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A biomechanical model is presented for the dynamic changes
in deoxyhemoglobin content during brain activation. The
model incorporates the conflicting effects of dynamic
changes in both blood oxygenation and blood volume. Calcu-
lations based on the model show pronounced transients in the
deoxyhemoglobin content and the blood"oxygenation level
dependent (BOLD) signal measured with functional MAl, in-
cluding initial dips and overshoots and a prolonged post-
stimulus undershoot of the BOLD signal. Furthermore, these
transient effects can occur in the presence of tight coupling of
cerebral blood flow and oxygen metabolism throughout the
activation period. An initial test of the model against experi-
mental measurements of flow and BOLD changes during a
finger-tapping task showed good agreement.
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INTRODUCTION

Despite the widespread use of functional neuroimaging
techniques, the physiological changes in the brain that
accompany neural activation are still poorly understood.
D~ring brain activation, a modest increase in the cerebral
metabolic rate of oxygen (CMROzJ is accompanied by a
much larger increase in local blood flow (1, 2). Because of
this imbalance, local capillary and venous blood are
more oxygenated during activation. The large increase in
flow is the basis for mapping brain activation patterns
with positron emission tomography (PET), and the de-
crease in local de oxyhemoglobin concentration is the
basis for functional magnetic resonance imaging (fMRI)
exploiting the blood oxygenation level dependent
(BOLD) effect (3-7). Recently, we proposed a possible
explanation for the large flow increase as a result of tight
coupling of flow and oxygen metabolism in the presence
of limited oxygen delivery (8). This oxygen limitation
model is based on the assumptions that essentially all of
the oxygen that leaves the capillary is metabolized and
that blood flow increases are accomplished by increased
capillary blood velocity rather than capillary recruit-
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ment. Under these circumstances, increased blood flow
leads to reduced oxygen extraction due to the decreased
capillary transit time. The rate of delivery of oxygen,
which is proportional to the product of flow and oxygen
extraction fraction, therefore increases much less than
the flow itself. In the context of this model, a large in-
crease in flow is required to support a small increase in
oxygen metabolism.

The oxygen limitation model provides an interpreta-
tion of the mismatch between flow and oxygen metabo-
lism changes during brain activation as evidence for tight
coupling, rather than uncoupling, of flow and metabo-
lism. However, detailed studies of the time course of
deoxy- and oxyhemoglobin changes during activation
have revealed a complex pattern that may contain evi-
dence of a transient uncoupling of flow and metabolism.
In optical studies in a cat model, Malonek and Grinvald
(9) found that after a brief (4-s) visual stimulation, the
total deoxyhemoglobin increased for the first 3 s, fol-
lowed after a few seconds by the larger decrease associ-
ated with the BOLD effect. This "fast response" was
interpreted as an initial increase in oxygen extraction,
before the large flow increase.

In addition, there is now a substantial amount of ex-
perimental data measuring the time course of the BOLD
effect. A square wave pattern of stimulus presentation
typically leads to a BOLD response that is delayed by 2 to
3 s followed by a ramp of 6 to 10 s to a plateau value,
followed by a return to baseline after the stimulus with a
similar ramp (10). However, the BOLD signal time course
during brain a~1jva.tibn also has been reported to exhibit
several transient features at the onset and end of the
stimulus: an initial dip (11-13), corresponding to the
initial increase in local de oxyhemoglobin observed with
optical techniques (9); a post-stimulus undershoot not
evident in):he in-flow signal (14); and an initial over-
shoot followed by a much weaker plateau and a strong
post-stimulus undershoot (15, 16). A possible explana-
tion for these BOLD effects is a transient uncoupling of
flow and oxygen metabolism. The initial dip has been
interpreted as evidence for an initial increase in oxygen
extraction before the flow increase (9). The post-stimulus
undershoot has been modeled as an elevated oxygen
extraction, after flow has returned to baseline, required to
replenish depleted tissue oxygen stores (17). The initial
overshoot, weak plateau, and post-stimulus undershoot
have been interpreted as evidence for transient uncou-
pling, recoupling, and uncoupling again of flow and ox-
ygen metabolism (15, 16).
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Thus, the observed transients in signals dependent on
blood oxygenation may be evidence for uncoupling of
flow and metabolism. However, recent experimental
work suggests another explanation for these phenomena.
Mandeville et aI. (18, 19) found in animal studies with an
intravascular marker that the dynamics of blood volume
change do not match the dynamics of the flow change.
Although the deoxyhemoglobin concentration in blood
depends on flow and oxygen extraction, the total amount
of deoxyhemoglobin depends strongly on blood volume,
as well. For this reason, a quantitative understanding of
the combined effects of changes in flow, oxygen extrac-
tion, and blood volume is required to clarify the signifi-
cance of the observed transients in the BOLD signal. In
this article, we describe a simple biomechanical model
for the blood volume changes during brain activation that
is consistent with tight coupling Of flow and oxygen
metabolism throughout the activation and yet produces
transients similar to those observed experimentally. A
preliminary version of this work has been presented in
abstract form (20).

THE BOLD SIGNAL

The mathematical model presented here describes the
changes in physiological variables during brain activa-
tion. To connect the model with experimental tMRI, we
first need a quantitative model for BOLD signal changes
as a function of blood susceptibility and volume. This
relationship has been extensively explored in recent
years using experimental data (21), numerical Monte
Carlo simulations (21-23), and analytical calculations
(24). Although the signal dependence is intrinsically a
nonlinear function of susceptibility and blood volume
due to the effects of diffusion, the situation is relatively
simple for the case of gradient echo (GRE) signals af-
fected by postcapillary blood vessels. In this initial anal-
ysis, we make the simplifying assumption that the GRE
signal changes are primarily due to small postcapillary
venous vessels and neglect the contribution of capillar-
ies. In this case, the role of diffusion is minor because of
the larger size of the venous vessels, and the extravascu-
lar signal changes essentially depend just on the change
in the total amount of deoxyhemoglobin in the tissue
voxel (23). In addition, Boxerman et al. (25) have recently
investigated the role of intravascular signal changes in
BOLD experiments and conclude that at 1.5 T, these
changes contribute more than half of the net observed
signal change. We therefore include both contributions
in our model for the BOLD signal.

As a starting point, we consider the total BOLD signal
to be a volume-weighted sum of the extravascular (Se)
and intravascular (Si) signal:

S = (1 - V)Se + VSi

where V is the blood volume fraction.
signal changes LlS:

LlS = (1 - Vo)LlSe - LlV Se + VOLlSi + LlV Sj [2]

where V 0 is the resting blood volume fraction. Thesignal
then depends on how the intrinsic signals change when

Buxton et al.

the deoxyhemoglobin content and the volume change. In
theoretical development, we will use the notation that
capital letters refer to a specific dimensional value of a
parameter, whereas lower case letters refer to the value
during activation normalized to the value at rest. We
write the normalized total deoxyhemoglobin content as
q = QI~ and the normalized volume as v = V IV o' For
the change in the extravascular component, we use the
numerical results of Ogawa et ai. (23), showing that for
the small venous vessels, the transverse relaxation rate
(R2 *) is proportional to the product of the blood deoxy-
hemoglobin concentration and blood volume, so ~Se de-
pends only on the total deoxyhemoglobin q. For the
intravascular component (and for the intrinsic ratio
S/Se)' we use the numerical results of Boxerman et ai.
(25). From their calculations (their Fig. 2), ~Si can be
reasonably approximated as a linear function of the de-
oxyhemoglobin concentration in blood for O2 extraction
fractions between 20% and 50% (the range of interest for
brain). Combining these numerical results with Eq. [2]
leads to the following form for the BOLD signal (see
Appendix for details):

~ss = Vo[ k1(1 - q) + k2( 1 - ;) + k3(1 - V)] [3]

The first term describes the intrinsic extravascular signal,
the second term describes the intravascular signal, and
the third term describes the effect of changing the bal-
ance of the sum in Eq. [1]. The parameters kl' kz' and k3
are dimensionless and can be estimated from the earlier
work. For Bo = 1.5 T and TE = 40 ms, we estimate that
k[ ~ 7 Eo based on the numerical studies of Ogawa et 01.
(23), where Eo is the resting oxygen extraction fraction.
Based on the results of Boxerman et 01. (25), we estimate
kz ~ 2 and k3 ~ 2 Eo - 0.2. In Eq. [3], q is the normalized
total voxel content of deoxyhemoglobin (Le., q = 1 at
rest), v is the normalized venous blood volume (v = 1 at
rest), and V 0 is the actual venous blood volume fraction
(e.g., 1-4%).

BALLOON~MODEL

To model tile transient aspects of the BOLD signal, we
assume again that there is no capillary recruitment, in
keeping with the oxygen limitation model above, so that
blood volume changes occur primarily in the venous
compartment. (The arteriolar dilitation that produces a
flow increase is assumed to be a negligible change in
blood volume.) The vascular bed within a small volume
of tissue is then modeled as an expandable venous com-
partment (a balloon) that is fed by the output of the
capillary bed. The volume flow rate (ml/s) into the tissue,
Fin(t), is an assumed function of time that drives the
system. The volume flow out of the system, F out(t), is
assumed to depend primarily on the pressure in the
venous compartment. For example, we could write that
F out = (P - P mixed)/R, where P is the pressure in the
venous compartment, P mixed is the mixed venous pres-
sure downstream from the tissue element, and R is the
resistance of the vessels after the balloon. Then, the phys-
ical picture of activation is that after the arteriolar resis-




