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Abstract
We analyzed magnetic signals of the brain during a second before voluntary finger movement. 3 of 18 our subjects displayed local alpha (10Hz) oscillations phase-
matched to the instant of the impending movement. Each subject had its own pattern of these oscillations. Alpha power and phase of oscillations were robustly 
linked to the instants of the finger movement selected at will, though large and unpredictable variations occurred permanently. We interpret our observations as a 
manifestation of the teamwork of several neural populations which reliably control preparation of the movement in each trial. Signals from a few members of the team 
are recorded during a particular trial - they show only a small fragment of the whole deterministic process. A new combination of active neurons is formed before 
each trial – this causes enhanced variability of measured signals. This variability is by no means a noise which should be removed from the data. Just the opposite, all 
these signals have to be used to reconstruct the sequence of events preparing the voluntary movement.    
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Introduction 
Development of Brain-Computer Interfaces needs comprehensive 

analysis of the cortical activity preceding the intended action. However, 
“lack of understanding concerning the underlining neurophysiology 
continues to be the limiting factor in BCI development” [1]. 
Multichannel magnetic encephalography (MEG) is a highly appropriate 
tool for the study of the cortical activity during periods of time, when the 
subject is ready to act or move. No overt sign of impending movement 
can be seen before the action and the detected brain signals are not 
contaminated by the activity, evoked by the sensory system in response 
to the movement. Two approaches to study cortical processes in this 
time widow are currently used in electroencephalography (EEG) and 
MEG: Event Related Potentials/Fields (ERP, ERF) and Event Related 
Desynchronization/Synchronization (ERS, ERD). Both methods 
imply averaging of amplitude or power (squared amplitude) samples 
across many trials. The resulting average signals are considered to be 
descriptions of the neural processes related to the observed event. It 
is tacitly assumed that the same time course of the neural activation is 
basically present in each trial with, probably, some random variations. 
This should be confirmed. Each gradient sensor of our magnetometer 
is particularly selective to the activity of cortical sources located close 
to the sensor and picks up signals least contaminated by the rest of 
brain electrical activity. Many signals have characteristic shape (skewed 
triangle, for example, see Figures 1 and 2), which can be compared 
in different trials. We studied self-paced finger movements using a 
helmet-shaped whole head magnetometer [2] and did see that some 
components of brain response differ considerably between trials, being 
sometimes as high as background activity and sometimes virtually 
absent [3]. We have also found considerable variability of the magnetic 
signals before self-paced movement [4]. This variability did not look 
like a scatter around some basic behavior: the trials can be divided 
into groups with similar behavior inside each group. These findings 
provoked deeper scrutiny of the recorded signals from all our subjects.    

The guidelines or recommendations for cognition studies [5] 
emphasize the need to carry out a comparison between a single case and 

a group of normal subjects. We see in our group of 18 normal subjects 
a number of single cases with spectacular behavior which deserve 
special analysis. The guidelines require the possibility to replicate the 
experiment. This severely limits the range of possible research. In 
our view many processes in the cortex resemble more the weather, 
which can hardly be reproduced at the request of the experimenter. 
The dynamics should be monitored on a single trial basis. We see that 
some processes do not replicate itself during subsequent portions 
of the same experimental run, though being reproducible inside 
considerable continuous time span. We highly appreciate the need 
of a set of guidelines in the cognition research, though they should 
not be centered on testing hypotheses and statistical analysis only. 
More sophisticated approaches are needed, which take into account 
unprecedented variability of the cognition related events in the brain. 
We cannot suggest suitable methods and techniques right now, though 
careful description of what we see in the brain during cognitive 
processing will probably lead to a proper approach to data analysis. 

Experiments with self-paced movements are quite popular in the 
study of volition [6]. Average event related signal usually does not 
contain rhythmic components during a second before the movement, 
though high activity can be seen in individual trials. Spontaneous 
oscillations usually are not phase locked to the instant of the impending 
movement and are canceled by averaging. This is true for most of 
subjects, but not for all. Some subjects display robust peaks well before 
the movement occurs [4]. Amplitude of these peaks can be used for 
classification of oscillation patterns preceding the movement. At 
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least four of our subjects showed this behavior. Our analysis revealed 
another group of three subjects with much more spectacular and clearly 
visible behavior. Their event related responses contained considerable 
rhythmic component in the alpha range a second before the movement. 
Here we describe these phenomena in detail. This can be considered as 
the case study. A relatively small number of subjects, demonstrating 
this behavior, is not something out of the ordinary. Early studies 
revealed the presence of a rolandic wicket rhythm in just 18 persons 
out of 500 [7]. Now this phenomenon is called “motor mu rhythm” 
which occupies an appropriate place among the natural frequencies of 
the brain [8].

Experimental Procedures

Eighteen right-handed volunteers took part in the study—10 
males and 8 females, 18–32 years old, two were left-handed. None 
of the participants had known neurological or psychiatric disorders. 
The study was approved by the local ethics committee of the Moscow 
University of Psychology and Education (MSUPE) and was conducted 
following the ethical principles regarding human experimentation 
(Helsinki Declaration). 

The subjects were instructed to make quick index finger extensions 
at their own will, keeping the finger in the up position for some time 
and then moving it back into the original position. This series of 
events took about 3 s, and the duration of each phase was chosen as 
convenient by the subject in each trial. Natural scatter in the duration 
was about 15%, for some subjects much more. Each subject made more 
than 100 movements in a single session. The instant of the maximum 
acceleration of the fingertip was used as a reference point for the 
averaging of individual trials.  

Magnetic brain responses were recorded with the sampling 
rate of 1000 Hz using a helmet-shaped whole head magnetometer 
(ElektaNeuromag MEG system, 306 channels). Native hardware filters 
with band pass 0.1-330 Hz were used and no additional filtering was 
applied to avoid distortion of the signal shape. During the measurement 
the participants were sitting in the magnetically shielded room. We 
processed signals from 204 channels measuring planar gradients of 
the magnetic field generated by the brain, since the main contribution 
to the gradient signal comes from the area located under the sensor. 
General data processing and calculation of the field patterns were done 
using the Brainstorm software [9]. The shape of the cortical surface was 
reconstructed using the FreeSurfer software [10]. 

Results
Alpha oscillations phase matched to the impending movement

We present observed phenomena individually for each subject, 
since they look different, though having common property – phase 
lock to the instant of the impending movement. Figure 1 illustrates 
our observations for Subject1. Sensors located over central (Rolandic) 
fissure in the left hemisphere detected triangular peak, which started 
to grow at the instant when right index finger moved with maximum 
acceleration. The signal grew to its maximum 50ms later. The peak 
was clearly seen in several single trials and averaging of all 126 trials 
produced very neat shape – Figure 1A. Similar responses in the same 
area were recorded for all our subjects. Nearly identical peak shape 
is shown in Figure 2 for Subject 2. For majority of the subjects no 
rhythmic components were seen in the average signal in any sensor. 
However, for Subject1 the average signal displayed oscillations in 
the alpha frequency range (about 10Hz) in the sensors located over 
parieto-occipital sulcus of the right hemisphere – Figure 1A, B, C. 

These oscillations were coherent during a second before the movement. 
Subject1 chose the instant of the movement at will and the waiting time 
before the movement varied considerably for different trials (1.5 to 
4.5 s).  In spite of this scatter, alpha oscillations before the movement 
were predominantly phase-matched to the instant of the impending 
movement. The processes in the distant cortical sites (Figure 1C) were 
coordinated well before the action become visible.   

Similar relationship between finger movement, triangular peak 
in the sensory-motor area and preceding alpha oscillations were 
observed for Subject 2. In this case 50ms peak and phase-locked alpha 
oscillations were recorded in the same sensor, as shown in Figure 2. 
It should be mentioned, that this behavior was again observed in the 
experiment with this subject three years later. The field maps indicate 
that the source of the recorded activity is located in the central fissure 
(primary sensory-motor area). Triangular peak was matched to the 
phase of alpha waves in the average signal, though clear dissociation 
between these processes was seen in individual trials – Figure 2A. All 
combinations (no alpha/peak, alpha/peak, alpha/no peak, no alpha/
no peak) were observed, which means that none of these signals was 
indispensable prerequisite for the finger movement in every run. 
We have to conclude that in addition to the triangular peak and 
alpha oscillations some other processes contribute to the movement 
generation. Maybe we can find them in other sensors and brain areas. 

This peculiar behavior in individual trials prompted us to monitor 
individual events during the whole experimental session. In many 
neurophysiological studies, it is difficult to single out effects of individual 
events, since they usually follow each other closely. What is the correct 
way to distinguish the lasting effect of the previous event from the 
anticipation of the predictable next one in a raw? This is especially 
relevant for rhythmic phenomena lasting a fraction of a second. Figure 
3 shows continuous records in two sensors (channels 443 and 1133) 
located symmetrically over the left and right hemispheres of Subject 2. 
This is about a quarter of the whole experimental run. The rest looks 
similar. We always see waxing and waning of the magnetic signal 
amplitude in different sensors. For alpha rhythm these variations are 
usually called spindles. All our subjects generate considerable number 
of spindles during the finger movement task performed with open 
eyes. It is generally accepted that the alpha rhythm is blocked when 
eyes are open, and our subjects were instructed to be visually attentive. 
Nevertheless we have seen a lot of oscillations in the alpha frequency 
range around 10Hz. Oscillations unresponsive to visual input are 
usually called mu-rhythm, though it is impossible to distinguish mu 
from alpha on-line. Typical record is shown in Figure 3B for the 
channel 1133. Maximum amplitudes of the magnetic signal for most 
of our subjects are observed over left central and right parieto-occipital 
sulci (two areas shown in Figure 1C) and symmetric central sulcus in 
the right hemisphere. Long periods of calm, separating spindles, are 
frequently observed, sometimes lasting up to 20 seconds. One such 
period, 7 seconds long, is visible in Figure 3B. 

For most of subjects and majority of sensors no temporal correlation 
between alpha power modulation and instants of the movements 
selected at will, were observed. However, when we monitor the channel 
with high rhythmic component in the average signal before finger 
movement, we see nearly perfect correspondence between variations 
of the alpha amplitude in this sensor and finger movements – Figure 
3A, Subject 2. Positions of the alpha spindles inside waiting time period 
between movements indicate transient suppression of alpha waves 
by the short movement, with quick recovery after some delay. The 
suppression (or block) can be abrupt, as shown in Figure 2A for trials 
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Figure 1. A) Maximum amplitude signals in five gradient sensors, average – black, single trial - blue. Sensor numbers are indicated for each trace. Sensor locations are shown on the maps 
B and D built over hemisphere covering the head. Self-paced quick finger extension occurs at the time instant zero. Maximum peak-to-peak amplitude for the single trial signal is 3pT, scale 
for the average signal is 5 times smaller. Green boxes highlight triangular peak with 50ms delay, which looks similar for the average traces and this single trial traces. B) Field map for the 
average signal 350ms before the finger movement (red line -350ms in A). This is the tip of the alpha wave preceding the movement. Maximum and minimum of the radial component of 
the magnetic field are shown in red and blue. Dipolar pattern implies cortical source in the parieto-occipital sulcus as shown in C. C) Positions of the electrical sources in the cortex of the 
Subject1 shown as magenta strips. Left strip corresponds to the map D, the right one to the map B. D) Field map for the average signal at the tip of the peak 50ms after the finger movement. 
The instant is shown by the red line in A. Dipolar pattern implies cortical source in the Rolandic fissure as shown in C. 

Figure 2. A) Magenta trace – average movement related signal in the channel 443. Blue – trials 64 and 62 with no alpha component and high peak 50 ms after the finger extension. Green – 
trials 61 and 90 with high alpha before movement and high peak. Sand – trials 58 and 28 displaying abrupt alpha block and no peak. Grey – trials 33 and 52 where no clear signals are visible. 
B) Map of the radial component of the magnetic field built over the surface of the helmet where locations of the sensors are indicated. Cyan dumbbell serves a view guide indicating positions 
of the field maxima for the peak. C)  Center of the dumbbell points to the cortical area in the Rolandic fissure (highlighted in magenta) which generates the magnetic signal. 
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58 and 28. Sometimes alpha block occurs a couple of periods before the 
movement. Evolution of the alpha amplitude inside each cycle varies 
considerably. Some cycles do not contain alpha oscillations, though 
high spindles are seen both before and after this cycle. They are visible 
in Figure 3A. As mentioned above, alpha waves can be absent for tens 
of seconds and no modulation of alpha power by the movements can 
be seen during these periods of time. 

Figure 3A displays robust dynamic link between cortical processes 
generating repetitive self-paced movements and electric oscillations in 
a small area on the cortical surface. This phenomenon can be clearly 
seen only in few gradient sensors out of 204 covering the head. It is 
highly reproducible during the whole experimental run 9 minutes 
long and this behavior has not changed in three years for this subject. 
However, this reproducibility is very peculiar. Scrutiny of each 
movement cycle reveals extremely high variability of the oscillation 
pattern during movement preparation. Both timing in respect to the 
movement instant and amplitude course vary considerably. Abrupt 
changes occur from cycle to cycle (trial to trial). For tens of seconds the 
effect can be invisible, since no alpha activity is recorded. Later on the 
modulation of the alpha amplitude with finger movements recovers.   

Discussion
Our results can be considered as a demonstration of the fact that 

cortical oscillations can be reproducibly volitionally controlled during 
motor task. The topic of volitional control is extremely important for the 
development of Brain-Computer Interfaces [11]. Different parameters 
of cortical activity are considered for feedback. Sometimes quite 
complex measures like coherence of magnetic signals from different 
brain regions are analyzed [12]. Here we report a rare observation of 
a strong controlling parameter – quick changes of the amplitude of 
alpha (mu) oscillations. We shall certainly proceed in finding control 
parameters for other subjects, though we would like to find out now 
what underlies phase-matching of rhythmic events to the impending 
movement for some of our subjects. This issue should be analyzed in 
depth. 

We see a paradoxical situation: some cortical processes are robust 
(amplitude variations before movement and sharp peak after), though 
they occur or do not occur in unpredictable manner. We observe fine 
structure of evoked or induced alpha oscillations [13] in individual 
trials. When the trials are averaged this structure becomes blurred. 
Application of the averaging assumes repetition of the same cortical 
process is in every trial. This assumption is wrong in our case. The 
array of processes initiating the movement looks like a teamwork 
of several cortical populations each time conducting unexpected 
combination leading to a goal. Measuring device detects activity of only 
one or few members of the team. Before each movement we see only 
a small fragment of the complex pattern that reliably points the way 

to the goal - execution of the finger movement. We see no fault in any 
trial. Irregular alternation of different fragments is commonly called 
noise. The task is not to get rid of this noise, though to reconstruct the 
underlying pattern from a set of disparate pieces. This radically changes 
our view on the data processing needed to reconstruct sequences of 
events in the brain leading to overt action. 

We need to consider available evidence on how actions are 
prepared in the systems of lower complexity. When individual animals 
are repeatedly observed in the same context they rarely behave in 
exactly the same way on every occasion [14]. A common fish displays 
a number (2-5) of different behavior patterns to leave shelter following 
a disturbance. It is unlikely that a large area in the human brain will 
exhibit more primitive behavior in response to the internal urge. On 
the other hand, simple averaging, implying stereotyped sequence of 
events in every trial, gives reliable evoked responses to external stimuli 
in many experimental settings. This discrepancy can be explained 
if internally or externally driven action serves an effective boundary 
between different types of cortical behavior. Experiments, using 
implanted multi-electrode arrays in the brain of macaque monkey, 
showed that stimulus onset drove a decline in across-trial firing-rate 
variability in multiple cortical areas [15]. This widespread variability 
decline suggests a rather general property of cortex, that its state 
is stabilized by an input. Our observations indicate that self-paced 
movement produces similar effect. 

Before self-initiated action or perception of an external stimulus, 
cortical processes are much more variable then afterwards. This has 
important evolutionary background. Being an unpredictable prey 
is a good strategy to evade predators [16]. Predators spend time on 
observing their prey to improve their ability to capture more predictable 
prey over more unpredictable prey. Species with high within individual 
variability (unpredictability) and consistent variability across 
individuals (personality) is more likely to survive. This evidently holds 
for humans and we expect a number of different activity patterns for 
ensembles of cortical neurons preparing action unexpected for others. 
Such unpredictable actions are considered to be carried out at will. 
Huge inter-subject variability of volitional movements prevents a rapid 
deployment of BCI techniques for clinical and consumer applications 
[17]. Fortunately, the number of behaviors seems to be reasonable 
for an individual (7 to 10) [4]. This allows us to be optimistic about 
the possibility to predict the anticipated action based on measured 
brain signals. However, data processing should take into account both 
unpredictability and personality of underlying neural events in the 
brain. 

Some internal changes cause instability of alpha spindles we see 
in Figure 3. Figure 3B shows variations unrelated to the self-paced 
movement, while Figure 3A displays nearly perfect fit, though with many 
unpredictable and large deviations. In our view continuous repetition 

Figure 3. Magnetic field gradient changes in two sensors during 2.5 minutes of repetitive self-paced finger movements. Magenta curve indicates finger movements up and down. A) Blue 
curve is the band-path filtered (alpha range 6-14Hz) signal in the channel 443. It is the same sensor as in Figure 2. B) Green curve shows the band-path filtered signal in the channel 1133, 
which is located over right hemisphere, symmetrically to the channel 443.   
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of the same sequence of events in the standard neurophysiological 
experiment provokes spontaneous transitions between controlled an 
automatic execution of the task. This is like walking, which may require 
attention on rough surface and becomes automatic on a good road. We 
believe that these permanent transitions are reflected in the behavior of 
the cortical signals we detect with the magnetometer. Similar behavior 
was seen in experiments with rhesus monkeys directing their attention 
to one of two flashing stimuli [18]. Despite experimenter’s best efforts 
attention fluctuated from trial to trial, and ability of monkey to detect a 
small change in a stimulus varied from 70% correct to nearly complete 
failure. However, responses of modestly sized populations of sensory 
neurons reliably predicted performance a short time later. A few 
dozen simultaneously recorded neurons gave the power to accurately 
predict behavior. Multichannel magnetometer provides opportunity to 
sample a subset of simultaneous cortical processes which are relevant 
to a particular impending action. One should develop appropriate 
detection scheme for the team of cortical ensembles performing the 
assigned task. The scheme has to be personalized and ready to deal with 
events never seen before. 

Conclusion 
Cortical processes before and after executed action differ 

considerably both in intra- individual variability (unpredictability) 
and inter-individual variability (personality). Our measurements 
of self-paced movements indicate that more flexible team of neural 
populations is involved in preparation of action, then in subsequent 
cortical processing. Apparent instability of behavior of these cortical 
ensembles is usually considered as noise, though it is not noise-like. 
We believe that measured brain signals reflect in any trial only a part 
of a robust neural process, which reliably controls the impending 
action. One should reconstruct the whole deterministic process from 
information provided by individual trials. Signal processing should 
take into account both personality of the subject and unpredictability 
of a voluntary action. Preliminary classification of subjects and trials 
is needed.
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