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Goldman, Daniel, Ryon M. Bateman, and Christopher G. Ellis.
Effect of decreased O supply on skeletal muscle oxygenation and O»
consumption during sepsis: role of heterogeneous capillary spacing and
blood flow. Am J Physiol Heart Circ Physiol 290: H2277-H2285, 2006.
First published January 6, 2006; doi:10.1152/ajpheart.00547.2005.—One
of the main aspects of the initial phase of the septic inflammatory
response to a bacterial infection is abnormal microvascular perfusion,
including decreased functional capillary density (FCD) and increased
blood flow heterogeneity. On the other hand, one of the most important
phenomena observed in the later stages of sepsis is an increased depen-
dence of tissue O, utilization on the convective O supply. This “patho-
logical supply dependency” is associated with organ failure and poor
clinical outcomes. Here, a detailed theoretical model of capillary-to-tissue
O, transport during sepsis is used to examine the origins of abnormal
supply dependency. With use of three-dimensional arrays of capillaries
with heterogeneous spacing and blood flow, steady-state O, transport is
simulated numerically during reductions in the O, supply. Increased
supply dependency is shown to occur in sepsis for hypoxic (decreased
hemoglobin O, saturation) and stagnant (decreased blood flow) hypoxia.
For stagnant hypoxia, a reduction in FCD with decreasing blood flow is
necessary to obtain the observed increase in supply dependency. Our
results imply that supply dependency observed under normal conditions
does not have its origin at the level of individual capillaries. In sepsis,
however, diffusion limitation and shunting of O, by individual capillaries
occur to a degree that is dependent on the heterogeneity of septic injury
and the arrangement of capillary networks. Thus heterogeneous stoppage
of individual capillaries is a likely factor in pathological supply depen-
dency.

inflammation; computational model; microcirculation; supply depen-
dency; functional shunting

SEPSIS, IN WHICH A LOCAL BACTERIAL infection produces a sys-
temic inflammatory response, is a clinical disease that often
leads to multiple organ failure and death (28). Despite some
recent advances in the treatment of sepsis (6, 35), it remains
one of the leading causes of mortality, and many of its basic
mechanisms are not fully understood (5, 13, 20, 26). One of the
most well-known features of sepsis (in humans and animal
models) is its effect on the microcirculation, including in-
creased capillary stopped flow and decreased functional capil-
lary density (FCD) (4, 14, 25), increased blood flow heteroge-
neity, and loss of flow regulation resulting in blood flow
maldistribution (14, 33, 41). Severe sepsis often results in a
decreased ability of tissues to extract O, from the blood (12,

37, 39). Although the exact mechanism is not known, it has
been suggested that decreased O, extraction in sepsis is related
to microcirculatory disturbances, e.g., increased heterogeneity
of capillary spacing and blood flow and the resulting increased
heterogeneity of local O, supply (21, 22, 43, 44).

On the basis of experimental measurements of FCD, capil-
lary hemodynamics, and oxyhemoglobin saturation (So,) in rat
skeletal muscle (14), we previously constructed a computa-
tional model to study the effect of changes in capillary O,
supply parameters on tissue oxygenation and O, consumption
under normal and sepsis conditions (16). Because stoppages of
individual capillaries, rather than entire networks, are observed
in this muscle during sepsis (14), the model uses a relatively
large, three-dimensional (3D) array of parallel capillaries to
simulate O, transport for normal (or control) and severe sepsis
conditions. The key feature of the model is that it allows study
of steady-state O, transport under the conditions of heteroge-
neous capillary spacing and blood flow observed during sepsis
(14), including possibly important effects such as diffusive
interactions between capillaries, decreased O, consumption
due to localized decreases in tissue oxygenation, and diffusion
limitation of O, transport (31, 32). For measured baseline O»
supply conditions, previous simulation results showed that the
intrinsic (or maximum) O, consumption rate increases in
sepsis, tissue oxygenation decreases and becomes more heter-
ogeneous, and these effects increase with the degree and
heterogeneity of capillary flow disturbances. Simulations also
showed that capillaries with relatively fast flow, which increase
in number in sepsis, act only partly as shunts and play a
significant role in Oy delivery. Although levels of tissue O,
partial pressure (Po) low enough to decrease O, consumption
(“dysoxia”) were not found, results indicated that, in sepsis,
tissue would be more susceptible to dysoxia if the overall O,
supply were decreased. This suggested an additional area of
investigation, because cardiac output and respiratory function
can decrease in severe sepsis (3).

One of the main characteristics of advanced or late-stage
sepsis is a decreased ability of tissues to extract O, from the
blood (7). In healthy individuals, O, extraction [or total O,
consumption for a given tissue volume (V0,)] is essentially
independent of the O, supply rate (Qo,) down to a critical Qo,
(Q02.¢rit) below which Vo, begins to fall: above Q0y,crir, there
is an “aerobic plateau,” and, below QO02,crit, V0o is “supply
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dependent.” Because the tissue is unable to extract 100% of the
05 supply, the measured slope of Vo, vs. Qo, during O, supply
dependency (msq) is ~0.75. Septic patients and nonseptic
individuals have a similar Vo,-Qo» relation, but sept1c patients
have a much higher Q02,ci¢ for the same baseline Voo. They
also extract a smaller proportion of the O, supplied, resulting
in a lower myq (~0.6) and a larger positive slope for the aerobic
plateau (mplaean). The higher Q02,crit and decreased ability to
extract O, in sepsis have led to the concept of “pathological
supply dependency,” which has been found in humans (11, 43),
animal models (21, 30), and various tissues, including muscle,
in sepsis (9).

Part of the motivation for the present study was to examine
how changes in FCD and heterogeneity of capillary blood flow
in sepsis are related to increased supply dependency. A previ-
ous model study using statistical theory showed that increased
heterogeneity in microvascular perfusion, leading to a mis-
match between local O, supply and O, demand, can result in an
increased Q0s,ric and a decreased mgq (44). However, this work
did not directly address the source of the relevant increases in
heterogeneity and, in particular, whether these increases are
primarily due to individual capillary stoppages or loss of flow
regulation at the arteriolar level.

In the present study, we use our computational model of
spatially heterogeneous capillary O, transport in skeletal mus-
cle to calculate how decreasing Qo. from baseline values
affects tissue oxygenation and Vo, under control and severe
sepsis conditions. We present results for tissue O distribu-
tions, minimum tissue Po,, tissue fraction at risk for dysox1a
and Vo, including two different methods for decreasing Qos:
stagnant hypoxia (reduced flow velocity) and hypoxic hypoxia
(reduced So, at the capillary entrance). We discuss the differ-
ences between control and sepsis and make comparisons with
a simpler, single-capillary (modified Krogh) model. Finally,
we interpret our results in terms of the importance of capillary
stopped flow in producing the observed increases in supply
dependency during sepsis.

MATHEMATICAL MODEL

Capillary geometry and blood flow. We previously de-
scribed a three-dimensional spatially heterogeneous capillary-
array model for the rat extensor digitorum longus (EDL)
skeletal muscle that incorporates observed changes in FCD and
capillary blood flow velocity distributions during sepsis (16).
On the basis of experimental data for a 24-h sepsis model (14)
and a tissue region that is 400 wm long and ~17,500 pm? in
cross-sectional area, 16 normal, 8 fast, and 8 stopped vessels
are used to represent the control case and 7 normal, 7 fast, and
13 stopped vessels are used to represent the (severe) sepsis
case. A muscle fiber construction that produces a realistic
degree of spatial heterogeneity (18) was used to randomly
place parallel capillaries in the tissue domain. Figure 1A shows
how the 24 concurrently flowing capillaries for the control case
are distributed in the cross section where the fast- and normal-
flow capillaries are selected randomly. For the sepsis case (Fig.
1B), fast-, normal-, and stopped-flow capillaries are selected
from the same set used for the control case, but fast-flow
vessels are constrained to one quadrant to simulate observed
increases in flow heterogeneity. This “clustering” of fast-flow
capillaries is designed to simulate the most heterogeneous
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Fig. 1. Distribution of capillaries in tissue cross-section in control case (A) and
during sepsis (B).

septic injury that is observed at the capillary level and one that
would be most likely to result in increased O, supply depen-
dency.

The tube hematocrit (Hr) is fixed at 0.25, the average
experimental value (14), and the discharge hematocrit (Hp) is
then obtained from an empirically derived formula (34). For
control and sepsis cases, baseline red blood cell (RBC) veloc-
ities (vrpc) are initially fixed at 130 wm/s for normal-flow (14)
and 500 pm/s for fast-flow (16) capillaries. Because there is
evidence that total flow decreases in the EDL during sepsis
(25), global adjustments are made in vgpc to obtain a baseline
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sepsis case with 64% of the RBC flow in the baseline control
case.

Capillary-to-tissue O» transport. The O, transport model
(15-19) describes transport of O in blood and tissue, including
O3 bound to hemoglobin (Hb) and dissolved in the blood, as
well as the effect of tissue myoglobin (Mb). In the capillaries,
O, transport is given by a time-dependent equation for So,

as dp,

-1
— = |HCyp + op, ——
ar ( TCH, T O dS) @)

AT
X | = HDCHb+0LbE afg—ﬁgijde

where vy, is mean blood velocity, R is vessel radius, £ is the
local axial coordinate, and 6 is the local circumforantial coor-
dinate. The two terms in parentheses represent the volume- and
flow-weighted O,-carrying capacities of blood: Py, is blood Po»,
oy, and &y, are volume- and flow-weighted blood O, solubilities,
and Cyp is O»-binding capacity of the Hb solution inside
RBCs. Py(S) = Pso[S/(1 — )]V (where S is O, saturation and
Pso is O3 half-saturation pressure) is the blood Po, obtained by
inverting the Hill equation for the Hb-O, equilibrium binding
curve. The blood-tissue O, flux (j) is given by

j=k(P,—P,) (2)

where P, is tissue Po, at the vessel surface and k is a mass
transfer coefficient that depends on hematocrit (18).

For all simulations, S is fixed in all inlet segments by the
parameter S,. Although, in reality, S, is not the same for all
capillaries, this is a simplifying assumption that allows us to
focus on heterogeneities in capillary spacing and blood flow
and could be justified for capillaries supplied by the same
arteriole. For baseline cases (control and sepsis), the blood
velocities and hematocrits needed in Eg. I are assigned on the
basis of experimental data as described above. For the cases
with reduced O, supply, vgec and S, are each decreased
separately from baseline, with all other O, transport parameters
(e.g., hematocrit) fixed at baseline values. This procedure does
not explore the full range of possible O, transport parameters;
however, it does cover the relevant range for sepsis for the
cases corresponding to separate decreases in cardiac output and
respiration.

For reductions in vgpc, two cases are studied: constant
and decreasing FCD. The latter case represents the dere-
cruitment observed experimentally as the RBC supply to a
capillary bed is reduced. On the basis of experiments by
Lindbom and Arfors (27), FCD is decreased by specifying
uniform distributions of normal (90-170 pm/s) and fast
(300-700 pm/s) velocities and using a threshold velocity
(40 pm/s for control and 80 pwm/s for sepsis) below which
RBC flow is assumed to stop. The numbers of flowing
capillaries for several reductions in vggc are shown in Table
1. In general, decreasing FCD with vggc will decrease the
efficiency of O, transport and, therefore, decrease O, ex-
traction, with higher threshold velocities producing greater
decreases in O extraction.

O, transport in the tissue is given by a time-dependent
equation for Po,

H2279

Table 1. Decreases in FCD with vgpc

Control Sepsis
% VvrRBC n % VrRBC n
100 24 100 14
50 24 75 12
25 15 50 8
10 8 25 7

vrec, Red blood cell velocity; n, number of flowing capillaries; FCD,
functional capillary density.

P (
—={1+
ot

1 o1 Sy
a a dp

Cun dSMb)"

a dP 3

where o and D are the tissue O, solubility and diffusivity and
Cwmb, Dviv, and Syp are the O, binding capacity, diffusivity,
and O, saturation of Mb. Michaelis-Menten consumption ki-
netics are used to describe the dependence of O, consumption
on Po, [M(P) = MoPAP + P.), where M is tissue O, con-
sumption rate], and the equilibrium Mb saturation is given by
SMb(P) = P/(P + PSO,Mb); where PSO,Mb is Mb half-maximal
pressure. At the vessel-tissue interface, a flux boundary con-
dition on P is applied using Eg. 2, and no-flux boundary
conditions are applied on the outer tissue surfaces in the z
direction.

On the outer tissue surfaces in the x and y directions,
periodic (16, 19) or no-flux (18) boundary conditions are
specified to represent two extremes of the effect of neighboring
capillary networks on the O, distribution within the computa-
tional domain, i.e., the region being modeled. With periodic
boundary conditions, the neighboring tissue is effectively tiled
with identical copies of the computational domain. In the case
of sepsis, the groups of seven fast-flow capillaries are evenly
spaced in the surrounding tissue (Fig. 2A). With no-flux bound-
ary conditions, the neighboring tissue is tiled with multiple
versions of the computational domain reflected at the domain
boundaries. Regions containing the group of seven fast-flow
capillaries are thus clustered in groups of four (Fig. 2B). The
difference in effective capillary spacing between the periodic
and zero-flux boundary conditions is due to the corner location
of the group of fast-flow capillaries, i.e., the heterogeneity of
capillary spacing in the network being considered. Once the
boundary conditions are specified, steady-state solutions to the
O, transport Egs. [-3 are calculated numerically using a
finite-difference method (15).

Model parameters. Most of the parameters used in our O,
transport calculations (Table 2) are the same as those used
previously (16). As reported previously (14), My is estimated
by comparing measured capillary O, extraction ratios (14) with
numerical calculations of the extraction ratios for several
values of My. For control, this yields the My used previously:
1.5 X 107* ml O, ml~'-s™!. For sepsis, My was previously
estimated to be 526 X 107* ml O,-ml '-s™! under the
assumption that baseline O, supply did not decrease (16).
However, in the present work, we have assumed a 36%
decrease in baseline O supply in sepsis (25). Therefore, for
consistency with measured O, extraction ratios (14), it was
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Fig. 2. Boundary conditions in x and y directions during sepsis. Periodic (A)
and no-flux (B) conditions give different effective arrangements of capillary
networks in and around the computational domain. m, Group of clustered
fast-flow capillaries. For periodic conditions, surrounding capillary networks
are identical, and maximum distance between any tissue point and fast-flow
capillaries is ~115 pwm. For no-flux conditions, surrounding networks are a
reflection of the network considered, and maximum distance between any
tissue point and fast-flow capillaries is increased by ~50%.

necessary to use a reduced value: My = 3.98 X 1074 ml
O, ml~tes™ L

RESULTS

For each case studied, O, delivery parameters and the Po,
boundary conditions in the x and y directions are fixed, and
numerical calculations are performed to obtain the steady-state
distributions of O, in the capillaries and muscle tissue. Periodic
and no-flux boundary conditions are considered to simulate the
extremes of the effect of neighboring capillary networks on the
O, distributions in the tissue surrounding the capillary network
being considered. Tissue O, distributions at baseline O, supply

O, DELIVERY AND UPTAKE IN SKELETAL MUSCLE DURING SEPSIS

Table 2. Biophysical parameters for O transport

Parameter Value

a 3.89 X 107> ml Ox'ml™ !"'mmHg !
D 241 X 107° cm?/s

Cup 0.52 ml O2/ml

Pso 37 mmHg

n 2.7

P. 0.5 mmHg

Qb 2.92 X 107> ml Oz'ml™ "mmHg !
& 2.96 X 107> ml O>'ml~ "*mmHg !
Cwmb 2 X 1073 ml Ox/ml

Psomb 5.3 mmHg

D 3 X 1077 cm?/s

o and D, tissue O solubility and diffusivity; Cup, O2 binding capacity of Hb
solution in RBCs; Pso, Hb half-saturation Po»; n, Hill exponent; P, critical Po»
for O2 consumption; ap and &b, volume- and flow-weighted blood O solu-
bility; Cwmp, tissue Mb O, binding capacity; Psomb, Mb half-saturation Po»;
D, diffusivity of Mb.
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Fig. 3. Tissue Po, probability distribution functions for stagnant hypoxia with
constant functional capillary density (FCD) and periodic boundary conditions,
where V is red blood cell velocity (vrec). A: control, with baseline sepsis case
shown for comparison. B: sepsis.
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(Q0,) for control and sepsis cases with periodic boundary
conditions are shown in Fig. 3. At baseline, the sepsis case
already has lower minimum tissue Poz (Pmin, 17.9 vs. 40.0
mmHg for control), higher spatial heterogeneity of tissue Po,
{standard deviation/mean [CV(Po;)] of 0.22 vs. 0.04 for con-
trol}, and higher total Vo, (4.04 X 10~° ml Oyfs vs. 1.54 X
102 ml Oy/s for control). No-flux boundary conditions have
little effect on the control case but decrease P, and increase
spatial heterogeneity for the sepsis case (Fig. 4). The difference
between results for periodic and no-flux boundary conditions
depends on the heterogeneity of the capillary arrangement
inside the computational domain. This is one reason why the
sepsis case, with fast-flow capillaries clustered in one corner, is
more sensitive to the imposed boundary conditions.

Figures 3 and 4 also show the effect of decreasing Qo, via
vrec, Where FCD is held constant. For control, Po, distribu-
tions become broader as Qo- decreases, but P;,, does not reach
zero; and Vo, remains nearly constant, until Qo becomes very
small (~10% of baseline). For sepsis (Fig. 3B), Po, distribu-
tions also become broader as Qo decreases, but Pp,;, decreases
more quickly than for control and becomes almost zero when
Qo, is only 50% of baseline (75% for no-flux boundary
conditions). This indicates that, for sepsis, Vo, begins to
decrease sharply at a much higher relative Qo than for control
(50-75% of baseline compared with ~10%).

Calculated Vo,-Qos curves for control and sepsis cases with
periodic boundary conditions are compared in Fig. 5 for: I)
stagnant hypoxia with constant FCD, 2) stagnant hypoxia with
decreasing FCD, and 3) hypoxic hypoxia. For all three types of
hypoxia, Vo; is initially flat for control and then drops sharply
as Qo, approaches zero; for sepsis, Vo, initially decreases
faster and then begins to drop sharply at a lower relative Qo,.
Calculated Vo,-Qo, curves for control and sepsis with no-flux
boundary conditions are shown in Fig. 6. No-flux boundary
conditions increase Mplaeau, cause supply dependency to begin
at a higher O, supply, and decrease mgq.

Figures 5 and 6 show that for sepsis, with periodic and
no-flux boundary conditions, the curves for hypoxic and stag-
nant hypoxia with decreasing FCD are nearly identical,
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Fig. 4. Tissue PO, probability distribution functions during sepsis for stagnant
hypoxia with constant FCD and no-flux boundary conditions.
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Fig. 5. Oz extraction-O> supply curves for stagnant and hypoxic hypoxia for
periodic boundary conditions in the control case (A) and during sepsis (B).

whereas the curve for stagnant hypoxia with constant FCD is
slightly higher. Because experimentally the type of hypoxia
imposed has not been observed to affect the shape of V0,-Qo>
curves (38), the result here indicates that decreasing, rather
than constant, FCD is the appropriate assumption for stagnant
hypoxia. Therefore, for sepsis with stagnant hypoxia, only
decreasing FCD is considered below. For control, on the other
hand, constant (rather than decreasing) FCD gives a better
match between the V0,-Qo, curves for stagnant and hypoxic
hypoxia. However, because the curve for hypoxic hypoxia lies
between the two curves for the stagnant hypoxia cases, the
conclusion is that the threshold velocity chosen for the control
case (40 pm/s) was too large. Rather than iterate to find a
self-consistent threshold velocity, we consider stagnant hyp-
oxia with constant FCD to be a reasonable approximation for
the control case.

For sepsis, calculations show a greater effect of hypoxic than
of stagnant hypoxia on Ppnin: 4.3 vs. 7.2 mmHg for periodic
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Fig. 6. O extraction-O> supply curves for stagnant and hypoxic hypoxia for
no-flux boundary conditions in the control case (A) and during sepsis (B).

conditions with a 35% decrease in Qo,. Hypoxic hypoxia also
produces a higher fraction of tissue with Po, <I mmHg: 0.18
vs. 0.15 for periodic conditions with a 60% decrease in Qo»
and 0.20 vs. 0.17 for no-flux conditions with a 50% decrease in
Qo,. The criterion Po, <1 mmHg is used to identify tissue at
risk for dysoxia, because in our Michaelis-Menten description
of O, consumption kinetics, a critical Po, of 0.5 mmHg is
assumed. Calculations of CV(Po,) indicate slightly less het-
erogeneity of tissue Po, caused by hypoxic than by stagnant
hypoxia: 0.606 vs. 0.614 for periodic conditions and 0.816 vs.
0.900 for no-flux conditions, both with a 50% decrease in Qo-.

In addition to the above-mentioned results, the following
parameters of the V0,-Qo, curves are shown in Table 3 for
control and sepsis cases: Mplatau, Msa, and the critical Oo
extraction ratio (O2ERcit = V02,0rit/Q02.crit, Where V0o ot is
critical Vo,). These parameters, which were derived by dual-
line regressions on the calculated data points (44) (Fig. 7), are
mainly affected by the physiological conditions (control vs.

O, DELIVERY AND UPTAKE IN SKELETAL MUSCLE DURING SEPSIS

Table 3. Parameters of Voz-Qos curve for stagnant
and hypoxic hypoxia

Periodic No-Flux
Stagnant Hypoxic Stagnant Hypoxic
Control
Mplateau 0.00538 0.00560 0.00581 0.00587
Msd 1.00 1.00 1.00 0.988
O2ERGri¢ 1.00 1.00 1.00 0.996
Sepsis
Mplateau 0.0608 0.0632 0.126 0.128
Msd 0.836 0.917 0.401 0.494
O2ERric 0.961 0.965 0.714 0.759

Mplateau, Slope of aerobic plateau; msq, slope of supply-dependent region;
O2ERui, critical O> extraction ratio.

sepsis) and, in sepsis, by the boundary conditions (periodic vs.
no-flux) and do not vary greatly between hypoxic and stagnant
hypoxia.

DISCUSSION

Our experiment-based simulations of O, transport in the
EDL show the importance of increased O, consumption, de-
creased overall O, supply, and increased O, supply heteroge-
neity during sepsis. At baseline, i.e., under average measured
conditions, Qo is 36% lower and My is 165% higher in sepsis
than in control, leading to a greater susceptibility to hypoxia.
This susceptibility is increased by the loss of FCD and greater
blood flow heterogeneity in sepsis. By incorporating these
factors into our computational model, we have shown that
increased capillary-level heterogeneity during sepsis can lead
to an increase in supply dependency similar to that observed
during sepsis (9, 21, 30, 43).

Because local O, consumption depends on Po,, the supply
dependency found here in sepsis is a direct result of insufficient
O, delivery to certain tissue regions. The role of heterogeneity

42 : : : : . .
Sepsis
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8\, No-Flux s
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o supply Sy T3 plateau"
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Fig. 7. Dual-line regression of O, extraction-O> supply curve for sepsis during
stagnant hypoxia with decreasing FCD calculated using the 3-dimensional
model and no-flux boundary conditions. ERcri, critical Oz extraction ratio; ysd,
regression line for supply-dependent region; yi, regression line for aerobic
plateau.

AJP-Heart Circ Physiol - VOL 290 « JUNE 2006 « www.ajpheart.org

0T0Z ‘0T Arenuga4 uo Bio'ABojoisAyd-reaydle woiy papeojumod



http://ajpheart.physiology.org



http://ajpheart.physiology.org







