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Abstract

A central goal of neuroscience is to determine how the brain’s relatively static anatomy can support
dynamic cortical function, i.e., cortical function that varies according to task demands. In pursuit of
this goal, scientists have produced a large number of experimental results and established influential
conceptual frameworks, in particular communication-through-coherence (CTC) and gating-by-
inhibition (GBI), but these data and frameworks have not provided a parsimonious view of the
principles that underlie cortical function. Here I synthesize these existing experimental results and
the CTC and GBI frameworks, and propose the function-through-biased-oscillations (FBO)
hypothesis as a model to understand dynamic cortical function. The FBO hypothesis suggests that
oscillatory voltage amplitude is the principal measurement that directly reflects cortical excitability,
that asymmetries in voltage amplitude explain a range of brain signal phenomena, and that predictive
variations in such asymmetric oscillations provide a simple and general model for information
routing that can help to explain dynamic cortical function.

1. Introduction

Humans are able to rapidly adapt their behavior based on different task demands. While research
over the past decades has shown that the structure of the brain is plastic, such as that shown in rapid
changes in dendritic boutons during learning (Moser et al., 1994; Piccioli et al., 2014), the long time
scale, typically minutes, for such plastic changes in anatomy cannot readily explain changes in
function on the time scale of seconds. In pursuit of the search for potential mechanisms that can
support this dynamic nature of the brain, studies have produced a large number of experimental
results and two influential conceptual frameworks.

These studies occur at different levels of inquiry that span the microscopic domain (i.e., single-
neuron neurophysiology) and the macroscopic domain (e.g., electroencephalography (EEG) or
behavioral state). Single-neuron neurophysiology studies often directly relate different physiological
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processes. For example, many studies showed that cortical neurons preferentially fire during the
trough of neuronal oscillations in different frequency bands, such as the theta (4-8 Hz) or alpha (8-12
Hz) bands (Bragin et al., 1995, Buzsaki et al., 2004, Fell et al., 2011, Haegens et al., 2011, Harris et
al., 2003, Huxter et al., 2003, Jacobs et al., 2007, Klausberger et al., 2004, Lee et al., 2005, Lorincz et
al., 2009, Siapas et al., 2005). This demonstrates that oscillatory activity can dynamically modulate
the excitability of local neuronal populations, which appears to be important for explaining dynamic
brain function.

Other microscopic or macroscopic studies cannot or do not make explicit statements about
particular physiological processes. Rather, they apply mathematical procedures to particular brain
signal measurements and report the observed relationship of the resulting brain signal features with a
particular behavioral or other measurement. For example, in numerous studies scientists applied
specific mathematical techniques (such as the Hilbert transform) to the (usually bandpass-filtered)
time-varying brain signal voltage measurements to calculate time-varying estimates of the power or
phase of oscillatory activity in a particular frequency band. An increasing number of reports have
shown that such power or phase measurements can be related to cortical excitability (e.g., Sauseng et
al., 2009 or Canolty et al., 2006, respectively). The results for oscillatory phase in these studies
suggest that cortical processing is more likely to occur during a specific phase (usually the trough) of
the underlying oscillations (i.e., phase-amplitude coupling (PAC)). While important problems with
present PAC signal analysis approaches and their resulting physiological interpretation have been
recognized (Aru et al.,, 2014), the results of these studies do echo the results of the basic
neurophysiology studies described above. At the same time, this seemingly direct link to underlying
physiological processes does not exist for (the purely mathematical construct of) oscillatory power.
In other words, it is unclear how oscillatory power may mechanistically alter cortical excitability.
Furthermore, it is unclear why cortical excitability appears to be related to two mathematically
completely independent measurements (power and phase) of oscillatory activity.

The relationship of different brain signal features with each other and with cortical excitability is
even less clear for other types of brain signal features. For example, for the past several decades,
scientists have studied different types of evoked responses (ERPs) such as the P300 (Chapman et al.,
1964), or different types of slow task-related activity (Bereitschaftspotential (BP, Kornhuber et al.,
1965), contingent negative variation (CNV, Walter et al., 1964), or slow cortical potentials (SCPs;
Birbaumer et al., 1990, He et al., 2009)). These electrophysiological signals often receive different
names that may depend not only on the filtering technique (e.g., spectral analysis vs. signal
averaging), but also on the specific area of study. For example, scientists who study the neural basis
of movements may call a slowly developing negative potential preceding movements a
Bereitschaftspotential (BP, Kornhuber et al., 1965); scientists who study consciousness may call a
similar phenomenon a slow cortical potential (SCP, He et al., 2009); and scientists who study
response anticipation may call it contingent negative variation (CNV, Walter et al., 1964). These
differing naming conventions persist even though these observations share some apparent similarities
(in that they are usually reflected in negative voltage shifts), and even though there are observations
that link them to other (e.g., frequency-based) phenomena (He et al., 2009, Shibasaki et al., 1978).
Similar comments about naming convention could also be made about the large number of different
evoked responses (ERPs) that result from actual or anticipated sensory stimulation (e.g., the P3a and
P3b (Polich, 2007)). Finally, recent advances in the local field potential (LFP) and ECoG literature
have revealed a number of additional brain signal features that express the relationship between the
phases or amplitudes of oscillatory activity at single or across multiple sites (e.g., phase-phase or
amplitude-amplitude coupling (Buzsaki et al., 2012, Siegel et al., 2012)). The functional relevance
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and generating mechanism for these phenomena are currently still largely unclear.

Nevertheless, there have been some proposals for mechanisms that could explain different types
of brain signal features. For example, scientists have tried to explain the generation of evoked
responses by phase resetting (Fell et al., 2004, Hanslmayr et al., 2007, Makeig et al., 2002, Sayers et
al., 1974), additions to ongoing oscillations (Makinen et al., 2005, Mazaheri et al., 2006, Shah et al.,
2004), or non-zero baselines (Mazaheri et al., 2008, Nikulin et al., 2007).

Despite these present difficulties in understanding how the brain may support dynamic function of
individual neuronal populations, scientists have proposed two influential conceptual frameworks to
begin to explain rapid variations in behavior across neuronal populations. The first proposal is the
communication-through coherence (CTC) hypothesis put forth by Pascal Fries (Fries, 2005). The
CTC hypothesis is concerned with the mechanism by which the brain may modulate the functional
relationship between one sending and one receiving neuronal population. Specifically, CTC’s
principal thesis is that function may emerge from anatomy through the brain's ability to optimize
information transfer by synchronizing the timing of oscillatory activity at the sending and receiving
sites.  This hypothesis rests fundamentally on the physiological concept of variable cortical
excitability, i.e., neuronal firing occurs preferentially at the trough of oscillatory activity (Haegens et
al., 2011, Klimesch et al., 2007, Lorincz et al., 2009). CTC has received support from modeling
studies (Akam et al., 2010, Akam et al., 2012) and experimental results (Roberts et al., 2013,
Saalmann et al., 2012). In sum, CTC is fundamentally based on oscillatory phase: it explains
variable function of a sending and a receiving neuronal population primarily through the degree of
phase synchrony of modulatory oscillatory activity at those populations.

The second proposal is the gating-by-inhibition hypothesis that was formally articulated by Jensen
and Mazaheri (Jensen et al., 2010). This hypothesis is based on a long history of research by a
number of scientists, including Pfurtscheller, Klimesch, Jensen and others. In contrast to the CTC
hypothesis, gating-by-inhibition is fundamentally based on oscillatory power: it suggests that
neuronal populations that are not related to the task are functionally inhibited by increased oscillatory
power in specific frequency bands, such as the alpha (8-12 Hz) band. How this concept, which is
based on oscillatory power, may be related to the CTC hypothesis, which is based on oscillatory
phase, is uncertain.

In summary, while existing theories have made important progress, our understanding how the
microscopic concept of cortical excitability relates to different types of macroscopic brain signal
measurements and in turn to organized behavior still appears to be incomplete. Furthermore, it is
currently unclear how oscillatory power and phase may interrelate with each other, and if and how
the conceptual frameworks proposed by Fries and Jensen can be reconciled. Primarily because of
these important issues, different neural or behavioral domains are usually described by independent
sets of relatively narrow scientific explanations, which tends to force scientists in a particular
discipline to stay within and to conform to the corresponding set of explanations. This situation
presents a roadblock to an improved understanding of the function of the brain.

Here I provide a conceptual framework of cortical function that may help to resolve these
important problems by synthesizing existing experimental results and theoretical models into two
general principles. The first principle of this framework suggests that cortical excitability of a
neuronal population is indexed most directly by the voltage amplitude of oscillatory activity. This
leads to the notion that the established findings of the relationship of oscillatory power or phase with
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cortical excitability are essentially indirect by-products of asymmetrically distributed peak/trough
amplitudes (i.e., biased oscillations), and that such biased oscillations may underlie a range of other
brain signal phenomena. The second principle embeds biased oscillations in a predictive context,
applies the result to populations of neurons, and thereby reconciles and extends the CTC and gating-
by-inhibition hypotheses. I will refer to the framework that encompasses these two principles as the
function-through-biased-oscillations (FBO) hypothesis throughout this paper.

2. The FBO Hypothesis

2.1.  The First Principle: Biased Oscillations Link Cortical Excitability to a Range of Brain
Signal Phenomena

»
>
»
>

The first principle of the FBO hypothesis begins with the proposal that
the instantaneous voltage amplitude of oscillations, rather than
oscillatory power or phase, is the principal measurement that directly
reflects cortical excitability. Specifically, 1 suggest that, for the
exemplary oscillation shown with the blue trace in Fig. 1, the y axis
simultaneously represents cortical excitability as well as oscillatory
voltage.  (This exemplary oscillatory activity is shown to be
sinusoidal, but in reality may take on different shapes.)

INHIBITION
POSITIVE

VOLTAGE

EXCITABILITY

FACILITATION

-
NEGATIVE

Experimental evidence supports this proposed link between changes in
instantaneous voltage and cortical excitability. For example, Fig. 2
shows recordings from cat motor cortex about 0.2 mm below the
cortical surface. Spontaneous firings of motor action potentials are
clearly visible. Stimulation of the nucleus ventralis lateralis (i.e., the
thalamic nucleus projecting to that area of cortex), but not stimulation
of a nearby cortical site, changes the voltage potential and temporarily
suspends action potential firing. In other words, thalamocortical
volleys appear to shift the cortical voltage
potential away from its baseline' so as to
hyperpolarize cortical populations and
thereby inhibit their firing. Similar effects
have been found in the visual cortex (Tasaki
et al., 1954, Von Baumgarten et al., 1952)
and somatosensory cortex (Li et al., 1956).
Thus, rhythmically occurring volleys (such
as those produced by oscillatory activity)
would periodically inhibit a particular
neuronal population in the cortex. This

\/ \

<

Fig. 1. Oscillatory
voltage amplitude is the
principal measurement
that controls cortical
excitability.

>
_ |z
100 msec

-

Fig. 2. Recordings in motor cortex close to the
cortical surface (black trace) in response to

resulting interpretation of the functional role
of oscillatory activity is consistent with an
emerging view on this topic (Klimesch et al.,
2007, Mathewson et al., 2011).

It is important to recognize that, in the
example in Fig. 1 that features a constant and

stimulation of the cortex (arrow marked by “C”) or
the nucleus ventralis lateralis of the thalamus (arrow
marked by “VL”). VL stimulation, but not cortical
stimulation, results in a change in voltage potential
that temporarily suspends motor cortical neuronal
firing. (Modified from Li, 1956.)

Ytis important to recognize that the polarity of these voltage changes depends on the recording configuration, and

thus may be positive or negative.
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high level of peak-to-peak amplitude, the concepts of oscillatory voltage amplitude and oscillatory
phase are essentially interchangeable with respect to their relationship to cortical excitability:
excitability is high during a certain phase of the oscillation (i.e., the trough), and excitability is high
when the voltage amplitude is low.

It is well known that an oscillation’s peak-to-peak amplitude (and hence, oscillatory power) is not
constant but often changes with a task. The next building block supporting the first principle of the
FBO hypothesis is the suggestion that such task-related changes in peak-to-peak amplitude do not
affect the peaks and troughs of the oscillation equally. Let us consider the exemplary oscillatory
signal in Fig. 3-A. In this example, the blue trace gives the time course of oscillatory activity. The
peak-to-peak amplitude of this modulatory signal decreases with time (i.e., reduces oscillatory power
with time), thereby indicating an overall trend toward increased cortical excitability. As recognized
in earlier observations (Mazaheri et al., 2008, Mazaheri et al., 2010, Nikulin et al., 2007) that were
made in the context of explaining evoked responses, such changes in peak-to-peak amplitude might
not affect the amplitude of the peaks and troughs of the oscillatory activity equally, but only affect
the amplitude of the peaks®. Indeed, Fig. 3-B (modified from Fig. 3a, Nikulin et al., 2007)
demonstrates that the amplitude bias of an oscillation in the alpha band (y axis) is related to the
power of the oscillation (x axis). (The shaded area gives the 95% confidence interval.) In summary,
the second building block of the first principle of the FBO hypothesis suggests that the amplitude
bias (dotted blue trace, which could be computed by averaging one cycle of the oscillation or by
averaging many trials with random oscillatory phase) is related to oscillatory power.

These two building blocks, i.e., instantaneous voltage amplitude of oscillations reflecting cortical
excitability and the existence of a voltage bias, provide the basis for two insights that represent the
main conceptual contribution of the first principle of the FBO hypothesis.

>

INHIBITION

B

>

EXCITABILITY

FACILITATION

AMPLITUDE BIAS

TIME o POWER

Fig. 3. A: The time-varying instantaneous voltage amplitude of oscillatory activity (solid blue
trace) is not zero mean, but has a bias (dotted blue trace) whose amplitude varies with the amplitude
of oscillatory power. B: Experimental evidence supporting this proposed relationship. (Modified
from (Nikulin et al., 2007).)

% A later article (Nikulin et al., 2010) came to a somewhat different conclusion.
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The first insight is that concept of variations in instantaneous voltage amplitude of biased
oscillations provides a simpler, more complete, and more physiologically plausible model of cortical
excitability than a model based on either oscillatory power or oscillatory phase. It is simpler, because
it depends on only one model-free measurement (the instantaneous voltage) rather than on two
separate mathematically extracted transformations (power and phase) that depend on a specific model
(e.g., a repeating sinusoid).

»
>

This model is also more complete in describing cortical B A
excitability than a model based on either oscillatory power l
or oscillatory phase. This is apparent in the example in Fig.
4. In this example, oscillatory amplitude envelope (dotted
black trace, calculated either by using the Hilbert transform
or by taking the square root of low-pass filtered oscillatory
power) decreases from left to right as the oscillation cycles
between different phases of peaks and troughs. Thus, by
averaging many measurements, a study may well find a
relationship between oscillatory amplitude/power envelope’
and cortical excitability, or between oscillatory phase and
cortical excitability, but neither relationship will be entirely o _ _
correct. Specifically, consider the left-most period of the | Fig. 4. Traditional interpretations of
oscillation in Fig. 4. At time (A), oscillatory power the relationship between o§cillatory
accurately reflects cortical excitability: power is high and | Power and phase with cortical
cortical excitability is low. However, at time (B), there is a | €Xcitability do not fully capture the
big discrepancy between these measurements as power is | fealities of biased oscillations. E.g.,
still high but cortical excitability is high as well. In | oscillatory power is high but cortical
contrast, for low values of oscillatory power (i.e., around excitability is high as well (B);
the times indicated by (C)), oscillatory phase cycles oscillatory phase CYC.IGS betweeq pealFs
between the peak and trough (which would suggest |and troughs, but cortical excitability is
strongly varying cortical excitability), but cortical always high (C).

INHIBITION
POSITIVE

EXCITABILITY
VOLTAGE

FACILITATION

NEGATIVE

TIME

excitability is relatively constant and high. In contrast, the
instantaneous voltage amplitude (that includes the voltage bias) always accurately reflects cortical
excitability.

Finally, this model is also more physiologically plausible. As indicated above, several studies have
found an inhibitory effect of voltage shifts produced by subcortical volleys on firing of cortical
populations (Li, 1956, Li et al., 1956, Tasaki et al., 1954, Von Baumgarten et al., 1952). However,
such physiological interpretations cannot readily be made for the (purely mathematical concepts of)
oscillatory phase or oscillatory power.

The presence of the voltage bias also has important implications for the generating principles of a
variety of macroscopic brain signal features. This possibility has been discussed in the specific
context of evoked responses in previous work (Mazaheri et al., 2008, Nikulin et al., 2007). The
second insight is that these implications may be broader than previously discussed. In this context,
let us consider the example given in Fig. 5. The blue trace in panel A illustrates the time course of
the raw (i.e., biased) voltage of an exemplary 10-Hz (i.e., alpha band) modulatory signal in a single
trial. Similar to Fig. 3A, this exemplary modulatory signal reduces the voltage of its peak over about
1.5 seconds, thereby indicating time-varying but still progressively increasing cortical excitability. In

*The amplitude envelope of an oscillation is the square root of the power envelope. While they are different
mathematically, for the purposes of the arguments presented here, they can be used interchangeably.
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other words, the instantaneous voltage amplitude of this exemplary blue trace is the result of a 10-Hz
oscillation, a slow decrease in peak-to-peak amplitude, and a concomitant decrease in voltage bias.
As will become important later, this slow decrease may suggest the physiologically independent
presence of a very slow oscillation in a frequency analysis.

There are several ways to extract oscillatory measurements from brain signals (bandpass-filtering,
Hilbert transform, etc.). The red trace illustrates the result from subjecting the blue trace to a
bandpass filtering operation between 8-12 Hz. Because the bandpass filtering operation removes
frequencies lower than 8 Hz, it removes the oscillation’s voltage bias: notice how the voltage bias
(that is readily visible in the blue trace) disappears in the red trace after the bandpass filtering
operation. In other words, the red trace is now centered around zero mean (dashed black line

A ZA B A C
)
=
o
z
>_ =
E
=
3
E
(&S]
>
w =
)
=
=
=
2
Ly 200ms Y 200 ms

Fig. 5. The bias in oscillations can explain different macroscopic observations.

indicating zero voltage). The black solid trace illustrates the instantaneous power (i.e., squared
amplitude) of the bandpass-filtered signal.

The blue, red, and black traces in Panel B show the average of many trials of the corresponding
oscillatory signal traces shown in Panel A with random phase. The blue average trace highlights a
trend toward increasing excitability (i.e., decreasing voltage amplitude), similar to what is usually
seen in the Bereitschaftspotential, slow cortical potential, or contingent negative variation. The red
average trace does not show any variations over time. The black average trace highlights the
reductions in oscillatory power typically seen prior to volitional task engagement. Notice the
somewhat smoother appearance of the black trace compared to the blue trace, which results from the
timing uncertainty introduced by the bandpass filtering operation. In summary, the concept of biased
oscillations can explain the relationship between the negative voltage shifts and the decrease in
oscillatory power that are often observed in relationship to particular tasks (such as movements).

The literature provides some clues that are consistent with aspects of this hypothesis. One such
piece of evidence is shown in Panel C (modified from Shibasaki et al., 1978). The blue trace
illustrates the average voltage of EEG recordings prior to movement (indicated with an arrow). The
negative deflection prior to movement onset is readily apparent, and is similar to that in the blue trace
in Panel B. The yellow trace illustrates the average voltage of EEG recordings after a lesion to the
nucleus ventralis intermedius (VIM), i.e., the thalamic nucleus that projects to motor cortex. The
yellow trace does not feature the negative deflection prior to movement, but does exhibit an increased
evoked response following the movement. In other words, with an intact VIM, we see the typical
Bereitschaftspotential prior to movement. After the VIM has been lesioned, no such negative voltage
shift occurs, quite possibly because thalamic lesions often diminish alpha oscillations (Hughes et al.,

Gerwin Schalk 7
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2005). In summary, the second insight of the first principle of the FBO hypothesis is that the
amplitude bias in oscillatory activity may explain aspects of the slow time-varying brain signal
phenomena that usually precede behaviors.

When integrated with other well-known observations, the same concept may also provide a
convenient explanation for evoked responses (ERPs) that follow motor movements or sensory
stimulation. Specifically, it is well known that the brain can modulate not only the peak-to-peak
amplitude but also the instantaneous phase of ongoing low-frequency oscillations. This phenomenon
is termed phase resetting and has previously been suggested to be a contributing factor to ERP
generation (Fell et al., 2004, Hanslmayr et al., 2007, Makeig et al., 2002, Sauseng et al., 2007, Sayers
et al., 1974). However, in addition to phase resetting, it is also well known that different task-related
areas in the brain are modulated by different oscillations at similar or different frequencies (Jacobs et
al., 2007), and that motor movements or sensory stimulation may result in modulation of oscillatory
power (Pfurtscheller et al., 1979, Potes et al., 2014, respectively). All of these known effects will
contribute to a time-varying bias in average voltage, and thereby must all provide an important
contribution to the generation of ERPs.

Finally, biased oscillations may also explain some of the more recent observations reported in the
literature, including particular reports of PAC, phase-phase coupling, or amplitude-amplitude
coupling (Siegel et al., 2012). As an example, for the representative data shown in Fig. SA, analyses
may identify PAC between the 10-Hz alpha oscillation and the <1 Hz activity change. (See Aru et
al., 2014, for a more comprehensive discussion of issues with current analyses or their interpretation.)

In summary, the first principle of the FBO hypothesis suggests that the instantaneous voltage
amplitude of biased oscillations is the principal measurement that controls cortical excitability, and
that it can help to explain a variety of macroscopic brain signal phenomena.

This is a provisional file, not the final typeset article 8



294

295

296
297
298
299

300
301
302
303
304
305
306
307

308
309
310
311
312
313
314
315
316
317
318

Gerwin Schalk The Function-Through-Biased Oscillations Hypothesis

2.2.  The Second Principle: A General Framework for Dynamic Cortical Function

The second principle synthesizes and extends the concepts provided in the CTC hypothesis and the
gating-by-inhibition framework by embedding the concept of biased oscillations into a predictive
context. The result provides a simple and general model for routing of information flow that can
explain dynamic cortical function.

Similar to the proposal that biased oscillatory voltage amplitude provide a unifying foundation for
explaining experimental results for oscillatory power and phase, control of local cortical excitability
with biased oscillations can also provide a unifying foundation for synthesizing CTC and gating-by-
inhibition. The proposal is that rather than controlling the phase relationship of oscillations across
task-related populations (as proposed by CTC) or oscillatory power of neuronal populations (as
proposed by gating-by-inhibition), the brain engages in dynamic task-related processing by
controlling the instantaneous voltage amplitude of biased oscillations to predictively inhibit task-
unrelated populations or inhibit populations at task-unrelated times.

A ; <
® ® @ ® &°

I
\ / S
©
®)
© @ =
)
\T/ 2

o = HIGH
)

. Chep| ™= LOW |
T 0 500 1000
Time (ms)
Fig. 6. Biased oscillations regulate information flow in the cortex.

To illustrate this concept, let us consider the exemplary network of neuronal populations that is
shown in Fig. 6-A. In this figure, eight distinct neuronal populations are labeled with A-H.
Anatomical connections between these populations are depicted with arrows. Arrows that do or do
not carry action potential volleys are shown in black or yellow, respectively. Populations that receive
excitatory or inhibitory modulation (i.e., low or high average peak-to-peak voltage amplitude,
respectively) are shown in orange or yellow, respectively. In this example, population A, which does
not receive inhibitory modulation (e.g., from subcortical structures such as a particular thalamic
nucleus), receives an action potential volley and sends out volleys to all populations it is connected to
(B, C, and D), presumably through cortico-cortical projections. Because B and D receive inhibitory
modulation, they are not excited by the incoming volleys they receive from A; thus, they do not send
out volleys to connected populations. In this example, excitatory input to population A will result in

Gerwin Schalk 9
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activation of, and communication between, populations C and G. This concept synthesizes the CTC
and gating-by-inhibition hypotheses: because biased oscillatory voltage amplitude can define higher
excitability either by decreasing peak-to-peak amplitude or by being in its trough, it can describe a
situation in which a sending and a receiving neuronal population communicate either by
synchronizing their phases (as would be suggested by CTC) or by decreasing the peak-to-peak
amplitude of the receiving population (as would be suggested by gating-by-inhibition).

The second principle anchors the dynamics of biased oscillations in a predictive process.
Dynamic information routing may require separate mechanisms for task-related engagement that can
or cannot be predicted based on prior evidence. There are obvious situations in which our
interactions with our environment can be predicted in advance. For example, we may be provided
with accumulating perceptual evidence that will lead to a motor action. In this situation, the brain
has the opportunity to optimize excitability of its neuronal populations (e.g., increase excitability of
the motor system) so as to optimize performance. Indeed, many studies (Bertelson et al., 1960) have
documented increased behavioral performance resulting from prior evidence. According to the first
principle of the FBO hypothesis, the brain may readily achieve this purpose by reducing the peak-to-
peak amplitude of biased oscillations associated with neuronal populations that are related to the
anticipated task, and by increasing it for all other populations. There is plenty of experimental
evidence to support this concept (e.g., Bidet-Caulet et al., 2012). Fig. 6-B (modified from Kubanek
et al., 2013) illustrates the relative power (i.e., a function of peak-to-peak amplitude) of an oscillatory
signal recorded over sensorimotor cortex in a perceptual decision task, in which subjects were asked
to push a button depending on the amount of evidence given by auditory clicks. The power of the
modulatory signal is progressively reduced for trials of “high” evidence compared to for trials of
“low” perceptual evidence. Thus, this mechanism progressively increases cortical excitability in
motor cortex, and clearly demonstrates that cortical excitability of local neuronal populations
depends not only on present but also on past events.

It is important to recognize that this optimization of brain function cannot readily be achieved by
generating a desired phase relationship between neuronal populations: in the predominant situation
in which the timing of task execution is not precisely predictable (e.g., in the example above, it is not
exactly clear when the movement will occur), a desired functional relationship between two cortical
populations can only be achieved using phase synchrony if oscillations governing two different
neuronal populations share the same frequency. This is plausible for populations within a particular
cortical system (e.g., the visual system), which may be subserved by the same subcortical nucleus.
Indeed, existing experimental evidence for such phase synchrony across populations (Roberts et al.,
2013, Saalmann et al., 2012) was derived from data collected within the visual system. At the same
time, it is well known that oscillations in different systems can be produced by different sources, and
often have different frequencies (Pineda, 2005). E.g., the frequency of the sensorimotor mu rhythm
has been reported to be significantly higher than that of the classical visual alpha rhythm (Storm van
Leeuwen et al., 1976). Thus, if the timing of task execution is not known ahead of time, it appears to
be difficult if not impossible for the brain to predictively control information flow by achieving
constant phase synchrony across such different systems. This suggests that CTC cannot explain the
regulation of information flow across wide areas of the brain in such situations.

The situation is opposite if the brain has to process and react to a stimulus that cannot be
anticipated, e.g., a loud noise while we are reading. While it is well known that we can quickly react
to such unexpected stimuli (Yantis et al., 1984), such rapid reactions cannot readily be explained by
increased excitability that are due to reduction in oscillatory peak-to-peak amplitude, as highest
excitability would not be achieved until the oscillation reaches its trough (i.e., up to tens of ms later).
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Thus, reducing the peak-to-peak amplitude of a biased oscillation would not guarantee that the initial
action potential volleys produced by the stimulus would hit excitable neuronal populations in the
appropriate sensory regions, and consequently would reduce the ability of the brain to process this
stimulus. At the same time, it is well known that the brain has the ability to reset the phase of
oscillatory activity (Brandt, 1997) in response to salient stimuli. With phase-resetting of biased
oscillations, the brain could produce oscillatory phase synchrony throughout the respective
perceptual system. Thus, it would guarantee that action potential volleys produced by such stimuli
would be delivered to excitable neuronal populations throughout that system. While there is
evidence for cross-modal phase resetting (Thorne et al., 2011), the degree to which different systems
are phase reset by an incoming stimulus may be a critical determinant of the limitations of human
performance in sensori-motor behavior. Such phase resetting may even cause subsequent reduction
in peak-to-peak amplitude in this perceptual system. Hence, in response to a sudden salient stimulus,
the brain may update its ongoing predictions to incorporate the likely case that more salient stimuli
will follow the first.

Irrespective of whether an event can or cannot be predicted based on prior evidence, such
configurations fundamentally requires the brain to make predictions: in the decision-making
example above, the brain must use current and past evidence to make a prediction of the optimal
future state of cortical excitability. In the example of a loud noise during reading, the brain must be
able to evaluate the likelihood that a particular stimulus occurs given past evidence (e.g., we know
that a loud stimulus in a library will produce a stronger cortical response than a loud stimulus in a
predictive series of loud stimuli). In other words, the brain must constantly use information from
past events to predict the likelihood of a particular stimulus, and adjust cortical excitability as a
function of this predicted likelihood. This invokes an image in which the “excitability landscape”
across the cortex serves to is constantly being updated using a predictive process.

In summary, the second principle of the FBO hypothesis suggests that variable cortical function is
implemented primarily by variable biased oscillations across different cortical populations, and
proposes that the variability of the two main parameters of biased oscillations, i.e., oscillatory peak-
to-peak amplitude and phase, must be determined by a predictive process. Thus, predictive biased
oscillations can form the basis for a simple, general, and physiologically grounded model of variable
cortical function.

3. Predictions

The FBO hypothesis generates a number of testable predictions. The first principle of the FBO
hypothesis predicts: 1) that for most if not all locations in the cortex that are modulated by
oscillatory activity, oscillatory activity has a voltage bias that is related to oscillatory power; 2) that
the instantaneous voltage of biased oscillations is a better predictor of cortical excitability (e.g., as
assessed by action potential firing probability or by the magnitude of broadband gamma amplitude®)
than is oscillatory power or phase; 3) that amplitude variations in biased oscillatory signals can
explain a fraction of the variance of slow time-domain signals (such as the BP), of evoked responses,
and of more recent observations (in particular amplitude-amplitude coupling or PAC that involves
frequencies < 4 Hz); and 4) common evoked responses (ERPs) that are routinely detected in
EEG/MEG may not be detectable in LFP or ECoG signals, because ERPs represent at least in part the

* Broadband gamma amplitude is often computed by determining the analytic amplitude of ECoG/LFP signals in a high
(e.g., 70-170 Hz) frequency band. Broadband gamma activity has been suggested by an increasing number of studies to
reflect the average firing rate of neuronal populations close to the electrode (Manning et al., 2009, Miller et al., 2009, Ray
etal., 2011).
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spatially superimposed time-domain voltage changes associated with a temporal sequence of
oscillatory power adjustments that are the consequence of a stimulus.

The second principle of the FBO predicts: 1) that variable routing of information flow through a
physical network depends primarily on the cortical excitability (indexed by biased oscillations) of the
receiving neuronal population; 2) that the peak-to-peak amplitude of a biased oscillation is produced
by a prediction of the likelihood that the corresponding neuronal population is related to the task; 3)
that the phase of a cortical oscillation is adjusted as a function of a prediction of the likelihood of a
sensory stimulus; 4) that differential oscillatory activity should be present not only across different
systems (e.g., visual vs. motor), but also within a particular system; and 5) that task execution (rather
than predictive network modulation) should always be accompanied by non-oscillatory broadband
gamma activity.

Testing these predictions requires careful consideration of several technical issues. First, any
particular cortical population may be under simultaneous and superimposing modulatory influence
by different oscillations (e.g., Hughes et al., 2007, Jacobs et al., 2007). Second, the raw voltage
potential may be influenced by non-oscillatory activity (e.g., voltage shifts created by ionic currents).
Third, voltage is not an absolute but a relative measurement. Thus, an experimentally measured
voltage bias may be of varying magnitude or even polarity depending on sensor modality and source
of referencing. Fourth, with present signal acquisition hardware, it is difficult to achieve similar
signal-to-noise characteristics across all relevant signal frequencies (i.e., DC to high gamma). Fifth,
oscillatory modulation is likely to be spatially fine-grained, and hence may be subjected to spatial
summation, which will impede its proper characterization using EEG or MEG. Thus, testing these
predictions may benefit greatly from, and will likely require, intracranial or intracortical recordings.

4. Further research

The FBO hypothesis provides a proposal for two general mechanisms that can support dynamic
cortical function. Its main predictions listed above can now readily be tested in future experimental
research. In addition, there are several important questions that remain to be answered.

1. In line with previous findings, this paper suggests that there is an asymmetric distribution of peak
and trough amplitudes. The specific characteristics of this asymmetry are currently unclear.

2. Is cortical excitability influenced by factors other than instantaneous voltage?

Other than instantaneous cortical excitability, which factors (such as amplitude or temporal

distribution) of input to a given region determine cortical excitation?

4. Why is cortical excitability established using repetitively pulsed inhibition (i.e., oscillatory
activity) rather than using a continuous process? I speculate that repetitive inhibition may be
more metabolically efficient than continuous inhibition, and may be equally effective.

5. The second principle of the FBO hypothesis explains how the brain may predictively modulate
cortical function. It does not attempt to answer several important corresponding questions:

a. How does the brain generate predictive models of optimal cortical excitability?

b. How does the brain use sensory inputs resulting from particular behaviors to change the
parameters of these predictive models to optimize future behaviors?

c. The predictive processes described in the FBO hypothesis essentially bias cortical
processing towards those neural populations that are task-related. It does not elucidate the
nature of the cortical activations that actually execute the tasks (i.e., primarily detected
using action potential firing rates or broadband gamma amplitude). The relationship
between these two processes is important, because they lead to different predictions about

(98]
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5.

measurements. As an example, according to the FBO hypothesis, presentation of multiple
sensory stimuli will lead to an increase in cortical excitability in the regions
corresponding to the particular sensory domain. Thus, subsequent stimuli should result in
augmented cortical responses. However, many experiments have shown that repeated
stimulation can result in decreased responses, a phenomenon called repetition suppression
(Baldeweg, 2006). This phenomenon may be explained by the concept of predictive
coding (Clark, 2013, Friston, 2010), which postulates that coding of information in the
brain at least in part represents the discrepancy between a prediction of a sensory stimulus
and the actual stimulus. In summary, these two concepts may lead to completely opposite
experimental results. Future research is necessary to establish the interplay between these
two phenomena.

Acknowledgement

I would like to thank Peter Brunner, Will Coon, Adriana de Pesters, Bob Knight, Robert Oostenveld,
and Brad Voytek for their helpful comments on the ideas presented in this manuscript.

Gerwin Schalk 13



466

467

468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510

Gerwin Schalk The Function-Through-Biased Oscillations Hypothesis

6. References

Akam T, Kullmann DM. Oscillations and filtering networks support flexible routing of
information. Neuron. 2010;67(2):308-20. PMCID: 3125699.

Akam TE, Kullmann DM. Efficient "communication through coherence" requires oscillations
structured to minimize interference between signals. PLoS computational biology.
2012;8(11):e1002760. PMCID: 3493486.

Aru ], Aru ], Priesemann V, Wibral M, Lana L, Pipa G, et al. Untangling cross-frequency coupling
in neuroscience. Current opinion in neurobiology. 2014;31C:51-61.

Baldeweg T. Repetition effects to sounds: evidence for predictive coding in the auditory system.
Trends in cognitive sciences. 2006;10(3):93-4.

Bertelson P, Boons JP. Time uncertainty and choice reaction time. Nature. 1960;187:531-2.

Bidet-Caulet A, Barbe PG, Roux S, Viswanath H, Barthelemy C, Bruneau N, et al. Dynamics of
anticipatory mechanisms during predictive context processing. The European journal of
neuroscience. 2012;36(7):2996-3004. PMCID: 3463677.

Birbaumer N, Elbert T, Canavan AG, Rockstroh B. Slow potentials of the cerebral cortex and
behavior. Physiological reviews. 1990;70(1):1-41.

Bragin A, Jando G, Nadasdy Z, Hetke ], Wise K, Buzsaki G. Gamma (40-100 Hz) oscillation in the
hippocampus of the behaving rat. The Journal of neuroscience : the official journal of the
Society for Neuroscience. 1995;15(1 Pt 1):47-60.

Brandt ME. Visual and auditory evoked phase resetting of the alpha EEG. International journal
of psychophysiology : official journal of the International Organization of
Psychophysiology. 1997;26(1-3):285-98.

Buzsaki G, Draguhn A. Neuronal oscillations in cortical networks. Science.
2004;304(5679):1926-9.

Buzsaki G, Wang X]. Mechanisms of gamma oscillations. Annual review of neuroscience.
2012;35:203-25. PMCID: 4049541.

Canolty RT, Edwards E, Dalal SS, Soltani M, Nagarajan SS, Kirsch HE, et al. High gamma power is
phase-locked to theta oscillations in human neocortex. Science. 2006;313(5793):1626-8.
PMCID: 2628289.

Chapman RM, Bragdon HR. Evoked Responses to Numerical and Non-Numerical Visual Stimuli
While Problem Solving. Nature. 1964;203:1155-7.

Clark A. Whatever next? Predictive brains, situated agents, and the future of cognitive science.
The Behavioral and brain sciences. 2013;36(3):181-204.

Fell ], Dietl T, Grunwald T, Kurthen M, Klaver P, Trautner P, et al. Neural bases of cognitive
ERPs: more than phase reset. Journal of cognitive neuroscience. 2004;16(9):1595-604.

Fell ], Axmacher N. The role of phase synchronization in memory processes. Nature reviews
Neuroscience. 2011;12(2):105-18.

Fries P. A mechanism for cognitive dynamics: neuronal communication through neuronal
coherence. Trends in cognitive sciences. 2005;9(10):474-80.

Friston K. The free-energy principle: a unified brain theory? Nature reviews Neuroscience.
2010;11(2):127-38.

Glenn LL, Hada ], Roy JP, Deschenes M, Steriade M. Anterograde tracer and field potential
analysis of the neocortical layer I projection from nucleus ventralis medialis of the
thalamus in cat. Neuroscience. 1982;7(8):1861-77.

This is a provisional file, not the final typeset article 14



511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557

Gerwin Schalk The Function-Through-Biased Oscillations Hypothesis

Haegens S, Nacher V, Luna R, Romo R, Jensen O. alpha-Oscillations in the monkey sensorimotor
network influence discrimination performance by rhythmical inhibition of neuronal
spiking. Proceedings of the National Academy of Sciences of the United States of
America. 2011;108(48):19377-82. PMCID: 3228466.

Hanslmayr S, Klimesch W, Sauseng P, Gruber W, Doppelmayr M, Freunberger R, et al. Alpha
phase reset contributes to the generation of ERPs. Cerebral cortex. 2007;17(1):1-8.

Harris KD, Csicsvari ], Hirase H, Dragoi G, Buzsaki G. Organization of cell assemblies in the
hippocampus. Nature. 2003;424(6948):552-6.

He BJ, Raichle ME. The fMRI signal, slow cortical potential and consciousness. Trends in
cognitive sciences. 2009;13(7):302-9. PMCID: 2855786.

Hughes SW, Crunelli V. Thalamic mechanisms of EEG alpha rhythms and their pathological
implications. The Neuroscientist : a review journal bringing neurobiology, neurology
and psychiatry. 2005;11(4):357-72.

Hughes SW, Crunelli V. Just a phase they're going through: the complex interaction of intrinsic
high-threshold bursting and gap junctions in the generation of thalamic alpha and theta
rhythms. International journal of psychophysiology : official journal of the International
Organization of Psychophysiology. 2007;64(1):3-17. PMCID: 3016516.

Huxter |, Burgess N, O'Keefe ]. Independent rate and temporal coding in hippocampal
pyramidal cells. Nature. 2003;425(6960):828-32. PMCID: 2677642.

Jacobs |, Kahana M], Ekstrom AD, Fried I. Brain oscillations control timing of single-neuron
activity in humans. The Journal of neuroscience : the official journal of the Society for
Neuroscience. 2007;27(14):3839-44.

Jensen O, Mazaheri A. Shaping functional architecture by oscillatory alpha activity: gating by
inhibition. Frontiers in human neuroscience. 2010;4:186. PMCID: 2990626.

Klausberger T, Marton LF, Baude A, Roberts |D, Magill P], Somogyi P. Spike timing of dendrite-
targeting bistratified cells during hippocampal network oscillations in vivo. Nature
neuroscience. 2004;7(1):41-7.

Klimesch W, Sauseng P, Hanslmayr S. EEG alpha oscillations: the inhibition-timing hypothesis.
Brain research reviews. 2007;53(1):63-88.

Kornhuber HH, Deecke L. [Changes in the Brain Potential in Voluntary Movements and Passive
Movements in Man: Readiness Potential and Reafferent Potentials]. Pflugers Archiv fur
die gesamte Physiologie des Menschen und der Tiere. 1965;284:1-17.

Kubanek |, Snyder LH, Brunton BW, Brody CD, Schalk G. A low-frequency oscillatory neural
signal in humans encodes a developing decision variable. Neurolmage. 2013;83:795-
808. PMCID: 3815962.

Lee H, Simpson GV, Logothetis NK, Rainer G. Phase locking of single neuron activity to theta
oscillations during working memory in monkey extrastriate visual cortex. Neuron.
2005;45(1):147-56.

Li CL. The inhibitory effect of stimulation of a thalamic nucleus on neuronal activity in the
motor cortex. The Journal of physiology. 1956;133(1):40-53. PMCID: 1359136.

Li CL, Cullen C, Jasper HH. Laminar microelectrode studies of specific somatosensory cortical
potentials. ] Neurophysiol. 1956;19(2):111-30.

Lorincz ML, Kekesi KA, Juhasz G, Crunelli V, Hughes SW. Temporal framing of thalamic relay-
mode firing by phasic inhibition during the alpha rhythm. Neuron. 2009;63(5):683-96.
PMCID: 2791173.

Makeig S, Westerfield M, Jung TP, Enghoff S, Townsend ], Courchesne E, et al. Dynamic brain
sources of visual evoked responses. Science. 2002;295(5555):690-4.

Gerwin Schalk 15



558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604

Gerwin Schalk The Function-Through-Biased Oscillations Hypothesis

Makinen V, Tiitinen H, May P. Auditory event-related responses are generated independently of
ongoing brain activity. Neurolmage. 2005;24(4):961-8.

Manning JR, Jacobs ], Fried I, Kahana M]. Broadband shifts in local field potential power spectra
are correlated with single-neuron spiking in humans. The Journal of neuroscience : the
official journal of the Society for Neuroscience. 2009;29(43):13613-20. PMCID:
3001247.

Mathewson KE, Lleras A, Beck DM, Fabiani M, Ro T, Gratton G. Pulsed out of awareness: EEG
alpha oscillations represent a pulsed-inhibition of ongoing cortical processing. Frontiers
in psychology. 2011;2:99. PMCID: 3132674.

Mazaheri A, Jensen O. Posterior alpha activity is not phase-reset by visual stimuli. Proceedings
of the National Academy of Sciences of the United States of America. 2006;103(8):2948-
52. PMCID: 1413767.

Mazaheri A, Jensen 0. Asymmetric amplitude modulations of brain oscillations generate slow
evoked responses. The Journal of neuroscience : the official journal of the Society for
Neuroscience. 2008;28(31):7781-7.

Mazaheri A, Jensen O. Rhythmic pulsing: linking ongoing brain activity with evoked responses.
Frontiers in human neuroscience. 2010;4:177. PMCID: 2972683.

Miller K], Sorensen LB, Ojemann ]G, den Nijs M. Power-law scaling in the brain surface electric
potential. PLoS computational biology. 2009;5(12):e1000609. PMCID: 2787015.

Moser MB, Trommald M, Andersen P. An increase in dendritic spine density on hippocampal
CA1 pyramidal cells following spatial learning in adult rats suggests the formation of
new synapses. Proceedings of the National Academy of Sciences of the United States of
America. 1994;91(26):12673-5. PMCID: 45501.

Nikulin VV, Linkenkaer-Hansen K, Nolte G, Lemm S, Muller KR, IImoniemi R], et al. A novel
mechanism for evoked responses in the human brain. The European journal of
neuroscience. 2007;25(10):3146-54.

Nikulin VV, Linkenkaer-Hansen K, Nolte G, Curio G. Non-zero mean and asymmetry of neuronal
oscillations have different implications for evoked responses. Clinical neurophysiology :
official journal of the International Federation of Clinical Neurophysiology.
2010;121(2):186-93.

Pfurtscheller G, Aranibar A. Evaluation of event-related desynchronization (ERD) preceding
and following voluntary self-paced movement. Electroencephalography and clinical
neurophysiology. 1979;46(2):138-46.

Piccioli ZD, Littleton JT. Retrograde BMP signaling modulates rapid activity-dependent synaptic
growth via presynaptic LIM kinase regulation of cofilin. The Journal of neuroscience : the
official journal of the Society for Neuroscience. 2014;34(12):4371-81. PMCID: 3960475.

Pineda JA. The functional significance of mu rhythms: translating "seeing" and "hearing" into
"doing". Brain research Brain research reviews. 2005;50(1):57-68.

Polich ]. Updating P300: an integrative theory of P3a and P3b. Clinical neurophysiology : official
journal of the International Federation of Clinical Neurophysiology. 2007;118(10):2128-
48. PMCID: 2715154.

Potes C, Brunner P, Gunduz A, Knight RT, Schalk G. Spatial and temporal relationships of
electrocorticographic alpha and gamma activity during auditory processing.
Neurolmage. 2014.

Ray S, Maunsell JH. Different origins of gamma rhythm and high-gamma activity in macaque
visual cortex. PLoS biology. 2011;9(4):e1000610. PMCID: 3075230.

Roberts MJ, Lowet E, Brunet NM, Ter Wal M, Tiesinga P, Fries P, et al. Robust gamma coherence

This is a provisional file, not the final typeset article 16



605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647

648

Gerwin Schalk The Function-Through-Biased Oscillations Hypothesis

between macaque V1 and V2 by dynamic frequency matching. Neuron. 2013;78(3):523-
36.

Saalmann YB, Pinsk MA, Wang L, Li X, Kastner S. The pulvinar regulates information
transmission between cortical areas based on attention demands. Science.
2012;337(6095):753-6. PMCID: 3714098.

Sauseng P, Klimesch W, Gruber WR, Hanslmayr S, Freunberger R, Doppelmayr M. Are event-
related potential components generated by phase resetting of brain oscillations? A
critical discussion. Neuroscience. 2007;146(4):1435-44.

Sauseng P, Klimesch W, Gerloff C, Hummel FC. Spontaneous locally restricted EEG alpha activity
determines cortical excitability in the motor cortex. Neuropsychologia. 2009;47(1):284-
8.

Sayers BM, Beagley HA, Henshall WR. The mechanism of auditory evoked EEG responses.
Nature. 1974;247(5441):481-3.

Shah AS, Bressler SL, Knuth KH, Ding M, Mehta AD, Ulbert ], et al. Neural dynamics and the
fundamental mechanisms of event-related brain potentials. Cerebral cortex.
2004;14(5):476-83.

Shibasaki H, Shima F, Kuroiwa Y. Clinical studies of the movement-related cortical potential
(MP) and the relationship between the dentatorubrothalamic pathway and readiness
potential (RP). Journal of neurology. 1978;219(1):15-25.

Siapas AG, Lubenov EV, Wilson MA. Prefrontal phase locking to hippocampal theta oscillations.
Neuron. 2005;46(1):141-51.

Siegel M, Donner TH, Engel AK. Spectral fingerprints of large-scale neuronal interactions.
Nature reviews Neuroscience. 2012;13(2):121-34.

Steriade M, Timofeev I, Grenier F, Durmuller N. Role of thalamic and cortical neurons in
augmenting responses and self-sustained activity: dual intracellular recordings in vivo.
The Journal of neuroscience : the official journal of the Society for Neuroscience.
1998;18(16):6425-43.

Storm van Leeuwen W, Arntz A, Spoelstra P, Wieneke G. The use of computer analysis for
diagnosis in routine electroencephalography. Revue d'electroencephalographie et de
neurophysiologie clinique. 1976;6(2):318--27.

Tasaki I, Polley EH, Orrego F. Action potentials from individual elements in cat geniculate and
striate cortex. ] Neurophysiol. 1954;17(5):454-74.

Thorne JD, De Vos M, Viola FC, Debener S. Cross-modal phase reset predicts auditory task
performance in humans. The Journal of neuroscience : the official journal of the Society
for Neuroscience. 2011;31(10):3853-61.

Von Baumgarten R, Jung R. Microelectrode studies on the visual cortex. Rev Neurol (Paris).
1952;87(2):151-5.

Walter WG, Cooper R, Aldridge V], McCallum WC, Winter AL. Contingent Negative Variation: An
Electric Sign of Sensorimotor Association and Expectancy in the Human Brain. Nature.
1964;203:380-4.

Yantis S, Jonides J. Abrupt visual onsets and selective attention: evidence from visual search.
Journal of experimental psychology Human perception and performance.
1984;10(5):601-21.

Gerwin Schalk 17



