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Abstract
We review the experimental evidence showing systemic and microvascular effects of blood
transfusions instituted to support the organism in extreme hemodilution and hemorrhagic shock,
focusing on the use of fresh vs. stored blood as a variable. The question: “What does a blood
transfusion remedy?” was analyzed in experimental models addressing systemic and
microvascular effects showing that oxygen delivery is not the only function that must be
addressed. In extreme hemodilution and hemorrhagic shock blood transfusions simultaneously
restore blood viscosity and oxygen carrying capacity, the former being critically needed for
reestablishing a functional mechanical environment of the microcirculation, necessary for
obtaining adequate capillary blood perfusion. Increased oxygen affinity due to 2,3 DPG depletion
is shown to have either no effect or a positive oxygenation effect, when the transfused red blood
cells (RBCs) do not cause additional flow impairment due to structural malfunctions including
increased rigidity and release of hemoglobin. It is concluded that fresh RBCs are shown to be
superior to stored RBCs in transfusion, however increased oxygen affinity may be a positive factor
in hemorrhagic shock resuscitation. Although experimental studies seldom reproduce emergency
and clinical conditions, nonetheless they serve to explore fundamental physiological mechanisms
in the microcirculation that cannot be directly studied in humans.
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Introduction
Blood transfusions are used in multiple scenarios associated with acute blood loss that leads
to the impairment of oxygen delivery to the tissue. The principal problem being treated by
transfusion is insufficient oxygen delivery due to the deficit of oxygen carrying capacity
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arising from decreased hemoglobin (Hb) concentration, persisting after volume resuscitation
by plasma expansion restores the major transport functions to the circulation by increasing
blood pressure and cardiac output. In this scenario, blood transfusion is used primarily to
improve oxygen transport and secondarily to treat hypotension. A blood transfusion
intrinsically restores oxygen transport capacity, since blood collection, storage and
transfusion do not affect the inherent biochemical properties of hemoglobin. However, while
oxygen transport capacity is invariably restored by a blood transfusion, this is not the only
critical function of blood, a realization that has only recently emerged.

Blood and in particular blood flow, sets the mechanical environment of the circulation, a
multi-level phenomena that modulates conditions from major blood vessels to the
microcirculation. The mechanical properties of flowing blood significantly affect its
biochemistry as well as the coagulation inflammatory cascades. A blood transfusion is an
acute intervention, implemented to solve life- and health-threatening conditions on a short
term basis, and in general its long term effects tend to be of secondary importance.
However, blood transfusion does not always accomplish the intended clinical goal. Indeed,
there is a well-known association between multiple transfusions and mortality, although
whether this is a causal relationship, or transfusion is a surrogate indicator of mortality risk
has not been established 1–4. These poor outcomes are probably not directly related to the
immediate goal of blood transfusion of restoring oxygen transport capacity, but are likely
due to the failure to adequately maintain microvascular function, certainly in the short term,
but which conceivably could cause damage in the long term.

A critical question is whether the short and long term effects of blood transfusion are
intrinsic to the process, or are exaggerated by blood storage. The answer to these questions
is difficult and would require objective clinical trials based on a material, blood, which is
non-uniform in source and composition. A less satisfactory alternative is resorting to
experimental studies in animal species, which can be configured to create a supply of
relatively homogeneous blood, but do not fully reproduce clinical conditions or replicate
human physiology. Regardless of these obstacles, experimental studies remain at present a
valid methodology for analyzing fundamental physiological and biophysical mechanisms
that should be operational in most mammalian species, particularly in acute conditions. In
what follows, we analyze the available experimental evidence that deals with the effects of
transfusion in relation to the time of storage of the transfused blood.

What does a blood transfusion remedy?
The organism receiving a blood transfusion is usually in hemodynamic and metabolic state
different from normal. Two conditions that have been analyzed experimentally are acute
isovolemic anemia (hemodilution) and hemorrhagic shock. In principle a blood transfusion
in extreme anemia addresses the deficit of oxygen carrying capacity, while the treatment of
hemorrhagic shock implies the additional restoration of blood volume. Analysis of these
conditions shows a perspective on functional requirements for blood transfusions that can be
discerned from experimental studies.

a) Critical functions of blood transfusion in extreme anemia
Blood transfusions are instituted upon the appearance of clinical signs of hypoxia or
hypovolemia and reaching the “transfusion trigger” level of Hb concentration. In the setting
of acute blood loss, this point is usually reached after the deployment of plasma expanders
to maintain blood volume has reduced blood Hb concentration to a point that there is an
increased risk of tissue damage and eventually mortality. The decision is usually supported
by evaluation of additional parameters, such as base excess and lactate concentration. In this
scenario the actual level of tissue oxygenation is only known through indirect
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measurements. Furthermore the physiological condition of the tissue is significantly
different from normal, because as Hb is reduced by hemodilution, microvascular function is
progressively impaired, jeopardizing tissue survival due to the local microscopic
maldistribution of blood flow as shown experimentally in the hamster window chamber
model by Tsai et al. 5. These effects take place at Hb concentrations greater than those
defining the oxygen supply limitation.

Experimental studies show that microvascular function can be maintained in extreme
hemodilution by increasing either blood or plasma viscosity 5–7. This effect can be achieved
experimentally using non-conventional, high viscosity plasma expanders 8. Restoration of
blood viscosity during hemodilution and hemorrhage is desirable, because it maintains
functional capillary density (FCD), defined as the number of capillaries with passage of
RBCs per unit surface of the field of view of a microscopically observed tissue. This
microvascular parameter was found to be critical in sustaining tissue survival by Kerger et
al. 9, who showed the direct correlation between maintenance of FCD above a specific
threshold and survival in extended hemorrhagic shock. FCD is also determined by the
maintenance of capillary pressure, which in extreme hemodilution can be obtained using
high viscosity plasma expanders 5.

The blood viscosity threshold that causes the decrease in FCD appears to coincide with the
critical value of Hb concentration below which oxygen consumption becomes supply
limited. Thus the “transfusion trigger” may also be a “viscosity trigger”, and some of the
results obtained with a blood transfusion may also be achieved by increasing plasma
viscosity.

b) Critical functions of blood transfusion in shock resuscitation
The hamster chamber window model has provided unique opportunities to simultaneously
study systemic and microvascular effects associated with the effects of blood transfusion
and resuscitation, and comparing different strategies, including the effects of blood storage.

Baseline studies related to transfusions in shock resuscitation compared effects of using
Ringer’s lactate, 70 kDa dextran and blood. 10 These studies employed a standard shock
model induced by stepwise hemorrhage of the hamsters of 50% of their blood volume,
which lowered the mean arterial blood pressure (MAP) to 40 mmHg. Resuscitation was
implemented with 50% volume restoration with shed blood or dextran, or 100% volume
restoration with Ringer’s lactate. As expected, fresh blood provided a significantly better
initial recovery of all parameters, particularly MAP and FCD which were restored
immediately. All fluids led to full hemodynamic restoration at 24 hr; however 70 kDa
dextran and Ringer’s lactate caused prolonged flow impairment and tissue hypoxia.

The role of restoration of blood viscosity by blood transfusion, independently from the
restitution of oxygen carrying capacity and volume, was analyzed by using RBCs whose
oxygen carrying capacity was eliminated, either by saturating Hb with carbon monoxide
(CO) 11 or by converting it to metHb 12. Using the hamster model system described above,
50% of the animals’ blood volumes were removed and resuscitation was carried out 1 hr
after hemorrhage with a single infusion of 25% of the blood volume with untreated, fresh
RBCs, or RBCs treated with CO suspended in human serum albumin. Systemic and
microcirculatory recovery were identical for resuscitation with native RBCs or RBCs which
could not carry oxygen both initially (5 – 10 min) and up to 90 min after resuscitation. CO
concentration decreased over 90 min, increasing O2 carrying capacity and gradually re-
oxygenating the tissue 11.
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The oxygen carrying capacity of RBCs was also inactivated by converting their Hb to
metHb by exposure to nitrate 12. The same hemorrhage-resuscitation experiment as
described above was performed using fresh RBCs and hydroxyethyl starch (10% HES) as
controls. Resuscitation with RBCs with or without oxygen carrying capacity both resulted in
a greater MAP than in the starch resuscitation group. FCD was substantially higher for RBC
transfusions (56 ± 7% of baseline) vs. starch (46 ± 7% of baseline), and the metHb RBCs
had the same effect on FCD and microvascular hemodynamics as untreated RBCs. As
expected, oxygen delivery and extraction were significantly lower for resuscitation with
hydroxyethyl starch and metRBCs compared to oxygen carrying RBCs. Systemic and
microvascular conditions after volume restitution with starch were notably worse than with
RBC related recovery 13. There was a minimal difference in MAP between the two types of
RBCs: MAP was about 10 mm Hg higher with normal RBCs.

These studies show that resuscitation from hemorrhagic shock can be achieved by volume
restoration with a fluid having rheological properties similar to those of blood, independent
of its oxygen carrying capacity. This is relevant to the transfusion of stored RBCs, which
only moderately raised oxygen delivery capacity upon transfusion due to the Hb oxygen
dissociation curve being left shifted. However, it is a clinical observation that blood
transfusions often produce an immediate sensation of well-being and beneficial effects on
patient energy level, exercise tolerance, etc. It may be that this is due to increased blood
viscosity, improving perfusion and FCD, allowing oxygen delivery by the remaining RBC
and flushing out metabolites produced during shock or chronic hypo-perfusion.

Therefore a critical function of transfused blood would appear to be restoration of
microvascular function, independently of the repletion of oxygen carrying capacity, leading
to the hypothesis that restoration of blood rheological properties improves resuscitation
independently of the restitution of oxygen carrying capacity. A blood transfusion using
stored blood may not fully restore oxygen carrying capacity in acute conditions; however, it
functions as a restorer of blood volume and blood viscosity, provided that this process leads
to the restoration of FCD. As a corollary, using RBCs for the purpose of increasing blood
viscosity may be unnecessary if a material is introduced that increases plasma viscosity in
the circulation. However, as one of the primary goals of blood transfusion is the restoration
of oxygen carrying capacity, only RBCs can fill this need.

Paradigms of oxygen transport related to blood transfusion
Oxygen delivery to tissue depends on the oxygen carrying capacity of blood, its convection
from the lung to the tissue and the mechanisms that control its uptake and release from
blood. This process is defined by the intrinsic oxygen carrying capacity of Hb and its
affinity for oxygen, conventionally defined by pO2 at which it is 50% saturated (p50). In the
circulation, there is no specific barrier to oxygen diffusion in the blood vessels that prevents
oxygen exit. As a consequence, oxygen continuously diffuses out of the blood vessels, and
its residence (dwell time) within the circulatory system is determined by its transit velocity,
in the same way that the delivery of fluid transported by a leaky container is a function of
the container’s velocity of translation. The competition between blood flow velocity and
outward diffusional exit from the circulation determines a circulatory longitudinal pO2 and
oxygen saturation gradient, and the location in the circulation where blood pO2 equals RBC
p50.

The oxygen dissociation curve of RBCs has the steepest slope at pO2 = p50. At the location
in the microvasculature where the pO2 = p50, small changes in pO2 produce the offloading
of large amounts of oxygen. The sensitivity of oxygen off-loading from Hb to small changes
in pO2 suggests that the blood vessels may be a part of an oxygen regulatory mechanism.
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This model is in part supported by the observation that in some tissues pO2 = p50 in 3rd
order arterioles, which have been show to possess the highest density of adrenergic
enervation 14 15, microvessels that in many tissues exhibit the maximal rate of oxygen exit.
However, while p50 has a unique value for blood throughout the circulation, the location of
pO2 = p50 may vary among different tissues and organs, depending on the level of tissue
metabolism.

P50 is affected by blood storage, during which levels of intraerythrocytic 2,3 DPG drop. The
lack of this allosteric factor increases the affinity of Hb for oxygen (lowers p50) to about 20
mmHg from the level of 28 – 32 mmHg seen in RBCs in vivo. This effect has been mostly
interpreted as a potentially negative outcome of blood storage; however, recent experimental
findings report conditions in which the increase of oxygen affinity of blood may be
beneficial. In the following we review the experimental evidence in support of either
outcome.

Increased oxygen affinity during storage
Impairment of oxygen transport of stored RBCs was first reported when measurement of the
corresponding oxygen dissociation curves showed an immediate and significant increase in
the oxygen affinity during the initial week of storage at 4 °C. This resulted in a decrease of
oxygen delivery during transfusion of stored RBCs by comparison to normal RBCs, the
difference being proportional to the volume transfused and storage time 16.

Is 2,3 DPG a problem?
The possibility of controlling oxygen release by in vitro manipulation of RBC 2,3 DPG
levels led to the concept of targeting oxygen delivery by right shifting the oxygen
dissociation curve. This process can take days to fully engage while transfusion with 2,3
DPG loaded RBCs can produce a more rapid effect 17. Thus the need of evoking
compensatory mechanism such as increased cardiac output in critically ill patients could be
avoided by lowering blood oxygen affinity with a transfusion of RBCs with increased levels
of 2,3 DPG 18,19. RBCs were “rejuvenated” by incubation with a combination of iosine,
pyruvate and inorganic phosphate to produce hyperconcentrated 2,3 DPG RBCs. Studies in
rabbits transfused with incubated RBCs showed sustained increase in 2,3 DPG for over 2
weeks, however, direct intravenous infusion into mildly hypoxic patients by the same
investigators did not support the usefulness of increased 2,3 DPG since it did lead to
improved tissue oxygenation. Their conclusion was that regulation of oxygen delivery was
primarily determined by cardiac output rather than concentration of 2,3 DPG.

Anemic baboons were given stored RBCs with higher or lower oxygen affinity which was
achieved by no treatment or in vitro incubation with a rejuvenation solution to elevate their
2,3 DPG levels. Increases to cardiac output were to a much lesser degree than the increase in
cerebral blood flow obtained with the higher oxygen affinity-low 2,3 DPG group.
Additionally they had a decrease in mixed venous pO2 20, 21. Lower oxygen affinity-high
2,3 DPG group had improved oxygen delivery to tissue under conditions of low arterial pO2
but their ability to load oxygen in the lungs was impaired. It was concluded that the demand
for increased blood flow needed for the higher oxygen affinity-low 2,3 DPG groups should
be avoided because it would likely not be achievable in the critically ill patient.

Spector et al., 1977 22 analyzed the effect of supranormal high levels of blood 2,3 DPG on
oxygen delivery in hypoxic anemia. Fresh RBCs (< 1hr) incubated with a rejuvenation
solution were infused into baboons so that after transfusion the resultant 2,3 DPG levels in
blood were 125% of normal. During the hypoxic state systemic oxygen extraction was
similar in the two groups, however oxygen saturation was lower in the high 2,3 DPG groups
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than in the control animals. Cardiac output was significantly reduced 30 min after the
arterial pO2 was restored to normal. These data suggest that RBCs with decreased affinity
maintained satisfactory oxygen delivery to tissue during hypoxia.

The importance of 2,3 DPG depletion was analyzed by Collins and Stechenberg 23 who
studied the effect of the exchange transfusion of 90% of the original RBC mass in rats with
blood stored 1 day (p50 = 35 mmHg) or 14 – 20 days (p50 24 mmHg) to final Hct of 36%
(normal), 28% (moderate anemia) and 17% (severe anemia). Animals were then subjected to
a severe hemorrhage (removal of 3.2 ml of blood per 100 g of body weight over 50 min) and
resuscitated with the shed blood from the same animal. A separate group was handled
similarly but resuscitated using 1.15 times the volume of shed volume. Survival was the
same through the range of Hcts when fresh blood was used, but was lower in rats receiving
old blood at low Hct. Animals exchange transfused with old RBCs and hemorrhaged were
resuscitated with fresh and old RBCs at low and high Hct, with survival being lower only for
the animals transfused with old RBCs at low Hct. The conclusion of this study was that
survival after hemorrhage is impaired if oxygen delivery capacity is reduced by a
combination of anemia and increased oxygen affinity.

A critique to the conclusions of this study on the significance of oxygen delivery impairment
is that increased oxygen affinity was obtained with “old blood”, i.e., blood stored for about 2
weeks (acid citrate dextrose, NIH solution A, Fenwall, 4 °C), thus testing the combination of
increased affinity and RBC damage induced by storage. As shown by Tsai et al. 24 RBC
damage due prolonged storage results in lowering capillary perfusion and FCD upon
retransfusion, which is a significant factor in survival. In fact it cannot be excluded that
increased oxygen affinity of stored blood may in fact be neutral or beneficial, as shown by
experiments of Cabrales et al. 25. Conversely Villela et al. using the same model, showed
that resuscitation from hemorrhagic shock was significantly improved using RBCs with low
p50 26.

The reason why lower p50 can be beneficial at times relates to the previously described
longitudinal oxygen gradient in the microcirculation, which causes high p50 blood to deliver
oxygen in oxygenated regions, while the low p50 blood delivers oxygen primarily in
deoxygenated regions, providing a more uniform oxygen distribution. In man p50 (= 27
mmHg) is lower than in rat and hamsters and depletion of 2,3 DPG lowers p50 to 18 mmHg.
Therefore the increase in oxygen affinity within the range seen in stored RBC because of
loss of 2,3 DPG would appear to be a problem only because it is associated with RBCs with
additional functional defects acquired during storage that affect primarily the maintenance of
FCD. These considerations highlight again the significant role played by FCD in tissue
survival in comparing fresh and old RBCs.

Determinants of functional capillary density
Functional capillary density is variable in both normal and diseased tissue. When this
parameter is defined as the number of capillaries that possess transiting RBC, changes in
FCD reflect mechanisms that modulate the entrance of RBCs in capillaries. These
mechanisms have an anatomical origin due to changes in capillary diameter, and can also be
due to hydrodynamic effects that control the entrance of RBCs into capillaries. Capillary
lumen diameter is determined by a composite of mechanical and cellular factors,
intravascular pressure being one of the principal determinants due to the elastic properties of
the capillary/tissue system 27. The degree of hydration of the surrounding tissue and cell
volume regulation of the endothelium are additional factors 28. Furthermore, there is
increasing evidence that capillaries possess contractility 29 and that this phenomenon has
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spontaneous components 30. Consequently, FCD is the result of both passive and active
processes in single vessels.

Capillary oxygen delivery is determined by their large area/volume ratio and low oxygen
gradients. Because of their small intrinsic oxygen-carrying capacity and low intravascular
pO2 (hence low pO2 gradient into tissue), each capillary supplies oxygen to a very limited
tissue volume. Some, but not all, tissue may also be within the diffusion field of an arteriole.
Consequently, there is a portion of the tissue supplied only by capillaries which is at risk for
hypoxia when RBC flow ceases and FCD is reduced, and possibly irreversibly damaged.

Specific mechanism affecting the number of capillaries with RBC flow comprise: (i)
capillary lumen narrowing beyond the point where capillary pressure can provide the energy
needed for RBC deformation adequate for passage; (ii) capillary luminal obstruction by
leukocytes, microthrombi, and rigid RBCs; and (iii) hydrodynamic effects at capillary
bifurcations which direct RBCs to the stream with the greater flow. Capillary diameter
variability underlies these scenarios, although it is generally assumed that the capillary
lumen is mostly invariable and independent of transmural pressure 31.

Is generally assumed that if perfusion pressure decreases, flow rate decreases throughout the
microvascular network; however, this is not the case as capillary flow does not stop (i.e.,
there is no change in FCD) associated with lowered perfusion pressure. Studies in skeletal
muscle microcirculation 32 show that FCD changes reversibly when perfusion pressure
varies in a normal organism. Pressure flow studies in isolated organs show that flow
hindrance increases as perfusion pressure decreases, a behavior attributed to the shear
dependence of blood viscosity and diameter changes in the distensible segments of the
vasculature. Decreased FCD density has been observed in low-flow conditions associated
with ischemia-reperfusion injury which has the complication of oxidative stress and
leukocyte activation 33.

Capillary diameter is also a function of effects in the glycocalyx as well as endothelial cell
volume. Expansion of endothelial cells can only be accommodated by intrusion into the
lumenal compartment and therefore may have a profound effect on FCD. The situations
associated with malfunctions in cell volume regulation may present with different patterns.
In ischemia, the process is heterogeneous with swollen cells interdispersed with normal cells
34 while in shock there is a more uniform thickening of the endothelial cells 28.

In the absence of leukocyte plugging 35 or microthrombi, the lack of RBCs in capillaries
arises from filtering effects due either to a decrease in the lumenal diameter below the
threshold even for deformed RBCs, or hydrodynamic effects in the network. The existence
of spontaneous variability in the capillary lumen caliber indicates the possible existence of
individual capillary flow regulation through a mechanism intrinsic to endothelial
contractility. Pathophysiological conditions such as ischemia, oxidative stress, hemorrhagic
shock) may impair endothelial function interfering with local capillary flow regulation,
causing endothelial swelling, increased endothelial tone, and increased capillary
permeability promoting pericapillary edema. It should be noted that the whole capillary need
not necessarily be involved, since only one or a few cells along each capillary intruding into
the lumen to the extent that RBCs cannot pass cause the whole capillary to cease
functioning. Capillary perfusion pressure would appear to be the primary factor in
determining the extent of FCD 7. Lowered perfusion pressure coupled to endothelial
dysfunction gives rise to the potential for pathological capillary flow hindrance as three
mechanisms converge to promote this phenomenon, namely tissue edema, endothelial
edema 28 and the mechanical elastic contraction potential of endothelial cells 36.
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Red blood cell storage lesion
Changes in RBC functionality and integrity during storage are commonly referred to as the
storage lesion that may hinder their function during transfusion 37, particularly
microvascular perfusion. During storage, ATP decreases in time leading to energetic
compromise, loss of membrane stability, and morphological and rheological changes
including RBC adhesion to the endothelium 38–42. In addition, during storage pH drops,
lactate is produced, glucose is consumed, potassium levels increase, iron and free
hemoglobin (Hb) are released upon hemolysis, and membrane vesicles are formed 39, 41,
43–46.

Changes of oxygen Hb affinity during storage are also due to reduced concentrations of ATP
within the cell. The fall in pH during storage lowers oxygen Hb affinity however this factor
could be considered a minor complications as upon transfusion the buffering system of
blood should be able to negate the acidic pH except in the case of massive transfusions
where the red cell system of buffering becomes exhausted 47.

The ability of fresh and stored RBCs to maintain microvascular perfusion and oxygen
delivery to the tissue was studied in the hamster window chamber model 24. The animals
were hemodiluted to decrease the oxygen reserve so that the difference between transfusing
fresh and stored cells can be discerned. Stored (28 days at 4°C in CDPA-1) and fresh (< 1
hr) were exchange transfused until 25% of the circulating RBC were study cells. The most
salient finding was that there were no differences in outcome at the systemic level but were
dramatically different at the local level. Stored RBCs significantly reduced perfusion as
compared to the fresh RBCs, FCD and microvascular blood flow being reduced by 63% and
54%, relative to the level achieved by fresh cells. Additionally oxygen extraction and tissue
pO2 in the stored cell group was greatly reduced relative to the fresh cell group suggesting
the potential development of focal ischemia. This study clearly showed that while oxygen
carrying capacity of blood may be the same, the loss in microvascular perfusion
dramatically affects oxygen delivery, and that systemic parameters may not always reflect
local conditions especially the case of acute anemia.

Studies were performed to evaluate storage lesions in rats with septicemia induced by cecal
ligation and perforation 48. Septic animals were reduced to an oxygen supply dependency
state by hemodilution with plasma and then transfused with stored (28 days, CPDA-1) or
fresh (< 3 days, CPDA-1) blood. Results showed no immediate improvement of systemic
oxygen uptake (VO2) up to 2 hrs after the transfusion of old RBC while the fresh cells
acutely increased VO2 from conditions following hemodilution.

In a hemorrhagic shock model, rat intestinal micro-hemodynamics and oxygen tension were
found to be significantly decreased with stored cells (28 days, CPDA-1). Intestinal
microvascular pO2 improved only with the transfusion of fresh RBCs, however storage
induced changes were not sufficient to impair intestinal oxygen consumption 49.

In an attempt to translate results in rats to human more directly, a detailed biochemical and
functional alterations of rat and human RBC stored in CPDA-1 was undertaken 50. When rat
RBCs were stored in a solution which has been designed for humans cells, they were found
to be much more fragile after 29 days in storage. Rat RBCs were able to regenerate ATP but
not 2,3 DPG in vivo. The viability of rat RBCs was reduced to 79% after 7 days of storage
and to 5% after 4 weeks of storage. This result led subsequent studies in rats to be performed
with RBCs stored for 7 days. Recently, a similar examination was performed for mice and
similar findings were obtained showing that murine cells had accelerated aging with
standard storage conditions 51. These results of viability generally parallel the average RBC
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circulation lifetime for each species: human, 120 days; rat, 60 days; hamster, 50 days 52;
and, mouse 40 days.

These studies show that experimental investigations must specifically consider species
differences in cell structure and metabolism. Additionally, the specifics of the animal in
terms of physiology and its adaptive physiological differences should be kept in mind.

Structural RBC changes due to storage
a) Membrane deformability

The first group of changes in RBC properties is membrane alteration 53. The structure of the
RBC is complex, and membrane phospholipids and proteins, cytoskeletal proteins and
cytoplasmic components are all related to each other 54. Hemorheological alterations – such
RBC shape changes, decreased membrane deformability and surface/volume ratio, increased
mean cell Hb concentration and osmotic fragility, increased aggregability and intracellular
viscosity can occur during storage and may possibly disturb the flow of RBCs through the
microcirculation and influence RBC transport of oxygen to the tissues 55,56. During storage,
RBCs undergo progressive morphological changes, from deformable biconcave disks to
echinocytes with protrusions, and finally to echinocytes 54,57,58. In parallel with these
changes, redistribution and loss of phospholipids in the red-cell membrane by the formation
of microvesicles are seen both in storage and in RBC aging 59–61.

The storage-related decrease in RBC membrane deformability is a crucial change in RBC
properties associated with post-transfusional 24-hour survival 62, 63. The decreased
deformability was thought to be associated with reduced ATP levels. While ATP depletion
as seen during storage can reproduce many shape changes, a reduction in surface/volume
ratio and increases in intracellular viscosity and post-transfusion 24-hour survival of RBCs
precede the decreases in ATP concentration 62. Only decreases beyond 50% of the ATP
concentration can be shown to be associated with increased mortality, suggesting that the
role of ATP depletion in storage-related damage may be limited. Nevertheless, restoring
ATP levels in RBCs appears to correct membrane alterations to some degree. It is probable
that a basal ATP level is necessary for the survival of RBCs, and therefore the adenine pool
(AMP, ADP, and ATP) has more effect on cellular changes than ATP alone.
Mechanistically, these storage lesions also impair oxygen delivery to tissues by decreasing
microvascular perfusion and reducing the amount of oxygen released from Hb. The
deformability of RBCs due to their membrane flexibility is a factor in maintaining normal
blood flow in the microcirculation, allowing their transit through capillaries whose lumen is
narrower than the cell diameter 64. The major determinants of RBC deformability are cell
geometry, intracellular fluid viscosity, and the viscoelastic properties of the cell membrane
64,65. Several methods for studying RBC deformability in vitro have been reported in the
literature 64,66, however, the role of RBC deformability in the maintenance of capillary
perfusion is not well established 67–69.

The effect of changes in RBC deformability on in vivo FCD during acute anemia was
studied in the microcirculation using the hamster window chamber model. After anemia
(18% Hct), animals were exchange transfused with fresh RBCs or RBCs whose flexibility
was reduced by glutaraldehyde incubation. Animals that received the RBCs with reduced
flexibility had compromised FCD, microvascular flows and oxygenation 69, the deficit in
oxygen delivery being more pronounced that at the extreme anemic state (11% Hct).
Systemic hemodynamic parameters with fresh RBC were different compared to RBCs with
reduced flexibility, independent of the maintenance in oxygen carrying capacity. RBC
deformability alone has a significant effect on microvascular function, although blood
viscosity was not different between RBC and RBCs with reduced flexibility groups at high
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shear rates (> 150 s−1). Storage-related loss of deformability or increased aggregation may
account for impaired microvascular oxygenation following transfusion, an effect reported in
several preclinical studies 54, 56,66,67

The deformability of RBCs decreases progressively during storage as shown by studies
based on micropipette elongation, filtration, and laser-assisted ektacytometry 70–72. Results
indicate that membrane loss is the likely cause for decreased deformability as a function of
time during storage, leading to the conclusion that membrane deformability correlates with
RBC viability after transfusion. However, these conclusions are tentative since data of RBC
mechanical fragility in vivo as a function of storage period is not available and quantitation
of the degree of hemolysis and resulting plasma Hb levels after transfusion are not available
73.

b) Plasma hemoglobin and nitric oxide bioavailability
It is well established that NO plays several major roles in human physiology 74,75. It
functions as a neurotransmitter and a macrophage-derived host-defense molecule, inhibits
platelet aggregation and endothelium adhesion molecule expression, is an antioxidant, and is
a potent vasodilator 74–76. The balance of NO in the circulation is affected by hemolysis,
which is linked to NOS uncoupling 77, and is generally associated with increased oxidative
damage due to heme-based Fenton and auto-oxidation chemistry and reduced nitric oxide-
availability due to heme scavenging of NO 77,78.

Nitric oxide is the most important relaxation factor synthesized by endothelial cells 74,75.
To elicit its vasodilatory activity, NO must diffuse to the smooth muscle cells. Theoretical
models suggest that the endothelium's proximity to millimolar concentrations of hemoglobin
would severely compromise the efficiency of the NO vaso-relaxation pathway 79.
Hemoglobin scavenges NO primarily through a classic dioxygenation reaction, in which NO
reacts with oxyhemoglobin to form metHb and nitrate. Thus, NO bioavailability decreases
upon hemolysis and endothelial vasomotor function, blood cell adhesion, and homeostasis
are all adversely affected. The enhanced ability of acellular Hb to scavenge NO has been
widely attributed to the hypertension, increased systemic and pulmonary vascular resistance,
and morbidity and mortality associated with administration of hemoglobin-based oxygen
carriers (HBOCs) 80–82.

Currently, HBOC have been tested in clinical trials, having mostly met with unfortunate
failures that have been principally attributed to their vasoactivity. An important consequence
of vasoactivity is the decrease of tissue perfusion, capillary pressure, and, consequently
FCD. HBOC carriers developed as blood substitutes have been problematic, due to the fact
that these hemoglobin molecules scavenge nitric oxide more than RBC encapsulated
hemoglobin 83. We have established that even small amounts of acellular Hb as found in
several hemolytic diseases and in stored blood can decrease perivascular NO bioavailability
83. In addition, we suggest that aged, stored blood has reduced ability to produce nitric oxide
from the newly discovered blood nitric oxide synthase. Pathological consequences of
reduced NO bioavailability result in microvascular vasoconstriction, platelet activation and
pro-oxidant and proinflammatory effects. These pathways may be extremely relevant to
observed cardiovascular risk of aged blood transfusion, much in the same way that low NO
bioavailability has been shown to lead to general cardiovascular risk.

The levels of RBC NO drop within hours of storage, however they are restored quickly in
vivo after transfusion in both “young” and “old” banked RBC. Furthermore free hemoglobin
from lysed stored RBC is rapidly bound by haptoglobin and filtered out by the kidney so
effects on NO would tend to be transient. Therefore the intrinsic restoration of NO
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bioavailability that is lost upon transfusion of stored blood may in part mitigate
complications the storage lesion.

Compensating for acute anemia
An important concept emerging from the material presented is that adequate tissue
oxygenation does not depend solely on a normal Hb concentration. Oxygen delivery to the
tissues is determined by the product of flow (cardiac output) and arterial oxygen content,
therefore compensatory mechanisms for acute anemia include increasing cardiac output and
arterio-venous oxygen extraction 84,85. The anemia-related decrease of Hct produces a
proportional reduction of blood viscosity. As a consequence, venous return to the heart and
left ventricular preload increase, while systemic vascular resistance and thus left ventricular
afterload decrease 86,87.

At the microcirculatory level, the decrease of blood viscosity entails a redistribution and
homogenization of regional blood flow, which enables oxygen extraction 8,88, reflected by
the decrease of microvascular venous oxygen saturation 8,88–90. Oxygen delivery to the
tissues begins to decrease at Hcts lower than 20% (corresponding to an Hb concentration of
∼ 6g/dL). At this Hct, compensation for acute anemia via an increase in cardiac output
becomes exhausted and oxygen delivery starts to decrease. However, since oxygen delivery
exceeds oxygen demand under physiological conditions by a factor of 3 to 4, the organism's
oxygen demand can be met over a large range despite a decreasing oxygen supply 91,92.

A transfusion trigger based on a pre-defined hemoglobin concentration is usually met before
the individual anemia tolerance is completely exhausted and patients are usually transfused
before the point that they are O2 supply limited. In this situation, the transfusion of RBC is
intended to increase oxygen delivery and hence tissue oxygenation. To what extent oxygen
delivery is actually enhanced by a RBC transfusion depends mainly on the degree of anemia
at the initiation of transfusion. Besides increasing arterial oxygen content, the restoration of
Hct and hence blood viscosity, counteracts the effects of acute anemia on left ventricular
preand afterload and thereby the major compensatory mechanisms of acute anemia 8. As a
consequence, cardiac output may decrease so that oxygen delivery may not necessarily
increase following transfusion of RBCs. Whether an RBC transfusion increases oxygen
delivery depends on how severely tissue oxygenation is impaired, i.e., on the existence of
tissue hypoxia and oxygen debt. Typically, a supply-dependency of oxygen extraction is
observed in shock and in critical normovolemic anemia 8, 25, 93–95. Van der Linden et al.
demonstrated that in anaesthetized dogs subjected to cardiopulmonary bypass with critically
decreased pump flow, oxygen supply dependency could be reversed by the transfusion of
fresh RBC as effectively as by providing appropriate pump flow 96,97.

Conclusions
Experimental studies permit exploring a number of variables related to blood transfusion
that cannot be tested in the human population. In this context, these studies are essential for
understanding underlying, general mechanisms; however, they seldom reproduce emergency
and clinical conditions. Accepting these limitations, we conclude that fresh blood is
intrinsically a better resuscitation fluid than older, stored blood in the animal model systems
in which it has been carefully studied. It is also apparent that blood transfusions are called
for to restore oxygen carrying capacity, while one of the major problems is deficient
microvascular perfusion and function. In fact it is questionable whether a blood transfusion
is the optimal remedy for reestablishing tissue perfusion in an organism subjected to
hemodilution and hemorrhage, or both.

Tsai et al. Page 11

Transfus Apher Sci. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



A precise understanding of the mechanisms involved in blood transfusion may be
intrinsically impossible, because blood composition per se is a moving target.
Distinguishing between “fresh” and “old” RBCs overlooks that the distribution of RBC age
in the circulation is presumed to be approximately Gaussian, with an average centered at
their circulatory half life, therefore even “fresh” blood has a fraction of RBCs at the end of
their cycle.

Experimental studies in transfusion studies have presently addressed the question and
provide preliminary answer to: What is the problem that must be remedied when a blood
transfusion is called for. We propose that oxygen is only one part of the problem, and that
microscopic perfusion is the other component. Remarkably their relative importance is not
yet established, however there is evidence that adequate restoration of microvascular
perfusion deficiency in anemia and hemorrhagic resuscitation may be as efficacious as
restoring oxygen carrying capacity, therefore potentially significantly reducing the use of
blood.

Acknowledgments
This work has been supported by grants R24-64395 and R01-62354 to MI. The contribution of Shannon L. Farmer,
Dept. of Health, Government of Western Australia, is gratefully acknowledged.

References
1. Bernard AC, Davenport DL, Chang PK, Vaughan TB, Zwischenberger JB. Intraoperative

transfusion of 1 U to 2 U packed red blood cells is associated with increased 30-day mortality,
surgical-site infection, pneumonia, and sepsis in general surgery patients. J Am Coll Surg
2009;208:931–937. 7. [PubMed: 19476865]

2. Klein HG, Spahn DR, Carson JL. Red blood cell transfusion in clinical practice. Lancet
2007;370:415–426. [PubMed: 17679019]

3. Murphy GJ, Reeves BC, Rogers CA, Rizvi SI, Culliford L, Angelini GD. Increased mortality,
postoperative morbidity, and cost after red blood cell transfusion in patients having cardiac surgery.
Circulation 2007;116:2544–2552. [PubMed: 17998460]

4. Engoren MC, Habib RH, Zacharias A, Schwann TA, Riordan CJ, Durham SJ. Effect of blood
transfusion on long-term survival after cardiac operation. Ann Thorac Surg 2002;74:1180–1186.
[PubMed: 12400765]

5. Tsai AG, Friesenecker B, McCarthy M, Sakai H, Intaglietta M. Plasma viscosity regulates capillary
perfusion during extreme hemodilution in hamster skin fold model. Am J Physiol 1998;275:H2170–
H2180. [PubMed: 9843817]

6. Cabrales P, Tsai AG, Intaglietta M. Alginate plasma expander maintains perfusion and plasma
viscosity during extreme hemodilution. Am J Physiol 2005;288:H1708–H1716.

7. Cabrales P, Tsai AG, Intaglietta M. Microvascular pressure and functional capillary density in
extreme hemodilution with low and high plasma viscosity expanders. Am J Physiol
2004;287:H363–H373.

8. Cabrales P, Martini J, Intaglietta M, Tsai AG. Blood viscosity maintains microvascular conditions
during normovolemic anemia independent of blood oxygen-carrying capacity. Am J Physiol Heart
Circ Physiol 2006;291:H581–H590. [PubMed: 16517943]

9. Kerger H, Saltzman DJ, Menger MD, Messmer K, Intaglietta M. Systemic and subcutaneous
microvascular pO2 dissociation during 4-h hemorrhagic shock in conscious hamsters. Am J Physiol
1996;270:H827–H836. [PubMed: 8780176]

10. Wettstein R, Tsai AG, Erni D, Lukyanov AN, Torchilin VP, Intaglietta M. Improving
microcirculation is more effective than substitution of red blood cells to correct metabolic disorder
in experimental hemorrhagic shock. Shock 2004;21:235–240. [PubMed: 14770036]

11. Cabrales P, Tsai AG, Intaglietta M. Hemorrhagic shock resuscitation with carbon monoxide
saturated blood. Resuscitation 2007;72:306–318. [PubMed: 17092627]

Tsai et al. Page 12

Transfus Apher Sci. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



12. Salazar Vázquez BY, Cabrales P, Tsai AG, Johnson PC, Intaglietta M. Lowering of blood pressure
by increasing hematocrit with non nitric oxide scavenging red blood cells. Am J Respir Cell Mol
Biol 2008;38:135–142. [PubMed: 17709601]

13. Cabrales P, Tsai AG, Intaglietta M. Is resuscitation from hemorrhagic shock limited by blood
oxygen-carrying capacity or blood viscosity? Shock 2007;27:380–389. [PubMed: 17414420]

14. Saltzman D, DeLano FA, Schmid-Schönbein GW. The microvasculature in skeletal muscle. VI.
Adrenergic innervation of arterioles in normotensive and spontaneously hypertensive rats.
Microvasc Res 1992;44:263–273. [PubMed: 1479927]

15. Tsai AG, Friesenecker B, Mazzoni MC, et al. Microvascular and tissue oxygen gradients in the rat
mesentery. Proc Nat Acad Sci 1998;95:6590–6595. [PubMed: 9618456]

16. Valtis D, Kennedy A. Defective gas transport function of stored red blood-cells. Lancet
1954;1:119–124. [PubMed: 13118742]

17. MacDonald R. Red cell 2,3-diphosphoglycerate and oxygen affinity. Anaesthesia 1977;32:544–
553. [PubMed: 327846]

18. Proctor HJ, Fry J. Increased erythrocyte 2,3-DPG: usefulness during hypoxia. J Surg Res
1974;16:569–574. [PubMed: 4601308]

19. Proctor HJ, Parker JC, Fry J, Johnson G Jr. Treatment of severe hypoxia with red cells high in 2,3-
diphosphoglycerate. J Trauma 1973;13:340–345. [PubMed: 4700112]

20. Valeri CR, Rorth M, Zaroulis CG, Jakubowski MS, Vescera SV. Physiologic effects of
hyperventilation and phlebotomy in baboons: systemic and cerebral oxygen extraction. Ann Surg
1975;181:99–105. [PubMed: 1119876]

21. Valeri CR, Rorth M, Zaroulis CG, Jakubowski MS, Vescera SV. Physiologic effects of transfusing
red blood cells with high or low affinity for oxygen to passively hyperventilated, anemic baboons:
systemic and cerebral oxygen extraction. Ann Surg 1975;181:106–113. [PubMed: 1119857]

22. Spector JI, Zaroulis CG, Pivacek LE, Emerson CP, Valeri CR. Physiologic effects of normal-or
low-oxygen-affinity red cells in hypoxic baboons. Am J Physiol 1977;232:H79–H84. [PubMed:
13664]

23. Collins JA, Stechenberg L. The effects of the concentration and function of hemoglobin on the
survival of rats after hemorrhage. Surgery 1979;85:412–418. [PubMed: 432803]

24. Tsai AG, Cabrales P, Intaglietta M. Microvascular perfusion upon exchange transfusion with
stored RBCs in normovolemic anemic conditions. Transfusion 2004;44:1626–1634. [PubMed:
15504169]

25. Cabrales P, Tsai AG, Intaglietta M. Modulation of perfusion and oxygenation by red blood cell
oxygen affinity during acute anemia. Am J Respir Cell Mol Biol 2008;38:354–361. [PubMed:
17884988]

26. Villela NR, Cabrales P, Tsai AG, Intaglietta M. Microcirculatory effects of changing blood
hemoglobin oxygen affinity during hemorrhagic shock resuscitation in an experimental model.
Shock 2009;31:645–652. [PubMed: 18948853]

27. Intaglietta M, Richardson DR, Tompkins WR. Blood pressure, flow, and elastic properties in
microvessels of cat omentum. Am J Physiol 1971;221:922–928. [PubMed: 5570351]

28. Mazzoni MC, Borgström P, Intaglietta M, Arfors KE. Lumenal narrowing and endothelial cell
swelling in skeletal muscle capillaries during hemorrhagic shock. Circ Shock 1989;29:27–39.
[PubMed: 2791216]

29. Boswell CA, Majno G, Joris I, Ostrom KA. Acute endothelial cell contraction in vitro: a
comparison with vascular smooth muscle cells and fibroblasts. Microvasc Res 1992;43:178–191.
[PubMed: 1584060]

30. Colantuoni A, Bertuglia S, Intaglietta M. Quantitation of rhythmic diameter changes in arterial
microcirculation. Am J Physiol 1984;246:H508–H517. [PubMed: 6720909]

31. Tsai AG, Friesenecker B, Intaglietta M. Capillary flow impairment and functional capillary
density. Int J Microcirc: Clin Exp 1995;15:238–243. [PubMed: 8852621]

32. Lindbom L, Arfors KE. Mechanism and site of control for variation in the number of perfused
capillareis in skeletal muscle. Int J Microcirc: Clin Exp 1985;4:121–127. [PubMed: 3876314]

33. Menger MD, Rucker M, Vollmar B. Capillary dysfunction in striated muscle ischemia/reperfusion:
on the mechanisms of capillary "no-reflow". Shock 1997;8:2–7. [PubMed: 9249906]

Tsai et al. Page 13

Transfus Apher Sci. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



34. Gidlof A, Lewis DH, Hammersen F. The effect of prolonged total ischemia on the ultrastructure of
human skeletal muscle capillaries. A morphometric analysis. Int J Microcirc Clin Exp 1988;7:67–
86. [PubMed: 3350625]

35. Harris AG, Steinbauer M, Leiderer R, Messmer K. Role of leukocyte plugging and edema in
skeletal muscle ischemia-reperfusion injury. Am J Physiol 1997;273:H989–H996. [PubMed:
9277519]

36. Boswell CA, Joris I, Majno G. The concept of cellular tone: reflections on the endothelium,
fibroblasts, and smooth muscle cells. Perspect Biol Med 1992;36:79–86. [PubMed: 1475161]

37. Bennett-Guerrero E, Veldman TH, Doctor A, et al. Evolution of adverse changes in stored RBCs.
Proc Natl Acad Sci U S A 2007;104:17063–17068. [PubMed: 17940021]

38. Greenwalt TJ, Bryan DJ, Dumaswala UJ. Erythrocyte membrane vesiculation and changes in
membrane composition during storage in citrate-phosphate-dextrose-adenine-1. Vox Sang
1984;47:261–270. [PubMed: 6485302]

39. Rumsby MG, Trotter J, Allan D, Michell RH. Recovery of membrane micro-vesicles from human
erythrocytes stored for transfusion: a mechanism for the erythrocyte discocyte-to-spherocyte shape
transformation. Biochem Soc Trans 1977;5:126–128. [PubMed: 892138]

40. Dern RJ, Gwinn RP, Wiorkowski JJ. Studies on the preservation of human blood. I. Variability in
erythrocyte storage characteristics among healthy donors. J Lab Clin Med 1966;67:955–965.
[PubMed: 5916144]

41. Berezina TL, Zaets SB, Morgan C, et al. Influence of storage on red blood cell rheological
properties. J Surg Res 2002;102:6–12. [PubMed: 11792145]

42. Anniss AM, Sparrow RL. Variable adhesion of different red blood cell products to activated
vascular endothelium under flow conditions. Am J Hematol 2007;82:439–445. [PubMed:
17133424]

43. Haradin AR, Weed RI, Reed CF. Changes in physical properties of stored erythrocytes relationship
to survival in vivo. Transfusion 1969;9:229–237. [PubMed: 4898470]

44. Beutler E, Kuhl W. Volume control of erythrocytes during storage. The role of mannitol.
Transfusion 1988;28:353–357. [PubMed: 3133847]

45. Latham JT Jr, Bove JR, Weirich FL. Chemical and hematologic changes in stored CPDA-1 blood.
Transfusion 1982;22:158–159. [PubMed: 7071919]

46. Greenwalt TJ, Zehner Sostok C, Dumaswala UJ. Studies in red blood cell preservation. 2.
Comparison of vesicle formation, morphology, and membrane lipids during storage in AS-1 and
CPDA-1. Vox Sang 1990;58:90–93. [PubMed: 2111063]

47. Lier H, Krep H, Schroeder S, Stuber F. Preconditions of hemostasis in trauma: a review. The
influence of acidosis, hypocalcemia, anemia, and hypothermia on functional hemostasis in trauma.
J Trauma 2008;65:951–960. [PubMed: 18849817]

48. Fitzgerald RD, Martin CM, Dietz GE, Doig GS, Potter RF, Sibbald WJ. Transfusing red blood
cells stored in citrate phosphate dextrose adenine-1 for 28 days fails to improve tissue oxygenation
in rats. Crit Care Med 1997;25:726–732. [PubMed: 9187588]

49. van Bommel J, de Korte D, Lind A, et al. The effect of the transfusion of stored RBCs on intestinal
microvascular oxygenation in the rat. Transfusion 2001;41:1515–1523. [PubMed: 11778066]

50. d'Almeida MS, Jagger J, Duggan M, White M, Ellis C, Chin-Yee IH. A comparison of biochemical
and functional alterations of rat and human erythrocytes stored in CPDA-1 for 29 days:
implications for animal models of transfusion. Transfus Med 2000;10:291–303. [PubMed:
11123813]

51. Makley AT, Goodman MD, Friend LA, et al. Murine Blood Banking: Characterization and
Comparisons to Human Blood. Shock.

52. Toffelmire EB, Boegman RJ. Erythrocyte life-span in dystrophic hamsters. Can J Physiol
Pharmacol 1980;58:1245–1247. [PubMed: 7470996]

53. Corry WD, Meiselman HJ. Centrifugal method of determining red cell deformability. Blood
1978;51:693–701. [PubMed: 415773]

54. Meiselman HJ. Morphological determinants of red cell deformability. Scand J Clin Lab Invest
1981;156 Suppl:27–34.

Tsai et al. Page 14

Transfus Apher Sci. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



55. Henkelman S, Dijkstra-Tiekstra MJ, de Wildt-Eggen J, Graaff R, Rakhorst G, van Oeveren W. Is
red blood cell rheology preserved during routine blood bank storage? Transfusion. 2009

56. Kameneva MV, Garrett KO, Watach MJ, Borovetz HS. Red blood cell aging and risk of
cardiovascular diseases. Clin Hemorheol Microcirc 1998;18:67–74. [PubMed: 9653588]

57. Cicco G, Cicco S. Hemorheological aspects in the microvasculature of several pathologies. Adv
Exp Med Biol 2007;599:7–15. [PubMed: 17727241]

58. Antonova N, Zvetkova E, Ivanov I, Savov Y. Hemorheological changes and characteristic
parameters derived from whole blood viscometry in chronic heroin addicts. Clin Hemorheol
Microcirc 2008;39:53–61. [PubMed: 18503110]

59. Powell LW, Halliday JW, Knowles BR. The relationship of red cell membrane lipid content to red
cell morphology and survival in patients with liver disease. Aust N Z J Med 1975;5:101–107.
[PubMed: 1057918]

60. Scott MD, Kuypers FA, Butikofer P, Bookchin RM, Ortiz OE, Lubin BH. Effect of osmotic lysis
and resealing on red cell structure and function. J Lab Clin Med 1990;115:470–480. [PubMed:
1691257]

61. Glen AI, Glen EM, Horrobin DF, et al. A red cell membrane abnormality in a subgroup of
schizophrenic patients: evidence for two diseases. Schizophr Res 1994;12:53–61. [PubMed:
8018585]

62. Hess JR, Greenwalt TG. Storage of red blood cells: new approaches. Transfus Med Rev
2002;16:283–295. [PubMed: 12415514]

63. Hessel E, Lerche D. Cell surface alterations during blood-storage characterized by artificial
aggregation of washed red blood cells. Vox Sang 1985;49:86–91. [PubMed: 4036086]

64. Chien S. Red cell deformability and its relevance to blood flow. Annu Rev Physiol 1987;49:177–
192. [PubMed: 3551796]

65. Ernst E. Influence of regular physical activity on blood rheology. Eur Heart J 1987;(8 Suppl G):
59–62. [PubMed: 3443127]

66. Mohandas N, Chasis JA, Shohet SB. The influence of membrane skeleton on red cell
deformability, membrane material properties, and shape. Semin Hematol 1983;20:225–242.
[PubMed: 6353591]

67. Bateman RM, Jagger JE, Sharpe MD, Ellsworth ML, Mehta S, Ellis CG. Erythrocyte deformability
is a nitric oxide-mediated factor in decreased capillary density during sepsis. Am J Physiol Heart
Circ Physiol 2001;280:H2848–H2856. [PubMed: 11356644]

68. Weiss DJ, Richwagen K, Evanson OA. Effects of hematocrit and erythrocyte deformability on
pulmonary vascular pressures in perfused pony lungs. Am J Vet Res 1996;57:346–350. [PubMed:
8669767]

69. Cabrales P. Effects of erythrocyte flexibility on microvascular perfusion and oxygenation during
acute anemia. Am J Physiol Heart Circ Physiol 2007;293:H1206–H1215. [PubMed: 17449555]

70. Karai I, Fukumoto K, Horiguchi S. Relationships between osmotic fragility of red blood cells and
various hematologic data in workers exposed to lead. Int Arch Occup Environ Health 1982;50:17–
23. [PubMed: 7085084]

71. Augustine PC, Witlock DR. Decreased osmotic fragility of red blood cells of Eimeria adenoeides-
infected turkeys. Avian Dis 1984;28:343–351. [PubMed: 6743172]

72. Isaacks RE, Kim HD. Erythrocyte phosphate composition and osmotic fragility in the Australian
lungfish, Neoceratodus fosteri, and osteoglossid, Scleropages schneichardti. Comp Biochem
Physiol A Comp Physiol 1984;79:667–671. [PubMed: 6150802]

73. Gladwin MT, Kim-Shapiro DB. Storage lesion in banked blood due to hemolysisdependent
disruption of nitric oxide homeostasis. Curr Opin Hematol 2009;16:515–523. [PubMed:
19701085]

74. Ignarro LJ, Byrns RE, Buga GM, Wood KS. Endothelium-derived relaxing factor from pulmonary
artery and vein possesses pharmacologic and chemical properties identical to those of nitric oxide
radical. Circ Res 1987;61:866–879. [PubMed: 2890446]

75. Furchgott RF, Jothianandan D. Endothelium-dependent and -independent vasodilation involving
cyclic GMP: relaxation induced by nitric oxide, carbon monoxide and light. Blood Vessels
1991;28:52–61. [PubMed: 1848126]

Tsai et al. Page 15

Transfus Apher Sci. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



76. Bevers LM, Braam B, Post JA, et al. Tetrahydrobiopterin, but not L-arginine, decreases NO
synthase uncoupling in cells expressing high levels of endothelial NO synthase. Hypertension
2006;47:87–94. [PubMed: 16344367]

77. Hsu LL, Champion HC, Campbell-Lee SA, et al. Hemolysis in sickle cell mice causes pulmonary
hypertension due to global impairment in nitric oxide bioavailability. Blood 2007;109:3088–3098.
[PubMed: 17158223]

78. Wollny T, Iacoviello L, Buczko W, de Gaetano G, Donati MB. Prolongation of bleeding time by
acute hemolysis in rats: a role for nitric oxide. Am J Physiol 1997;272:H2875–H2884. [PubMed:
9227568]

79. Lancaster JR. Simulation of the diffusion and reaction of endogenously produced nitric oxide. Proc
Natl Acad Sci USA 1994;91:8137–8141. [PubMed: 8058769]

80. Olson JS, Foley EW, Rogge C, Tsai AL, Doyle MP, Lemon DD. No scavenging and the
hypertensive effect of hemoglobin-based blood substitutes. Free Radic Biol Med 2004;36:685–
697. [PubMed: 14990349]

81. Conklin DJ, Smith MP, Olson KR. Pharmacological characterization of arginine vasotocin vascular
smooth muscle receptors in the trout (Oncorhynchus mykiss) in vitro. Gen Comp Endocrinol
1999;114:36–46. [PubMed: 10094857]

82. Doherty DH, Doyle MP, Curry SR, et al. Rate of reaction with nitric oxide determines the
hypertensive effect of cell-free hemoglobin. Nature Biotechnology 1998;16:672–676.

83. Tsai AG, Cabrales P, Manjula BN, Acharya SA, Winslow RM, Intaglietta M. Dissociation of local
nitric oxide concentration and vasoconstriction in the presence of cell-free hemoglobin oxygen
carriers. Blood 2006;108:3603–3610. [PubMed: 16857991]

84. Messmer KF. Acceptable hematocrit levels in surgical patients. World J Surg 1987;11:41–46.
[PubMed: 3544520]

85. Spahn DR, Casutt M. Eliminating blood transfusions: new aspects and perspectives.
Anesthesiology 2000;93:242–255. [PubMed: 10861168]

86. Habler OP, Kleen MS, Hutter JW, et al. Effects of hyperoxic ventilation on hemodilution-induced
changes in anesthetized dogs. Transfusion 1998;38:135–144. [PubMed: 9531944]

87. Habler OP, Kleen MS, Podtschaske AH, et al. The effect of acute normovolemic hemodilution
(ANH) on myocardial contractility in anesthetized dogs. Anesth Analg 1996;83:451–458.
[PubMed: 8780262]

88. Tsai AG, Friesenecker B, McCarthy M, Sakai H, Intaglietta M. Plasma viscosity regulates capillary
perfusion during extreme hemodilution in hamster skinfold model. Am J Physiol
1998;275:H2170–H2180. [PubMed: 9843817]

89. Cabrales P, Sakai H, Tsai AG, Takeoka S, Tsuchida E, Intaglietta M. Oxygen transport by low and
normal oxygen affinity hemoglobin vesicles in extreme hemodilution. Am J Physiol Heart Circ
Physiol 2005;288:H1885–H1892. [PubMed: 15563528]

90. Cabrales P, Kanika ND, Manjula BN, Tsai AG, Acharya SA, Intaglietta M. Microvascular PO2
during extreme hemodilution with hemoglobin site specifically PEGylated at Cys-93(beta) in
hamster window chamber. Am J Physiol Heart Circ Physiol 2004;287:H1609–H1617. [PubMed:
15191899]

91. Guyton, AC. Textbook of Medical Physiology. Philadelpia: W.B. Saunders; 1996. Local control of
blood flow by the tissues, and humoral regulation; p. 199-207.

92. Guyton AC, Jones CE, Coleman TC. Circulatory Physiology: Cardiac Output and its Regulation.
1973

93. Villela NR, Salazar Vazquez BY, Intaglietta M. Microcirculatory effects of intravenous fluids in
critical illness: plasma expansion beyond crystalloids and colloids. Curr Opin Anaesthesiol
2009;22:163–167. [PubMed: 19307891]

94. Cabrales P, Tsai AG, Intaglietta M. Isovolemic exchange transfusion with increasing
concentrations of low oxygen affinity hemoglobin solution limits oxygen delivery due to
vasoconstriction. Am J Physiol Heart Circ Physiol 2008;295:H2212–H2218. [PubMed: 18835914]

95. Cabrales P, Tsai AG, Intaglietta M. Balance between vasoconstriction and enhanced oxygen
delivery. Transfusion 2008;48:2087–2095. [PubMed: 18631171]

Tsai et al. Page 16

Transfus Apher Sci. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



96. Van der Linden PJ, Hardy JF, Daper A, Trenchant A, De Hert SG. Cardiac surgery with
cardiopulmonary bypass: does aprotinin affect outcome? Br J Anaesth 2007;99:646–652.
[PubMed: 17855736]

97. Van der Linden P, De Hert S, Belisle S, et al. Comparative effects of red blood cell transfusion and
increasing blood flow on tissue oxygenation in oxygen supply-dependent conditions. Am J Respir
Crit Care Med 2001;163:1605–1608. [PubMed: 11401881]

Tsai et al. Page 17

Transfus Apher Sci. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


