
www.manaraa.com

Evidence for the importance of measuring total brain
activity in neuroimaging
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A
principal goal in neuroscience is
to understand how neuronal
populations across different
brain regions process informa-

tion from the vibrant world, rich in
moment-to-moment variations of sight,
smell, sound, touch, etc. Traditional in-
quiries examine how the evoked neuronal
responses differ with stimuli (e.g., sound
or touch). However, the brain detects
stimuli reliably even when ambient (or
background) conditions shift owing to ex-
ternal (e.g., light vs. dark) and/or internal
(e.g., alert vs. sleepy) factors. Recent in-
vestigations have assessed whether evoked
neuronal activity (ΔN) varies when the
brain’s operational (or baseline) state is
altered, whereby including an independent
measure of baseline (or spontaneous) neu-
ronal activity (No) provides a total mea-
sure of neuronal activity for the perturbed
state (N). In PNAS, Li et al. (1) demon-
strate in the rat’s olfactory bulb that total
bulbar activity level reached upon odor
exposure (i.e., N = ΔN + No)—measured
by extracellular recordings—is indepen-
dent of the bulb’s baseline activity level.
This result agrees well with previous
observations from other cortical sensory
systems, using a variety of neuroimaging
techniques [e.g., functional MRI (fMRI),
optical imaging, and electrophysiology
(2–9)]. Taken together, these studies (1–
9) imply that theremaybe inherentneuronal
mechanisms to ensure a similar level of in-
formation transfer from sensory input, re-
gardless of external/internal situations that
may impact the brain’s baseline state (10).
Li et al. (1) measured odor-induced

bulbar activity under different baseline
states. Whereas spontaneous neuronal
activity in the two baseline states (achieved
by varying anesthetic doses) differed by
approximately twofold, nearly identical
levels of total neuronal activity were
reached upon the same odor exposure
from each baseline state. This phenome-
non was observed regardless of which
bulbar layer (mitral, granular) the record-
ings were obtained from, the type of an-
esthetic (pentobarbital, chloral hydrate)
that was used to achieve the baseline state,
and the type (aldehyde, ketone, ester) and
concentration (up to fivefold difference)
of the odor that was exposed to the rat.
Previous optical imaging and fMRI studies
examined odor-induced bulbar activity
patterns and how topologies and inten-
sities vary with concentration (11, 12). For

a given odor the topology of the bulbar
activity pattern is largely independent of
concentration, but the intensity of bulbar
activity correlates positively with concen-
tration. Because these studies were con-
ducted with only one baseline state, results
from Li et al. (1) extend the previous
findings regarding the neuronal encoding
of quality (with pattern topology) and con-
centration of odor (with pattern intensity)
across different baseline states. If the
baseline state variation studies of the ol-
factory bulb (1) are combined with similar
studies of the olfactory cortex (13), we may
deduce that, regardless of the baseline state,
maintaining high-fidelity transmission of
smell signals—from the olfactory epithe-
lium, through the olfactory bulb, to the ol-
factory cortex—could be a system-level
phenomenon. Indeed, numerous laborato-
ries (1–9) using a variety of neuroimaging
techniques (e.g., fMRI, optical imaging,
electrophysiology), studying dissimilar pri-
mary sensory systems (e.g., somatosensory
cortex, visual cortex, olfactory bulb), across
various species (e.g., rat, cat, monkey, hu-
man), and under diverse experimental con-
ditions (e.g., awake and anesthetized with
volatile and nonvolatile agents) observe that

the total neuronal activity reached upon
stimulation is, to a first order, independent
of the spontaneous (i.e., nonevoked) base-
line state neuronal activity (10).

Relationship Between Neuroimaging
Signal and Neuronal Activity
The ability to do quantitative and spatially
resolved electrophysiology is restricted for
studies of human brain function. Conse-
quently, mapping of functional activity in
the human brain uses methods like fMRI,
which unfortunately provide an indirect
measure of neuronal activity. However,
the fMRI signal can be calibrated to rep-
resent the brain’s energy consumption (14,
15). A link between the results of Li et al.
(1) and fMRI can be made on the basis of
linear relationships that have been estab-
lished between neuronal activity and en-
ergy these activities demand (16).
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Fig. 1. Neuronal activity for baseline and stimulated states, X and Y, represented in terms of neuronal
population (histograms, Left) and dynamic pattern (time-courses, Right) when represented in terms of
(A) total and (B) difference activity, respectively.
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Extracellular recordings can be quanti-
fied in terms of spiking rate (or frequency)
of many neurons (2, 4). A descriptive ex-
ample, as shown in Fig. 1A and which is
comparable to data presented by Li et al.
(1), illustrates behavior of a neuronal
population (Fig. 1A, Left) as well as its
dynamic pattern (Fig. 1A, Right) when
stimulated with the same stimulus, but
from different baselines. Comparison of
the histograms (composed of number of
neurons firing at their respective signaling
speeds) for the two baseline states shows
that in state X the fraction of population
at lower frequencies makes a greater
contribution to the population’s vote than
in state Y (i.e., baseline state X < baseline
state Y). However, the histograms for the
two stimulated states have similar dis-
tributions (i.e., stimulated state X ≈ stim-
ulated state Y), reached by redeployment
(not recruitment) of a fraction of neuronal
population. Because each histogram de-
picts the same neuronal population (Fig.
1A, Left), dynamics of the total activity
(i.e., N = ΔN + No) shows that the neu-
ronal activities in the two baseline states
differ, but upon stimulation the neu-
ronal activities reach the same levels (Fig.
1A, Right).
Estimates of relative neuronal energy

demanded in each baseline and stimulated
state shown in Fig. 1A can be obtained by
integrating each histogram using a linear
relationship (4) between oxidative energy
demand (E) and the number of cells (Ni)
firing at a given rate (vi) given scaling
factors for neurons (G). For different
brain states, relative total neuronal energy
calculated from experimentally measured
histograms (i.e., E = G ∑ Nivi) agrees
quite well with oxidative energy demand
measured by techniques like calibrated
fMRI and 13C or 17O magnetic resonance
spectroscopy (MRS) (14, 17, 18). How-

ever, careful considerations are necessary
when histogram distributions span high
and low frequencies in disproportionate
fractions (4).

Should the “Evoked” or the “Total”
Signal Be Measured in Neuroimaging?
Neuroscientists typically use fMRI (or
PET) with task-based paradigms in which
the mean signal of an undetermined
baseline state is subtracted from the mean
signal of the stimulated state to expose
activated (or deactivated) regions associ-
ated with the task (10). Traditionally,
subtracting the baseline signal was justified
by an assumption that there was very little
baseline neuronal activity (and by in-
ference, demanded energy) in the awake
state (10). However, recent methods—
including 13C or 17O MRS and PET—have
shown this hypothesis to be incorrect
(15, 17–20). In the awake human brain, in
fact, the total neuronal activity (or energy)
in the baseline state is much higher than
the incremental activity (or energy) evoked
by stimuli (19). Thus, the subtraction-based
method, as shown in Fig. 1B, leads to
very different interpretation when baseline
neuronal activity is subtracted from the
activity during stimulation. Even though
the final histograms upon stimulation are
identical for states X and Y (Fig. 1A, Left),
because the two baseline states have dif-
ferent distributions (Fig. 1A, Left), the
subtracted histograms are quite dissimilar
for states X and Y (Fig. 1B, Left). There-
fore, if Li et al. (1) subtracted the baseline
neuronal activity measured during odor
stimulation (Fig. 1B, Right), they would
arrive at the opposite conclusion, that the
neuronal activity during odor simulation is
baseline dependent. Overall, the compari-
son of total and difference activities (Fig.
1) shows the danger of not measuring the
total neuronal activity in neuroimaging.

Conclusions
Because many vital functions (e.g., forag-
ing, mating, survival, etc.) depend on the
brain’s ability to perceive the dynamically
varying environment, neuronal systems
need to accurately detect and process ex-
ternal stimuli under widely different op-
erational circumstances (10). Indeed, an
echoing principle in the Li et al. study (1)
and others like it (2–9) is that the total
neuronal activity in any given state is rel-
evant for understanding brain function,
from resting to even during stimulation
(21, 22). Future research should test to
what degree the cerebral cortex, which has
very different neuronal composition than
the olfactory bulb (23), demonstrates the
same phenomenon. Despite the fact both
awake humans (8, 9) and anesthetized
animals (1–7) demonstrate this phenome-
non, how anesthetics (which are used to
vary the baseline) affect various brain re-
gions should be studied more specifically,
because for example, thalamic structures
that innervate the cerebral cortex but not
the olfactory bulb (23) are directly affected
by anesthesia (20). In summary, it is cru-
cial for neuroscientists to err on the side of
baseline neuronal activity (or energy) and
account for it in absolute terms by using
methods like calibrated fMRI and others
(14–20) so as to improve quantitative
neuroimaging of brain function. A vital
question, however, is whether it is the total
neuronal activity (or energy) during task
(N) or the difference from rest (ΔN = N –

No) that is most relevant for understanding
brain function (10).
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