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Abstract
As functional magnetic resonance imaging (fMRI) has become a driving force in cognitive
neuroscience, it is crucial to understand the neural basis of the fMRI signal. Here, we discuss a
novel neurophysiological correlate of the fMRI signal, the slow cortical potential (SCP), which
also seems to modulate the power of higher-frequency activity, the more established
neurophysiological correlate of the fMRI signal. We further propose a hypothesis for the
involvement of the SCP in the emergence of consciousness, and review existing data that lend
support to our proposal. This hypothesis, unlike several previous theories of consciousness, is
firmly rooted in physiology and as such is entirely amenable to empirical testing.

Introduction
Since its introduction in the early 1990s, functional magnetic resonance imaging (fMRI) has
become the most widely used tool in human cognitive neuroscience and has produced a
formidable array of brain maps depicting both localization (as in traditional activation
studies) and integration (as in more recent functional connectivity studies) of brain activity.
Because the fMRI signal measures directly blood oxygenation and only indirectly neuronal
activity, an important need for understanding the neural events contributing to the fMRI
signal has been widely recognized. Such a need is further stressed by the inconsistencies
between several human fMRI and monkey unit physiological studies employing the same
tasks [1].

Responding to this need, several studies have compared the fMRI signal (reviewed in Ref.
[2]) or its close relatives (including tissue oxygenation [3], blood flow [4] and optical
intrinsic signals [5]) with simultaneously recorded electrophysiological signals. The
convergent results from these studies suggest that the fMRI signal is contributed
predominantly by synaptic activity representing inputs and local processing in an area as
measured by local field potentials (LFP) [2–4,6,7]. The spiking activity, though often
correlated with both the LFP and the fMRI signal, can be dissociated from the latter two in
several conditions, including adaptation [8], drug modulation [9], manipulations of
excitatory and inhibitory inputs [4] and a spatial separation between input and output
activity [7].

Whereas multiple frequency ranges of the LFP (e.g. 5–30 Hz [10], 20–60 Hz [11,12], ~25–
90 Hz [3,5,8,9,13]) have been correlated with the fMRI signal in different conditions, all of
these studies have only assessed power modulations of the LFP because only the power of
these frequency ranges has a comparable temporal scale to that of the fMRI signal (< 0.5
Hz). Here, we add a new dimension to this evolving story by bringing in the low-frequency
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end of field potentials (<4 Hz), which, with a temporal scale overlapping that of the fMRI
signal, seems to correlate with the fMRI signal in its raw fluctuations. This signal, termed
the ‘slow cortical potential’ (SCP) by us and others [14–16], seems optimally positioned for
carrying out large-scale information integration in the brain. Because conscious experience*

is always a unitary and undivided whole [17,18], segregated information processing in the
brain cannot contribute to the conscious awareness of ‘I’. Hence, we propose that the SCP
might contribute directly to the emergence of consciousness and review existing empirical
evidence supporting this idea. As the current hypothesis is based on a well-defined, well-
characterized physiological process, it is entirely amenable to empirical testing.

Evidence for a relationship between the SCP and the fMRI signal
The SCP is the slow end (mainly < 1 Hz, can extend up to ~4 Hz) of the field potential that
can be recorded using either depth [19,20] or surface [15,21] electrodes (Box 1). Negative
shift in surface-recorded SCP indexes increased cortical excitability (for detailed physiology
please see the following section). Because the SCP frequency range is subject to artifacts
due to sweating (in scalp-electroencephalography [EEG] recordings), movement and
electrode drift (if polarizable electrodes are used), it has been eliminated in most animal
physiology and human EEG studies by online high-pass filtering. This is unfortunate
because, as was recognized in the 1970s, ‘If DC [i.e. direct-current] recording is used,
virtually every stimulus-bound cortical activity is seen to be accompanied by a change in
cortical steady potentials’ [19]. As a result of this methodological neglect, studies on the
relationship between SCP and the fMRI signal are scarce. Nonetheless, despite the limited
data available, a correlation between the SCP and the fMRI signal, no less intimate than that
between higher-frequency (>5 Hz) LFP power and fMRI signal, can be observed [15,16,22].

Investigations of the relationship between LFP power and the fMRI signal have usually
showed one of the following: (i) covariation of simultaneously recorded LFP power and the
fMRI signal during a task or electrical stimulation [3,5,8,9,11,12], (ii) covariation of
simultaneously recorded spontaneous LFP power and the fMRI signal [23] and (iii), similar
correlation patterns in the spontaneous fluctuations of LFP power and the fMRI signal
measured separately [15,24,25].

Box 1. Is the SCP an oscillation?

The SCP frequency band has also been referred to as ‘infraslow oscillations’ [37], but is
the SCP really an oscillation? EEG can be classified in three distinct groups [1]:
rhythmic, arrhythmic and dysrhythmic. The first two appear in normal subjects and refer
to waves of approximately constant frequency and no stable rhythms, respectively. The
latter refers to pathological rhythms in patient groups. Rhythmic EEG is further
subdivided into frequency bands known as δ, θ, α, β and γ, etc. The SCP frequency range
does not normally contain any true rhythmic activity, except the ‘up-and-down states’
(also called the ‘slow oscillation’ by its discoverer [71]) that occurs during deep sleep
(~0.8 Hz). The ‘up-and-down states’ is a distinct phenomenon that can be easily
differentiated from the SCP (for detailed discussions see supplementary materials in He
et al. [15]). Therefore SCP is a fluctuation rather than oscillation [72] (B.J. He et al.,
unpublished). The confusion between fluctuations and oscillations, or, arrhythmic and
rhythmic activities, is quite common. This is largely because time-frequency analyses
widely adopted create artificial rhythmic signals. However, as pointed out by T.H.
Bullock [48], ‘Most of the time in most animals there is little evidence of really rhythmic

*In this article, we use ‘consciousness’ or ‘conscious awareness’ synonymously as ‘subjective awareness’. We use ‘conscious
experience’ to refer to the experience of subjective awareness. Lastly, ‘conscious state’ refers to the physiological states under which
conscious awareness is present..
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oscillators in the ongoing cerebral activity, let alone that rhythms account for much of the
total energy’. We here avoid using terms such as ‘delta’ or ‘infra-delta’ to describe the
SCP because these terms have connotations of oscillations that are not present in an
arrhythmic signal.

To our knowledge, the only available data that demonstrate covariation of simultaneously
recorded SCP and the fMRI signal during task stimulation [akin to aforementioned type (i)]
has been provided by Nagai and colleagues [22] using simultaneously recorded EEG and
fMRI. These authors found a trial-by-trial correlation between the amplitude of a negative
SCP response indexing expectancy (‘contingent negative variation’ [CNV]) and the fMRI
signal amplitude in anterior cingulate cortex (Figure 1a). The anterior cingulate has
previously been determined as a generator region of CNV [22]. Evidence for SCP–fMRI
correlation of the aforementioned type (ii) is provided by Jones et al. [26], who showed that
spontaneously fluctuating total hemoglobin concentration (a signal tightly linked to the
fMRI signal) and low-pass filtered LFP (i.e. depth recorded SCP) are temporally correlated.
Data of the aforementioned type (iii) is provided by He et al. using invasive EEG (i.e.
electrocorticography, ECoG) and fMRI in neuro-surgical patients [15]. It was shown that
large-scale (2–10 cm on cortical surface) correlation patterns in the spontaneous SCP and
fMRI signals were similar (Figure 1b). This finding has since been extended to inter-
hemispheric correlations as well (B.J. He et al.,unpublished). Taken together, all three types
of evidence for the correlation between LFP power and the fMRI signal are also available
for a correlation between SCP and the fMRI signal.

Beyond these approaches, there is an extensive literature showing similar modulation
patterns of the SCP and the fMRI signal in a wide range of cognitive tasks [14,16,21]. For
example, visual working memory tasks elicit a negative-going slow potential over the
parietal cortex, the amplitude of which scales with the load of working memory [27]. This
pattern is very similar to that observed for the fMRI signal in posterior parietal cortex during
the same task [28].

In summary, convergent results suggest that the SCP has a close correspondence to the fMRI
signal in different experimental conditions. Like many advances in science, the relationship
between SCP and fMRI signal is not without prescient conjecture. In 1975, H.W. Shipton
wrote: ‘the work of Cooper, which showed slow rhythmic changes in brain pO2 and in blood
flow (e.g. [29]), is of interest in the context of slow [cortical] potential change’ [30]. Next,
we consider the physiological mechanisms underlying the SCP.

The physiological basis of the SCP
Simultaneous recordings of surface potentials, field potentials in different cortical layers and
intracellular membrane potentials have clearly demonstrated that synaptic activities at apical
dendrites in superficial layers are the main factor contributing to the SCP. Specifically, long-
lasting excitatory postsynaptic potentials (EPSPs) at these apical dendrites underlie
negative-going surface-recorded SCPs [14,19,31]. As an example, we consider the effect of
visual stimulation in V1 – a standard model for the investigation of fMRI-electrophysiology
correspondence [3,5,8,9,11,12]. Specific thalamic inputs terminate first on the soma of
layer-IV stellate cells and layer-III pyramidal cells, and then follow one of two pathways to
depolarize the apical dendrites of superficial- or deep-layer pyramidal cells [31] (Figure 2a).
Given the geometry of cortical fields, the earlier processes – excitations of pyramidal cells at
their soma – produce positive-going surface potentials [Figure 2b (i)]. The later processes,
excitations of pyramidal cells at their apical dendrites, produce surface negative potentials
[Figure 2b (ii) and (iii)]. However, EPSPs at apical dendrites of deep layer pyramidal cells
create closed fields and thus have rather small influence on surface potentials [Figure 2b
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(ii)]. By contrast, depolarizations of superficial layer apical dendrites contribute greatly to
negative SCPs (Figure 2b iii). The contribution of inhibitory interneurons to SCP or field
potentials in general is also small because of the low amplitude of membrane current flow
during inhibitory activity and a lack of laminar specificity [Figure 2b (iv)] [14,31]. In
summary, the later component of sensory evoked potentials in EEG or ECoG recordings – a
negative slow-potential shift – is primarily due to long-lasting depolarizations of superficial
layer apical dendrites.

Other than activations by specific thalamic inputs described earlier, the superficial layers are
also where long-range intracortical and cortico-cortical connections preferentially terminate
[31–33]. First, only in superficial layers do pyramidal cells make extensive horizontal
arborizations [33]. Thus, EPSPs in superficial layers spread over a considerable spatial
extent and manifest themselves as ‘depolarization fields’ (~several mm2) in optical imaging
recordings [34]. Second, long-range inter-areal feedback connections also terminate mainly
in superficial layers. Hence, it is not surprising that the SCP and the correlated fMRI signal
reveal large-scale brain networks in their spontaneous fluctuations [15]. Moreover,
superficial-layer apical dendrites are also the main target of nonspecific thalamic inputs that
originate from ‘matrix cells’ spread throughout the thalamus [35]. Interestingly, the reticular
thalamic nucleus, which the nonspecific thalamocortical projections must pass through,
exerts a low-pass filter influence that might facilitate the emergence of slow activity [36]. In
summary, long-range intracortical and feedback cortico-cortical connections, as well as the
nonspecific thalamic inputs, all contribute directly and significantly to the SCP.

Given that negative SCPs index increased cortical excitability, it should not come as a
surprise that during the negative shift of spontaneous SCP fluctuations there are increased
multi-unit activity [20], increased higher-frequency field potentials [37] (B.J. He et al.,
unpublished), higher amplitude of short-latency evoked potentials such as P300 [38] and
better behavioral performance ([39] and see references in Ref. [14]). The recently observed
phase-coding in the delta frequency range [40,41] is probably of the same origin as
information carried in the SCP phase. Of particular interest in the current context, since the
SCP modulates the power of higher-frequency activities, it might be a more fundamental
correlate of the fMRI signal than LFP power is, as implicated in a previous study [15].

The SCP is one important and substantial contributor to the fMRI signal (but not the only
one – see Box 2). In addition to advancing our understanding of the fMRI signal and
bridging the fMRI field and neurophysiological fields, this observation is also of particular
interest in the study of consciousness. For example, fMRI experiments and single-unit
recordings often show discordant results during manipulations of consciousness; this
disagreement has been most dramatic in V1 [1,10,42,43]. These puzzling results are at least
partially illuminated when we bring the SCP and its underlying physiology into the picture.
In the remainder of this article, we discuss these data and further propose a specific
hypothesis on the involvement of the SCP in engendering conscious awareness.

Box 2. Other contributors to the fMRI signal

The arguments we have put forward for a close correspondence between the SCP and the
fMRI signal do not imply that the SCP is the sole contributor to the fMRI signal. Because
excitatory synaptic activities contribute to an increased fMRI signal irrespective of
cortical depth (the mechanisms of which are reviewed in details elsewhere [4,7]), the
short-latency positive components of sensory evoked potentials, indexing the initial
excitations of mid-layer cell bodies, should also contribute to the fMRI signal activation
(e.g. [73,74]). Accordingly, fMRI signal increases were found to spread first from layer
IV during sensory stimulation in anaesthetized animals [75]. The contribution of
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inhibitory neurons to the fMRI signal remains undetermined, even though their activity is
clearly accompanied by changes in blood flow and glucose metabolism [4,76].

The SCP and consciousness – a neurophysiological hypothesis of
consciousness

From a theoretical perspective, information has to be integrated to contribute to conscious
awareness, for conscious experience is always a unitary and undivided whole [17,18]. We
suggest that the SCP might be an optimal neural substrate to carry such information
integration across wide cortical areas because (i) its slow time scale allows synchronization
across long distance despite axonal conduction delays [15,44–46]; (ii) long-range
intracortical and corticocortical connections terminate preferentially in superficial layers and
thus contribute significantly to the SCP. Furthermore, for each patch of superficial-layer
pyramidal neurons (for definition of ‘patch’, see Figure 1 in Ref. [33]), corresponding deep
layer neurons could provide additional information through specialized local processing.
These local deep-layer loops might constitute neural substrates for unconscious processes
that can affect and be affected by conscious experience (for discussions on the relation
between conscious and unconscious processes see Refs [18,47]). A rough schematic
depicting our hypothesis is shown in Figure 3a.

Interestingly, the cerebellum, usually considered non-essential for consciousness [18,43], is
notably weak in its low-frequency activity as compared to the neocortex [48]. The cerebellar
cortex also lacks the ‘crowning mystery’ – layer I, which is one important target for long-
range feedback connections and nonspecific thalamic inputs [33,35].

In what follows we review existing empirical data supporting a functional role of the SCP in
the emergence of conscious awareness.

Attention
Although attention and consciousness are distinct and dissociable phenomena [43], attention
clearly affects which information has better access to conscious awareness. The top-down
effect of attention in early sensory cortex is largely invisible to spike recordings, but is
readily seen in the fMRI signal [1]. Consistent with a close correspondence between the SCP
and the fMRI signal as argued here, top-down influence in V1 can be seen with
measurements of the SCP using either optical imaging or field potential recordings [40,49].
In the first case, a feedback wave of depolarization was found to traverse the superficial
layers from higher-order to lower-order visual areas [49]. In the second case, top-down
attention was found to modulate the phase of delta-frequency activity which further
modulated the power of higher frequencies [40]. Importantly, this effect was found only in
superficial layers, consistent with the physiology of the SCP and with the laminar preference
of feedback connections.

Perception
Many studies have investigated the neural correlates of conscious visual perception (for a
recent review see Ref. [43]), however, only a handful presented data including the SCP,
which we will focus on here. Pins and ffytche [50] presented visual stimulation at threshold
to normal subjects, so that an identical stimulus would sometimes be perceived and at other
times not. In trials during which the subject perceived the stimulus, a negative slow potential
builds up over parietal electrodes between the stimulus onset and the response. This slow
potential was next to nonexistent in trials during which the stimulus escaped conscious
perception (Figure 3b). Using a visual illusion task and depth recording in V1, Leopold and
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colleagues [51] showed that perceptual suppression was only associated with changes in the
lowest frequencies in upper cortical layers when the current source density (CSD) method
(which has much better localizing power than raw field potentials, see Figure 2a) was used.
Similar to the SCP, the fMRI signal also tracks perceptual changes, whereas spiking activity
was unaffected [10]. Furthermore, momentary fluctuations in the spontaneous SCP have an
effect on whether a stimulus at threshold is consciously perceived or not [39]. An active
involvement of the SCP in conscious perception is also supported by early experiments in
the somatosensory domain. Through a series of elegant experiments using skin stimuli,
electrical stimulations applied to the subcortical pathway and the cortex itself, Libet [52]
showed that the secondary evoked response (i.e. a long-lasting negative potential in surface-
recordings), but not the primary response (i.e. the short-latency positive potential), was
essential for conscious perception (Figure 3c). These findings have since received support
from more recent studies [53,54].

Volition
If consciousness is a two-sided coin, then on one side it is occupied by perception and
experience; on the other side by volition and agency [55]. Similar to perception, volition (i.e.
voluntary actions) also has a long recognized association with the SCP. It was discovered
more than 20 years ago that a negative SCP shift preceded voluntary movement [56] and
even the subjective awareness of the intention to make the movement [57] (Figure 3d).
Though the implications of these results were highly debated by philosophers, the essential
findings have been replicated numerous times and extended [58,59]. Specifically, recent
fMRI experiments have determined both the brain regions underlying the intention to make
a movement and those underlying the awareness of such intention [58]. Important in the
current context, recent results showed that the outcome of a free choice can be decoded
using the fMRI signal up to 6s before the decision outcome enters conscious awareness [60].
Future experiments should illuminate whether this early fMRI signal is related to the early
negative SCP shift preceding a voluntary action.

The unconscious states
One of the most dramatic experimental manipulations of consciousness comes from
stimulations of intralaminar thalamic nuclei in minimally conscious patients [61] and
anesthetized rats [62]. In both cases of impaired consciousness, stimulation of nonspecific
thalamic pathways significantly improved behavioral responsiveness. As mentioned
previously, nonspecific thalamic afferents terminate preferentially on apical dendrites in
cortical superficial layers. Therefore, stimulation of these pathways would drive negative
shifts of the SCP (i.e. increased excitability) and thus might restore long-range
communications carried by this signal. Similarly, recovery from persistent vegetative state
(PVS) was accompanied by restoration of functional connectivity between the intralaminar
thalamic nuclei and prefrontal cortex [63]. These experiments lend important support for the
current hypothesis of a relation between the SCP and conscious awareness. Further support
comes from DC-recordings of auditory evoked potentials (AEP) in humans undergoing
propofol anesthesia [64]. Whereas the early positive component of AEP was preserved
during anesthesia, the later component – a negative shift in the SCP – was abolished under
anesthesia and reappeared during emergence from anesthesia.

These results, however, do not suggest that the negative SCP, whenever it appears, is an
index of conscious awareness. Instead, key brain regions might be required (Box 3)
[43,65,66]. For example, the negative SCP can occur in primary sensory cortex under
anesthesia (Figure 2a) without propagating to higher-order areas [64]. In parallel, fMRI
signal activation in response to sensory stimulation is usually found in primary sensory but
not higher-order areas in anesthetized or PVS patients [67,68].
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Large-scale coherent structures in the spontaneous fluctuations of both the SCP and the
fMRI signal (Box 3) have been described under unconscious states – slow-wave sleep
(SWS) and deep anesthesia, respectively [15,69]. Do these findings contradict the current
hypothesis? We suggest not. These coherent fluctuations could reflect spontaneous synaptic
activity constrained by anatomical connections that continue to maintain homeostasis in the
brain [70], but which lack sufficient information content (such as the bistable dynamics of
‘up-and-down states’ [18]) or the integration necessary for the emergence of consciousness.
In fact, in both cases, the patterns of SCP or fMRI signal coherence were weaker in the
unconscious state as compared to the conscious states [15,69]. A decreased baseline level of
cortical excitability (not assessed by temporal correlation measurements) could also
contribute to loss of consciousness, as supported by aforementioned experiments in which
stimulation of nonspecific thalamic pathways restored responsiveness in subjects with
impaired consciousness [61,62].

Box 3. Brain networks, information integration and consciousness

Spontaneous SCP and fMRI signals are temporally correlated within a set of large-scale
functional brain networks such as those associated with visual, auditory, somato-sensory
and motor, language, attention, executive and self-reflective functions (see Ref. [15] and
the references therein). The temporal correlation or independent component maps
normally presented to describe these networks tend to leave an impression that these
networks are separate entities. This impression overlooks the cross-network interactions
that are constantly taking place. If one watches the raw fluctuations of the spontaneous
fMRI signal, the signal increases seem to move from one network to another with
different time-lags in different nodes within a network (see
ftp://imaging.wustl.edu/pub/raichlab/Spontaneous_fMRI_signal_movies/). The exact
physiology underlying cross-network interaction is yet unclear, though one specific
example might be the anti-correlation between the attention and cognitive-control
networks and the default network [77]. Interestingly, though both sets of networks were
present in anesthetized monkeys [69], this anti-correlation between networks was gone
(our unpublished observation). Both cross-network and within-network interactions
should have a role in large-scale information integration that contributes to conscious
awareness.

Not all brain networks contribute to consciousness equally, as discussed in the text. We
speculate that the anterior cingulate and anterior insular cortices, in addition to the default
network, might be more pivotal than the sensory and motor networks and maybe even the
dorsal attention network (including the dorsal visual stream and frontal eye field) in the
emergence of consciousness. This conjecture mainly comes from a thought experiment
comparing the largely unconscious state – slow-wave sleep (SWS), with the conscious
states including wakefulness and rapid-eye-movement (REM) sleep. Whereas the sensory
and motor regions and the dorsal attention network are as active in SWS as in
wakefulness; the anterior cingulate, anterior insular and the midline regions of the default
network are deactivated in SWS and reactivated in both REM sleep and wakefulness
[78,79]. To the best of our knowledge, this conjecture is also consistent with existing data
from persistent vegetative patients [68], blindsight patients [80] and from manipulations
of momentary conscious perception [65,66].

Finally, a corollary prediction of the present hypothesis is that in most invertebrates
(except octopus which does not conform to the following characterization),
consciousness, if present, might be very different from that in vertebrates because the
invertebrate nervous systems are similar to the vertebrate cerebellum, spinal cord or brain
stem, but distinct from the vertebrate cerebrum, in two aspects: (i) with much pronounced
fast activity but notably weak slow activity; (ii) seems to consist of a population of
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relatively independent neurons with little integration across the population [81]. This
prediction is not formalized herein because we consider it to be non-testable by current
empirical means, for a human being cannot be an invertebrate and experience what it
experiences from inside, therefore to judge what a fruit fly experiences by observing its
exhibited behaviors from outside is ill-defined by empirical standards.

Concluding remarks
Studies on the neural basis of the fMRI signal have focused on the LFP power. Here, we
present evidence for another neurophysiological signal underlying the fMRI signal that has
received much less attention – the SCP. The linkage between the SCP and the fMRI signal
not only advances our understanding of cortical physiology but also provides a different
vantage point to many experimental results. We further propose that the SCP might carry
large-scale information integration in the neocortex that contributes to the emergence of
conscious awareness. Experiments on consciousness have seldom included the SCP, but
whenever it was included, the results seem to be consistent with this hypothesis. Given that
our hypothesis involves a specific physiological process, it is clearly amenable to empirical
testing.

Specifically, the hypothesis put forward makes two testable predictions:

i. Whenever there is a change in the content of conscious awareness, there should
also be a concurrent change in the SCP in corresponding essential brain regions
(which yet need to be determined for different forms of conscious awareness – we
offer a speculation on this in Box 3).

ii. In altered states of consciousness, such as deep slow-wave sleep, under anesthesia,
or in patients with severe brain injury, the spontaneous organization of the SCP that
is important for large-scale information integration should be altered compared to
the fully conscious state. This should also apply to systems with reduced
consciousness, such as the cerebellum (in comparison to the cerebrum), and
perhaps organisms lower on the evolutionary tree (Box 3).

We look forward to future work that confirms or falsifies our hypothesis.
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Figure 1. Evidence for a correlation between the slow cortical potential (SCP) and the fMRI
signal
(a) Simultaneous fMRI and EEG was used to identify fMRI signal activation correlated with
trial-by-trial measurement of contingent negative variation (CNV) amplitude. CNV is a
negative slow potential that relates to the anticipation of a stimulus and it is maximal over
frontal midline electrodes. Trial-by-trial covariation between CNV amplitude and fMRI
signal time course in anterior cingulate cortex is shown in a 3D plot. Adapted with
permission, from Nagai et al. [22] (b) Correlation patterns in the spontaneous fMRI signals
and spontaneous SCPs are similar. A group of 5 patients with intractable epilepsy underwent
approximately a week of continuous video-monitored electrocorticography (ECoG) for the
purpose of determining the epileptic focus before surgical resection. Artifact-free,
spontaneous ECoG data were collected from three arousal states: wakefulness, slow-wave
sleep (SWS) and rapid-eye-movement (REM) sleep, and then low-pass filtered at <0.5 Hz to
yield spontaneous SCPs. In addition, patients underwent a session of resting-state fMRI
before or after surgical intervention. SCP correlation maps were obtained by computing
Pearson correlation coefficients between a seed electrode (arrow) and all other electrodes.
For corresponding fMRI correlation maps, the fMRI signal was averaged across a group of
voxels centered at each electrode, and correlation coefficients were computed between the
fMRI signal associated with the seed electrode and that from all other electrodes.
Representative maps from one patient are shown. A 2D representation of the electrode grid
is shown with each dot representing one electrode. Color represents the correlation value
between each electrode and the seed electrode (arrow). Maps in the top row seed at a same
electrode, those in the bottom row seed at another electrode 2 cm apart. Note that correlation
maps with the same seed electrode are similar regardless of whether the fMRI signal or the
SCP was used in computing the map. Abbreviations: A, anterior; D, dorsal; P, posterior; V,
ventral. Adapted, with permission, from He et al. [15]
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Figure 2. The physiological basis of the SCP
(a) Left: field potential in primary visual cortex of the cat evoked by electrical stimulation of
optical radiation. Each trace is the average of 20 responses. Distance between adjacent
recordings is 50 µm. Middle: current source-density (CSD) distribution obtained from the
potential profile on the left. Sinks, corresponding to active EPSPs, are shaded. Cortical
laminae are indicated. Sinks a, b, and c reflect mono-, di-, and trisynaptic Y-type activity as
shown in the right panel; sinks d and f reflect mono-, di-, and trisynaptic X-type activity
shown in the right panel; sink e reflects Y-type and X-type monosynaptic activity. Sinks a,
b, and e contribute to type i activity in (b); sinks d and f contribute to type ii activity in (b);
sink c contributes to type iii activity in (b). Right: schematic diagram of successive
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intracortical excitatory relay stations as well as cell types involved. Long-range feedback
connections and nonspecific thalamic inputs are not depicted. (b) Schematic diagram of 4
main types of cortical activities and their reflection in surface potential (recorded by ECoG
or EEG). (i) Depolarization of pyramidal cells at their deeper extremities, which generates a
surface-positive potential deflection. (ii) Depolarization of deep-layer pyramidal cells at
their apical dendrites or of stellate cells. This type of activity generates a sink in the middle
layers and a surface-negative potential deflection. But because of the closed-field
arrangement of CSD components, its contribution to surface potential is rather small. (iii)
Depolarization of superficial layer pyramidal cells at their apical dendrites. This is the main
contributor to long-lasting surface-negative potentials. This type of activity involves long-
distance connections and depends greatly on the general state of cortical excitability. (iv)
Inhibitory activity does not usually cause significant CSD contributions because of the low
amplitude of membrane currents involved and a general lack of lamina specificity. Adapted,
with permission, from Mitzdorf [31].
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Figure 3. SCP and consciousness
(a) Schematic illustration of our hypothesis. Superficial layers of the cerebral cortex (shown
in purple) are the only layers containing extensive long-range horizontal connections (thick
blue lines); they are also the main target for nonspecific thalamocortical inputs (black lines)
in addition to long-range inter-areal feedback connections (thick red arrows). We propose
that long-lasting synaptic activities in superficial layers, manifesting as SCPs in surface
recording or low-frequency current source density (CSD) activity in superficial layers, carry
large-scale information integration in the brain and contribute directly to conscious
awareness. Neuronal circuits in deep layers (thin blue lines) provide specialized local
processing that assist superficial-layer computations and send output to subcortical
structures. Two specific predictions made by this hypothesis are provided in ‘concluding
remarks’ (b) Subjects performed a target detection task in which a visual grating stimulus at
threshold was briefly presented. Following a variable delay, the subject was prompted by an
auditory cue to press one of two buttons to indicate whether they saw the stimulus. A small
percentage of catch trials in which no grating was presented were randomly interleaved.
EEG potential from the left parietal electrode (P3, using Laplacian derivation, which
emphasizes local vertical currents underneath the electrode) was averaged around the onset
of grating stimulus (left panel), or around the motor response (right panel). The evoked
potentials for ‘Yes, I saw’, ‘No, I did not see’, and catch trials are shown in black, dark gray
and light gray respectively. The inter-subject s.d. for catch trials are shown as dotted lines. A
negative slow potential builds up between stimulus onset and motor response during ‘Yes’
trials but not catch trials nor the trials during which the stimulus was present but not
perceived. Adapted, with permission, from Pins and ffytche et al. [50] (c) Average evoked-
potentials (EPs) in response to single stimulus pulses at the skin, recorded from the surface
of somatosensory cortex. EPs to 500 stimulus presentations were averaged for each
condition. Abbreviations: Sub T, subthreshold stimuli, none of the 500 stimuli were felt by
the subject; T, threshold stimuli, subject reporting feeling some of the 500 stimuli. Each
recording trace is 500 ms long; Primary EP, a transient, surface-positive deflection that
occurs ~30 ms after the stimulus, was present in both cases; Secondary EP, a later slower
surface-negative component, only occurs when the stimulus was at times felt. Adapted, with
permission, from Libet et al. [52] (d) The Bereitschaft potential (BP) is a negative SCP shift
preceding the onset of a voluntary movement [56]. It was shown by Libet [57] that the onset
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of the BP also precedes the subject’s awareness of the intention to make the movement by a
few hundred milliseconds. Adapted, with permission, from Haggard [58].
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