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Abstract

Vessel leakiness is a hallmark of inflammation and cancer. In inflammation, plasma extravasation

and leukocyte adhesion occur in a coordinated manner to enable the immune response, but also to

maintain tissue perfusion. In tumors, similar mechanisms operate, but they are not well regulated.

Therefore, blood perfusion in tumors is non-uniform, and delivery of blood-borne therapeutics is

difficult. In order to analyze the interplay among plasma leakage, blood viscosity, and vessel

geometry, we developed a mathematical model that explicitly includes blood cells, vessel branching,

and focal leakage. The results show that local hemoconcentration due to plasma leakage can greatly

increase the flow resistance in individual vascular segments, diverting flow to other regions.

Similarly, leukocyte rolling can increase flow resistance by partially blocking flow. Vessel dilation

can counter these effects, and likely occurs in inflammation to maintain blood flow. These results

suggest that potential strategies for improving perfusion through tumor networks include (i)

eliminating non-uniform plasma leakage, (ii) inhibiting leukocyte interactions, and (iii) preventing

RBC aggregation in sluggish vessels. Normalization of tumor vessels by anti-angiogenic therapy

may improve tumor perfusion via the first two mechanisms.
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INTRODUCTION

At sites of inflammation, endothelial adhesion molecules are upregulated, vascular

permeability increases1,22,27,36 and venules dilate.37 Leukocytes roll on the endothelium,

adhere, and transmigrate into the interstitial matrix, which has been modified by extravasated

plasma proteins. All of these events can affect blood perfusion through the network. For

example, local flow resistance may increase because the rolling and adherent leukocytes reduce

the effective vessel cross section29,41 and because plasma leakage results in

hemoconcentration, which increases blood viscosity.28,39 On the other hand, vessel dilation

can reduce flow resistance through individual segments. All of these events are carefully

regulated by cytokines and growth factors expressed by stromal and inflammatory cells.
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Interestingly, many of these same cytokines and growth factors are present in solid tumors:

some are produced by hypoxic cancer cells to recruit new blood vessels, while others are

secreted by infiltrating immune or stromal cells12 attempting to heal the chronic, growing

“wound.”6,11 But these processes are poorly regulated in tumors—both spatially and

temporally—and the “inflammation” does not “resolve” as in normal physiology. Thus, blood

vessels in tumors are hyperpermeable,11,17,49 with some vessels allowing extravasation of

plasma and liposomes as large as 2 μm.5,31 These vessels also have non-uniform diameters

and their expression of adhesion molecules is highly variable.20 This results in heterogeneous

blood perfusion throughout the tumor network, rendering drug delivery inefficient.17

Previous studies have shown that hemodilution can result in higher RBC flux in the tumor,

although overall tumor oxygenation does not improve.23 These studies raised the question as

to how hemoconcentration might affect the uniformity of perfusion within a network. It is

evident that in order to deliver drugs uniformly to tumor tissue, we need to know how blood

rheology, the abnormal network topology and the non-uniform vessel leakiness combine to

hinder overall perfusion. Our goal is to develop an analytical framework for studying blood

flow that includes all these important features.

Predicting the flow of a particulate solution through such a network of permeable vessels is

complex. The flow rate through each vessel segment is determined by the pressure drop and

the flow resistance. The resistance to flow, in turn, depends on blood viscosity, which is a

complicated function of shear rate, vessel diameter, and blood composition (e.g., hematocrit,

aggregation-inducing proteins). In narrow tubes the RBCs migrate to the tube axis, creating a

cell free plasma layer along the wall and a cell-rich central core, resulting in the Fahraeus effect,

which dictates that the tube hematocrit is lower than the discharge hematocrit, and the

Fahraeus–Lindqvist effect, which states that the apparent viscosity decreases with decreasing

microvessel diameter.13,16 Because of the cell-free plasma layer at the wall, there is an uneven

distribution of cell and plasma flow into the two daughter vessels at branch points. In addition,

some of the chaotic nature of blood flow—i.e., the dynamic redistribution of flow velocities

within the network16—is due to changes in flow resistances as single blood cells enter and

leave individual vessel segments.

Previous studies have analyzed changes in flow velocity in a single, compliant, leaky vessel

embedded in a fluid phase at uniform pressure: Netti et al. found that the coupling between the

vascular and transvascular fluid transport may have an effect on tumor blood flow and its

distribution.32 Baish et al. extended this work, modeling the fluid flow through a grid of leaky

vessels embedded in an isotropic porous medium.2 These studies conclude that a buildup of

interstitial fluid pressure (IFP) due to vessel leakiness can eliminate the pressure gradients that

drive fluid flow through vessels in the center of the mesh. This mechanism could contribute to

the inefficient perfusion observed at the center of solid tumors. We recently examined how

anti-angiogenic therapy might influence perfusion of tumors with high IFP and showed that

decreases in vessel hydraulic conductivity can decrease flux of interstitial fluid, growth factors,

and cells from the tumor margin to the surrounding tissue, potentially slowing angiogenesis,

lymphangiogenesis, and metastasis.21

In all these studies, blood was assumed to be a Newtonian solution with constant hematocrit.

Milosevic et al.30 modified the single-capillary model of Netti et al. by computing the IFP

outside the capillary within an idealized tumor using a global mass balance. They included ad

hoc empirical relationships to predict the changes in blood viscosity due to local variations in

hematocrit and capillary diameter (Fahraeus–Linqvist effect); they also accounted for

hemoconcentration and hemodilution due to plasma flow across the semi-permeable capillary

wall. The authors concluded that elevated IFP leads to vascular constriction and reduced tumor
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blood flow, but it is unclear whether elevated IFP can compress vessels or how the dynamic

packing of RBCs within leaky vessels might influence microvascular flow.

Because of these complexities, it is necessary to explicitly account for individual blood cells

and plasma in order to simulate the dynamic changes in flow resistance and hematocrit due to

plasma loss and vessel branching. We previously reported a mathematical model using a lattice-

Boltzmann approach (Fig. 1) to characterize the interactions and estimate the forces involved

as individual RBCs and WBCs interact in capillaries29 and in postcapillary expansions.40 This

model is also ideally suited for analyzing the rheological properties of concentrated cell

suspensions, and is able to reproduce the Fahraeus and Fahraeus–Lindqvist effects by explicitly

accounting for the particulate nature of blood41; in other studies, we have found that RBC

aggregation has dramatic effects on flow resistance and leukocyte margination.42

The advantage of this approach is that blood is explicitly modeled as a suspension of blood

cells in a Newtonian fluid and the bulk rheological properties emerge naturally without the

need for ad hoc constitutive rules or empirical equations for viscosity and hematocrit variations.

In the present study, we use this model to predict blood flow distributions, hematocrit changes,

and flow resistance variations resulting from the loss of plasma across leaky vessel walls. This

represents a first step toward achieving a fundamental understanding of the complex fluid

dynamics of blood in a vessel network with non-uniform plasma leakage.

METHODS

Fluid and Cell Dynamics

We use a lattice Boltzmann method (LBM) to calculate the unsteady flow field and the forces

acting on suspended particles. The details of this approach have been described previously.
29,40,41 Lattice Boltzmann method is a relatively new numerical scheme for simulating

complex flow and transport phenomena.9,34 The LBM uses a mesoscopic equation (the discrete

Boltzmann equation) to determine macroscopic fluid dynamics instead of solving the

macroscopic, continuum, Navier–Stokes equation, upon which traditional computational fluid

dynamics methods are based. Due to its local nature, only the neighboring nodes need to be

considered to update the equilibrium distribution at each time step, so the method can be easily

parallelized and scaled-up. Lattice Boltzmann method has been successfully applied to various

physical problems where direct solution of the Navier–Stokes equations is not practical,

including multiphase flows, magneto-hydrodynamics, reaction-diffusion systems, flow

through porous media, and solid particle suspensions.10

The ease with which the LBM handles moving boundaries makes it a powerful tool to analyze

fluid suspensions of cells at high concentration. Figure 1 illustrates how a LBM is used to

calculate the unsteady flow field and the forces acting on the cells in the present work. The red

cells are represented by two-dimensional (2D) capsules (rectangles with superimposed half-

circles at the ends) and white cells are modeled as a disk with adhesion molecules distributed

around the circumference.

Receptor–Ligand Model for Leukocyte Rolling

Similar to our previous work, we implement cell rolling and adhesion by including stochastic

binding and detachment of spring-like adhesion molecules on the cell surface29,40,41 (see Fig.

1).

The LBM is very effcient: for the cases with no leakage (Panel a in Fig. 2) the simulation takes

about 0.045 s per time step on a Pentium IV 3.6 GH computer and about 20 h for the entire

simulation. For the cases with leakage (Panel b in Fig. 2), the simulation time is about 20%

longer due to the larger number of cells.
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Calculation of Relative Resistances

If we know the pressure drop Δp and flow rate Q in a conduit, we may determine the flow

resistance R by Δp = RQ, where Q = AU, U is the mean velocity and A is the cross section. In

order to compare different flow conditions, it is useful to introduce a relative resistance

(resistance ratio) Rr = R/R* = Q*Δp/QΔp*, where Q* and Δp* are the flow rate and pressure

drop of a reference case. The relative resistance is reduced to R/R* = Δp/Δp* if the flow rate

is constant and to R/R* = U*/U if the pressure drop and cross section are constant.

The inlet flow rate and the exit pressure pex are maintained constant for all simulations, so the

overall relative resistance shown in Fig. 4c is determined by R/RaI = P0/P0–aI where P0 is the

pressure coefficient at the inlet (P = 2(p–pex)/ρU0
2, where U0 is the mean flow velocity at the

inlet, and P0–aI is the corresponding value for plasma flow).

In cases with a leaky channel, since the pressures at the exits of the two branches are the same,

the pressure drop for each daughter channel measured from the point of bifurcation is also the

same. We may then calculate a flow resistance ratio of the left leaky branch to the right non-

leaky branch as R2/R1 = U1/U2, where U1 and U2 are the flow velocities in the left segment

and right segment measured upstream of the apertures, at the horizontal gray line in Fig. 2,

Panels b-I and c-I. In order to evaluate the plasma loss through the apertures, we calculate the

leaking velocity Ulk = (U2A2 – U3A3)/A2, where A2 and A3 are the cross section at the entrance

and exit of the leaky branch, respectively.

RESULTS

We examined three different scenarios, notated Case a, b, and c (see Fig. 2). Case a has

impermeable vessel walls in all segments, and the two daughter branches are 15 μm in diameter,

the same as the parent branch. In Case b, plasma is allowed to flow through 25 apertures of

0.9 μm placed on the walls of the right-hand-side daughter vessel. In Case c, we retain the leaks

in the right-hand channel, but also expand this channel to simulate vessel dilation in

inflammation.

Note that the mechanisms involved here are qualitatively scalable to multi-vessel networks, so

each daughter branch can be thought of as an idealized sub-network within a tumor or normal

tissue. Thus, assuming that the only changes in a diverging/converging network are the

diameter and permeability of the venule(s) of one branch, the results should be consistent. In

this context, the input branch represents an arteriole, which splits into two capillary sub-

networks (not explicitly modeled) drained by the two venules. What we are interested in—

especially in the context of tumors—is the change in sub-network flow caused by diameter or

permeability perturbations in downstream vessels. Also, note that the outlet pressures of the

two “venules” are the same, so, in essence, they connect to the same downstream vessel.

Each case includes three simulations: (I) with plasma only, (II) plasma + RBCs, and (III) plasma

+ RBCs + WBCs. The feeding hematocrits in II and III are 0.35. For all simulations, the mean

entrance velocity was kept constant U0 = 1 mm/s. A constant and equivalent pressure was

maintained at the exits of the two daughter branches for all simulations.

Case a: Non-Leaky Vessels with Equivalent Widths

Panel a-I in Fig. 2 shows the steady-state flow of plasma through equal diameter, non-leaky

vessels, which will be taken as the reference state to calculate the overall relative resistance of

all the other simulations. Panel a-II shows the developed flow of RBCs with an inlet hematocrit

of 0.35, and Panel a-III shows the flow with WBCs included. As the cells fill the system, the

resistance increases, velocities decrease, and the pressure at the inlet has to increase to maintain

a constant flow rate. This is evident from the changes in pressure distributions in the cases I,
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II, and III. For RBCs only, the relative resistance across the whole system is 1.81; i.e., the flow

resistance is 1.81 times that of Case a-I with only plasma. The WBCs in Case a-III, which are

round and larger than RBCs, roll on the vessel wall through stochastic binding interactions,

leading to an increase in the relative resistance to 2.24. Figure 4 summarizes the channel

hematocrits and resistances.

In both cases with cells (II and III), the initial condition consisted of the flow-pressure

distribution shown for plasma only (Fig. 2a-I). As cells enter the system, the evolution of

velocities in each branch is shown in Fig. 3a. The velocities are measured at the locations

marked by the color-coded bars in the illustrations. Comparing the case with RBCs with that

of RBCs plus WBCs (top vs. bottom row) reveals that WBCs induce relatively large

fluctuations in velocity. The tube hematocrits of developed RBC flow and RBC plus WBC

flow are 0.32−0.33 (see Fig. 4a), significantly lower than the feeding hematocrit (0.35) due to

the Fahraeus effect.

Note that in these simulations with equivalent, non-leaky daughter branches, the cells introduce

fluctuations in velocity, but the velocities in the two branches are symmetric—i.e., when the

flow in one branch slows down, it speeds up by the same amount in the other (red versus orange

line).

Case b: Equivalent Channel Widths, but the Right-Hand Channel Leaks

In these simulations, we introduce 25 apertures, each 0.9 μm in length, in the walls of the right-

hand channel. The left-hand segment remains impermeable. The aperture specification is based

on structural and functional data from a number of our studies which have measured pore sizes,

hydraulic conductivity, and effective permeability.3,7,8,15,25,31,48 For example, Hashizume et

al.14 found, using electron microscopy, that pore sizes in MCaIV tumors lie in the range 0−5

μm with median 1.7 μm. Functional studies support this: in the same tumor, we found that 1

μm liposomes extravasate quite easily, but 5 μm liposomes do not.15 Therefore, to be on the

conservative side, we chose to use 0.9 μm pores, spaced at about the width of an endothelial

cell. A constant pressure pex is imposed at the apertures; pex is the same as the pressure at the

exit of the daughter vessels.

With plasma only, the leaks decrease the flow resistance in the right channel (Fig. 2, panel b-

I), and the entrance velocities of the two branches are no longer equal: U1 = 0.4 mm/s on the

left and U2 = 0.6 mm/s on the right, yielding a resistance ratio 0.65 (Fig. 4b). That is, the

resistance of the leaky branch is 0.65 times that of the non-leaky branch. The overall relative

resistance is 0.85 based on the case with plasma flow and no leaks (compare with Panel a-I),

indicating that the leaks reduce overall plasma flow resistance, as expected (Fig. 4c).

However, the introduction of RBCs (Fig. 2, Panel b-II) reverses this situation. As shown in

Fig. 3b, the addition of RBCs causes a decrease in the velocity U2 from 0.6 to 0.41 (red line

in Panel b, top) and a corresponding increase in U1 from 0.4 to 0.59 (orange line). In order to

eliminate the fluctuations due to the stochastic nature of the flow, presented values are the

average over the last third of the total simulation time of 3 × 106 time-steps (from 2 × 106 to

3 × 106 time-steps). Thus, the resistance ratio at the end of the simulation is 1.45, indicating

that the resistance in the leaky branch is higher than that of the non-leaky branch (Fig. 4c).

This is due to the increase in the channel hematocrit (to 0.51; Fig. 4a), which in turn increases

flow resistance and decreases velocity in the right-hand channel, diverting flow into the left-

hand channel. In addition, as RBCs near the wall partially block the apertures, the leaking

velocity decreases (gray dashed line in panel b, top). The hemoconcentration due to the leaks

in the right-hand channel also increases the resistance compared to the case with RBCs and no

leaks (Fig. 4c).
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When WBCs are added to the system (Fig. 2, Panel b-III; Fig. 3, Panel b, bottom), the results

are similar, but there is an increase in resistance compared to the case with RBCs only (Fig

4c).

Case c: Expanded, Leaky Right-Hand Channel

In this case the leaky branch has been expanded by 50% from 15 to 22.5 μm to simulate vessel

dilation during inflammation.37 The results show that this decreases the flow resistance and

compensates for the increase in resistance caused by plasma leakage (Fig. 4b). For plasma flow

the resistance ratio is 0.38, much lower than the Case b, indicating that the plasma flows more

easily into the right-hand channel (entrance velocity U2 = 0.72 mm/s) than the left-hand channel

(entrance velocity U1 = 0.28 mm/s). The overall relative resistance is 0.68, again much lower

than Case b with the smaller width right-hand channel (Fig. 4c).

The evolution of velocities with RBCs and RBCs + WBCs is shown in Fig. 3c. As RBCs flow

in (Panel c, top), the velocity U2 decreases from 0.72 to 0.504 and U1 increases from 0.28 to

0.496, resulting in a resistance ratio of 0.98 (Fig. 4b); this means that the resistances of the

leaky and non-leaky branches are approximately equal. The resistance increase caused by the

leakage is negated by the expansion, and the flow distributes evenly between the two branches,

even though the tube hematocrits are not equal (0.291 at left and 0.482 at right; Fig. 4a).

The rolling WBCs again increase the overall relative resistance (Fig. 4b). However, the effect

of the WBCs on the flow resistance depends strongly on the vessel size. As we showed

previously,41 because the slowly rolling WBCs occupy a larger portion of a small vessel than

a larger vessel, the WBC affects the flow more strongly in the small vessel. The velocity U2

decreases from 0.72 to 0.59 and U1 increases from 0.28 to 0.41, giving a resistance ratio 0.69

which is lower than for RBC flow only (Fig. 4b). Thus, the WBCs add less resistance to the

larger right-hand branch than the left-hand branch.

DISCUSSION

Figure 4 summarizes the hematocrits, overall flow resistances, and resistance ratios of leaky

branch to non-leaky branch. The simulation is able to reproduce many of the known anomalies

of blood flow. For example, the hematocrit in the non-leaky branches is between 0.29 and 0.33,

significantly lower than the feeding hematocrit 0.35. This is a demonstration of the Fahraeus

effect, which states that vessel hematocrit is lower due to the formation of a lubrication layer

of plasma near the walls. On the other hand, the hematocrit in the leaky branch is 0.47−0.52

—much higher than the feeding hematocrit. Previous experimental studies by Lipowsky et

al. showed that venules have higher hematocrit compared to arterioles26; our results show that

this could, indeed, be influenced by plasma leakage from the venules.

Also important is the observation that RBCs increase flow resistance, and rolling WBCs

increase the resistance even further (see Fig. 4c). Plasma leakage reduces the overall resistance

for plasma flow (Fig. 4c, white bars), but increases the resistance for RBC flow (gray bars)

and RBC plus WBC flow (black bars) due to the increased hematocrit and the loss of the

lubricating plasma-rich layer near the vessel wall.

Interestingly, expansion of the leaky branch decreases the overall flow resistance for all cases

(Fig. 4c, compare b and c). But since WBCs generate much more resistance in small vessels

than in large vessels, the expansion is more effective in compensating resistance for flow with

WBCs than for flow without WBCs. In Fig. 4b, Case b, the RHC has higher resistance (black

bar is larger than the gray bar), but in Case c, with the RHC expanded, the RHC has less

resistance (black bar is smaller than the gray bar). Accordingly, venule dilation during

inflammation would counter the effects of plasma extravasation and WBC–endothelium
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interactions, which tend to increase flow resistance. Moreover, at constant flow rate, vessel

dilation results in a lower shear rate, which promotes WBC rolling and adhesion. Thus, delivery

of both RBCs and WBCs to the vessel is ensured, while, at the same time, WBCs can roll and

arrest on the endothelium. This kind of diameter regulation has not been observed in tumor

networks, but is common in inflammation.

Also interesting was the unexpected decrease in plasma extravasation during

hemoconcentration. As the RBCs packed into the leaky vessel, apertures were blocked, and

the transvascular flux decreased. This effect would not be obtainable with a continuum model

of blood. It is possible that this is an additional mechanism for achieving hemostasis and

limiting plasma leakage in inflamed or damaged tissue. In vivo, this effect may be even more

dramatic than in our simulations with rigid RBCs, which might not conform and plug the holes

as easily as deformable cells. On the other hand, gaps between 3D cells and the intervening

glycocalyx may maintain pathways for plasma percolation, reducing this effect.

These concepts are directly relevant to the hemodynamics in tumor vessels. The fact that tumor

blood flow is chaotic and non-uniform has generally been ascribed to poor network topology,
24 vessel collapse due to solid stress build-up,33,35 and high IFP, which eliminates the pressure

gradients driving flow at the center of the tumor.2,21,32 Our results support the hypothesis that

hemoconcentration can reduce blood flow globally.4,16,26,38 But they also show that when

plasma leakage is heterogeneous, hematocrit and flow resistance will increase in some

segments of the network, diverting it to others. In vessel segments with mild

hemoconcentration, the flux of plasma across the vessel wall is higher upstream compared to

downstream; this means that any drug carried in the plasma will have difficulty reaching distal

regions of the vessel. Extending this argument, in extreme cases of leakage, the RBC solution

may become dense enough to stop flow completely and block pathways for plasma flow,

preventing local, convective delivery. This would occur in regions where the transvascular

pressure gradient driving the flow is maintained, such as near the tumor periphery. In regions

where IFP approaches that of the microvascular pressure (such as in the center of many

tumors2,21,32), transvascular plasma flux and hemoconcentration would be minimal. Also, it

is important to note that the changes in blood flow that we simulate here take place in less than

a second. Within this time period, the IFP should not change much, especially at the tumor

margin where there are many draining lymphatic vessels. It is likely that at longer time scales

a buildup of IFP will cause a leveling-off of the hematocrit and reperfusion of the leaky branch.

This would be relevant, since intermittent stagnation and reperfusion are frequently observed

in tumors.

Interestingly, our model also predicts that these effects are easily reversible: if the apertures in

the vessel wall are sealed, normal flow quickly recovers with re-establishment of the plasma-

rich layer, decreased hematocrit and increased flow rate (not shown). This is relevant to clinical

and preclinical studies using anti-angiogenic agents. An emerging goal for tumor physiology

research is to find ways to “normalize” tumor vasculature to more effectively deliver

chemotherapeutics or radiation-sensitizing oxygen to tumor tissue.18,19 This concept emerged

from observations of tumors treated with anti-angiogenic therapies (such as VEGF-blocking

antibodies and tyrosine kinase inhibitors) that transform tumor blood vessels so they become

more normal.43-47 Structurally, vessel diameters become smaller and more uniform, vessel

walls become mature with pericyte investment, and immature, redundant vessels are pruned.

Functionally, vessels become less permeable and perfusion is more uniform. Based on our

simulations and our previous studies,23 it is likely that the decrease in vessel permeability

reduces hematocrit throughout the network, which leads to reperfusion of previously sluggish

or stagnant vessels.
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This suggests that additional interventions that decrease hematocrit (such as systemic

hemodilution) could help impose uniform perfusion. This would be most effective, however,

when combined with treatments that decrease plasma leakage. Along these same lines, blood

viscosity—and therefore flow resistance—is extremely sensitive to the ability of RBCs to

aggregate. Since aggregation is greatly enhanced in low shear environments, it is likely that

the RBCs in vessels with slow flow are aggregated, further increasing resistance. Therefore,

agents that interfere with RBC aggregation might also be used to normalize blood flow in

tumors. Finally, patchy expression of adhesion molecules in tumors could cause non-

homogenous WBC rolling and adhesion in tumors. In immature, angiogenic vessels with no

mechanism for vasodialation, the resistance could increase significantly due to the WBC

interactions, contributing to flow heterogeneity. Therefore, another potential approach to

improving perfusion would involve blocking WBC–endothelial interactions.

In summary, we have shown that blood flow in networks with non-uniform vascular leakage

is greatly affected by hemoconcentration and WBC rolling, and can be balanced by vessel

dilation. We propose that some of the same mechanisms occur in inflammation and tumors

(i.e., dynamic changes in vessel permeability, WBC rolling), although they function

abnormally in tumors, and that reducing focal leakage and alleviating RBC accumulation and

aggregation in tumors could help improve perfusion of tumor vasculature.
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FIGURE 1.

Model geometry and parameters. At top is an illustration of how the blood suspension is

modeled. Red blood cells are represented as 2D capsules and the white blood cells are 2D disks

(yellow). The leukocyte interacts with the wall through stochastic receptor–ligand interactions

(illustrated at bottom right) and a non-specific repulsive force (FC). The leukocyte can interact

with the surface when it gets closer than HC. The forces and torques of individual bonds are

summed to get the total ligand force (FL) and torque (TL); these are then combined with the

hydrodynamic force (FH) and the torque (TH) to calculate the total force on the leukocyte. Fluid

particle velocities of a 2D lattice Boltzmann model with nine velocities are illustrated at bottom

left.
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FIG. 2.

Representative snapshots of flow during the simulations. The columns represent (a) equal

width, non-leaky daughter branches; (b) equal width branches, but the right-hand channel

(RHC) leaks; (c) the RHC is 50% wider, and has the same leaks as case b. In each case, Subpanel

I is the steady flow of plasma only (without any cells). Subpanel II shows the developed flow

of RBCs for feeding hematocrit 0.35 at the inlet. Subpanel III shows the flow with both RBCs

and WBCs included. Lattice size: 1000 × 150; one grid point is equal to 0.3 μm. Total time of

0.9 s is normalized to 1, corresponding to 3 × 106 time-steps. The pressure coefficient (P = 2

(p – pex)/ρU2, where pex is pressure at the exit) field is represented by the color gradient and

the velocity field is represented by small arrows.
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FIGURE 3.

Velocity evolution in each segment. For the simulations with cells, the initial condition is the

flow-pressure distribution for plasma only (i.e., panel I from Fig. 2). Here we show the changes

in velocity that occur as RBCs (top row) or RBCs and WBCs (bottom row) enter the system.

Velocities have been averaged across the channel width, and the inlet hematocrit is 0.35. The

geometries of Cases a, b, and c are illustrated to the right of corresponding velocity plots; the

colored lines in these diagrams correspond to the locations of the velocities in the plots (i.e.,

blue is at the inlet, orange is at the entrance to the left-hand branch, etc.). In (b) and (c), the

leaking velocity is depicted by the gray line. The initial steady-state velocity distribution is

disturbed as cells fill the system; in (b) and (c), plasma leakage causes dramatic drifts in the

velocity distributions.
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FIGURE 4.

Summary of hematocrit (Panel a), overall resistance (Panel b) relative to that of plasma flow

in a non-leaky vessel (simulation a-I in Fig. 2), and resistance ratio of right branch to left branch

(Panel c). Groups a, b, and c represent the Cases a, b, and c shown in Fig. 2. I, II, and III indicate

the simulations I, II, and III in Fig. 2. L and R denote the left and right branch, respectively.

The values for II and III are the temporal averages over dimensionless time interval from 2/3

to 1.
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