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Sriram K, Salazar Vazquez BY, Tsai AG, Cabrales P, Intagli-
etta M, Tartakovsky DM. Autoregulation and mechanotransduction
control the arteriolar response to small changes in hematocrit. Am J
Physiol Heart Circ Physiol 303: H1096-H1106, 2012. First published
August 24, 2012; doi:10.1152/ajpheart.00438.2012.—Here, we pres-
ent an analytic model of arteriolar mechanics that accounts for key
autoregulation mechanisms, including the myogenic response and the
vasodilatory effects of nitric oxide (NO) in the vasculature. It couples
the fluid mechanics of blood flow in arterioles with solid mechanics of
the vessel wall and includes the effects of wall shear stress- and
stretch-induced endothelial NO production. The model can be used to
describe the regulation of blood flow and NO transport under small
changes in hematocrit and to analyze the regulatory response of
arterioles to small changes in hematocrit. Our analysis revealed that
the experimentally observed paradoxical increase in cardiac output
with small increases in hematocrit results from the combination of
increased NO production and the effects of a strong myogenic re-
sponse modulated by elevated levels of WSS. Our findings support the
hypothesis that vascular resistance varies inversely with blood vis-
cosity for small changes in hematocrit in a healthy circulation that
responds to shear stress stimuli. They also suggest beneficial effects
independent of changes in O, carrying capacity associated with the
postsurgical transfusion of one or two units of blood.
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THE EXISTENCE of a direct relationship between blood viscosity
[and hematocrit (Hct)] and blood pressure is a widely held
assumption also supported by epidemiological studies (13, 28).
However, this finding may be more applicable to the older
population, where endothelial dysfunction mitigates the vaso-
dilatory response of increased vessel wall shear stress (WSS),
or when the induced hemoconcentration exceeds the variability
of Hct found in the normal population (40). The influence of
changes in Hct on blood pressure and cardiac output (CO)
within the range of changes found in the normal population has
been studied experimentally (30, 43) and shows a counterin-
tuitive behavior, whereby small Hct increases are associated
with decreased blood pressure and increased CO. An explana-
tion for this behavior is that increased Hct and fluid viscosity
increase WSS (42) in arterioles, thus increasing nitric oxide
(NO) production by the endothelium (32, 33). This increased
NO production promotes vasodilation (2), causing blood pres-
sure to decrease and CO to increase (43). The existence of this
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mechanism was confirmed by experiments in which the ad-
ministration of N-nitro-l-arginine methyl ester (L-NAME)
blocked NO production by the endothelium, negating this
effect.

The administration of L-NAME causes general vasoconstric-
tion of the vasculature, which may overcome additional vaso-
dilator mechanisms induced by the increase in Het and blood
viscosity (43). Furthermore, the effects on blood pressure, CO,
and peripheral vascular resistance are comparatively large
relative to the magnitude of the WSS stimulus, suggesting the
existence of additional non-NO-dependent mechanisms.

The behavior of the circulation (and corresponding regula-
tion) is influenced by coupled physical and biochemical phe-
nomena, including the myogenic response, stimulation by the
sympathetic nervous system, effects of shear stress, etc. (12,
20). In addition, blood O, carrying capacity increases with Hct,
thereby reducing the blood flow required to maintain a constant
level of O, delivery (5).

Several previous studies (3, 7, 23, 46) have focused on the
development of mathematical models of blood flow regulation
by the vasculature. These models describe the mechanics of the
vascular wall exposed to internal pressure and the correspond-
ing effects on vessel tone. They also provide mathematical
descriptions of the myogenic response and WSS-induced ef-
fects and of the coupled behavior of blood flow and the
mechanics of the vessel wall. These studies modeled the behavior
of vessel walls by relying on Laplace’s law, which is rigorously
valid for thin elastic cylinders (46) and remains accurate as
long as the ratio of a vessel’s wall thickness to its diameter
exceeds 10 (ideally 20 or more) (55). While this condition is
applicable to arteries, it breaks down for arterioles, where this
ratio can be as small as 2 or even less (38). Finally, these
models described the effects of WSS on vascular tone using
simple constitutive laws relating WSS with vessel wall tension,
without accounting for the variation of NO bioavailability in
the vascular wall due to WSS changes.

Motivated by the experimentally observed changes in blood
pressure with Het, we modeled the dependence of blood flow
(and CO) on systemic Hct by treating arterioles as thick, elastic
cylinders (54, 61) and coupling hemodynamics and vessel
mechanics. The model allowed us to investigate the effects of
this coupling on autoregulation and to describe changes in the
wall thickness with changing intraluminal pressure. The latter
is a crucial factor for calculating NO transport in the vascula-
ture. We evaluated the concentration profiles of NO in the
vessel wall (51) to account for the vasodilation due to WSS-
induced NO production.
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Experimental studies to describe the mechanical properties
of arteries and arterioles typically quantify elastic moduli (15)
or develop length-tension curves for individual blood vessels.
The observed mechanical behavior is reported as a constitutive
law (23, 46) comprising active and passive (elastic/viscoelas-
tic) components. Our model accounts for both active and
passive stresses. Passive stress is determined by intraluminal
pressure; active stress (the myogenic response) is a function of
tension in the vessel wall (6, 20, 46). Here, we account for the
relationship between pressure and radius of arterioles for small
changes in pressure and then describe the effect of varying Hct
on flow rate through the blood vessel (and hence CO).

METHODS
Simulation Domain

We considered an arteriole with the vascular wall tethered to
adjoining connective tissue, which prevents axial motion of the blood
vessel (37). The arteriole is modeled as a thick cylinder composed of
an isotropic, elastic material (6, 54). We described both the passive
radial deformation of the vessel under internal pressure (i.e., the
passive response of the arteriole to intraluminal blood pressure) and
the myogenic response of the vessel walls to this pressure, which acts
to reduce vessel diameter as intraluminal pressure increases (21).
Blood flow within the arteriole is assumed to be a two-layer flow,
consisting of a red blood cell (RBC)-rich core and a plasma layer
devoid of RBCs (47, 51, 61). The arteriole was assumed to be
surrounded by easily deformable tissue, which exerts negligible com-
pressive stress on the vessel walls.

Blood Flow

We considered steady one-dimensional flow in a cylinder (arteri-
ole) of inner radius R. Blood was modeled as a two-layer fluid,
consisting of a RBC-rich core and a plasma layer (Fig. 1). Following
Refs. 26 and 51, we assumed the following linear relationship be-
tween the plasma layer thickness (8) and systemic Het (Hq):

d=a3Hy+ ay (1)

where as and a4 are fitting parameters. Hq and core Hct (Hc) are
related as follows (51):

RBCrich core

Blunted velocity profile Plasma layer

Fig. 1. Two-phase flow of blood in a cross section of an arteriole with a
cell-free layer and red blood cell (RBC)-rich core, resulting in a blunted
velocity profile. 8, Plasma layer thickness; R, inner radius; vmax, maximum
velocity; r, radial distance from the centerline; z, axial coordinate.
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where \ is the plasma layer thickness and .. and ., are the viscosities
of core blood and plasma, respectively. We made use of the following
experimentally obtained linear relationship for blood viscosity in the
RBC-rich core as a function of H¢ (30, 51): we = aHce + a», where
the fitting parameters a; and a> were set to a; = 0.1678 and a> = —
4.348 cP. The positive root of Eg. 2 yielded a relationship between Hq
and H., which was approximately linear over a physiologically rele-
vant range of Hq (51).

According to the two-phase model of blood flow in a vessel, blood
flow rate (Q) and pressure gradient (J) are related as follows (47, 51):

wJR*
Q=—@x4+1—>\4 3
Bup \ K

The corresponding WSS (1) is given as follows:
T=JR/2 )

For constant Q, 7 has been shown to be linearly related to Het (R? =
0.997) in a previous study (see Fig. 3 in Ref. 51).

Vessel Mechanics

Following Refs. 6, 7, and 46, we assumed the vessel to be elastic
and to exhibit both active and passive responses to blood flow. The
elastic model treats the blood vessel as a tethered cylinder, i.e.,
neglects strain in the axial direction (44), and postulates a linear
relationship between radial strain (#) and the radial (o,) and circumfer-
ential (gp) components of the stress tensor on the vessel walls (54, 61):

u(r) = é[oe(l —v) —vo(l +v)] ©)

where r € [R, R,] is the radial distance from the vessel’s centreline,
which varies between R and the outer radius (R,,) of the vessel’s walls;
E is the elastic modulus of the blood vessel; and v is the Poisson ratio.
We assumed that E is constant (6) and that the vessel wall is
incompressible. The latter assumption is justified by the high water
content of the tissue (54, 61) and allowed us to set v = 0.5 in all
simulations reported below.

The vessel’s active and passive responses to blood flow were
modeled by representing o, = 0y, + 0 and 09 = Top + Oea as the
sums of their respective passive (0., and ogp) and active (0, and 0g,)
components. The passive response represents the stress induced by blood
flow on the vessel’s wall. The corresponding components of the mechan-
ical stress were derived from Lame’s equations (55) as follows:

R*P R? R’P R?
O-rp:—Rg—Rz 1—7 aIldO'ep:—R(z)_R2 l+? 6)

where P is intraluminal blood pressure. The active (myogenic) re-
sponse accounts for the Bayliss effect, which acts to reduce the
vessel’s radius in response to increasing pressure (11, 20). It is
assumed to be linearly proportional to the tension at the surface of the
vessel wall, PR/2, such that (6, 20):

R? R2\ —CPR
M A
o €q 7
R? R2\ —¢CPR ”
Oy = -
"TR-R\ ) Ry

where R.q is the vessel radius at equilibrium at baseline pressure, C is
a fitting parameter, and
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Fig. 2. Experimental measurement of variations of mean arterial pressure (MAP)
with small changes in hematocrit (Hct) from baseline (31, 43). The same results
were obtained in CD-1 mice but not in endothelial nitric oxide (NO) synthase
knockout mice (30). Round symbols indicate data for a single animal, solid line is
the best 3rd order polynomial fit of the data, and the dotted lines indicate 95%
confidence interval for the curve fit.

o
¢ = tanh(—)
T

¢ represents the modulation of the myogenic response by the WSS
[which was normalized with a fitting parameter ()] (23). Equations
7 and 8 account for experimental observations (22) showing that large
values of WSS reduce the strength of the myogenic response.

(8)

Model Closure

To close the system of Egs. /-8, we used experimental observations
(18) and the modeling assumption in Ref. 7, according to which changes
in J in the arteriole are directly proportional to changes in P, as follows:

AJ < AP 9

This assumption is also justified by the role of autoregulation in
ensuring a relatively constant hydrostatic capillary pressure (12, 20),
which implies that larger mean arterial pressures (MAPs) (and hence
larger P) necessitate larger blood pressure gradients in arterioles.
Finally, we allowed for variations of P with Hct. We adapted a
relationship that mirrors the experimentally observed (7, 31, 43) response

Table 1. Model parameters used

ARTERIOLAR RESPONSE TO CHANGES IN HEMATOCRIT

of MAP (and hence P) to small but acute changes in Hct during both
hemoconcentration and hemodilution, as shown in Fig. 2. The change in
MAP (and, consequently, in P) from baseline with Hy is given as follows:

AP = 0.01996H3 - 2.7048H(21 + 120.32H, — 1758.8 (10)
NO Production

Shear-induced NO production. Experimental data (32, 33) have
suggested that, for physiological levels of shear stress, endothelial NO
production varies approximately linearly with 7. We modeled this
phenomenon by assuming that NO production follows Michaelis-
Menten kinetics (8), so that the corresponding reaction rate (R.) is
given as follows:

_ RyomPo, 0

¢ Po,+ K,
Here, the maximum rate of NO production (Rnom) increases linearly
with 7. Po, is the partial pressure of O, and the value of the
Michaelis-Menten constant (K,,,) is shown in Table 1.

Stretch-induced NO production. The data reported in Refs. 3, 24,
and 59 show that not only T but also mechanical stretch of the
endothelium affects NO production. Furthermore, experimental evi-
dence (24) has suggested that circumferential stretch increases NO
production even when WSS is kept constant. In the absence of
detailed quantitative studies of this phenomenon, we assumed that
Rnom is proportional to small variations of the vessel radius.

Combining these two mechanisms of NO production, we postulated
that Rnom responds to mechanical forces according to the following:

AR\*
RNOm = RNOma)(Fr I+ — (12)

Req

where L is a fitting parameter and the constant maximum NO pro-
duction rate in the endothelium (Rnomax) is shown in Table 1. The
simulation results presented below suggest that the stretch-induced
mechanism is crucial to the vasodilatory activity of NO.

NO Transport

We relied on the Krogh tissue model (Fig. 3) to describe the various
layers comprising the vessel tissue and lumen and on a system of
reaction-diffusion equations (26, 51) to model the radial (one-dimen-
sional) transport of NO across these layers.

RBC-rich core (0 = r = R — 8). Po, was assumed to be constant
(26), and NO concentration (Cno) satisfied the following steady-state
reaction-diffusion equation:

Parameter Symbol Value Reference(s)
Solubility of O, v 1.34 uM/Torr 26, 51
Diffusivity of Oz in “fluid” layers Do, 2,800 wm?/s 26, 51
Diffusivity of NO in “fluid” layers Dno 3,300 wm?/s 26,51
Diffusivity of Oz in “solid” layers Do, 2,800 or 1,400 um?/s 17
Diffusivity of NO in “solid” layers Dno 3,300 or 1,650 pm?/s 17,51
Maximum O> consumption rate in tissue Ro, e 20 wM/s 26,51
Maximum NO production rate in endothelium RNoO,max 150 pM/s 26,51
Scavenging rate of NO in blood at 45% Hct b 382.5 57! 26, 51
Rate of consumption of NO in tissue At 157! 26, 51
Michaelis-Menten constant for NO in endothelium Km 4.7 8
Ratio of diffusion coefficients of species in the solid phase to the liquid phase D: 1orl/2 17
Unstressed arteriole inner diameter (i.e., fluid domain) R 20 pm
Unstressed endothelial thickness 1 pm
Unstressed vascular wall 10 pm
Elastic modulus of the vessel wall E 10000 Nm~—2 50
Constant in Eq. 7 C 8

NO, nitric oxide; Hct, hematocrit.
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Fig. 3. Cross section of an arteriole. The version of the Krogh tissue cylinder
model used in our analysis consisted of a RBC-rich core, a RBC-free plasma
layer, the glycocalyx, the endothelium, the vascular wall, and smooth muscle
tissue.

Dyo 0 ( 4C
ﬂ—(r NO)—xch():o (13)

r or ar

where Do is the diffusion coefficient of NO in the RBC-rich core and
Ap is the reaction rate constant of NO scavenging by RBCs. For the
value of membrane permeability determined in Ref. 58, Ny is almost
constant over the range of physiological Hct (57). We therefore set Ay,
to the constant value shown in Table 1.

Plasma layer (R — 8 = r = R) and glycocalyx (R = r = ry, where
rg is radial distance to the outer edge of the glycocalyx). The absence
of RBCs in the plasma layer and glycocalyx allowed us to describe the
transport of Cno and Po, using the following steady-state diffusion

equations:
Dyo 0 [ 0C
—NO—<r NO) =0 (14)
r or ar
VDOZ 0 6P02
—|r =0 (15)
rodr ar

where v is the solubility of O, and Dno and the diffusion coeffient of
02 (Do,) in fluid phases (i.e., the plasma layer and RBC-rich core) are
larger than their counterparts in the vascular wall and the other “solid”
tissue phases (47).

Endothelium (ry = r = ren, Where r., is radial distance to the
endothelium). The rate of O, consumption is assumed to be twice the
rate of NO production (26, 51). Cno and Po, satisfied a coupled
system of the following steady-state reaction-diffusion equations:

Dyo 0 [ 0C
lo—<r—N°> +R,=0 (16)
r adr ar
'YDO,) 0 6P02
~—|r —2R. =0 (17)
r o or ar

Vascular wall (ve, = r = r,, where r,, is radial distance to the
vascular wall) and smooth muscle tissue (r,, = r = r,,, where r,, is
radial distance to the smooth muscle tissue). Following Ref. 8, we
assumed that NO undergoes a pseudo-first-order reaction and that O»
consumption is inhibited by NO in accordance with Michaelis-Menten
kinetics. The corresponding transport equations were as follows:

Dyo 9 ( 9Cno
— | r

(8

—ANCrno =0
r or ar) (-NO

’YDOZ 0 6P02
1 ~R, =0, (19)

r adr ar

with the peak O, consumption rate being lower in the vascular wall
than in the muscle tissue, where, according to Ref. 8:

_ ROz,maxpo2 (20)
" Po, + K"
Cno

Km =1+ m 21)

where Ro, . is the maximal rate of Oz consumption and A, is the rate
of consumption of NO in tissue.

Boundary Conditions for NO and O Transport

Since both Cno and Po, are axisymmetric about the arteriole center
r = 0, transport Egs. 13-21 are subject to the following boundary
condition:

Py (r=0)=0and P

(r=0=0

dCno dPo, (22)
’

We assumed the absence of diffusive fluxes of Cno and Po, across the
outer boundary of the muscle tissue (at radial distance rn, from the
vessel centerline) (26), such that:

ar

6P02
(r=ry =0and (r=ry=0 (23)
r

Mass conservation across the interfaces between adjacent layers
requires the following:

Cyno= Cﬁo, Po, = PO;, Do ar

Jd CNO + J P02 - i) P02 +
=|Dyo—— | , and | D =|D
< NO ) % gy % gy

where the superscripts — and + indicate that the corresponding
quantities were computed inside and outside of each interface, as
shown in Fig. 3.

d CNO) N
(24)

Numerical Implementation

Autoregulation. STEP 1. For a given value of Hct and ignoring the
shear term ¢ in Eq. 7, we determined the constant C from experimen-
tal data for the myogenic response in vessels either with a denuded
endothelium (16) or in the absence of flow (22, 46). The iterative
procedure to determine C in Eq. 7 was as follows:

A. Assume an initial value for C. We used an initial guess of C =
0, which corresponds to purely elastic, passive behavior.

B. Use Egs. 5—8 to calculate the deformation of the vessel for each
of the incremental increases in pressure (AP) from 50 to 60 mmHg.
We used AP = 0.001 mmHg.

C. Compute the slope of the resulting (approximately) linear
relationship between vessel radius and pressure.

D. Compare the calculated slope with that estimated from experi-
mental data (in this study, data from Refs. 22 and 46). If the absolute
difference between the calculated and experimentally observed slopes
exceeds a prescribed tolerance (g,), increase C by A;. We used €, =
103 and A, = 0.01.

E. Repeat steps 1B—1D until the convergence criterion is met.

STEP 2. Once the value of C was computed, we accounted for shear
stress. Specifically, we determined the constant a in Eq. 8 by enforc-
ing autoregulation, i.e., the condition that Q in Eg. / remains constant
with small changes in pressure. The iterative procedure to determine
a in Egq. 8 was as follows:
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Fig. 4. A and B: variations of the vessel radius (A) and vessel thickness (B) with
pressure for different mechanical responses.

A. Assume an initial value for . We used a initial guess of a = 0,
which corresponds to a situation where WSS completely eliminates
the myogenic response.

B. Use Egs. 5-9 to calculate the deformation of the vessel for each
AP from 50 to 60 mmHg.

C. Compute Q values corresponding to each value of pressure using
Egs. 1-4, 9, and 10. Plot the resulting Q versus P curve.

D. If the curve has a nonzero [up to a prescribed tolerance (€2)]
slope, increase a by A,. We used €2 = 10~* and A> = 0.0001.

E. Repeat steps 2B—2D until the slope is zero (up to €»), i.e., until
Q does not change with pressure.

Effect of varying Hct. STEP 3. We prescribed a functional depen-
dence of P on Hq based on experimental data (31, 43). For parameters
C and o computed in steps I and 2, we calculated the vessel’s
response to changes in Hq using the following algorithm:

A. Increase Hy by a small increment (Ay) = 0.001%.

B. Use Eq. 10 to compute the new pressure for the new value of Hg.

C. Use Egs. 8 and 9 to calculate J and ¢.

D. Use Egs. 4-7 to calculate the new vessel radius and thickness.

E. Use Egs. 1-3 to calculate the new Q.

F. Repeat steps 3A-3E to obtain a relationship between Q and Ha.

RESULTS
Changes of Vessel Diameter With Pressure

Figure 4A shows the variation of the arteriole inner radius
with increasing intraluminal pressure. When the myogenic
response is ignored (i.e., when only the passive response is
considered), the vessel radius increased linearly with pressure.

ARTERIOLAR RESPONSE TO CHANGES IN HEMATOCRIT

Conversely, including the myogenic response caused the arte-
riole radius to decrease. Ignoring the shear effects (and hence
the endothelial NO production) enhanced the strength of the
myogenic response modulated by WSS (22, 34). Setting C =
8 in Eq. 7 yielded an active (no flow) response that matched
well with the experimental data (27, 36, 45). Figure 4B shows
the corresponding variation in vessel wall thickness. Passive
and active mechanical responses to the small changes in
pressure led to a linear relation between vessel radius and
pressure. This finding was in agreement with experimental data
(27, 36, 45), providing a justification for the assumption that
the vessel behaves like a linear, elastic material for small
variations in intraluminal pressure.

Figure 5 shows the dependence of flow rate on intraluminal
pressure for several values of parameter o in Eq. 8. For a =
0.1434, flow rate remained constant with small changes in
pressure. This establishes autoregulation, which results from a
balance between the relative strengths of the passive (elastic)
and active (myogenic) responses in the blood vessel, with shear
stress modulating the active response. In this autoregulatory
regime, the vessel radius decreased marginally as pressure
increased; small reductions in the vessel radius offset the
increase in both the pressure gradient and, according to Eg. 9,
pressure; this process resulted in the approximately constant
flow rate.

Effect of Varying Hct

Figure 6, A and B, shows the dependence of both vessel
radius and flow rate on systemic Hct, for pressure varying with
Hct in the manner described in Refs. 31 and 43. When all
parameters were selected to ensure autoregulation (correspond-
ing to constant Hct), we found that flow rate significantly
decreased with Hct. This finding was supported by the exper-
imentally observed variation of CO with Hct (40) but was at
odds with the experimental results reported in Refs. 31 and 43.
The predicted reduction in flow rate can be attributed to the
increase in blood viscosity with Hct while vessel dilation
remained negligible. For larger values of C in Egq. 7, i.e., for
a stronger myogenic response, the variation in flow rate with
Hct resembled the behavior reported in Refs. 30 and 31. The
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1.1 4
% —0.05
o 1 4
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g ) N T e 0.25
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o ~
£ 038 - N, - . =05
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0.6 r . . \
a8 52 56 60 64
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Fig. 5. Effect of varying parameter a on the dependence of flow rate with
intraluminal pressure.
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Fig. 6. A and B: variations of vessel radius (A) and flow rate (B) with Hct
for different strengths of the myogenic response, governed by parameter C
in Eq. 7.

stronger myogenic response offset autoregulatory control by
changing the balance between the active and passive com-
ponents of mechanical stress in the vessel walls. This
suggests that during acute hemoconcentration and hemodi-
lution, the ability to autoregulate was offset, similar to
previously reported data for cerebral tissue exposed to
hemodilution (35, 48).

Figure 7 shows the corresponding variation in vascular
resistance (cardiac index divided by blood pressure; A) and
WSS (B) with increasing Hct. For values of C, which predict
variations in flow rate similar to those reported in Refs. 31 and
43, our model predicted a large reduction in vascular resistance
and significant increases in WSS. This increases NO produc-
tion and contributes to vasodilation. The predicted U-shaped
curve for variations in vascular resistance was in agreement
with calculations from experimental data (31, 43). Figure 8
shows experimental measurements of the dependence of vas-
cular resistance on systemic Hct accompanied by the model
predictions for C = 32 in Eq. 7.
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Fig. 7. A and B: variation of vascular resistance (VR; A) and wall shear stress
(WSS; B) with Hct for different strengths of the myogenic response, governed
by parameter C in Eq. 7.

Analysis of NO Concentration

Figure 9 shows the variation in NO concentration for dif-
ferent values of L in Eg. 12. This parameter controls the extent
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Fig. 8. Changes in VR with systemic Hct for C = 32 (solid line) and
experimental data (31, 43) (dashed line).

Change in VR relative to baseline
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Fig. 9. Effect of parameter L in Eq. 12 on variations of NO concentration with
vessel radius.

of stretch-induced NO production. For L = 0, i.e., in the
absence of stretch-induced NO production, NO concentration
in the vessel wall fell marginally as radius increased. This
decrease in NO concentration occurs because the increasing
vessel radius increases the surface area across which NO
diffuses into the bloodstream and is scavenged by RBCs. This
causes NO bioavailability to fall, since the bloodstream scav-
enges NO at a high rate (26) and because NO has a higher
diffusivity in blood than in tissue (17). In other words, the
increasing radius enhances diffusion of NO produced by the
endothelium into the bloodstream, where it is consumed by
RBCs as opposed to its diffusion into surrounding tissue. The
net effect is to reduce NO bioavailability in the vessel walls.
Higher values of L, i.e., higher stretch-induced NO production,
resulted in an increase of NO concentration with stretch (24,
59). Clearly, for NO to have a role as a vasodilator in this
system, stretch-induced NO production must be significant. For
this study, we used L = 1 as a representative value quantifying
stretch-induced NO production.

Figure 10A shows the variation of average NO concentration
with Hct for different values of C in Eq. 7. This parameter
represents the strengths of active response, as shown in Fig.
6A; C = 48 resulted in a flow versus Hct relation that closely
matched the results reported in Refs. 30, 31, and 40. Figure
10A shows the action of NO as a vasodilator in this system,
with larger vessel radii corresponding to larger NO concentra-
tions. To illustrate the importance of stretch-induced NO pro-
duction on the vasodilatory role of NO, we plotted the variation
of NO concentration with Het for C = 48 and different values
of L in Eq. 12. In the absence of stretch-induced NO produc-
tion, NO bioavailability in the vessel wall actually dropped,
reinforcing the idea that stretch-induced NO production is
necessary for endothelial NO production to stimulate vasodi-
lation in this system (Fig. 10B).

DISCUSSION

In the present report, we present a model for vessel mechan-
ics that incorporates the elastic response and myogenic re-
sponse modulated by shear effects for small changes in pres-
sure and Hct. The comparison with experimental data (30, 31,
40) demonstrates that our model is capable of reproducing both
active and passive responses of the arteriole over the range of
pressure used in these experiments.

ARTERIOLAR RESPONSE TO CHANGES IN HEMATOCRIT

Our model assumes that the primary contributing factor to
NO bioavailability in the vasculature is endothelial NO pro-
duction stimulated by WSS and stretch (3), due to increased
activation of endothelial NO synthase, and focuses on the
effects of coupled of shear and myogenic responses on the
autoregulation of blood flow. We found that physiologically
relevant changes in microvascular regulation occurred when
changes of vessel wall NO concentration were on the order of
0.1 pwM. This finding is in general agreement with those of
previous studies (9, 49, 53). The results shown in Figs. 6 and
9 demonstrate that our model accounts for the effect of this NO
change (produced by the WSS-stimulated endothelium) on the
myogenic response (22, 25, 34) and demonstrate how the NO
concentration varies with WSS and vessel stretch.

Our results suggest that, in the range of pressure studied, a
simple Hookean model for arteriolar mechanics is adequate to
describe the passive and active responses of blood vessels, with
the myogenic response modeled by Eq. 7 as a function of
tension in the vessel wall. Leveraging the thick cylinder theory,
our model accounts for variations in wall thickness as well as
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Fig. 10. A: variations of average NO concentration in the vessel wall for
different values of parameter C in Eq. 8 (and hence different strengths of the
myogenic response) with L = 1 in Eg. /2. B: variations of NO concentration
for different values of L in Eg. 12 with C = 32.
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changes in the vessel’s inner radius. Using existing models of
blood flow in arterioles (47, 51), the model couples the solid
mechanics governing vessel deformation with the hemodynam-
ics of arteriolar blood flow and relates changes in pressure to
changes in flow rate. The two-layer fluid flow model used in
this study accounts for the presence of a discrete plasma layer.
An area of interest for future study is to understand how
variations in plasma layer thickness and viscosity (56) influ-
ence this autoregulatory behavior. As shown in the APPENDIX,
our results for variations of flow rate with Hct are relatively
insensitive to the choice of rheological model, justifying the
selection of the simple two-layer Newtonian model for blood
flow used in this study.

Combined with the experimentally determined dependence
of pressure on Hct (30, 31), our model sheds new light on how
variations in Hct affect the flow rate in an arteriole (and hence
CO). We found that this variation was heavily dependent on
the balance between active (myogenic) and passive (elastic)
responses (controlled by parameter C in Eq. 7). When these
active and passive responses are balanced and achieve auto-
regulation (for constant Hct), the blood flow rate drops signif-
icantly as Hct increases. This behavior is due to the sharp
increase in blood viscosity with increasing Hct (60); it is in
agreement with an earlier study (40) that reported a linear
decrease in CO with increasing Hct. We also demonstrated that
the nonlinear behavior reported in Refs. 30, 31, and 43 is likely
due to an offset in the balance between the active and passive
responses, with the active (myogenic) response dominating
(see Fig. 6). This sharper active response results in arteriolar
dilatation (for reductions in pressure) and hence in increased
flow rate. A previous study (35) has suggested a similar change
in autoregulatory behavior in cerebral tissue for mild hemodi-
lution.

The origin of this increased active response is a matter for
future study. Possible explanations include this being a tran-
sient effect, since the mechanical response of blood vessels (4,
7, 15) and NO production (32, 33) vary with time; other aspects
of the experimental procedure, such as the effect of anesthesia
on muscle tone; or other stimuli, such as increased activation of
the sympathetic nervous system, which has been associated
with hemoconcentration (1). Understanding this unexpected
response to acute hemoconcentration is important, as the un-
derlying physiology may be crucial for predicting responses to
blood transfusion, which are accompanied by acute fluctua-
tions in Het (19). Future study in this area (both experimental
and theoretical) is needed to better understand the cardiac
response due to RBC concentration/dilution and the underlying
physiology.

We mathematically showed that stretch-induced NO produc-
tion is crucial to the role of NO as a vasodilator (see Figs. 9 and
10). Without this stretch-induced mechanism, increasing vessel
radius would cause NO levels in the vessel wall to drop,
thereby eliminating the vasodilatory effect of NO. However,
with stretch stimulating NO production by the endothelium, it
is possible for NO levels to rise and be maintained at a higher
level (relative to some baseline) as vessel radius is increased.
This suggests the need for further study of stretch-induced NO
production, especially to obtain more rigorous mathematical
models of changes in NO production in response to changes in
stretch. The importance of shear-induced NO production is
qualitatively illustrated by the resulting NO bioavailability
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(Fig. 6B). The results shown in Figs. 6A and 10A demonstrated
a relationship between NO bioavailability and vasodilation.
They suggest that, in the range of physiological concentrations,
there exists a simple constitutive relationship between NO
concentrations in the vascular wall and the extent of modula-
tion of myogenic responses.

The curves for NO concentration, flow rate, and vascular
resistance led us to conclude that the physiological response to
Hct variations occurs as a result of the combination of me-
chanical (i.e., fluid mechanics of blood flow and solid mechan-
ics of vessel walls) and biochemical (i.e., metabolic factors and
the vasodilatory effect of NO) effects. Each aspect influences
the other since mechanical changes cause WSS variations,
which, in turn, influence the biochemistry within the vessel
wall (by increasing NO concentrations), which, in turn, influ-
ences the mechanical side of the problem by altering the
strength of the Bayliss effect and hence changing vessel me-
chanics and blood flow. The result is a complex balance
between various, often competing, mechanical and biochemi-
cal processes.

A hamster experimental study (41) in which the increase in
Hct was induced by transfusing RBCs whose hemoglobin (Hb)
was converted to metHb (and therefore did not scavenge NO)
has elucidated the role of changes in NO bioavailability due to
increased WSS. Increasing blood viscosity with metHb-con-
verted RBCs significantly extended the range of the Hct in-
crease before causing hypotension, since the increase of vol-
ume (concentration) of RBCs did not increase the rate of NO
scavenging by Hb. In addition to these data, the paradoxical
response of cardiac function to acute Hct variations was not
observed in endothelial NO synthase knockout mice (30). This
finding further strengthens the hypothesis that the physiologi-
cal response to Hct variations discussed in this study is strongly
influenced by endothelial NO production and its increase due
to increased WSS.

These results serve to explain, in part, the perception that the
transfusion of a single unit of blood could be of benefit, even
though in general it is of little significance in terms of changes
of O, carrying capacity. Furthermore, in restrictive transfusion
practice, it could help decide whether to transfuse a single unit
or two units. This is because transfusion of a unit of blood
increases Hb (i.e., Hct) by 1 g/dl or 7%, which is the range of
the maximal reduction of vascular resistance, whereas two
units or 14% place the circulation in the range where vascular
resistance increases above baseline (29). These simplified cal-
culations were based on a Hct of 45% (Hb of 14 g/dl), which
would not justify a blood transfusion and assumed an isov-
olemic change in Hct that does not occur in blood transfusions.
Moreover, they were derived for our experimental model,
where a scaling between experimental and human conditions
has not been established.

In conclusion, our study establishes a mathematical model
for the pressure response of arterioles by extending previous
models (20, 45) and coupling this mechanical response with
fluid flow within an arteriole that treats blood as a two-layer
fluid with the presence of a distinct plasma layer. Applying this
framework to model the regulatory response of arterioles with
changes in Hct resulted in calculated variations in CO that
matched experimental data, depending on model parameteriza-
tion. We found that the reported anomalous variations in CO
(30, 31, 43) are due to the combination of increased NO
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production and bioavailability by the increased WSS and a
shift in the balance between passive and active mechanical
responses of the arteriole affecting the autoregulatory response.
These results have considerable implications for the under-
standing physiological response to acute Hct variations asso-
ciated with blood transfusion and blood losses, since they
suggest a significant increase in perfusion after a modest
increase in Hct associated with the infusion of a unit of packed
RBC:s that is independent of the change in O, carrying capac-

1ty.

Model Limitations and Scope for Future Work

First, our model neglects transient effects in both the vis-
coelastic response of arteriole walls (7) and NO production in
response to changes in WSS (32, 33). These mechanical and
biochemical phenomena suggest that modulation of the myo-
genic response by shear effects is time dependent.

Second, shear-induced NO production has steady and tran-
sient components; acute changes in WSS induce gradual
changes in NO production, until a new steady state is reached
(32, 33). This effect can be analyzed by including a time-
dependent decay function for the transient element of shear-
induced NO production in Eq. 12, which relates NO production
with WSS. Incorporation of these transient effects will estab-
lish the timescales needed for the system to reach the steady
state examined in this study.

Third, the arteriole was modeled as an isotropic material
with a constant elastic modulus. However, an arteriole’s elastic
modulus in the longitudinal direction is higher than its coun-
terpart in the circumferential direction (15). Future studies will
account for this anisotropy. Furthermore, an arteriole’s elastic
modulus is not constant but varies with radius. For small
deformations, this is not a significant problem; however, for
larger deformations (and variations in pressure), this variation
of elastic modulus with radius might become important.

The thick cylinder theory used in our analysis can be used in
followup studies to better understand the mechanical behavior
of the vessel wall, such as the effects of Poisson’s ratio of the
vascular wall on vessel deformation (44).

Fourth, our study deals with a single arteriole rather than a
network of blood vessels. Future studies of autoregulation in
networks of blood vessels would provide a more realistic
picture of autoregulation in a whole organ (14, 39). Completion
of the description of the autoregulatory behavior of an entire
network requires accounting for long-range “conducted” re-
sponses, where signals from individual blood vessels are con-
ducted to neighboring vessels, ultimately coupling the responses
of most vessels. Thus, dilation/constriction of upstream large
vessels results in corresponding dilation/constriction of vessels
downstream. This effect can be accounted for by introducing an
additional component into the active response component of our
model (Egq. 7), so that active stresses are also a function of signals
conducted from other points in the network.

Fifth, future refinements of our model will also account for
the action of vasoactive substances other than NO, e.g., the
release of endothelin (a powerful vasoconstrictor that counter-
acts the dilatory effects of NO) from the endothelium and the
release of prostacyclin (another potent vasodilator).

Finally, to make these studies relevant to conditions of
transfusion medicine, it will be important to repeat the analysis

ARTERIOLAR RESPONSE TO CHANGES IN HEMATOCRIT
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Fig. 11. Variations of flow rate with systemic Hct using both the Newtonian
model for blood viscosity (Eq. 2 in Ref. 51) and the Quemada shear thinning
model (52) for C = 32 in Eq. 7.

and experimental program to deal with changes of Hct in
animals that are at lower Hct baseline, as would be the case in
medical practice.

APPENDIX: USING ALTERNATIVE RHEOLOGICAL MODELS
FOR BLOOD

Our treatment of blood as a Newtonian fluid is an approximation,
as blood is typically modeled as a non-Newtonian fluid (52) that
exhibits shear-thinning behavior. Modeling blood as a non-Newtonian
fluid typically involves expressing blood viscosity as a function of Hct
as well as shear rate. An example of the rheological models used to
describe blood as a non-Newtonian fluid is the Quemada model,
which was used to explore the behavior of plasma expanders (52).
Using the Quemada model instead of the Newtonian model to de-
scribe the rheology of the RBC-rich core in an arteriole, we followed
the procedure outlined in Ref. 52 to calculate velocity profiles in the
arteriole and to examine how flow rate varies with Hct. This enabled
us to verify that our results are not simply the consequence of an
incomplete rheological model for blood. We found that our results
were relatively insensitive to the rheological model chosen and that
our results (and conclusions) should hold even when blood is treated
as a shear-thinning, non-Newtonian fluid. To demonstrate this, Fig. 11
shows the predicted variation of flow rate with systemic Hct using
both the Newtonian and Quemada rheological models. The difference
in predicted values between the two models was small, and the same
general relationship between flow rate and systemic hematocrit was
preserved.
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