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1. Abstract  

Objective Oxygen tension in the brain is controlled by the microcirculatory supply of red 

blood cells, but the effect of non-Newtonian blood flow rheology on tissue oxygenation is not 

well characterized. This paper assesses different biphasic blood flow models for predicting 

tissue oxygen tension as a function of microcirulatory hemodynamics. 

Methods Two existing plasma skimming laws are compared against measured RBC 

distributions in rat and hamster microcirculatory networks. A novel biphasic blood flow model is 

introduced. The computational models predict tissue oxygenation in the mesentery, cremaster 

muscle, and the human secondary cortex. 

Results This investigation shows deficiencies in prior models, including inconsistent plasma 

skimming trends and insufficient oxygen perfusion due to the high prevalence (33%) of RBC-

free microvessels. Our novel method yields physiologically sound RBC distributions and tissue 

oxygen tensions within one standard deviation of experimental measurements.  

Conclusions A simple, novel biphasic blood flow model is introduced with equal or better 

predictive power when applied to historic raw data sets. It can overcome limitations of prior 

models pertaining to trifurcations, anastomoses, and loops. This new plasma skimming law 

eases the computations of bulk blood flow and hematocrit fields in large microcirculatory 

networks and converges faster than prior procedures.  
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2. Introduction 

Brain activity-induced changes in vascular tone and oxygen consumption modulate blood 

flow and tissue oxygenation. The effects of changing cerebral blood flow, oxyhemoglobin 

dissociation and tissue oxygenation can be measured by functional imaging techniques such as 

optical imaging1, or magnetic resonance imaging (fMRI)2. For interpreting the spatiotemporal 

relationship between in vivo measurements, computational methods can play an important role. 

Several imaging studies3-6 recognize the significance of computational models for investigating 

the functional relationship between cerebral angioarchitecture7-10, blood flow11-12, and oxygen 

exchange13-17. Computational models for microcirculatory hemodynamics need to account for 

the nonideal flow behavior of erythrocyte-bound oxygen, which in turn is necessary to predict 

tissue oxygenation. Blood flow in the microcirculation is highly non-Newtonian because of the 

biphasic nature of red blood cells and plasma. We will show that improperly formulated phase 

separation laws drastically impact predicted oxygen distribution to the tissue, especially how the 

prediction of RBC-free capillaries leads to drastically low oxygen tension. Before presenting a 

novel methodology for microcirculatory oxygen exchange between blood and tissue, a brief 

introduction of non-linear biphasic blood flow is given.  

2.1 Microscopic forces cause biphasic flow and the creation of the endothelial surface layer 

The nonideal microcirculatory flow behavior is caused by the biphasic cell suspension in 

blood plasma. In microvessels (d<100µm) small platelets and white blood cells migrate towards 

the endothelial wall18, while red blood cells (RBC) preferentially travel near the center19. 

Neglecting white blood cells and platelets, RBC and plasma are the two essential components 

of the biphasic microcirculation theory. Margination20 is the rheological segregation of RBC from 

plasma due to two governing forces, particle pair collisions and wall induced particle migration20. 

RBC-RBC collisions cause erythrocytes to disperse radially. RBC interactions with the vessel 

wall drives them towards the center19,21.  

The microscopic force balance between the radial and the wall-induced dispersion leads to 

the formation of the cell free layer (CFL), a thin annular region adjacent to the vessel wall and 

the endothelial surface layer (ESL)20,22. The CFL contains mainly plasma and no RBCs23-24. The 

CFL also restricts the space available for erythrocytes, thus altering their velocity relative to the 

plasma. This relative velocity difference between the RBC and plasma phase determines their 

volumetric and flux based concentrations know as hematocrit.  
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