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The cell-free layer (CFL) width separating red blood cells in flowing blood from
the endothelial cell membrane is shown to be a regulator of the balance between
nitric oxide (NO) production by the endothelium and NO scavenging by blood
hemoglobin. The CFL width is determined by hematocrit (Hct) and the vessel wall
flow velocity gradient. These factors and blood and plasma viscosity determine
vessel wall shear stress which regulates the production of NO in the vascular
wall. Mathematical modeling and experimental findings show that vessel wall NO
concentration is a strong nonlinear function of Hct and that small Hct variations
have comparatively large effects on blood pressure regulation. Furthermore, NO
concentration is a regulator of inflammation and oxygen metabolism. Therefore,
small, sustained perturbations of Hct may have long-term effects that can promote
pro-hypertensive and pro-inflammatory conditions. In this context, Hct and its
variability are directly related to vascular tone, peripheral vascular resistance,
oxygen transport and delivery, and inflammation. These effects are relevant to the
analysis and understanding of blood pressure regulation, as NO bioavailability
regulates the contractile state of blood vessels. Furthermore, regulation of the CFL
is a direct function of blood composition therefore understanding of its physiology
relates to the design and management of fluid resuscitation fluids. From a medical
perspective, these studies propose that it should be of clinical interest to note small
variations in patient’s Hct levels given their importance in modulating the CFL
width and therefore NO bioavailability.  2011 John Wiley & Sons, Inc. WIREs Syst Biol Med
2011 3 458–470 DOI: 10.1002/wsbm.150
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INTRODUCTION

The cell-free layer (CFL) is a thin zone between the
column of blood and the endothelial membrane.

It is from time to time intruded by red blood cells
(RBCs) and activated leukocytes, and contains a gel-
like glycocalyx composed of different sugars attached
to the endothelial membrane surface. The CFL is
similar to the lubricating layer between moving parts
in mechanics, being a viscous medium interposed
between blood and the vessel wall (Figure 1). Similar
to mechanical systems it is in part generated in
dynamic conditions, while blood is flowing, as cells
and formed elements drift away from the vessel wall
due to the flow velocity gradient and the effect of
shear on the glycocalyx.1–4 Different from mechanical
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FIGURE 1 | Diagrammatic representation of the compartments at
the blood tissue interface drawn approximately to scale during flow.

systems, it separates a comparatively viscous fluid,
blood, from a protein surface, the endothelial cell
membrane.

The discovery that shear stress at the ves-
sel wall is a principal mechanism for causing the
endothelium to produce a number of mediators such
as nitric oxide (NO), prostaglandin, and endothelin
has focused attention on the biology and biophysics
of the endothelium as a principal cardiovascular
regulator.5–7 Nonetheless, the endothelium and the
tissue respond to events regulated in the CFL. In
particular, the width of the CFL determines the
bioavailability of NO as it separates its source, namely
the tissue and the endothelium, from a major NO
sink, the hemoglobin (Hb) contained in RBCs that
actively scavenge NO diffusing from the vessel wall
into blood.8,9 Therefore, the bioavailability of NO is
determined by the balance between the rate of pro-
duction of NO by the tissue and the endothelium
by biochemical mechano-transduction and the rate
of consumption of NO by Hb and the tissue. This bal-
ance is strongly influenced by the width of the CFL.10

While the endothelium is a producer of NO, the
width of the CFL is the regulator of its bioavailability.
Furthermore, the width of the CFL also regulates
the resistance to oxygen diffusion to and from the
column of blood and how shear stress is transmitted
from the flowing blood to the endothelial surface. The
bioavailability of NO is a critical factor in regulating
the oxygen metabolic demand of the tissues11,12 and
controlling inflammation.13 Therefore, the CFL is
directly involved in the regulation of several principal
homeostatic mechanisms.

STRUCTURE OF THE CELL-FREE
LAYER

The CFL is a region bound on the luminal side by
a stochastic surface made by the outer boundary
of the RBC core and on the abluminal side by the

endothelia cell membrane. This region is occupied by
blood plasma, the fluid in which RBCs are suspended
and which extends and permeates into the gel-like
structure of the glycocalyx, next to the endothelial cell
membrane.

The mechanism by which RBCs under flow
conditions present a surface separated from the wall
by a fluid layer is complex.14 The concentration of
RBCs near the vessel wall is not uniform since as a
consequence of their particulate nature of RBC can be
positioned nearer to the wall than the radial distance to
the RBCs center. Therefore, given the discoidal shape
and random orientation of RBCs in flow there is an
annulus at the tube wall with a volume concentration
of cells that is lower than in the central blood vessel
core. Flow superposes to this geometrical constraint
hydrodynamic effects that cause particles to migrate
toward an annulus according to the Segre–Silberberg
effect2 which is opposed by a dilation effect due to
the tendency of closely packed suspensions subjected
to shear to expand at right angle to the direction of
shear,15 an effect that underlies the physics of shear
induced viscosity augmentation. These phenomena are
also in part dependent on vessel radius, particularly
for the smaller microcirculatory vessels.

The high volumetric concentration of RBCs,
their flexibility, their discoidal shape, and the nature of
the plasma layer boundaries significantly complicates
the rigorous analysis of mechanisms that determine
the width of the plasma layer. On the luminal side
relative motion of RBCs due to flow at the edge of the
RBC core causes the interface between blood and the
plasma layer to have a spatial and temporal stochastic
configuration (see Section on Stochastic Surfaces). At
the abluminal side the space between the endothelial
cell membrane and the free flowing plasma transitions
from a gel-like structure of carbohydrates attached
to the endothelial cell membrane into a forest-like
configuration where branches and tree tops are bent
by the wind-like action of the flowing plasma.

The CFL is described in terms of its thickness,
defined by the separation between the endothelial cell
membrane and the stochastic boundary that limits the
RBC core. This parameter is primarily determined by
the extent of the glycocalyx, the hematocrit (Hct),
the velocity gradient at the wall, and the endothelial
membrane surface.

THE GLYCOCALYX

The vascular endothelial glycocalyx is a dynamic
carbohydrate network cover connected to the
endothelium by proteoglycans and glycoproteins.
Soluble plasma components are incorporated at
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its luminal side in dynamic equilibrium with the
components in the flowing blood, which determines
composition and thickness of the glycocalyx. Shear
stress and enzymatic action also influence the
glycocalyx extent as they affect its composition. The
glycocalyx presents a net negatively charged surface
to the bloodstream.

The glycocalyx is as an RBC ‘exclusion zone’ or
‘gap’ between the flowing RBCs and the endothelium.
However, no exclusion zone has been found for
rolling white blood cells, suggesting a low mechanical
stiffness for the glycocalyx.3

The glycocalyx influences blood cell/vessel wall
interactions limiting access to the endothelial cell
membrane. It repulses RBCs from the endothelium.
In the microcirculation, an RBC exclusion zone
adjacent to the endothelium seen in vivo is decreased
upon breakdown of the glycocalyx.16 Platelets
seldom interact with the endothelium in control
conditions, while partial glycocalyx removal increases
platelet/vessel wall interactions.17 In terms of
leukocyte/vessel wall interactions the glycocalyx
contains adhesion molecules (P-selectin, ICAM-1, and
VCAM-1) and attenuates adhesion of leukocytes to
these molecules via steric hindrance.

The endothelial glycocalyx is a determinant
of vascular fluid permeability, as evidenced by the
partial removal by enzymes causing myocardial
edema.18,19 According to the classical Starling model
of fluid exchange,20 fluid filtration across the capillary
endothelium results from the balance of hydraulic
and colloid osmotic pressures across a system of
hydraulic pores at endothelial cell junctions that
confer to the endothelium the characteristics of an
oncotic membrane. The existence of the endothelial
glycocalyx and its influence on edema formation led
Weinbaum21 to propose that fluid exchange is mostly
determined by the endothelial glycocalyx.

In healthy vessels, the endothelial glycocalyx
mediates shear stress sensing, as shown in the treat-
ment with heparinase which impairs the response
to changes of shear stress variations and NO
production.22 In healthy volunteers the systemic gly-
cocalyx volume decreases by half within 6 h after
induction of acute hyperglycemia18 and is reduced by
high-fat and high-cholesterol diet.18 It is reduced by
hyperglycemia,23 in type 1 diabetic patients, and is
further reduced in diabetes with microalbuminuria.24

Microvascular dysfunction25 the common compo-
nent of many pathologic process is manifested in
endothelial cell swelling, leukocytes adhesion and
transmigration, inflammation and vascular permeabil-
ity increases, all phenomena mediated by the extent
and composition of the glycocalyx.18,26,27

DIMENSIONS OF THE GLYCOCALYX

Measurement of the glycocalyx thickness in the
microcirculation using intravital microscopy is
approximate due to the limits of resolution of
the optical microscope. Furthermore, the endothelial
glycocalyx of larger vessels cannot be visualized by
the methods of intravital microscopy. A frequently
used method consists in visualizing and measuring the
diameter of the RBC + plasma column of flowing
blood and subtracting from this the anatomical
internal diameter of the microvessels in the range
of 100–15 µm yields dimensions of the order
0.4–0.5 µm. Direct visualization of the glycocalyx can
be obtained by selectively binding fluorescent markers
to its different molecular components and using
confocal laser scanning microscopy. This and similar
methodologies were reviewed by Reitsma et al.26 and
yield estimates of glycocalyx layer thickness as large
as 2.5 ± 0.5 µm.28 Conversely, Potter et al.,29 using
fluorescent microparticle image velocimetry,30 found
that for venules the mean glycocalyx thickness is 0.52
± 0.27 µm.

A different approach consist in using two dies
(or markers),31 one n that does not dissolve in the
glycocalyx layer, and a second m that dissolves. Upon
introduction into the circulation the concentration
of the non-soluble die cn is determined by the
intravascular volume of the circulation Vvasc minus
the volume of the plasma layer Vpl−layer, and the
concentration of the soluble die cm is determined by
Vvasc. Therefore:

cn = n
Vvasc − Vpl-layer

; cm = m
Vvasc

∴ Vpl-layer = m
cm

− n
cn

Application of this technique yields estimates of
the glycocalyx volume as a large as 25% of the total
vascular volume. However, this result is problematic
because the partition coefficient of the tracers between
plasma and the fluid within the glycocalyx and the
total area of the circulation is not known with the
necessary precision.32

PLASMA LAYER AND CELL-FREE
LAYER

Information on the cell-free layer width in vivo has
been limited and mostly available in terms of mean
width and its standard deviation. Methods for mea-
suring the width of the CFL primarily used bright
field microscopy, and reported measurements usu-
ally include the thickness of the glycocalyx. Kim
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et al.33 developed a methodology for measuring the
CFL width based on high-speed framing rate micro-
scopic recordings with a 0.4-µm resolution. This
methodology shows that the mean width of the CFL
is dependent on vessel diameter. In the diameter range
10–40 µm the CFL layer is in the range of 1.1–2.1 µm
and for a glycocalyx thickness of 0.4–0.5 µm the
free flowing plasma layer would be in the range of
0.7–1.6 µm.

The CFL changes dimensions as a function of
time in a non-Gaussian way since variations in the
luminal side can extend into the RBC core, while those
in the abluminal side are limited by the endothelial
surface.

VARIATION OF THE CELL-FREE
LAYER WITH Hct

The CFL thickness varies with Hct as the
concentration of RBCs and shear stress dilate the RBC
column. Variation of CFL thickness also affects shear
stress in the CFL, which influences the glycocalyx
thickness and therefore the extent of the CFL. The
combination of these effects has been found to affect
blood viscosity,14 which in combination with shear
stress in the CFL determines the production of shear
stress-dependent mediators by the endothelium.

In terms of vascular regulation Hct in the healthy
population varies as function of age, gender, environ-
mental factors, genetics, nutrition, level of hydration,
time in the daily cycle, and seasonal variations,34

yielding a dispersion of values which may be of the
order of ±10% of the average for the population
stratified by age and gender. Therefore, the variability
of Hct implies the variability of CFL thickness.

Changes in CFL width also influence the degree
of scavenging of NO released from the endothelium
by the RBC core.8,35 Furthermore, the rate of NO pro-
duction by the endothelium is a function of the shears
stress imparted by the flowing blood to the endothelial
membrane, an effect transmitted by the CFL.

MEASUREMENT OF THE CELL-FREE
LAYER WIDTH

Data on the separation between the vessel wall
and the RBC column was until recently primarily
available from visual microscopic estimates from
video images.36

This methodology based on visual observation of
the microcirculation provided an estimate of average
and statistical variation of the CFL, but did not
report detailed information on temporal or spatial

variation of the CFL. Kim et al. developed a specific
methodology for spatially and temporally quantifying
the boundaries of the CFL using the position of
the outermost RBC surface from the blood vessel
centerline as the interface between the RBC column
and the plasma layer.33

The dimensional properties of microvessels,
microscopic optical resolution, the dynamics of
microvascular flow, and the pixel resolution of
television high frame rate television cameras
determined that a field size of 200 × 200 µm could
be recorded with ∼0.4 µm spatial resolution in the
axial flow direction, for a maximal edge velocity of
the RBC column of 9 mm/s typical for large arterioles
requiring a framing rate in the range of 4500/s to
detect all RBCs.

This methodology determined the position of the
vessel wall by measuring the light intensity transition
from dark to light pixels along the direction of an
analysis line perpendicular to near the vessel wall.37,38

The width of the RBC column is found by converting
its light intensity image into a binary image by means
of an automatic thresholding method39 that maxi-
mizes the variance between pixels presumed to belong
to the RBC column, and those outside of this column.

The study of Kim et al.40 provided the principal
temporal and spatial information on the CFL
characteristics in the arterioles of the rat cremaster.
It was found that CFL width is directly related to
the vessel diameter, increasing from 0.8 µm in 10 µm
arterioles to 2.9 µm in 50 µm arterioles. Temporal
variability was a direct function of vessel diameter
and was not normally distributed, being greater on the
blood side that vessel wall direction. The persistence
of the temporal variations of the CFL downstream
from a point of observation declined exponentially
with a correlation length of the order of 30 µm that
was independent of vessel diameter. There was no
temporal variability on this time scale at vessel side and
spatial variability was significantly smaller. Therefore,
the effective boundaries of the CFL have statistical
features that must be considered when data on the
width is used to analyze its physiological effects.

THE STOCHASTIC SURFACES
BOUNDING THE CELL-FREE LAYER

A mathematical model that includes the stochastic
(randomness) nature of the CFL boundaries is
constructed by defining its two radii, that of the RBC
column RRBC and Re, which denote the inner radius
of the endothelial surface according to Figure 2. Both
radii vary along the length of a blood vessel, i.e.,
depend on the spatial coordinates (φ, z); the RBC
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FIGURE 2 | Cell-free plasma layer (CFL) in vivo. Image of an
arteriolar wall showing CFL width, the distance between the RBC
column (black), and the endothelium lining the vessel wall. This image
shows a few red blood cells (RBCs) positioned closer to the
endothelium. CFL width is the distance between A and B, or the
difference between the radius of the inner endothelial surface Re and
radius of the RBC column RRBC. The RBCs are 7 µm in diameter. Blood
flow is from right to left (arrow).

column radius RRBC also varies with time t, reflecting
changes in the CFL width due to intruding RBCs. In
other words, Re = Re(ϕ, z) and RRBC = RRBC(ϕ, z, t).
The spatiotemporal variability of the radii bounding
the CFL, combined with the practical impossibility
to measure their values at every point (ϕ, z) along
a blood vessel and every point in time, renders
estimates of the radii RRBC and Re uncertain. This
uncertainty propagates through the modeling process,
affecting predictions of key physiological quantities
as wall shear stress (WSS), effective blood viscosity,
and definition of the barriers to oxygen and NO
transport.

The uncertainty is quantified by treating the
radii RRBC and Re as random fields, which vary not
only in physical space (ϕ, z) and time t, but also in
the probability space ω ∈ � (i.e., the collection of all
possible realizations of the random radii RRBC and Re)
so that Re = Re(ϕ, z, ω) and RRBC = RRBC(ϕ, z, t, ω).

The randomness (uncertainty) of RRBC and
Re must be introduced into the modeling process
that defined flow and transport processes in the
CFL, requiring that flow (e.g., Stokes) and transport
(advection–dispersion) equations be defined on the
random domain bounded by Re = Re(ϕ, z, ω) and
RRBC = RRBC(ϕ, z, t, ω). Analysis of this problem
is facilitated by the use of stochastic mappings,
an approach that has been promulgated in a
series of recent papers.41–43 The basic idea of this
approach is to map a random domain onto its
deterministic counterpart. In the present context,
this is accomplished by transforming the (r, ϕ, z)
coordinate system associated with the random
boundaries of the CFL into the (ξ1, ξ2, ξ3) coordinate
system, such that ξ1 = (r − RRBC)/(Re − RRBC), ξ2 =
ϕ, and ξ3 = z. While the radius r varies between the

two random limits, RRBC(ϕ, z, t, ω) ≤ r ≤ Re(ϕ, z, ω),
the transformed variable ξ1 is defined on the
deterministic interval 0 ≤ ξ1 ≤ 1.

As the transformation Jacobian J(ξ1, ξ2, ξ3, ω) ≡
∂(r, ϕ, z)/∂(ξ1, ξ2, ξ3) is random, the transformed
flow and/or transport equations become stochastic.
Because the theory of stochastic differential equations
defined on deterministic domains is relatively mature,
one can use a variety of well-established techniques,
including perturbation expansions,41 polynomial
chaos expansions,42 and stochastic collocation
methods.44

Random roughness of the CFL boundaries can
significantly affect physiological phenomena taking
place in the CFL. For example, a classical treatment
of blood flow in arteries whose walls are modeled as
smooth surfaces of radii R relies on the Poiseuille law
to relate volumetric flow rate Q to pressure gradient
dp/dz (pressure drop across a blood vessel divided by
a vessel’s length),

Q = −πR4

8µ

dp
dz

,

where µ is the dynamic blood viscosity of blood. For
flow in vessels with rough walls, this expression has
to be modified as:

Q = −πR4CL

8µ

dp
dz

where CL ≤ 1 is the Lomize roughness coefficient.45

Depending on the degree of wall roughness, the
reliance on the standard Poiseuille law can yield
estimates of the blood viscosity µ that are as much as
20% lower.

As the Lomize roughness coefficient CL is
largely phenomenological, its values for different
vessel radii cannot be ascertained with certainty
and measurements of the CFL topography (i.e.,
observations of RRBC and Re) cannot be readily
incorporated to improve estimates of CL. The
stochastic framework overcomes these limitations
by both providing a theoretical foundation for the
concept of the Lomize roughness coefficient and
facilitating data processing using data to estimate
statistical properties of the random fields RRBC and
Re, including their means, variances, and space-time
correlation functions.

EFFECTS ON OXYGEN DELIVERY

Oxygen exits the blood vessel driven by radial
concentration gradients. The diffusional properties of
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the medium through which oxygen traverses from the
blood core center to the vessel wall are complex and
became highly nonuniform in the CFL with potentially
large consequences for the diffusion process.

Oxygen diffuses in blood by direct diffusion
in the plasma space, and facilitated diffusion within
RBCs.46 The relative effect of these processes in blood
was first analyzed by Hellums47 and subsequently
extended to blood vessels.48 These studies indicate
the presence of a substantial barrier to diffusion in
the plasma layer. The presence of this barrier remains
a controversial issue, as shown in the studies and
analysis of Tsai et al.49 who measured the presence of
substantial oxygen concentration gradients near the
vessel wall of arterioles. These large gradients can be
explained by the proposed large barrier function of
the CFL; however, the study of Tsai et al. determined
by performing mass balance analysis that oxygen exits
the blood vessels at a rate that was incompatible with
the presence of a significant barrier, and concluded
that the large vessels wall oxygen gradients were due
to the large oxygen consumption of the vessel wall,
rather than a high diffusional resistance in plasma.

Analysis of the dispersion of the RBC trajectory
as they flow in arterioles in conditions of normal Hct
and in hemodilution shows a variability (standard
deviation) in the trajectory over its path of 1.8
± 1.1 µm. Within the RBC core oxygen diffuses
by a combination of facilitated and conventional
diffusion, and in the CFL the process is one of
conventional diffusion, and therefore likely to have
a greater diffusional hindrance. This effect appears
to be in part mitigated by convective effects created
by the variability of the outer surface of the RBC
core.50 Therefore, the previously discussed stochastic
methods of analysis may resolve some of these existing
controversies51 on how oxygen is managed as it
transits from the blood to the tissue.

TRANSMISSION OF SHEAR STRESS TO
THE ENDOTHELIUM IS A FUNCTION
OF PLASMA LAYER VISCOSITY AND
THICKNESS

No exclusion zone was found for rolling white blood
cells, suggesting that they have the ability to compress
the glycocalyx in these vessels, which complies with
the estimated low stiffness of the glycocalyx.52–54

Tarbell and Pahakis reviewed the current
concepts on mechano-transduction by the (membrane-
bound) glycocalyx.55,56 They conclude that the
glycocalyx core proteins are responsible for the trans-
mission of shear stress signals into specific cell signal-
ing processes, e.g., NO production and cytoskeletal

reorganization. At the same time, shear stress is
transmitted to other regions of the endothelial cell
as well, such as intercellular junctions and basal adhe-
sion plaques, which are responsible for additional
shear sensing even in the absence of a glycocalyx. It
should be noted that the actual shear stress developed
is also a function of the stochastic nature of the RBC
column interface and the geometry of the vessel wall
surface.57

MODULATION OF NO VESSEL WALL
BIOAVAILABILITY BY PLASMA LAYER
THICKNESS

Hct is one of the principal factors affecting CFL width
as well as NO bioavailability given its multiple roles as
a determinant of blood viscosity and NO scavenging;
therefore, it becomes important to determine the
sensitivity of NO concentration in the vascular to
changes in Hct, which varies due physiological and
pathophysiological effects.

Blood flow is also a critical factor in CFL
formation, as shown in the study of Liao et al.,
in 60-µm isolated arterioles.58 In these experiments
blood flow caused almost no NO depletion in the
arteriolar wall, whereas flow stasis caused a large
effect, a difference attributable to the formation of the
CFL by flow.

Experimental studies where NO concentration
in the vascular wall is measured have mostly focused
on the direct determination of perivascular NO by
means of polarographic microelectrodes during com-
paratively large changes in Hct due to hemodilution
with different plasma expanders.59,60 These studies
confirm the tenets of prior theoretical modeling con-
cerning the effects of NO scavenging and shear stress,
but did not test the sensitivity of vessel wall NO con-
centration to small changes of Hct. This problem was
analyzed by Sriram et al.35 by a mathematical model
where changes in Hct within the range of variability
found in the normal population61,62 change apparent
blood viscosity,63 WSS,64 the rate of NO production
by the endothelium,7,65–68 the rate of NO scaveng-
ing by RBCs69 and the interactions between NO and
oxygen transport.9,70–72

The development of the CFL and its dependence
on Hct, flow and the rheological properties of
blood is described in terms of a rigorously derived
blood velocity profile that represents arteriolar
hemodynamics as two-phase flow with the RBC
rich core and the RBC free plasma layer,64 and
experimental data33,73 is used to characterize the CFL
dependence on Hct.
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This model demonstrates that relatively small
changes in systemic Hct significantly change the
concentration of NO in the vascular wall, a result
that is strongly dependent on the relationship between
NO production by the endothelium and shear stress.
The relationship between WSS and NO production
is reported in previous studies7,65,71,74; however,
the in vivo functional relationship between these
quantities is still not well defined and ay present
an S-shaped curve appears to be the most probable
functional relationship between the parameters.74

BLOOD PRESSURE REGULATION, Hct,
AND CFL WIDTH

The bioavailability of NO in the vessel wall is a
major determinant of peripheral vascular resistance
(PVR) as it governs constriction and relaxation of
arterioles. A direct consequence is that Hct is critical
in blood pressure (BP) regulation. This regulation is
counterintuitive as in conditions of normal endothe-
lium the increase of Hct and, therefore, blood viscosity
and WSS lowers BP, an effect experimentally verified
in acute interventions. Conversely, lowered endothe-
lial shears stress sensitivity, endothelial dysfunction,
injury, as well as abnormalities diminishing WSS lower
NO bioavailability promoting vasoconstriction and a
pro-inflammatory environment, leading to and pre-
serving a hypertensive state. Notably, elevated Hct
levels were previously related to the incidence of
hypertension and cardiovascular diseases. The pro-
posed significant involvement of the CFL in the
regulation of NO bioavailability suggests a mecha-
nism by which elevation of Hct (and therefore blood
viscosity) can be of cardiovascular benefit.

The human population presents a small range
of individual Hct variability whose physiological
significance has not been studied until recently,
as most experimental investigations of anemia and
polycythemia typically deal with changes in Hct >

20%.75–77 In fact, it is generally assumed that Hct
changes associated with the normal variability of this
parameter in the population are too small to sig-
nificantly affect blood flow regulation and oxygen
transport.

Directly measuring CFL is experimentally
challenging, requiring the availability of tissue where
blood vessels can be visualized with maximal
resolution and clarity. A more practical approach is to
use changes of Hct as a surrogate for changes in CFL,
and to investigate the corresponding changes in BP.
Martini et al.78 acutely varied Hct in unanesthetized
normal hamsters by performing isovolemic exchange
transfusion with packed RBCs finding that Hct

increases between 7 and 13% of baseline caused
BP to drop by about 10 mmHg from baseline. As
expected, when Hct was increased further BP returned
to baseline values and when Hct > 30% pressure rose
above the baseline.79 A similar effect was reported by
Richardson and Guyton77 who found that injection of
packed RBCs in anesthetized dogs caused BP change
from 111 to 97 mmHg.

Changes in Hct of the order of 5% are a
weak stimulus; however, it cannot be excluded
that cardiovascular regulation may be extraordinarily
sensitive in matching oxygen demand and delivery.
This kind of regulation would presumably lower
cardiac output as Hct is increased, thus maintaining
oxygen delivery constant. Remarkably, it was found
that increasing Hct was associated with significant
increased (up to 25% of baseline) cardiac output,
showing that small increases in Hct do not lower BP
to regulate oxygen delivery.78 The divergent changes
in BP and cardiac output support the alternative
explanation that these effects are due to a significant
decrease in PVR due to vasodilatation, far exceeding
the effect due to the small increase of vascular
resistance as a result of increased blood viscosity.
These effects in combination with the changes in CFL
found over the range of Hct variations related to this
study are shown in Figure 3.

The role of oxygen carrying capacity in
regulating BP when Hct increases was investigated
by elevating Hct with non-oxygen carrying RBCs
whose Hb was converted to met-Hb.83 In this
experiment, small increases in Hct caused a similar
reduction of BP as in the case of normal RBCs, and
cardiac output also increased but not to the same
extent probably due to the lowered intrinsic oxygen
carrying capacity of blood. In these experiments, the
effects took place over a greater range of Hct increase
which could be due to the decreased plasma layer
content of NO scavenging Hb.

The direct involvement of NO regulation in the
effects due to small changes in Hct was demon-
strated by performing an Hct augmentation experi-
ment after administration of pharmacological dosage
of N-nitro-l-arginine methyl ester (l-NAME) in ham-
sters. Inhibition of NO synthesis by l-NAME caused
BP to increase, which increased further with small Hct
augmentations. Carrying out the same experiments
in eNOS-knockout mice (B6.129P2-Nos3tm1Unc,
Charles River Laboratories, Boston, MA) did not have
an effect, which was otherwise evident in normal wild
types.

Acute Hct augmentations within the physiolog-
ical range lower BP, while maintaining or enhancing
blood flow, suggesting the existence of a chronic
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layer width in arterioles according to the results of Yalcin et al.82

optimal Hct, higher than normal, for conditions of
healthy, normal endothelium. We hypothesize that
there is an optimal Hct range and that maintenance
of Hct at this level lowers cardiovascular risk. If
cardiovascular protective effects of this optimal Hct
range are substantiated, our work could provide a
basis for prevention and treatment interventions for
hypertension and other related vascular diseases. As
a corollary, evidence for high Hct and BP would be
indicative of endothelial dysfunction.

HEALTH RELATED SIGNIFICANCE
OF CFL REGULATION

The Control of Blood Pressure
BP control is a significant determinant of longevity.
This goal today is mostly achieved by pharmacologi-
cal means where the first line treatment is by means of
diuretics, followed by approaches that treat vasocon-
striction by central mediation. However, treatment by
diuretics, established before the discovery of the role of
NO, is presumed to regulate BP by changing circulat-
ing blood volume. NO is a potent dilator of arterioles,
the microvessels mostly responsible for setting PVR

and therefore BP. Vessel wall NO bioavailability is
not centrally mediated, rather it is a local factor. We
propose that this local regulation of BP is as impor-
tant as central regulation, and may provide for an
additional approach for treating hypertension that
is less dependent on pharmacological interventions,
and of potential long lasting health benefits. Fazio
et al.84 found that a significant decrease in BP (−6%,
P < 0.005) corresponded to a significant increase in
Hct in patients treated with the diuretic furosemide
(6%, P < 0.005).

BP is determined by PVR where blood viscosity,
a parameter strongly influenced by Hct is a
factor. Although the association between blood
viscosity, PVR, and BP was repeatedly investigated
it has not led to conclusive results. It is now
apparent that this is because the effect of increasing
viscosity is negated by increased WSS, the mechano-
transduction related increase of NO bioavailability
and corresponding vasodilatation, and vice versa.
Treatment of hypertension with diuretics and its
related increase in Hct, blood viscosity, WSS and
presumably increased NO bioavailability should
contribute in lowering BP, and may be the major cause
for their therapeutic efficacy. Furthermore, it should
be of clinical interest to focus on patient’s Hct levels
given their importance in modulating the CFL width.

These considerations suggest that one of the
initial triggers for hypertension could be the disrup-
tion of the balance of effects taking place in the
plasma layer. This imbalance of NO bioavailability
could be either positive or negative, and may not
manifest initially as hypertension; however, it could
be evident as a preclinical form of the disease in
terms of paired small excursions from an optimal BP
and Hct. Hypertension would then be in part due to
the outcome of cumulative effects due to this initial
imbalance, supported by the additional long range
effects of associated with altered NO bioavailability
promoting a lifelong pro-inflammatory condition. An
intriguing aspect of this process is that the imbalance
in the relationship BP and Hct could be initially
corrected by simple interventions such as exercise
and diet.

Plasma Expanders and Transfusion
Medicine
Intravenous fluid administration is the initial treat-
ment for blood losses, used up to the so called
‘transfusion trigger’ when a blood transfusion is nec-
essary because fluid replacement via plasma expanders
no longer provides sufficient oxygen delivery capacity
to maintain tissue metabolism. Recent findings in the
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field of shock resuscitation, related to the develop-
ment of non-blood-based oxygen carriers show that
restoration of microvascular function is as critical as
maintenance of oxygen carrying capacity,85 and that
maintenance of microvascular function even in the
presence of significant decrease in intrinsic oxygen
carrying capacity can compensate for the decreased
oxygen supply, as comparatively few RBCs are suffi-
cient to oxygenate the tissue and maintain metabolism,
if microvascular function is normal.

Using plasma expanders automatically lowers
Hct, decreasing both NO scavenging and WSS and
NO production by the endothelium. According to the
model of Sriram et al. hemodilution favors the effect
of NO scavenging over the production of NO by
the shear stress stimulus thus lowering overall NO
bioavailability and promoting vasoconstriction. The
fact that plasma expanders are formulated with a vis-
cosity similar to that of plasma further reduces WSS.
Notably, the concept that lowering blood viscosity
(a direct consequence of phlebotomy) is of thera-
peutic benefit is embedded in medical thinking since
antiquity.86 Its physiological rationale is based on the
finding that the decrease in blood viscosity consequent
to lowering Hct by moderate hemodilution maintains
or improves tissue perfusion, without affecting oxy-
gen carrying capacity according to earlier studies,76,77

showing how the circulation adjusts to maintain rel-
atively constant the rate of delivery of RBCs to tissue
during significant decreases of Hct, as a consequence
to the significant lowering of blood viscosity.

Viewing hemodilution from the perspective of
the effects that take place in the CFL it is apparent that
the lowered blood viscosity does not produce sufficient
WSS for producing NO, causing the circulation to
constrict. This phenomenon is apparent in analyzing
the relationship Hct/BP in the normal population
when the effect of viscosity is factored out, showing
that in general as Hct increases BP diminishes.87

These considerations lead to the proposal of
formulating plasma expanders with comparatively
high viscosity first implemented by Tsai et al.88 This
study showed that extension of isovolemic iso-oncotic
hemodilution beyond the transfusion trigger led to
normal microcirculatory conditions if plasma vis-
cosity was increased to 2.3 cp versus the normal
value of about 1.1–1.2 cp, even if Hct was low-
ered to conditions of extreme hemodilution (Hct
∼11%). Notably, high viscosity plasma also increased
microvascular perfusion above baseline levels, and
maintained acid base balance positive, which was the
opposite finding in the same protocol when plasma
viscosity was normal. These findings were corrob-
orated using plasma expanders based on alginates

(Alginate, FMC BioPolymer, Brakrøya, Norway) the
basic constituent of agar. This material in normal
saline at a concentration of 0.7 g/dL has a viscosity of
7.6 cp and a colloidal osmotic pressure of 2.1 mmHg.
Using a combination of alginate and dextran 70 kDa
in extreme hemodilution (Hct 11%) and increasing
plasma viscosity to 2.7 cp provided for improved
microvascular conditions over those attained using
a mixture of dextran 70 and 500 kDa with plasma
viscosity of 2.2 cp. The same level of hemodilution
attained with dextran 70 and plasma viscosity of 1.4
cp did not result in a level of functional capillary
density (FCD) compatible with survival since base
excess was negative.89 Notably, in these experiments
BP remained below normal.90

In these experiments shear stress at the microvas-
cular wall was higher than that found with low
viscosity plasma in extreme hemodilution, leading to
a significantly higher concentration of perivascular
NO in the arterioles and venules.59 Increasing plasma
expander viscosity was also found beneficial in shock
resuscitation, in comparison with using low viscosity
plasma expanders.91–94

CONCLUSIONS

Analyses and findings about the CFL lead to several
related hypotheses. We know that BP increases with
age and it is likely that endothelial function, defined
as the ability to respond to shear stress, also declines
with age. Since Hct decreases with age, there appears
to be a natural tendency for decreasing the stimulus
for vasodilatation promoting hypertension, which is
in part associated with increased pro-inflammatory
conditions.

Furthermore, one of the initial triggers for hyper-
tension could be the disruption of the balance of
effects taking place in the CFL. This imbalance of
NO bioavailability could be either positive or nega-
tive, and may not manifest initially as hypertension;
however, it could be evident as a preclinical form of
the disease in terms of paired small excursions from
an optimal BP and Hct. Hypertension would then be
in part due to the outcome of cumulative effects due
to this initial imbalance, supported by additional long
range effects associated with altered NO bioavailabil-
ity, promoting a lifelong pro-inflammatory condition.
An intriguing aspect of this process is that the imbal-
ance in the relationship BP and Hct could be initially
corrected by simple interventions that influence Hct
and NO bioavailability, including exercise and diet.

It is clear that a number of the critical phenom-
ena that take place in the CFL must still be rigorously
modeled and experimentally validated. Nonetheless,
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the system of interactions presented appear to provide
a plausible explanation for forms of cardiovascular
regulation that are counterintuitive, like the high

sensitivity of BP to small Hct changes and the appar-
ent beneficial effects of increased blood and plasma
viscosity.
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