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Abstract. We investigated the impact of path complexity on brain dynamics of
subjects who preferentially use an egocentric (Turners) or an allocentric (Non-
turners) reference frame during spatial navigation. Participants indicated a re-
turn bearing direction (‘point-to-origin’) following visual presentation of virtual
tunnel passages, varying with respect to the complexity of the outbound path.
High-density electroencephalographic activity was recorded continuously and
spatially filtered with Independent Component Analysis. For Turners, rotations
and translations were associated with decreased and increased (8-12 Hz) alpha
activity in occipito-parietal cortex, whereas Nonturners displayed increased al-
pha within cortical areas along the ventral pathway, as well as in retrosplenial
cortex, an area supporting bidirectional exchange of information between parie-
tal and medial temporal regions. Both groups displayed complexity-related
modulations of frontal midline (4-8 Hz) theta activity. Findings extend results
of hemodynamic imaging and neuropsychological studies on spatial navigation
and emphasize the need for considering individual proclivities when investigat-
ing human navigation performance.

Keywords: path integration, reference frames, egocentric, allocentric, EEG,
ICA, Independent Component Analysis, source reconstruction, ERSP.

1 Introduction

Spatial navigation constitutes a sub-category of spatial cognition and denotes the
capacity to plan and execute goal-directed paths based on the computation, mainte-
nance, and utilization of internal representations of the environment [1]. These repre-
sentations comprise the location of threats, rewards, and other agents and their spatial
relations, as well as one’s own position with respect to the represented entities [2].
The navigator’s position and orientation can be inferred by path integration, i.e., the
continuous integration of local translations and rotations from movement cues [3].
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The integration of spatial information during path integration takes place within
dissociable, but interacting spatial reference frames. Most generally, a distinction is
made between a self-centered egocentric reference frame and an environment-
centered allocentric reference frame [2, 4]. Within the former, egocentric self-to-
object distances and bearings are coded independently of the global layout of the
environment, with respect to the three intrinsically defined axes of the navigator
(front—back, right-left, and up—down). As the navigator moves, egocentric parameters
have to be updated with each consecutive step by adding the displacement vector of
an object (relative to the navigator) to their previous egocentric position vectors. In
other words, the world constantly changes, whereas the navigator remains spatially
fixed in the center of the reference system [5]. The resulting spatial representation
therefore can be characterized as being highly dynamic and transient. Behavioral
studies in triangle-completion have indeed shown that with increasing path complex-
ity in terms of overall length and/or number of turns, spatial updating of egocentric
parameters becomes more and more challenging, resulting in larger errors and in-
creased response times [6, 7].

By contrast, an allocentric reference frame establishes a coordinate system with
an origin and a reference direction external to the navigator. Within the resulting
allocentric locational representation inter-object relations are represented inde-
pendent of the navigator’s current position and/or orientation, exclusively related to
the external reference properties, with coordinate axes being defined by the global
layout of the environment. Also, the navigator himself is represented in terms of
position, but without any orientation. The use of an allocentric reference frame
requires the moving navigator to constantly update his position but not his orienta-
tion since all allocentric distances and allocentric bearings remain stationary as the
navigator proceeds. Recent experiments have provided initial evidence for spatial
accuracy being considerably high even after long and winding outbound trajectories
whenever participants represent the traversed pathway within an allocentric refer-
ence frame [8].

The subject’s choice of navigating within an egocentric or an allocentric refer-
ence frame partly depends on the sensory modality activated during navigation [9],
as well as the perspective from which an environment is initially encountered and
learned [10, 11]. Further, several studies have provided rich evidence for the
existence of intraindividually stable proclivities in using either an egocentric or an
allocentric frame during visual path integration [12-14]. By developing a task that
allowed for a categorization of subjects with respect to their preference for using an
egocentric or an allocentric reference frame [12], it was possible to differentiate
Turners, who preferentially use an egocentric reference frame, and Nonturners,
who preferentially use an allocentric reference frame for spatial navigation (see
Figure 1). This segregation was neither attributable to differences in the feeling of
vection nor to group-specific eye movement patterns during navigation through
sparse visual environments [15].
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Fig. 1. [A] Snapshot of a tunnel with straight and curved segments (framed black), providing
visual information on forward motion from a first person perspective; [B] When traversing
tunnels with two turns bending to the same side, return bearings of Turners (using an egocentric
reference frame, white heads) and Nonturners (using an allocentric reference frame, dark grey
heads) are initially aligned, but diverge with changes in perceptual heading along the trajectory.
At the end, Nonturners rotate the virtual arrow so that it points 120° to their left (B-1), whereas
Turners adjust the arrow 120° to their right (B-2). The homing responses indicate that Nonturn-
ers adjust the homing arrow with respect to the allocentric reference direction (small light grey
head) corresponding to the allocentric return bearing, whereas Turners respond with respect to
their final cognitive heading corresponding to the egocentric return bearing; [C] For tunnels
with two opposite turns of equal angularity, both systems are re-aligned after the second turn,
resulting in identical arrow adjustments for Turners and Nonturners (C-1), based on the equiva-
lence of egocentric and allocentric return bearings.

1.1 Cortical Structures and Processes Subserving the Use of Egocentric and
Allocentric Reference Frames

The conceptual dissociation of egocentric and allocentric reference frames is further
reflected by structural as well as functional differences in the underlying neural sub-
strate [11, 16]. Under natural circumstances, both systems interact during the encod-
ing and retrieval of spatial knowledge. Based on incoming visual flow, information
regarding one’s ego-motion is extracted and further processed along the dorsal
pathway within medial occipital and posterior parietal areas [17], with the latter coor-
dinating transformations between various reference frames (e.g., eye-, body-, head- or
world-centered) [18, 19]. Firing patterns of parietal cells are affected by combinations
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of velocity, head direction, and visual stimuli, bearing resemblance to findings
on parietal lesions in humans associated with improper integration of heading
information [20, 21].]

Additional cells that respond selectively to position-independent heading are lo-
cated in cingulate cortex [22]. Particularly its posterior portion (retrosplenial cortex)
is interconnected with posterior parietal cortex, superior temporal sulcus, as well as
subcortical structures [23, 24]. The retrosplenial cortex plays a central role for the
proper integration of head direction and information on heading-invariant landmark
information arising from place cells in medial temporal, particularly hippocampal
structures. Place cells in the hippocampal formation have been found to respond to an
animal’s location in space independent of its current orientation [25], giving rise to
the assumption that certain aspects of the allocentric reference frame reside in these
areas [26]. Beyond object-based processing along the ventral pathway, hippocampal
structures also receive context-independent position information upstream from en-
torhinal grid cells. In contrast to place cells, these cells establish a map of the envi-
ronment that is only initially anchored to external landmarks, but persists in their
absence, which might contribute central elements for the long-term storage of spatial
structures [27]. Finally, parietal as well as hippocampal structures possess intercon-
nections to prefrontal regions that are associated with reference-frame unspecific
functions of spatial working memory comprising maintenance of encoded information
as well as goal-directed planning [28].

The temporal dynamics of activity within these areas during the acquisition,
consolidation, and retrieval of spatial knowledge may be investigated by means of
high-density electroencephalography (EEG). Generally, spontaneous EEG activity is
constituted by uncoupled intracortical sources producing random oscillatory activity
in a wide frequency range. Sensory stimulation causes a coupling of these generators,
resulting in temporally synchronous and coherent oscillations. In the context of spatial
navigation, alpha and theta frequency bands constitute the most extensively studied
oscillations, since they have repeatedly been shown to correlate with mental states and
strategies as well as stimulus characteristics. Activity in the (4 — 8 Hz) theta frequency
band is directly related to memory maintenance and increases with task difficulty
[29]. Particularly during heading changes pronounced theta activity has been detected
[30] which might serve as gating mechanism during information encoding, consolida-
tion and retrieval [31]. By contrast, activity in the (8 — 13 Hz) alpha frequency band
has several functional correlates reflecting sensory, motor, and memory functions
[32]. Alpha arises primarily from posterior sites, including occipital, parietal,
and posterior temporal regions. Decreased alpha constitutes a valid signature of acti-
vation or cognitive preparedness of the cortical domain for processing of task-related
information [33].

However, the EEG signal measured on the scalp surface does not originate on-site,
i.e., directly beneath a certain electrode, but can be characterized as a sum of many
electrical processes, including those with neural or muscular origin [34, 35]. The far-
field potential arising from each of these synchronized cellular assemblies spreads via
volume conduction and is recorded, to a greater or lesser extent, by every surface
electrode instantaneously. Independent Component Analysis (ICA) has been success-
fully applied to EEG data to separate these mixed signals into spatially fixed but tem-
porally independent processes [36].
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1.2 Aims of the Current Study

Bringing together the excellent temporal resolution of high-density EEG recordings,
seminal progress in data mining techniques, as well as VR technology, the current
study aimed at the identification of generator sources of brain activity as well as mac-
roscopic oscillatory dynamics during path integration within egocentric and allocen-
tric reference frames. The difference in primitive parameters between egocentric and
allocentric spatial representations suggests that they are processed within distinct
neural circuits (dorsal vs. ventral pathway). On the other hand, following the remarks
of Burgess [4] as well as initial results of Gramann et al. [13], egocentric and allocen-
tric systems might be activated in parallel. This parallel processing might be reflected
by specific dynamics within distinct brain areas responsible for the processing of
reference frame-specific spatial information, as well as reference frame-unspecific
activation associated with the coordinated transformation of spatial information be-
tween reference frames. Based on this question, the systematic variation of the path
layout allowed, for the first time, the analysis of how brain dynamics within areas
associated with reference frame-specific as well as -unspecific cognitive processing
are modulated by changes in outbound path complexity.

2 Material and Methods

Thirty-seven male students recruited from the Ludwig-Maximilians-University Mu-
nich, Germany, participated in the Experiment (age (M+SD) = 24.64 + 3.52 years).
Participants were either paid 8€ per hour or received course credit for taking part in
the experiment. All subjects had normal or corrected to normal vision and reported no
history of neurological disorder.

Prior to the main experiment, subjects were classified for their preferred spatial
strategy (Nonturner vs. Turner). In this categorization task, participants sat in an elec-
tromagnetically shielded room, 170 cm in front of a flat projection screen (120 x 90
cm), which was illuminated by a Sanyo PLC-XU47 projector (800 x 600 pixels,
275W, 60 Hz). The screen center was horizontally aligned with the participant’s line
of sight. Visual stimulation covered a visual field of view of approx. 41° x 41°. Par-
ticipants passively traversed 30 tunnels with one single turn of varying angle. Tunnels
were composed of an initial straight segment followed by a curved segment and two
final straight segments. Movement was simulated solely by optic flow, with a con-
stant speed of 2.27 seconds/segment. At the end of a passage two virtual arrows were
displayed simultaneously that represented the correct homing response based on an
allocentric or an egocentric reference frame. In a forced-choice task, participants had
to spontaneously decide which of the two arrows pointed back to the starting point of
their passage (see Figure 1B for examples of homing arrows).

Within three blocks of 10 trials each turning angles gradually decreased, so that
egocentric and allocentric arrows converged, resulting in increasing task difficulty. In
order to take part in the main experiment, participants had to consistently (i.e., more
than 83% of the trials) select the allocentric or egocentric arrow to be categorized as
Nonturners or Turners, respectively. All subjects selected for the main experiment
demonstrated consistent choice of one or the other reference frame (Turners M+SD =
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99% + 0.02%), Nonturners M+SD = 96% =+ 0.04%; correlation between preferred
strategy and strategy-specific arrow choice: r(37) = .997, p < .00001). 20 subjects
were categorized as Turners (egocentric) and 17 as Nonturners (allocentric). All
Turners were right-handed, four Nonturners were left-handed.

The main experimental session included 20 blocks of 9 tunnels each with minor in-
between breaks. During the experiment tunnels with one turn and two turns were
presented. The task of the subjects was to maintain orientation while being passively
transported along the tunnel passage and to subsequently rotate a simulated 3-D arrow
to point directly back to the starting point of the trajectory (‘point-to-origin’). In order
to minimize EEG movement artifacts, arrow adjustment was accomplished by press-
ing and holding right and left mouse buttons. Pressing the center mouse button con-
firmed the adjustment.

Tunnels with one turn consisted of five segments (segment duration = 1875 ms),
with the two initial and two final straight segments enclosing the turning segment of
varying angle. Tunnels with two turns had a total of nine segments (turn segments
located in segments 3 and 7). Since depth of sight was limited to the upcoming 1.5
segments, the placement of the first turn in segment 3 ensured that participants could
not determine the direction and amount of the first rotation directly at the beginning
of the presentation. Further, we inserted three straight segments between the first and
the second turn, so that subjects were not able to predict whether they were traversing
a tunnel with five or with nine segments until either the end of the passage appeared
or the tunnel continued through a second turn. In 10% of the trials participants re-
ceived strategy-specific feedback on homing accuracy (based on the a priori catego-
rized preference).

The main experiment was composed of 180 trials, constituting a factorial combina-
tion of 2 lengths/number of turns (5 segments, one turn; 9 segments, two turns) x 2
sides of end position (left; right) x 4 categorical eccentricities of end position' (15°,
30°, 45°, and 60°, each with variation of + 2° in order to prevent stereotypical homing
responses) x 10 repetitions per condition, plus 20 filler trials (start of each block)
being straight tunnels.

The EEG was continuously recorded with a high-density array of 128 Ag/AgCl
electrodes corresponding to the international 5%-system [37]. Impedance was kept
below 7 kQ. The signal was filtered online with a band-pass of .016-100 Hz, and
digitized at a sampling rate of 500 Hz. An additional electrode was placed on the
infraorbital ridge of the left eye to record the vertical electro-oculogram (EOG). Data
were analyzed off-line with the freely available MATLAB-toolbox EEGLAB [38].
After downsampling to 250 Hz data were digitally filtered to remove frequencies
above 50 Hz and re-referenced to linked mastoids. Continuous data were first
screened for atypical (excessive peak-to-peak deflections or bursts of electromyog-
raphic activity) epochs. The remaining data were decomposed by extended infomax
ICA using binica [39] as implemented in EEGLAB.

! Eccentricity of end position was computed within an allocentric reference frame (with respect
to the initial straight segment of the tunnel passage). Different end positions corresponded to
different turning angles, e.g., the end position of 15° eccentricity required either a single turn
of 30°, or two turns to the same side of 15° and 10°, or two opposite turns of 30° and -30°.
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For every participant, ICA returned 128 maximally independent components. Sub-
sequently, DIPFIT2 routines from EEGLAB were applied to fit single equivalent
dipole models to the IC scalp topographies using a four-shell spherical head model
[40]. Components with bilaterally distributed scalp maps were fit with a dual dipole
model using a symmetrical constraint. Components with an equivalent dipole model
explaining less than 85% variance of the measured scalp maps and components that
reflected muscle activity, electrocardiogram, or eye movements were excluded from
further analysis.

After decomposition, the data were segmented into overlapping epochs of 2875 ms
(length of one tunnel segment plus 500 ms pre- and 500 ms post-stimulus time win-
dow) and normalized for between subject comparison by subtracting mean log power
from single-trial log power. Subsequently, data were baseline-corrected by subtracting
the average EEG spectrum of all trials, beginning with the second tunnel segment and
ending with the penultimate segment of the tunnel passage (for tunnels with one turn:
Segment 4; for tunnels with two turns: Segment 8). Mean Event-Related Spectral
Perturbations (ERSP) were computed by subtracting the 2-D (frequency-by-latency)
mean log power spectrum of the baseline from the mean log power at each time point
of the experimental trials [41, 42]. This approach provides insights into event-related
brain dynamics in a wide frequency range for the whole time course of the tunnel
passage.

IC processes were clustered across subjects by means of a joint distance measure,
based on power spectra, event-related potentials, scalp projections, equivalent dipole
locations, mean ERSP, and inter-trial coherence for each selected IC from each sub-
ject. The resulting component distances were clustered using a K-means cluster algo-
rithm as implemented in the EEGLAB toolbox (see [34] for further details).

3 Results and Discussion

Strategy-specific expected and observed angular adjustments were highly correlated for
both Nonturners and Turners. For Turners, using an egocentric reference frame, correla-
tion coefficients were comparable at all complexity levels (rj.m(80) = .950; 1,
wensisame)(70) = 924 T iums(opposice)(60) = .899; all ps < .0001). This pattern was identical
for Nonturners, using an allocentric reference frame (ry.4,(120) = .972; 2 umssame)(72) =
937 I-wurs(opposite)(48) = . 895; all ps < .0001). Although tunnels varied on a trial-to-trial
basis with respect to the turning angle and overall length, the pronounced correlation
between expected and observed homing responses confirms the subjects’ capability to
extract directional information from purely visual flow on local translations and rota-
tions. Given that the underlying egocentric and allocentric representations of Turners
and Nonturners were of comparable spatial accuracy, it was of interest, if the strategy
groups differed in terms of the underlying cortical structures and spectral dynamics
within these areas during navigation.

A total of 599 independent component (IC) processes were retained (see Figure 2);
275 from Nonturner subjects, and 324 from Turner subjects. The number of ICs
ranged from 9 to 28, with both groups displaying a mean number of retained compo-
nents of 16.2 (difference between strategy groups: y g1 = 1.05, p > .05). 22 IC clus-
ters were obtained. Two clusters mirrored horizontal and vertical EOG activity, and
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Fig. 2. Reconstructed equivalent model dipole locations of the 599 functional IC processes
(dipoles related to eye movements are not shown); Blue spheres display equivalent model
dipole locations of IC processes in 16 clusters without significant ERSP differences between
strategy groups and/or complexity levels; (green) cluster located in or near bilateral occipital
gyrus; (yellow) cluster in or near right precuneus; (red) cluster in or near posterior cingu-
late/retrosplenial cortex; (orange) cluster in or near right cingulate gyrus

20 clusters reflected brain processes (see Figure 2). Stereotaxic Talairach coordinates,
residual variances, Brodmann Areas, the number of Nonturner and Turner subjects, as
well as the number of ICs within four representative clusters are summarized in Table 1.
The results replicated and extended previous findings regarding the spectral dynamics of
distinct brain areas during spatial navigation [13, 43] by further analyzing the brain
dynamics dependent on the complexity of the outbound path. At all complexity levels,

Table 1. Properties of 4 representative IC clusters, sorted from posterior to anterior IC cluster
sites (along the y-axis). Columns provide information regarding (1) the location of the cluster
centroids in Talairach space (x-y-z). All reconstructed clusters for each condition were ana-
tomically specified within the stereotaxic coordinate system of Talairach and Tournoux using
the Talairach demon software [45], returning the coordinates of the nearest grey-matter point.
Further, the table provides information regarding (2) the residual variance (RV, in %) of the
reconstructed cluster centroids, and (3) their anatomical region defined in the Brodmann Area
system [46]. Finally, the table gives information regarding the number of Nonturner and Turner
subjects (Snt, St), as well as the amount of Nonturner and Turner Independent Components
(ICynt, ICt) within each cluster.

Cl Talairach RV Brodmann Areas Snt St ICywr ICyp
x y z [%]
1 29 -79 -1 3.41 BA18 R (bilat.)inferior occipital 13 17 22 33

gyrus

2 4 -69 30 2.65 BA7/31 R (midline) precuneus 13 15 16 23

3 5 -49 11 5.37 BA29/30 R posterior cingulate/ ret- 9 9 16 17
rosplenium

4 7 13 38 3.56 BA32 Rcingulate gyrus 12 10 20 14
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Turners and Nonturners displayed comparable deflections from baseline in or near pri-
mary/secondary visual cortex (Independent Component Cluster ICC 1, BA 17/18) re-
flecting activity accompanying visual processing from a first-person perspective.
Whereas translational information was associated with relative synchronization of the
alpha frequency band (near 10 Hz), the combined translational/rotational information
during tunnel turns resulted in alpha desynchronization (see Figure 3-A). The desyn-
chronization of alpha has been associated with increased cognitive processing during
relevant time-points of a given task [31, 44].

Despite identical visual processing of Turners and Nonturners, spectral dynamics
displayed distinct patterns as information was processed along the dorsal stream,
particularly in or near posterior parietal cortex (ICC 2, BA 7/31). Whenever the
second turn bended into the same direction, Turners exhibited a relative alpha de-
synchronization in or near posterior parietal cortex upon viewing the second turn
prevailing until they entered the turning segment. By contrast, Nonturners’ alpha
activity did not differ from baseline during this time period (see Figure 4-A). In
posterior parietal cortex the fusion of multiple egocentric reference frames is ac-
complished, further projecting to motor structures in order to coordinate appropriate
movements [47]. In concert with retrosplenial cortex, posterior parietal cortex fur-
ther integrates heading changes [48], conveying allocentric aspects of space [49].
Since the homing response of Turners closely resembles the egocentric return bear-
ing that requires the updating of cognitive heading during rotations, the more pro-
nounced alpha desynchronization of Turners points to increased cognitive effort
during the integration of future heading during turns [50, 51]. The homing response
of Nonturners, by contrast, matches the allocentric return bearing that, by defini-
tion, does not require the integration of heading. The absence of alpha desynchroni-
zations during turns, however, does per se not exclude the integration of egocentric
information for Nonturners. Rather, the processing of this information is not as
accentuated during turns to the same side as for Turners.

For tunnel configurations with two opposite turns of equal angularity (Figure 4-B),
Turners and Nonturners displayed significant alpha desynchronization in posterior
parietal regions upon viewing the second turn. But whereas for Nonturners alpha
power increased to baseline as they actually entered the turn, for Turners alpha desyn-
chronization persisted until the end of the second turn.

Given that the general side of egocentric self-to-object relations (including the
egocentric return bearing) can be maintained when traversing subsequent turns to the
same side but that opposite turns necessitate the whole environmental array to be
shifted with respect to the intrinsic axis of the navigator, the prolonged processing of
rotational information for Turners might be associated with a cognitively highly de-
manding spatial updating of egocentric return bearing as well as heading during the
second, opposite turn [3]. Our results indicate that this shift of relative self-to-object
relations is accomplished in posterior parietal cortex, in line with previous studies
[e.g., 51].
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Fig. 3. [A] Mean ERSP images for a cluster of independent source processes located in or
near bilateral lingual gyrus (BA 17/18) revealing task-dependent changes in spectral power
during spatial navigation through tunnel passages containing two turns into the same direc-
tion (SD) and into opposite directions (OD). Cluster centroid mean ERSPs are plotted in log-
spaced frequencies from 3 — 45 Hz. Green indicates no significant (p > .001) difference in
mean log power (dB) from baseline. Warmer colors indicate significant increases (synchro-
nizations, dB > 0), and colder colors decreases (desynchronization, dB < 0) in log power
from baseline. ERSP differences between tunnel configurations are shown in panel (SD-OD)
(p <.0001, corrected for multiple comparisons); Important time points of the tunnel passage
are marked with dashed lines, indicating the period when participants approached and trav-
ersed turns, or encountered the end of the tunnel, as well as the initial 1.38 seconds of the
virtual homing vector adjustment; [B] ERSP images for a cluster of IC processes located in
or near right cingulate gyrus (BA 32), separately for tunnels with two turns into the same
direction (SD), and two turns into opposite directions (OD). Panel (SD-OD) depicts ERSP
differences between tunnel configurations.
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Fig. 4. Mean event-related spectral perturbation (ERSP) images for an IC cluster located in or
near midline precuneus (BA 7/31) revealing task-dependent changes in spectral power during
spatial navigation through tunnel passages containing two turns into the same direction [A] and
into different directions [B], with separate plots for Nonturners, navigating within an allocentric
reference frame (NT), and Turners, using an egocentric reference frame (T). ERSP differences
between strategy groups are shown in panels (NT-T) (p < .0001, corrected for multiple com-
parisons). For further explanation see Figure 2.

As can be seen from Figure 5, prior to entering as well as during the second, oppo-
site turn, only Nonturners demonstrated significantly increased alpha desynchroniza-
tion in or near retrosplenial cortex (ICC 3, BA 29/30). Since actual perceptual heading
(egocentric) and cognitive heading (allocentric) diverge during this time period, this
finding might be associated with a more pronounced inhibition of processing egocen-
tric visuospatial information in order to prevent interference with maintaining two
spatial reference frames in parallel [52]. However, it remains an open question why
this pattern is only prevalent during the second, opposite turn. In addition to the strat-
egy-specific spectral dynamics of the (near 10 Hz) alpha frequency band in occipital
and parietal cortices, subjects displayed comparable theta (near 4 — 8 Hz) synchroni-
zations in or near medial frontal cortex that occurred at specific time-points of the
trajectory, e.g., as turns or the end of the passage became visible (see Figure 3-B).
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Fig. 5. Mean event-related spectral perturbation (ERSP) images for an IC cluster located in or
near midline posterior cingulate cortex (retrosplenium, BA 29/30) revealing task-dependent
changes in spectral power during spatial navigation through tunnel passages containing two
turns into the same direction [A] and into different directions [B], with separate plots for Non-
turners, navigating within an allocentric reference frame (NT), and Turners, using an egocentric
reference frame (T). ERSP differences between strategy groups are shown in panels (NT-T) (p
<.0001, corrected for multiple comparisons). For further explanation see Figure 2.

Importantly, for tunnels with two turns the actual time-point of the final theta syn-
chronization in or near anterior cingulate cortex (ICC 4, BA 32) was determined by
the layout of the outbound path: In case of two turns bending into the same direction,
the final theta synchronization appeared not until after the final turn, resembling the
pattern for tunnels with one turn (not shown). For tunnels with two opposite turns of
equal angularity, it already emerged upon viewing the second turn. Since turns of
opposite tunnel configurations always were of equal angularity, participants might
have determined the angle of the upcoming second turn even before entering the turn
itself. This could have prevented the occurrence of a final theta burst anteceding the
final turning segment. By contrast, whenever the second turn bent into the same direc-
tion, angles were not equal but several path layouts could end on a certain eccentric-
ity. Here, participants first had to process the rotational information during the second
turn before reliably updating their heading and return bearing [30]. Therefore, this
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activity pattern in frontal theta might index cognitive effort during spatial updating
based on the retrieval of the previously traversed tunnel segments [53, 54].

4 Conclusion and Perspective

To the author’s knowledge, this is the first study investigating EEG brain dynamics
accompanying the use of an allocentric or egocentric reference frame during path
integration on multiple complexity levels. The individual preference for the use of an
egocentric or an allocentric reference frame was accompanied by dissociable brain
dynamics in distinct cortical networks. Turners and Nonturners displayed differential
spectral activation patterns of the alpha frequency band (near 8 — 12 Hz) within
several IC clusters in or near occipital, occipito-parietal as well as posterior parietal
cortices. Additional differences were found in or near retrosplenial cortex. These
differences might be linked to a strategy-specific updating of representational primi-
tives such as egocentric and allocentric return bearings and distances as well as
allocentric heading from integration of rotational and/or translational information.
Besides strategy-specific modulations, Turners and Nonturners displayed comparable,
complexity-modulated activation patterns of the theta frequency band (near 4 — 8 Hz)
in or near medial frontal cortex most likely mirroring increased cognitive effort dur-
ing memory retrieval of previously traversed segments.

Taken together, the results suggest that the complexity of the traversed pathway in
terms of the direction of subsequent turns has differential effects on macroscopic
brain dynamics of subjects preferring to navigate within an egocentric or an allocen-
tric reference frame. Since identical visual stimulation was found to provoke differen-
tial activity in brain areas linked to reference-specific cognitive processes, individual
proclivities should be considered more carefully in studies on spatial navigation.
Future research has to address how the present results transfer to more general naviga-
tion tasks, e.g., when additional vestibular and proprioceptive information or land-
marks are available. Fully immersive 3-D VR systems utilizing mobile brain imaging
[55] might constitute the seminal basis for further investigation of complexity effects
on behavioral and electrocortical correlates of allocentric and egocentric navigation
under more natural conditions.
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