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Microcirculatory preservation is essential for patient recovery from hemorrhagic shock. In
hemorrhagic shock, microcirculatory flow and pressure are greatly reduced, creating an
oxygen debt that may eventually become irreversible. During shock, tissues become
hypoxic, cellular respiration turns to anaerobic metabolism, and the microcirculation
rapidly begins to fail. This condition requires immediate fluid resuscitation to promote
tissue reperfusion. The choice of fluid for resuscitation is whole blood; however, this
may not be readily available and, on a larger scale, may be globally insufficient. Thus,
extensive research on viable alternatives to blood has been undertaken in an effort to
develop a clinically deployable blood substitute. This has not, as of yet, achieved fruition,
in part due to an incomplete understanding of the complexities of the function of blood
in the microcirculation. Hemodynamic resuscitation is acknowledged to be contingent
on a number of factors other than volume expansion. The circulation of whole blood is
carefully regulated to optimize oxygen delivery to the tissues via shear stress modulation
through blood viscosity, inherent oxygen-carrying capacity, cell-free layer variation, and
myogenic response, among other variables. Although plasma expanders can address a
number of these issues, hemoglobin-based oxygen carriers (HBOCs) introduce a method
of replenishing the intrinsic oxygen-carrying capacity of blood. There continue to be a
number of issues related to HBOCs, but recent advances in the next-generation HBOCs
show promise in the preservation of microcirculatory function and limiting toxicities. The
development of HBOCs is now focused on viscosity and the degree of microvascular
shear stress achieved in order to optimize vasoactive and oxygen delivery responses by
leveraging the restoration and maintenance of physiological responses to blood flow in
the microcirculation. Blood substitutes with higher viscous properties tend to improve
oxygen delivery compared to those with lower viscosities. This review details current
concepts in blood substitutes, particularly as they relate to trauma/hemorrhagic shock,
with a specific focus on their complex interactions in the microcirculation.
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INTRODUCTION

Strategies for reperfusion after hemorrhage are typically aimed
at the restoration of systemic hemodynamic indices such as
blood pressure, heart rate, and venous return. Commensurate
improvements in organ function such as mental status and urine
output serve as crude confirmation that end-organ perfusion
is preserved. However, the mechanisms that determine survival
and recovery after hemorrhagic shock ultimately occur in the
microcirculation, a milieu of which there is little understanding
and no direct ability to control or modulate. There exists,
therefore, a disconnect between the clinical interventions that
are applied to treat hemorrhagic shock and the downstream
consequences of these interventions in the microcirculation (1).

Microvascular dysfunction associated with hemorheological
alterations results in oxidative stress, release of proinflammatory
cytokines (2), and disruption of endothelial integrity (specifically
the endothelial glycocalyx). Given the importance and delicate
nature of the endothelium integrity and its physiological function
in the microcirculation, its protection may prove a promising
target in critical care settings. Previous in vitro studies showed
that shear significantly increased glycosaminoglycan synthesis
in endothelial cells (3). Fluid shear stress on the endothelium
modifies the organization of inter-endothelial junctions (4) and
can alter the barrier properties of the endothelium by activating
intracellular signaling events (3-5). The glycocalyx represents a
major barrier against the extravasation of fluids and colloids;
sieving and binding of intravascular colloids from the plasma
restrict transport of other plasma molecules (6). Thus, the
endothelial glycocalyx is better preserved when the appropriate
fluid is used during resuscitation from hemorrhagic shock (HS).

Fluid resuscitation is used to restore/preserve blood volume.
Colloidal resuscitation fluids stabilize hydrostatic capillary
pressure, which is required to preserve functional capillary
density (FCD) (7). FCD determines the serum lactate levels and
acid-base balance and is critical for tissue survival after HS
(8). We demonstrated that the maintenance of adequate FCD
is directly related to capillary pressure, which can be preserved
by increasing plasma viscosity using high-viscosity resuscitation
fluids (9). Hemodilution with high-viscosity resuscitation fluids
(with viscosities of 4 cP) does not increase diluted blood viscosity
above that of undiluted whole blood, but it increases plasma
viscosity and endothelial wall shear stress, thus promoting the
production of shear stress-mediated vascular autocoids [e.g.,
nitric oxide (NO) and prostaglandins] (10). These autocoids
cause vasodilation and increase microvascular blood flow, which
increases oxygen (O;) delivery without increasing the O,-
carrying capacity (11).

The cornerstone for resuscitation after hemorrhage is blood,
either whole blood as is now increasingly being practiced in both
military and civilian trauma settings (low-titer type O-positive
whole blood) or, more commonly, blood component therapy in
the form of packed red blood cells (PRBCs), fresh frozen plasma
(FFP), and platelets. The critical issue with the use of blood
as the first line of treatment in trauma and hemorrhagic shock
(T/HS) is its availability from donors. In an effort to develop
usable alternatives, artificial blood substitutes—tacitly defined as

alternatives to red blood cells (RBCs), not plasma or platelets—
have been studied for many years. A major barrier to progress
in this area has been the lack of a mechanistic understanding of
the processes associated with oxygen transport by blood and the
physiological interaction of blood and the tissue as a system in
the microcirculation.

Blood substitutes have the potential to be engineered in such
a way as to replicate or even optimize the critical biophysical
parameters of circulating blood, enabling the production of life-
sustaining product for critical patient needs. In order to develop
a successful blood substitute for T/HS, however, an improved
understanding of the role of blood is necessary.

The most important biophysical parameter of the interaction
between blood and tissues at the microvascular level is blood
viscosity, which is significantly altered in hemorrhagic shock
because of hemodilution and reduced hematocrit, with a direct
impact on microvascular function.

In order to design efficient blood substitutes able to fulfill
the metabolic demands of tissues during resuscitation, key
alterations induced in the microcirculation by T/HS should be
analyzed from the point of view of their impact on viscosity.
Therefore, optimizing viscosity should become the new paradigm
in the design of next-generation blood substitutes.

TRANSFUSION MEDICINE: MIMICKING
THE BLOOD TO PRESERVE OXYGEN
DELIVERY TO THE TISSUES

Demand for whole blood and components is presently satisfied
by donor blood, a source that is projected to become increasingly
scarce and ultimately insufficient for healthcare needs as the
proportion of older individuals increases in the United States and
worldwide (12). Advances in recombinant technology and stem
cell manipulation may be able to correct some of the projected
deficits in blood product inventories; however, the technology
required to produce a useable product in the quantities needed
is not presently available at costs affordable by the health care
system (13).

Although component therapy is much more versatile than
whole blood resuscitation, which is hampered by shorter
storage times (21-35 days depending on anticoagulant, e.g.,
citrate phosphate dextrose vs. citrate phosphate dextrose
adenine) because of the necessary dilution of blood factors
for storage, resuscitation at the recommended 1:1:1 ratio
(PRBCs/FFP/platelets) results in a resuscitation fluid diluted
to a hematocrit (Hct) of ~29%, platelet concentration of
88,000/mcl, and 65% of the normal coagulation factor activity,
all substantially inferior to component concentrations in whole
blood. Of potential importance is that the viscosity, as well as the
oxygen-carrying capacity of the 1:1:1 ratio, is markedly reduced
compared to that of whole blood.

Blood substitutes are engineered as resuscitation fluids which
ideally mimic the main functions of biological blood to target
hypoxic tissue caused by shock. Because oxygen delivery to
tissues has historically been considered to be the goal of blood
substitutes, most research done on blood alternatives has been
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hemoglobin (Hb) based. Blood substitutes that leverage Hb as
the method to sustain the oxygen-carrying capacity (O,CC) are
known as hemoglobin-based oxygen carriers (HBOCs). However,
circulating cell-free Hb has been associated with a number of
adverse outcomes, including inflammation, thrombosis, oxygen
free radical generation via its heme moiety, kidney failure
through glomerular compromise, and hypertension and vessel
constriction NO scavenging (14). In fact, the U.S. Food and
Drug Administration (FDA) stipulates that any proposed blood
substitutes specifically address the issue of NO scavenging as part
of their approval process.

To circumvent limitations inherent using free Hb as a blood
substitute, several different variations of HBOCs have been
designed, including alpha-alpha cross-linked Hb (aaHb) (15),
polyethylene glycol-bound Hb (PEG-Hb) (16), and polymerized
hemoglobin (polyHb) (17). However, none of these has been
proven effective as a replacement for blood or blood products.
Non-Hb-containing modalities have been studied as well, such
as perfluorocarbons (PFCs), a class of compounds that readily
bind both oxygen and carbon dioxide. The discovery that PFCs
could dissolve a comparatively large amount of oxygen, albeit
at high oxygen partial pressures, suggested using this vehicle as
blood substitute. PFCs have a number of potential advantages
over HBOCs, most notably their lack of potential infectivity
and their ability to be mass produced as synthetic compounds
(18). However, the use of PFC-based blood replacement fluids
has not materialized, in part because of the lack of definitive
experimental studies on the physiology related to altered blood
physical properties and changes in the distribution of oxygen
partial pressures in the circulation.

To date, there are virtually no viable alternatives to
hemoglobin for oxygen transport from the lungs to the tissues
because of the ability of hemoglobin to bind a large amount
of oxygen via a chemical reaction. Thus, hemoglobin is still
the key constituent of presently designed oxygen-carrying blood
substitutes. Various modifications and formulations continue to
optimize its performance and have largely eliminated inherent
toxicities, but continued development of HBOCs requires
addressing the underlying issues of microcirculatory dysfunction,
especially during T/HS.

MICROVASCULAR PATHOPHYSIOLOGY IN
HEMORRHAGIC SHOCK

The blood that circulates through the body conducts a number
of functions that are essential for survival, such as perfusing
tissues with oxygen, collecting waste products of metabolism, and
maintaining an acceptable pH via CO, offloading. In the event
of severe blood loss, the intrinsic O,CC of the microcirculation
begins to falter as the concentration of RBCs declines. The drop
in blood pressure caused by hemorrhage results in a fall of the
hydrostatic pressure at the arteriolar end of the capillaries. This
reduced pressure head affects fluid movement across the capillary
bed, promoting reabsorption. With the pooling of fluid in the
vasculature to maintain fluid flow, the concentration of RBCs
is further diluted. A myogenic response takes place, causing

an inward remodeling of the vessels and vasoconstriction (9).
There are many local regulatory mechanisms that respond during
hypovolemic shock in a tissue-dependent manner. For example,
adenosine and prostanoids together are responsible for most of
the dilation in femoral resistance vessels (19), while the myogenic
response is dominant in other tissues like the kidney (20). While
local flow regulatory mechanisms are important determinants
of blood flow to individual organs, the central nervous system
also exerts an important influence through sympathetic nerves
in most organs (21). Some of the most striking changes seen at
the tissue level due to severe shock are a reduction in O,CC, a
decrease in blood viscosity, a decrease in vessel wall shear stress
(WSS), shedding of the protective glycocalyx barrier (22), and
pathologic hyperfibrinolysis and diffuse coagulopathy (23-25).

T/HS also takes a toll at the cellular level. With the decrease in
tissue perfusion, anaerobic metabolism becomes the key source
of energy production. Diminished O, delivery to cells results in
the shunting of pyruvate to increase lactate production at the
expense of oxidative phosphorylation. Since cellular respiration
is the key metabolic process that produces ATP to fuel tissues
and a lack of oxygen shunts energy production anaerobically,
a primary metabolite is lactate, whose plasma levels rise in
consequence of this metabolic alteration. Inadequate aerobic
cellular respiration ultimately leads to mitochondrial dysfunction
(26). As ATP supplies dwindle, cellular homeostasis ultimately
fails, and cell death ensues through necrosis from membrane
rupture, apoptosis, or necroptosis.

Oxygen Debt

The decreased rate of O, delivery results in tissue “oxygen
debt” (24). If this debt is not “paid,” the tissue will not survive.
Therefore, at the microvascular and cell level, three principles
must be considered to devise an effective microcirculation-
targeted resuscitation strategy: (1) prevention of “oxygen
debt” accumulation, (2) repayment of “oxygen debt,” and (3)
minimization of the time to “oxygen debt” resolution (27).

A major challenge of resuscitation is determining oxygen
delivery to the tissues (DO;) and oxygen consumption by the
tissues (VO,). Serial lactate measurements coupled with central
venous oxygen saturation (SVO;) can aid in this determination
on the macro level. However, these parameters do not distinguish
between microcirculatory arterial-venous shunting and true
increases in perfusion or between lactate generation vs. uptake.
At present, there is no reliable method to clinically measure
regional tissue oxygenation, particularly in organs that are not
amenable to direct examination (28-30).

Microcirculation Analysis as a Tool to

Design Novel Resuscitation Strategies

Systemic parameters such as heart rate and blood pressure have
historically been used to monitor recovery from shock. However,
if we consider the idea of “oxygen debt” and the use of DO,/VO,
to aid in our understanding of the reoxygenation of previously
ischemic tissue, it becomes apparent that there must be a focus
on the microcirculation in addition to the restoration of systemic
indices. Microcirculatory integrity is the principal determinant
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for tissue oxygenation, nutrient supply, organ function at the
tissue level, and adequate immunological function (31).

Hamster Models for the Analysis of
Microcirculation in Hemorrhagic Shock

There are a variety of animal models used to understand
the microcirculation in shock; one of the most common is
the hamster model (32). Hamsters have a low central partial
pressure of oxygen (PaO;) of ~57 mmHg, corresponding to a
Hb O, saturation of 84% (32). Because the baseline arteriolar
partial pressure of oxygen (pO;) is so low, calculation of
the pre-microvascular oxygen consumption shows that this
species is very efficient at delivering oxygen to the tissues, and
very little oxygen leaves the circulation before delivery to the
microcirculation, with the change in blood saturation of only
about 3% (33).

While in clinical practice the sublingual area has been typically
used to measure microvascular performance using dark-field
microscopy, observation of the microcirculation in hamsters is
commonly achieved via intravital microscopy of the dorsal skin
flap: the skin is lifted, creating a skin fold, which is supported
by two titanium frames with 12-mm circular openings. One
frame is sutured on one side of the skin fold. The opposite
skin layer is removed following the outline of the window,
leaving only a thin layer of retractor muscle, connective tissue,
and intact skin. The exposed tissue is then sealed with a glass
cover held by the other frame, creating an environment to
make optical measurements of the microcirculation in vivo (33—
35). Two vessels are generally cannulated, the carotid artery for
monitoring blood pressure and the femoral or jugular vein for
the infusion of fluids and dyes. Intravital microscopy enables
better understanding of the inputs that determine the cellular
and subcellular processes within multiple organs. While this
type of microscopy can only be implemented in hamsters and
other rodents, and does not directly translate to humans, the
observed intrinsic regulatory processes at the tissue level do not
differ between humans and rodents. This experimental setup
allows for microhemodynamic measurements of blood velocity
using the photodiode cross-correlation technique and vessel
diameters via video image shearing (36, 37). The study of flow
in the microcirculation enables an improved understanding of
the mechanisms underlying oxygen delivery (38). Microvascular
pressure and the perfusion of blood in the tissues can be
quantified by FCD or the number of perfused capillaries per
unit area (9). Capillaries are considered functional if RBCs
transit though the capillary segments during a prescribed unit
of time. Capillary perfusion is necessary for the oxygenation of
the tissues and, perhaps as importantly, the removal of metabolic
waste. High-resolution microvascular pO, measurements can
be made using phosphorescence quenching microscopy (PQM)
or hyperspectral imaging. PQM is a technique based on
oxygen-dependent quenching of phosphorescence emitted by an
albumin-bound metalloporphyrin complex after light excitation
(39). Hyperspectral imaging is a technique that utilizes the
spectra differences in oxyhemoglobin and deoxyhemoglobin to
determine oxygen saturation in the microcirculation (40).

Figure 1 shows a typical example of tissue perfusion
in the skin pouch of a Golden Syrian hamster during
experimental hemorrhage obtained using hyperspectral imaging.
The experiments were approved by the Institutional Animal Care
and Use Committee of the University of California, San Diego,
and performed following the NIH Guide for the Care and Use
of Laboratory Animals, 8th edition (2011). The images were
acquired using a Pika-L hyperspectral imaging system with a
linear translation stage (Resonon, Bozeman, MT) with a spectral
range of 390-1,020 nm, a spectral resolution of 2.1 nm, and a
spatial resolution of 900 pixels per line. Each image consisted of
22,900 x 900 x 300 hypercube. After the acquisition, the images
were truncated and resampled in the spectral domain between
500 and 590 nm. Calculation of the relative deoxygenated and
oxygenated hemoglobin abundances were completed based on a
calibration standard for hemoglobin using Beer’s law.

When quantifying microcirculatory dysfunction resulting
from hemorrhagic shock, there are several variables that must be
considered: the dynamic changes in flow, vasoactive responses,
the tissue pO; in the microcirculation, lactate concentration,
etc. Regardless of the hemorrhagic shock model (fixed pressure
vs. fixed volume), microcirculatory parameters are used as
barometers of successful resuscitation interventions (41-43).
However, there is no consensus on a quantitative definition of
“recovery.” The literature commonly refers to three schools of
thought in defining microvascular recovery after hemorrhagic
shock: (1) increased microvascular viscosity (33-35), (2)
increased microvascular pressure (44, 45), and (3) improved
hemodynamics in the microvasculature (46). Arguments have
been made for each parameter individually, but they all hinge
on what is defined as “recovery,” which should be taken into
consideration for the optimization of blood substitutes design.

LOCAL REGULATION OF BLOOD FLOW
AND OXYGEN DELIVERY

Engineering any type of blood substitute requires an
understanding of the complex interactions between oxygen
consumption, changes in the composition of blood and its
viscosity, and the oxygen dissociation curve for hemoglobin. A
decrease in O,CC due to hemodilution induces vasodilation,
and the restoration of the lost RBCs with an oxygen carrier can
produce additional signals depending on whether the carrier has
a high or low affinity for oxygen. Facilitated release of oxygen
from blood is a property defined by the value of pO, at which
blood is 50% saturated (Psp). A high oxygen affinity (low Psg)
results in oxygen being preferentially unloaded in the capillaries,
and vice versa (32).

An important consideration when designing blood substitutes
that will necessarily unload oxygen in the microcirculation is
oxygen consumption by the vessel wall itself. Several studies
have concluded that oxygen consumption may be extraordinarily
high at the vessel wall and increases during vasoconstriction
(47, 48). The marked uptake of oxygen at the vessel wall by
vascular smooth muscle is somewhat analogous to the significant
increases in oxygen use by the skeletal muscle during exercise;
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the fourth and final image is the microcirculation 60 min post-resuscitation.

FIGURE 1 | Tissue perfusion in the microcirculation using hyperspectral images from the skin pouch of a Golden Syrian hamster following hemorrhage (50% total
blood volume) and a resuscitation using whole blood (25% total blood volume in 5% albumin; Sigma-Aldrich, Saint Louis, MO). The first image (from left to right) is the
microcirculation at baseline, the second one is the microcirculation in shock, the third one is the microcirculation immediately after the completion of resuscitation, and
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vasoconstriction of vessel beds necessarily requires energy and,
thus, increased oxygen consumption.

In a reciprocal fashion, increases in circulating pO, result
in increased vessel vasoconstriction. The reasons for this are
unclear, but changes in vessel wall oxygen uptake (and thus
vascular tone) in response to circulating pO, suggest that
the purpose of vasoconstriction in the presence of elevated
circulating pO is to limit tissue pO; to within a fairly narrow
range. This phenomenon further complicates the engineering of
effective HBOCs for treatment during T/HS as shock induces
vasoconstriction, indicating a potential need to satisty the vessel
wall’s oxygen debt before oxygen can enter the tissue beds.

Blood substitute design is often tested using extreme
hemodilution, a condition in which systemic Hct is reduced to the
point where oxygen delivery becomes dependent on the intrinsic
oxygen-carrying capacity of the circulation. This approach
allows evaluating blood substitutes characterized by high-affinity
hemoglobin products such as 4% Mal-PEG-hemoglobin (MP4)
(Hemospan, Sangart Inc., San Diego, CA) or low-affinity bovine-
derived PolyBvHb (PBH) (Biopure Inc., Boston, MA) (Table 1).

The goal of high-affinity Hb-based blood substitutes is to
create a reservoir of oxygen that only unloads oxygen when
the circulating blood arrives at tissue regions where the pO, is
very low, promoting oxygen delivery through diffusion. However,
if the affinity for oxygen is too high, the inability to release
oxygen may become problematic, leaving the tissue hypoxic. On
the other hand, in low-affinity Hb-based blood substitutes, a

TABLE 1 | Typical properties of hemoglobin (Hb)-based oxygen carriers vs.
blood/plasma.

Concentration Viscosity CcoP Pso
(9/dl) (cp) (mmHg) (mmHg)
Hemospan® (MP4) 4.2 2.5 55 6
Oxyglobin® (PBH) 13.2 1.8 40 54
Blood 4.2 20 32
Plasma 1.2 20

COR, colloid osmotic pressure; Pso, pO» at which blood is 50% saturated.
aPolyethylene glycol-conjugated Hb, Sangart Inc., San Diego, CA.
b Polymerized bovine hemoglobin, Biopure Corp., Boston, MA.

rightward shift in the O, dissociation curve should theoretically
increase O; extraction and improve maximal O, uptake. This
manipulation of the Psq offers the opportunity to vary O, delivery
to the tissues without altering blood flow or arterial O, content,
promoting oxygen delivery via convection rather than diffusion.
Blood viscosity is a critical determinant of tissue perfusion
because of its direct influence on vascular resistance. Blood
viscosity depends primarily on RBC concentration (hematocrit)
and secondarily on the viscosity of plasma. Restoration of
viscosity in the initial resuscitation period is a common method
for assessing recovery in the microcirculation after hypovolemic
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(D) Smooth muscle layer encapsulating the entire vessel.

FIGURE 2 | Blood flow through the microcirculation. (A) The bulk of red blood cell (RBC) flow, which is related to the shear stress (z). (B) Cell-free layer in the
microcirculation. (C) Endothelial cell lining generating endothelial nitric oxide synthase (eNOS), S-nitrosothiols (RSNO), and nitric oxide (NO) via mechanotransduction.

shock (33, 42, 43); it is not, however, widely studied clinically.
As an alternative to oxygen-carrying modalities, restitution of
blood loss with non-oxygen-carrying plasma expanders (PEs)
can be effectively and safely accomplished after up to a 50%
loss of the RBC mass using fluids with plasma-like viscosity,
which induce a compensatory increase in cardiac output aimed
at maintaining oxygen delivery (49). Additionally, interventions
that increase the viscosity of circulating blood after shock can
mitigate the effects that reduced viscosity have on mechanical
transduction of the endothelium, potentially preserving the
native myogenic responses that normally regulate microvascular
flow and pressure (50). Large-molecular-diameter HBOCs play
a similar role to PEs, increasing blood and plasma viscosity and
preserving microvascular perfusion (51).

Microvascular perfusion and FCD are controlled in part
through shear-mediated factors. For example, shear stress exerted
on the blood moving near the endothelial surface releases
dilatory autocoids (7, 52, 53). Increasing the shear stress
on the endothelial surface promotes the expression of anti-
inflammatory, antiproliferative, anti-apoptotic, and antioxidative
genes, all of which reduce the effects of systemic inflammation
associated with hemorrhage shock (54). Recent studies have
demonstrated a new, microscopic area of the cell-free layer
(CFL) which appears to be the critical focal point of the

interaction between blood and microcirculation (Figure 2) (55).
The CFL regulates oxygen transport and capillary perfusion as it
determines the distance between the circulating oxygen supply
and the tissue as well as the degree of shear stress on the
endothelial wall caused by the passing blood.

Formation of a wider cell-free layer reduces effective blood
viscosity near the vessel wall and, thus, the amount of shear
experienced by the endothelium, a principal stimulus for release
of the potent vasodilator NO (56, 57). However, the CFL has
been shown to act as a barrier to NO scavenging, potentially
mitigating the effects of reduced shear (58). The CFL is also an
important determinant of the rate of oxygen diffusion from the
red cells to the tissues. The radial diffusion gradient of oxygen
from the hemoglobin carried by RBCs transits from blood to the
parenchymal cells through several barriers including plasma, the
endothelial layer, and interstitial fluid. Due to the low solubility of
oxygen in plasma, the width of the cell-free plasma layer barrier
significantly limits oxygen delivery (59, 60). Thus, the interplay
between the CFL and the microcirculation serves to regulate
vascular perfusion via changes in NO scavenging and oxygen
delivery to the tissues. The initial response of the vasculature
during T/HS is to vasoconstrict, thus reducing the CFL and
thereby potentially increasing NO bioavailability and oxygen
delivery to the tissue.
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An improved understanding of the fundamental role of the
CFL in the microcirculation has contributed to assessing how the
circulation responds to small (£10%) changes in Hct and blood
viscosity (61). A novel methodology to measure the CFL width
(62-64) has been recently developed. This technique is based on
high-speed video recording (up to 30,000 frames/second) and a
thresholding algorithm that converts the interface between blood
and plasma into a black and white image, defining the stochastic
surface of the RBC column and identifying the location of the
plasma/vessel wall interface. Studies of the trajectories of RBCs
at the blood column/plasma interface have identified several
features of relevance, particularly the RBC exclusion zone which
outlines the glycocalyx. Studies using this technique have led to
conclude that CFL width is a function of Hct (65). CFL thickness
is an important feature of blood flow in the microcirculation
and is proportional to the shear stress and the thickness of the
endothelial glycocalyx. Hemorrhage alters glycocalyx structure
and function, and changes in the CFL thickness can reflect
glycocalyx shedding (64).

Further, small changes in Hct result in large changes in the
CFL, significantly affecting arteriolar wall NO bioavailability and
wall shear stress (WSS) (Figure 3) (61). This relationship between
Hct and CFL, described by mathematical modeling, confirms
previous assumptions that (1) NO bioavailability in hemodilution
increases by decreasing CFL width; (2) hemodilution decreases
Hct and plasma viscosity, lowering WSS and increasing
CFL width; and (3) FCD is directly proportional to WSS
in hemodilution.

Previous studies measuring CFL width changes after 40%
hemodilution using low-viscosity PEs (e.g., albumin solutions)
demonstrate small but measurable decreases in CFL width.
It is hypothesized that this effect is significantly reduced
with high-viscosity PEs because of their comparatively large
hydrodynamic radius compared to albumin. Furthermore,
mathematical modeling of the CFL width effects suggests the
hypothesis that the width is in part determined by the type of
colloid used (61). One of the relevant processes may be shear-
dependent dilation, which provides a dispersive lateral force to
the direction of flow. The assumption is that this force acts on
the flowing RBCs, thus confirming the importance of viscosity in
microcirculation hemodynamics and function.

MICROCIRCULATION FUNCTION AND
BLOOD SUBSTITUTE VISCOSITY

Survival in hemorrhage after ensuing extreme hemodilution is
primarily dependent on the maintenance of FCD and secondarily
on tissue O;. In the previous section, CFL width was introduced
as the key parameter of wall shear stress modulation in the
microcirculation. As the bioavailability of NO is inversely
proportional to CFL width, NO-induced vasodilation is the main
determinant of FCD and microvascular perfusion. Based on these
observations, increasing wall shear stress in the CFL after T/HS
should improve perfusion by the combination of three effects:
(1) decreasing plasma CFL width; (2) increasing plasma viscosity;
and (3) increasing blood vessel flow velocity. Solely increasing
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FIGURE 3 | Arteriolar wall nitric oxide bioavailability as a function of systemic
hematocrit percentage for different cell-free layer (CFL) widths.

plasma viscosity has potential limitations because, in conditions
of extreme hemodilution after hemorrhage, resuscitation with
a high-viscosity plasma expander increases the workload of the
heart while a simultaneously lower Hct limits O, delivery. It is
assumed, however, that this intervention can increase the width
of the blood column and (moderately) the resistance to plasma
fluid flow in the glycocalyx, which would decrease effective
CFL width. Current understanding of this complex dynamic
suggests that developed blood substitutes should thus be of high
viscosity (51).

Microvascular Pressure

Modulating microvascular pressure following hemorrhagic
shock directly relates to FCD, a key determinant of survival
from T/HS. During shock, the microvascular pressure plummets,
resulting in a sharp decrease in the number of perfused capillaries
with implications for the surrounding tissue. Adequate perfusion
of the capillary bed is thus vital as it is associated with oxygen
delivery (diffusion) to the tissue from the systemic circulation
as well as the continuous washout of metabolites (31). As
tissues become hypoxic, they also become acidotic and lactate
is accumulated. This, in turn, negatively affects systemic pH and
base excess. The severity of the changes seen in arterial blood gas
measurements (including pH, PaO,, PaCO,, base excess/deficit,
and lactate) can be used to assess the extent of shock (34,
66). Increasing FCD restores flow to the tissues, alleviating
local as well as systemic acidosis as oxygen diffusion into the
tissue increases, shifting metabolic processes once again toward
aerobic metabolism. Increasing the microvascular pressure may
be accomplished systemically by the use of resuscitation fluids
that increase plasma viscosity or have high colloid osmotic
pressure (COP) and are therefore able to draw fluid into
the microvasculature.

Microvascular Flow
Peripheral hemodynamics are a typical measure of recovery in
experimental T/HS (31). In the quiescent state, microcirculatory
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hemodynamics are equilibrated to the point where RBC
velocity ensures the optimal diffusion of oxygen to the
tissues through convective processes. In shock, flow can be
significantly impaired and reduced dramatically, resulting in
inadequate tissue oxygenation. Thus, increasing the intravascular
microcirculatory volume via resuscitation fluid will enhance flow
and tissue (re)oxygenation (67). Regardless of the mechanism
for reperfusion, microvascular recovery following shock is
contingent on how well oxygen delivery to previously hypoxic
tissues can be achieved.

CONCLUSIONS

Plasma expansion and blood transfusion are major medical
interventions in T/HS, and even minor improvements in
their efficacy will have significant healthcare repercussions.
Advancements from current research will help to guide the
development of fluids that are safe and effective blood substitutes.
These may then lead to the development of transfusion protocols
that include O, transport indices and blood viscosity as targets of
an effective microcirculation-targeted resuscitation.

Experimental results from microcirculation studies modeling
blood loss and blood transfusion suggest that the present focus
on restoring blood volume and O;-carrying capacity should be
redirected toward using fluids that trade the requirement for
O,-carrying capacity with the enhancement of microcirculatory
O, delivery. It then follows from this hypothesis that the
development of artificial blood substitutes, which are presently
aimed at restoring the blood O,-carrying capacity, should rather
be designed to restore blood viscosity. This corresponds to a
fundamental change in the perception of what blood has to
accomplish in the circulation, which includes the maintenance of
a shear stress environment conducive to adequate bioavailability
of NO as a function of Hct with a proportional relationship to the
CFL. In this new view, artificial blood substitutes for resuscitation
after hemorrhagic shock should be optimally designed with
the following priorities in mind: restoration of circulating (1)
volume, (2) viscosity, and, lastly, (3) O,-carrying capacity.

A potential clinical implication might revolve around the
question “What is the patient’s blood viscosity?” in the assessment
of a hemorrhaging victim, with the answer to this question used
as a guide to the fluid treatment strategy. Theoretically, demand
for rapid and reliable blood viscometry would be expanded,
and the use of blood transfusions substantially diminished,
to eventually be relegated to extreme conditions. Determining
the blood viscosity that optimizes systemic and microvascular
function when Hb is reduced beyond the transfusion trigger is a
challenge. We have extensive experience in the analysis of shock
resuscitation using a variety of blood substitutes, besides blood
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