Introduction to fMRI: The Physiological Basis of the fMRI Signal
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Highlights

BOLD signal arises from changes in deoxyhemoglobin (dHb) concentrations

dHb changes due to changes in oxidative metabolism, blood flow and blood volume
BOLD signal related to local field potentials

BOLD is an ambiguous signal and comparisons between groups should be interpreted
with caution

Target audience
Students and researchers who use or wish to start using the BOLD fMRI signal.

Purpose

Functional MRI (fMRI) is based on the Blood Oxygen Level Dependent (BOLD) signal.
This signal is not a direct measure of neuronal activity, but rather a surrogate marker
that captures a mixture of oxidative metabolism, blood flow and blood volume. This
course will give the users of BOLD a better understanding of the origin of this signal, to
refine interpretations and better design experiments.

BOLD fMRI

BOLD signal arises from the fact that oxygenated and deoxygenated hemoglobin have
different magnetic properties. While oxyhemoglobin is diamagnetic, deoxyhemoglobin is
paramagnetic. The paramagnetic nature of dHb means that blood that is not fully
oxygenated causes an attenuation of the T2* signal from increased dephasing of nearby
water spins. Since arterial blood is almost fully oxygenated in healthy humans, this
means that venous blood is darker than arterial blood and that tissue containing
parenchymal deoxyhemoglobin also shows a signal attenuation (1).

During performance of a task, active brain regions consume oxygen to function, so that
local brain activity is associated with an increase in local dHb. It is debatable whether
the local increase in dHb is actually detectable using MRI scanners, especially at 1.5 or
3 Tesla (2). However, concomitant with this increased dHb production comes a local
vasodilation of blood vessels, which in turn causes an increase in local blood flow. This
increase in blood flow is larger than the increase in dHb that it accompanies. This is
thought to reflect the need for the O2 gradient from arterial blood to metabolizing tissue
to be steep for effective diffusion of blood O: into active tissue more distal to vessels
(3-5). One of the corollary of this larger fractional blood flow change is that for a given
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increase in dHb concentration through local metabolism, there is a corresponding larger
increase in blood flow to the same area. Because the inflowing blood is fully
oxygenated, this causes an increase in BOLD signal from a local reduction in the dHb
concentration. This vascular response is called the hemodynamic response and
functional MRI techniques measure it to make inferences about the underlying neuronal
activity that triggers it.

Underlying neuronal activity

Functional imaging using hemodynamic methods such as BOLD are based on the
assumption that the signal changes observed are strongly correlated with underlying
neuronal activity, despite being vascular in nature. Convincing evidence that this is the
case comes from simultaneous electrophysiological and fMRI recordings in monkeys (6,
7). In these studies, electrodes are implanted in monkey visual cortex and simultaneous
recordings during spontaneous or visual task-elicited activity of neuronal currents and
fMRI signal.

Early studies of this type have established that while BOLD signal amplitude is
correlated with all aspects of neuronal firing, it is most closely linked with local field
potentials (LFPs) than to other electrical activity such as spikes from action potential
firing (6). LFPs are thought to reflect a variety of neural processes including synaptic
potentials, somato-dendritic spikes and voltage-gated membrane oscillations (8).

Sources of dHb concentration changes

The main energy expenditure of neurons is to maintain the potential across it’s
membrane to be ready to fire and relay information when the need arises. To do so, the
brain uses energy in the form of adenosine tri-phosphate (ATP). This ATP is derived
from the metabolism of glucose. Two form of glucose metabolism exist: anaerobic,
which does not use oxygen, and aerobic, which uses oxygen in the mitochondrial
electron transport chain. Aerobic glycolysis is highly efficient, as it can lead to the
formation of as many as 38 ATP molecules from a single glucose molecule. Anaerobic
glycolysis on the other hand is faster, but only produces 2 ATP molecules. The first
steps of both pathways are the same, but in aerobic metabolism, pyruvate (which is
created by the common pathway) goes to the mitochondria to generate more ATP
molecules by going through the Krebs cycle and oxidative phosphorylation. Because
aerobic glycolysis is much more efficient at energy production and because the brain is
known to be an avid user of oxygen, it is thought that oxidative metabolism is the main
form of metabolism used in the brain. For example, interruption of the brain's oxygen
supply leads to unconsciousness within seconds and irreversible tissue damage within
minutes.

Implications for the BOLD signal

During neuronal activity, oxygen consumption increases. This creates an increase in
local dHb concentration and therefore a decrease in BOLD signal. However, at the
same time, vasodilation occurs to bring fresh blood into the area. Since this influx of
blood is larger than the increase in oxygen consumption, this creates a net decrease in
dHb concentration and therefore an increase in BOLD signal. This is why the BOLD
signal we measure following neuronal activity is an increased signal.
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Another confounding factor in the interpretation of the BOLD signal in terms of neuronal
activity comes from the fact that this vasodilation to increase blood flow also results in
an increased local blood volume (9). This increase in blood volume spans both the
arterial and venous component. Increased venous blood volume is associated with an
increase in local dHb concentration, which decreases the BOLD signal. Therefore, the
BOLD signal we measure is a combination of decreased BOLD signal due to increased
oxygen consumption and increased venous blood volume, and a larger fractional
change in blood flow which brings fully oxygenated blood to the area and causes an
increased BOLD signal.

Because of these opposing contributions, the BOLD signal is not only and indirect
measure of neuronal activity, but also a an ambiguous one. When we compare a BOLD
signal between different people or different conditions, we assume that the BOLD signal
means the same thing in terms of neuronal activity. However, if this balance between
the different sub-components is changed, the BOLD signal is no longer linked in the
same way to neuronal activity and BOLD signal changes can no longer be compared
directly. This is thought to be particularly problematic in studies of aging and diseases,
such as cardio- or neurovascular diseases, dementia, etc (10-13). Other techniques
such as Arterial Spin Labeling (ASL) to measure flow (14), VAscular Space Occupancy
(VASO) to measure blood volume (15) and calibrated fMRI to measure oxidative
metabolism (16, 17) can however be used to get around some of these issues.
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