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Abstract

Converging evidence shows that our visual system can track multiple visual,

independently moving items over time. This is accomplished location-based by

maintaining the individual spatial information of each target item or object-

based by constructing an abstract object-based representation out of the

tracked items. Previous work showed specific behavioural, electrophysiological

and haemodynamic markers for location-based or object-based representations

of the relevant targets by probing the encoded information subsequently after

tracking. However, domain-specific differences of representational correlates

during visual tracking itself have not been reported yet. The current study

aims to identify spectral properties of the electrophysiological signal during

tracking that might indicate location-based versus object-based maintenance

of visual information. Subjects had to covertly track four out of eight visually

identical items for several seconds while electrophysiological signals were

recorded. Subsequently, a probe consisting of four items appeared and the sub-

jects had to indicate with a button press whether the probe matched all targets

or not. Subjects employing an object-based strategy showed an enhanced

gamma response during the presentation of the target items at the beginning

of the trial. On the other hand, subjects using a location-based strategy showed

enhanced gamma synchronization throughout the tracking itself. Both the

object- and location-based gamma responses yielded identical spatial topo-

graphical field distributions. These results indicate that object-based tracking

is supported by enhanced encoding during the initial presentation of the tar-

gets to be tracked. Location-based tracking is characterized by the sustained

maintenance of the individual targets during the entire tracking period in that

same processing network.
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1 | INTRODUCTION

The human visual system is able to keep track of several
independently moving objects over the course of several
seconds (Pylyshyn, 1989; Scholl et al., 2001). In typical
multiple object-tracking tasks, all objects (targets and
distracters) share identical visual properties, thus requir-
ing the system to maintain each object’s identity only
through its unique spatio-temporal history (Kahneman
et al., 1992; Pylyshyn, 2004). Classical multi-object-
tracking studies modulate task difficulty by manipulating
the number of relevant objects (targets) (Pylyshyn, 1989),
their relative speed (Alvarez & Franconeri, 2007; Chen
et al., 2013; Iordanescu et al., 2009) or their distance from
one another (Alvarez & Franconeri, 2007; Franconeri
et al., 2010; Shim et al., 2008). Most results suggest that,
during tracking, spatio-temporal properties of the rele-
vant objects are maintained through the individual
assignment of limited spatial attentional resources
(Cavanagh & Alvarez, 2005).

An alternate mechanism describes subjects to be able
to allocate processing resources towards an object defined
by the entire set of relevant items itself, for example, a
geometrical shape constructed by illusory connections of
the target objects. In a behavioural study, the conscious
choice to attend all items as such one morphing object
through space improved tracking ability (Yantis, 1992).
In a later series of experiments, event-related electrophys-
iological as well as haemodynamic correlates provided
converging evidence for an object-based mechanism
employed to maintain multiple visual moving targets
(Merkel et al., 2014, 2015, 2017). Interestingly, such a
process, operating on an object-based representation
derived from the configuration of all relevant targets,
seems to exist in parallel with a more location-based
process maintaining each individual target as described
earlier (Merkel et al., 2014, 2015; Wutz et al., 2020). Fur-
thermore, several reports suggest that the relative contri-
bution of location-based and object-based target
processing determining the individuals’ performance in
the tracking task can differ between subjects (Lesch
et al., 2020; Merkel et al., 2014, 2015).

Neural networks involved in both tracking processes
are at least partly overlapping (Merkel et al., 2015). Based
on the knowledge on cognitive functions associated with
the areas forming these networks, a more mechanistic
description of object-based and location-based tracking is
possible. A larger involvement of lateral occipital areas
associated with maintaining the configurational informa-
tion of the entire target set suggests a representation of a
higher tier illusory object during tracking (Merkel
et al., 2014, 2017). In contrast, a parametric variation of
activity within parietal areas with the number of relevant

targets might suggest the maintenance of single item
locations through visual working memory processes
(Howe et al., 2009; Jovicich et al., 2001; Merkel
et al., 2014, 2015). Recent results in a patient population
with lesions suggest an additional hemispheric bias for
location-based and object-based tracking mechanisms
(Lesch et al., 2020).

The current study aims to investigate the neurophysi-
ological basis of the apparent location-based and object-
based processes involved in maintaining multiple objects
through time. For that purpose, we look at the electro-
physiological spectral modulations associated with track-
ing. Electrophysiological oscillations specifically
associated with one of the two described tracking pro-
cesses provide insights of specific perceptual and cogni-
tive processes involved during the tracking task.
Especially oscillatory modulations within the gamma
band are thought to indicate processes that are poten-
tially highly relevant during location-based and object-
based visual tracking like the perception of motion
(Donner et al., 2007; Gruber, 1999; Hipp et al., 2011;
Hoogenboom et al., 2006; Siegel et al., 2007), object-based
visual processing (Adjamian et al., 2004; Kaiser
et al., 2004; Kinsey et al., 2011; Rouhinen et al., 2013;
Tallon-Baudry et al., 2005; Vidal et al., 2006) or visual
short-term memory (Honkanen et al., 2015; Jokisch &
Jensen, 2007; Lutzenberger et al., 2002; Medendorp
et al., 2007; Morgan et al., 2011; Palva et al., 2011;
Sauseng et al., 2009; Tallon-Baudry et al., 1998). The pre-
sent work re-examines data that were previously
recorded and analysed with the goal to differentiate
target-related amplitude modulations between subjects
favouring location-based and object-based tracking
(Merkel et al., 2014).

2 | METHODS

2.1 | Subjects

Thirty-eight subjects participated in the experiment and
either were paid or volunteered to gain course credit. All
participants had normal or corrected-to-normal vision
and were naive to the object-tracking task. The study was
approved by the local ethics board and written consent
was given by all subjects.

2.2 | Stimuli and task

The object-tracking task was presented on a back-
projection screen at a distance of 100 cm in front of
the subject placed within the dark MEG-chamber
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(Vakuumschmelze). Stimuli were displayed on a black
background within a field of 21� � 21� centred within
the subject’s field of view (Figure 1a). A white fixation
cross (.5�) was present in the centre of the display
throughout the experiment. At the beginning of each
trial, eight identical black squares with white outline
(1� � 1�) appeared randomly distributed across the field.
Subsequently, four of the squares blinked every 500 ms to
indicate them as relevant targets. Immediately after all
eight items appeared identical again, they moved
pseudorandomly within the visual field for 2800–3200 ms
with a speed of 11.5�/s while the subject had to keep
track of the four relevant items. The trajectories of the
items were calculated offline.

The procedure for constructing the individual trajec-
tories used was described in previous studies (Merkel
et al., 2014, 2020). In short, the algorithm calculated a
non-linear trajectory for each item by adding the norm
vector of the sum of the current motion vector and the
difference of the current position and a random virtual
position to the trajectory at each frame of the motion.
The virtual position changed location every 33.3–100 ms.
The resulting motion appeared as a smooth non-linear
path ‘chasing’ an imaginary jumping point. This
procedure made the trajectory unpredictable and—

importantly—independent of any other trajectory within
the same trial. A set of eight trajectories for each trial was
assembled by calculating hundreds of trajectories for
each item. Then, potential trajectory permutations were
combined ensuring the following constraints were met:
For each frame, the minimum distance between all tra-
jectories were above 1.8� in order to avoid occlusion,
never crossed fixation and stayed within the 21� � 21�

boundary. Most importantly, the calculation of the trajec-
tories initiated with a single fixed configuration of
starting points for the eight items. By subsequently
reversing the motion during the experiment, it was
ensured that, during each trial, the motion of all items
concluded in the same final position. This is crucial,
because the initial analysis of the event-related signal
towards the probe appearing at the end of the motion
phase could rely on a physically identical stimulus
throughout all trials and conditions with otherwise pseu-
dorandom and independent motion trajectories.

Once the motion of the items concluded, four of them
appeared solid white. Those four items constituted the
probe, subjects had to respond to. Not just was the spatial
configuration of the eight items in this last display con-
stant throughout all trials but also the probe within this
configuration. Depending on the assignment of the

F I GURE 1 (a) Multiple object-tracking paradigm: Four out of eight items were indicated as relevant targets that subsequently had to be

tracked for several seconds after which subjects had to indicate whether a probe consisting of four items was congruent with all the target

items or not. (b) Subjects’ responses towards the full-match condition varied considerably, indicating a different contribution of location-

based and object-based tracking strategies between subjects
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targets at the begin of the trial and the following trajecto-
ries, those four probes could match the relevant target
items fully (M4), partly (M3, M2, M1) or not at all (M0).
Subjects had to respond whether the entire probe (all
four items) matched the relevant targets (M4) or not
(M3–M0). After the subject’s response, the next trial
immediately started.

2.3 | Procedure

Subjects performed in 300 trials overall with each of the
5 experimental conditions being presented 60 times
randomly distributed throughout the experiment. The
experiment took approximately 45 min to complete and
was divided into 10 blocks lasting 4–5 min each. Subjects
were asked to fixate throughout the experiment and
respond to the probe at the end of each trial as quickly
and accurately as possible. Full-match responses were
given with the index finger, while probes not fully
matching the tracked targets had to be indicated using a
button press by the middle finger.

2.4 | EEG and MEG recording

Continuous electrophysiological data were recorded
while subjects performed the task using 32-channel elec-
trodes (NeuroScan Inc., El Paso) placed according to the
10–20 system sampled with 509 Hz and an online ban-
dpass filter of DC 200 Hz. Two electrodes placed on the
left and right external canthi and one electrode below the
right eye were used to record the electrooculogram. The
right mastoid was used as an online reference. While set-
ting up the electroencephalography (EEG), impedances
for all electrodes were kept below 5 kOhm. The mag-
netencephalogram was concurrently recorded from
248 magnetometers using a BTI Magnes 2500 WH (4-D
Neuroimaging, San Diego) whole head system.

For the previous analysis of the dataset (Merkel
et al., 2014), the analysis of the data was carried out using
BTI and ERPSS. In the current work, the raw datasets
were fed into a custom pipeline using fieldtrip
(Oostenveld et al., 2011), which performed all analysis
steps starting from preprocessing to event-related analysis
and spectral analysis. First, the EEG signal was
rereferenced to the average of the right and left mastoid.
EEG and magnetoencephalography (MEG) data were
subsequently low-pass filtered at 254 Hz. The continuous
datasets were then epoched from �2000 to 2500 ms time-
locked to the onsets of the cue, the onset of the motion of
the items and the onset of the probe, resulting in
900 EEG and MEG epochs each. For the EEG dataset, an

additional artefact reduction step was introduced using
an independent component analysis. Individual compo-
nents within the EEG datasets representing likely ocular
artefacts based on their scalp topography were automati-
cally detected and removed (Drisdelle et al., 2017; Li
et al., 2006). We performed additional analyses (shown in
the supporting information) to ensure that there were no
task-specific differences in the gamma band due to eye
movements. The decision of removing particular compo-
nents was based on the topographical distribution of their
local signal gradients by averaging the derivatives of all
surrounding electrodes relative to each electrode. Compo-
nents were rejected if this spatial derivative of its topogra-
phy was larger by a factor of 2.5 across frontal electrodes
(VEOG, HEOG, Fp1, Fp2, F8, F4, Fz, F3, F7, T8, C4,
FC2, FC1, C3, T7) compared with the remaining central
and posterior electrodes. During the current analysis,
four subjects were removed due to excessive high-
frequency noise. All subsequent analyses are based on
34 instead of 38 subjects included for the previous report.

For the following event-related analysis, EEG and
MEG epochs, time-locked to the probe, underwent addi-
tionally a separate artefact rejection step employing an
individual and flexible peak-to-peak criterion, removing
15% of trials with the largest amplitude differences within
each subject. Subsequently, event-related potentials
(ERPs) and event-related fields (ERFs) were baseline
corrected (�200 to 0 ms relative to probe onset) and aver-
aged, time-locked to the onset of the probe, separately for
the five match conditions.

For calculating the spectral power modulation of the
EEG and MEG signals across the time course of each
trial, epochs, time-locked to the motion onset, of trials
that subjects responded correctly to, were utilized. Thus,
changes in spectral power during successful target main-
tenance relative to the cueing phase could be observed.
For those sets of epochs, the same individual artefact
rejection criterion (peak-to-peak, 15%) was employed.
Subsequently, induced time-frequency modulations were
calculated for all EEG and MEG channels for each trial
during a time window of �1500 to 2000 ms relative to
motion onset using a sliding Hanning window of 200 ms
in 20-ms steps from 5 to 120 Hz. Time-frequency data
were baseline-corrected (�200 to 0 ms relative to motion
onset) and averaged across all included trials.

2.5 | Data analysis

2.5.1 | Behaviour

Differences in reaction time and accuracy across match
conditions were investigated using a repeated measures
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analysis of variance (ANOVA) with a five-level factor
(M0/M1/M2/M3/M4). Based on the behavioural variance
between subjects, particularly during the full-match con-
dition, a median split was performed, dividing the sub-
jects into two performance groups. The differences in
accuracy between the M4 and M0 conditions were used
for that purpose. Subjects exhibiting equal or higher
accuracies for full-match trials compared with zero-
match trials were considered ‘object-based’ trackers. Sub-
jects performing considerably worse during fully congru-
ent trials compared with trials in which no probe
matched the prior target set were considered ‘location-
based’ trackers. As previously reported, subjects vary in
their representational bias during tracking showing
either a location-based (LB) or object-based (OB) tracking
preference. The allocation into two different performance
groups based on performance was maintained as
between-subject factor throughout the analysis.

2.5.2 | Event-related analysis

ERPs as well as event-related magnetic fields were
analysed time-locked to the onset of the probe. The probe
display evoked two classical visual components (N1/N2)
that peaked around 180 and 280 ms, respectively, across
all conditions. Mean amplitudes for these two compo-
nents within two different time windows, 170–210 and
270–310 ms, were compared between match conditions
(M0/M1/M2/M3/M4) as a five-level within-subject factor
and between performance groups (LB/OB) as a two-level
between-subject factor using a two-factorial mixed model
design. The amplitudes for the ERPs were averaged
across occipital electrodes (O9, Iz, O10) where modula-
tions by the visual probe were maximal. Likewise, ERFs
were averaged across neighbouring posterior sensors
(A139, A140, A141, A168).

2.5.3 | Time-frequency analyses

Induced event-related changes in signal power were cal-
culated for all electrodes and sensors for the tracking
period relative to motion onset. Thus, a frequency power
representation for a 1.5-s cueing period as well as a con-
cluding 2-s motion phase for a frequency range from 5 to
120 Hz could be analysed. First, the signal within three
frequency bands showing considerable modulation in
both modalities (EEG/MEG) was averaged resulting in
three power modulations over time for signals in the
alpha and beta range (8–30 Hz), low-gamma range
(50–80 Hz) and high-gamma range (80–110 Hz). In order
to reduce the dimensionality of each of those three

signals within each of the two modalities (EEG/MEG)
and extract shared temporal morphologies across elec-
trodes or sensors, principal component analyses (PCAs)
were performed for each of the three frequency modula-
tions within each modality on the data averaged across
all subjects. This approach resulted in spatial load distri-
butions for the EEG and MEG modality for each compo-
nent and the corresponding temporal morphology shared
across all subjects. In order to investigate differences in
those time courses across groups, the resulting unmixing-
matrices for each PCA (one for each frequency band and
modality) were subsequently multiplied with the power
modulation across time of each single subject to calculate
the individual contribution of each subject’s signal to
each component of the averaged signal. This approach
allowed for statistical comparisons between the temporal
morphologies of the two performance groups as it
circumvents the multiple comparison problem posed by
testing power modulations within an electrode/
sensor � time � frequency � group space. In the current
case, the group difference of only a single temporal mor-
phology of a relevant component has to be considered.
Each time courses of the components were additionally
averaged across the cueing and motion phase for each
subject. Two-factorial repeated measures analysis of vari-
ance (rANOVA) were applied to test for differences in
power modulations across time (cue/motion) as a within-
subject factor and between groups (OB/LB) for certain
components in different frequency bands within the two
modalities. In order to account for potential deviation of
variance homogeneity between performance groups after
the median split, between-group effects were additionally
tested using permutation tests with 1000 randomizations
of group assignments. For group comparisons, the
corrected p-values based on these distributions derived
from the permutation tests are reported with the standard
p-values. Tests were performed for components within
the frequency bands and modalities, with topographical
distributions of the factor loads clearly indicating sensory
and cognitive sources.

3 | RESULTS

3.1 | Behaviour

Behavioural performances in the tracking task were
examined excluding four subjects (two per performance
group). Error rates and reaction times differed across
match conditions (F4, 128 = 56.588, p < .001, e = .639/F4,
128 = 27.583, p < .001, e = .463). Reactions towards the
full-match probe deviated from an otherwise linear
decrease in performance with an increase in probe match
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(Figure 1b). Responses for a full match were more accu-
rate (t33 = 5.164, p < .001, e = .447) and faster
(t33 = 5.849, p < .001, e = .509) compared with responses
for the match-3 condition. Additionally, error rates for
the match conditions differ between the performance
groups (F4, 128 = 6.778, p = .005, e = .175). This effect is
mostly driven by a lower accuracy during the full-match
condition in the LB group compared with the OB group
(t32 = 4.213, p < .001, e = .357). Error rates were also
lower for the full-match condition compared with the
match-3 condition within the OB group (t16 = 6.361,
p < .001, e = .717) but not for the LB group (t16 = 1.88,
p = .078, e = .181). Overall accuracy was not different
between groups (F1, 32 = .15, p = .902, e < .001).

3.2 | Event-related results

The EEG signal elicited by the various match probes
shows a different time course for the two performance
groups. The mean amplitudes during 170–210 ms neither
show a main effect for match conditions (F4, 128 = .677,
p = .59, e = .021) nor for group (F1, 32 = 1.059, p = .31,
e = .032) in a two-factorial rANOVA (Figure 2a).

However, the variation of the mean amplitudes within this
time window across the match conditions is different
between the performance groups (F4, 128 = 3.111,
p = .023, e = .089), with amplitudes within the OB
group showing a significant effect of match condition
(F4, 64 = 2.772, p = .05, e = .148) while amplitudes within
the LB group were not different between match conditions
(F4, 64 = 1.034, p = .38, e = .061). The match effect within
the OB group is driven by a higher amplitude for the full-
match condition compared with the match-3 condition
(t16 = 2.424, p = .028, e = .269). Moreover, the amplitude
for the full match during the 170- to 210-ms time window
is higher in the OB group compared with the LB perfor-
mance group (t32= 2.227, p= .033, e= .134).

The mean EEG amplitudes during the 270- to 310-ms
time windows show a gradual decrease with increasing
match for both performance groups (F4, 128 = 17.529,
p = .001, e = .354/G1: F4, 64 = 5.671, p = .008, e = .262/
G2: F4, 64 = 13.391, p = .001, e = .456). The amplitudes
within 270–310 ms were not different between groups
(F1, 32 = 1.78, p = .192, e = .053). The amplitude decrease
with condition did not exhibit any significant difference
(F4, 128 = .359, p = .749, e = .011). These results are vir-
tual identical with those reported earlier (Merkel

F I GURE 2 Event-related electrophysiological responses time-locked to the onset of the probe. Both subject groups, showing location-

based as well as object-based tracking, show a parametric response between 270- and 310-ms response that varies in amplitude with target-

probe congruity for EEG (a) and MEG (b) modalities. Additionally, an earlier amplitude enhancement (170–210 ms) is elicited exclusively by

the full-match condition in the object-based tracking group only
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et al., 2014) on the same dataset but excluding four sub-
jects and using a different analysis pipeline.

Figure 2b displays the amplitude modulations for the
ERF signal across probe conditions for the two perfor-
mance groups. Although the coarse morphology is simi-
lar to the ERP modulations, especially ERFs within the
LB group contain far more noise. Amplitudes during the
170- to 210-ms time range neither showed a significant
effect of match condition (F4, 128 = 2.052, p = .106,
e = .06), performance group (F1, 32 = .261, p = .613,
e = .008) nor any interaction (F4, 128 = .575, p = .646,
e = .018). The full-match condition however showed a
trend for a higher amplitude compared with the match-3
condition for the OB group (t16 = 2.09, p = .062,
e = .201), but not for the LB group (t16 = 1.147, p = .268,
e = .076). During the 270- to 310-ms time range, ERFs
differed between match conditions (F4, 128 = 2.743,
p = .041, e = .079) in a linear fashion (F4, 32 = 4.148,
p = .05, e = .115). These amplitude changes across match
conditions were not different between performance
groups (F4, 128 = 1.092, p = .359, e = .033).

3.3 | Time-frequency results

Figure 3 illustrates the relative power changes of the elec-
troencephalographic and magnetoencephalographic

signals across a spectrum of 5–120 Hz within the chan-
nels (O9/Iz/O10) and sensors (A139, A140, A141, A168)
used for the event-related analysis of the probe-related
signal throughout the cueing and tracking phase of all
correct trials. The data are separately shown for the
object-based tracking group (Figure 3a) and the location-
based tracking group (Figure 3b). First, a striking low-
frequency desynchronization with the onset of the move-
ment between 8 and 30 Hz can be observed across perfor-
mance groups (OB/LB) and modalities (EEG/MEG).
Over a broadband gamma range, a general increase in
signal power can be observed during tracking within the
MEG signal. A strong interaction for the amplitude of the
broadband gamma signal (>50 Hz) between the timing
(cueing/motion phase) and the performance groups
(OB/LB) was observed in the EEG.

In order to detect the underlying sources of these
effects, distinguish their common spatial topography
amongst all subjects from spurious, unrelated power
changes, and quantify their unique temporal morphol-
ogies, time courses of three separate frequency bands
were averaged across all subjects and entered into indi-
vidual PCAs for each of the frequencies and modalities.
Amplitude modulations of relevant components for each
frequency range and modality (EEG/MEG) were entered
into a two-factorial rANOVA with the factors time
(cue/motion) and performance group (OB/LB).

F I GURE 3 Time-frequency plots for both modalities averaged over electrodes O1, Oz, O2 for EEG and sensors A139, A140, A141, A168

for MEG. The spectral power changes over the time course of the cueing and movement phase relative to a 200-ms window shortly before

the onset of the tracking are illustrated for both object-based (a) and location-based (b) groups separately. The EEG modality shows a clear

difference in broadband gamma amplitude during cue presentation and attentive tracking between performance groups. (a) Amplitude

changes in the gamma range seem to be induced by the stimulus transient of the cue in the object-based tracking group. (b) During the

motion phase in the location-based tracking group, a clear elevation of synchronization within the gamma range can be observed
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The first principal component for the alpha/beta
frequency range captured the low-frequency
desynchronization with the onset of the motion within
the EEG model (F1, 32 = 109.541, p < .001, e = .774) as
well as the MEG model (F1, 32 = 49.363, p < .001,
e = .607). This alpha/beta desynchronization component
exhibited a broad posterior distribution within both
modalities (Figure 4a). The low-frequency power neither
was different between performance groups (EEG:
F1, 32 = 1.128, p = .296 [pperm = .311], e = .034; MEG:
F1, 32 = .328, p = .571 [pperm = .251], e = .01) nor showed
an interaction over time (EEG: F1, 32 = 1.903, p = .177
[pperm = .184], e = .056; MEG: F1, 32 = .023, p = .882
[pperm = .251], e = .001).

The differences of the low-gamma power modulation
(50–80 Hz) over time between the performance groups
for the EEG became apparent within the second principal

component of the model (F1, 32 = 6.529, p = .016
[pperm = .005], e = .169) (Figure 4b). The gamma ampli-
tude not just increased within the LB group during
motion relative to the cue period (t16 = 3.0, p = .008,
e = .36) but was also increased during tracking compared
with the OB group (t32 = 2.564, p = .015 [pperm = .006],
e = .17). Interestingly, peaks of gamma amplitude
enhancements were apparent, time-locked to visual cue
transients solely within the OB group. This components’
topography showed a bilateral occipital distribution.
Within the MEG modality, an equivalent significant
interaction effect was not observed (F1, 32 = .441,
p = .511 [pperm = .218], e = .014), although, during
motion, the LB group exhibited a larger amplitude
enhancement for the 50- to 80-Hz range compared with
the OB group (t32 = 2.068, p = .047 [pperm = .023],
e = .118). Furthermore, the low-gamma signal exhibited

F I GURE 4 Principal component analysis for three frequency ranges of interest, separately for the EEG and MEG modality. PCAs were

performed on the average signal of all subjects. Subsequently, each individuals’ projection onto the calculated components were derived

using the unmixing matrix of the initial PCA. The temporal morphologies of each component were thus compared between the two

performance groups. Mean morphology (bold line) and standard deviation (thin lines) are illustrated for both groups in each component.

(a) The frequency range of 8–30 Hz shows a strong desynchronization with onset of the motion in both performance groups. This effect

loads heavily on central posterior electrodes and sensors. (b,c) Within the gamma range (50–80 Hz (b) and 80–110 Hz (c)), components with

a mostly bilateral occipital distribution in the EEG modality and corresponding sources in the MEG modality show a different temporal

morphology between performance groups with higher synchronization of the location-based group during tracking and higher

synchronization of the object-based group during cueing
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a general power increase during the motion phase com-
pared with the cueing phase (F1, 32 = 8.328, p = .007,
e = .207). This components’ more posterior distribution
was roughly consistent with the EEGs topography.

The analyses for the amplitude modulations within
the high-gamma range of 80–110 Hz revealed similar
results to the range between 50 and 80 Hz for the EEG
modality (Figure 4c). The second component of that
model showed the same bilateral occipital distribution
and its morphology showed a similar interaction between
time period and performance group (F1, 32 = 8.073,
p = .008 [pperm = .004], e = .201). The 80- to 110-Hz sig-
nal increased during tracking within the LB group
(t16 = 3.038, p = .008, e = .366) and was higher compared
with the OB group (t32 = 2.515, p = .017 [pperm = .006],
e = .165). Interestingly, although not significant across
the whole cueing period (t16 = 1.259, p = .226, e = .9),
the OB group exhibited the same amplitude peaks related
to cue transients as observed within the low-gamma sig-
nal. These were slightly elevated compared with the LB
group according to the permutation statistic (t32 = 1.650,
p = .109 [pperm = .048], e = .078).

The MEG component capturing the modulation of
the signal within the 80- to 110-Hz range exhibited a sim-
ilar topography as within the 50- to 80-Hz range. How-
ever, the higher signal during the motion phase

(F1, 32 = 9.043, p = .005, e = .22) was not different
between performance groups (t32 = .266, p = .792
[pperm = .429], e = .002) anymore.

One main objective of the principal component
decomposition was to distinguish temporal morphologies
of cognitive sources from spurious effects of micro sac-
cades within the gamma signal. For both analysed gamma
ranges, the respective primary component hereby success-
fully captured ocular sources within the EEG and MEG
modality (Figure 5). Those components showed a higher
amplitude during the cue compared with the tracking
phase in both gamma ranges and both modalities (EEG
[50–80 Hz]: F1, 32 = 13.568, p < .001, e = .298; MEG [50–
80 Hz]: F1, 32 = 13.235, p < .001, e = .293, Figure 5a; EEG
[80–110 Hz]: F1, 32 = 7.966, p = .008, e = .199; MEG [80–
110 Hz]: F1, 32 = 9.367, p = .004, e = .226, Figure 5b). It is
furthermore noteworthy that although the electroenceph-
alographic distribution biased towards ocular sources
tended to be elevated for the LB group compared with the
OB group ([50–80 Hz]: t32 = 1.537, p = .134, e = .069;
[80–110 Hz]: t32 = 1.697, p = .099, e = .083), the
corresponding occipital factor loads exhibit the opposite
sign compared with those of the cognitive sources
observed within the second component. This indicates
that the component analysis is able to reliably separate
cognitive from microsaccadic amplitude variations.

F I GURE 5 Primary principal components for the gamma frequency ranges capturing ocular sources. The first components for the low-

(a) and high- (b) gamma PCA analyses show spatial distributions consistent with microsaccadic activity. The temporal morphologies of those

ocular components suggest a higher rate of occurrence in micro saccades during the cueing phase. Importantly, those ocular morphologies

do not explain the gamma variation between performance groups
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4 | DISCUSSION

The current data revealed behavioural inter-subject dif-
ferences in strategy employment in order to maintain
multiple moving objects over the course of several sec-
onds. In line with previous work, these behavioural dif-
ferences correlated with an early event-related
component elicited by probed targets presented at the
end of the tracking period to which subjects had to
respond (Merkel et al., 2014). The current work provides
evidence that these behavioural differences, associated
with object-based and location-based information main-
tenance, are also associated with earlier systematic differ-
ences of oscillatory activity within a broad gamma
frequency range, namely, during the tracking itself.

Insights of electrophysiological spectral modulations
during multiple object tracking are sparse and not
entirely conclusive. While a general desynchronization
within the alpha range together with a load-dependent
increase in gamma activity during tracking (Rouhinen
et al., 2013) were observed before, recent work found an
increase in alpha power during object tracking for both
location-based and object-based tracking tasks (Wutz
et al., 2020). The observed desynchronization of induced
oscillations within the low-frequency range during the
present study is in line with the nature of object tracking
as an attentional demanding task (Kinsey et al., 2011;
Worden et al., 2000). The acquisition of additional atten-
tional resources during tracking is suggested to be accom-
panied by the disinhibition of occipital and parietal areas
indicated by a desynchronization of alpha oscillations
(Klimesch et al., 2007; Pfurtscheller, 2001). Importantly,
one important aspect of the object-tracking task is the
update and maintenance of visual information during the
tracking involving working memory mechanisms
(Alvarez & Franconeri, 2007; Drew & Vogel, 2008). The
modulations observed for oscillatory signals in the alpha
range during the delay period of working memory tasks
are multifaceted and highly dependent on the spatial or
non-spatial nature of the task (Kelly et al., 2006;
Medendorp et al., 2007). Increases in alpha power during
the retention period were load dependent and could be
observed in experiments using Sternberg’s paradigms or
in other non-spatial delayed-match-to-sample tasks
(Busch & Herrmann, 2003; Jensen et al., 2002; Sauseng
et al., 2005). On the other hand, a number of studies sug-
gest an inverse relationship between the representational
load or demand during a memory delay and alpha syn-
chronization (Gevins et al., 1997; Krause et al., 2000;
Okada & Salenius, 1998; Pesonen et al., 2007), stressing
instead the involvement of attentional control mecha-
nisms during visual working memory tasks (Palva
et al., 2011; Sauseng et al., 2009; Singh et al., 2002). The

current dataset is well in line with this later interpreta-
tion of low-frequency desynchronizations as an indicator
of an enhanced involvement of processing resources dur-
ing visual tasks. A decrease of alpha and beta power can
be observed over central parietal regions as the tracking
period starts. This desynchronization was not different
for object-based versus location-based tracking strategies,
suggesting a more general rather than specific mecha-
nism of enhanced visual cognitive engagement. Similarly,
modulations of beta power during visual tasks have been
linked to mechanisms exerting a different degree of top-
down versus bottom-up control over visual perception
(Bastos et al., 2015; Buschman & Miller, 2007;
Michalareas et al., 2016; Richter et al., 2017). Hereby,
increased beta synchronization was suggested to reflect
resilience of the perceptual states against external stimu-
lation (Belitski et al., 2008). These internal perceptual
states might well be altered by endogenous processes
(Battaglini et al., 2020; Okazaki et al., 2008; Ronconi
et al., 2016; von Stein et al., 2000). In the same vein,
stimulus-driven perceptual transitions are in contrast
related to a decrease in beta oscillations (McCusker
et al., 2020; Zaretskaya & Bartels, 2015). Such transitions
are forced in the current task by presenting unpredictable
motion stimuli, requiring the visual system to be recep-
tive to a continuously changing visual input.

In general, low-frequency desynchronizations (alpha
and beta) also have consistently been observed with the
onset of moving stimuli (Donner et al., 2007; Hipp
et al., 2011; Siegel et al., 2007), which further adds to the
general effect of power decrease in the frequency range
between 8 and 30 Hz for both performance groups. In
sum, the observed low-frequency desynchronization in
our data seems to represent a general involvement of cog-
nitive resources at least in part driven by the bottom-up
processing of the stimuli relevant to the task.

The decrease of low-frequency power is frequently
reported to be accompanied by a consistent and synchro-
nous increase across a broad gamma range in visual tasks
with moving stimuli (Donner et al., 2007; Hipp
et al., 2011; Hoogenboom et al., 2006; Siegel et al., 2007)
but also in tasks requiring the retention of visual infor-
mation in working memory (Jokisch & Jensen, 2007;
Medendorp et al., 2007; Morgan et al., 2011). The
sustained synchronization of the gamma signal during
the active maintenance of visual representations is
hereby thought to increase with the demands of the task
(Kaiser et al., 2003; Morgan et al., 2011; Tallon-Baudry
et al., 1998) or with the working memory load
(Honkanen et al., 2015; Jokisch & Jensen, 2007; Palva
et al., 2011). Consistent with these findings, the current
data show a sustained increase of gamma signal with
bilateral occipital field topographies for subjects
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employing a location-based tracking strategy. With
respect to the working memory load, the representation/
retention of the information based on the four separate
individual locations is known to require the involvement
of processing resources close to the cognitive limit
(Cowan, 2001). The current data are well in line with the
idea of a resource challenging working memory process.

Although the temporal morphology of the gamma
modulation is mostly similar for the EEG and MEG
modalities, for the high-frequency gamma range in the
magnetoencephalographic signal, performance groups do
not significantly differ in their gamma enhancement dur-
ing the tracking phase. Gamma modulations are a result
of local excitatory network communications (Kopell
et al., 2000) and induce therefore a more localized signal
within a more narrow frequency band within the MEG
compared with the EEG signal (Kaiser et al., 2003;
Lutzenberger et al., 2002; Tallon-Baudry et al., 1997).
Observed modality differences in effect sizes could well
be explained, whereas the overall between- and within-
subject effects remain similar.

Interestingly, subjects employing an object-based
tracking strategy do not show any modulation in gamma
power in the EEG nor the MEG signal with the onset of
the tracking phase in the current task.

The integration of individual features during
delayed-match-to-sample tasks have been associated in
previous studies with a relative increase in gamma sig-
nal during the retention interval (Honkanen et al., 2015;
Morgan et al., 2011; Vidal et al., 2006). Likewise, other
object-based processes like figure-ground segmentation
(Kinsey et al., 2011) or the perception of illusory objects
(Kaiser et al., 2004; Tallon-Baudry et al., 1997) have
been described to induce enhanced gamma activity. We
have previously suggested the maintenance of an
abstract (illusory) object representation in the lateral
occipital to be the key process involved in the object-
based tracking strategy (Merkel et al., 2015, 2017), and
therefore, we would have expected gamma modulations
related to object-based processes. The absence of gamma
signal modulations during the tracking phase in the cur-
rent results is a bit surprising and seemingly at odds
with previous findings relating gamma modulations to
object processing. However, while absent during the
tracking phase, short enhancements time-locked to the
visual cue transients (onsets, offsets) prior to the track-
ing phase are present in the EEG data exclusively for
the object-based performance group. This would suggest
an enhanced encoding of the object information within
the object-based performance group compared with the
location-based performance group during the cue phase
prior to motion onset, which would be well in line with

the previously mentioned work. Enhanced transient
gamma responses in the high-frequency band towards
visual objects are evoked by enhanced visual attention
processes (Fries, 2001; Tallon-Baudry et al., 2005) and
thus indicate improved encoding. The encoding of the
relevant information during the cueing phase of the
tracking task builds up a central representation setting
the stage for the subsequent maintenance during the
tracking period. The tracking itself just requiring
updating of special information does not seem to have a
specific time-frequency fingerprint in the current
experiment.

Importantly, the enhanced transient gamma modula-
tion during cueing in the object-based tracking group
shares the same cortical sources with the tracking-related
sustained gamma enhancement within the location-based
tracking group. Both temporal morphologies emerge
from the same principal component of the decomposition
of the gamma signal including all subjects. Both group-
specific morphologies load heavily on bilateral occipital
sources, suggesting cortical processes to drive the
observed gamma modulations rather than eye move-
ments. The employed component analysis reliably identi-
fied such eye-movement artefacts within both observed
gamma frequency ranges. The decomposition of the spec-
tral signal has been established as the strategy to separate
cognitive components and micro saccades during visual
motion stimuli (Hipp & Siegel, 2013). For the current
data, the corresponding factor loads concentrated heavily
on frontal electrodes and sensors for the first compo-
nents. Interestingly, the temporal morphology showed an
elevated signal for this component mainly during the cue-
ing period, which did not differ between groups. If at all,
slight inter-group differences of those components during
the tracking period entailed an opposite effect compared
with the occipital gamma variation between groups of the
cognitive source. This further strengthens the point that
the increase in gamma signal during tracking within the
location-based tracking group cannot be explained by
microsaccadic variations. Furthermore, the independent
component analysis used on the primary epoched data
prior to subsequent analysis removed ocular spike poten-
tials including micro saccades within the raw signal (Carl
et al., 2012; Keren et al., 2010) in order to reduce ocular
contamination of the electrophysiological signal even fur-
ther. Additionally, measurements using an eye tracker in
three control subjects confirmed that power modulations
across the frequency spectrum were not elicited by micro
saccades within posterior sites during the current track-
ing task. In sum, we are confident the observed modula-
tions of gamma band activity are neither contaminated
nor driven by micro saccades.
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