
  

  

Abstract— Neural activity triggers a vascular response in the 

brain that leads to transient changes in oxygen transport, and 

this mechanism is the basis for popular and powerful functional 

imaging methods. However, there is limited understanding of 

oxygen delivery to cerebral cortex both in steady state and 

during transient perturbations. In this study, a computational 

model for oxygen transport in the brain was developed and 

used to fit polarographic oxygen measurements during 

transient stimulation in cerebral cortex. The hemodynamic 

response function (HRF) was modeled with 

convection-diffusion transport in a four-compartment system 

(erythrocyte, intravascular, extravascular, and intracellular) 

that includes oxygen dissociation from hemoglobin. This model 

explained the dynamics of oxygen transport in cortex after 

brief visual stimulation, successfully fitting ~90% of 

experimental measurements within a realistic range of 

parameters for steady-state flow speed and oxygen 

consumption, as well as flow and oxygen uptake perturbations.  

1. INTRODUCTION 

A detailed understanding of oxygen transport in the brain 
is of critical value to science and medicine. The utility of 
hemodynamic imaging techniques such as fMRI highlights 
the need for better understanding of neurovascular coupling. 
In brain imaging experiments, use is made of the 
hemodynamic response function (HRF), the vascular 
response evoked by brief (few sec) neural activation. In 
tissue, the HRF exhibits a variety of oscillatory forms that are 
associated with changes in oxygen uptake and blood flow. 
Because the brain is continually active, it is likely that such 
transient hemodynamic responses occur continually.  

Oxygen transport in the brain is poorly understood, with 
even steady-state transport in controversy. In particular, it is 
not clear what role arterioles play in cortical oxygen transport 
to the tissue. In cerebral cortex, oxygen transport seems to 
occur predominantly in small cortical arterioles and 
capillaries [1-3]. In non-brain tissues, however, arterioles 
seem to play a dominant role in oxygen transport, with less 
transfer via the capillaries[4, 5]. Moreover, oxygen diffusion 
from arterioles and capillaries appears to be insufficient to 
explain total oxygen loss [6, 7]. Based on such 
measurements, it has been suggested that in non-brain tissues, 
the missing oxygen is consumed by endothelial cells of the 
vascular wall [5, 8]. In the brain, however, such a mechanism 
remains controversial, as it has not been confirmed by 
measurements [1, 9]. 
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A number of models have been proposed for the 
dynamics of the HRF, particularly as it is manifest by 
hemodynamic brain imaging methods. The “balloon model” 
has been the most popular [10, 11]. It explains the HRF based 
on volume changes in intra- and extravascular compartments 
with non-linear compliance. The volume changes were 
postulated to occur in venules and veins, as the global 
compliance of venous system is known to be substantial [12, 
13]. A similar form for this model utilizes a lumped-element 
network analogy that includes a non-linear compliant element 
[14, 15]. Such models have become increasingly 
sophisticated and complex [16-18]. However, recent 
experiments have not shown much local venular dilation in 
the brain for brief periods of stimulation (< 10 sec); volume 
increases seem mostly to occur on the arterial side of the 
system [2, 19, 20]. Accordingly, there is a need to revisit 
theoretical models for the HRF.  

In order to understand the healthy operation of the brain, 
and the mechanisms of hemodynamic imaging, we need to 
better understand the processes that give rise to the HRF. In 
our previous study, we proposed use of a lumped linear 
equivalent-circuit model for the blood flow dynamics in the 
pial arterioles, the four-element windkessel (FEW). A 
convection-diffusion transport model was developed within a 
three-compartment (intra- and extravascular, intracellular) 
system [21]. The model provided detailed fits to a large 
ensemble of locally resolved measurements of relative tissue 
oxygen changes during transient stimulation. Here, we 
expand the model to include the dynamics of hemoglobin 
oxygen dissociation, thereby improving predictions of 
intravascular oxygen concentration. The inclusion of 
dissociation also enables absolute rather than relative 
predictions of both steady state and transient hemodynamic 
quantities. The results are in broad agreement with the same 
set of experimental measurements. The expanded model 
provides a simple but remarkably effective description of a 
range of hemodynamic transport phenomena in the complex 
vascular geometry of the mammalian brain. 

2. MATERIALS AND METHODS 

A. Oxygen Transport Model 

A one-dimensional cylindrical geometry was employed 
(Fig. 1). The inner two compartments, erythrocyte and 
plasma, represented blood flow that provided convective 
oxygen input. Flow speed is given by U(t) = U0 + U1(t), a 
combination of steady flow and a time-varying perturbation 
that we modeled using the FEW (Fig. 2). An artificial flux 
term, F(z, t), was introduced for oxygen dissociation from the 
erythrocytes into the plasma. The outer two compartments, 
extravascular and intracellular, represented the static tissue. 
Diffusion coupled the plasma oxygen to the extracellular 
compartment, while the intracellular compartment serves 
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the model, compared to the literature [3, 5, 24-26].  

There were also some parameter disagreements. Mean 
length was 5.7 mm, much longer than the suggested value, 
0.9 mm, for oxygen transport from small arterioles to 
capillaries [3, 17, 28]. Moreover, the model used a diffusion 
constant (A) that was ~3! lower than would be inferred from 
the literature [3, 29]. Finally, to obtain good fits, we had to 
use a small value for the upstream transmural oxygen 

gradient, " = 0.1, while reported estimates range from 
0.2—0.34 [5, 8]. It is likely that our simple geometry does 
not provide a realistic description of the transport dynamics; 
by representing the vastly branching capillary bed by a single 
cylinder, we underestimate the surface-area-to-volume ratio. 
We could remediate this flaw by using a parallel network that 
breaks the effective blood volume into many identical 
branches. Also, we could possibly explain larger transmural 
gradients by making use of a previously proposed wall-loss 
mechanism [5, 8]. Another limitation in our current modeling 
is the error associating with a piecewise linear approximation 
for Hill equation, which could have underestimated oxygen 
transport between both plasma and erythrocyte compartments 
resulting in a longer cylinder length. This limitation could be 
rectified by using a first-order Taylor expansion of the Hill 
equation.  
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