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Toward a
Psychophysiology of Expertise

Focal Magnetic Gamma Bursts as a Signature of
Memory Chunks and the Aptitude of Chess Players
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University of Konstanz, Germany

Abstract. Gamma-band activity (GBA) bursts have been viewed as a signature for ignitions in localized Hebbian cell assemblies and
are thought to indicate active memory. Using whole-head magnetoencephalography, we recorded focal bursts of GBA during chess
playing. Unlike highly skilled chess grandmasters, with amateur chess players focal gamma bursts prevailed in deeper structures in the
region of the medial temporal lobes. This observation is consistent with the interpretation of memory formation in amateur chess players.
For the frontal and parietal cortex the relationship was reversed, with more frequent gamma bursts found in chess grandmasters, indicating
that the retrieval of chunks from expert memory is based on the recruitment of these neocortical areas. The results suggest the possibility
that time-dependent reorganization during the formation of expert memory can be studied in humans and support the theory that the
medial temporal lobe and hippocampal formation play a transitional role during the creation of expert memory in the neocortex.
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Introduction

The game of chess offers a model task environment for the
study of basic cognitive processes: perception, memory,
and problem solving. Chess has also enjoyed a privileged
position in artificial intelligence research, as a model do-
main for exploratory search and evaluation processes.
Probably the most important tool developed for research
on chess playing is Elo’s (Elo, 1978) chess-skill rating
scale. Elo’s interval-level rating scale provides chess re-
searchers with a valid measurement device; a unique op-
portunity for the study of individual differences unrivaled
in other areas of expertise research. A number of models
have been suggested to account for expertise in chess play-
ers (Chase & Simon, 1973a,b; Ericsson & Knitsch, 1995;
Gobet & Simon, 1996a,b; Holding, 1992; Holding & Rey-
nolds, 1982). In a comparison of the four most influential
theories, Gobet (1998) concludes that the chunking theory
(Chase & Simon, 1973a,b) is consistent with data including
the recall of random and distorted positions, recall with
very short presentation time, and interference studies.
Chunking theory suggests that expert memory is based on
a large database of chunks in long-term memory. A typical
chess grandmaster may have practiced and studied for at
least 10 years to learn more than 100,000 positions (mem-
ory chunks). Consequently, grandmasters can “recognize”
the key elements in a problem situation much more rapidly

than amateur players. However, experts differ not only with
respect to amount of knowledge (quantitatively), but also
with respect to its organization (qualitatively) (Gobet,
1998). Gobet and Simon’s template theory consequently
incorporates high-level processing elements such as struc-
turing knowledge and planning that assist in accessing the
respective chunks. This theory provides the best account of
the empirical evidence derived from behavioral data (Go-
bet, 1998).

A neurophysiological test of chunking-based theories re-
quires the detection and localization of the activation of sin-
gle chunks. It is widely believed that memory chunks may be
represented in Hebbian cell assemblies, i.e., in neuronal con-
nectivity that forms in response to the frequent coactivation
of neurons. Hebb’s prediction that learning strengthens syn-
aptic connectivity through long-term potentiation (LTP) has
recently been demonstrated in the neocortex (Rioult-Pedotti,
Friedman, & Donoghue, 2000). Strong internal connectivity
within a cell assembly assures that it will be fully activated
when a sufficient share of its elements is activated (ignited).
Assuming that once activated, a cell assembly will remain
active for a short period of time and that it contains at least
some 10,000 neurons, its activation will initiate a firing se-
quence that produces a measurable magnetoencephalograph-
ic (MEG) signal (Elbert, 1998). While Hebbian assemblies
may be widespread across cortical regions, the neuroanatom-
ical examination of neocortical connectivity suggests that cell
assemblies are often confined to a focal brain region (Brai-
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tenberg & Schüz, 1991). An equivalent current dipole (ECD)
model provides an excellent approximation of focal brain
activity (Elbert, 1998). Therefore, the localization of ECDs
in the gamma-band range may be used as a tool to localize
the triggering of focal neuronal cell assemblies that include a
sufficiently large number of elements. The gamma band has
been used here as there is little or no overlap from unspecific
widespread cortical synchronization, e.g., alpha or delta (for
an overview of gamma-band studies and their interpretation
see, e.g., Pulvermüller, Keil, & Elbert, 1999; Tallon-Baudry
& Bertrand, 1999). We suggest that memory chunks are rep-
resented by the triggering of exactly such cell assemblies that
may fire at any frequency from 1 to 100 Hz. Therefore, the
activation of chunks will – on the average – trigger activity
in a corresponding brain area that is also in the gamma band.
The center of this focal area can be tracked by means of
magnetic source imaging if, and only if, during exactly the
same period there is little ongoing activity in the surrounding
brain region that has the same frequency characteristics as the
one to be localized. In this case, the ECD model will provide
an excellent fit, whereas a good fit is very unlikely if several
generator sources overlap in time. Scanning the single un-
averaged MEG traces filtered in the gamma-band range for
time points at which the ECD-model fit is perfect will reveal
bursts of focal neuronal activity and allow for its localization.

Evidence from brain imaging (Bontempi, Laurent-De-
mir, Destrade, & Jaffard, 1999) and lesion studies (Squire,
1992; Teng, 1999) suggests that the hippocampal formation
and related structures play a key role in the initial formation
of long-term memory, but may be of lesser importance for
the retrieval of memories more remote in time (Bontempi
et al., 1999; Squire, 1992; Teng, 1999). Here we show that
during chess playing the distribution of focal brain activity
in the gamma-band range differs between chess grandmas-
ters and amateur players. Grandmasters display gamma
bursts in the neocortex when analyzing chess moves,
whereas in amateur players activity predominates in the
region of the medial temporal lobe and neighboring struc-
tures (Amidzic, Riehle, Fehr, Wienbruch, & Elbert, 2001).

A short note, describing some data has been published
previously (Amidzic et al., 2001): This paper describes the
procedures of the methods and techniques, so that replica-
tion is possible. We also describe the outcome in more de-
tail, in particular, we present data about the brain laterality
during the cognitive task of chess playing, which was not
included in the original short communication.

Methods

The 20 players investigated in this study had more than 10
years of tournament and training practice. According to
their self-reports, they were highly motivated to increase
their performance skills but had reached a plateau Elo quo-
tient with yearly changes of less than 40 Elo points in either
direction. Ten professional players (grandmasters) scored

between 2400 and 2600 Elo points. The amateur players in
the study ranked 1700 and above on the Elo scale. The age
of the 20 male chess players (mean 42.5 yrs., SD 13.7; 19
right-handed) was unrelated to Elo. MEG refers to the mea-
surement of magnetic fields outside the brain that originate
from intracellular current flow within the brain. Use of dig-
itization hardware and software (4D Neuroimaging) made
possible the location in 3D-space and the collection of in-
formation about head shape relative to the sensor, and the
computation of the relationship between the head and the
Cartesian coordinate system of the sensor, which is the nec-
essary assumption for deep source localization.

MEG data were obtained while subjects played against
a computer. During play, MEG was measured using a 148-
channel whole-head magnetometer (WHS 2500, 4D Neu-
roimaging) in a magnetically shielded room. The magnetic
sensing devices (magnetometers) were spaced 28 mm apart
and were arranged in a uniformly distributed array on the
inside surface of a helmet. In order to eliminate ocular ar-
tifacts, eye movements (EOG) were recorded with elec-
trodes above and below the right eye and from both outer
canthi. Environmental noise in the signal channels was also
measured with remote detectors (referent channels) placed
at a distance from the physiological signal generators and
was subtracted from the signal channel outputs. For the
acquisition, source analysis, filtering and noise reduction,
standard 4D Neuroimaging software was used.

Data were recorded with a passband of 0.1–200 Hz and
sampled at a rate of 678.15 Hz. Following a move by the
computer program, the filtered single MEG segments (ep-
ochs: 2 s prestimulus and 5 s poststimulus) were screened
without averaging for the appearance of local gamma
bursts, defined as the number of dipoles/voxel that could
be fitted to the activity in the 20–40 Hz band range. This
dipole density was calculated across all artifact-free seg-
ments for each subject. The mean number of epochs was
44 (SD 25). Responses were filtered from 20 to 40 Hz (with
an additional notch at 50 Hz). Dipole fits (single equivalent
dipole in a homogeneous sphere) were calculated for stand-
ard 4D neuroimaging channel selections (148 channels) at
each time-point of the selected raw epochs (not averaged
epochs) following a move by the computer. Only when the
goodness-of-fit was greater than 0.90 were data accepted
for further analyses. In case of averaged event-related
fields (ERF), the original data and the field patterns should
provide a typical pattern. In this study, however, we did not
rely on ERF, but calculated ECDs by using a regional single
dipole model to fit the digitally filtered but nonaveraged
MEG traces for every sampling point of the 678.15 Hz
sampling rate. Figure 1A shows the example of gamma
bursts in a single epoch. As there is no ERF in the filtered
data, no typical patterns could be delineated, and the ex-
ample is given to verify the reliability of the applied meth-
odological approach. Figure 1B shows the example of a
contour plot based on raw MEG data where a high good-
ness-of-fit appears and the dipole fit is in the upper right.

The number of dipoles in each brain voxel was deter-
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mined for each epoch, and then for each 2 × 2 × 2 cm voxel
separately. The number of dipoles with goodness-if-fit >
0.90 was then counted within the 2 × 2 × 2 cm voxels, rep-
resenting a matrix in the Cartesian coordinate system (Fig-
ure 2) defined by a y-axis through the left (LPA) and right
preauricular (RPA) points and an x-axis that crosses the
center point of the y-axis (origin) and the nasion. The z-axis
leads orthogonally to the x/y-plane through this origin. The
dipole density (in %) was determined by dividing the num-
ber of dipoles in each voxel by the total number of dipoles
found for the subject in any region and by multiplying the
result by 100 (for a more detailed description of dipole den-
sity measurements, see Elbert, 1998; Rockstroh et al.,
2004; Vieth, Kober, & Grummich, 1996). The root mean
square (RMS) ranged from 0.4fT to 740fT. The lateraliza-
tion coefficient (right – left)/(right + left) was computed for
the dipole densities calculated separately across each hemi-
sphere and, with the range –1 to 1, served to determine
group differences in hemispheric lateralization.

Results

Figure 2 illustrates tomograms of dipole density. Examina-
tion of single slices indicates – in amateur players (Figure
2B), but not in grandmasters (Figure 2C) – pronounced di-

Figure 1. An example of gamma bursts in a single epoch
(A) with no typical ERF patterns. High goodness of fit and
the dipole fit on the right side of the contour plot based on
raw MEG data (B).

Figure 2. The coordinate system is defined by a y-axis through the left (LPA) and right preauricular (RPA) points, an
x-axis that crosses the center point of the y-axis (origin) and the nasion, and the z-axis, which leads orthogonally to the
x/y-plane through this origin. Dipole density is plotted in a number of slices along the z-axis. Goodness of fit GOF > 90%
was tested for every dipole localized for every sampling point and placed in a voxel. The voxels represent a matrix in the
Cartesian sensor system (A). Examination of single slices indicates – in amateur players (B), but not in grandmasters (C)
– pronounced dipole density in the region of the perirhinal and entorhinal cortex, hippocampus, and related structures.
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pole density in the region of the perirhinal and entorhinal
cortex, hippocampus, and related structures. A strong neg-
ative correlation (r = –0.84) between the relative number
of dipoles and Elo was found in levels –1 cm ≤ z ≤ 3 cm
(Figure 3), which include the medial temporal lobe, hippo-
campus, and related structures. In contrast, the correlation
was reversed for slices 5 cm ≤ z ≤ 9 cm, which include ex-
clusively neocortical areas (r = 0.85). In some amateur
players there was also enhanced dipole density in the cer-
ebellar regions, but a much larger number of subjects or
epochs would be needed to reach a statistically valid con-
clusion. There was no significant correlation between the
dipole density measures and age (r ≤ 0.02 and r ≤ –0.03).
Nor was there a relationship between the length, complex-
ity or result of the game and the Elo score. Figure 4 illus-
trates how the correlation between chess expertise and the
number of gamma bursts flips along the z-axis, i.e., from
inferior to superior tomograms. These pronounced differ-
ences in the magnitude and distribution of brain activity
during chess playing point to different mechanisms of brain
processing and functional brain organization between
grandmasters and amateurs. In grandmasters, up to 80% of
the dipoles are localized in cortical areas of the frontal,

Figure 3. A strong correlation (r = –0.84) between the rel-
ative number of dipoles and Elo found in levels –1 to 3 cm
along the Z axis include the medial temporal lobe, hippo-
campus, and related structures. In contrast, the correlation
was reversed (r = 0.85) for slices 5 cm ≤ z ≤ 9 cm, which
include exclusively neocortical areas.

Figure 4. The correlation coefficients
between the number of active gamma
dipoles and Elo computed for each
x/y-slice are plotted as a function of
the location of the x/y-slices along the
z-axis. The relationship (r = 0.9) sug-
gests that players with a strong Elo
have activity predominantly in the
higher slices through the neocortex,
whereas with amateur players activity
is centered in inferior regions.

Figure 5. Lateralization during chess
playing: There were no differences in
the distribution of dipoles (GOF >
90% in the 20 to 40 Hz range) between
the hemispheres and no correlation
between the lateralization coefficient
and the Elo.
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parietal, and occipital lobes. In contrast to professionals, in
amateur players activity occurred predominantly in deeper
structures, mainly in the region of the medial temporal lobe.
Figure 5 demonstrates that there were no lateralization dif-
ferences between the players. The allocation of the dipoles
in both hemispheres is almost identical.

Discussion

The dipole density analysis procedure has been validated,
successfully applied, and presented by a number of groups
particularly for slower frequency bands (e.g., Elbert, 1998;
Fernandez et al., 2002; Lewine & Orrison, 1995; Meinzer
et al., 2004; Vieth et al., 1996; Wienbruch et al., 2003). It
should be noted that widespread sources are radially ori-
ented with respect to the head’s surface and, thus, go largely
undetected in MEG recordings. In other words, MEG acts
like a filter extracting focal activities. Unlike EEG, MEG
is not affected by volume conduction, and, therefore, main-
ly sources near the sensors contribute to the signal. If there
is more than one source active at a given moment in time,
the goodness-of-fit will decrease and was discarded in the
present analysis, i.e., these sources are not modeled by the
present analysis. In addition, noise reduction, EOG record-
ing, and extracting the environmental noise from the phys-
iological signal generators will provide high quality data
making it possible to represent the deep temporal lobe and
related structures.

Our findings suggest that activation occurs in the medial
temporal lobe, hippocampus, and related structures of am-
ateur players. Lesions in these structures impair recent
memory while leaving remote memory intact (Squire,
1992; Zola-Morgan & Squire, 1990). Grandmasters, who
produce small (or few) gamma bursts in these structures,
obviously seem to rely more on remote than on recent
memory. The chunking theory of memory states that the
number and nature of chunks that chess experts can hold in
long-term memory can be used to predict chess perfor-
mance (Chase & Simon, 1973a,b). The present results sug-
gest that the activation of expert memory chunks produces
focal gamma-band activity that may occur in various neo-
cortical areas. A precise anatomical location would require
a better signal-to-noise ratio than that available in single
trials and also a superposition with individual MRI slices.
Nevertheless, the dramatic macroscopic differences be-
tween activation in grandmasters and amateurs in response
to the computer’s moves supports the view that profession-
al players recall stored information from long-term memo-
ry, activating cell assemblies in the neocortex, while ama-
teur players primarily encode new information, a task that
would activate medial temporal lobe structures and the hip-
pocampus rather than predominantly neocortical areas. It
is possible that the medial temporal lobe and the hippocam-
pal formation play only a transitional role during the cre-
ation of expert memory in the neocortex (Amidzic et al.,

2001). High-level processing, such as structuring knowl-
edge and planning, which assists in accessing a systematic
sequence of chunks (Gobet & Simon 1996a,b), would only
appear in the present analysis if confined to brain regions
small enough to be fitted by a single dipole. Some of the
dipoles presently counted in the neocortex may be related
to such activity. However, the systematic chain-like activa-
tion of chunks is more likely to require widespread net-
works that if activated would not appear in the present anal-
ysis. An analysis of the temporal dynamics of the sequence
of gamma bursts would be required to track the higher-lev-
el processing. Finally, it should be noted that the present
analysis examines very brief episodes of focal neural acti-
vation, which are unlikely to produce a sufficient signal-
to-noise ratio in the inert hemodynamic measures. Thus, it
might be useful to add this type of analysis to the tools
currently available for brain imaging. It is possible that the
chunks, their creation, and the ability of the brain to store
and execute chunks in the neocortex (creation and estab-
lishment of skills) are what determines giftedness for a par-
ticular task and that they are the key factor in the creation
of expert memory, and not just that of chess players.
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