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Choice-dependent delta-band neural trajectory
during semantic category decision
making in the human brain

Jongrok Do," Oliver James,' and Yee-Joon Kim'2*

SUMMARY

Recent human brain imaging studies have identified widely distributed cortical areas that represent infor-
mation about the meaning of language. Yet, the dynamic nature of widespread neural activity as a corre-
late of the semantic information processing remains poorly explored. Our state space analysis of electro-
encephalograms (EEGs) recorded during semantic match-to-category task show that depending on the
semantic category and decision path chosen by participants, whole-brain delta-band dynamics follow
distinct trajectories that are correlated with participants’ response time on a trial-by-trial basis. Especially,
the proximity of the neural trajectory to category decision-specific region in the state space was predic-
tive of participants’ decision-making reaction times. We also found that posterolateral regions primarily
encoded word categories while postero-central regions encoded category decisions. Our results demon-
strate the role of neural dynamics embedded in the evolving multivariate delta-band activity patterns in
processing the semantic relatedness of words and the semantic category-based decision-making.

INTRODUCTION

Humans excel at categorizing stimuli into behaviorally relevant groups and assigning and extracting meaning through both spoken and writ-
ten language. Multiple brain areas and processes are involved in both categorization and semantic processing. Visual categories are encoded
in multiple brain regions in the primate, including the posterior parietal cortex (PPC)," prefrontal cortex (PFC),** and inferotemporal cortex™”
with single neuron activity showing distinct responses to stimuli in different categories. Yet, individual neurons in these cortical areas demon-
strated mixed, time-varying, and heterogeneous activity patterns during perceptual category-based tasks.”” Thus, to handle this heteroge-
neity and mixed selectivity, recent studies of perceptual category-based decision making applied dimensionality reduction techniques to
population data.®'” Techniques such as principal component analysis (PCA) and demixed principal component analysis (dPCA) allowed
one to characterize how the sequence of neuronal population responses unfold between subjects’ sensory activation and their actions in
a compact low-dimensional dynamics of latent signals.

There is also growing evidence that semantic processing is a dynamic process that involves interplay among multiple regions of the brain
and a sequence of multiple processing stages.'' Several fMRI studies have identified widely distributed cortical areas that represent informa-
tion about the meaning of language.''~'® These regions, collectively known as the “semantic system,” respond more to words than non-words
and more to semantic tasks than phonological tasks. The state-of-the-art multivariate decoding of fMRI responses to large-scale semantic
feature datasets revealed the cortical semantic maps in which different regions locally encode distinct, interpretable semantic dimen-
sions.'”'® Although human fMRIimaging studies provided valuable insights on how different brain regions represent various semantic dimen-
sions, many of these studies have not focused on the temporal profiles of semantic information processing. Previous electroencephalogram
(EEG) studies have attempted to elucidate the role of delta-band neural activity in language and speech processing.'’'® According to these
studies, there is a debate as to whether delta-band neural oscillations play a critical functional role in syntactic' " 228 brocessing
during language comprehension. However, most of these studies have focused on univariate event-related potentials (ERPs) or oscillatory
delta-band responses while participants listened to or watched sentences. Recently, time-generalized multivariate pattern analysis (MVPA)
of EEG responses has been applied to EEG in semantic mismatch processing to provide a new perspective that is complimentary to the uni-
variate analysis.”” " These studies showed that MVPA revealed an effect of sentence congruency in the later N400-P600 time window while
ERPs only showed a robust N400 effect in incongruent sentence. While these MVPA studies have mainly investigated the neural mechanisms
underlying semantic mismatch processing, the role of multivariate delta-band neural activities in language processing has not been ad-
dressed. Thus, we still lack an understanding of dynamic aspects of the widely distributed delta-band activities in semantic processing,
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Figure 1. Trial sequence, experimental conditions, and behavioral data analysis

(A) Trial sequence. After a fixation period, two Korean words were sequentially presented, and the participants were instructed to judge whether the two previous
words belong to the match or non-match category by pressing 1 (match) or 2 (non-match) button at the end of the sequence.

(B) Experimental conditions. Each trial was one of four combinations of two consecutive words, either animate or inanimate.

(C) Behavioral performance and response time differences between match and non-match semantic category. Error bars indicate +1 SEM. Asterisk indicates the
statistical significance of paired two sample t test (p < 0.05).

such as in the perceptual category decision making studies that used the dimension reduction method to visualize the entire process of neural
trajectories of perceptual decision making in low-dimensional state space.

Here we investigated the neural trajectories of semantic category-based decision making by applying the dimension reduction technique
to multivariate EEG activity recorded from human participants while they performed a simple semantic match-to-category task in which they
were asked to judge whether the two consecutive words (animate or inanimate) belonged to the match or non-match category. During the
semantic category decision task, the delta-band neural trajectory moved through a low dimensional state space, identifiable via dPCA, in
response to participants’ semantic processing and their decision choices. At each step of semantic processing, the Euclidean distance-based
decoding analysis showed that delta-band neural trajectories in the state space were well separated not only between animate and inanimate
word categories but also between match and non-match decisions. We found that posterior and temporal areas were primarily involved in
encoding word category information, while postero-central areas were involved in determining whether the two words belonged to the match
category or not. We also found that the proximity of the neural trajectory to the categorical decision-specific region of the state space was
predictive of the participant’s response time. Especially, trial-by-trial correlations between the decoding accuracies and behavioral response
times were significant when the two consecutive words belonged to the match category than when they belonged to the non-match category.
Taken together, our findings demonstrate a transient delta-band coding dynamics for semantic category decision making in distributed brain
regions.

RESULTS

We analyzed scalp EEG signals from 19 human participants as they judged whether two consecutive words belonged to the same category or
not (Figure 1A). Participants were informed of the two word category identities during the practice trials before the start of the first experi-
mental session. When the main experimental session began, on each trial, two words were presented sequentially for 500 ms, all of which fall
into one of the two semantic category, animate or inanimate, followed by 500 ms blank period. When the central fixation color changed to red,
participants were asked to indicate their category decision by pressing either left (match category) or right (non-match category) arrow button.
We instructed participants to maintain their fixation at the center of the screen and withhold eye blinks during the 2.5 s period of each trial. The
800 total trials across the eight blocks can be divided into four types of trial based on the categories of two consecutive words (Figure 1B,
animate-animate, animate-inanimate, inanimate-animate, and inanimate-inanimate). On average, participants performed significantly better
in non-match trials than in match trials (The 1% column of Figure 1C; t;g = —2.48, p = 0.02) and their response time was significantly slower in
non-match trials than in match trials (The 2" column of Figure 1C; t;5 = —2.87, p = 0.01). It is possible that participants were more cautious
when judging the two presented categories to be different.

Transient neural dynamics during semantic choices

Based on the debate about the role of delta-band activity in speech and language processing'’'® and previous studies demonstrating the
involvement of delta band activity in the modulating the gain of information processing,'”***'~** we mainly focused our MVPA on delta-band
neural activities. To examine the temporal evolution of large-scale neural dynamics during semantic match-to-category tasks, we investigated
neural trajectories corresponding to behavioral trajectories following three steps of choices in the multi-dimensional state space. A neural
state measured by EEG is a point in high-dimensional state space, where each dimension corresponds to the activity of one of all electrodes.
As multivariate brain response changes over time, a sequence of neural state at consecutive time points forms a population trajectory through
state space. By using dPCA that finds a small subset of orthogonal axes that not only capture the most variance in data but also
segregates response variability due to different task variables onto separate axes,””'” we visualized neural trajectories of four types of choices
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Figure 2. Hypothetical neural trajectories during three sequential processing periods in semantic match-to-category decision making

(A) (Top) Four trial types based on the semantic category combination of the first and second word. (Bottom) Hypothetical neural activity trajectories for four trial
types are separately visualized in the three dimensional latent dPC subspace where each axis is defined as the Stimulus 1, Stimulus 2, and Decision by dPCA.
(B) Schematic neural trajectories projected onto each task parameter dimension. (Top) Stimulus 1 axis where neural trajectories bifurcate depending on the
category of the first word (animate or inanimate) after its presentation. (Middle) Stimulus 2 axis. (Bottom) Decision axis. Line colors indicate four trial types.

in a low-dimensional subspace that is most responsive to task conditions. We extracted five axes for each task variable of interest, amounting
to a total of fifteen axes: the first and second axes separating the categories (animate vs. inanimate) of Stimulus 1 and Stimulus 2, respectively,
and the third one separating the categories of participants’ decisions (match vs. non-match). Figure 2 shows schematic neural trajectories for
the four types of choices. The four neural trajectories stay close together along each axis until the corresponding category is selected, and
diverge after the choice (Figure 2B). In this study, we defined the state space using the top five dPCs for each task variable that explained
0.46 + 0.05% for Stimulus 1, 0.39 £+ 0.03% for Stimulus 2, and 0.41 + 0.03% for Decision (mean + SEM across participants) of total variance
in the data (see Figure S1 for scree plot for each of the dPC variables). Time-varying components account for a substantial portion total vari-
ance (the top five dPCs explained 55.85 + 3.74%; see Figure S1 for scree plot for each of the dPC variables). All dPCA-based results were
computed using the top five dPCs unless otherwise noted. The reported results are robust against the choice of the number of dPCs ranging
from 2 up to all EEG channels included.

To quantify how neural trajectories move in state space during semantic match-to-category tasks, we applied a Euclidean distance-
based decoding analysis (see STAR Methods for details). The general explanation of our methodology is here. Trials of multivariate neural
activities (111 EEG channels space or dimension-reduced space) were divided into training and test sets. Training data were averaged ac-
cording to the category of the specific task parameter to be decoded, forming templates for each category. For example, to decode for
Stimulus 1, the training data are divided into two groups: one where Stimulus 1 was “animate” and the other where Stimulus 1 was “inan-
imate,” and each group was averaged to form an “animate template” and an “inanimate template,” respectively. Then, at each time point,
we calculated the Euclidean distance from the neural trajectory of test trials to each of the two templates and classified these test trials into
the category of the closest template. When we performed this analysis in the low-dimensional state space, training data were used to
compute weight matrix for projecting high-dimensional training dataset onto low-dimensional state space and template trajectories
were calculated in this dimension-reduced space. Test trials were then projected onto this same space and Euclidean distances to
each template were calculated.

We applied a Euclidean distance-based decoding analysis to not only delta-band neural trajectories but also alpha-band neural trajec-
tories as the power spectrum averaged across all 111 electrodes (red circled in Figure 3A inset) and all participants showed alpha-band activity
(Figure 3A). First, data were analyzed in each participant’s original 111 high-dimensional state space, and statistics were pooled across par-
ticipants (Figures 3B and 3C). The neural activities of all trials except for incorrect trials were trained and tested in the leave-four-trial-out cross
validation procedure (one trial for each of four stimulus combinations, AA, Al, IA, and II; A = animate, | = inanimate) in the state space. The
trial-averaged neural trajectory was defined as the template for each category (orange and purple lines in Figure 3B). At each time point, we
then calculated the Euclidean distance from the neural trajectory of each of the four left-out trials to each of the two templates and classified
this test trial into the category of the closest template (dotted black distances A and B in Figure 3B). Thus, the Euclidean distance-based de-
coding accuracy indicates the proximity to the category-specific template of the state space at every time and trial. The decoding accuracy
was defined as the number of correctly labeled trials divided by the total number of trials. The red lined graph in the left column of Figure 3C
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Figure 3. lllustration of Euclidean distance-based decoding analysis and procedure

(A) Power spectrum averaged across 111 electrodes and all participants. The shaded areas indicate two frequencies of interest (delta and alpha). Red dashed line
indicates the word presentation rate. Shaded error bars indicate £ 1 SEM. Inset: 128-channel EEG recording sites (circled electrodes) and 111 electrodes used for
dPCA (red circles).

(B) Schematic of the Euclidean distance-based decoding analysis.

(C) Euclidean distance-based decoding accuracy for delta-band (left column) and alpha-band activity (right column) in original 111 high-dimensional state space.
(D) Euclidean distance-based decoding accuracy for delta-band activity in low-dimensional state space after dPCA was applied. Red, blue, and green line indicates
decoding accuracy for each of the three task parameters, the first word category, the second word category, and the semantic decision, respectively. Top bars: the
time period when the decoding accuracy is significantly greater than 50% (p < 0.05, based on cluster extent). Shaded error bars indicate +1 SEM.

shows that animate and inanimate trials followed significantly distinct trajectories soon after the first word onset (1" significant cluster:

124-474 ms after the first word onset, cluster-corrected p = 0.004, ond significant cluster: 520-1512 ms after the first word onset, cluster-cor-
rected p = 0.002; see Figure S2 for the results of individual participants). In the same way, we defined both animate and inanimate template of
the second word on the second stimulus axis and classified the test trial by checking which template is closer to the test trial at each time point.
The blue lined graph in the left column of Figure 3C shows that the neural activity trajectory moves to a template location depending on the
category of the second word after its onset (630-1314 ms after the first word onset, cluster corrected p = 0.002; see Figure S2 for the results of
individual participants). Finally, the neural activity trajectory moves quickly to a decision (match or non-match) template location almost at the
same time when neural trajectory encodes the category of the second word (green line in the left column of Figure 3C. 1% significant cluster:
616-1,436 ms after the first word onset, cluster-corrected p = 0.002; ond significant cluster: 1,614-1,780 ms after the first word onset, cluster-
corrected p = 0.016; see Figure S2 for the results of individual participants). When we randomly assigned category labels to all 800 trials and

1St

then performed a Euclidean distance-based decoding analysis, we found that non-category axes were indeed represented less strongly than
the category axes (Figure S3). Note that this shuffle analysis does not directly address the geometry of word representations. We also showed
that our decision decoding results were not merely due to the fact that our data were randomly scattered in high-dimensional state space,
which could potentially make every pairwise decoding significant along with everything else (Figure S4). For this, a decoder was trained on 400
animate trials of the first word that included 200 match and 200 non-match trials and then was tested on the remaining 400 inanimate trials of
the first word that were never used in training the decoder. This analysis demonstrated that the decision representation generalized across
conditions, suggesting that the observed significant decision decoding was not due to the random distribution of data in high-dimensional
state space.
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For activity filtered in the alpha frequency range, the exact same Euclidean distance-based decoding analyses of neural trajectories show
that animate vs. inanimate trajectories as well as match vs. non-match trajectories were not significantly separated during the semantic match-
to-category tasks (the right column of Figure 3C; see Figure S2 for the results of individual participants). These results demonstrate that the
delta-band neural activity trajectory moves through state space in response to participants’ semantic processing and their decision choices
during the semantic match-to-category tasks.

Next, we applied dPCA to the training dataset of delta-band neural trajectories to compute weight matrix for projecting the high-dimen-
sional training dataset onto the low-dimensional state space (Figure 3D). Note that the test dataset was not involved in any part of dPCA.
Figure 3D shows the Euclidean distance-based decoding accuracy in each task parameter’s latent dPC subspace. The red lined graph in Fig-
ure 3D shows that animate and inanimate trials followed significantly distinct trajectories soon after the first word onset (1st significant cluster:
170-300 ms after the first word onset, cluster-corrected p = 0.046, 2nd significant cluster: 750-1,180 ms after the first word onset, cluster-cor-
rected p = 0.002; see Figure S2 for the results of individual participants). In the same way, we defined both animate and inanimate template of
the second word on the second stimulus axis and classified the test trial by checking which template is closer to the test trial at each time point.
The blue lined graph in Figure 3D shows that the neural activity trajectory moves to a template location depending on the category of the
second word after its onset (710-1,150 ms after the first word onset, cluster corrected p = 0.001; see Figure S2 for the results of individual
participants). Finally, the neural activity trajectory moves quickly to a decision (match or non-match) template location almost at the same
time when neural trajectory encodes the category of the second word (green line in Figure 3D. 740-1,900 ms after the first word onset, clus-
ter-corrected p = 0.001; see Figure S2 for the results of individual participants). Although the significant decoding accuracies were more sus-
tained in high-dimensional state space than in low-dimensional state space, the temporal dynamics of significant decoding accuracies were
similar to each other for all three task parameters (the left column of Figures 3C and 3D). When we repeatedly performed the same Euclidean
distance-based decoding analysis in the low dimension from 1 to 5 by incrementally increasing the number of dPCs from 1 to 5 for each task
parameter, we found that the decoding accuracy increased from one to two dPCs, with no further improvement of the decoding performance
beyond two dPCs (Figure S5). This indicates that two dimensions are enough to represent semantic categories and decisions, again confirm-
ing that the observed significant decoding was not due to high dimensionality of the neural representation.

Spatial distribution of choice-dependent neural trajectory

We probed topographies of neural trajectories during semantic category decision tasks using searchlight-based analyses (see STAR
Methods) in order to examine which brain regions contributed to processing semantic information. At each and every electrode, we per-
formed the same Euclidean distance-based decoding analyses for neural trajectories during successive behavioral choices. Figure 4 shows
topographic change of the decoding accuracy at every 250 ms after the first word onset in each task parameter’s latent dPC subspace. At
250 ms after the first and the second word onset, posterior and left temporal regions are dominantly involved in encoding each animate
or inanimate category information (more red colored regions—top row, the 1°* column of Figure 4B; middle row, the 39 column of Figure 4B;
see also Figure S6). Postero-central regions play roles in the decision on whether the two words belong to the match or non-match category
from 750 ms to 1,000 ms after the first word onset (dark red colored regions—Bottom row, the 34 and 4™ columns of Figure 4B; see also Fig-
ure S6). The involvement of postero-central areas is likely due to the fact that the third step of semantic decision integrates the semantic in-
formation of the first two steps into more abstract information.

The proximity of neural trajectory to semantic category decision-specific region is predictive of the response time of the
behavioral category decision
Through the Euclidean distance-based decoding analyses, we have shown that the two semantic category-specific neural trajectories such as
animate vs. inanimate or match vs. non-match at each step of semantic category processing occupy separate regions of the state space. This
result demonstrates that neural trajectory pass through these semantic category specific regions in the order of behavioral choice. As the next
step, we tested if the proximity of the neural trajectory to the category specific region of the state space is predictive of the participant’s
response time. We compared participant’s response times with the Euclidean distance from the correct category template trajectory to neural
trajectory of individual trial. If the template occupying category-specific region of the state space was related to the underlying neural process
that controls semantic category decision-making, neural trajectory proximity of single trial to the category-specific region would be correlated
with behavioral response time. Therefore, we calculated the trial-by-trial correlations between the Euclidean distance to the correct category
template trajectory and behavioral response times. Specifically, in the low-dimensional latent subspace of each task parameter (Word 1, Word
2, and Decision), we examined whether participants responded faster as the single-trial neural trajectory got closer to the template at every
trial and time. The estimated proximity to the match or non-match category-specific template region at the time windows from 500 to
1,000 ms (cluster-corrected p = 0.004) and from 1,250 to 1,400 ms (cluster-corrected p = 0.002) had predictive power over the participant’s
response time (Figure 5A; see Figure S7 for the results of individual participants). In the latent subspace of the first and second word, there
was no significant trial-by-trial correlation between the proximity to the animate/inanimate template and the response time. These results
suggested that the trial-by-trial change in the encoding of semantic category decision information had accompanying changes in the
response time of decision making. This implies that the closer the neural trajectory to the categorical decision template, the faster participants
responded.

As shown in Figure 1C, the response time was slightly but significantly faster when two consecutive words belonged to the match
category than when they belonged to the non-match category. Thus, we examined whether neural trajectories for the decisions to match
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Figure 4. Topographies of Euclidean distance-decoding accuracy for each task parameter over time

(A) Schematic of the trial sequence.

(B) 128-channel electrode layout and electrode clusters corresponding to different brain regions.

(C) Topography of decoding accuracy in each task parameter’s latent subspace (top: the first word, middle: the second word, bottom: the decision). Black dots
indicate the electrodes where neighboring electrodes showed significant decoding accuracy (p < 0.01 based on cluster extent).

and non-match are differentially predictive of behavioral response times. We applied the same trial-by-trial correlation analyses to trials in the
match and non-match category, respectively. The estimated proximity to the match category-specific template region at the time windows
from 1,440 to 1,770 ms (cluster-corrected p = 0.005) and from 690 to 940 ms (cluster-corrected p = 0.014) had significant predictive power over
the participant’s response time (Figure 5B; see Figure S7 for the results of individual participants) for the match category. For the non-match
category condition, there was no significant correlation between the participant’s response time (Figure 5C; see Figure S7 for the results of
individual participants). These results suggest that trial-by-trial correlation between the proximity to the decision category-specific template
and the response time is mainly driven by the match category decision.

DISCUSSION

We investigated whether low-dimensional population dynamics of multivariate EEG responses can reliably capture the sequence of process-
ing steps in semantic category decision making. Our results showed that depending on the semantic category and decision path chosen by
participants, large-scale slow delta-band cortical dynamics followed distinct trajectories that are correlated with participant’s response time
on a trial-by-trial basis. At each sequential step of semantic information processing, the delta-band activity trajectories were well separated
between animate word category and inanimate word category and between match and non-match decision. Specifically, the proximity of
delta-band activity trajectories to category decision-specific region in the latent subspace was predictive of participants’ response times
to the match category decisions. By contrast, the alpha-band activity trajectories yielded chance-level decoding performance. These findings
demonstrate the role of robust transient neural dynamics embedded in the evolving multivariate patterns of slow delta-band activities in pro-
cessing semantic category decision making.

The observed robust transient delta-band activity dynamics equipped with semantic category-dependent attracting states underlie se-
mantic associative computations in the brain. Although human fMRI imaging studies provided valuable insights on how different brain re-
gions represent various semantic dimensions,'”'*'® many of these studies have not focused on the temporal profiles of semantic informa-
tion processing. Our study, however, focuses on the dynamical aspects of semantic category information processing by visualizing the
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Figure 5. Correlation between neural representation and behavioral response

(A) Pearson correlation coefficient between participants’ response time for semantic decision and the neural trajectory’s Euclidean distance from category
template trajectory in each dPC subspace (Stimulus 1, Stimulus 2, and Decision).

(B and C) The same trial-by-trial correlation analysis applied to trials in the match (B) and non-match (C) category decision. Top bars: the time points when the
correlation coefficients were significantly greater than zero (p < 0.05, based on cluster extent). Shaded areas indicate +1 SEM.

emergences of category-specific and decision-specific clusterings in neural state space. In the context of language processing, delta-band
neural tracking has been linked to various aspects of language comprehension, including semantic processing” ™ and syntactic
parsing.'”?* Recent studies observed stronger delta-band tracking for sentences that followed a predictable rule-based structure, even
when the semantic relatedness between words was low, suggesting that delta-band neural tracking primarily reflects hierarchical syntactic
structure rather than semantic processing during language comprehension. In these studies, sentence sequences or speeches were pre-
sented to participants at the rate of delta frequency, eliciting the oscillatory neural responses at the delta frequency. Thus, slow cortical
oscillations entrained to the external stimulation might have served as instruments of attentional selection by modulating rhythmically the
gain of information processing in accordance of rhythmic sampling view,"* and were therefore more relevant to syntactic processing
rather than semantic processing. Unlike these studies that showed univariate steady-state delta-band neural responses synchronized to
stimulus dynamics, there was no significant amplitude increase at the word presentation rate of delta frequency (Figure 3A). In current
study, the low-dimensional population dynamics of internal large-scale delta-band neural responses demonstrated distinct neural trajec-
tories depending on the participant’s choice of semantic category and decision. This suggests that transient dynamics of delta-band ac-
tivities moving through the latent state space may be a neural computational mechanism that generates semantic representations and
inferences suitable to the immediate task or context.

We further observed that the proximity of neural trajectory to semantic category decision-specific region is predictive of the response time
of the behavioral category decision (Figure 5). It is possible that the significant decoding of categorical decision after the second word onset
(Figure 3C) might reflect the transformation of match/non-match category information into motor plan for whether to press 1 (match) or 2
(non-match) as shown in previous category-based decision making studies.**™*" However, the following observed results suggest that these
signals reflect changes in how delta-band neural activity patterns encode the categorical decision rather than response selection or motor
planning. First, given that the actual button press indicating the choice for match or non-match category did not occur until 1,000 ms after
the second word onset, the significant trial-by-trial correlation between the Euclidean distance to the correct decision template trajectory
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and behavioral response time around 500 ms immediately after the second word onset suggests that transient neural dynamics at the large-
scale network level, embedded in the evolving delta-band activity patterns, underlie semantic category-based decision making. That is, as
soon as the second word is presented, decisions about semantic category match or non-match arise from the movement through state space
rather than the arrival at a fixed location. Our results are consistent with previous primate and non-primate animal studies showing that tran-
sient neural dynamics in local circuits play a critical role in decision making.””**19 Second, the fact that the significant correlation between
response time and semantic category decision is mainly driven by the match condition (Figures 5B and 5C) strongly suggest that the large-
scale delta-band activity trajectory reflects semantic relatedness between the two consecutive words belonged to the match semantic
category. The difference in the motor behavior of pressing button 1 (match) and button 2 (non-match) is not so much different that it alone
is unlikely to explain the difference in brain-behavior correlations between match and non-match condition. Thus, it is not likely that the rep-
resentation of match/non-match semantic decision immediately after the second word onset (Figure 3C) is simply a representation of motor
action. Finally, if the observed decision decoding was simply a motor action signal, it should have occurred in frontal motor cortical regions.
However, the fact that the significant decision decoding dominantly appeared in postero-central area (the bottom row of Figure 4B; red area
in the 3™ column and dark red area in the 4™ column) also strongly suggests that the observed decision decoding reflects semantic category
decision rather than motor action.

Itis well established that if a word is preceded by a semantically related word, it is processed faster”' and its neural response, especially the
ERP N400 component and its MEG counterpart, is reduced.””* In the current study, words from the match semantic category are more
closely related than words drawn from non-match categories, leading to the faster behavioral response time in match category condition
than in non-match category condition (Figure 1C). Our results are likely due to the priming effect, especially the automatic semantic priming
effect.”® Previous studies have identified two kinds of semantic priming, which are automatic and strategic priming.*> Automatic priming can
be caused by, for example, semantic relatedness between words in long-term memory. Strategic priming, however, can actively predict up-
coming words based on temporally learned association rules. Because match and non-match trials were randomly ordered in each block, it is
difficult for participants to strategically predict the following word in advance. Thus, the fact that the proximity of neural trajectory to the match
semantic category decision-specific region is significantly predictive of the behavioral response time might be more based on the semantic
relatedness stored in long-term memory rather than on the predictable rule-based syntactic structure. Although previous studies suggest that
both syntactic and semantic processing utilize a range of neural oscillations,'”'® our findings indicate that internal delta-band activities are
more closely associated with top-down semantic processes rather than purely syntactic processes.

Future work on semantic fluency task’® (e.g., “name all the animals you can in a minute”) will benefit from characterizing the neural ac-
tivity trajectory of the word retrieval process. When people are asked to retrieve as many members of a category as possible from memory,
clusters of semantically related items tend to be retrieved together.*® This response pattern during the semantic fluency task displayed sta-
tistical signatures of memory search that mirror optimal Levy flight foraging in physical space.*® Levy flight is hypothesized to be optimal stra-
tegies for foraging for food in patchy spatial environments, with an individual making a strategic decision to switch away from a cluster of
related information as it becomes depleted.”® Thus, previous study applied this Levy flight foraging hypothesis to a memory search process
on semantic network and proposed a model of memory search based on exploration-exploitation tradeoffs known to produce optimal
foraging patterns when animal search for food resources.’® By applying the dimension reduction algorithm such as dPCA and state space
analysis in the slow cortical potential range to human M/EEG data recorded during semantic fluency task or word association game, it will
allow us to elucidate the dynamic nature of distributed neural activity underlying word retrieval process by measuring if words from the match
category are clustered and words from the non-match category are close in the state space. Further, it is important to examine whether or not
the large jumps between less related words from non-match category exist as in the Levy flight-like optimal foraging. This will shed new light
on neural dynamics governing human memory search on a semantic network.

Limitations of the study

Our analyses and assumptions have some limitations. Although the grand averaged power spectra of EEG during semantic match-to-cate-
gory task did not show distinctive peak at delta frequency (Figure 2A), we preemptively focused our analyses on delta-band activity based
on the recent debate about its role in speech and language processing'’'® and previous studies demonstrating the involvement of delta
band activity in the modulating the gain of information processing.'”?%?'** The state space using the top five dPCs of delta-band neural
activity pattern also explained only the small proportion of total variance in the data (the values are mentioned at the end of part of Tran-
sient neural dynamics during semantic choices in the results section) compared with previous visual perception study where the top five
PCs explained >70% variance.'” This explained variance difference is likely due to the fact that the semantic word stimulus may not stim-
ulate EEG response as much as the visual stimulus that was designed to generate optimal visual response. Nonetheless, current study
reliably captures sequences of the large-scale delta-band neural activity pattern evolution over time that corresponds to the participants’
choice of the semantic category and the semantic category-based decision. This implies that the widespread endogeneous rather than
exogeneous delta-band dynamic network activity underlies the semantic information processing. Our findings significantly further our un-
derstanding on the neural mechanisms governing semantic category process and the dynamical nature of distributed neural activity un-
derlying semantic category and semantic category-based decision making. More broadly, the present results will illustrate the utility and
potential of probing the dynamical characteristics of spatially distributed brain activity that will provide valuable insights into various
perceptual and cognitive processes.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

All preprocessed data and custom MATLAB scripts This paper Zenodo: https://doi.org/10.5281/zenodo.11162604

Software and algorithms

Matlab R2019b MathWorks https://kr.mathworks.com/products/matlab.html;
RRID:SCR_001622
Psychophysics Toolbox Brainard (1997)°° http://psychtoolbox.org/; RRID:SCR_002881
Pelli (1997)°"
FieldTrip Oostenveld et al. (2011)>? https://www.fieldtriptoolbox.org; RRID:SCR_004849
demixed Principal Component Analysis (dPCA) Kobak et al. (2016)° https://github.com/machenslab/dPCA
Net Station EEG Software Electrical Geodesics https://www.egi.com/research-division/net-station-eeg-software;
RRID:SCR_002453
EEGLAB Delorme and Makeig™ https://scen.ucsd.edu/eeglab/index.php; RRID:SCR_007292
Other
22" CRT monitor (ViewSonic PF817) ViewSonic https://www.viewsonic.com/us/products/shop/monitors
128-sensor HydroCel Sensor Nets Electrical Geodesics https://www.egi.com/research-division/geodesic-sensor-net
RESOURCES AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead contact, Yee-Joon Kim (joon@ibs.re kr).

Materials availability

This study did not generate new materials.

Data and code availability
e De-identified data, permanently unlinked from all personal identifiable information (Pll), were used in the present study. These data are
available at Zenodo: https://zenodo.org/records/11162605.
e Allanalysis codes have been deposited at Zenodo and is publicly available as of the date of publication. DOIs are listed in key resources
table.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Participants

Nineteen observers (mean age 25.11; six females and thirteen males) participated in the experiment. All observers had normal or corrected-
to-normal visual acuity and were fluent in Korean. They gave written consent to participate as paid volunteers, and were tested in a dark room.
All observers were naive to the purpose of the experiment. The study was approved by the Institutional Review Board of the Korea National
Institute for Bioethics Policy.

METHOD DETAILS

Stimuli

Visual stimuli were generated and presented using Psychophysics Toolbox along with custom scripts written for MATLAB (Mathworks Inc.)
running on a Mac mini. The 22" CRT (ViewSonic PF817) monitor was set to a 100 Hz refresh rate and a resolution of 800 x 600 pixels. Both
temporal and luminance calibrations were performed using a calibrated photocell, and monitor gamma tables were adjusted to ensure
response linearity and a constant mean luminance of 59 cd/m?. The observers’ viewing distance from the monitor was 70 cm. Korean words
from two semantic categories were used: 150 animate and 150 inanimate words. The animate and inanimate words had a similar number of
syllables (2.58 vs. 2.78, respectively). Participants viewed two consecutive words written in white against a midgray background.

50,51
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Experimental procedure

The participants performed a semantic match-to-category task. The participant voluntarily initiated each trial by pressing the space button. A
central fixation appeared for 2000 ms and two Korean words were sequentially presented for 500 ms each with no delay period in between
(Figure 1A). After the second word disappeared, a white central fixation cue appeared again for 500 ms and then turned red indicating the
start of the 1 second response window during which participants were asked to judge whether the two words belong to the match (both
animate or inanimate) or non-match (one animate/inanimate and another inanimate/animate) category by pressing 1 button for ‘match’
and 2 button for 'non-match’. During this entire period of semantic match-to-category task, participants were instructed to maintain fixation
on the center of the screen and attempt to withhold eye blinks.

There were four trial types: two semantic categories (animate and inanimate) for both the first and second Korean word. We tested each
participant for 800 trials in 8 blocks of 100 trials each. In each block, 50 match and 50 non-match trials were randomly ordered and Korean
words were randomly selected among 150 animate and 150 inanimate word sets. We gave participants breaks within and between blocks
as necessary.

EEG signal acquisition and preprocessing

The EEG data were recorded with 128-sensor HydroCel Sensor Nets (Electrical Geodesics, Eugene OR) at a sampling rate of 500 Hz and were
band-pass filtered from 0.3 Hz to 200 Hz. Offline preprocessing and analysis were performed using Fieldtrip,”” EEGLAB,® and custom scripts
in MATLAB (Mathworks Inc.). We used the Fully Automated Statistical Thresholding for EEG Artifact Rejection (FASTER)>* method for reject-
ing artifact and interpolating noisy EEG sensors. The EEG was then re-referenced to the common average of all the sensors. The EEG data was
epoched from -1000 ms to 2500 ms relative to the onset of the first word stimulus. All analyses except for topographic analysis were performed
with 111 EEG channels, excluding 17 channels vulnerable to movement artifacts including electrodes around the ears and on the face. The
elimination of these nuisance channels did not change the results of the analyses that used 128 EEG channels. Searchlight-based topographic
analysis was performed using 128 channels.

Power spectrum analysis

19.2855 showed that delta-band neural activity played a functional role in high-level cognitive processing such as catego-

As previous studies
rization and semantics, we examined the population activity in the delta frequency band (1 -4 Hz). Another reason for focusing our analyses on
the delta-band activity was that the stimulus presentation rate was also 2 Hz (500 ms for each word). We also investigated alpha-band activity
because power spectrum averaged across electrodes and participants showed a clear bump in alpha band (8 — 13 Hz) activity (Figure 3A). We
applied band-pass filter of order 4 to EEG signals to separately extract delta-band and alpha-band activity using a subroutine of Fieldtrip

toolbox.”

Demixed Principal Component Analysis (dPCA)
To extract population response patterns during the semantic category (animate and inanimate) information processing and categorical de-
cision (match and non-match) making, we applied demixed principal component analysis (dPCA)® to multivariate delta-band and alpha-band
activities, respectively. We mainly focused dPCA on delta-band activity as its role in speech and language processing has been debated in
recent studies of speech and language processing.'”® dPCA was developed to compress the data as well as demix the task parameter de-
pendencies on neural activities. To achieve both compression and demixing, additional flexibility was assumed in the loss function of dPCA in
that original data was reconstructed from on a distinct encoder axis. The algorithmic and mathematical justification are outlined in Kobak et al.
(2016).% Major differences in mathematics between PCA and dPCA are summarized below.

First, data matrix X was marginalized over parameters-of-interest (decomposition). Applying it to our task, the original data (neuron x time x
trial) was averaged over four task parameters: Stimulus 1, Stimulus 2, Decision (Interaction between Stimulus 1 and Stimulus 2), and condition-
independent components, and noise term:

X = Xstim1 + st,'mz + Xstim’I*Z + Xtime + Xnoise = E Xq) + Xnoise
P

Second, in a loss term in each parameter ¢, a decoder matrix D and an encoder matrix F are separately defined:
2
L, = ”X(/J - FwaXH

and the loss function is the sum of all individual loss terms of each task parameter:
L=>L,
2

Third, matrix F and D are further estimated via singular value decomposition.

The dPCA procedure enables us to visualize neural trajectories in a low-dimensional subspace that is most responsive to task conditions by
finding a small set of orthogonal axes that not only capture the most variance in data (like standard PCA), but also segregates response vari-
ability due to different task variables onto separate axes. In our case, EEG activity patterns are decomposed into distinct subspaces that
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correspond to each task parameter such as semantic category and categorical decision. Three task parameters were used: semantic category
for the first and second word (Animate vs. Inanimate) and categorical decision (Match vs. Non-match). The epoched signals were not only
baseline corrected by subtracting the average signal from -150 to -50 ms relative to the first word onset but also divided by the standard de-
viation of the entire signal before performing dPCA analysis. We emphasize that normalization was conducted independently for each trial
and electrode to prevent potential leakage, which refers to the improper practice of using the entire dataset'’s statistics for preprocessing,
thereby risking information leakage between training and test sets in the dPCA. Top five principal components for each task parameter
plus top five time-varying components were included to constitute low-dimensional subspaces for this task (a total of 20 dimensions). First,
the explained variance for these 20 dimensions was calculated using all trials. The top 20 demixed principal components of delta-band activity
patterns captured around 57% of the total variance of neural data. To investigate whether each task parameters were reliably represented on
the neural subspaces, a distance-based decoding analysis was performed with an assumption that participants would make a decision to-
wards the closer neural trajectory in the corresponding subspaces.

Euclidean distance-based decoding analysis

To more accurately capture the information in temporally dynamically changing EEG patterns, we decided to perform a moving window
dPCA analysis with a window size of 500 ms and a window step size of 100 ms. Specifically, the training data (111 channels x 250 time-points
x 796 trials after excluding each trial of 4 trial types) were averaged by task conditions (4 trial types; AA, Al, IA, II; A: animate, |: inanimate). Then,
the averaged data from training dataset was used to compute weight matrix (transformation matrix bridging high and low dimensions) and
was projected on to 20 dimensions (20 dPCs * 250 time-points). We emphasize that the test dataset was not involved in any part of the dimen-
sion reduction process. When decoding the category of Stimulus 1, Stimulus 2, and Decision, two trial types are accordingly paired and aver-
aged in the 5 dimensions defined by the dPCA (Stimulus 1: AA+Al vs IA+Il, Stimulus 2: AA+1A vs Al+ll, Decision: AA+1l vs Al+IA), which served
as templates (representative trajectories for each category). Then, test trials (4 remaining trials; one trial per trial type) were projected onto the
same sub-spaces and Euclidean distance, in five corresponding dimensions for each task parameter, between test trials and two category
templates was computed at every time-point (deategory Alt) and deategory s(t)). The test data was labeled with the class having shorter Euclidean
distance among the two category templates (e.g., if a test trial has dcategory At) > deategory 8(t), then this trial is labeled as category B). Decoding
accuracy was defined as the number of correctly labeled trials divided by the total number of trials. The neural activities of all trials except for
incorrect trials were trained and tested in the leave-four-trial-out cross validation procedure (one trial for each of 4 stimulus combinations).
These procedures were repeated for every moving window step and overlapping decoding accuracies across moving windows were
averaged.

To investigate whether task parameters (semantic category and category decision) were reliably represented in the low-dimensional sub-
spaces, we first conducted an Euclidean distance-based decoding analysis on data without applying any dimension reduction techniques for
control (Figure 3C left). In this analysis, all procedures remained unchanged, except that the Euclidean distances were calculated using the
intact 111 EEG channel dimension.

To probe whether the degree of proximity to the category template correlates with behavioral measures (response time), we defined “De-
gree of proximity” at time t as follow:

dcategory A (t)
dcategory A (t)+ dcategory B (t)

Dcategory A(t) =

dcategory B ( t)
dcategory A (t) +dcategory B ( t)

Dcategory B(t) =

Thus, Deategory Alt) and Dearegory 8(t) was always in the range between 0 and 1. Test trials with Dcategory a(t) of less than 0.5 in a trial
with category A presented (or vice-versa) were labeled as a correct classification. We examined if participants make a categorical decision
faster when the delta-band neural trajectory approaches closer to the correct template trajectory of the two classes. We calculated Pearson'’s
correlation coefficient between each trial’'s degree of proximity to the relevant template of either semantic category or semantic decision,
Danswer category(t) and participants’ response time.

Topographies of Euclidean distance-based decoding accuracy for each task parameter

To examine the topographic sources of neural trajectories for semantic category and decision over time, we implemented a searchlight-based
analyses and calculated a decoding accuracy from each electrode. We used a triangulation method in Fieldtrip®? to obtain a neighborhood
map listing all the neighboring electrodes of every single electrode. Then, we computed neural trajectories of every single neighbor and its
Euclidean distance-based decoding accuracy for each task parameter (semantic category and decision). The topography of decoding accu-
racy was plotted every 250 ms from 250 ms to 1750 ms from the first word onset (Figure 4). Here, we assigned electrode positions to fit the
corresponding brain region based on the source-imaged EEG estimation. In estimating cortical current source of the sensor-level EEG signal,
it is well known that cortical current sources close to the measuring electrode contribute most to EEG signal at the sensor level. Thus, we
divided brain regions as shown in Figure 4 despite the limitation of low spatial resolution of EEG.
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To correct multiple comparison problem across time points, statistical significance of neural activity was assessed using a non-parametric clus-
ter-based permutation test (p < 0.05, 5000 permutations for each test™). Significance of electrodes in the topographic plots of Euclidean dis-
tance-based decoding accuracy was tested with the same permutation test applied to both time and electrode domain (p < 0.01).
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