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A B S T R A C T

Facilitation of object processing in the brain due to a related context (priming) can be influenced by both semantic
connections and perceptual similarity. It is thus important to discern these two when evaluating the spatio-
temporal dynamics of primed object processing. The repetition-priming paradigm frequently used to study
perceptual priming is, however, unable to differentiate between the mentioned priming effects, possibly leading
to confounded results. In the current study, we recorded brain signals from the scalp and cerebral convexity of
nine patients with refractory epilepsy in response to related and unrelated image-pairs, all of which shared
perceptual features while only related ones had a semantic connection. While previous studies employing a
repetition-priming paradigm observed largely overlapping networks between semantic and perceptual priming
effects, our results suggest that this overlap is only partial (both temporally and spatially). These findings stress
the importance of controlling for perceptual features when studying semantic priming.
1. Introduction

Visual object processing and recognition is considered to primarily
develop along the ventral stream of human and primate brains starting
from the primary visual cortex (V1) and onwards to the inferior temporal
areas (Kravitz et al., 2013). This process also involves parts of the dorsal
stream, such as anterior temporal and frontal areas. The activation in
these anterior areas was shown to be influenced by the conducted task
(Harel et al., 2014), experimental design (Thoma and Henson, 2011) and
the context in which the object is presented (Bar and Aminoff, 2003; Ri�es
et al., 2017). The effect of context is specifically essential when studying
object processing since in natural conditions objects are rarely presented
in isolation. A related context normally facilitates object processing
(priming), as reflected by faster reaction times in behavioral studies (Hart
and Reeve, 2007), decreased activation of certain brain areas in fMRI
studies (Tivarus et al., 2007) and decreased amplitude of certain
time-locked EEG deflections (event-related potentials, ERPs) (Kha-
chatryan et al., 2016a; Van Vliet et al., 2014).

Studies on scalp-recorded EEG suggest that the effect of a related
e (E. Khachatryan).
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context comes into play at around 400ms (N400 ERP) after presenting
the target object (Khachatryan et al., 2016a; Kovalenko et al., 2012).
Recently, it has been shown (Xu et al., 2012; Coulson et al., 2005), that
this effect can start even earlier (around 200ms). As to the spatial dis-
tribution of the said effect, some studies suggest the involvement of a
large number of brain areas, including the occipito-temporal cortex,
posterior parietal cortex and prefrontal cortex (Badgaiyan, 2000; Mum-
mery et al., 1999; James et al., 2000), while others propose a more
localized distribution, mainly in the left temporal cortex (Rossell et al.,
2003; Patterson et al., 2007). Although, the techniques used in these
studies (scalp-recorded EEG or fMRI) provide insight into the temporal
and spatial aspects of object priming, they fall short in revealing both
simultaneously. While fMRI yields a superior spatial resolution (1 cm), it
lacks temporal precision and, conversely, scalp-EEG offers millisecond
temporal resolution but compromises on spatial precision. In an effort to
investigate the spatio-temporal dynamics of object priming, James et al.
(2000) developed an fMRI experiment with a gradual unmasking of the
visual stimuli over a period of 46 s, which allowed them to observe brain
processes before and after recognition of the target object. Even though
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this method yielded an advantage over previous neuroimaging studies,
one should be careful when comparing their results to those of ERP
studies, as it has been recently shown that the BOLD signal, as measured
with fMRI, positively correlates with high frequency rhythms (high--
gamma), instead of ERP responses (Haufe et al., 2018) that typically
comprise lower-frequency components (Luck, 2005). Furthermore, in
natural settings, object recognition and its consecutive modulation by
available context (priming) occur within milliseconds. Thus, when
postponing the recognition of the object, it is not clear that one would
observe the same activations as during natural object recognition. In
order to evaluate the spatio-temporal dynamics of natural object priming,
a technique is needed that reconciles both resolutions, such as intracra-
nial EEG (iEEG). Electrocorticography (ECoG) is a type of iEEG that re-
cords brain activity directly from the cortical surface and yields excellent
signal-to-noise ratio, is less affected by signal mixing due to volume
conduction and captures also high-frequency rhythms (above 80Hz)
(Parvizi and Kastner, 2018). Only a handful of studies investigated the
priming effect using intracranial EEG. For instance, in a recent iEEG
study, that used a blocked-cyclic picture-naming paradigm, Ries et al.
(Ri�es et al., 2017) located word-retrieval and selection (as an indicator of
lexico-semantic processing in language production) in the fronto-
temporal system. They showed that these processes were temporally
widespread. The authors considered a type of repetition priming para-
digm, commonly used to gauge language production and semantic
priming effects. However, as this paradigm fails to control for visual
similarity (perceptual priming), it is difficult to make claims about actual
semantic priming, since similar to other repetition paradigms, it evokes
both semantic (associative) and perceptual (similarity) priming effects.
Hence, it is still an unresolved question whether and if yes, to which
extent the perceptual and semantic priming effects overlap during object
processing in spatial and/or temporal domains (Binder et al., 2009).

In the current study, we set out to tease apart the effects of semantic
and perceptual priming in both the spatial and temporal domains. We
will do this by recording ECoG in response to 200 related and 200 un-
related image-pairs taken from the POPORO image database (Kovalenko
et al., 2012) using a delayed semantic judgment task. The images in this
database are controlled for a number of low-level visual characteristics
such as luminescence, skewness, etc, as well as, color, shape and size
between prime and target images. In this way, we can control the prime
(first) and target (second) images for visual similarity. Hence, if related
and unrelated target images differently modulate the recorded signal, we
can reliably assume it to be due to a difference in semantic rather than
perceptual priming. In the same vein, we can compare prime and unre-
lated target responses to investigate the effect of pure perceptual
priming.

We first analyze scalp-recorded EEG to show the temporal dynamics
of semantic- and perceptual-priming, after which we investigate their
spatiotemporal dynamics using different ECoG signal characteristics.

2. Results

2.1. Behavioral results

The average performance accuracy on the task is 0.89 (0.86 for
related and 0.93 for unrelated image-pairs). The Kruskal-Wallis non-
parametric test with relatedness as a fixed effect shows a significant
difference between these performance accuracies (χ2 (1, 16)¼ 7.27,
p¼ 0.007).

2.2. Scalp-recorded EEG

Since intracranial recordings serve primarily clinical purposes such as
functional mapping of eloquent cortex or detection of the seizure-onset
zone in drug-resistant epilepsy patients, scalp-EEGs of quality sufficient
for research purposes that are simultaneously recorded with intracranial
EEGs are rarely available. The long-term monitoring sessions of such
2

patients, required for their diagnostic workup, eventually can lead to
conductive gel dry-out. This, together with the hair grow in the electrode
location, negatively affects the quality of the recorded scalp EEG. Careful
adjustment prior to the experimental sessions, follow-up of the scalp-EEG
quality, and, careful selection of the scalp electrodes during the analysis
provide us with the opportunity to arrive at recordings that exhibited
relatively little influence from the aforementioned factors. The medical
personnel did their best not to deviate much from the established 10–20
system when fixating electrodes on the scalp. However, in case when the
scar would coincide or be too close to an established electrode position
from 10/20 system, the electrode was slightly deviated in order to avoid
contamination of the scar with the used glue. These deviations never
exceeded a few cm. Additionally, since in our study, we do not rely on the
spatial resolution of our recorded scalp EEG, we are confident that these
slight deviations do not affect our conclusions.

Despite the efforts of the medical staff, the scalp-recorded EEG of
patients P2 and P3 had to be excluded as the signal quality was poor.

We conduct the Kruskal-Wallis test with stimulus type (prime, related
and unrelated targets) as a fixed effect on the ERP responses of remaining
22 scalp-EEG electrodes from the initially recorded 27, in order to
evaluate the temporal dynamics of perceptual and semantic priming
(Fig. S4 in Supporting Information (SI)) and further compare these results
with the ones obtained from intracranial recordings. It shows a signifi-
cance for N100 (e.g., for electrode Oz, χ2 (2, 3265)¼ 10.87, p¼ 0.0044)
and P200 (e.g., for electrode Oz, χ2 (2, 3265)¼ 14, p¼ 0.0009) on very
few electrodes. For the later ERP components (N400 and P600) the effect
is more widespread and pronounced (e.g., for electrode Cz, p≪0.0001,
for both N400 and P600).

Afterwards, during multiple comparisons with FDR correction we
compare three pairs of stimuli: related vs. unrelated targets (Rel→Unrel),
prime vs. related targets (Prime→Rel) and, prime vs. unrelated targets
(Prime→Unrel). The results (Fig. 1) reveal significantly more negative
N100 for prime stimuli compared to both target stimuli (on electrode O1,
χ2 (1, 2468)¼ 5.45, pcor.¼ 0.02 for Prime→Rel., and χ2 (1, 2496)¼ 7.79
pcor.¼ 0.0052 for Prime→Unrel.). For P200, both target stimuli (related
and unrelated) evoke a significantly larger positivity compared to the
prime stimuli on a few electrodes (e.g., on electrode Oz, χ2 (1,
2459)¼ 3.97, pcor.<0.05 for related and χ2 (1, 2481)¼ 13.3,
pcor.¼ 0.0003 for unrelated targets). No significant difference between
related and unrelated targets is observed in these early time windows. As
to the N400 window, the related target evokes significantly less nega-
tivity compared to both unrelated target and prime stimuli (for electrode
Cz, pcor.<0.0005 for both comparisons). Unrelated targets evoke an N400
with a significantly smaller amplitude compared to the primes (for
electrode Cz, χ2 (1, 2509)¼ 5.07, pcor.¼ 0.024). During the P600 time-
window, similar to N400, all three stimulus groups differ. Here, both
target groups evoke a significantly larger P600 compared to the prime (in
both cases pcor.≪0.001) (Fig. 1). During this time interval, the difference
between related and unrelated targets is present mainly on centrally
located electrodes (e.g., for electrode Pz, χ2 (1, 1529)¼ 5.05,
pcor.¼ 0.025). The FDR-corrected p-values for multiple comparison for
each scalp electrode that shows significance can be found in the SI, ar-
ranged according to the investigated ERPs (Table S2).

In summary, in scalp-recorded EEGs, the effect of perceptual priming
is noticeable already in early time windows (N100 and P200) while the
effect of semantic priming is present in later (N400 and P600) time
windows only.

2.3. Intracranial EEG

In order to arrive at a complete picture of the spatiotemporal dy-
namics of perceptual and semantic priming, we conduct three types of
analysis on each recorded ECoG electrode (for locations of the electrodes,
see SI, Table S3, and Fig. S1; for the MNI coordinates of each electrode,
see SI, Table S4). First, we conduct the ERP analysis that has been long
considered for studying the temporal dynamics of priming in both scalp-



Fig. 1. Spatial (panel B) and temporal (panel C) overview of perceptual and semantic priming effects from the scalp-recorded EEG. Each dot in the panel B
represents an electrode location with its according statistics. The panel A represents the names and the locations of the studied electrodes.
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recorded (Khachatryan et al., 2016a; Kovalenko et al., 2012) and intra-
cranial EEG (Nobre and McCarthy, 1995; Khachatryan et al., 2016b,
2018). After that, we conduct a time-frequency analysis looking for
event-related synchronization/desynchronization (ERS/ERD) in the
high-gamma (80–120Hz), alpha (8–12Hz) and theta (4–7.5 Hz) bands,
each of which reflects certain conditions (e.g., focal activation for
high-gammas) in the brain. Finally, in order to show that it is possible to
discriminate between our stimulus groups (prime, related target and
unrelated target) on a single-trial level, for certain brain areas, we
conduct a classification analysis.

2.3.1. ERP analysis
For the intracranial electrodes, the Kruskal-Wallis test with the effect

of stimulus type (a difference between any of three types of stimulus
groups) is both temporally and spatially widespread. Depending on the
location of the grid, each subject has between 30% and 94% electrodes
with a significant effect of stimulus type for any of four ERP components
with average value 64.1% after removing the contaminated electrodes.
Fig. 2. Spatial and temporal distribution of semantic and perceptual priming e
channel (panel C) classification analysis. Colormap represents the accuracy values
the icbm template. We refer the reader to SI (Table S4) for MNI coordinates of indi
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For ERP analysis only, the statistical analysis is conducted between
prime and target stimuli with the ratio of 2:1, as in general the number of
prime stimuli is twice that of individual target stimuli (related or unre-
lated). Furthermore, depending on the number of contaminated trials,
different subjects ended up with a different number of trials that entered
the statistical analysis. By conducting an additional bootstrapping anal-
ysis with one of the grids over the left temporal cortex (patient P1, SI,
Table S3) we show that our results are not significantly affected by the
amount of data entering statistical analysis and that even the limited
amount of data (i.e., patient P9) presented in the current paper is suffi-
cient to draw reasonable conclusions. For details of the analysis and the
results, we refer the reader to SI.

Early object processing affected by semantic priming: Visual inspection of
ERPs from retained electrodes shows pronounced early ERP components
(N100 and P200) on grids covering the right posterior basal and lateral
occipitotemporal cortices (Fig. 2A, left panel) for all stimulus groups.
Unlike scalp-recorded EEG, here, multiple comparison with FDR
correction reveals a difference between related and unrelated targets
ffects in ERP (panel A), and results for multichannel (panel B) and single-
for both single- and multichannel classification. The electrodes are presented on
vidual electrode.
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during both the N100 and P200 time windows (Fig. 2A, left panel and
Fig. S5 in SI) over the right lateral (for N100, χ2 (1, 394)¼ 6.22,
pcor.¼ 0.037 and for P200, χ2 (1, 394)¼ 9.01, pcor.¼ 0.004) and basal
(for N100, χ2 (1, 136)¼ 11.7, pcor.¼ 0.0019 and for P200, χ2 (1,
136)¼ 7.88, pcor.¼ 0.015) occipitotemporal cortices. The difference be-
tween related targets and primes representing the combination of
perceptual and semantic priming, as well as between unrelated targets
and prime, representing purely perceptual priming, are already evident
in the early time-windows (N100 and P200) in the lateral and basal
occipitotemporal areas on both hemispheres (pcor. <0.05) (Fig. 2A, left
panel and Fig. S5 in SI). Unlike the former, the latter comparison involves
left basal frontal (Fig. 2A) (e.g., for N100, χ2 (1, 292)¼ 8.7,
pcor.¼ 0.0095) and inferior parietal lobes (for N100, χ2 (1, 299)¼ 8.05,
pcor.¼ 0.014).

Perceptual and semantic priming affect both hemispheres in later time-
windows: During N400 and P600 time-windows, the semantic priming
(Rel→Unrel) is present in the temporo-basal (Fig. S5, in SI) and lateral
temporal cortices of both hemispheres (Fig. 2A, central and right panels).
This effect is most pronounced in the left superior and middle temporal
gyri (Fig. 2A, right panel) (for N400 on superior temporal gyrus, χ2 (1,
394)¼ 17.89, pcor.¼ 0.0019; for P600 on the middle temporal gyrus (χ2

(1, 394)¼ 17.3, pcor.¼ 0.0013). In these time windows, the Prime→Rel
difference, similar to the Prime→Unrel difference, becomes more pro-
nounced and widespread (Fig. 2A), including the more anterior parts of
mainly the right (e.g., for N400, in the right anterior temporal lobe χ2 (1,
508)¼ 8.22, pcor.¼ 0.02), but also the left temporal cortices and the left
superior frontal (for P600, χ2 (1, 258)¼ 34.47, pcor.<0.0001) and right
prefrontal (for P600) cortices (χ2 (1, 205)¼ 16.24, pcor.¼ 0.00017).
Interestingly, the early involvement of the left basal frontal cortex in the
Prime→Unrel comparison disappears in later time windows (N400 or
P600) (Fig. S5 in SI).

In summary, the ERP analysis of intracranial recordings suggests that
the processing of perceptual and semantic priming occur in partially
(both spatially and temporally) overlapping networks, with semantic
priming concentrated more in the left temporal cortex and culminating
later in time, while perceptual priming is widespread already in early
time windows.
Fig. 3. Time-frequency analysis for high-gamma, alpha and theta bands. Arro
column) are shown. The electrodes are presented on the icbm template. We refer th
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2.3.2. Time-frequency (ERS/ERD) analysis
The intracranial recordings give us the opportunity to investigate the

higher frequency bands (>80Hz) that bear additional information about
the brain functions (Crone et al., 2006). However, to perform an ERP
analysis, we need to filter the signal in the lower frequency ranges (e.g.,
<30 Hz), thus, losing a considerable amount of valuable information.
Furthermore, it has been shown that different frequency bands carry
different types of information, including local neuronal activation for
high gammas (Crone et al., 2006), active inhibition (Klimesch, 2012) or
disengagement (Infarinato et al., 2015) for alpha and, selective attention
processing (Basar-Eroglu et al., 1992) and expectations (Başar, 1999) for
theta bands. These bands are often linked to object recognition (Ri�es
et al., 2017; Rupp et al., 2017; Martinovic et al., 2012) and priming
(Harel et al., 2014; Mellema et al., 2013) in different modalities, and
have relatively clear cognitive processes assigned to them (see above).
Furthermore, in our previous work we showed that these bands are
actively involved in the basic visual processing (Wittevrongel et al.,
2018a). Therefore, in order to evaluate these processes, we conducted
ERS/ERD analysis on intracranial recordings in the mentioned three
frequency bands: high gamma (80–120Hz), alpha (8–12Hz) and theta
(4–7.5 Hz). The increase in frequency power compared to the baseline is
referred to as ERS, while the decrease is referred to as ERD.

Opposite high-gamma (80 – 120Hz) power modulation in left temporal
cortex for primes and for both targets (Fig. 3, upper panel): For each stimulus
type, the significant ERS for the high gamma band is observed for the
electrodes covering the lateral and basal occipitotemporal cortices
(Fig. S6 in SI) mainly on the right hemisphere starting at around 100ms
post-onset and lasting until the end of the epoch. Left lateral temporal
cortex (mainly middle and inferior temporal gyri) showed ERS for both
target groups (average power change across time (APC)¼ 5.55,
CI¼ [3.22, 9.01] for related and APC¼ 4.42, CI¼ [2.24, 7.75] for un-
related targets respectively) with considerably less activation for the
unrelated group starting from around 300ms post-onset, and ERD for
prime stimuli (APC¼�0.56, CI¼ [-0.77, �0.25]) (Fig. 3, upper panel).
Right prefrontal cortex shows an ERS in response to primes (APC¼ 2.20,
CI¼ [1.32, 3.60]) and related targets (APC¼ 0.25, CI¼ [0.02, 0.68]),
but not in response to unrelated targets (Fig. S6 in SI). Noticeably, more
ws show the location of the electrodes, of which the temporal patterns (right
e reader to SI (Table S4) for MNI coordinates of individual electrode.
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anterior brain areas express a change in high gamma power (ERS/ERD)
in later time windows compared to posterior areas.

Object processing evokes ERD in alpha band (8 – 12Hz) in the right basal
occipitotemporal cortex independently of the presence of context (Fig. 3, middle
panel): For this frequency band, in the right lateral (starting around
250� 50ms post-onset) and basal (posteriorly starting around 200ms and
anteriorly – around 350ms) occipitotemporal cortex, the alpha band ex-
hibits significant ERDs (Fig. 3, middle panel) in response to all stimulus
groups (e.g., for prime in lateral posterior temporal cortex,
APC¼�323.07, CI¼ [-338.02, �302.38]), while on very few electrodes
mainly in response to targets, this ERD is preceded by an early ERS (ERS-
ERD complex). In the right prefrontal (starting from around 600ms) and
mainly the left superior parietal cortices (starting from around 470ms),
significant ERSs are observed in response to primes (e.g., for prefrontal
cortex APC¼ 5.24, CI¼ [1.72, 10.98]), while ERDs are observed for both
target groups (APC¼�16.32, CI¼ [-24.16, �1.15] for related and
APC¼�6.12, CI¼ [-9.02,�1.01], for unrelated) (Fig. S7 in SI). In the left
temporal lobe, primes evoke a widespread ERS (APC¼ 9.55, CI¼ [3.02,
19.01]) starting from 450� 50ms. Here, the related targets evoke an ERD
mainly in the middle temporal gyrus (APC¼�119.50, CI¼ [-158.43,
�66.13]), while unrelated targets evoke both ERD (APC¼�264.47,
CI¼ [-313.84, �186.9]) and ERS (APC¼ 7.79, CI¼ [1.12, 16.7]). In the
right anterior temporal cortex (Fig. S7 in SI), prime (APC¼ 42.63,
CI¼ 7.13, 106.35]) and related target (APC¼ 57.65, CI¼ [12.92,
156.25]) evoke an ERS starting from around 400ms albeit the latter one to
the lesser degree. Here (mainly in the temporal pole), the unrelated targets
mainly evoke an ERD (APC¼�114.67, CI¼ [-152.99, �33.24]).

Differential modulation of theta-band (4 – 7.5 Hz) power in right lateral
temporal and frontal cortices in response to objects with and without context
(Fig. 3, lower panel): For this frequency band, certain brain areas show a
common behavior for all three stimulus groups, while others show a
differential behavior for prime and target stimuli. For instance, all three
stimulus groups evoke ERDs in the right basal occipitotemporal cortex
(e.g., for the prime stimulus, APC¼�225.43, CI¼ [-254.47, �177.61])
starting around 250ms post-onset with occasional ERS-ERD complexes
(Fig. S8 in SI). The right superior parietal cortex shows significant ERDs
(for prime, APC¼�101.35, CI¼ [-120.24, �59.03]; for related target,
APC¼�55.43, CI¼ [-69.77, �15.63]; and for unrelated target,
APC¼�87.99, CI¼ [-111.18 -29.88]) starting around 350ms post-
onset, while the left superior and middle temporal gyri show signifi-
cant ERSs (for prime, APC¼ 28.08, CI¼ [12.58, 50.60]; for related
target, APC¼ 48.40, CI¼ [5.79, 137.53]; for unrelated target,
APC¼ 24.91, CI¼ [8.15, 48.56]) starting from around 450–500ms post-
onset in response to all stimulus groups (Fig. S8 in SI). On the other hand,
in the right lateral occipitotemporal cortex, ERD is observed in response
to prime (APC¼�418.46, CI¼ [-494.04, �314.33]), while ERS-ERD
complex in response to both target groups (Fig. 3, lower panel).
Furthermore, in the right anterior temporal- (around 500ms), and pre-
frontal cortices (around 600ms post-onset), significant ERS is observed
in response to prime (e.g., for prefrontal cortex, APC¼ 67.35,
CI¼ [46.60, 95.83) stimuli and ERDs in response to both target stimulus
groups (APC¼�30.02, CI¼ [-35.58, �19.34] for related, and
APC¼�27.5, CI¼ [-34.76, �14.64] for unrelated target).

In summary, the ERS/ERD analysis shows an early engagement of
(mainly) right basal occipitotemporal cortex (ERS in high-gamma and ERD in
alpha) during object processing independently of the presence or absence of a
context. On the other hand, the left temporal cortex is engaged in processing of
both semantic and perceptual priming (the latter one to a lesser degree) around
the time when semantic processing takes place (Halgren et al., 1994), while
the right temporal cortex exhibits mainly facilitation during perceptual
priming.

2.3.3. Classification analysis
Single-trial based discrimination between stimulus groups is possible

(Fig. 2B and C and, Fig. S9 in SI): The classification analysis of each in-
dividual channel using the entire 1 s ERP epochs indicates the possibility
6

to discriminate (on a single-trial basis) between prime and target groups
with a maximal accuracy of about 70% (72.03% between prime and
related targets, and 68.48% between prime and unrelated targets,
respectively), and between related and unrelated target groups with
61.08% accuracy (Fig. 2C). Interestingly, when including data from the
entire grid, the accuracy reaches 64.04% for the discrimination between
related and unrelated target images and more than 75% for the
discrimination between prime and target images (prime versus related
target 75.99%, prime versus unrelated target 77.21%). Given the
importance of the left temporal cortex in semantic processing, it is not
surprising to see that the grid over this area shows the highest accuracy
(Fig. 2B). These accuracy values are significantly above chance level and
are comparable with the ones from previous literature (Rupp et al.,
2017).

3. Discussion

The main objective of our study was to evaluate the spatiotemporal
dynamics of perceptual and semantic priming effects on visual object
processing and to discern these effects in both temporal and spatial do-
mains. We investigated both scalp and intracranial responses and con-
ducted ERP, ERS/ERD and classification analyses on intracranial data.

3.1. The difference in spatiotemporal dynamics of semantic and perceptual
priming effects

Similar to some previous studies in our scalp-recorded EEG we
observed the effect of perceptual priming (the difference between primes
and unrelated targets) in early ERP components, while the semantic
priming (the difference between related and unrelated targets) was
present starting from the N400 time-window (Kovalenko et al., 2012;
Zhanga et al., 1997), that is believed to reflect the semantic processing of
a presented object (Kutas and Federmeier, 2011). On the other hand, the
ERP results of our intracranial recordings showed that both perceptual
and semantic priming affect object processing in the early stages. Some
early scalp-ERP studies also suggest access to semantic information
during early visual processing (Proverbio et al., 2007). The fact that we
did not observe it in our scalp-recorded EEG can probably be due to the
small effect of semantic priming in early time windows. In ECoG, the said
effect was most pronounced in later time-windows (in particular during
the N400) and was spatially localized mainly in the left superior and
middle temporal gyri and, to a considerably lesser extent, in the right
temporal cortex (middle temporal and fusiform gyri). This observation
suggests that semantic priming reflected by the N400 ERP is mainly
concentrated in the left temporal cortex, as previously reported (Kha-
chatryan et al., 2018; Ghosh Hajra et al., 2018).

Pure perceptual priming, on the other hand, is more widespread
during early time-windows compared to semantic priming, spanning the
right ventral stream (basal and lateral occipitotemporal cortex) and left
inferior parietal and basal frontal cortices. Remarkably, the activation of
the latter completely disappears in the late time windows (N400 and
P600). In general, the effect of perceptual priming, similar to that of
semantic priming, culminates during later time-windows by including
both frontotemporal networks. This spread of visual feature processing
across the cerebral cortex was recently shown in the study by Rupp et al.
(2017) where they were able to categorize objects with relatively high
accuracy (67%) based on ECoG data and by incorporating different fea-
tures of the categories (e.g., airplanes have wings). Furthermore, Ries
et al. (Ri�es et al., 2017) described a broad involvement of the left fron-
totemporal network in the processing of a repeated stimulus. Our results
suggest that this broad involvement can be due to the existing perceptual
priming since their study did not account for the possible confusion be-
tween perceptual and semantic priming, which is inevitable in case one
adopts a repetition priming paradigm. Our results, together with the
aforementioned studies reveal the complex dynamics of perceptual and
semantic priming on object processing.
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3.2. Time-frequency analysis reveals the effect of context on object
processing

High gamma (ERS/ERD) is the most commonly investigated band in
the ECoG studies (Crone et al., 2006). The increase in its power reflects a
local activation and engagement of certain brain areas, whereas its
decrease reflects inhibition or disengagement (Miller et al., 2009; Towle
et al., 2008). The modulation of high gamma power was observed to be
widespread over the cerebral cortex in response to repetition priming
paradigm (Ri�es et al., 2017), to be located in left posterior parietal cortex
in response to recognition memory decision paradigm (Gonzalez et al.,
2015) and in the left inferior frontal cortex in response to overt object
naming task (Babajani-feremi et al., 2016).

Our results showed that both prime and target images evoked an
increase in high-gamma band power in the right lateral and bihemi-
spheric basal occipitotemporal cortices starting early after stimulus-onset
and lasting throughout the entire processing (1s epoch) indicating the
involvement of these brain areas during the entire course of object pro-
cessing. The involvement of the basal temporal cortex in processing
meaningful stimuli was previously shown using words (Thesen et al.,
2012) and images (Rangarajan et al., 2014; Kapeller et al., 2018). Our
thorough analysis of the temporal aspects of object processing suggests
that semantic processing occurring in the basal occipitotemporal cortex
starts early on after stimulus presentation. The anterior parts of lateral
temporal cortices, however, start their involvement at a later stage (about
400ms) around the time when context can influence object processing
(priming) (Kutas and Federmeier, 2009). It is noteworthy that we observe
a decrease in high-gamma power (ERD) in the middle left temporal gyrus
in response to primes, while its power increases in response to targets
(particularly related targets). This leads us to hypothesize that the left
middle/inferior temporal gyri are inhibited or disengaged (Towle et al.,
2008) when processing an object without context, while the same areas
are activated when a semantically related context is added. This is
additionally supported by the observed ERSs in the alpha band during the
said time windows in response to primes and ERDs in response to related
targets, as an increase in alpha power has been linked to inhibition
(Klimesch, 2012). Some previous studies (Khachatryan et al., 2018;
Migliaccio et al., 2016) suggest the involvement of the middle part of the
left middle temporal gyrus (mMTG) in semantic processing and locate the
semantic hub in the anterior temporal cortex (ATL) (Patterson et al.,
2007), also based on observations of N400 in that area (Lau et al., 2013;
Jackson et al., 2015). In the current study, we observed an N400 effect in
the left middle temporal cortex spanning to ATL, as well as an increase in
high-gamma power around the N400 time window in response to related
targets, which confirms the involvement of this area in semantic pro-
cessing. However, we assume that these observations are indicators of
major influence of context on object processing, rather than indicators of
semantic processing of a stand-alone object since it was not observed for
the prime stimuli. On the other hand, all three image groups showed an
increase in high-gamma and a decrease in alpha power in posterior
lateral temporal cortex starting from around 250ms post-onset, which
can support the hypothesis that the posterior temporal cortex (pMTG
particularly) could serve as a semantic hub (Brouwer and Hoeks, 2013).
Furthermore, the observed ERSs in alpha band in response to primes and
ERDs in response to both targets in the anterior regions suggest that
processing of objects mainly occur in the ventral stream (Devereux et al.,
2018), while the anterior brain regions are more engaged in the pro-
cessing of priming (Bar and Aminoff, 2003; Ri�es et al., 2017), the
imposed task (Harel et al., 2014), feedback and cognitive control (Thoma
and Henson, 2011).

Similar to the alpha band, we observed a spatially widespread mod-
ulation in the theta band in response to our image groups. Previously, this
modulation has been shown in the context of visual stimulus processing
(Gevins et al., 1997) and, depending on the location, suggested to be a
biomarker of working memory (Martinovic et al., 2012; Gevins et al.,
1997), semantic retrieval (Bastiaansen et al., 2008), episodic retrieval
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(for a review see Nyhus and Curran (2010)) and, preparation and plan-
ning (Tomassini et al., 2017). Given the wide spectrum of functions
assigned to this band, its observed widespread modulation is not sur-
prising, especially when using complex visual stimuli, as in our study.
The observed increase in theta band power followed by a decrease in the
right basal temporooccipital cortex for all image groups can be an indi-
cator of semantic retrieval followed by further integration. Interestingly,
in the right lateral occipitotemporal cortex, this pattern of theta band
modulation was observed only for the two target groups, which can be
explained by the effect of primed targets on working memory since this
brain area was shown to be involved in encoding and maintenance of
spatial representations in humans (Berman and Colby, 2002). This sug-
gestion is further confirmed by the observed ERS in response to the prime
and ERD in response to both target groups in the right prefrontal cortex.
This indicates a lower working memory load for the primed target stimuli
compared to the stand-alone prime stimuli (Heyman et al., 2015; Sabb
et al., 2007).

3.3. General discussion

The idea of discerning semantic and perceptual priming effects has
been lingering in the scientific community for more than a decade.
However, given the labor-intensive process of matching the objects for
the similarity, a number of studies employed an approach that differs
from ours. These studies (scalp-EEG (Xu et al., 2012; Kiefer, 2001) and
fMRI (Lucia et al., 2010; Schacter et al., 2004; Eddy et al., 2007)) used
paradigms with repetition of identical or different exemplars from the
same category. However, given that the different exemplars from the
same category share visual features, which has been shown recently to be
useful for discrimination between categories (Rupp et al., 2017), using
this strategy, it is not possible to completely discern responses to se-
mantic and perceptual priming. Using the opposite strategy (similar
un-related objects), we managed to discern between these two types of
priming. A study from De Lucia et al. (2010), attempted to discern the
effects of semantic and perceptual priming for the auditory modality
using fMRI. They found a similar repetition suppression in the fronto-
temporal network in response to repetition of identical sounds and of a
different sound from the same category (e.g., different sounds from a
violin), fromwhich they concluded that perceptual and semantic priming
effects share the same spatial distribution. Our findings contradict this
claim, as in our case the effect of perceptual priming was more wide-
spread compared to the effect of semantic priming. De Lucia et al. (2010),
similar to previous studies on the visual modality (for review, see Di
Carlo et al. (DiCarlo et al., 2012)), used (identical) repetition of a pre-
sented sound as an indicator of perceptual priming, thus, they were un-
able to achieve pure perceptual priming, which would be lacking a
semantic priming component. In our case, we achieved pure perceptual
priming by using unrelated image pairs that shared perceptual features
only (Kovalenko et al., 2012). Therefore, we suggest that our results
provide a new and reliable insight into the spatiotemporal dynamics of
pure perceptual and semantic priming effects. Our additional classifica-
tion analysis confirmed the robustness of our results and proved that we
can discern the above-mentioned effects on a single trial level. Unlike
previous studies (Ri�es et al., 2017; Rupp et al., 2017) that used high
gamma band activity, we conducted the classification on the ERPs and
obtained relatively high accuracies (up to 77% for perceptual and 64%
for semantic priming).

4. Conclusion

In our study, we were able to discern between semantic and percep-
tual priming effects during visual object processing in both temporal and
spatial domains, using ERP and time-frequency analyses of intracranial
recordings. We showed that these two types of priming occur in partially
overlapping networks, with semantic priming being more constrained to
the left temporal cortex and culminating later in time, whereas
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perceptual priming starts at an earlier stage of visual object processing
and is more widespread along the ventral stream as well as the fronto-
temporal network.

5. Methods and materials

5.1. Participants

Nine patients with refractory epilepsy (4 females, average age 38.7
(std¼ 16.7) years, two left-handed) participated in the study. They were
implanted with subdural (ECoG) and depth EEG electrodes for invasive
video-EEG monitoring at Ghent University Hospital. Their demographic
and clinical characteristics are listed in Table S1 in SI. All patients had
normal or corrected to normal vision and normal level of consciousness.
The study was conducted according to the current version of the Decla-
ration of Helsinki (2013), following ethical approval from Ghent Uni-
versity Hospital’s Ethics Committee. All participants gave their written
informed consent prior to participating in the study and after being
informed about the experiment and its goal.

5.2. Materials

Two hundred related and 200 unrelated pairs of images (400 x 400
pixel size) were taken from the POPORO database (Kovalenko et al.,
2012). The stimuli were color images of real-life objects with no back-
ground. The set was composed of the images of animals, flowers and
trees, foods, vehicles, clothing, household items, kitchen and office ap-
pliances, sports and medical equipment, etc. The images were balanced
on a number of low-level characteristics: a two-tailed Student’s t-test,
with additional Satterthwaite’s correction, where necessary, did not
indicate any statistically significant difference between kurtosis (t (1,
199)¼ 1.45, p¼ 0.15), luminance (t (1, 199)¼ 0.12, p¼ 0.9) and
skewness (t (1, 199)¼ 0.4, p¼ 0.69) between related and unrelated
image groups. Furthermore, the authors of the database ascertained
themselves for the visual similarity between prime and target images, so
that they mainly differ by their semantics. Additionally, participants of
the study on the development of the used database (Kovalenko et al.,
2012) confirmed that they recognize all the images in the final published
dataset. The subset of the database used in the current study can be
accessed from the following source: https://kuleuven.box.com/v/Kov
alenkoetal-PoPoRosubset.

5.3. Experimental procedure

The experiment was conducted in the patient’s hospital room at the
Center for Neurophysiology Monitoring of the Ghent University Hospital,
as they were bedridden during the video-monitoring period.

Patients were sitting upright in their hospital bed in front of the LCD
screen at a distance of approximately 60 cm. At the beginning of each
trial, a fixation cross appeared in the center of the screen for 1500ms to
inform the subject that a trial was about to start and that they needed to
pay attention to the screen. The prime image appeared on the screen for
600ms, followed by a fixation cross for 650ms (on average, with a
maximal jitter of �150ms), followed by the target image for 600ms. As
the jitter was only �150ms, it did not influence the presentation speed
and none of the participants experienced any problems or even reported
noticing any fluctuation in the presentation speed. After the target image,
a fixation cross was shown for 1000ms followed by a semantic associa-
tion judgment task, during which the patient saw a green tick (repre-
senting ‘yes’) on the left side and a red cross (representing ‘no’) on the
right side of the screen. The subject was instructed to press the left mouse
button if (s)he thought the two presented images were semantically
related and the right mouse button if otherwise. Note, that the button
press moment was delayed to avoid interference between response-
related (motor) brain activity and those of interest. Subjects were
explicitly instructed to pay attention to the semantic relation of the image
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pairs, not their visual similarity. The button press accuracies were further
used in our behavioral analysis. Prior to the main experiment, all patients
completed a training session of four trials in order to familiarize them-
selves with the task. Each prime-target pair was shown only once. Sub-
jects were given short breaks every 4–5min. The stimulation was
implemented in Matlab, using the Psychophysics toolbox (Brainard,
1997) for precise timing.

5.4. Scalp and invasive EEG acquisition

Simultaneous scalp- and intracranial EEG were recorded from all
patients. Scalp EEG was acquired from 27 active electrodes following the
10–20 international system. Conductive gel was applied to each elec-
trode in order to improve the conductance between electrodes and the
patient’s scalp. Some patients were implanted with both depth and
subdural platinum electrodes (Tables S3 and SI), embedded in silastic
(Ad-Tech, USA), but in the current study, we focused on data recorded
with the subdural grids and strips (ECoG). The contact exposure of the
subdural grids was 2.3mmwith a 4mm contact diameter and a center-to-
center distance of 10mm. The location of each subdural grid and strip is
listed in the SI (Table S3 and Fig. S1). Both the scalp- and intracranial
EEG of all patients was digitized at a sampling rate of 256Hz (except for
patient P1, where it was 1024Hz) using the medically certified Micromed
digital video compatible EEG recording system.

5.5. Localization of ECoG electrodes

Based on the pre-implantation MRI scan of the patient, cortical
reconstruction and volumetric segmentation was performed using the
Freesurfer image analysis suite (version 6.0) (http://www.freesu
rfer.net/).

The Freesurfer output was then loaded into Brainstorm (Tadel et al.,
2011) and post-implant CT was co-registered with the pre-implant MRI,
using the SPM12 (http://www.fil.ion.ucl.ac.uk/spm/) extension. The
coordinates of the implanted electrodes were then obtained by visual
inspection and mapped onto the cortical surface to account for possible
post-implantation brain-shift. For patient P1, no post-implantation CT
was available, and the electrode locations were inferred from the artifact
on the post-implantation MRI. The electrodes of each subject were
transformed to MNI space and manually verified by a neurologist (EK)
using the individual subject’s cortex and intraoperative images as a
reference. For visualization purposes, the obtainedMNI coordinates were
mapped on a template brain (ICBM 152) provided by the Brainstorm
toolbox. TheMNI coordinates of each recorded electrode are presented in
SI (Table S4).

5.6. Scalp and intracranial EEG data analysis

For scalp-recorded EEG, we conducted an ERP analysis, while for
ECoGwe conducted three types of analyses: ERP analysis, time-frequency
analysis for event-related synchronization/desynchronization (ERS/
ERD) and classification analysis for single trial investigation (using ERP
epochs, see further).

ERP analysis: The scalp-recorded EEG signal was re-referenced off-
line to an average mastoid reference (TP9 and TP10) and filtered twice
using a 4th order finite impulse response (FIR) filter: first with a low-pass
filter with cutoff at 15 Hz and then with a high-pass filter with cutoff at
0.2 Hz. Then, the signal was segmented into epochs starting 100ms prior
to image onset (primes, related and unrelated targets) until 1000ms post-
onset. In order to clean the obtained epochs from artifacts (eye blink, eye
movement or conductance impairment), we set an amplitude threshold
of�75 μV on each electrode. Epochs that had a maximum amplitude
beyond this threshold at any moment in time were discarded. Only
channels that had 30 or more remaining trials after artifact rejection were
considered for further analysis. On the remaining epochs, baseline
correction was performed using the average EEG signal in the 100ms

https://kuleuven.box.com/v/Kovalenkoetal-PoPoRosubset
https://kuleuven.box.com/v/Kovalenkoetal-PoPoRosubset
http://www.freesurfer.net/
http://www.freesurfer.net/
http://www.fil.ion.ucl.ac.uk/spm/
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pre-onset time-interval. Here, we evaluated four time-windows reflecting
the following ERP components: N100 (50–150ms), P200 (150–250ms),
N400 (300–500ms) and P600 (500–800).

For the ECoG recordings, prior to any processing, a specialized epi-
leptologist (co-author AM) checked the recordings and marked the
electrodes that exhibited frequent or continuous abnormal activity
(interictal or ictal epileptic activity or abnormal slowing). These elec-
trodes were not included in the analysis. For the remaining electrodes,
epochs containing interictal or ictal epileptic activity or excessive
abnormal slowing were also rejected. To the remaining ECoG data we
first applied a conventional ERP analysis, generally identical to the
procedure for scalp-recorded EEG, except for the higher epoch rejection
threshold ( �500 μV), as in general ECoG data has larger magnitude, and
instead of re-referencing to the mastoids, each electrode in each grid was
re-referenced to its common average reference (CAR), as usually done in
ECoG data analysis (Khachatryan et al., 2018; Wittevrongel et al., 2017).

ERS/ERD analysis: For the ECoG recordings, a time-frequency
analysis was performed to mark changes in the spectral power (ERS/
ERD) in a given frequency band for particular groups of trials (related,
unrelated, prime – no context). Prior to the ERS/ERD analysis, the
cleaned raw signal from each grid was re-referenced to its CAR and
filtered in three traditional frequency bands (theta: 4–7.5 Hz, alpha:
8–12Hz and high gamma: 80–120Hz), given their reported relevance in
cognitive information processing (Crone et al., 2006). Afterwards, the
signal was cut into trials starting 200ms prior to stimulus onset until
1000ms post-onset. The ERS/ERD curves for each group were then
calculated according to the method described in Pfurtscheller and Lopes
da Silva (Pfurtscheller and Lopes da Silva, 1999). First, all epochs
belonging to the same class were squared and averaged. The averaged
epoch was then baselined to the median activity in the pre-stimulus
window, and smoothed using a symmetric 50ms window ([-25, 25]
ms). The 95%-confidence interval was obtained using a bootstrapping
procedure with 1000 iterations (Graimann and Pfurtscheller, 2006;
Graimann et al., 2002). In each iteration, n data points were randomly
selected (with replacement) for each sample and used to ascertain the
confidence interval. For each channel, the value of n was set to the
minimum number of epochs for the three classes (prime, related target
and unrelated target). Note that the value of n varied across channels and
subjects as a variable number of epochs were rejected by the expert
epileptologist (co-author AM), but was constant within each channel
such that the comparison between the classes was unbiased by the
number of epochs that were rejected.

Classification analysis: In order to investigate whether single
epochs could be identified as belonging to prime, related target or un-
related target, a classification analysis was performed using the spatio-
temporal beamformer as classifier. This extension of the original spatial
beamformer was introduced for single-trial N400 detection using scalp-
recorded EEG (Van Vliet et al., 2016), and since then successfully
applied for detecting a wide range of ERP and phase locked scalp-EEG
(Wittevrongel and Hulle, 2017), and intracranial responses (Wittevron-
gel et al., 2018b). In the pertinent study, classification was based on
single-trial ERPs (entire 1s epochs). For each stimulus, a stimulus-locked
1-s epoch was extracted, baseline corrected to the average 200ms
pre-stimulus activity, filtered between 0.2 and 15 Hz (using additional
pre- and post-epoch data to avoid filtering artifacts), and downsampled to
100 Hz. Classification was applied to each pair of stimulus groups indi-
vidually (prime vs. related target, prime vs. unrelated target, related vs.
unrelated target), using a stratified 5-fold cross-validation approach, and
both single-channel and grid/strip-based classification was considered.
For a brief description of the mathematical background of the beam-
former classifier, we refer to the SI.

5.7. Statistical analysis

As the behavioral data from patient P2 was lost due to technical is-
sues, we analyzed the behavioral data of the remaining 8 subjects using
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the Kruskal-Wallis non-parametric test in order to account for possible
outliers and for the non-normality of the data distribution (checked with
the Kolmogorov-Smirnov test) (McDonald, 2014).

We conducted our statistical analysis of the ERP data, for both scalp-
recorded and intracranial EEG, with the Kruskal-Wallis test considering
stimulus type (related target, unrelated target and prime) as fixed effect.
When performingmultiple comparisons, we corrected Kruskal-Wallis test
results with FDR (3 comparisons per ERP per electrode). We took the
average ERP amplitude (area under the curve) in the given time-windows
(as defined in section 5.6. on data analysis) as dependent variable and
considered a comparison with a (FDR corrected) p-value below 0.05 as
statistically significant.

For the significant ERS/ERD (both boundaries of confidence intervals
were negative (ERD) or positive (ERS) for 100ms or longer), we report
the average power change across time (APC) compared to the baseline,
and the upper and lower boundaries of the confidence interval [CIlower -
CIupper].

Finally, we report the outcome of classification analysis in terms of
maximum accuracy (in %) for a single electrode and grid.
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