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Oscillatory activity is a prominent feature
of electromagnetic signals measured from
the brain. Among others, beta oscillations
(13–30 Hz) have been extensively investi-
gated in the context of movements. Upon
completion of a movement (e.g., a finger
extension), an increase of beta power rel-
ative to baseline is consistently observed
(Pfurtscheller et al., 1996). This is often
referred to as post-movement beta syn-
chronization/rebound, or simply beta re-
bound. A sensorimotor origin of beta
rebound has been confirmed in human
neuroimaging studies (Jurkiewicz et al.,
2006; Parkes et al., 2006). The functional
role of beta rebound is still under debate,
but it has been hypothesized to have a role
in actively keeping the status quo of the
motor system (Pogosyan et al., 2009; En-
gel and Fries, 2010) or in assisting sensory
processing (Cassim et al., 2001; Reyns et
al., 2008). In a recent study, Tan et al.
(2016) showed a close relationship be-
tween the amplitude of beta rebound and
participants’ confidence in predicting the
position of a joystick controlled cursor on
the screen. Specifically, higher beta re-
bound was associated with a higher confi-
dence level.

In the study, participants used a finger-
joystick to move a cursor from the center
of the screen to the position of a target dot
(Tan et al., 2016, their Fig. 1A). In each
trial, the target dot randomly appeared at
one of eight positions equally dispersed
around the periphery of the screen. By sys-
tematically manipulating the correspon-
dence between the angular displacement
of the joystick and the direction of cursor
movement, the authors induced different
magnitudes of performance errors (i.e.,
the angle between the line connecting cur-
sor starting position and cursor final po-
sition and the line connecting cursor
starting position and target position)
throughout the testing session. Then the
authors performed a Bayesian learning
modeling analysis of performance errors
to assess participants’ uncertainties in
predicting the cursor movement. For each
trial, this analysis generates a probability
distribution, of which each point repre-
sents the probability of a pair of mean and
variance of performance errors. The area
covering 80% of total probability repre-
sents estimation uncertainty, which is re-
lated to participants’ confidence of
predicting the final position of the cursor
from joystick movement (i.e., to what ex-
tent participants know the relationship
between the cursor position and joystick
movement). The variance in the maximal
probability point represents expected un-
certainty and it reflects possible perturba-
tions in the external environment (i.e.,
changes of the correspondence between the

cursor position and joystick movement due
to the experimenter’s manipulation, which
participants were not explicitly told). The
probability distribution is updated trial-by-
trial with the new incoming performance
error. Therefore, there is an estimation of
the two types of uncertainties for each trial.
A multilevel linear model analysis con-
firmed the success of the Bayesian modeling
showing that participants’ behavioral per-
formance was modulated by estimation un-
certainty, as well as expectation uncertainty.
For example, high levels of estimation un-
certainty and expectation uncertainty led to
increased reaction times to initiate re-
sponses. Interestingly, the post-movement
beta rebound amplitude changed in accor-
dance with estimation uncertainty, but not
with expected uncertainty, over trials. High
amplitudes of beta rebound were associated
with low estimation uncertainty. Although
beta rebound was also related to perfor-
mance errors, the authors were able to show
that beta rebound was modulated by esti-
mation uncertainty even when performance
errors were kept comparable. Based on these
findings, the authors concluded that beta re-
bound indexed the estimation uncertainty
about sensory consequences resulting from
self-movement.

This study provides a new perspective
for understanding beta rebound. How-
ever, we wonder whether beta rebound is
well positioned for representing estima-
tion uncertainty. From a theoretical point
of view, a neural signal and the cognitive
activity it represents should occur simul-
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taneously. For example, the hypothesis
that alpha oscillation is related to the top-
down control of visual spatial attention
was supported by the finding that alpha
power modulation and the attentional
control process were detected in a similar
post-cue time window (Thut et al., 2006).
In the study by Tan et al. (2016), beta re-
bound emerges after the completion of
the movement, which does not seem to be
temporally suitable for representing esti-
mation uncertainty related to the forward
model. The forward model is active
before the actual movement onset and de-
fines the causal relationship between a
movement and its resulting sensory con-
sequences and it is used for making
predictions (Wolpert and Ghahramani,
2000). Thus, estimation uncertainty can
be viewed as the uncertainty of the for-
ward model, which should be represented
before the movement offset. The timing of
beta rebound is too late for the prediction
from the current trial and too early for the
prediction from the next trial.

One may argue that based on Bayesian
principles, the posterior (i.e., updated es-
timation) of the current trial is the prior
(i.e., estimation before new data) of the
next trial. Then beta rebound may repre-
sent the next trial’s estimation uncertainty
indirectly through representing the up-
dated estimation uncertainty in the cur-
rent trial. This argument is untenable for
the following reasons: (1) the updated es-
timation uncertainty should be repre-
sented as a stable state unless it is forced to
change, thus it is equally likely to be ob-
served in brain signals at any time,
whereas beta rebound is transient; and (2)
if beta rebound represents the next trial’s
estimation uncertainty, we should expect
it to show up again in the next trial when
the forward model is activated. However,
existing evidence shows that the pre-
movement beta-power increase and beta
rebound are functionally dissociable
(Torrecillos et al., 2015).

As an alternative, we suggest that the
beta rebound modulation in the task used
by Tan et al. (2016) is related to the pro-
cess of forward model updating. The
brain can detect a mismatch between sen-
sory predictions based on the forward
model and actual sensory reafference, and
this enables an efficient change of the mo-
tor plan (Schafer and Marcus, 1973; Beh-
roozmand et al., 2016). At the same time,
the outdated forward model needs to be
updated (Synofzik et al., 2008). In the task
setting used by Tan et al. (2016), the deci-
sion about whether the current forward
model should be updated should be made

after the movement offset when the sen-
sory reafference is processed. This is ex-
actly the time when beta rebound is
found. Our hypothesis is consistent with
the key finding of Tan et al. (2016), i.e.,
beta rebound was significantly reduced
when there was a sudden change in the
correspondence between the controlling
movement and the resulting visual feed-
back (Tan et al., 2014, 2016; Torrecillos et
al., 2015). This is also the situation where
the forward model requires a substantial
updating. Thus, the data seem to suggest
that high beta rebound functions to ac-
tively keep the existing forward model,
whereas low beta rebound is associated
with the process of updating the forward
model.

Our hypothesis does not conflict with
the original finding that beta rebound is
correlated with estimation uncertainty.
In the task, estimation uncertainty was
tightly linked with forward model updat-
ing (e.g., low estimation uncertainty re-
quires little forward model updating), so
the correlation between beta rebound and
estimation uncertainty might be a conse-
quence of the proposed relationship be-
tween beta rebound and forward model
updating.

Finally, our hypothesis has the pote-
ntial to reconcile different accounts about
the function of beta rebound in the litera-
ture (Cassim et al., 2001; Engel and Fries,
2010). On the one hand, our explanation
can be seen as an extension of “the status
quo” account. Engel and Fries (2010) sug-
gested that in the motor domain, beta os-
cillation functions to actively maintain the
current motor plan. We propose that beta
rebound functions to keep the current
forward model. This is supported by a re-
cent study showing that primary motor
cortex stimulation with transcranial alter-
nating current stimulation at 20 Hz facil-
itated motor learning and stabilization in
a serial reaction time task (Pollok et al.,
2015). The 20 Hz stimulation possibly en-
hanced beta power in the motor cortex
and then facilitated the maintenance of
the task-related forward model, which is
vital in motor control (Wolpert and
Ghahramani, 2000). Thus, it led to an en-
hancement effect on motor learning and
stabilization. On the other hand, our ex-
planation provides a new perspective on
earlier findings suggesting a role of beta
rebound in sensory processing (Cassim et
al., 2001; Reyns et al., 2008). Cassim et al.
(2001) showed that beta rebound almost
disappeared when participants’ moving
finger was deafferentated by ischemic
nerve block. Thus, a role of somatosen-

sory processing was suggested for beta re-
bound. This classic effect also fits with our
proposition that beta rebound maintains
the current forward model. When deaffer-
entation was applied to the finger, the
participants should experience a drastic
prediction error, i.e., no sensory feedback
was associated with the finger movement.
This would necessarily lead to a change in
the forward model of predicting move-
ment-related somatosensory feedback, in
which case beta rebound was reduced.

The finding that beta rebound is mod-
ulated by the performance in the visuo-
motor task marks a significant advance in
our understanding of beta rebound (Tan
et al., 2014, 2016). We suggest that the
beta rebound modulation may be best un-
derstood as a process related to forward
model updating, with high beta rebound
relating to the process of actively main-
taining the current forward model. Al-
though more evidence is needed to
support our proposition and the mecha-
nisms of how beta rebound may be in-
volved in the process remains to be
revealed, an interesting prediction from
the proposition is that individuals who
have difficulties in updating forward
model (e.g., cerebellar lesion patients;
Synofzik et al., 2008) may have a beta re-
bound dysfunction.
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