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Abstract

While we occasionally observe negative BOLD signals, its physiological basis has remained
uncertain. This is in part due to the qualitative use of fMRI where the baseline is conveniently
differenced away to reveal focal area(s) of interest. Recently, however, there has been a noticeable
trend towards quantitative neuroimaging where changes in oxidative energetics (CMRg)) are
quantified by calibrated fMRI. Pasley et al (2006) used calibrated fMRI in conjunction with a novel
stimulus paradigm to investigate the neural basis of the negative BOLD signal in awake humans.
They hypothesized — based on prior results — that if the baseline was lowered then ACMRg, would
have to be larger. While their main findings point to an energetic basis for the negative BOLD signal,
their results have far reaching implications for the present definition of baseline as well as for future
research investigating the neural and/or energetic basis of baseline.
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It is now generally agreed that the human brain, which comprises only 2% of the body’s mass
but consumes approximately 20% of the body’s energy in the form of oxygen consumption,
efficiently uses the energy to support its function (Sokoloff, 1991). The new consensus
(Shulman and Rothman, 1998) differs from a prior prevailing view (Creutzfeldt, 1975) that a
negligible fraction of cerebral energy was used for function. An important consequence of
these recent experimental findings is that the resting brain — with no definable mental activities
or driven physical actions — is not inactive or static but is churning with cellular signaling
requiring, amongst other costly energetic processes, continual coordinated release and cycling
of neurotransmitters and restoration of ion gradients.

Superimposed on this assessment of the high resting brain activity are results of functional
imaging methods like fMRI and PET that register — usually by inference — changes in cerebral
energy consumption, when the baseline state is perturbed by sensory, motor, or cognitive
stimuli. Early functional imaging reports focused on stimulus-induced increments, although
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as discussed below, stimulus-induced decrements have become increasingly apparent and
proven to be important. Attempts to relate both positive and negative stimulus-induced changes
—measured readily by differencing away the baseline — to absolute values of functional energy
consumption have been moved forward in a study by Pasley et al (2006) in this issue.

Central to the assumption about differencing in functional imaging is the following question:
When the brain is perturbed by a stimulus, is the energy supporting the functional processes
associated with the perturbation represented by just the increment from the baseline or by the
total (i.e., baseline + increment) in the new, perturbed state? This question has been focused
by calibrated fMRI studies which deconvolute or calibrate the positive BOLD increment (van
Zijl et al, 1998; Davis et al, 1998; Hoge et al, 1999; Kim et al, 1999; Kida et al, 1999) into
separate contributions from changes in oxidative energy consumption (ACMRg5) and/or
cerebral blood flow (ACBF) — the dominant parameters that modulate the fMRI signal (Hyder,
2004). Hence incremental evaluations of ACMRg, (from calibrated fMRI) and independent
measurements of the absolute values of CMRg; (from 13C MRS) for different conditions are
commensurate (Kida et al, 2000) —no longer apples and oranges —and each has been considered
as the relevant energy needed to support the particular condition of brain activity (Hyder et al,
2001).

In the view of the last generation’s assessments regarding energetic costs of signaling — where
the brain’s energy requirement at rest was considered to be negligible and cerebral activity
could be turned on only by the stimulus — the incremental energy could fully support the
incremental function (Shuman et al, 1999). On the other hand, if the brain requires a significant
amount of energy even in the unstimulated, resting state then introducing a stimulus merely
moves the brain into a different state with a characteristic energy — higher or lower — as
demanded by the activity of the new, perturbed state (Fig. 1). In this case, however, the total
energy needed would be characteristic of that new, perturbed state and the difference in energy
would be merely the difference between the stimulated and unstimulated states. For the case
of an increment the total energy in the stimulated state would be larger than baseline, whereas
for a decrement the total energy would be smaller. Two recent calibrated fMRI studies — one
for forelimb stimulation in the anesthetized rat (Smith et al, 2002) and another for visual
stimulation in the awake human (Uludag et al, 2004) — have shown that the magnitude of the
positive BOLD signal, and the associated ACMRg, depended upon the baseline, being greater
when starting from a lower baseline state. While these results showed that the positive BOLD
signal represented an increase in total energy, the energy contributions of the negative BOLD
signal had only been partially answered previously (Smith et al, 2002). The study by Pasley et
al (2006) delves into this issue further.

Negative BOLD signals have been observed for more than a decade, but largely ignored. The
negative BOLD signals presented no paradox if the resting energy was high because they
merely showed that the stimulus decreased the energy in certain brain regions. However
lingering ideas that the brain consumed negligible energy at rest raised concerns as to how
cerebral energy could decrease if it already did not exist (Raichle, 1998). Adding to these
uncertainties, recent studies (Harel et al, 2002; Shmuel et al, 2002; Devor et al, 2005)
interpreting the negative BOLD signal suggested that there could be a large hemodynamic
component (e.g., vascular steal), so that the energy contributions remained uncertain (Shmuel
et al, 2006).

Pasley et al (2006) have answered this question by a creative experimental paradigm (see
below) that builds upon the previous findings (Smith et al, 2002) that a stimulated region
reaches nearly the same total energy regardless of the baseline (Hyder et al, 2002). Accepting
the previous results, they hypothesized that if the baseline were lowered, then the increment,
measured as ACMRg, from calibrated fMRI, would have to be larger. The study by Pasley et
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al (2006) not only resolved questions about energetic contributions to the negative BOLD
signal, but also adds to the growing body of evidence that total energy is required for function
(Ginsberg et al, 1987; Ueki et al, 1988; 1992; Hyder et al, 1996; 1997; Tsukada et al, 1997;
Choletetal, 1997; Smith et al, 2002; Uludag et al, 2004; Kida et al, 2006) where the increments
are less variable and usually larger from a lower baseline (Adrian, 1941; King, 1956; Angel et
al, 1973; Winters, 1976; Chapin et al, 1981; Chapin and Lin, 1984; Chapin, 1986; Armstrong-
James and Fox, 1987; Simons et al, 1992; Lindauer et al, 1993; Smith et al, 2002; Chen et al,
2005).

First, from the resting baseline (i.e., with eyes open), Pasley et al (2006) presented a peripheral
annular stimulus which produced a positive BOLD signal in the visual cortex. Second, to lower
the baseline they presented a foveal annular stimulus and measured a negative BOLD signal
in the same region. Third, with the foveal stimulus present, they simultaneously presented the
peripheral stimulus and found a positive BOLD signal again, although this time much larger
than previously. Because they also measured CBF for all these conditions, using calibrated
fMRI they calculated that ACMRg, was larger from the lower baseline. The comparative
magnitudes of ACMRpo/ACBF for the two positive BOLD signals revealed that the flow-
metabolism coupling was nearly the same from the high and low baselines. Since the low
baseline was achieved by a stimulus that caused a negative BOLD signal, Pasley et al (2006)
concluded that the oxidative energetic “component accounts for essentially the entire negative
response...”

With the assurance that a particular level of CMRg, characterizes a state and knowing that
negative and positive BOLD signals reflect energy changes, we now can ask how the
incremental (or decremental) and total energies can help to understand, and perhaps define,
brain function. If we focus only on increments (or decrements), there is a tendency to ignore
the existence of the total, which requires physiological investigations — as demonstrated by
Pasley et al (2006) — to understand it. Morcom and Fletcher (2006) in a recent commentary in
Neurolmage have accepted that the “resting state is an active one from the neuronal point of
view.” Nevertheless they describe the high baseline activity as physiological, and therefore not
relevant for cognition because their “concern is with what impact, if any, the physiological
changes have on the study of cognitive processing.” However by defining the high baseline,
and presumably any total activity, as physiological they have deemed it not relevant for brain
function including cognition. While we agree that the total activity under any circumstance has
no special status in its relation to function, we question their premise for a privileged link of
neural correlates to cognition by “identifying differences in activity between tasks that differ
only in terms of that function”. Morcom and Fletcher (2006) are not alone in this simplistic
and overreaching view of cognitive psychology where the physiology of cognition is
completely determined by differencing. While many limitations of this paradigmatic view of
cognitive psychology have been expressed earlier (Shulman, 1996; Friston, 1998; Fodor,
2000; Shulman, 2001), here we are suggesting the total activity might be explored more fully
by physiology, as discussed below.

We must start by reviewing the relationship between energy consumption and neuronal
activity. The most direct and quantitative relationship between cerebral energy from glucose
oxidation (CMRgj¢(0x)) and neurotransmitter release by neuronal firing (Vcyc) came from 13¢c
MRS experiments in rats and humans (Shulman et al, 2002). The results, over a wide range of
activity in rats, measured a one-to-one relationship (Sibson et al, 1998) between the incremental
metabolism of glucose in the neuronal tri-carboxylic acid cycle (i.e., for oxidative ATP
generation) and the incremental cycling of neurotransmitters (i.e., glutamate + GABA),
released by neuronal firing and cycled through astrocytes by way of glutamine (Hyder et al,
2006). In the resting state, a small fraction of cerebral energy is used for non-signaling
“housekeeping” functions so that the larger fraction — as much as 80% — of total energy
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consumption is associated with the processes of neuronal firing. The relative oxidative energy
consumption (Laughlin, 2001) amongst the different synaptic functions (e.g., ion pumping to
restore gradients, glutamate and GABA release, cycling and storage, as well as its distribution
amongst synaptic structures such as pre- or post-synaptic neurons, glia or the smaller non-
signaling or “housekeeping” functions) are subjects of ongoing research (Lennie, 2003).

The one-to-one relationship between ACMRj¢(ox) and AV Was extended further by
electrical recordings of multi-unit activity (in the rat) where absolute firing rates (v) and their
changes (Av) were measured and compared with ACMR, obtained by calibrated fMRI (Smith
etal, 2002). The nearly one-to-one correspondence observed between Av and ACMRg, during
sensory stimulation revealed that changes in energy consumption track neuronal firing and are
indeed a valid assessment of changes in neuronal activity. These studies used high impedance
extracellular electrodes (Geddes and Roeder, 2001) which can measure both the multi-unit
activity and slower field oscillations (Mitzdorf, 1985). However Smith et al (2002) extracted
both increases and decreases in the firing rates because these changes offer a criterion for
determining the baseline levels in absolute units.

What does all this mean for baseline activity, which has become of considerable interest
(Gusnard and Raichle, 2001), in part because of its somewhat apparently paradoxical energetic
basis, and in part because of the incomplete assignments of the energetic contributions to the
negative BOLD signal, now resolved by the study of Pasley et al (2006). We propose, therefore,
that any brain state can be considered a baseline by virtue of it being the comparative state for
a perturbation of brain activity which we choose to designate and introduce. In all baseline
states, of course, the brain is actively consuming energy which is primarily dedicated to
neuronal firing, including contributions of excitatory (i.e., glutamate) and inhibitory (i.e.,
GABA-like) activity. Furthermore during an external perturbation — like a sensory or mental
task — the small modular energies measure the difference between the energy needed during
the task and during the baseline phase, but do not express the energy needed to perform the
task — that is described by the total energy (Shulman et al, 1999; Hyder et al, 2002). But the
typical differences in human studies, as shown by Pasley et al (2006), are at most 20% of the
total energy even in the visual cortex of the awake human, so that the purpose for the majority
of the energy in the baseline and perturbed states is still not understood.

The relationships established between energy and neuronal firing leads us to consider the
relevance of the present energetic results extended by Pasley et al (2006) for understanding the
baseline activity, whose subjective functions are usually too diffuse for specification. While it
may seem that energetic results are too coarse to elucidate the most subtle, most nuanced of
all biological functions namely of the individualized human brain, still energetics are firmly
based upon thermodynamics, the fundamentals of quantitative science, and can be compared
directly to neuronal activity (e.g., as in Smith et al, 2002). The contrary popular view, as
expressed by Thomas Nagel, is that existing physical studies must leave the subjective human
perspective behind. Physical science cannot answer the important questions because it provides
too “impoverished and reductive idea of objectivity” (Nagel, 1986). For this reason
contemporary explorations of baseline activity usually turn to non-physical assumptions such
as from cognitive psychology, networks theory, rational choice, game theory or the
contingencies of Mind and Consciousness. However appreciating that we are not addressing
these large unsolved questions, we can still explore a schematic understanding of neuronal
activity supported by baseline energy, bolstered ever so subtly by the present results of Pasley
et al (2006).

On the microscopic level of the neuronal ensemble, describable by a histogram of neuronal
firing rates, some or many of the individual neurons change their firing rates, and during a task
the total regional activities may increase or decrease (Shulman et al, 2004). Since the changes
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are small, the high level of total activity or energy for the perturbed state is still on the order
of the baseline (Fig. 2). In a previous a-chloralose anesthetized rat study (Smith et al, 2002),
histograms portraying the voting mannerisms of a large number of neurons in the
somatosensory cortex showed nearly identical distributions and total energies during sensory
stimulation from two baseline levels, achieved by anesthetic depth. These results suggested
that the nearly comparable redeployments of the ensemble for the sensory task from the two
baselines demanded almost equivalent amounts of total energy (Hyder et al, 2002). In the
Pasley et al (2006) study, a truly bold step has been taken towards achieving more practical
ways of varying baseline in the awake human using sensory stimuli (see also Marx et al,
2004;Uludag et al, 2004;Gardener et al, 2005). If the findings of Pasley et al (2006) of similar
total energies from the two baselines are extended based on the rat results, we expect similar
histograms of firing from the neuronal population in the visual cortex. However the enticing
possibility that baseline can be varied with (e.g., Pasley et al, 2006) and without (e.g., Smith
etal, 2002) stimuli is evocative of an “eclectic” definition of baseline (see above) and strongly
advocates, therefore, that while it is quite convenient to ignore baseline enroute to localizing
activations in fMRI data, the baseline is far too important to remain dark and mysterious.
Besides the encouraging and promising uses of calibrated fMRI that the Pasley et al (2006)
study demonstrates, it endorses more carefully designed studies in the future to further explore
the neuronal and energetic basis of baseline activity.
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Abbreviations

BOLD
blood-oxygenation level dependent
CBF
cerebral blood flow
CMRgIc(ox)
cerebral metabolic rate of glucose oxidation
CMRg»
cerebral metabolic rate of oxygen consumption
fMRI
functional magnetic resonance imaging
MRI
magnetic resonance imaging
MRS
magnetic resonance spectroscopy
PET
positron emission tomography
v
neuronal spiking rate
chc
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Figure 1.

Schematic representations of possible increase (left) or decrease (right) in activity upon
stimulation (black jagged arrow) from the resting, unperturbed baseline (dotted line). The
modular activity, obtained by differencing, is represented by the dark rectangles and isnormally
used to reveal focally activated (left) or deactivated (right) regions. The remaining activity,
which is represented by white rectangles, is ignored by the differencing method, which is the
resting, unperturbed baseline. Modified from Shulman et al (1999).
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Figure 2.

Changes in energy consumption (CMRg>) and histogram of spiking rate (v). Upon stimulation
(black jagged arrow) from the resting, unperturbed baseline (left) the distribution of firing rates
shift in congruence with the energy required for the new, perturbed state (right). Modified from
Smith et al (2002).
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