perhaps the most compelling ex-
planation is that a red blood cell without
a nucleus is a cell without mitochondria
and oxidative phosphorylation. Therefore,
the anucleate red blood cell avoids the
conflict of interest of being both a con-
sumer and a deliverer of oxygen.

The above perspectives provide a useful
framework for considering the pathophysi-
ology of oxygen deprivation. Reduced oxy-
gen delivery may arise from the following:
a) decreased oxygen levels in the environ-
ment; b) impaired diffusion across the
lung-blood interface; c¢) reduced cardiac
output; and d) impaired diffusion across the
blood-tissue interface. Oxygen consump-
tion, as distinct from delivery, reflects the
degree to which the gas is extracted from
capillary blood and utilized by the underly-
ing tissues. In short, calculation of oxygen
consumption requires knowledge both of
oxygen delivery and oxygen extraction.
These concepts are further clarified in Fig-
ure 2. The present review is focused on
shock (abnormalities of cardiac output) as a
mechanism of decreased oxygen delivery.

Shock

A 21-yr-old man was involved in a
high-speed, all-terrain vehicle crash in a
rural area. He was found at the scene fo
be obtunded, with a palpable carotid
pulse, but his systemic blood pressure
was undetectable. He was intubated at
the scene, and peripheral venous access
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Figure 1. General scheme for oxygen delivery in multiple cellular organisms. From left to right: oxygen
is delivered by convection or bulk flow from environment to vascularized surface, oxygen diffuses
across into the blood, oxygen is delivered by convection or bulk flow to the various tissues of the body,
and oxygen diffuses into the individual cells of the tissues. Adapted from Weibel ER: The Pathway for
Oxygen: Structure and Function in the Mammalian Respiratory System. Cambridge, MA, Harvard
University Press, 1984.

A. Fick’s Law: O, Diffusion a K, x S/t x (AP)

B. Poiseuille’s Law: Flow = 1 APxR¢
8yL

C. 0, delivery = cardiac output x O, content
=[SV x HR] x [(Hb g/dI)(O, saturation)1.39 + 0.0031p0O,]
o tAPxR* x [(Hb g/dI}{O, saturation)1.39 + 0.0031p0,]
8yL

D. O, consumption = cardiac output x (Arterial o, . ntent — VENOUS 5 content)

Figure 2. Equations describing oxygen delivery and consumption. 4, according to Fick’s law, oxygen
diffusion is directly proportional to surface area (S) and pressure gradient (AP) and inversely
proportional to distance (). B, Poiseuille’s law describes bulk flow of a uniform viscous liquid through
a cylindrical tube with a constant circular cross-section. The equation emphasizes the importance of
blood viscosity (n) and vasomotor tone in determining bulk flow. Red blood cells (Hct) are the primary
cellular determinant of blood viscosity. C, oxygen delivery is determined by cardiac output and oxygen
content. Cardiac output is the product of stroke volume (SV) and heart rate (HR). Alternatively, cardiac
output may be substituted for by the variables in Poiseuille’s law. D, oxygen consumption takes into
account both the degree of oxygen delivery and the extent of oxygen extraction (arterial oxygen content
minus venous oxygen content). /b, hemoglobin.

was secured. At hospital arrival, 2 hrs
after the traumatic event, he remained
sedated, paralyzed, and persistently hy-
potensive, despite ongoing crystalloid in-

Although this patient’s clinical prob-
lem is straightforward, namely massive
hemorrhage, the underlying physiologic
consequences are more complex. Pro-

fusion. In addition, he was noted to have
significant abdominal distension and a
pelvic fracture. In the operating room, a
massive hemoperitoneum was observed
to be arising from a laceration of the
right external iliac vein. Early in the
intraoperative course, the patient’s blood
pressure and end-tidal carbon dioxide be-
came transiently undetectable.
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found hypotension and its circulatory
compensations have likely already cre-
ated an environment of oxygen depriva-
tion and cellular dysfunction or death.
The pathophysiologic sequelae of oxygen
deprivation could ultimately precipitate
organ failure or, through a variety of
mechanisms, predispose the patient to a
cascade of complications. Reducing the

impact of these processes would require
attention to all phases of oxygen delivery,
including the restoration of adequate cir-
culation of oxygen at the cellular level.

Events at the Circulatory Level. In the
setting of acute blood loss, the body com-
pensates through a variety of feedback
mechanisms. At the time of his initial
rescue, the patient above was already le-
thargic and hypotensive, suggesting ac-
cording to the American College of Sur-
geons classification (2) that he was in
class IV shock with an estimated blood
loss of >2 L. Life-sustaining circulation
was likely being maintained through a
combination of the actions of barorecep-
tor reflexes, the central nervous system
ischemic response (profound sympathetic
stimulation resulting from cerebral isch-
emia, “the last ditch stand”), reverse
stress-relaxation of the circulatory sys-
tem, as well as the release of angiotensin
and vasopressin and redistribution of ex-
travascular fluid to the intravascular
space. Sympathetic reflexes mediated
through the release of catecholamines
become maximally activated within 30
secs of the hemorrhagic insult. Arterial
and venous constriction mediated by re-
verse stress-relaxation, angiotensin, and
vasopressin requires 10—60 mins before
making a clinically significant impact on
blood pressure. Fluid mobilization from
the extravascular space is less important
in acute hemorrhage because it is a rel-
atively slow process, taking hours to days
to exert an effect.

The negative feedback reflexes are col-
lectively designed to accomplish two
goals: to maintain cardiac output by in-
creasing heart rate and preload (through
venoconstriction), and more importantly,
to maintain blood pressure by causing
systemic arterial constriction. Blood
pressure after acute hemorrhage is main-
tained at the expense of further impair-
ment of blood flow to most tissues. Inter-
estingly, the cerebral and coronary
circulations do not constrict appreciably
in response to sympathetic stimulation
and are well preserved, despite significant
systemic hypoperfusion. In effect, scarce
blood after acute hemorrhage is diverted
to the brain and heart until normal in-
travascular volume can be restored.
When compensatory mechanisms are
overwhelmed, blood flow to all tissues,
including those protected by autoregu-
lation, can be impaired to the point of
cellular metabolic dysfunction; this
phenomenon is broadly termed shock
(Table 1).
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Table 1. Classification of shock”

Specific Diagnostic Characteristics

Hypovolemic

Class 3, 1500-2000 mL

Class 4, >2000 mL
Forrester Classification

Cardiogenic
Class 1

Class 2

Class 3

Class 4, 51% mortality

Vasodilatory

American College of Surgeons—Committee on Trauma
Class 1, <750 mL blood loss
Class 2, 750-1500 mL

Anxiety

oliguria (20-30 mL/hr)

Anxiety, tachypnea (20-30/min), tachycardia (>100/min), hypotension,

Anxiety, confusion, tachypnea (30-40/min), tachycardia (>120/min),

hypotension, oliguria (5-15 mL/hr)
Anxiety, tachypnea (>35/min), tachycardia (>140/min), hypotension, anuria

PAOP, <18 mm Hg
ClI, >2.2 L/min/m?
PAOP, >18 mm Hg
ClI, >2.2 L/min/m?
PAOP, <18 mm Hg
Cl, <2.2 L/min/m?
PAOP, >18 mm Hg
Cl, <2.2 L/min/m?

Most common cause is sepsis—SCCM/ACCP definitions:

SIRS (any two): T, >38 or <36; HR, >90; RR, >20; WBC, <4 or >12 X 10%L
Sepsis: evidence of infection + SIRS

Severe sepsis: hypotension, organ hypoperfusion, and dysfunction
Septic shock: profound hypotension (SBP, <90) despite fluid resuscitation

Obstructive Common causes

Cardiac tamponade, tension pneumothorax, pulmonary embolism

Clinical features

Elevated central venous pressures, elevated pulmonary pressures, pulsus paradoxus

PAOP, pulmonary artery occlusion pressure; CI, cardiac index; SCCM, Society of Critical Care Medicine; ACCP, American College of Chest Physicians;
SIRS, systemic inflammatory response syndrome; T, temperature; HR, heart rate; RR, respiratory rate; WBC, white blood cell count; SBP, systolic blood

pressure.

“?All forms of shock are characterized by clinical evidence of progressive organ dysfunction resulting from inadequate oxygen delivery = compensatory
hemodynamic changes: alterations in mental status, tachycardia, normal or low blood pressure, tachypnea, oliguria.

FEvents at the Cellular Level. Essential
cellular processes, such as membrane
transport, protein synthesis, and me-
chanical work, are driven by the energy
stored in the high-energy phosphate
bonds of adenosine triphosphate (ATP)
(3). ATP, in turn, is generated by the
interaction of carbohydrate (and protein
and lipid) substrates with oxygen. Glu-
cose entering cells is converted to pyru-
vate through a set of steps referred to as
glycolysis. Although a small amount of
ATP is generated by this process, much
more is generated in subsequent meta-
bolic steps. Pyruvate is converted to
acetyl coenzyme A, which is transferred
to the mitochondria for participation in
the tricarboxylic acid cycle. The tricar-
boxylic acid cycle generates hydrogen
ions, whose oxidation to water releases
large amounts of energy that is harnessed
by the mitochondrial chemiosmotic
mechanism for the production of large
amounts of ATP.

The process of oxidation in the mito-
chondria requires a surprisingly low in-
tracellular oxygen tension. Oxygen usage
reaches a plateau when intracellular con-
centrations of oxygen are >1 mm Hg;
this is the critical value above which en-
ergy production is commensurate with

S660

cellular needs, governed solely by the rate
of metabolic activity (i.e., adenosine
diphosphate production). However, when
blood flow and/or oxygen content are lim-
ited, intracellular oxygen tensions may
fall below the critical value (<1 mm Hg)
and consequently oxygen usage and ATP
production may fall. In this circum-
stance, cellular function may become
blood flow limited. Severe illness may
compound the energy crisis by causing
mitochondrial oxidative dysfunction; for
example, substrate use in sepsis may be
impaired, despite adequate oxygen deliv-
ery because of inhibition of electron
transport, touching off a downward spiral
of oxygen delivery-independent cellular
and organ dysfunction (4).

Reprioritization of metabolic expendi-
ture at the cellular level has been shown
to occur and to confer survival benefit in
cell lines from hypoxia-resistant organ-
isms. Diminished oxygen tensions may
promote adaptive mechanisms aimed at
restricting ATP consumption to life-
sustaining processes only. Such adap-
tive metabolic reprioritization may be
mediated, in part, by the transcriptional
and posttranscriptional effects of mole-
cules, such as hypoxia-inducible factor
(HIF)-1 (5).

During hypoxic conditions, protein
phosphorylation and alterations in the in-
tracellular redox state may activate and
stabilize components of HIF-1, which in
turn recognizes a DNA sequence (hypoxia
response element) located in the pro-
moter regions of downstream hypoxia-
responsive genes. Increased expression of
genes responsible for erythropoietin pro-
duction or production of enzymes impor-
tant in glycolysis, for example, has been
shown to be related to HIF-1 activity. The
hypoxia-HIF-1-transcription effects may
protect cells during hypoxic conditions.
Therefore, if these interactions are ad-
versely affected by inflammatory media-
tors, as has been postulated, tissues suf-
fering low-oxygen delivery during critical
illness may be at profound risk of the
damaging effects of hypoxemia (6).

The consequences of severe blood flow
limitation on intracellular oxygen usage
are varied. Myocyte dysfunction may fur-
ther impair cardiac output over time,
leading ultimately to cardiogenic shock.
Endothelial and epithelial hypoxia can
cause increased permeability and pro-
gressive tissue edema and perhaps induce
bacterial or toxic translocation from the
gut. Impaired blood flow and hence re-
duced shear stress may result in altered
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transcriptional and posttranscriptional
profiles in affected endothelium. Local
acidosis may result from the accumula-
tion of pyruvate and its conversion to
lactate. Failure of ion transport may re-
sult in cellular functional impairment
(such as in acute renal failure) or even
cell swelling and death. Failure of intra-
cellular barriers (such as lysosomes) can
cause the release of toxic hydrolases.
Adenosine, which is generated slowly,
may diffuse out of cells and be degraded
to uric acid. This chain of events may lead
to intractable depletion of intracellular
energy currency (ATP), a feature of irre-
versible shock. In sum, these processes,
unless detected and addressed early, are
interconnected and exert powerful posi-
tive feedback effects on each other. The
natural conclusion of the cascade of
pathophysiologic effects resulting from
cellular hypoxia is cellular dysfunction,
cell death, and multiple organ failure (7).

Compensated and Progressive Shock.
The process of shock is far from linear or
predictable. In compensated shock, cer-
tain vascular beds are disproportionately
affected. The effects of compensation de-
pend on metabolic and organ system re-
serve. If shock becomes uncompensated,
that is, neurologic and hemodynamic
consequences of impaired oxygen deliv-
ery become evident, the extent of cellular
damage and the likelihood of progression
to multiple organ failure and death (irre-
versible shock), even if the inciting event is
controlled, are difficult to determine (8).

The effects of resuscitation may them-
selves be damaging; reperfusion of isch-
emic tissue beds could flush local inflam-
matory mediators into the systemic
circulation, resulting in oxygen radical-
mediated cellular injury, worsened inter-
stitial edema, and/or increased metabolic
demands on organs with severely de-
pleted functional reserve. The same ther-
apy may have markedly different effects at
different times in the progression of
shock-related cellular dysfunction. It is
clear that the early diagnosis of shock in
the presence of compensatory responses
is difficult and that the pathophysiologic
mechanisms at work may be highly var-
ied. These factors have posed formidable
challenges in the evaluation of oxygen
delivery-based therapies.

Diagnosis of Impaired Oxygen
Delivery

Clinical and Biochemical Indicators
of Shock. Clinical indexes of shock, such

Crit Care Med 2003 Vol. 31, No. 12 (Suppl.)

as pulse rate, blood pressure, skin tem-
perature, and urine output, are unreliable
and slow to change in the presence of
compensatory mechanisms; abnormal
values may occur only in the late stages
of hypoperfusion. Even hemodynamic pa-
rameters, such as pulmonary artery oc-
clusion pressure and cardiac output, are
prone to misinterpretation in different
patients and can be misleading in situa-
tions of progressively worsening shock
states (9).

Impaired oxygen delivery results in
abnormalities in pyruvate metabolism
with the subsequent accumulation of lac-
tic acid. Base deficit, serum lactate, anion
gap, and pH are used as measures of the
degree of acidemia and the magnitude of
shock. Although these measurements
have sometimes been found to be predic-
tive of surgical complications, multiple
organ failure, and mortality, they are
global measures and are not sensitive in-
dicators of regional hypoperfusion. In
some instances, these global or systemic
measures of tissue oxygenation may be
normal in the presence of significant re-
gional ischemia (i.e., splanchnic dysoxia)
and are, therefore, of less prognostic
value than indicators of regional oxygen
debt (10, 11).

Direct Measurement of Adequacy of
Systemic Oxygen Delivery. In healthy
subjects, resting oxygen delivery (Do,) is
approximately 1000 mL/min, and approx-
imately 250 mL/min of this oxygen is
required by tissue metabolic processes
(Vo,), so that the usual oxygen extraction
ratio is 25%. If oxygen delivery decreases,
oxygen extraction by the tissues increases
so that oxygen consumption remains rel-
atively constant. The efficiency of extrac-
tion varies from tissue to tissue; the myo-
cardium, for example, extracts close to
50% to 90% of its delivered oxygen. Be-
low a critical threshold of oxygen delivery
(approximately 4.5 mL/kg/min), in-
creased oxygen extraction can no longer
compensate for the delivery deficit;
hence, oxygen consumption begins to de-
crease. From this point, any reduction in
oxygen delivery is associated with a de-
crease in oxygen consumption, and oxy-
gen consumption is, therefore, said to be
supply dependent (12). This threshold of
oxygen delivery impairment is thought to
correspond with progressive cellular
functional impairment, and therapeutic
efforts are typically aimed at preventing
this supply dependency.

In the past, defective oxygen extrac-
tion mechanisms in critically ill patients

have been thought to make the relation-
ship between oxygen delivery and con-
sumption more linear than biphasic; that
is, oxygen consumption is dependent on
oxygen delivery across a wide range
rather than only below the Do,crit. Inves-
tigators have noted incremental increases
in oxygen consumption with increases in
oxygen delivery across a broad range of
values. This finding has suggested that
critically ill patients may exist in a state
of pathological supply dependence and
relative cellular dysfunction and has,
therefore, prompted efforts to increase
oxygen delivery to supraphysiologic lev-
els. However, it is now understood that
the observed linear correlations between
oxygen delivery and oxygen consumption
may have been an artifact resulting from
calculation of common measurements
with potentially large errors. When pul-
monary artery catheter-derived measures
are used according to the inverse Fick
method, both oxygen delivery and oxygen
consumption use measurements of car-
diac output and arterial oxygen content
in their calculation. Errors in these mea-
sures are potentially large and by a phe-
nomenon known as mathematical cou-
pling may create the impression that
cardiac output and oxygen consumption
are positively correlated across a wide
range of values (13, 14).

Do, = CO(Hb X k; X Sao, + k, X Pao,)
V02 = CO[(Hb X kl X Sa.02 + k2 X Pa.()z)
— (Hb X k; X Svo, + ky X Pvo,)] [1]

where CO is cardiac output, Hb is the
hemoglobin concentration, Sao, is the
arterial hemoglobin oxygen saturation;
Pao, is the arterial partial pressure of
oxygen, Svo, is the mixed venous oxygen
saturation, Pvo, is the venous partial
pressure of oxygen, and k;, k, are the
oxygen-combining capacity with hemo-
globin and solubility constants.

When Do, and Vo, are calculated us-
ing independent methods (i.e., inverse
Fick method for Do, and indirect calo-
rimetry for Vo,), the effects of mathemat-
ical coupling can be eliminated. Studies
using independent methods of calcula-
tion of Do, and Vo, have not demon-
strated pathologic oxygen supply depen-
dence (11).

Regional Hypoperfusion in Shock—
Diagnostic Implications. The basic circu-
latory response to hypovolemic shock is
redistribution of blood flow to vital tissue
beds and away from capillaries supplying
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less critical organs. Accordingly, blood
flow to the splanchnic organs may be
disproportionately reduced in response to
hypovolemia, and measurement of this
phenomenon may provide a more sensi-
tive indication of impairment of Do, than
the global measures outlined above.
Splanchnic ischemia that leads to a re-
duction in gut barrier function and trans-
location of endotoxin, inflammatory me-
diators, and microorganisms through an
ischemic and leaky gastrointestinal mu-
cosa may contribute to the progression of
multiple organ failure.

Although uniquely susceptible to hy-
poperfusion, the gut is unable to tolerate
dysoxia for long periods of time. Its mi-
crovascular arrangement of a single cap-
illary surrounded by several venules pro-
motes nutrient absorption by creating a
countercurrent flow pattern, but it is un-
able to significantly increase blood flow
in response to hypoperfusion. Because
perfusion is the most important determi-
nant of dysoxia tolerance, organs with a
capacity for recruiting numerous capil-
laries have great control over local blood
flow and survive dysoxic conditions
longer than organs with fewer capillaries,
which are more predisposed to anoxic
injury. Furthermore, a significant in-
crease in splanchnic Vo, occurs in sepsis
and may contribute to the risk of visceral
hypoxia, even if blood flow is greater than
normal (9).

Gastric tonometry, which provides an
index of oxygen debt in the gastrointesti-
nal tract, has been promoted both as a
sentinel marker for impending global hy-
poperfusion and as a marker for a poten-
tially correctable element in the patho-
genesis of multiple organ failure.
Therapies aimed at restoration of
splanchnic flow have been postulated to
be beneficial in shock management out-
comes. This hypothesis rests both on the
benefits of early identification of occult
shock and on the theoretical benefits of
maintaining gut perfusion and, thereby,
avoiding phenomena such as mucosal
ischemia. Unfortunately, support for this
hypothesis has been highly elusive.

Gastric Tonometry. Oxygen debt is
supported by anaerobic metabolism,
which in turn generates organic acids.
Hydrolysis of ATP stores to meet cellular
energy requirements also contributes
acid to the intercellular milieu. In fact, a
strong correlation has been observed in
experimental models between intestinal
intramural pH and Vo, (15). Regional ac-
idosis, however, is difficult to measure
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directly; carbon dioxide generated from
the acid-buffering effect of bicarbonate is
more readily measurable.

Experiments involving sampling of sa-
line solution directly from polytetrafluo-
roethylene balloons placed in the stom-
achs and small intestines of dogs
demonstrated a novel method of measur-
ing gdastric intramucosal acidosis (16).
The unit of measurement promoted was
the gastric intramucosal pH (pHi), which
was calculated using the measured gas-
tric Pco, levels and arterial bicarbonate
concentrations in a modification of the
Henderson-Hasselbalch equation:

(2]

Follow-up studies demonstrated a
high degree of correlation between the
calculated pHi and pH microelectrode-
calculated mucosal pH (R? = .79). Pro-
gressive occlusion of the superior mesen-
teric arteries of dogs was noted to induce
a sequential fall in pHi measured in the
small intestine (R? = .68), evidence that
measured pHi had a strong correlation
with intestinal ischemia (15). Intramuco-
sal pH has, in fact, also been found to
correlate well with the histologic degree
of ischemic mucosal injury (17).

Clinical studies have also attempted to
validate the tonometry tool by demon-
strating associations between pHi mea-
surements and patient outcomes. A 1993
prospective cohort study followed 83 pa-
tients with acute circulatory failure in
their first 24 hrs after hospital admission
(10). Of all the indexes of perfusion, gas-
tric mucosal pH was the most reliable
indicator of adequacy of tissue oxygen-
ation and predictor of mortality. Arterial
pH and standard base excess were also
significantly different between survivors
and nonsurvivors but were less predictive
of outcome. Lactate, which is known to
rely on a few pathways of metabolic clear-
ance, was found to be neither a sensitive
nor a specific marker of cellular hypoxia.
The authors concluded that inadequate
oxygenation of the gut is associated with
poor outcome and that inadequate re-
gional blood flow as detected by de-
creased gastric intramucosal pH, but not
by systemic measures, is an important
contributor to morbidity and mortality in
intensive care units (ICUs).

Other Gastrointestinal Monitoring
Sites. Carbon dioxide is measurable in
other tissue beds, and the principles first
described for gastric tonometry have

been extrapolated to other sites in the
gastrointestinal tract. Walley and col-
leagues (18), after studying the properties
of small-bowel tonometry, concluded
that gastric tonometry measurements are
excessively noisy and inaccurate in the
detection of gut ischemia compared with
small-bowel tonometry. Unfortunately,
placement of tonometers in the small
bowel is more problematic than place-
ment in the stomach. Jacques and col-
leagues (19) studied a more accessible
tissue bed, the sigmoid colon. Aortic
cross-clamping in pigs predictably re-
sulted in steady gastric pHi and consis-
tent depression of sigmoid pHi, but 63%
remained within the baseline range. The
authors suggested that wide variation in
sigmoid pHi limits the value of individual
pHi measurement in the detection of
ischemia. The tongue and esophagus
have also been used as sites of measure-
ment of regional perfusion.

Other Techniques. Balloonless tonom-
etry and the use of fiberoptic carbon di-
oxide sensors have been described as
methods of measurement of the adequacy
of Do,. Interestingly, abnormalities in ox-
ygen supply may not be strictly limited to
the gastrointestinal tract. In a study of 16
septic patients and 10 nonseptic ICU con-
trol subjects, Neviere and colleagues (20)
demonstrated that skeletal muscle micro-
vascular perfusion is reduced in septic
patients, despite normal or elevated
whole-body Do,. The application of near
infrared spectroscopy techniques to vari-
ous tissue beds may demonstrate similar
findings in other regions.

New Monitoring Devices on the
Horizon

Near Infrared Spectroscopy. The ideal
device for monitoring the adequacy of
resuscitation would have two basic char-
acteristics. First, it would be noninvasive,
not only allowing ease of placement, but
also permitting it to be used in the field.
Second, it would provide the clinician
with an objective parameter that mea-
sures oxygenation at the tissue or ideally
cellular level in end organs. Near infrared
spectroscopy (NIRS) technology may pro-
vide a simple, rapid method for the as-
sessment of the adequacy of Do, at the
end organ molecular level.

NIRS has been utilized as a tool to
determine the redox state of light-
absorbing molecules. Beer’s law states
that light transmission through a solu-
tion with a dissolved solute decreases ex-
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ponentially as the concentration of the
solute increases. In mammalian tissue,
only three compounds change their spec-
tra when oxygenated: cytochrome aa3,
myoglobin, and hemoglobin. Because the
absorption spectra of oxyhemoglobin and
deoxyhemoglobin differ, Beer’s law can
be utilized to detect their relative concen-
trations within tissue. By measuring the
change in light intensity as light passes
through, or is reflected by, tissue, the
relative concentrations of the types of he-
moglobin can be determined. Because
NIRS measurements are taken without
regard to systole or diastole and because
only 20% of blood volume is intraarterial,
spectroscopic measurements are primar-
ily indicative of the venous oxyhemoglo-
bin concentration.

Using a pig trauma/hemorrhage
model, we found that muscle tissue oxy-
den saturation was as at least as reliable
as invasive systemic oxygenation vari-
ables (Svo,, arterial lactate, base excess)
as an index of shock. Preliminary work
from the University of Miami School of
Medicine Ryder Trauma Center, using
NIRS in human volunteers and in trauma
patients, has shown this device to be
quite promising as a noninvasive method
of determining the Do, to peripheral
muscle. Ultimately, this technology may
be used as an endpoint for resuscitation.

Oxygen Delivery-Based
Therapies

General Principles—Increasing Oxy-
gen Delivery. Do, is dependent on cardiac
output and arterial oxygen content. Arte-
rial oxygen content is the sum of hemo-
globin-bound and dissolved oxygen. (Dis-
solved oxygen in plasma and cells
contributes only 3% to the total oxygen
content of the blood under normal cir-
cumstances.) Early resuscitative efforts
in shock seek to optimize each of these
parameters.

Fluid resuscitation to increase preload
in hypovolemic states can result in im-
mediate improvements in cardiac output
through Frank-Starling effects. However,
injudicious use of fluids can promote
bleeding in hemorrhagic conditions (21)
and can lead to organ dysfunction sec-
ondary to worsening tissue edema. Use of
inotropic agents and vasopressors to in-
crease cardiac output and blood pressure
may place increased strain on damaged
myocardium. Given the limitations asso-
ciated with cardiac output manipulation,
increased attention is being focused on
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modification of oxygen-carrying capacity
as a promising therapeutic strategy.

Anemia triggers a number of adaptive
mechanisms that collectively serve to
maintain Do, even at very low hemoglo-
bin levels (22). Anemia results in in-
creased cardiac output due to reduced
blood viscosity and increased sympathetic
outflow. Lowering of viscosity as hemat-
ocrit falls may also result in fewer inflam-
matory interactions between activated
platelets and the endothelium (23). As
discussed earlier, selective vasoconstric-
tion promotes blood flow to critical or-
gans, whereas oxygen-deprived tissue
cells undergo specific hypoxia-induced
adaptations. Through increased produc-
tion of 2,3-diphosphoglycerate in red
blood cells, anemia results in a shift in
the oxyhemoglobin dissociation curve to
the right, thereby facilitating oxygen un-
loading at the level of the tissue. The
extent of new red blood cell production
depends on the balance of positive and
negative influences. On one hand, re-
duced Do, to the tubular epithelial cells
of the kidney provides a signal for in-
creased expression of erythropoietin ex-
pression and secondary stimulation of
erythroid production in the bone mar-
row. On the other hand, the acute inflam-
matory response, commonly associated
with trauma and shock, blocks hypoxia-
mediated induction of erythropoietin,
blunts the response of erythroid progen-
itor cells to erythropoietin, and leads to a
functional iron deficiency state.

When the rate of blood loss outpaces
these adaptive mechanisms, it is tempt-
ing to transfuse packed red blood cells
(PRBCs). Besides having colloid oncotic
properties, PRBCs are favored because of
their ability to transport oxygen. How-
ever, oxygen transport capabilities of
stored red blood cells may be limited by
time-dependent depletion of ATP and 2,3-
diphosphoglycerate, with resulting tran-
sient deteriorations in oxygen unloading
and cellular deformability. Marik and Sib-
bald (24) observed that measured Vo, did
not increase after transfusion of three
units of PRBC in septic patients. Further-
more, patients transfused with blood
stored for 15 days or more actually
showed unexpected evidence of splanch-
nic ischemia, reflected by gastric in-
tramucosal acidosis. The investigators at-
tributed the observed deterioration in gut
mucosal perfusion to capillary occlusion
by poorly deformable red blood cells, ad-
verse changes in blood viscosity, and al-
terations in systemic vascular resistance

known to result from red blood cell trans-
fusion. In a similar study, Fernandes and
colleagues (25) noted no increase in Vo,
(calculated or measured), no change in
gastric intramucosal pH, and an increase
in pulmonary vascular resistance after
the transfusion of one unit of PRBC.
These observations are worrisome be-
cause recent studies have noted that the
mean age of transfused blood in Europe
and the United States is 16.2 and 21 days,
respectively (26, 27).

The Canadian Critical Care Trials
Group challenged conventional transfu-
sion (and, by extension, Do,) practices on
the grounds that red cell transfusions
might have infectious, immunosuppres-
sive, and microcirculatory risks to criti-
cally ill patients. In a multicenter, ran-
domized trial of 838 critically ill, anemic,
euvolemic, and nonhemorrhaging pa-
tients (28), protocols using hemoglobin
concentrations of 7 and 9 g/dL as trans-
fusion triggers were compared. The re-
strictive transfusion protocol led to trans-
fusion avoidance in one third of patients
in that group and a marked reduction in
the volume of transfused blood without
increasing mortality. In fact, rates of car-
diac complications, organ failure, and
mortality were found to be lower with the
more restrictive transfusion strategy in
two subsets of patients: those younger
than 55 yrs and less critically ill patients
(Acute Physiology and Chronic Health
Evaluation score, <20) (29). A multi-
center observational study from Europe
(24) reached similar conclusions; trans-
fused patients had higher mortality rates
when adjustments were made for severity
of organ failure and propensity for trans-
fusion.

The results of these studies have lent
support to some of the scientific reserva-
tions about the safety of PRBCs. In light
of their findings, the value of augmenta-
tion of Do, in specific situations must
come under more scrutiny than ever be-
fore.

Systemic Oxygen Delivery-Based
Therapies. The risks associated with cel-
lular hypoxia and with the standard mea-
sures to promote Do, may be high. How-
ever, innovative studies have been
conducted to identify patient populations
that may benefit from therapies aimed at
increasing Do,.

a) Goal-Directed Therapy: The Early
Goal-Directed Therapy Collaborative
Group designed an emergency depart-
ment-based therapeutic protocol based
on the rationale that augmentation of
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Do, before the establishment of cellular
hypoxic damage could improve outcomes
resulting from the hemodynamic abnor-
malities associated with septic shock
(30). This protocol was evaluated in a
randomized study of 263 adult patients
presenting with features of systemic in-
flammatory response syndrome and hy-
potension. The majority of subjects had
medical conditions such as pneumonia
and urosepsis, and patients requiring im-
mediate surgery or urgent angiographic,
cardiac, or urologic intervention were ex-
cluded from the analysis. Patients were
assigned to receive either standard hemo-
dynamic support (control group) or ther-
apy aimed at the optimization of blood
pressure and central venous oxygen sat-
uration (intervention group). During the
6 hrs following presentation, patients in
the intervention group received signifi-
cantly more intravenous fluid and PRBCs
(64% vs. 18.5%), but in the ensuing days,
more transfusions and invasive therapy
were required in the control group. In-
hospital mortality in the early goal-
directed therapy arm was 30.5% com-
pared with 46.5% in the control group.
The investigators attributed the relative
success of their protocol to early correc-
tion of global hypoxia and prevention of
resulting endothelial activation, micro-
circulatory failure, organ dysfunction,
and ultimately cardiovascular collapse.
The study has been criticized for the high
rates of mortality in both arms, but it
should be noted that patients were ex-
tremely ill (Acute Physiology and Chronic
Health Evaluation score, >20), with hy-
potension at presentation. Use of blood to
acutely improve Do, contradicts what is
known about the detrimental effects of
blood storage on oxygen transport and
unloading, although cardiac output may
have been improved through the volume-
expanding effects of PRBCs. Further-
more, central venous saturation has not
been thoroughly validated as a reflection
of inadequacy of Do, but was used in this
protocol as a central endpoint for resus-
citation. Still, regardless of the limita-
tions, the results support the probable
significance of hypoxia in the cascade of
cellular and organ deterioration that
characterizes progressive shock states
and may even defend the early use of
blood in unstable septic patients. Al-
though intriguing, the results of this
study should be interpreted with caution
until more evidence has accumulated.
b) Supranormal Do,: A continuing de-
bate has involved the subject of the role
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of universal maximization of Do, in crit-
ical illness. Despite the aforementioned
concerns about mathematical coupling
and the lack of data to support a patho-
logic oxygen supply dependency in criti-
cal illness, many investigators have
championed the elevation of cardiac in-
dex, Do,, and Vo, for all patients. Unrec-
ognized flow-dependent Vo, has been
postulated to contribute to the pathogen-
esis of multiple organ failure in patients
with hemorrhagic shock. In fact, Bishop
and colleagues (31) observed that pa-
tients demonstrating increases in oxygen
delivery to “supranormal” levels after se-
vere trauma had higher survival rates
than patients unable to mount such a
response. The hypothesis that using su-
pranormal Do, (cardiac index, >4.5 mL/
min/m? Do,, >670 mL/min/m?; Vo,,
>166 mL/min/m?) as an endpoint of re-
suscitation would result in improved sur-
vival compared with conventional resus-
citation endpoint use was evaluated in a
prospective trial of 115 trauma patients.
Investigators noted lower mortality and
organ failure rates in the treatment
group and concluded that augmentation
of the supranormal Do, response im-
proves survival in this group. These re-
sults have not, however, been uniformly
supported by other studies, including one
from the same group, which although
underpowered, found that early attempts
to augment Do, (cardiac index, >4.5;
Do,, >600 mL/min/m? Vo,, >170 mL/
min/m?) did not significantly have an im-
pact on mortality (32).

A 1996 meta-analysis of seven ran-
domized trials of interventions designed
to achieve supraphysiologic values of car-
diac index, Do,, and Vo, also concluded
that these measures do not significantly
reduce mortality, except perhaps when
initiated preoperatively (33). The authors
summarized the pitfalls in the interpre-
tation of previous literature in this arena
(self-generation of increased Do, states in
some patients is associated with better
survival but does not by itself imply that
exogenous therapy for this purpose is
similarly beneficial) and noted the diffi-
culties associated with the design and ex-
ecution of studies with high methodolog-
ical quality. A more recent meta-analysis,
incorporating studies published up to
2002, considered studies according to the
timing of the intervention (34). When
analyzed from this perspective, the au-
thors concluded that early optimization
of Do, in severely ill patients confers a
substantial survival benefit. Hemody-

namic optimization after the onset of or-
gan failure failed to yield a beneficial ef-
fect. Interestingly, a recent, large, well-
designed trial demonstrated no advantage
to preoperative optimization of pulmo-
nary artery catheter-derived hemody-
namic parameters in high-risk surgical
patients (35). This study was powered to
detect a 5% mortality difference between
patients managed with and without pul-
monary artery catheters.

Gastric Tonometry-Directed Therapy:
Review of the Evidence. Global therapies
may ignore the divide between capillary
bed-rich and bed-poor tissues and the
consequences of regional hypoperfusion.
Therapies aimed at restoration of
splanchnic flow have been postulated to
interrupt the potentially detrimental sec-
ondary effects of mucosal ischemia,
which can range from increased gut per-
meability with bacterial translocation or
endotoxin release. Three studies in the
trauma literature have examined the role
of pHi-directed shock resuscitation. Rou-
men and colleagues (36) in a prospective
evaluation of pHi in 15 patients found
that pHi < 7.32 within 48 hrs of admis-
sion was associated with increased mor-
bidity and mortality. The authors con-
cluded that “monitoring gastric pHi is
useful in severely injured patients admit-
ted to the ICU.” A prospective study of 20
critically ill trauma patients by Chang
and colleagues (37) noted higher mortal-
ity rates in subjects with low initial pHi
that did not correct within 24 hrs (50%
vs. 0%), as well as a higher incidence of
organ dysfunction. Of all of the indexes of
Do,, only pHi was different between sub-
jects who developed multiple organ fail-
ure at 24 hrs and those who did not. The
authors argued that on the basis of their
findings, splanchnic perfusion is an im-
portant factor in the pathogenesis of mul-
tiple organ failure and that an indicator
of gastric ischemia provides useful prog-
nostic information in underperfused pa-
tients.

The benefits of tonometry-based inter-
vention in trauma care were evaluated in
a 1996 prospective trial of 57 shock pa-
tients conducted by Ivatury and col-
leagues (38). Subjects were randomized
to receive therapies aimed either at nor-
malization and maintenance of pHi
(blood, intravenous fluids, dobutamine)
or at maintenance of Do, index (600 mL/
min/m?) and Vo, index (150 mL/min/m?).
In this trial, mortality and single-organ
failure differences among the two groups
did not reach statistical significance (al-
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though the latter outcome trended to-
ward significance). No differences in any
endpoints apart from pHi were observed
between groups. Subgroup analyses dem-
onstrated that the mortality rate from
multiple organ failure was higher in pa-
tients whose pHi did not correct to 7.3 at
24 hrs (54% vs. 6.8%) and that longer
optimization times were predictive of
mortality. Persistently low pHi was fre-
quently associated with intraabdominal
anastamotic leak, compartment syn-
drome, abscess formation, or other com-
plications. The authors concluded that
“gastric mucosal pH may be an important
marker to assess adequacy of resuscita-
tion.”

Unpublished data from a prospective,
randomized study of trauma patients
from the University of Miami suggest that
even a more comprehensive intervention
to restore splanchnic perfusion and to
minimize the effects of ischemia-reperfu-
sion injury through the provision of an-
tioxidant therapy does not significantly
reduce mortality rates. In this trial, 151
critically ill trauma patients were ran-
domized in three arms to receive stan-
dard therapy, placement of a gastric
tonometer with otherwise routine man-
agement, or gastric pHi-directed therapy
with inotropic agents, vasodilators, an in-
fusion of agents designed to limit free-
radical damage to the gut mucosa (in-
cluding mannitol, vitamin C, selenium,
and polymyxin B), and supplementation
of enteral feeds with glutamine, N-acetyl-
cysteine, and vitamins A and E. This trial
was stopped at an interim analysis be-
cause of the remarkable outcome similar-
ity in rates of morbidity or mortality
among its arms, despite the massive de-
ployment of effort and resources in the
intervention group.

It is interesting to note that despite
extensive experience with gastric tonom-
etry, no trial has documented better out-
comes with tonometry-directed therapy
and that there is little evidence from ran-
domized studies that intramucosal pH
can be reproducibly and favorably influ-
enced relative to placebo. Gomersall and
colleagues (39) speculated that failure of
their trial of tonometry-based therapy in
critically ill patients to demonstrate a dif-
ference in outcome may have resulted
from the inability of dobutamine and col-
loid to produce a significant change in
pHi or from the fact that pHi is merely a
surrogate marker of disease, as suggested
by proponents of the gut-motor hypoth-
esis.
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New Directions in Oxygen
Delivery Research

Limitations in and uncertainties about
the modalities currently available for im-
proving Do, in critically ill patients have
prompted investigators to broaden the
search for safe alternatives. Recombinant
human erythropoietin may assist in aug-
menting red cell production in this pop-
ulation. Recently, Corwin and colleagues
(40) demonstrated a 19% reduction in
blood transfusion in a group of critically
ill patients who received a weekly high
dose of recombinant human erythropoi-
etin compared with placebo. There were
no significant differences in the fre-
quency of adverse events or in mortality
observed between the two groups. The
observed transfusion reduction of 0.6
units per patient was statistically signifi-
cant.

A more dramatic means of improving
Do, may eventually be provided by blood
substitutes. Hemoglobin-based oxygen
carriers have been undergoing extensive
evaluation as a potential alternative to
the use of allogeneic blood in emergent
and elective surgery. Unfortunately, in-
tensive research and development efforts
to date have led to limited success with
tetramerized human hemoglobin and
second-generation perfluorocarbons.

Baxter’s product, HemAssist (Diaspi-
rin cross-linked hemoglobin) underwent
two phase III clinical trials. The first was
a double-blind trial in perioperative pa-
tients comparing two units of HemAssist
with two units of PRBCs. The trial was
stopped after 181 of a planned 400 pa-
tients were enrolled due to two sentinel
adverse events, namely, acute respiratory
distress syndrome and multiple-organ
dysfunction syndrome. These limitations
notwithstanding, there was a 24% rate of
transfusion avoidance in the HemAssist
arm. The second trial was a single-blind
trial in trauma patients. This study,
which was designed to compare 1 L of
HemAssist vs. 1 L of PRBCs, was termi-
nated prematurely after identifying a sta-
tistically significant higher mortality rate
of 46% for the blood substitute group
compared with the controls (17%) (41).
Baxter has subsequently stopped research
and development efforts on this product.

Northfield Laboratories undertook a
prospective, randomized trial of its prod-
uct, Polyheme, in 44 trauma patients
(mean Injury Severity Score, 21 = 10).
Patients received either PRBC or up to six
units of Polyheme (a chemically modified

hemoglobin derived from human blood).
The transfusion requirements were 6.8 =+
3.9 units in the Polyheme group and 10.4
+ 4.2 units in the control group (p < .05)
with no difference at 48 hrs (42). There
were no significant adverse effects, sug-
gesting that Polyheme might be a clini-
cally useful blood substitute. A subse-
quent study compared patients who
received Polyheme with an historic con-
trol group of patients who refused trans-
fusion for religious reasons. The 30-day
mortality rate was 25% in those who re-
ceived Polyheme vs. 64.5% in controls
(43). There is an ongoing phase III pre-
hospital trial in collaboration with the
U.S. Army.

Hemosol sought to evaluate the effi-
cacy of Hemolink (o-raffinose cross-
linked human hemoglobin) in a phase IIT
trial looking at avoidance of red blood cell
(RBC) transfusion or the reduction in the
number of RBC units transfused in coro-
nary artery bypass grafting patients. A
higher rate of avoidance of RBC transfu-
sion was observed in subjects who re-
ceived Hemolink (17% transfused) than
in subjects who received the plasma vol-
ume expander, Pentaspan (27% trans-
fused). The first transfusion occurred at
an average of 42 hrs posttreatment in the
Hemolink arm compared with an average
of 24 hrs posttreatment in the control
arm. Overall, a lower number of RBC
units were transfused in the Hemolink
arm (49 units) compared with the control
arm (104 units). Additional clinical trials
with Hemolink focusing on transfusion
avoidance are being initiated in North
America (44).

Biopure has conducted 57 preclinical
studies and 21 phase I-III clinical trials of
its product, Hemopure (purified hemo-
globin from refined cow’s blood). The
studies included healthy volunteers, sick-
le-cell patients, and surgical patients.
Most of the studies showed acceptable
rates and types of adverse events and a
clear benefit in terms of RBC transfusion
avoidance (45-47).

Perfluorochemical emulsions (for ex-
ample, Fluosol-DA) initially appeared
promising due to their ability to carry
large amounts of dissolved oxygen. Un-
fortunately, clinical trials showed a lack
of effectiveness in the treatment of severe
anemia due to hemorrhage. The second
generation of perfluorocarbons appears
highly promising for use in isovolemic
hemodilution, but phase III trials utiliz-
ing perflubron in the setting of cardiac
surgery were recently terminated.
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Conclusion

The right iliac vein was identified and
ligated. With continued administration
of blood products and crystalloid solu-
tions, the patient’s blood pressure was
restored. Laparotomy was completed, a
temporary dressing applied, lower limb
fasciotomies were performed, and the pa-
tient was transferred to the ICU. Despite
definitive hemostatic control and appar-
ent restoration of stable hemodynamics,
hypoxic damage had occurred. During
the ensuing weeks, the patient suffered
from rhabdomyolysis, acute renal fail-
ure, respiratory failure, ventilator-
associated pneumonia, sepsis, and en-
cephalopathy with delayed refurn fto
baseline cognitive function. He was ulti-
mately discharged home with his parents
after seven weeks in the frauma center.

Once hemodynamics are restored, why
does it take so long for someone to get
better? How much of a toll have the di-
rect effects and the hemodynamic com-
pensations of shock taken on the function
of cells, tissues, and organs? How do met-
abolic processes recover from the degrees
of interruption of Do,? How can this in-
terruption be minimized?

What is known is that shock, whether
it is considered to represent inadequate
perfusion to maintain the function of or-
gans, of individual cells, or of specific
cellular metabolic processes, even when
compensated, results in increased mor-
tality. When shock is overwhelming or
uncompensated, prompt therapy to im-
prove Do, can be life-saving. When it is
compensated, diagnosis may be challeng-
ing and the risks of available therapies
must be weighed against their potential
benefits.

The spectra of limitations, risks, and
benefits of these therapies are now be-
coming clearer. Continuing research into
the compensatory responses to impair-
ments in Do,, including research at the
cellular level, may provide rational ave-
nues for intervention to optimize these
responses. Guidance of therapy of shock
by considerations of the nature and du-
ration of the specific underlying patho-
physiologic process may increase the
chances of success of the resuscitative
effort. Finally, detailed knowledge of the
consequences of “cranking the valve to
full flow” with novel experimental meth-
ods of Do, will provide us with another
exciting frontier in our efforts to improve
the outcomes of low Do, states.
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