
Journal Club

Editor’s Note: These short, critical reviews of recent papers in the Journal, written exclusively by graduate students or postdoctoral
fellows, are intended to summarize the important findings of the paper and provide additional insight and commentary. For more
information on the format and purpose of the Journal Club, please see http://www.jneurosci.org/misc/ifa_features.shtml.

The Temporal Dynamics of Evidence Accumulation in the
Brain

Martijn J. Mulder
Amsterdam Brain and Cognition, University of Amsterdam, 1018 VZ Amsterdam, The Netherlands, and Institute for Psychological Research and Leiden
Institute for Brain and Cognition, Leiden University, Department of Psychology, 2300 RB Leiden, The Netherlands

Review of Werkle-Bergner et al.

People organize the world in perceptual
categorizations, which helps them to nav-
igate through and interact with their envi-
ronment. Often, this requires a perceptual
decision: e.g., is this a snake or a water
hose? How the brain processes sensory in-
formation into a perceptual choice is a
central issue in the neurosciences. Nowa-
days, the field of perceptual decision-
making is dominated by the concept of an
accumulation-to-bound process that de-
scribes the decision process as an accumu-
lation of sensory evidence toward a
decision threshold. The decision is made
when evidence in favor of one alternative
over the other exceeds the decision
threshold (Fig. 1; for review, see Gold and
Shadlen, 2007). These accumulation-to-
bound models are able to describe and
predict response time distributions and
error rates simultaneously across of a large
variety of perceptual decision making
tasks. These models are not only behav-
iorally intuitive, but have proven to be
neurobiologically plausible as well (Gold
and Shadlen, 2007; Forstmann et al.,
2011). Therefore, neuroscientists aim to
identify and understand the neuronal
processes that drive the accumulation
process.

Recently, this aim was addressed in a
study by Werkle-Bergner and colleagues
(2014) published in The Journal of Neuro-
science. In their study, the authors provide
evidence for cooperative spatiotemporal
dynamics of slow and fast EEG signals that
enhance the information processing in
perceptual decision-making. Participants
took part in an experiment in which they
performed three different perceptual
decision-making tasks, in which they were
required to choose whether a number was
odd or even, whether a letter was a vowel
or a consonant, or whether a simple figure
was symmetric or asymmetric. Stimuli
were shown only for a brief period of time
(50 ms), and were masked afterward. In
addition to decision-trials, null-trials
were added, in which no stimulus was pre-
sented. This was done to quantify the dif-
ferences in brain activity between trials
where sensory information was available
with trials were no sensory evidence was
available. During all three tasks, brain ac-
tivation was measured using EEG. The
high temporal resolution of EEG allows
assessment of the dynamics of within-trial
processes related to the perceptual choice.

Most EEG studies focus primarily on
measurements of frequency and ampli-
tude of the EEG signal. The slow-wave
theta frequency band is involved in per-
ceptual decision-making processes (Ca-
vanagh et al., 2011; van Vugt et al., 2012).
However, during the decision process,
changes in neural firing rates are likely to
occur at different timescales and across

different brain regions, reflecting a sequence
of neural processes such as encoding, inte-
gration, and the control of sensory infor-
mation until the required motor response
has been made. Therefore, the decision
process is likely a broadband phenome-
non, rather than an isolated change in os-
cillatory power (van Vugt et al., 2012).

Indeed, the study by Werkle-Bergner
et al. (2014) shows that oscillations in
both the theta and alpha band play a role
in the temporal development of a percep-
tual choice. First, the authors show that in
all three tasks, the dynamics of theta oscil-
lations in the frontocentral brain regions
mapped onto the time course of the accu-
mulation process: after stimulus encod-
ing, theta band activity increased until the
initial response was made, after which it
decreased back to baseline. Second, in all
three tasks, a decrease in the alpha band
signal (desynchronization) was measured
at regions localized toward the more pos-
terior regions of the brain. This alpha de-
synchronization occurred simultaneously
with the increase in theta band and resyn-
chronized again after a choice was made.
Both theta and alpha effects were highly
related to the trial-by-trial differences in
response times, leading the authors to
suggest that both frequency bands serve a
role in the accumulation process: the
frontocentral theta oscillations reflect
sensory accumulation, while the desyn-
chronized posterior alpha oscillations fa-
cilitate this process by the release of neural
inhibition of the sensory signal.
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Interestingly, Werkle-Bergner et al.
(2014) not only investigated changes in
oscillations within the specific bands of
interest (alpha and theta), but measured
the temporal development of the signal-
entropy as well. The entropy of the EEG
signal is assumed to reflect the degree of
information that is encoded by neural
spiking, with more information for the
desynchronized signal (for review, see
Hanslmayr et al., 2012). Therefore, when
desynchronized posterior alpha oscillations
facilitate the accumulation process, one
would expect larger entropy (i.e., a “richer”
neural code) during the accumulation pro-
cess in the posterior regions. Indeed, the
study by Werkle-Bergner et al. (2014)
showed that the alpha desynchronization
was accompanied by an increase in the en-
tropy during the accumulation process,
supporting the idea that the alpha oscilla-
tions reflect the active processing of sensory
informationduringtheaccumulationprocess.

The data from Werkle-Bergner et al.
(2014) show that multiple brain regions
work in concert at different timescales to
make the perceptual decision at hand. Al-
though the strong relationship between
response times and brain activity suggest
that both alpha and theta frequency bands
are involved in the accumulation process,
alternative explanations are also possible.
From the perspective of an accumulation-
to-bound model, different latent pro-
cesses could potentially drive the variance
in response-time distributions. For exam-
ple, the height of the decision threshold,
which reflects response caution, also af-
fects the speed with which decisions are
made. It has been shown that individuals
differ in their threshold settings, and that
the decision threshold fluctuates from
trial to trial (van Maanen et al., 2011).
Furthermore, theta band activity has been
associated with adaptations of the deci-

sion threshold (Cavanagh et al., 2011).
The increase in frontocentral theta activ-
ity described by Werkle-Bergner et al.
(2014) appears to start before the initial
response with an equal duration (Werkle-
Bergner et al., 2014, their Fig. 4), which
could reflect ramping activity toward a mo-
tor response, represented by the decision
threshold. Such an interpretation would be
in line with theta-related threshold settings
reported earlier (Cavanagh et al., 2011).

In addition to the decision threshold
and the accumulation process, other la-
tent processes add to the variance in re-
sponse times. These processes are not
directly related to the decision process it-
self, and include the encoding of sensory
information and the execution of a motor
response. Interestingly, in the study by
Werkle-Bergner et al. (2014), both pat-
terns of alpha and theta oscillations show
a change in activity in the posterior regions
after stimulus onset. The authors interpret
these data as related to stimulus encoding,
since changes were unrelated to the variance
in response time. Since the change in fron-
tocentral theta activity appear strongest for a
rather fixed duration around the time of
the response, non-decision (motor) effects
could explain these data as well.

The proposed alternative explanations
illustrate that it is difficult to establish which
process is reflected by the relationship be-
tween brain activity and response times.
To further clarify the exact role of spatio-
temporal dynamics of slow and fast EEG
signals in perceptual decision-making,
accumulation-to-bound models can be ap-
plied to the behavioral data. Such a model-
based approach decomposes the behavioral
data into latent processes, allowing brain ac-
tivity to be associated with a particular cog-
nitive process more precisely and more
confidently (Forstmann et al., 2011). For
instance, the model can help to identify
components of the EEG signal that are spe-
cifically related to the rate of the accumulation
and the individual differences herein (Philias-
tides et al., 2006; van Vugt et al., 2012).

Using such a model-based approach,
van Vugt et al. (2012) identified theta band
oscillations that were associated with the
rate of accumulation, giving credence to the
interpretation of the frontocentral theta re-
sults by Werkle-Bergner et al. (2014). How-
ever, in the study by van Vugt et al. (2012),
the accumulation process was related to de-
crease of the theta band activity (van Vugt et
al., 2012), rather than an increase, as was
found in the study by Werkle-Bergner et al.
(2014). When one considers that a decrease
(desynchronization) in oscillatory power
reflects a richer neural signal, reflected by

larger entropy (Hanslmayr et al., 2012;
Werkle-Bergner et al., 2014), one could ar-
gue that the accumulation process would be
related to a decrease, rather than an increase,
of the EEG signal. Along these lines, the de-
crease (desynchronization) of the posterior
alpha activity reported by Werkle-Bergner
et al. (2014) might be a better proxy for the
evidence accumulation than the increase in
frontocentral theta activity. Note that the al-
pha desynchronization is clearly aligned
with the time between stimulus onset and
the initial response (Werkle-Bergner et al.,
2014, their Fig. 4), which supports such an
interpretation.

In short, the study by Werkle-Bergner
et al. (2014) emphasizes the importance of
temporal high-resolution imaging to un-
derstand the underlying dynamics that drive
the decision process. The findings indicate
that there is no such thing as an accumula-
tion area in the brain. Rather, the study by
Werkle-Bergner et al. (2014) underscores
that the process of sensory integration is dis-
tributed across different regions and differ-
ent timescales. Finally, the combination of
power and entropy analysis offers a promis-
ing approach to investigate the temporal dy-
namics of the latent processes underlying
perceptual decision-making.
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Figure 1. Schematic representation of an accumulation-
to-bound model. The model assumes that sensory informa-
tion starts to accumulate over time at a certain starting point,
and with a certain accumulation rate, until a decision threshold is
reached. The non-decision time is the time needed to encode sen-
sory information and/or execution of a motor response.

Mulder • Journal Club J. Neurosci., October 15, 2014 • 34(42):13870 –13871 • 13871

http://dx.doi.org/10.1038/nn.2925
http://www.ncbi.nlm.nih.gov/pubmed/21946325
http://dx.doi.org/10.1016/j.tics.2011.04.002
http://www.ncbi.nlm.nih.gov/pubmed/21612972
http://dx.doi.org/10.1146/annurev.neuro.29.051605.113038
http://www.ncbi.nlm.nih.gov/pubmed/17600525
http://dx.doi.org/10.3389/fnhum.2012.00074
http://www.ncbi.nlm.nih.gov/pubmed/22514527
http://dx.doi.org/10.1523/JNEUROSCI.1655-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16943552
http://dx.doi.org/10.1523/JNEUROSCI.2924-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22131410
http://dx.doi.org/10.3389/fnins.2012.00106
http://www.ncbi.nlm.nih.gov/pubmed/22822389
http://dx.doi.org/10.1523/JNEUROSCI.3801-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24948807

	The Temporal Dynamics of Evidence Accumulation in the Brain
	References


