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Neural oscillations in the beta frequency
range (13–30 Hz) are considered essential
in motor control. Modulations in beta
amplitude induced by movement were
described as early as 1949 (Jasper and Pen-
field, 1949), yet we are only starting to
grasp how beta oscillations and their in-
terplay with neural activity at other fre-
quencies relate to fine-grained motor
control in healthy individuals and to im-
pairments in movement disorders. Cur-
rent theories ascribe an antikinetic role
to beta oscillations, meaning that move-
ments are slowed or less easily initiated
when the oscillation is prominent (van
Wijk et al., 2012). This is illustrated by the
increased beta synchronization that can
be found in basal ganglia nuclei of patients
with Parkinson’s disease (Hammond et
al., 2007). Beta amplitude in the subtha-
lamic nucleus positively correlates with
the severity of bradykinesia and rigidity
symptoms (Neumann et al., 2016; van
Wijk et al., 2016) and shows a characteris-
tic decrease with dopaminergic medica-
tion or deep brain stimulation (DBS;

Kühn et al., 2006, 2008). Remarkably, beta
amplitude in cortical regions appears
much less affected by the disease, at least
in humans. The role of cortical oscilla-
tions in the manifestation of motor im-
pairments, therefore, remains enigmatic.

A series of recent publications has pro-
vided new insights by showing that the
coupling between beta and broadband
gamma activity (50 –200 Hz) in primary
motor cortex is pathological. Beta phase
and gamma amplitude have been shown
to be excessively synchronized via phase-
amplitude coupling (PAC) in Parkinson’s
disease patients but not in patients with
epilepsy or dystonia (de Hemptinne et al.,
2013). Moreover, when DBS is switched
on, the pathological coupling decreases
(de Hemptinne et al., 2015). Although
these findings have sparked interest in
cross-frequency analysis within the field
of movement disorders, they are merely
observational. There are various biologi-
cal and nonbiological mechanisms that
may lead to the detection of significant
PAC in time series (e.g., a functional
coupling between two oscillating neural
populations; comodulation of low-
frequency and high-frequency compo-
nents due to a common input; spiking
events; nonlinear properties of synaptic
transmission; small nonlinear artifacts in
the recording; or improper creation of
surrogate time series [Aru et al., 2015]).
Without further investigation, these stud-

ies provide only limited insight into par-
kinsonian pathophysiology.

Cole et al. (2017) conducted an in-
depth reanalysis of the electrocorticogra-
phy recordings that were acquired from the
23 patients with Parkinson’s disease in the
study by de Hemptinne et al. (2015). One of
their aims was to determine how much
of the pathological beta– gamma coupling
could be explained by nonlinear features
of the beta oscillation waveform. This is
important because it reveals more about
the origin of the coupling, and hence
about the neural mechanisms of the dis-
ease and DBS treatment. Two alternative
possibilities are illustrated in Figure 1. On
the one hand, if PAC is independent from
the beta oscillation waveform, it is likely
that beta and gamma are generated by
separate (functional) processes that be-
come coupled in the context of Parkin-
son’s disease (Fig. 1A). On the other hand,
if PAC directly results from the shape of
the beta oscillation waveform, this would
imply that beta and gamma coemerge
from a common underlying mechanism
that can be described by a single nonlinear
oscillator (Fig. 1B).

Cole et al. (2017) quantified the non-
linearity of the beta oscillation waveform
by introducing two metrics: oscillation
sharpness and steepness. Sharpness refers
to how fast the signal around an oscilla-
tion peak or trough declines. The ratio
between peak sharpness and trough sharp-
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ness serves as a measure of waveform asym-
metry. Steepness refers to how fast the
waveform rises or decays within a cycle.
Again, the ratio between rise steepness and
decay steepness is taken as a measure of
waveform asymmetry. This analysis re-
vealed that motor cortical beta oscilla-
tions are not perfect sinusoids but form a
sawtooth-like pattern (with a steep rising
phase followed by a sharp peak, a slow de-
caying phase, and a smooth trough, or the
inverse pattern; Cole et al., 2017, their Fig.
2). Moreover, DBS smoothens the oscilla-
tion to a more sinusoidal shape.

Because nonlinearities can readily pro-
duce cross-frequency coupling in time
series (Aru et al., 2015), the authors investi-
gated to what extent this was the case for the
observed pathological beta–gamma PAC.
Strikingly, nearly perfect and highly signifi-
cant correlations were found between the

sharpness ratio and average PAC strength
both before DBS (r � 0.94, p � 10�10) and
during DBS (r � 0.89, p � 10�7). This anal-
ysis was conducted across subjects, meaning
that patients who showed strongly nonsi-
nusoidal beta oscillations also had high PAC
values. It is exceptional to find correlations
this high in electrophysiological recordings,
which are inherently noisy. Because PAC is a
measure of coupling between beta phase
and gamma amplitude, these findings clearly
indicate that time-varying modulations in
gamma amplitude are directly linked to
nonlinear features observed in the beta os-
cillation waveform.

Subsequent analyses further confirmed
the relationship between beta oscillation
waveform and gamma amplitude. For ex-
ample, gamma amplitude was high during
peaks and/or troughs of the beta cycle, the
gamma amplitude value at these times pos-

itively correlated with the degree of sharp-
ness of the corresponding peaks/troughs,
and phase locking of gamma amplitude was
stronger in beta cycles with sharper peaks/
troughs. Across subjects, gamma amplitude
was also positively correlated with PAC
strength. And event-related averages alig-
ned to the onset of episodes with high
gamma amplitude again revealed a saw-
tooth-like low-frequency pattern. All these
findings are compelling evidence that beta
oscillation waveform and gamma ampli-
tude are highly interdependent.

The most likely explanation for these
observations is that gamma amplitude
fluctuations directly reflect the spectral
components that constitute the beta oscil-
lation waveform, as illustrated in Figure
1B (see also Aru et al., 2015; Jones, 2016).
This implies that no actual neural firing
or synchronous neural synaptic activity

Figure 1. Simulated data illustrating two alternative mechanisms by which PAC could be generated. A, Two separate processes with distinct frequencies (here a linear beta oscillator and white
noise bandpass filtered in the broadband gamma frequency range) become coupled in such a way that the low-frequency phase modulates the high-frequency amplitude. B, A single nonlinear
oscillator produces PAC by itself. The nonsinusoidal waveform shape is reflected by a periodic increase in amplitude at harmonic frequencies. Bottom circular plots show mean 50 –150 Hz amplitude
for each 20 Hz phase bin (for 10 s of simulated data). Amplitude values are clearly modulated by phase for both mechanisms. Frequencies are chosen arbitrarily to approximately match the
experimentally observed beta–gamma coupling reported in the original studies (de Hemptinne et al., 2013, 2015; Cole et al., 2017).
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within the gamma band needs to take
place. The high-frequency components
merely arise from the stereotypical nonsi-
nusoidal shape of the beta oscillation.
Hence, it is not necessary to speak of a
pathological coupling between beta oscil-
lations and neural gamma activity, which
is how the original findings were primarily
interpreted (de Hemptinne et al., 2013,
2015). Although this conclusion is not so
explicitly stated in the article by Cole et al.
(2017), it has important implications for
understanding parkinsonian pathophysiol-
ogy. The clinical relevance is further under-
scored by the disrupting effect DBS has on
the beta oscillation waveform and by the sig-
nificant positive correlation that was found
between the sharpness ratio and patients’ ri-
gidity severity scores. Future studies should
address what may lead to these abnormal
nonsinusoidal beta oscillations.

In general, low-frequency components
in macroscopic electrophysiological re-
cordings are thought to reflect summed
postsynaptic potentials, and high-frequency
components reflect the contribution of
action potentials (Buzsáki et al., 2012). A
computational study showed that syn-
chronous synaptic input from subcortical
sources can create nonlinear cortical beta
waveforms (Sherman et al., 2016). Such
abnormal synchronous firing in the basal
ganglia, including its output structures, is
typically observed in the parkinsonian
state (Galvan et al., 2015). Pathological
subcortical activity may affect cortical
function only by its impact on the timing
of synaptic potentials as cortical beta and
gamma power were not affected during
DBS (de Hemptinne et al., 2015). The
only effect observed was the altered beta
oscillation waveform, leading to lower
PAC values that are more similar to those
of control subjects. It does not necessarily
mean, however, that all of the observed
cortical broadband gamma can be ex-
plained by the beta oscillation waveform.
In fact, the distributions of gamma ampli-
tude as a function of beta phase presented
in Cole et al. (2017, their Fig. 3D–F) indi-
cate that a substantial proportion of the
gamma amplitude does not modulate with
beta phase. This part of the signal may still
reflect correlates of neural spiking or synap-
tic activity, but it is currently unclear
whether it is affected by the disease.

One may be tempted to think of brain
rhythms as continuously present, perfect si-
nusoidal oscillations. In fact, their ampli-
tude can greatly fluctuate over time, and
they can even consist of a few events that do
not appear as a clear rhythm (Jones, 2016).
In addition, several well studied rhythms

have nonsinusoidal waveforms, including
sensorimotor mu and hippocampal theta
oscillations. The stereotypical shapes of
these rhythms likely reflect properties of
underlying physiology (Cole and Voytek,
2017). Much of this information is lost
when computing spectral power as an aver-
age across a time period, as is typically done
in local field potential or EEG/MEG studies.
Likewise, there is a prevailing implicit as-
sumption that biologically meaningful PAC
needs to be caused by two separate oscillat-
ing neural populations whose activity be-
comes nested (Jensen and Colgin, 2007).
Although this kind of PAC is suggestive of a
newly emerged function, it could also be in-
sightful to identify an oscillation with non-
linear characteristics from a single neural
population as the PAC generator. It is nev-
ertheless essential to distinguish between the
two possibilities for a meaningful physiolog-
ical interpretation.

By stepping beyond conventional analy-
sis, Cole et al. (2017) provided evidence that
previously identified pathological coupling
between beta and broadband gamma is un-
likely to reflect alterations in neural activi-
ties at gamma frequencies. Moreover, they
demonstrated that cortical beta oscillations
are indeed altered in Parkinson’s disease.
This suggests that not only beta amplitude but
also nonsinusoidal features of the beta oscilla-
tion waveform might have an antikinetic role.
Clinically, waveform sharpness might even be
apromisingdatafeatureforimprovingclosed-
loop DBS (Little et al., 2013) by triggering
stimulation during time periods when non-
sinusoidal oscillations are present. These in-
sights make the original PAC findings (de
Hemptinne et al., 2013, 2015) even more in-
teresting and relevant. A further focus on
time-varying, nonlinear data features will be
crucial for advancing the field of motor con-
trol and beyond.
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