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Abstract

Functional brain imaging with positron emission tomography and
magnetic resonance imaging has been used extensively to map re-
gional changes in brain activity. The signal used by both techniques is
based on changes in local circulation and metabolism (brain work).
Our understanding of the cell biology of these changes has pro-
gressed greatly in the past decade. New insights have emerged on
the role of astrocytes in signal transduction as has an appreciation
of the unique contribution of aerobic glycolysis to brain energy
metabolism. Likewise our understanding of the neurophysiologic
processes responsible for imaging signals has progressed from an as-
sumption that spiking activity (output) of neurons is most relevant
to one focused on their input. Finally, neuroimaging, with its unique
metabolic perspective, has alerted us to the ongoing and costly in-
trinsic activity within brain systems that most likely represents the
largest fraction of the brain’s functional activity.
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[P]hysiology and psychology, instead of
prosecuting their studies, as sone now
recommend, more strictly apart one from another
than at present, will find it serviceable for each to
give to the results achieved by the other even
closer beed than bas been customary hitherto.
(Sherrington 1906)

INTRODUCTION

Over 30 years have now passed since the in-
troduction of X-ray computed tomography
(Hounsfield 1973). This event created a rev-
olution in medical diagnosis and catalyzed
the development of other imaging tech-
niques, particularly position emission tomog-
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raphy (PET) and magnetic resonance imaging
(MRTI) (for historical reviews see Kevles 1997,
Raichle 2003b, Webb 1990). The introduc-
tion of PET and MRI presented researchers
with an unprecedented opportunity to exam-
ine the neurobiological correlates of human
behaviors. This opportunity was seized by re-
searchers worldwide, first with PET and later
with functional MRI (fMRI) (for an historical
review see Raichle 2000). The result was the
creation of a new scientific discipline known as
cognitive neuroscience (Gazzaniga 2004) and,
more recently, social neuroscience (Cacioppo
et al. 2002, 2005), with a combined agenda
that now encompasses virtually all aspects of
human behavior in health and disease (Illes
etal. 2003).

Equally remarkable has been the world-
wide movement to establish research-imaging
centers in which expensive imaging equip-
ment (primarily MRI), along with teams of in-
vestigators, is devoted exclusively to research
(Raichle 2003a). This development breaks a
longstanding tradition in which research on
humans and laboratory animals uses clinical
equipment, part time, in a hospital setting,
usually after hours. We know of no recent
compilation of the budget for this new agenda,
but there is no doubt it is substantial.

Neuroimaging with PET and MRI has re-
ceived considerable attention from the scien-
tific community and the general public. This
relates not only to the potential scientific and
clinical importance of the work but also to
the fact that cognitive and social neuroscience
touches on subjects of importance to every-
one. In addition, the imaging data produced
by researchers are often quite intriguing: Ob-
serving the brain at work seems to fascinate
scientists and nonscientists alike.

Despite these successes, some researchers
have questioned the ability of this approach to
provide analyses of brain function that are suf-
ficiently refined to truly enlighten us about the
relationship between behavior and brain func-
tion (Nichols & Newsome 1999). One of the
keys to evaluating such concerns is to relate
neuroimaging work to that which parallels it
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in other areas of neuroscience as so presciently
noted by Sherrington (1906) a century ago.
Among the most important questions in this
regard is how to relate neuroimaging mea-
surements to the biology and neurophysiol-
ogy of brain cells and their microvascula-
ture. Importantly, there has been a burst of
interest in the neurobiology of the signals
generated by PET and MRI. This has ranged
from neurophysiology (Lauritzen 2001, 2005;
Logothetis et al. 2001; Mukamel et al. 2005;
Thompson et al. 2004) to studies of brain cir-
culation and metabolism (Buxton et al. 2004,
Mintun et al. 2001, Offenhauser et al. 2005,
Powers et al. 1996, Shulman et al. 2004), cell
biology (Kasischke et al. 2004, Magistretti &
Chatton 2005), and genetics (Fan et al. 2003,
Pezawas et al. 2005).

Although knowledge is expanding rapidly,
it is incomplete. As a result we recognize that
some of the points we make in this review are
speculative and, in some instances, controver-
sial. Nonetheless, we hope they serve to iden-
tify important elements of the biology of neu-
roimaging that can usefully stimulate future
discussion and research.

Glucose
use

Figure 1

Finally, we would like our readers to appre-
ciate that evaluating the results of neuroimag-
ing research not only involves understanding
what causes the evoked responses, the in-
creases (“activations”) and decreases (“deac-
tivations”) in neuroimaging signals, but also
the context in which these changes are tak-
ing place. This involves defining a physiologic
baseline level of activity in the brain and the
intrinsic functional activity this baseline in-
stantiates. In this review we address all these
aspects of neuroimaging.

EVOKED FUNCTIONAL
ACTIVITY

Blood Flow Follows Changes in
Cellular Activity

Behaviorally evoked changes in blood flow are
atthe heart of functional brain imaging signals
(Figure 1), whether they come from PET or
fMRI. Italian physiologist Mosso (1881) first
described what he correctly surmised to be a
functional change in regional brain circula-
tion evoked by the performance of a mental

Oxygen
availability

Stimulation of the human visual cortex with a reversing annular checkerboard when compared with a
simple fixation crosshair (#) produces dramatic increases in blood flow and glucose use in the visual cortex
that are unaccompanied by similar increases in oxygen use (). The result is an increase in the local
oxygen availability (b) because the increased supply of oxygen by flowing blood exceeds the increased
local demand for oxygen. Data adapted from Fox et al. 1988.
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arithmetic task. Measuring continuous brain
pulsations over the right prefrontal cortex of
a subject with a bony defect in the skull, he
noted that both when his subject commenced
the calculation and later reported the result,
brain pulsations rose over the right prefrontal
cortex. We know from Mosso’s records that
this remarkable experiment was performed on
Monday, September 23, 1878. In the inter-
vening 128 years, experiments too numerous
to count have amply confirmed and extended
this observation (for reviews, see Lassen et al.
1978; Raichle 1987, 2000). In the modern era
of neuroimaging, its derivatives are undoubt-
edly performed hundreds if not thousands of
times a day.

Despite the centrality of blood-flow
changes to the imaging signals we observe
with PET and fMRI, the complexity of the
relationship of blood flow and metabolism to
the underlying cellular events has only re-
cently become more fully appreciated. One
of the unresolved issues is just why blood
flow changes with the brain activity. The
intuitively appealing notion that blood-flow
changes merely serve to adjust glucose and
oxygen delivery to the variable energy de-
mands of the brain now appears oversimpli-
fied if not factually incorrect (Mintun et al.
2001, Powers et al. 1996). We hope our rea-
sons for making such an assertion will be-
come clear as we review work here that has
shaped our opinions. We begin with an exam-
ination of the neurophysiologic correlates of
this blood-flow change.

Neurophysiology of Neuroimaging

It is logical to ask what it is in the behav-
ior of neurons that accounts for the blood-
flow changes we observe in neuroimaging. For
many the answer generally has been the spik-
ing activity or output of neurons. This view
likely reflects the success achieved in record-
ing single- and multiunit activity mainly in
large, active principal neurons and the impor-
tantinsights these studies have provided. This
perspective has begun to change as the result
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of recent work, but uncertainty lingers in the
minds of many.

In highly influential work on the is-
sue, Logothetis and colleagues (2001) used
sophisticated and technically demanding
methodology to combine electrophysiologi-
cal and fMRI blood oxygen level—dependent
(BOLD) measurements in the same experi-
mental animal. In studies of the visual cortex
of the anesthetized monkey where simultane-
ous measurements were made of single- and
multiunit activity along with local field poten-
tials (LFPs) and BOLD contrast, they were
able to show experimentally that the BOLD
signal best correlated with the LFPs and not
the unit activity. They concluded that fMRI
BOLD signals are a reflection of changes
in LFPs and not spikes (Logothetis 2003,
Logothetis & Wandell 2004, Logothetis et al.
2001).

Examination of Logothetis et al.’s (2001)
modeling data, however, has caused some to
question this conclusion. These doubts have
arisen from a comparison of the 2 values ob-
tained from correlations between LFPs and
BOLD (r? = 0.521) with those obtained from
correlations between BOLD and multiunit
activity (- = 0.445). Although significantly
different statistically (i.e., LFPs > multiunit
activity), these theoretical correlations have
suggested to some that an exclusive relation-
ship between BOLD and LFPs and the phys-
iology LFPs represent may not exist.

Another recent paper appears to support
these concerns (Mukamel et al. 2005). In this
study, Mukamel etal. (2005) compared single-
unit activity and LFPs with changes in fMRI
BOLD in two groups of awake humans ex-
posed to the same stimulus paradigm. The
electrophysiology was done in one group of
two individuals with epilepsy and implanted
electrodes, and the BOLD imaging was done
in another group of 11 normal subjects. The
spikes and LFPs from the first group were
used in a regression analysis of the BOLD
contrast data from the second group. The in-
vestigators found equally good correlations
between LFPs and BOLD contrast as those
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between spikes and BOLD contrast. They
concluded that “fMRI signals can provide a
reliable measure of the firing rate of human
cortical neurons.”

How are we to distinguish causality from
correlation in such experiments? Is it the input
to neurons as reflected in LFPs that primar-
ily drives the generation of functional brain
imaging signals or is it the output of neurons
as manifested by their spiking activity? If it
is the former, how do we explain results that
suggest spiking activity and LFPs are nearly
equivalent in their ability to predict the imag-
ing signals (Mukamel et al. 2005)? These are
questions that confront anyone hoping to bet-
ter understand the relationship between func-
tional imaging signals and the underlying cel-
lular events. We believe the evidence favors a
dominant role for the input to neurons as re-
flected in the LFPs for the following reasons.

Early experimental work by Schwartz and
colleagues (1979) provides critical support-
ing evidence. In their experiments they mea-
sured regional brain—glucose metabolism in
rats using the then newly introduced 2-
deoxyglucose tissue autoradiographic tech-
nique for the measurement of regional brain—
glucose metabolism in laboratory animals
(Sokoloff et al. 1977). In their experiments
they subjected rats to an osmotic load suffi-
cient to stimulate cell bodies in the supraoptic
and paraventricular nuclei of the hypothala-
mus. Important for the results they obtained,
the axon terminals of these cells reside in the
posterior pituitary gland, at a significant dis-
tance from the cell bodies. This made it possi-
ble to unambiguously compare the metabolic
activity in the two locations.

The result was dramatic (Figure 2);
metabolism increased significantly in the area
of the axon terminals in the posterior pitu-
itary gland and not measurably in the cell
bodies residing in the hypothalamus. This re-
sult was not only supported by other work
(Lightman etal. 1982, Mata et al. 1980, Sharp
1976, Wong-Riley 1989), but also was consis-
tent with the known correlation between the
cost of maintaining ionic gradients and the
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Figure 2

(@) A coronal histological section of the rat brain (Nissl stain) at the level of
the hypothalamus (/ef?) and the pituitary gland (toluidine blue stain; 7ight).
() Resting glucose metabolism measured autoradiographically with
("*C)-2-deoxyglucose (Sokoloff et al. 1977). (c) Glucose metabolism during
osmotic stimulation. Osmotic stimulation of the supraoptic and
paraventricular nuclei of the hypothalamus of the rat by increasing the
osmolality of its drinking water causes minimal if any change in the
metabolism of the cell bodies in the hypothalamus but dramatic increases in
the metabolism of axon terminals in the posterior pituitary. Figure adapted
from Schwartz et al. 1979 with permission.
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surface-to-volume ratio of the involved cellu-
lar elements (Cohen & De Weer 1977, Ritchie
1967).

Consistent with these early results have
been more recent studies showing clearly
that local tissue blood flow can be disso-
ciated dramatically and convincingly from
the spiking activity of neurons, whereas
blood flow measured in the same experi-
ments is consistently correlated with the LEPs
(Lauritzen 2001, Thomsen etal. 2004). To our
knowledge, experiments in which blood flow
and LFPs change in parallel and are anticor-
related with spiking have no convincing ex-
perimental counterpart in which blood flow
and spiking activity change in parallel and are
anticorrelated with the LFPs.

How then do we understand experimen-
tal results that show equivalent correlations of
the imaging signals with LFPs and the spik-
ing activity of neurons (Mukamel et al. 2005)?
The answer probably lies in the manner in
which the cerebral cortex is organized intrin-
sically, important features of which are in-
visible to imaging techniques such as fMRI
and PET. Quite simply, the vast majority of
the excitatory and inhibitory nerve terminals
in the cerebral cortex come from cells in the
immediate vicinity of the synapse (Binzegger
etal. 2004, Sillito & Jones 2002, Stettler et al.
2002). It is actually quite surprising how few
cortical synapses are associated with cells out-
side of the cerebral cortex. For example, only
approximately 5% of the synapses in V1 come
from cells in the lateral geniculate nucleus in
the cat (Peters & Payne 1993), and compara-
ble numbers have been found in the monkey
(Peters et al. 1994). Therefore it should come
as no surprise that similar correlations might
well be observed between functional imag-
ing signals and both LFPs and spikes. It is
when a discrepancy is encountered that it be-
comes important to understand the true basis
of the imaging signals. A particularly telling
example occurred when attentionally medi-
ated changes in activity were observed in V1
with imaging but not with traditional single-
unit recording (Pessoa et al. 2003).
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Thus, in our view, it is incorrect to pro-
pose using functional neuroimaging signals as
simple surrogate measures of the spiking ac-
tivity of neurons. Rather, these results pro-
vide complementary information related to
the inputinto a neuronal assembly, which may
(Mukamel et al. 2005), or may not (Lauritzen
2001, Thomsen et al. 2004), correlate with
the output. It all depends upon the particu-
lar circumstances. Adopting this perspective
greatly increases the probability of properly
interpreting extant and future research, es-
pecially when electrophysiological recordings
and brain imaging results are compared, as
they should be.

As research on the neurophysiologic cor-
relates of the functional brain imaging signals
has moved forward, it has become increas-
ingly apparent that astrocytes also play a crit-
ical role. This view has emerged as the result
of a new appreciation of the complex manner
in which the energy necessary for brain func-
tion is generated. We turn to these important
issues below.

Unique Features of Brain
Metabolism

Standard teaching in most textbooks is that
the energy needed for brain function is pro-
duced entirely by the oxidation of glucose to
carbon dioxide and water (Siesjo 1978). Be-
cause the brain tissue itself contains relatively
little dissolved oxygen (most unused oxygen
in the brain remains bound to hemoglobin
in red blood cells), it logically follows that
the brain must be dependent for its moment-
to-moment functions on a continuous sup-
ply of oxygen via flowing blood. Consistent
with this observation is the fact that con-
sciousness is lost in approximately 15 s when
blood flow suddenly ceases owing to a fail-
ure in the cardiovascular system (e.g., car-
diac arrest or vasodepressor syncope). On the
basis of this rather straightforward reason-
ing, it was, for many years, nearly universally
believed that blood-flow increases associated
with cellular-activity increases must be related
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to the need for additional oxygen, notwith-
standing a number of early observations sug-
gesting blood flow might increase in excess
of the increase in oxygen consumption (e.g.,
see Brodersen et al. 1973, Cooper & Crow
1975, Howse etal. 1973, Plum & Duffy 1975,
Plum et al. 1968). Some reluctance to accept
an alternative explanation suggested by these
early studies likely relates to the fact that most,
but not all, of the observations were made in
the setting of experimentally induced epileptic
seizures, a condition involving highly abnor-
mal increases in brain activity often accom-
panied by profound cardiovascular changes
(i-e., increases in blood pressure and cardiac
output).

Because of the belief that the brain is
dependent for its moment-to-moment func-
tion on the oxidation of glucose, it came as
a great surprise to most when it was first
quantitatively demonstrated in the normal hu-
man brain with PET that activity-induced in-
creases in blood flow are not accompanied
by proportionate increases in oxygen con-
sumption (Blomgqvist et al. 1994, Fox et al.
1988, Madsen et al. 1995) (Figure 1). Al-
though oxygen consumption does increase,
this increase is much less than the increase
in blood flow and glucose consumption. Two
important results of this discovery led to the
birth of fMRI (see The Origins of Func-
tional Magnetic Resonance Imaging) and a
re-examination of brain energy metabolism.
We now examine the latter in some detail.

BLOOD FLOW AND OXIDATIVE
PHOSPHORYLATION

One especially well-articulated and thought-
ful line of research has focused specifically on
the relationship between blood flow and oxy-
gen consumption. Work pioneered by Buxton
and colleagues (2004) is exemplary in this re-
gard. They have examined in various ways the
possibility that the discrepancy between the
blood flow and oxygen consumption changes
could result from the well-known fact that
oxygen is poorly diffusible in brain tissue. Ac-

THE ORIGINS OF FUNCTIONAL
MAGNETIC RESONANCE IMAGING

Pauling & Coryell (1936) demonstrated that deoxygenated
hemoglobin disrupts a magnetic field, whereas oxygenated
hemoglobin does not. For this reason MRI images, which are
obtained using an intense magnetic field, can exhibit darken-
ing of the image in areas of draining veins owing to the loss
of signal. If blood flow increases suddenly in the face of an
increase in cellular activity and this increase is not accom-
panied by an increase in oxygen consumption of comparable
magnitude (Fox & Raichle 1986, Fox et al. 1988), oxygena-
tion in capillaries and veins is increased (i.e., supply increases
more than demand) (Figure 1). Ogawa and colleagues (1990)
demonstrated this would lead to an enhancement of the MRI
signal that could be detected. They termed this enhancement
the BOLD contrast. Beginning remarkably soon after the first
demonstrations in humans (Bandettini et al. 1992, Kwong
et al. 1992, Ogawa et al. 1992), BOLD contrast fMRI has
come to dominate the functional neuroimaging field.

cording to this view, blood flow necessarily
must increase more than oxygen consump-
tion when cellular activity increases to main-
tain the tissue-oxygen gradients necessary for
adequate delivery of oxygen to the tissue. In
our view this hypothesis, intuitively appealing
as it might seem, has been challenged success-
fully by two observations.

First, experimentally decreasing oxygen
availability in circulating blood by having nor-
mal subjects breath air with a reduced oxygen
content fails to cause a compensatory blood-
flow response when brain cellular activity is
stimulated (Mintun et al. 2000). This is con-
sistent with an important earlier observation
that graded hypoxia does not stimulate rest-
ing brain-blood flow in normal subjects un-
til a critical threshold is reached (Shimojyo
etal. 1968), a threshold much lower than that
posited to occur in functional brain imaging
experiments (Mintun et al. 2000).

Second, sustained visual stimulation (i.e.,
25 min) is associated with an initial increase
in blood flow far in excess of oxygen consump-
tion. But over time, oxygen consumption
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begins to increase as blood flow falls (Mintun
et al. 2002). This is further evidence that
the increase in blood flow associated with an
increase in cellular activity is not invariably
driven by an increased demand for oxygen.

If the brain were to rely on a timely in-
crease in oxygen delivery every time neuronal
activity suddenly increased, a change in blood
flow would not be the answer. The blood-
flow response to a sudden change in neuronal
activity is remarkably slow relative to the
events that provoke it (Boynton et al. 1996). It
usually begins several seconds after the onset
of a change and does not reach its maximum
for 4-6 s. This is hardly the type of response
needed to cope with a sudden increase in the
requirement for oxygen occurring over mil-
liseconds, although it might well accommo-
date more slowly varying, spontaneous activ-
ity, a subject we discuss below.

Thus, instead of depending on a timely in-
crease in blood flow to supply an increased
need for oxygen, it would be far more ef-
ficient for the brain simply to extract more
oxygen from that available in the circulat-
ing blood. On average approximately 40% of
available oxygen is removed from blood pass-
ing through the brain, leaving a substantial
reserve to cope with sudden increases in de-
mand. Such an intuitively appealing mecha-
nism has been posited to occur on the ba-
sis of research with optical imaging (Vanzetta
& Grinvald 1999) and other techniques capa-
ble of measurements of tissue oxygenation at
a temporal resolution approximating that of
the changing cellular events (Kasischke et al.
2004; Offenhauser et al. 2005; Thompson
etal. 2003, 2004). In these studies researchers
have observed a sudden local decrease in oxy-
genated hemoglobin that is reversed seconds
later when blood flow increases in excess of
the oxygen demands of the tissue. This initial
transient decrease in oxygenated hemoglobin
has been termed the “initial dip” and inter-
preted as evidence for a sudden increase in
oxygen consumption in advance of an increase
in blood flow. Despite these results, this intu-
itively appealing concept has remained con-
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troversial because the initial dip is not al-
ways found (Buxton 2001, Kim et al. 2000,
Logothetis 2000, Thompson et al. 2004).
One of the most important but often
overlooked observations in discussions of the
genesis of functional imaging signals is the
increase in glucose consumption that invari-
ably accompanies the increase in blood flow
(Blomgyvistetal. 1994, Fox etal. 1988, Madsen
et al. 1995) (Figure 1). Because this occurrs
in the presence of adequate tissue oxygena-
tion it is referred to as aerobic glycolysis. We
turn to a discussion of this observation and its
implications for our understanding of the cell
biology of brain imaging signals below.

Aerobic Glycolysis

As discussed above in detail, the vast majority
of the energy consumed by the brain is pro-
vided by the metabolism of glucose to carbon
dioxide and water, a process that begins with
glycolysis and ends with oxidative phosphory-
lation. Itis easy to think of the two processes as
inextricably linked in the normal brain. That
is likely not strictly the case (Figure 3).

ll Storage

Glucose

2 ATP_ _
Glycolysis
4 ATP + 2 NADH «”|

2 pyruvate |.:’| 2 lactate

30,
Oxidative phosphorylation
30 ATP «~|

4CO,+4H,0

Figure 3

A schematic representation of the metabolism of
glucose from glycolysis to oxidative
phosphorylation. Energy for brain work is
produced in the form of adenosine triphosphate
(ATP). Glucose is available from flowing blood as
well as glycogen stored in astrocytes. When
pyruvate is produced in excess of that needed for
oxidative phosphorylation, it is converted to
lactate.
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Both glycolysis and oxidative phosphory-
lation produce energy in the form of adeno-
sine triphosphate (ATP) but by far the largest
amount is produced by oxidative phosphory-
lation (~30 ATP molecules per molecule of
glucose compared with a net of 2 for glycol-
ysis). Oxidative phosphorylation is obviously
a much more efficient process than glycoly-
sis in terms of the amount of glucose needed
for the energy produced. As such, oxidative
phosphorylation is the source of most of the
energy needed for neuronal signaling in the
brain. However, itneed not be the only source,
especially during rapid increases in neuronal
activity. An important advantage that glycol-
ysis has over oxidative phosphorylation, other
than it can operate without oxygen, is that it is
much faster (McGilvery & Goldstein 1983).
Because glycolysis is able to make pyruvate
much faster than it can be oxidized, ATP can
be made nearly twice as fast by converting glu-
cose to lactate, which accumulates in the pres-
ence of excess pyruvate (Figure 3), as it can
by oxidizing glucose completely. This speed
by which glycolysis can deliver energy begin-
ning with either glycogen or glucose may of-
fer one explanation for a role in brain cellular
function independent of oxidative phosphory-
lation when a sudden change in activity must
be accommodated. Although the contribution
of glycolysis alone to brain energy production
may be small in relation to that produced by
oxidative phosphorylation, that contribution
may be, nevertheless, of strategic importance.

The Role of the Astrocyte

The suggestion that glycolysis has a spe-
cial role in brain energy production stimu-
lated an important series of investigations fo-
cused on astrocytes (Kasischke et al. 2004,
Magistretti et al. 1999, Pellerin & Magistretti
2004). From this work has emerged the con-
cept that the observed increase in glycolysis
results from the uptake of glutamate into as-
trocytes from excitatory synapses along with
Na* (Figure 4). The intracellular glutamate
is converted to glutamine and the resulting

rise in intracellular sodium increases the ac-
tivity of membrane-bound Na*/K*-ATPase.
Both processes result in the hydrolysis of
ATP (Erecinska & Silver 1994, Magistretti &
Chatton 2005, Silver etal. 1997). The synthe-
sis of new ATP appears to be done by glycol-
ysis alone, at least in the astrocyte.

The general idea that glycolysis might
supply ATP for membrane-bound Na*/K*-
ATPase is neither new nor restricted to the
brain. Data from human red cell membranes
(Mercer & Dunham 1981), skeletal muscle
(Okamoto et al. 2001), vascular smooth mus-
cle (Campbell & Paul 1992), and neurons (Wu
et al. 1997) all provide independent evidence
in support of such a possibility. Several other
lines of research provide additional support
directly related to astrocytes.

Glycolytically linked modulation of blood
flow. Recent work in laboratory animals (Ido
et al. 2001, 2004) and humans (Mintun et al.
2004, Vlassenko et al. 2006) has demonstrated
that the blood-flow response to an increase
in the cellular activity is modified by changes
in the plasma lactate/pyruvate ratio: Blood
flow is augmented when the lactate/pyruvate
israised and attenuated when itis lowered. On
the basis of the near equilibrium between the
ratios of lactate/pyruvate and cytosolic free
NADH/NAD™ (which reflects the intracellu-
lar redox state), these results suggest NADH
is an important sensor of the circulatory needs
of the cell linked to its glycolytic activity. The
latter cannot proceed to generate ATP with-
out the continuing replenishment of NAD™.
That such a blood flow—sensing mechanism
might be housed within astrocytes as sug-
gested by Kasischke and colleagues (2004)
adds to the potential importance of this cell
in the ongoing functional activity of the brain
and highlights its role in mediating the blood-
flow responses so critical to the genesis of the
neuroimaging signals (Mulligan & MacVicar
2004, Takano et al. 2006, Zonta et al. 2003).

Astrocyte glycogen. The critical role for
astrocyte glycolysis in glutamate cycling
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Figure 4

A schematic representation of the cellular metabolic events associated with the cycling of glutamate. Of
particular importance is the role played by aerobic glycolysis in astrocytes in supplying the energy used
by Nat/K*-ATPase to extrude the Na™ taken up along with glutamate from the synapse and the
conversion of glutamate to glutamine. The excess lactate produced can either be “shuttled” to the
adjacent neurons where it is converted to pyruvate and further metabolized by oxidative phosphorylation
to CO; and H,O or removed from the brain as lactate in flowing blood. As illustrated, Nat/K*-ATPase
also plays a critical role in neurons as well. It remains to be determined whether the glycolysis associated
with Nat/K*+-ATPase at neuronal sites also contributes to the genesis of brain imaging signals.

provides a convenient explanation for the
well-known observation that astrocytes are
the sole repository of glycogen in the brain
(Brown 2004). Glycogen can be broken down
to glucose in milliseconds in a process known
as glycogenolysis, providing a readily avail-
able energy substrate for moment-to-moment
changes in brain function (Swanson et al.
1992) that is not immediately dependent on
flowing blood (Figure 3).

Furthermore, glycogenolysis appears, in
part, to be orchestrated by a complex, mul-
tiplicative process involving the central no-
radrenergic system (Harik et al. 1979, 1982;
Magistretti et al. 1995; Stone & Ariano
1989), which is, broadly, concerned with per-
formance optimization (i.e., arousal) across
wide areas of the cerebral cortex (Aston-
Jones & Cohen 2005), and vasoactive intesti-
nal polypeptide (VIP), which acts locally to
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amplify this norepinephrine-induced perfor-
mance optimization in task-relevant areas of
cortex (Magistretti et al. 1981). That such
complex processes elegantly embodying the
integration of high-level behaviors also in-
clude the orchestration of glycogenolysis in
astrocytes (Magistretti etal. 1981, 1995) lends
credence to the hypothesis that astrocytes
and the glycolytic machinery they house are
uniquely involved in the coordination of the
metabolic and circulatory requirements asso-
ciated with changes in brain function.

Activity-induced alkalinization of the as-
trocyte. Finally, increased neuronal activ-
ity results in alkalinization within the as-
trocyte, despite an increased production of
lactate owing to glycolysis (Chesler & Kraig
1987). An important consequence of this
change in intracellular pH is the stimulation of
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glycolysis, a result of the high sensitivity of
phosphofructokinase, a critical enzyme in the
regulation of glycolysis to changes in intracel-
lular pH (Triveda & Danforth 1966, Ui 1966,
Williamson 1970).

Glycolysis and Oxidative
Phosphorylation

One might ask whether oxidative phosphory-
lation, a much more efficient source of en-
ergy than glycolysis, becomes more impor-
tant when a state change becomes fixed. In
this regard, it has been well documented in
other systems (e.g., muscle) that whereas sud-
den increases in activity are accommodated by
increases in aerobic glycolysis, a new, higher
level of oxidative phosphorylation follows if
increased activity persists (Weibel 1984). In
the brain, levels of cytochrome oxidase, a
mitochondrial enzyme critical for oxidative
phosphorylation, appears to reflect ongoing
activity levels within and among neurons and
adjusts its levels to activity changes when
these occur over hours to days (Wong-Riley
1989). Despite these observations, the infor-
mation to date from quantative imaging stud-
ies is inconclusive regarding the possibility
that a sustained increase in neuronal activity
might cause a new baseline level of oxidative
phosphorylation.

In our initial report (Fox & Raichle 1986)
we noted no such effect for stimulation peri-
ods as long as 5 min. Several conflicting re-
ports have followed. One suggests rapid in-
creases in oxygen consumption re-establishes
the resting relationship between blood flow
and metabolism over a few minutes (Frahm
et al. 1996); in another study of continuous
stimulation for 30 min, no adaptation oc-
curred (Bandettini et al. 1997). Finally, in our
more recent study (Mintun et al. 2002), con-
tinuous passive visual stimulation with a verti-
cal visual grating provoked an initial increase
in blood flow of 39% above control (visual
fixation) in visual cortex. Oxygen consump-
tion initially increased to 6%. By 25 min of
continuous stimulation, oxygen consumption

had increased to 14% from an initial value
of 6% above control, and blood flow had de-
clined to 24% from an initial value of 39%
above control. Following the termination of
stimulation, all measurements returned to
their control levels (M.A. Mintun, personal
communication).

The role of glycolysis was not assessed in
any of the above studies. This makes the study
by Madsen and colleagues (1995) interest-
ing. They measured whole brain-blood flow,
oxygen consumption, and glucose utilization
using well-accepted, quantitative techniques
while subjects performed the cognitively de-
manding Wisconsin Card Sorting Task. Dur-
ing the task performance that lasted 20 min,
blood flow and glucose utilization rose im-
mediately and remained elevated in parallel
along with an increased production of lac-
tate, whereas oxygen consumption did not ap-
pear to change. Of particular interest was that
the increased glycolysis associated with task
performance persisted for more than 1 h af-
ter termination of task performance (Madsen
et al. 1995) even though blood flow had re-
turned to control levels. These results not
only confirmed the increased aerobic glycol-
ysis during task performance others had ob-
served (Blomgvist etal. 1994, Fox et al. 1988),
but also demonstrated its persistence during
a 40-min period of continuing measurements
following the cessation of task performance.

The above observations offer seemingly
conflicting views of the complex metabolic
and circulatory responses to task performance
that remain to be fully understood. Presently
we do not know whether a persistent in-
crease in activity leads to a new baseline level
of blood flow and metabolism in which in-
creased oxidative phosphorylation meets in-
creased energy demands. Variables such as
task difficulty and novelty clearly need to be
considered carefully in future work attempt-
ing to answer this question. Likewise, we
need to understand the more general bio-
logical question of why the energy demands
of membrane-bound Na*/K*-ATPase seem

to be preferentially served by glycolysis and
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whether the exclusive role of glycolysis in
this situation is ever relinquished to oxidative
phosphorylation.

The Lactate Shuttle

One area of controversy persists concerning
the glycolysis associated with glutamate cy-
cling by astrocytes. This concerns the fate
of the lactate produced by aerobic glycolysis
in the astrocyte. It has been suggested that
a significant proportion of the lactate pro-
duced in the astrocyte is “shuttled” to the neu-
ron where it is further metabolized by oxida-
tive phosphorylation (Magistretti et al. 1999)
(Figure 4). The controversy has centered on
the degree to which this occurs and the rel-
ative dependency of neurons on lactate as an
energy substrate (e.g., see Aubert et al. 2005,
Chih & Roberts 2003, Pellerin & Magistretti
2003). A resolution of this controversy is not
presently at hand. It is sufficient to say that
some fraction of the lactate produced in the
course of normal brain activity is left to find
its way out of the brain where it has been de-
tected in brain venous blood for many years in
humans as well as laboratory animals (Gibbs
et al. 1942, Raichle et al. 1970, Siesjo 1978).

An important question to be answered is
what fraction of the lactate produced by gly-
colysis in astrocytes is represented in lactate
leaving the brain in venous blood. Relevant to
this issue are intriguing new data (Porras et al.
2004) suggesting an increase in glutamatergic
neurotransmission (i.e., activation) may redis-
tribute glucose away from neurons and into
astrocytes by rapidly inhibiting glucose trans-
port into neurons. One important implica-
tion of this observation is that under such cir-
cumstances, neurons would rely more heavily
on astrocyte-produced lactate as a precursor
for oxidative phosphorylation (Figure 3). If
that were to happen, an increased fraction of
the astrocyte glycolysis would be “masked” by
neuronal oxidative phosphorylation attenuat-
ing changes likely to be observed in the fMRI
BOLD signal.
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Other Neurotransmitters

One could ask whether other neurotrans-
mitters also contribute to neuroimaging sig-
nals in a manner similar to glutamate. Here
the evidence is much less complete. We do
know from the work of Magistretti and col-
leagues (Chatton et al. 2003) that, in con-
trast to glutamate, the exposure of astro-
cytes to gamma-aminobutyric acid (GABA)
does not elicit a burst of glycolysis. From
this we might surmise that a BOLD-based
fMRI signal would not be associated with
a change in GABA-mediated inhibition. Yet
extant data, albeit limited, do suggest that
GABA-mediated increases in inhibitory neu-
rotransmission produce an increase in glucose
consumption measured with tissue autoradio-
graphy in laboratory animals (Ackerman et al.
1984, Batini et al. 1984, Biral et al. 1984,
McCasland & Hibbard 1997) and blood flow
measured in humans with PET (Hershey etal.
2003). How might we understand such obser-
vations in the context of fMRI using BOLD
contrast? Two issues come to mind.

First, one must consider the information
provided by various neuroimaging techniques
in relation to the question being posed. The
interpretation of blood flow and glucose
metabolism data with regard to oxidative
phosphorylation, glycolysis, and GABAergic
neurotransmission is ambiguous. The mistake
is to assume that a change in glucose con-
sumption or blood flow necessarily reflects a
change in oxidative phosphorylation. Neither
can distinguish a change in aerobic glycolysis
from a change in oxidative phosphorylation.
As discussed above, the brain may employ gly-
colysis independently or in combination with
oxidative phosphorylation. Measurements
of blood flow and glucose consumption,
separately or together, do not provide the
critical information to distinguish the two.
Only by adding a measurement of oxygen
consumption will the needed information be
obtained. Hence, we need studies employing
paradigms that produce changes -clearly
attributable to an increase in GABAergic
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neurotransmission
validated, quantitative measurement of
the relevant variables (CBEF, CMRO,, and
CMRGlu).

Second, one must consider what we know

coupled with  well-

about metabolic compartmentalization (i.e.,
the segregation of glycolytic enzymes) at sites
other than the astrocyte that might be related
to GABAergic neurotransmission. Several ob-
servations suggest that metabolic compart-
mentalization might occur in neurons as well.
In thisregard an interesting example is the dis-
covery several years ago by Siekevitz and col-
leagues (Wu etal. 1997) of glycolytic enzymes
localized in a structure called the postsynap-
tic density at the postsynaptic membrane of
the synapse, an area with few if any mito-
chondria. They presented evidence that the
compartmentalization of glycolytic enzymes
could supply the energy needs of nerve sig-
nal transduction. Most directly relevant to
GABAergic neurotransmission has been the
recently presented evidence thata key enzyme
in the regulation of glycolysis (GAPDH) can
perform a dual role as a receptor kinase and
a glycolytic enzyme, effectively linking gly-
colysis to neuronal inhibition (Laschet et al.
2004).

What we do not know is how a change
in glycolysis in excess of that needed locally
for oxidative phosphorylation in any of these
circumstances might affect measurements of
brain hemodynamics and metabolism. Is gly-
colytically produced lactate in the postsy-
naptic density shuttled to the mitochondria
(Aubert et al. 2005) where oxidative phospho-
rylation takes place in sync with the changes
in glycolysis, making such metabolic changes
undetectable by current functional imaging
techniques? Or does an increase in glycoly-
sis in areas such as the postsynaptic density
of dendrites sometimes exceed the require-
ments of oxidative phosphorylation, thereby
contributing to the fMRI BOLD signal we
observe? Finally, should we not be asking
such questions about the energy metabolism
of Nat/K*-ATPase at every site at which it
operates in the brain (Figure 4)?

Above we focus entirely on evoked in-
creases in brain activity. For most researchers
this is the primary focus of functional imag-
ing studies and, more generally, electrophys-
iological recording as well. However, as we
argue below, it likely represents only a small
fraction of the true functional activity of the
brain. The departure this perspective repre-
sents from the standard view was initiated by
three observations made in imaging research:
() activity decreases during task performance,
(b) the functional significance of spontaneous
activity (“noise”) in the fMRI BOLD signal,
and (¢) the disparity in energy cost between
evoked activity and that we refer to as intrin-
sic activity. We turn to these issues below.

ACTIVITY DECREASES
(DEACTIVATIONS)

Historically, brain imaging work with PET
and fMRI has emphasized task-induced in-
creases in regional brain activity associated
with the execution of a wide variety of tasks.
More recently, however, researchers have be-
come aware of the presence of task-induced
decreases in regional brain activity in their
data. Whereas the location of task-induced
activity increases generally are task-specific,
regional task-induced activity decreases can
either be quite task specific (e.g., decreases
within particular elements of a sensory sys-
tem not directly involved in the processing of
a stimulus (Amedi et al. 2005, Drevets et al.
1995, Ghatan et al. 1998, Kawashima et al.
1995, Shmuel et al. 2002, Smith et al. 2002,
Somers et al. 1999) or largely independent of
the task content (Andreasen etal. 1995, Binder
etal. 1999, Mazoyer etal. 2001, Shulman etal.
1997) (Figure 5).

One of the challenges in interpreting ac-
tivity decreases in functional imaging experi-
ments is establishing a proper reference upon
which to base a decision regarding the true
valence of these activity changes. Skeptics
have worried that functional activity decreases
merely represent activations in an uncon-
strained resting state (Martin 1999, Stark &
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Figure 5

Regional activity decreases commonly associated with the performance of a wide variety of goal-directed
tasks are observed with both PET and fMRI. These data (a meta-analysis of nine PET studies involving
134 normal subjects) were adapted from an earlier study of ours (Shulman et al. 1997) and are shown here
on surface maps of the cerebral cortex (Van Essen et al. 2001). We have referred to these areas of the
brain as representing a “default mode” of brain function (Raichle et al. 2001).

Squire 2001). We have approached this chal-
lenge by defining a physiologic baseline in
terms of quantitative regional brain-blood
flow and oxygen consumption measured with
PET relative to which control conditions and
other task states could be compared (Gusnard
& Raichle 2001, Raichle et al. 2001). We be-
lieve that reviewing our approach in some de-
tail is critical to an understanding of the signif-
icance to be attached to functional activation
and deactivation responses in particular and
to the intrinsic functional activity of the brain
implied by their presence.

Defining a Baseline Level of Activity

Provoked by the dilemma of interpreting ac-
tivity decreases in imaging data and the hy-
pothesis put forward that they merely repre-
sented unaccounted for activations in control
conditions, we decided to test the validity of
this hypothesis in a quantifiable manner us-
ing PET (Raichle et al. 2001). Critical to the
test we performed was the use of an agreed-
upon definition of activation and the ability to
measure it quantitatively with PET.
Fortunately, there is general agreement in
the imaging-research community on the defi-
nition of activation that we review above in de-
tail. Briefly summarized here, when neuronal
activity locally increases in the brain, regional
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blood flow increases more than oxygen con-
sumption (Figure 1). Hence, the amount of
oxygen remaining in the blood leaving the ac-
tivated region increases. That s, the increased
supply of oxygen exceeds the increased de-
mand (Fox & Raichle 1986, Fox et al.
1988).

One additional feature of the relationship
between brain blood flow and oxygen con-
sumption was important for our test. This was
the long standing observation that the ratio of
oxygen consumed by the brain to that deliv-
ered in flowing blood is, on average, remark-
ably constant across the brain (for an intro-
duction to this literature, see Raichle et al.
2001). Thus, whereas oxygen consumption in
white matter is approximately one-fourth that
of gray matter, the ratio of oxygen consumed
to that delivered is the same as in gray matter.
This ratio is formally known as the oxygen
extraction fraction (OEF). How did the ac-
knowledgment of this ratio’s uniformity serve
our purpose? It allowed us to posit that if ar-
eas were truly activated in the resting state
condition, then they should exhibit a signif-
icant regional decrease in OEF when com-
pared with other areas of the brain in that
condition (Raichle et al. 2001).

Armed with the above definition of acti-
vation and the ability of PET to quantita-
tively assess the presence of activation as a
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significant regional decrease in the OEF, we
examined two groups of normal subjects in the
resting state and initially confined our analy-
sis to those areas of the brain frequently ex-
hibiting the aforementioned imaging signal
decreases (Figure 5). In this analysis we found
no evidence that these areas were activated
in the resting state; that is, the average OEF
in these areas did not differ from any other
areas of the brain. We concluded these re-
gional decreases, observed commonly during
task performance, represented the presence of
functionality that was ongoing in the resting
state and attenuated only when resources were
temporarily reallocated during goal-directed
behaviors, hence our original designation of
them as default functions (Gusnard & Raichle
2001, Raichle et al. 2001).

After performing the above analysis
(Raichle et al. 2001) on the aforementioned
areas (Figure 5), we searched our data for
any other areas that might exhibit evidence
of activation in the resting state and found
none (Raichle et al. 2001). This observation
is important in suggesting that aspects of the
brain’s intrinsic functionality are not confined
to those areas we designated as a “default sys-
tem” (Figure 5) and is consistent with the ob-
servation that activity decreases do occur in
other areas of the brain in a more task-specific
manner (see above).

We make four important comments in
summary. First, the importance of using PET
rather than fMRI to define a physiologic base-
line state of the brain needs to be empha-
sized. Our work was critically dependent on
the ability of PET to provide absolute, quan-
titative, and reproducible measurements of re-
gional blood flow and oxygen consumption in
the human brain. PET is uniquely suited to
do so, operating as it does with tracer tech-
niques that have been validated against ob-
jective standards (Martin et al. 1987, Mintun
et al. 1984, Raichle et al. 1983). fMRI as it is
conventionally practiced using BOLD imag-
ing does not offer a similar absolute reference
(Aguirre et al. 2002, Detre & Wang 2002),
and hence estimated changes in parameters

such as oxygen consumption must be viewed
with caution until further work is done to
determine their validity (e.g., see Kim et al.
1999).

Second, in functional imaging studies us-
ing fMRIBOLD contrast, comparisons are al-
ways made between two states closely spaced
in time because background BOLD activity,
for reasons currently not understood, does
not remain constant. Limiting their consider-
ations to fMRI, some have concluded, there-
fore, thata functional imaging baseline cannot
be defined. We appreciate the potential for
confusion, particularly when terms such as
control state, control condition, and baseline
are used interchangeably, which occurs fre-
quently in the imaging literature. Although
the term physiologic baseline as we have de-
fined it is not appropriately applied to fMRI
data directly, the terms control state and con-
trol condition may be applied equally well
to both PET and fMRI imaging techniques.
Importantly, when low-level control states
such as eyes-closed rest or visual fixation are
used, the results from both imaging tech-
niques are virtually identical (Raichle 1998,
Simpson et al. 2000).

Third, the baseline as we have defined it
refers to a physiologic, functionally signifi-
cant state of the brain, and acknowledging it
provides a means by which we can differen-
tiate intrinsic brain activity from that evoked
during task performance. Fourth, the partic-
ular control condition or state to which a
task of interest is compared can significantly
affect the results and their interpretation
(Gusnard & Raichle 2001). We argue that in-
clusion of a control condition referable to a
physiological baseline, among those control
conditions employed in any functional imag-
ing study, puts one in the best position to cor-
rectly understand imaging data. This claim
is made notwithstanding expressed concerns
that low-level control conditions fail to es-
tablish a “zero-activity” condition. We argue
that brains are never at a zero-activity level
and that such a view often encourages loose
and misleading use of the term activation.
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We are under no illusions, however, that this
well-established term will be replaced any
time soon.

Understanding Deactivations in
Metabolic Terms

An important conceptual feature of deactiva-
tions as we define them above is that they are
observed in both PET blood flow and fMRI
BOLD images (e.g., see figure 1 in Simpson
et al. 2000 for a direct comparison). Why is
this important?

Recall that the reason we can moni-
tor activity increases (activations) with fMRI
BOLD contrast is that blood flow increases
more than oxygen consumption, thereby cre-
ating a local increase in the amount of
oxygenated hemoglobin (Figures 1 and 6).
Furthermore, this increase in blood flow is ac-
companied by an increase in aerobic glycoly-

sis. As discussed above, this means that during
a period of increased activity, aerobic glycol-
ysis operates at a rate in excess of that needed
for oxidative phosphorylation.

It should be recalled that when glycoly-
sis and oxidative phosphorylation are perfectly
matched, it takes 6 mol of oxygen to convert
1 mol of glucose to carbon dioxide and wa-
ter. This molar ratio of oxygen consumption
to glucose utilization is often referred to as
the oxygen-glucose index (OGI) and is used
to assess the relationship between glycolysis
and oxidative phosphorylation. Importantly,
whereas the OGI can fall below six when gly-
colysis increases more than oxidative phos-
phorylation, the OGI theoretically cannot in-
crease above six because that would imply that
the substrate required for oxidative phospho-
rylation (pyruvate) is consumed faster than it
is supplied. Thus, where glycolysis operates
at a rate greater than needed for oxidative

Blood flow

and f

glucose
utilization

Aerobic glycolysis

4 Oxygen
consumption

1

T

Deactivation

Figure 6

Baseline

Activation

A schematic representation of the relationship of blood flow and glucose utilization (b/ze) to oxygen
consumption (red) and cellular activity (v-axis) at baseline and during increases (activation) and decreases
(deactivation) in neuronal activity. The presence of aerobic glycolysis causes activity-dependent
variations in oxygen availability in the brain (see Figure 1) that are detectable by fMRI. Activations as
seen by fMRI result from a disproportionate increase in blood flow and glucose utilization, whereas
deactivations result from the opposite. At baseline, time-varying fluctuations in neuronal activity are seen
as spontaneous fluctuations in the fMRI BOLD signal (insert, green line).
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phosphorylation, the OGI is observed to be
less than six.

If at baseline the molar ratio of oxygen
used to glucose consumed were six, then a
decrease in energy requirements accompany-
ing a decrease in cellular activity would be ex-
pected to produce parallel decreases both in
glycolysis and oxidative phosphorylation. As-
suming an accompanying decrease in blood
flow, which is likely, there would be no change
in local blood oxygen content. As a result
there would be no change in the IMRI BOLD
signal. Yet, fMRI BOLD readily detects ac-
tivity decreases from a physiologic baseline
(Raichle 1998, Simpson et al. 2000), clearly
implying the presence of ongoing aerobic gly-
colysis in the baseline state of normal human
subjects.

Thus, aerobic glycolysis provides for us
a window (a “glycolytic window”) through
which we can observe changes in brain ac-
tivity with fMRI BOLD (Figure 6). This in-
cludes both increases and decreases in activity
from a physiologic baseline. We suggest on-
going aerobic glycolysis in the baseline state
is necessary for the observation of activity
decreases with fMRI BOLD. Interestingly
evidence for ongoing aerobic glycolysis in
the baseline state has been extant for quite
some time in the form of positive arterio-
venous difference for lactate (Gibbs et al.
1942, Raichle et al. 1970, Siesjo 1978) and the
presence of lactate in the brain as detected
by magnetic resonance spectroscopy in hu-
mans (Prichard et al. 1991). An average value
for the human brain OGI is approximately
5.3 (Raichle et al. 1970). As discussed above
(see The Lactate Shuttle), this probably rep-
resents the lower bound because shuttled lac-
tate is invisible in arterio-venous difference
measurements.

The presence of aerobic glycolysis in the
physiologic baseline state has another impor-
tant implication for brain imaging as well as
brain function. That emerges from an ex-
amination of spontaneous fluctuations in the
fMRI BOLD signal in the resting state (rest-
ing quietly but awake with eyes closed).

SPONTANEOUS FUNCTIONAL
ACTIVITY

All who have done fMRI BOLD imaging are
aware that the unaveraged MRI signals are
quite noisy. Some of the noise is created by
such uninteresting yet troublesome sources as
scanner electronics, subject movement, respi-
ration, and variations in systemic cardiovascu-
lar dynamics (Triantafyllou et al. 2005). How-
ever, a considerable fraction of the variance in
the BOLD signal in the frequency range be-
low 0.1 Hz appears to reflect fluctuating neu-
ronal activity (see insert in Figure 6).

Biswal and colleagues (1995) at the Medi-
cal College of Wisconsin began the work on
the surprising significance of these sponta-
neous fluctuations in the fMRI BOLD sig-
nal. They were the first to note that sponta-
neous fluctuations in the fMRI BOLD signal
at rest in one area of the cerebral cortex ex-
hibit system-relevant correlations with signal
fluctuations in other areas. Their initial ob-
servation in somatomotor cortices has since
been replicated and extended to many other
brain systems (for a recent example and re-
view of this literature, see Fox et al. 2005).
These studies have provided a rich new view
of the intrinsic activity of the human brain
characterized by spatially consistent, tempo-
rally varying activity within distinct brain sys-
tems (Figure 7).

Correlated spontaneous fluctuations in the
fMRI BOLD signal should be considered
in the context of the rich neurophysiolog-
ical literature on coherent neuronal fluc-
tuations or oscillations. Synchronous neu-
ronal fluctuations have been reported across a
broad range of frequencies and spatial scales
(Buzsaki & Dragulm 2004). Furthermore,
it has been suggested that neuronal fluc-
tuations at high and low frequencies may
be related, with lower-frequency fluctuations
corresponding to power modulations of
higher-frequency bands, both demonstrating
coherence at their respective spatial scales
(Bruns et al. 2000, Leopold et al. 2003).
Thus, future research may determine that
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Figure 7

Intrinsic correlations in spontaneous fluctuations in the fMRI BOLD signal between a seed region in the
posterior cingulate cortex (PCC) and all other voxels in the brain for a single subject during resting
fixation. The spatial distribution of correlation coefficients shows both correlations (positive values) and
anticorrelations (negative values) threshold at R = 0.3. The time course for a single run is shown for the
seed region (PCC, yellow), a region positively correlated with this seed region in the medial prefrontal
cortex (MPE, orange), and a region negatively correlated with the seed region in the intraparietal sulcus
(IPS, blue). Note the similarity between the positively correlated regions and those shown in Figure 5).

Data from Fox et al. 2005 with permission.

low-frequency fMRI BOLD signal oscilla-
tions (<0.1 Hz) actually represent power
fluctuations at higher frequencies (e.g., fre-
quencies in the gamma range of 30-100 Hz).
Organized in this way, oscillations could fa-
cilitate the coordination and organization of
information processing across several spatial
and temporal ranges. Future research on the
neurobiology of spontaneous as well as task-
evoked fMRI BOLD signals must consider
these complexities when attempting to under-
stand the underlying cellular events.

In the context of this review it is impor-
tant to point out that the presence of these
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relatively slow, systems-relevant spontaneous
fluctuations about an average baseline level
of activity occur in the same glycolytic win-
dow as the increases and decreases evoked by
task performance. Otherwise, we argue, they
would not be seen in the fMRI BOLD signal.
Accordingly they provoke many of the same
interpretive questions we address throughout
this review in relation to evoked responses.
Finally, an interesting question arises from
our analysis regarding the genesis of the
activity decreases (deactivations). Conceptu-
ally they could arise as the result of a de-
crease in the magnitude of the spontaneous



Annu. Rev. Neurosci. 2006.29:449-476. Downloaded from www.annualreviews.org
Access provided by Lund University Libraries, Head Office on 10/13/15. For persona use only.

fluctuations themselves or as a result of a de-
crease in the overall mean level of aerobic
glycolysis without a change in the sponta-
neous fluctuations or as some combination
of the two. A useful metaphor might be the
sea, which rises and falls as the result of two
largely independent processes, tide and wind-
generated surface waves. As we probe more
deeply the meaning of these spontaneous fluc-
tuations in brain function organization, it is
of particular interest to determine how these
components behave when the systems they
represent are attenuated in their activity.

THE OVERALL COST OF BRAIN
FUNCTION

This review approaches functional brain
imaging from the perspective of measure-
ments that relate changes in brain function
to changes in brain energy consumption (i.e.,
brain work). We examine the manner in which
this may be orchestrated in brain cells and
the vasculature that serve them. Above, how-
ever, we do not speak explicitly about the ac-
tual costs involved in these changes nor how
they relate to the overall cost of brain func-
tion. Below, we examine these relationships
and put what we discuss above into a broader
perspective.

In the average adult human, the brain
represents approximately 2% of the total
body weight but approximately 20% of the
energy consumed (Clark & Sokoloff 1999),
10 times that predicted by its weight alone.
Relative to this high rate of ongoing or “basal”
metabolism (usually measured while resting
quietly awake with eyes closed), the amount
dedicated to task-evoked regional imaging
signals is remarkably small.

The regional increases in absolute blood
flow associated with imaging signals as mea-
sured with PET are rarely more than 5%-—
10% of the resting blood flow of the brain.
These are modest modulations in ongoing cir-
culatory activity that rarely affect the overall
rate of brain blood flow during even the most
arousing perceptual and vigorous motor activ-

ity (Fox etal. 1987, Friston etal. 1990, Lennox
1931, Madsen et al. 1995, Roland et al. 1987,
Sokoloff et al. 1955).

The modest nature of these task-induced
increases in blood flow is further underscored
when one considers the increase in energy
consumption they represent. One should re-
call, as discussed in detail above, the average
resting metabolic activity of the brain is sup-
ported by the nearly complete (>90%) oxi-
dation of glucose to carbon dioxide and wa-
ter, producing approximately 32 mol of ATP
per mole of glucose consumed (Siesjo 1978).
Imaging signal activations, conversely, are as-
sociated with increases in glucose utilization
that are not accompanied by a proportionate
increase in oxygen consumption (Blomgqvist
et al. 1994, Fox et al. 1988, Madsen et al.
1995), resulting in the production of only 2
mol of ATP per mole of glucose consumed,
typical of glycolysis. Estimates of the actual
increases in oxygen consumption vary some-
what (Fox & Raichle 1986, Fox et al. 1988,
Fuyjita et al. 1999, Mintun et al. 2002, Roland
et al. 1989) but are always less than that pre-
dicted by the increase in blood flow. From
knowledge of these relationships, one can esti-
mate thatif blood flow and glucose utilization
increase by 10%, but oxygen consumption
does not, the local energy consumption in-
crease owing to a typical task-related response
could be aslittle as 1%. It becomes clear, then,
that the brain continuously expends a consid-
erable amountof energy even in the absence of
a particular task (i.e., when a subject is awake
and at rest). What is the nature of this intrin-
sic activity present even at rest that commands
such a large amount of the brain’s energy
resources?

It is tempting to assume this intrinsic or
resting state—energy utilization reflects simple
housekeeping functions such as neuronal re-
pair or protein trafficking. However, the pre-
ponderance of evidence suggests such func-
tions consume a relatively small fraction of
the brain’s energy budget. Measurements of
brain energy metabolism using magnetic res-
onance spectroscopy (Sibson etal. 1997, 1998;
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Shulman et al. 2001, 2004) in a variety of
experimental settings have indicated that up
to 80% of the entire energy consumption
of the brain at rest is devoted to gluta-
mate cycling and, hence, neural signaling pro-
cesses. Complementary analyses using extant
anatomic, physiologic, and metabolic data
(Ames 2000, Attwell & Laughlin 2001, Lennie
2003, Wong-Riley 1989) to assess the cost
of different components of excitatory signal-
ing in the gray matter have arrived at simi-
lar conclusions. Such estimates leave for fu-
ture consideration the demands placed on the
brain’s energy budget by the functional ac-
tivity of inhibitory interneurons (Ackerman
et al. 1984, Chatton et al. 2003, McCasland
& Hibbard 1997, Patel et al. 2005, Waldvogel
et al. 2000). That evidence notwithstanding,
it is likely to remain the case that a signifi-
cant fraction of the energy consumed by the
brain (quite possibly the majority) is a result of
functionally significant intrinsic neuronal ac-
tivity. The majority of that energy is produced
by oxidative phosphorylation coupled to gly-
colysis with a small additional fraction, whose
size remains to be determined quantitatively,
by glycolysis alone.

From this cost-based analysis of brain
functional activity, it seems reasonable to
conclude that intrinsic activity may be as sig-
nificant as, if not more so than, evoked activity
in terms of overall brain function. Taking this
position converts one’s view of the brain as
a system primarily responding to changing
contingencies to one operating on its own,
intrinsically, with sensory information inter-
acting with rather than determining the op-
eration of the system. This view has historical
(Llinas 1988) and recent theoretical
(Olshausen & Field 2005) as well as ex-

FUTURE ISSUES TO BE RESOLVED

perimental support (Arieli et al. 1996, Fiser
et al. 2004, Kenet et al. 2003). It seems
highly likely that ultimate constraints on
the behaviors we study with neuroimaging
or any other technique will be significantly
determined by this intrinsic activity.

SUMMARY

Although a great deal has been learned about
the neurobiology of functional brain imag-
ing signals, note that we stll do not know
what function moment-to-moment changes
in blood flow serve. As we point out above,
oxygen delivery does not appear to be a con-
venient explanation, intuitively appealing as
it might at first seem. Likewise, the deliv-
ery of additional glucose also seems not to be
responsible. In both cases adequate reserves
are available (i.e., unextracted oxygen in cir-
culating blood and glucose and glycogen in
astrocytes). One is forced to conclude that
a more likely explanation will emerge from
future research that examines the manner in
which a change in blood flow may regulate
an effect of the activity change. For example,
one might consider the possibility that it is
used for the removal of the excess lactate pro-
duced during an increase in activity or the ad-
justment of the acid-base or ionic balance of
the tissue. Likewise, temperature regulation, a
long-overlooked subject, may be playing some
role. At present no evidence exists for any of
these speculative ideas. Our challenge will be
to identify a role for the changes in blood flow
associated with brain activity changes and to
understand how a multitude of factors known
to alter blood flow are orchestrated to serve
this role (for an excellent recent review, see
Tadecola 2004, Lauritzen 2005).

1. What function(s) does regional brain-blood flow perform when neuronal activity

changes?

2. Why is glycolysis obligatorily used in providing energy for membrane-bound
Nat/K*-ATPase in astrocytes and, possibly, neurons as well?
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3. Does glycolysis serve regulatory or mnemonic functions in neurons that might also
affect brain imaging signals?

4. How are the energy-generating resources of astrocytes and neurons coordinated and
how does this affect functional brain imaging signals?

5. What do inhibitory interneurons contribute in the imaging signals?
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