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Hippocampal and cortical oscillatory
dynamics support semantic processing
and performance

Check for updates
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While extensivework hasmapped the anatomical regions that support semantic processing in healthy
adults, the neural dynamics of such processing remain poorly understood. Herein, we use
magnetoencephalography (MEG) to assess semantic-relatedness judgements (i.e., related versus
unrelated) in 150 healthy adults. MEG data were transformed into the time-frequency domain and
significant task-related oscillatory responses were imaged using a beamformer. Whole-brain, voxel-
wise linear mixed-effects (LME) models were used to assess conditional differences while controlling
for age. We find that participants respond slower during semantically-unrelated compared to -related
trials and have stronger theta oscillations during unrelated trials in bilateral inferior frontal, parietal, and
hippocampal areas, with the reverse pattern in the left superior parietal. In the gamma range,
participants exhibit stronger gamma oscillations during related trials in prefrontal, hippocampal, and
occipital regions. These findings suggest that theta and gamma oscillationsmay serve distinct roles in
semantic processing.

To navigate the world, the capacity to understand and conceptualize words
and objects is necessary. The ability to understand visual and auditory
language and connect it to concepts and environmental stimuli is often
referred to as semantic processing,which is thought tooccur in adistributed,
left-lateralized network1,2. Within the construct of semantic processing,
there is semantic representation, which has frequently been conceptualized
through the traditional hub and spoke model, as well as semantic control,
which shares key features with the construct of cognitive control and has
been operationalized through the controlled semantic cognition (CSC)
framework3. Several subregions of the left prefrontal cortex (PFC) and left
posterior temporal are thought to be critical to the retrieval of semantic
information and semantic control more broadly in the CSC framework3.
These regions are thought to support the working memory, executive
function, and attentional processes that serve semantic control and retrieval,
and to help constrain how activation propagates through the network
supporting semantic representations3. Specifically, a distributed network of
left-lateralized regions such as the ventrolateral PFC (vlPFC), left inferior
frontal gyrus (IFG), angular gyrus, and the left posterior middle temporal

gyrus (pMTG) have been implicated in semantic control4–12. Additionally,
connectivity studies of semantic processing have found that the left IFG is
highly connected with other areas of the brain, potentially reflecting its role
in semantic control4,9,13,14.

Most of the current literature on semantic processing has used func-
tional MRI (fMRI), and this has resulted in a well-developed framework for
the anatomic basis of semantic processing, but far less insight on the
underlying neural dynamics. More temporally precise methods like elec-
troencephalography (EEG) and magnetoencephalography (MEG) enable
temporal dynamics to be parsed and are increasingly being used to inves-
tigate such neural activity. MEG/EEG research has generally shown a
decrease in alpha power relative to baseline during semantic processing, as
well as an increase in theta and/or gamma power15–18, with the degree of
spatial information widely varying between studies. For example, using a
semantic matching task during MEG, Rempe and colleagues observed
increased theta and gamma power bilaterally in the occipital cortex and
increased theta in the left inferior frontal. However, they did not observe a
difference in these neural responses betweenmatching semantically-related
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words andmatchingwords based on length, which suggests these responses
may reflect more basic visual and/or lexical level processing1. Regarding
gamma, prior research has shown that gamma (30–70Hz) increases when
viewing high- compared to low-predictability nouns in the context of sen-
tences, and therefore may be critical in the CSC framework19. Other work
has shown that theta increases in temporal EEG electrodes when reading
sentences with and without semantic violations, whereas increases in
gamma activitywithin frontal electrodes are observed onlywhen processing
semantically correct sentences, again indicating that gamma may be
important for semantic retrieval and integration20. This study also showed
increased gamma in parietal electrodes and increased theta coherence
between left anterior and bilateral posterior electrodes during semantically-
unrelated compared to -related processing, suggesting that gamma and
thetamaywork together tomodulate certain aspects of semantic processing
and/or memory20. Thus, overall, there is widespread agreement that theta
andgammaoscillatory activity are critical for visual languageprocessing, but
the specific brain regions involved and their role in the CSC framework
remains poorly understood.

The goal of the current study was to examine the neurophysiological
basis of semantic processing using MEG, with a particular focus on the
spatiotemporal dynamics of theta and gamma oscillations. We utilized
MEG in this study to leverage the combined spatial and temporal precision,
which was necessary to address our hypotheses. Further, we enrolled a large
sample of healthy adults and used an established semantic processing task
that required relatedness judgements to maximize our sensitivity to the

neural oscillations serving semantic control. Consistent with previous
research, we expected behavioral responses to be slower to target words that
were semantically-unrelated relative to -related to the preceding prime
word, reflecting more extensive semantic search processes. Further, given
our task design and focus on the neural dynamics, we expected robust theta
and gamma oscillations across brain regions involved in semantic control,
particularly subregions of the prefrontal and temporal cortices which have
been broadly implicated in working memory and related processes. In
agreement with some but not all previous work, we expected stronger theta
oscillations during the processing of unrelated relative to related words,
reflecting more demanding semantic control and search processes, and
hypothesized that gamma oscillations in prefrontal cortices would be
stronger during related word processing, reflecting semantic selection and
integration.

Results
Behavioral analysis
Of the 163 participants, two were excluded due to low accuracy (<75%
averaged across conditions), one due to technical difficulties, and 10 due to
excessive artifacts in their MEG scan. The remaining 150 participants were
included in the final sample (Mage = 49.94 years, SDage = 15.02,
rangeage = 21–87, Nfemale = 76). These participants performed well on the
task (see Fig. 1b), responding accurately to 96% (SD = 4%) of all trials.
RepeatedmeasuresANOVAswith age as a between-subjects covariate of no
interest and condition as a within-subjects factor showed a significant

Fig. 1 | Semantic judgement paradigm and behavior. a Each trial started with the
presentation of a central fixation cross for 1500 (±150) ms followed by the
appearance of a word above the fixation cross for 500 ms (prime), which then
disappeared leaving only the fixation cross for 250 ms. Finally, a second word
appeared above the fixation cross for 2000 ms (target) and participants were
instructed to respond as to whether the target word was related (right index) or
unrelated (right middle finger) to the prime word, or was a pseudoword (right ring

finger). The pseudowords appeared as oddballs (i.e., 10 trials) and were used to
reduce mental sets; they were not included in anyMEG or behavioral analyses. They
were not analyzed behaviorally or neurally. b Accuracy (left) and reaction time
(right) are shown as unstandardized residuals controlling for age. Both differed
significantly between the related and unrelated conditions. Within each half-violin,
the box plots show themedian value with vertical lines representing values below the
25th percentile or above the 75th percentile. N = 150 participants.
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difference in accuracy (F(1, 149) = 4.77, p = 0.03) and reaction time (F(1,
149) = 228.26, p < 0.001), such that participants were more accurate in the
unrelated condition and responded more quickly in the related
(M = 845.20ms, SD = 132.30ms) compared to unrelated (M = 988.90ms,
SD = 187.40ms) condition.

Sensor-level and beamformer analysis
Statistical analysis of the sensor-level time-frequency spectrograms, irre-
spective of condition, revealed significant clusters of theta and gamma band
oscillatory activity (Fig. 2a; p < 0.001). Theta band oscillatory activity
increased ~150ms after target word onset and was sustained for about
500ms (i.e., 3–6Hz, 900–1400ms). Gammaband responses emerged about
200ms following target onset and weakened about 250ms later (i.e.,
62–76Hz, 950–1200ms). Todetermine theunderlyingneural regions, these
sensor-level time-frequency bins were imaged using a time-frequency-
resolved beamformer. Note that our beamforming approach requires spe-
cific time- and frequency ranges to be specified for imaging, but these
boundaries should not be interpreted as fully inclusive of the underlying
oscillatory response. In general, permutation testing approaches used in
EEG and MEG cannot in practice fully isolate any given neural oscillatory
response. To assess data quality, the resulting whole-brain maps per neural
oscillatory response were grand averaged across both conditions and all
participants (Fig. 2b). This quality control analysis resulted in 135 partici-
pants being included in the analyses of theta responses and 127 being
included in the analyses of gamma responses. Theta oscillations were cen-
tered in the hippocampus and left inferior frontal cortex (IFC), while
gamma activity was centered in the visual cortex.

Conditional differences in oscillatory responses
To identify the neural regions sensitive to semantic relatedness, whole-brain
LMEs were computed per oscillatory response identified in the sensor-level
analysis. In each LME, condition was a two-level within-subjects factor and
age was a continuous covariate of no interest. Neural responses in the theta
range showed significant conditional differences in the bilateral inferior
frontal (IFG) gyri (left: F(1, 134) = 28.88, η²p = 0.18, p < 0.001; right: F(1,

134) = 44.28, η²p = 0.25, p < 0.001), bilateral parietal (left: F(1, 134) = 20.91,
η²p = 0.13, p < 0.001; right:F(1, 134) = 19.04, η²p = 0.12, p < 0.001), and right
occipital (F(1, 134) = 12.60, η²p = 0.09, p < 0.001), such that there were
stronger responses during the unrelated condition compared to the related
condition (Fig. 3; p < 0.005, corrected). Activity in these significant clusters
also extended across the right temporal cortices and the right inferior par-
ietal (p < 0.005, corrected) with similar directionality. Conversely, theta
oscillatory responses in the left superior parietal (F(1, 134) = 29.00, η²p =
0.18, p < 0.001) exhibited the opposite pattern of stronger responses during
the related compared to the unrelated condition (Fig. 3; p < 0.005, cor-
rected). Beyond the neocortex, significant conditional effects were detected
in the bilateral hippocampi (left: F(1, 134) = 43.61, η²p = 0.25, p < 0.001;
right: F(1, 134) = 62.14, η²p = 0.21, p < 0.001), with stronger theta oscilla-
tions in the unrelated compared to the related condition (Fig. 4; p < 0.005,
corrected). In the gamma range, significant conditional differences were
observed in the left IFG (F(1, 126) = 11.55, η²p = 0.08, p < 0.001), left cere-
bellum (F(1, 126) = 16.50, η²p = 0.12, p < 0.001), right occipital (F(1,
126) = 12.11, η²p = 0.09, p < 0.001), right prefrontal (F(1, 126) = 11.07, η²p =
0.08, p = .001), and left hippocampus (F(1, 126) = 12.13, η²p = 0.09,
p < 0.001), such that gamma oscillations were stronger during the related
compared to the unrelated condition (Fig. 5; p < 0.005, corrected).

Discussion
In the current studywe examined theoscillatory theta andgammadynamics
underlying semantic processing, particularly in regard to semantic control
operations. While many past studies have examined semantic processing
using electrophysiologicalmethods, several aspects of the currentworkwere
highly innovative. In particular, we used a whole-brain, voxel-based,
beamforming approach to identify the specific brain regions exhibiting
conditional task differences in neural oscillatory activity in the theta and
gamma range, which is novel for this research area and provided key insight
into the neural origins of the oscillatory dynamics serving semantic pro-
cessing. Further, this novel aspect of the study enabled us to determine that
overlapping brain regions exhibit theta and gamma task differences in the
opposite direction, which is remarkable andmay provide critical insight on

Fig. 2 | Sensor-level analysis of oscillatory strength. a MEG time-frequency
spectrograms with time (ms) on the x-axis and frequency (Hz) on the y-axis. The
onset of the primewordwas 0 ms and the onset of the target wordwas 750 ms. Power
is shown in percent change units relative to the baseline period (−1000 to−300 ms).
Data has been averaged across all trials and all participants. b After projecting the
data into source space, grand averages were computed across all participants and

conditions. Therewas a sustained increase in theta (3–6 Hz) in the hippocampus and
left frontal cortex (bottom), while increases in gamma (62–76 Hz) were observed
near the occipital cortex (top). White boxes denote the time-frequency windows
used for beamforming. These time-frequency windows were statistically significant
(p < 0.001, corrected) in the sensor level analyses. N = 150 participants.
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the underlying neural computations. Of note, regions exhibiting such a
pattern were observed in both the cortex and, critically, in the hippocampal
formation. To our knowledge, no previous study of semantic processing has
reported such hippocampal findings, which were robust in our study.
Finally, our study included a sample size that was much larger than prior
EEG and MEG studies, thus providing greater sensitivity and high experi-
mental rigor. Regarding our specific findings, behaviorally, we found that
task condition was related to reaction time and accuracy above and beyond
age. Consistent with our hypothesis, participants responded significantly
slower in the unrelated relative to the related condition. Conversely, they

were slightly more accurate in the unrelated compared to the related con-
dition. While reaction time effects were expected and consistent with pre-
vious studies that focused on semantic relatedness judgements, accuracy
effects were in the opposite direction from prior research, possibly due to
differences in task design21–23. Regarding neurophysiological activity, we
found a sustained increase in theta (3–6Hz) activity, as well as a more
transient increase in gamma (62–76Hz) activity, both of which began
shortly after targetonset.Ourwhole-brain, voxel-wiseLMEmodels revealed
conditional differences in theta activity in bilateral inferior frontal regions,
parietal cortices, and hippocampal areas, with stronger theta oscillations

Fig. 3 | Conditional differences in theta activity.Whole-brain linear mixed-effects
(LME) models controlling for age revealed significant conditional differences in
theta power in the left parietal, right parietal, right occipital, and bilateral inferior
frontal (IFG) gyri, such that there were stronger theta responses during the unrelated
compared to the related condition (all ps < 0.005, corrected). These clusters extended
along the right temporal and parietal cortices. In contrast, oscillatory responses in
the left superior parietal showed the reverse pattern, with stronger theta oscillations

during the related compared to the unrelated condition. Half violin plots repre-
senting the distribution of theta amplitude for the peak voxel of each cluster (y-axis)
are plotted by condition (x-axis), with lines representing individual responses in
each condition. Note that unstandardized residuals are plotted on the y-axis since we
controlled for age in these models. Within each half-violin, box plots show the
median value of the amplitude with vertical lines representing values below the 25th
percentile or above the 75th percentile. n = 135 participants.
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during unrelated compared to related trials. In contrast, the reverse pattern
of stronger theta in related trials was observed in the left superior parietal
cortex. This pattern in the left superior parietal matched our findings in the
gamma range, as we found stronger gamma oscillations during related
relative to unrelated trials in the left IFG, right PFC, left hippocampus, right
occipital, and left cerebellum. These neural results were broadly consistent
with our hypotheses, although there were some exceptions, and we did not
expect the strong pattern of reversed task condition effects in theta and
gamma, which is a novel finding. Below, we discuss the implications of our
overall findings for understanding the role of theta and gamma oscillations
in semantic processing.

As noted above, we found stronger theta oscillations in the unrelated
compared to the related condition across a collection of brain regions that
have been implicated in theCSC framework. These included extended areas
centered on the bilateral IFG, which has beenwidely implicated in semantic
control24–26. Recent work has shown that the left IFG is specifically related to
predictive processing, including the anticipation of future semantic repre-
sentations, and is sensitive to semantic anomalies24,27, further supporting its
role in semantic control under the CSC framework3. In addition, we found
stronger theta activity in the inferior parietal cortices bilaterally during the
unrelated condition, which has been less commonly reported in semantic
processing tasks28–30. The current consensus is that these cortices may
contribute to the retrieval of semantic representations and inhibition during
semantic processing. We also observed significantly stronger theta

responses during unrelated trials in the right occipital cortices and the
bilateral hippocampi. The hippocampal effects were somewhat surprising
since this region has been more commonly reported in fMRI studies of
episodic memory and because MEG is known to be less sensitive to deep
brain structures. Regarding the latter, multiple MEG studies have reported
neural oscillatory responses in the hippocampus and/or amygdala across a
variety of cognitive tasks31–36, so clearly such responses can be detected using
the latest systems, at least under optimal conditions. Further, a recent study
of semantic processing usingMEGand the same task in a smaller sample of
33youngadults also found that theta activity in thebilateral hippocampiwas
stronger when viewing unrelated relative to related word pairs37. Of note,
these 33 participants were also included in the current study and conse-
quently comprise about 20% of the total sample. Thus, to at least some
extent, the current study could be considered a replication of this finding
since ~80%of the current sample is unique. Comparing the two studies, the
hippocampal results are remarkably similar, with the current study sug-
gesting the effect is statistically very robust. Regarding the role of the hip-
pocampal formation in semantic processing, research has historically linked
the hippocampus with episodic memory and spatial navigation38–40,
although work focusing on semantic processing has shown hippocampal
involvement in this domain as well. For example, an intracranial EEG study
found correlations between hippocampal theta power and connectivitywith
semantic distance between recalled words41. Work from Pu et al. also found
right hippocampal theta activity when participants viewed semantic

Fig. 4 | Conditional differences in theta band hippocampal activity.Whole-brain
linearmixed-effects (LME)models revealed significant conditional differences in the
theta band in the left and right hippocampus, such that there were stronger theta
oscillations during the unrelated compared to the related condition (all ps < 0.005,
corrected). Top: Half violin plots representing the distribution of the theta response
amplitude (y-axis) are plotted by condition (x-axis) for each peak, with lines
representing individual responses in each condition. Since our statistical models

controlled for age, we have plotted unstandardized residuals of amplitude on the
y-axis. Within each half-violin, box plots show the median value of the amplitude
with vertical lines representing values below the 25th percentile or above the 75th
percentile. Bottom: The relative power (percent difference from baseline; y-axis)
across participants is displayed by time (x-axis) and condition (color), with the time
window used to identify conditional differences (900–1400 ms) highlighted in yel-
low. n = 135 participants.
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violations relative to correct sentences. This and additional research in fMRI
builds on O’Keefe’s original theory that the left hippocampus is involved in
maintaining, updating, and retrieving information on semantic informa-
tion, also called semantic mapping42–44. Altogether, the current findings
support prior research which has implicated hippocampal theta activity in
semantic memory retrieval, especially in the context of semantic anomalies,
with an important role for each of these regions in CSC3. Finally, we
observed the opposite pattern of stronger theta in the related relative to the
unrelated condition in the left superior parietal. Prior research has

connected theta activity in the parietal cortices to selective attention45,46,
although its particular role in judgments of semantic relatedness is less clear
and should be further examined in future work.

In stark contrast to the theta findings, all of our gamma results indi-
cated stronger gamma oscillations during semantically-related trials relative
to -unrelated trials. Similar to the theta band, we found responses in the left
IFG, further implicating this region in semantic prediction under the CSC
framework3,19,24,27, as well as occipital cortices and the left hippocampus.
Although gamma activity in the hippocampus has previously been most

Fig. 5 | Conditional differences in gamma activity. Whole-brain linear mixed-
effects (LME)models revealed significant conditional differences in the gammaband
in the left inferior frontal, left cerebellum, right occipital, right prefrontal, and left
hippocampus, such that there were stronger gamma oscillatory responses during the
related compared to the unrelated condition (all ps < 0.005, corrected). Half violin
plots representing the distribution of the amplitude (y-axis) at the peak voxel are

plotted by condition (x-axis) per cluster, with lines representing individual responses
in each condition. Note again that we have plotted unstandardized residuals of
amplitude on the y-axis since we controlled for age in these models. Within each
half-violin, box plots show the median value of the amplitude with vertical lines
representing values below the 25th percentile or above the 75th percentile. n = 127
participants.
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strongly associated with episodic memory47,48, the current findings support
an additional role for gamma hippocampal activity in semantic retrieval.
However, caution is warranted given the reduced sensitivity of MEG to
deeper sources of neural activity such as the hippocampus. While we offset
this concern byminimizing the ambient environment noise levels through a
two-layer shielded room and use of the latest MEG sensor technology, and
maximizing the signal strength through task design and including a high
number of artifact free epochs, this brain region still remains a challenge for
detection with MEG, although several recent works have provided strong
evidence supportingMEG’s ability to detect such activity33,37. Regarding the
occipital responses, gamma oscillations in this area have been broadly
implicated in visual processing, attentional control, and visual information
integration49–51. In contrast, prior research has mostly implicated prefrontal
gamma in conflict monitoring and working memory, thus the right pre-
frontal gamma activity we observed here could reflect semantic control
processes52,53. Finally, unlike theta,we foundgammadifferences in cerebellar
cortices.While prior researchhas focused on the cerebellumas amotor hub,
cerebellar gamma power has also been implicated in cognitive interference
and flexibility54–56 and thus along with the prefrontal region, may reflect the
semantic control aspect of semantic processing. Altogether, these results
indicate that both gamma and theta may be necessary for higher order
control functions that are vital for semantic processing, in line with the CSC
framework3. Interestingly, prior work usingMEGand the same task did not
find conditional differences in the gamma range37. Thus, these gamma
findings are novel and their relationship with theta may suggest a key
computational role.

One of the most interesting and novel aspects of this study is that the
theta and gammafindingswere in the opposite direction. Specifically, across
all significant clusters except the left superior parietal, theta activity was
stronger in the unrelated condition while gamma oscillations were stronger
in the related condition. In one of the first studies to examine semantic
violations in online sentence processing, similar directionality was observed
with theta increasing more strongly in incongruent trials whereas gamma
increased more strongly in congruent trials57. Hald et al. interpreted their
findings as showing that theta is recruited for semantic retrieval and verbal
working memory processes that are necessary for semantic tasks and may
also serve a role in error detection. On the other hand, gamma power was
tentatively interpreted as being required for normal language processing,
and to be suppressed when semantic violations were present57. While few
studies since have reported both gamma and theta power in a semantic
relatedness task, Mellem et al. did report marginally greater anterior-
posterior theta coherence in the unrelated condition with much stronger
gamma in the related condition during a semantic judgment task. While
they did not further explore theta conditional differences, stronger gamma
in the related condition was similarly interpreted as being associated with
basic semantic processing and semantic unification20. Further, recent studies
reporting theta or gamma responses support this directionality for both
theta37,58 and gamma19,59 during semantic tasks. For instance, Rempe et al.
showed similar hippocampal effects in the theta band, but they did not
report gamma band effects. Thus, despite the broad support for frequency-
specific effects in the theta and gamma range during semantic processing in
prior literature, the current study uniquely shows both bands working in
unisonwith opposite directionality. The current study also broadly expands
on the findings of Hald et al., by moving from scalp electrode-based mea-
sures of neural activity to identifying neuronal origins of the oscillatory
signaturesusing amuch larger sample size. These differences in studydesign
enabled us to detect a widespread network of regions showing conditional
effects with opposite directionality in the theta and gamma bands. Alto-
gether, the results of the current study lend additional support to the role of
theta and gamma in semantic control, but importantly also provides per-
haps the clearest indication that these oscillatory responses have different
functional roles, respond in opposite directions to semantic manipulations,
and are vital for supporting semantic control and processing under the CSC
framework3.

While this study contributes substantially to our understanding of the
neurophysiology underlying semantic processing, it is not without limita-
tions. First, we used a single semantic processing task and focused on the
visual modality. Future work could examine different tasks and/or different
presentation modalities to decipher whether the regions reported here
reflectmodality-specific semantic control areas or aremore poly-modal and
serve semantics regardless of the input modality. Second, as noted above,
MEG is less sensitive to deep sources and thus our hippocampal findings
should be interpreted with caution. However, it should be noted that we
used the latest MEG technology, and these recordings were performed in a
magnetically silent environment, with very few sources of interference.
Further, much of our experimental design and analysis methods followed
recommendations from Ruzich et al., including a trial design which max-
imized reliable contrast and timing of hippocampal activation, precise MRI
coregistration, and the use of beamformer-based source estimates. Thus,
conditions were optimal for detecting such deep sources and support
multiple recent studies that have reported hippocampal sources and/or
other deep structures33,34,37,60. One recommendation we did not follow was
using a physiologically constrained hippocampal model; as we were not
expecting hippocampal activity, we utilized awhole-brain analytic approach
instead, and future research should examine task-based activity with amore
precisemodel60. Third, we also focused on healthy adults who spoke English
as their primary language and thus our results may not generalize to youth
or individuals who speak other languages. Future work in these areas is
necessary. Fourth, none of our significant clusters showed peaks in the left
anterior temporal lobe, which prevented us from robustly examining rela-
tionships among regions involved in semantic control versus semantic
representation.Thus, this should be a goal of futurework. Finally,wedidnot
examine dynamic functional connectivity, as we did not have specific
hypotheses, but studies should consider this direction, as it would help
inform on the precise role of the hippocampus and perhaps the opposing
effects we observed in theta and gamma ranges.

In conclusion, the current studyusedadvanceddynamicMEGimaging
in a large sample of healthy adults to quantify neural oscillatory activity
during semantic processing and elucidate the specific roles of theta and
gammaoscillations.Our results indicated that theta oscillations are stronger
during unrelated trials, where semantic search and control processes are
more extensive, while gamma oscillations are stronger in related trials,
where search processes are putatively more spatially constrained. This was
true across a collection of language related brain regions in both the left and
right frontal, parietal, and temporal cortices. These findings extend prior
research and provide new insights into the neurophysiology underlying
semantic control, with implications for oscillatory coding of semantic
operations in the healthy brain.

Methods
Participants
One-hundred and sixty-three healthy adult participants were included in
this study (Mage = 49.64 years, SDage = 15.12, rangeage = 21–87 years,
Nfemale = 82). Note that this sample is an extension of that in Rempe et al.
and all 33 participants in their final sample were included in the current
study. Initial exclusionary criteria included any medical illness affecting
CNS function, neurological or psychiatric disorder, history of head trauma,
current substance misuse, and presence of any type of ferromagnetic
implanted material that could interfere with the MEG or be an MRI safety
concern. The study protocol was approved by the Boys Town National
Research Hospital Institutional Review Board. Written informed consent
was obtained from all participants after a full description of the study was
provided. All ethical regulations relevant to human research participants
were followed.

Experimental paradigm
Participants performed a validated semantic judgement task during MEG
recording (Fig. 1a;37). Each trial began with the presentation of a central
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fixation crosshair for 1500ms (±150ms). Then, a word (prime) appeared
above the fixation cross for 500ms. The prime then disappeared and only
thefixationcrosshair remained for another 250ms. Finally, a second (target)
word appeared in the same location as the prime for 2000ms. Participants
were instructed to fixate on the crosshair and respond based onwhether the
target word was related semantically to the prime with their right index
finger (“related”), semantically-unrelated with their right middle finger
(“unrelated”), or apseudo-wordwith their right ringfinger (“pseudoword”).
Related, unrelated, and pseudoword conditions were presented to each
participant in a pseudorandomized order to control for order effects. All
words were 3–4 letters in length to prevent excessive eye movement. The
related and unrelated words were derived from the Semantic Priming
Project word list61 and were balanced for length, frequency of use, part of
speech, bigram frequency, and number of orthographic neighbors. We also
balancedacross conditions onword concreteness,which basedondata from
ref. 62. Words that could elicit strong emotions in some participants or
require above-average education level were excluded. All participants
completed a brief practice session of the task prior to MEG recording to
ensure adherence to task instructions. Each trial lasted 4250ms (±150ms)
and there was a total of 210 trials (i.e., 100 related, 100 unrelated, and 10
pseudoword), resulting in a total runtime of ~14.88min. Pseudoword trials
were included to minimize mental sets and promote cognitive flexibility.
Theywere not included in the behavioral or neural analysis, including in the
definition of our time-frequency windows.

MEG data acquisition
Participants were seated in a non-magnetic chair within a VACOSHIELD
magnetically-shielded room (Vacuumschmelze, Hanau, Germany). A
MEGIN Neo MEG system (Helsinki, Finland), equipped with 306 sensors
including 204 planar gradiometers and 102 magnetometers, was used to
sample neuromagnetic responses continuously at 1 kHzwith an acquisition
bandwidth of 0.1–330Hz. Participants were monitored by a real-time
audio-video feed from inside the shielded room throughout MEG data
acquisition.Data fromeach participantwere individually corrected for head
movement and noise reduced using a signal space separationmethodwith a
temporal extension (tSSS)63.

Structural MRI and MEG coregistration
BeforeMEG recording, five coils were attached to the participant’s head and
localized, togetherwith the threefiducial locations (i.e., nasion, left and right
preauriculars) and scalp surface points, using a 3D digitizer (Fastrak; Pol-
hemus Navigator Sciences, Colchester, VT). Once the participant was
positioned for MEG recording, an electric current with a unique frequency
label (e.g., 322Hz) was fed to each of the five coils. This induced a mea-
surable magnetic field and allowed each coil to be localized in reference to
the sensors throughout the recording session. Head motion correction
leveraged the temporal precision ofMEG by estimating the location of each
coil in 10ms steps over 200mswindows and spatially transforming the data
back to the original head position (i.e., the location of the head when the
recording was started). Of note, this procedure differs from the standard
approaches used in fMRI and other fields, as the amount of motion (or
framewise displacement) is not regressed out, but instead the actual location
of the head is transformed to the correct location per time window. Across
the sample, the meanmax drift per time slice was 0.59mm (SD = 0.61mm)
and the mean total drift across the full recording was 6.55mm (SD: 6.82).
Such correction is consistent with Good Practice guidelines63,64. Since coil
locations were also known in head coordinates, all MEG measurements
could be transformed into a common coordinate system. With this coor-
dinate system, each participant’s MEG data were co-registered with their
structural T1-weightedMRI data prior to source space analyses using BESA
MRI (Version 3.0; BESA GmbH, Gräfelfing, Germany). All structural MRI
data were acquired on a 3 T Siemens Prisma magnet using a 32-channel
head coil with the following parameters: TR: 2400ms; TE: 2.05ms; field of
view: 256mm; matrix: 256 × 256; slice thickness: 1mm with no gap; voxel
size: 1.0 ×1.0×1.0 mm; acquisitionplane: sagittal;flip angle: 8 degrees. These

anatomical images were aligned parallel to the anterior and posterior
commissures and transformed into standardized space. Following source
analysis (i.e., beamforming), eachparticipant’s functionalMEGimageswere
also transformed into standardized space using the transform that was
previously applied to the structural MRI volume and spatially resampled.

MEG time-frequency transformation and statistics
MEG preprocessing and imaging was completed using the Brain Electrical
SourceAnalysis (BESAV7.1) software. Cardiac and eye-blink artifacts were
manually removed from the MEG data prior to statistical analysis using
signal-space projection (SSP65), which was accounted for during source
reconstruction. The continuous magnetic time series was divided into
epochs of 4100ms duration with the prime word onset being 0ms, target
word presentation occurring at 750ms, and the baseline period being
defined as−1000 to−300msprior to onset of theprime. Epochs containing
artifacts were rejected based on individual amplitude and gradient thresh-
olds. The average amplitude threshold was 1167.34 (SD = 342.29) fT/cm
and the average gradient threshold was 420.34 (SD = 199.56) fT/(cm*ms)
across all participants and conditions. Only trials where participants
responded correctly were used for analysis. On average, 86.93 (SD = 5.61)
related and 87.32 (SD = 6.39) unrelated trials remained after artifact rejec-
tion andwereused in subsequent analyses. Importantly, the numberof trials
did not significantly differ between the related and unrelated condi-
tions (p = 0.391).

Artifact-free epochswere transformed into the time-frequencydomain
using complex demodulation66 with a resolution of 1 Hz and 50ms for
frequencies from 2 to 30Hz, and a resolution of 2Hz and 25ms for fre-
quencies from 60 to 90Hz. The resulting spectral power estimations
per sensor were averaged across all artifact-free trials, regardless of condi-
tion, to generate time-frequency plots of mean spectral density. These
sensor-level data were normalized per time-frequency bin using the
respective bin’s baseline power, which was calculated as the mean power
during the −1000ms to −300ms time period.

The specific time-frequency windows used for imaging were deter-
mined by cluster-based permutation testing of the sensor-level spectro-
grams across all participants and trials, restricted to the entire array of
gradiometers and the theta (3–7Hz) and gamma (30–90Hz) ranges. To
reduce the risk of false positive results while maintaining reasonable sen-
sitivity, a two-stageprocedurewas followed to control forType I error. In the
first stage, paired-samples t tests against baseline were conducted on each
data point and the output spectrogram of t values was thresholded at
p < 0.05 to identify time-frequency bins containing potentially significant
oscillatory deviations relative to baseline across all participants and condi-
tions. In the second stage, time-frequency bins that survived the threshold
were clusteredwith temporally, spectrally, and/or spatially neighboring bins
with t values that were also above the (p < 0.05) threshold, and a cluster
valuewas derivedby summing all the t values of all data points in the cluster.
Non-parametric permutation testing was then used to derive a distribution
of cluster-values, and the significance level of the observed clusters (from
stage one) were tested directly using this distribution67,68. For each com-
parison, 10,000 permutations were computed to build a distribution of
cluster values. Based on these analyses, only the time-frequency windows
that contained significant oscillatory events (p < 0.001) across all trials were
subjected to source imaging. Herein, we focused on the theta (3–6Hz) and
gamma (62–76Hz) bands from 900 to 1400ms and 950 to 1200ms,
respectively, because these time-frequency windows were significant fol-
lowingpermutation testing andcontained the strongest responses relative to
baseline. Note that our beamforming approach requires specific time- and
frequency ranges to be specified for imaging (see Section “Sensor-level and
beamformer analysis”); however, we are aware that the windows identified
through permutation testing do not necessarily contain isolated neural
oscillatory responses69, and the obtained clusters may be slightly different
temporally and spatially from the underlying response. Source images were
computed for each of these two time-frequency windows per condition and
participant and these were used to test our hypothesized effects.
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MEG source imaging and statistics
Cortical responses were source imaged using dynamic imaging of coherent
sources (DICS70), a time-frequency-resolved extension of the linearly con-
strained minimum variance (LCMV) beamformer71, which applies spatial
filters to time-frequency sensordata to calculate voxel-wise sourcepower for
the entire brain volume. The single images are derived from the cross
spectral densities of all combinations of MEG gradiometers averaged over
the time-frequency range of interest, and the solution of the forward pro-
blem for each location on a grid specified by input voxel space. Following
convention,we computednoise-normalized, source power per voxel in each
participant using active (i.e., task) andpassive (i.e., baseline) periods of equal
duration and bandwidth72. Such images are typically referred to as pseudo-t
maps and in this studywere computed per participant at 4.0 × 4.0 × 4.0 mm
resolution using the statistically determined time-frequency windows (see
above). The resulting 3D maps of brain activity were averaged across all
participants and both conditions to assess data quality and for initial
visualization of brain regions contributing to each significant oscillatory
responses identified through the sensor-level analysis. Based on this quality
control analysis, a sample of 135 participants for theta responses and 127
participants for gamma responses were included in the final statistical
analyses. For a more comprehensive description of our MEG analysis and
imaging methods, see Wiesman and Wilson73.

Statistics and reproducibility
For behavioral analyses, we computed repeated measures ANOVAs using
the nlme() package in R (v4.2.0) with reaction time and accuracy as
dependent variables using the following formula: behavior ~ condition +
age, random= ~1|subID74,75. In these models, age was a between-subjects
covariate of no interest and condition (i.e., related vs unrelated) was a two-
level within-subjects factor. nlme() was also utilized to create unstandar-
dized residuals controlling for age for the purposes of consistency in
visualization with the following formula: peak_response ~ age, random=
~1|subID.

To identify the brain regions serving semantic processing, whole-brain
linear mixed-effects (LME) models were calculated for each significant
oscillatory response separately to examine the main effect of task condition
(fixed factor with 2 levels; i.e., semantically-related and -unrelated) while
controlling for age (continuous fixed factor) using custom functions in
MATLAB. Participant IDwas included as a random factor.On the resulting
images, we employed a stringent alpha threshold of p < 0.005 and cluster-
size threshold of k > 4 voxels (i.e., 256mm3), although the peak voxels in the
conditional difference maps often far exceeded this p < 0.005 threshold and
the significant clusters were generallymuch larger than four voxels. Of note,
this cluster approach controls the rate of false positives across the whole-
brain volume based on the theory of Gaussian random fields76,77 and were
appliedperwhole-brainmap (i.e., for theta andgammaseparately).Notably,
because condition is our only within-subjects factor and has only one
observation per condition and subject, our analysis meets criteria for only
using a random intercept (without random slopes)78.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data are publicly available via the Collaborative Informatics and Neu-
roimaging Suite (COINS; https://coins.trendscenter.org/) upon request.

Code availability
The MEG and MRI analyses reported herein utilized the Brain Electrical
Source Analysis software (BESA Research: version 7.1; BESAMRI: version
3.0; BESA Statistics: version 2.1). We also used RStudio version 4.2.0 for
statistical analyses. Any requests for code or batch functions used in these
analyses are available upon request.
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